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ABSTRACT  

Articular cartilage is the deformable tissue which covers the bone 

extremities of synovial joints. It appears to have two important functions: 

Firstly, it limits the stresses applied to the underlying or sub-

chondral bone, due to its ability to deform, and secondly, cartilage provides 

the smooth articulating surfaces necessary for a joint to behave as an effic-

ient bearing. 

The stiffness of cartilage will obviously influence the first of these 

two functions, and may well play a part in joint lubrication. Progressive 

softening of cartilage probably indicates early degenerative changes, which 

in time may lead to mechanical failure of the cartilage, and thence to osteo-

arthrosis. 

Most published work concerning the mechanical properties of articular 

cartilage has dealt mainly with the patella, and most comparative studies 

have been performed between degenerate and visibly normal cartilage. Thus 

there is a lack of information in the published literature,concerning the mech-

anical properties of cartilage on surfaces other than the patella, and it has 

not been established whether a typical pattern of cartilage stiffness varia-

tion exists in the normal, healthy state. 

The object of this investigation was initially to determine whether 

a pattern of stiffness variation exists for cartilage on the human femoral 

head. If a pattern was observed, then its relationship to other variables 

such as age, sex and the severity of localised degeneration, was to be det-

ermined. The relationship between the stiffness and chemical components 

of cartilage was to be investigated, as was the relationship between the 

stiffness and permeability to water. 



Indentation tests were performed normal to the articular surface 

using two cylindrical indenters of the same diameter but with different' end 

profiles; . one being a plane end and the other a hemispherical end. 

Sixteen femoral heads were subjected to detailed indentation surveys. 

Layered maps and histograms of the variation of both indentation and creep 

modulus, at two seconds after load application, were drawn for each femoral 

head. 

The results revealed that a reproducible pattern of stiffness exists 

for cartilage on the femoral head. The stiffest cartilage is usually loca-

ted in a band which extends over the superior aspect and around to the an-

terior and posterior facets. The softest cartilage is invariably located 

at or near to the margin of the fovea, and near to a localised area of dege-

neration. 

An overall marked softening of the entire visually normal cartilage 

surface was observed in some femoral heads. This softening was progressive, 

and closely related to the severity of localised areas of degeneration, even 

though they were not tested. No significant dependence on age or sex was 

recorded. 

A strong correlation was however recorded between the creep modulus 

and total mucopoly saccharide content of the tested areas. In addition a 

strong negative correlation was recorded between the creep modulus and per-

meability to water. 

In the course of the investigation considerable attention was paid to 

experimental controls and associated experiments, in order to ensure maximum 

accuracy of the results. 
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CHAPTER 1  

INTRODUCTION 

(1) 	Qualitative description of articular cartilage  

Articular cartilage is the resilient tissue which covers the bone 

extremities of synovial joints.
1 In the weight bearing joints of humans, 

the thickness of cartilage
2 varies approximately between limm and 5mm., but 

in the hip joint it is commonly between 1mm and 3mm thick. During the 

early decades of life, it is bluish-white in colour, and to a limited 

extent, translucent. With increasing age however, the colour becomes 

more yellowish, and there is an increase in opacity. In the normal, healthy 

state, the texture of cartilage resembles that of a medium stiff rubber, and 

the articular surface is smooth and slippery to the touch. 

Structurally, cartilage consists mainly of collagen fibres embedded 

in a gel of mucopolysaccharides (chondroitin sulphate and keratan sulphate), 

and water. This gel is commonly referred to as the matrix. The physico- 

chemical studies of Maroudas (1968) have shown that the matrix consists 

of a network of linear polyanions, with fixed negative changes, and water. 

As such, it may be considered to be atypical ion-exchange material. The 

water is present partly in the form of solvation shells, and partly as free 

water with mobile cations and anions in solution. Maroudas has also shown 

that the transport of free water through cartilage occurs as a result of 

both permeability under load, and diffusion, in which case it is governed 

by the conditions of Donnan equilibrium, [McCutchen (1962), Linn and Sokoloff 

(1965) and Maroudas (1968)]. 

1. For a detailed description of synovial joints, the reader is ref-
erred to a standard textbook, such as those of Barnett, C.H., Davies, D.V., 
and MacConaill, M.A. (1961) or Collins, D.H., (1949) which are listed in 
the Bibliography, pp. 121 - 126. 

2. Unless otherwise stated, cartilage is to be interpreted as articular 
cartilage. 
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Interspersed throughout the matrix, and between the collagen fibres, 

are the chondrocytes, or cartilage cells. 

The arrangement of chondrocytes is highly ordered, and unique to this 

tissue. This structural organisation will be described more fully, later 

in the text. 

2. 	The mechanical functions of articular cartilage.  

Essentially, cartilage has two mechanical functions: Firstly it 

limits the stresses applied to the bone extremities to safe working values, 

because of its ability to deform under load and thereby distribute the load; 

Secondly, in conjunction with synovial fluid, it provides joints with ex-

tremely efficient bearing surfaces. The mode of joint lubrication is not 

yet fully understood; and indeed, it has been shown by Ropes et al. (1947),and 

Charnley (1959), that synovial fluid is only a moderately good lubricant on 

surfaces other than cartilage. 

(3) 	The process of cartilage degeneration  

It is immediately apparent from Para. 2 of this Chapter that healthy 

cartilage is vital to the efficient functioning of synovial joints. 	Any 

degenerative changes which might impair this efficiency, are therefore of im-

mediate importance. 

From a survey of five hundred and thirty six hips taken from human 

cadavers, Byers et al. (1969) has defined a sequence of visible degenerative 

changes of cartilage in the hip, and in particular on the femoral head, which 

is the subject of this investigation. 

These changes have been classified according to both the site affected, 

and to the appearance of the degenerative tissue. The classification accor-

ding to appearance is illustrated by the sequence of photographs shown in 
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Figs. la to le, (facing p. 3 ), which show the degenerative changes in order 

of increasing severity. Each femoral head is graded, and the diagrams 

given in Fig. 2 (facing p.4) indicate the different views of Fig. 1. Fig. 

la shows a normal femoral head on which the cartilage surface is smooth and 

unbroken, (the dark area in each photograph is the root of the severed 

ligamentum teres). Figs. -lb and is show the earliest visible signs of car-

tilage degeneration, in which the articular surface has a slightly roughened 

or fibrillated appearance, in localised areas. Fig. ld shows gross fibril-

lation, again over a localised area of the cartilage surface. Partial loss 

of the tissue thickness has also occurred. Finally, Fig. le shows an area 

of ulcerated cartilage. Full thickness loss of the tissue has occurred, and 

the sub-chondral bone is covered by granulation tissue. Each of the stages 

of degeneration shown in Fig. 1 is commonly seen on cadaveric femoral heads 

after approximately the fifth decade of life. It is important to emphasize 

however, that a relatively large area of cartilage, mainly situated on the 

superior surface and posterior and anterior facets of a femoral head, is 

visibly normal, despite the other areas of degeneration. 

A further stage of degeneration, which is observed in comparatively 

few hips, is shown in Fig. lf. Typical of this condition is a large area 

of exposed and eburnated bone (not covered by granulation tissue), with 

similar changes on the opposing acetabular surface. 

This advanced stage of degeneration is characteristic of thedisease 

known as osteoarthrosis.
1 

Whereas a joint displaying the degenerative changes seen in Figs. 

la to le usually functions normally or apparently so, a joint suffering 

from osteoarthrosis is stiff and painful. The sociological problem and 

1. 	Osteoarthrosis, osteoarthritis, degenerative joint disease, arthritis 

deformans are all synonymous. 
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personal suffering caused by this disease are very serious. 

The aetiology of osteoarthrosis has not been fully defined as yet. 

The progression of visible degeneration in localised areas according to both 

Byers and Collins, shown in Figs. la to lf, was accepted in this investi-

gation, and it was hoped to seek concomi tant changes in the visibly normal 

cartilage. If such changes were shown to exist, then it was intended to as-

sess their role in the development of osteoarthrosis. 

The published results of most previous investigations concerning 

the mechanical properties of articular cartilage will now be presented and 

discussed. 

(4) 	Early investigations  

A survey of the literature revealed that some of the earliest ex-

periments concerning the mechanical properties of cartilage were performed 

on rib cartilage. Rauber (1876), and Triepel (1902) determined an elastic 

modulus for rib cartilage both in tension and compression, assuming it to 

obey Hooke's law. The range of modulus values which they obtained was 

87.5 to 104.6 Kg /cm2  by Rauber, and 83.6 to 154 Kg/cm2  by Triepel. It is 

interesting that these values are in close agreement both with each other, 

and with the result of 78.6 Kg/cm2  quoted by Sokoloff (1966), in his more 

refined experiments. 

Two of the earliest observations that the deformation of articular 

cartilage varied according to its location were made by FUrbringer (1888), 

and Lubosch (1910). Both of these investigators suggested that the car-

tilage on articular heads, for example the femoral head, or the head of the 

humerus, possessed a different elasticity from that in the corresponding 

articular socket. These observations must be treated with caution how-

ever, since the experimental methods employed, were rather crude compared 

to present day techniques. 
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Interest in the functional importance of articular cartilage was 

shown by Braune and Fischer (1891), and Fick (1911). Braune and Fischer 

demonstrated the deformability of cartilage experimentally, particularly 

on the knee joint, and in addition they emphasized the importance of car-

tilage in maintaining joint congruity. Fick assumed that articular car-

tilage possessed the same elasticity as rib cartilage, and drew attention 

to the 'elastic spring arrangement' between the bone ends. 

Thus, the combined facts that articular cartilage is deformable in 

compression, and that the deformability varies, were established. The 

function of cartilage as a 'cushion' between the bone extremities had been 

realised. 

A significant development which influenced the work of several 

later investigators, was the construction of an apparatus by Schade (1912), 

which enabled him to perform indentation tests on a variety of tissues, and 

to measure the deformation; produced. 	Sch.dde's elastometer, as it may be 

referred to, consisted of a vertical indenter with a small load platform 

at the top. The indenter spindle was guided so that its motion was vertical 

only, and attached to it was the arm of a long pointer, which recorded in-

dentation of the tissue on a rotating drum. [Very little attempt was made 

to eliminate dry friction, which is a problem when measuring extremely small 

deformations.] 

SchHde recorded incomplete recovery of the deformation after removal 

of an applied load. He suggested, on the strength of this observation, that 

the elasticity of a tissue could be represented by the ratio of the persis-

tent deformation to the total deformation. The more complete was the re-

covery, the greater was the elasticity of the material. It will be shown 

later, that from an applied load within the physiological range, incomplete 
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recovery of cartilage is an experimental artefact, but several workers 

nevertheless subsequently accepted the criterion suggested by Schde. 

The detailed structure of cartilage and its relation to the 

mechanical environment within synovial joints, constituted a significant 

part of the outstanding work of Benninghoff (1924, 1925, 1925 and 1939). 

As a result of his investigations, Benninghoff established that articular 

cartilage consists of cells distributed throughout a matrix of collagen 

fibres, and a formless ground substance. The collagen fibres, it was sug-

gested, are arranged in bundles, which form a three dimensional arcade 

system. The fibres in the deepest layers of cartilage are orientated pre-

dominantly normally to the articular surface, but with increasing proximity 

to the surface they become more oblique, until finally they are orientated 

predominantly parallel to the surface at, or near to, the latter. It was 

due mainly to the work of Benninghoff, that the idea of sub-dividing car-

tilage into four zones throughout its total thickness, according to the shape 

and distribution of the chondrocytes, was initiated. A diagram of the 

currently accepted structure, (after Benninghoff), together with definitions 

of the four zones is shown in Fig. 3 (facing p. 6). 

It must be emphasized, that the existence of continuous arcades of 

collagen fibres, has not been positively proven. Bullough and Goodfellow 

(1968) using a method of polarised light microscopy, and Weiss et al.(1968), 

and Maroudas and Bullough (1968) using electron microscopy, have all con-

firmed the predominant orientations suggested by Benninghoff, but continuous 

arcades have not been demonstrated, MacConaill (1951), and McC(4,11 (1969), 

(personal communication, see Bibliography). 

Finally Benninghoff suggested that the collagen fibre arrangement, 

particularly near to the articular surface, was such that the fibres con- 



20 K.9 

	I. 
zo ;5 

--I- 0-5 

- 	E 0
z 

 

0 
o.: 

zo.2  
11.1 
a 
z o.'  

3 4 5 6 
Tire (minutes 

F I G. 	DEriTAT I ok-Ti1-4. c-LiRVE 0 DT AINED 
BY 571R.  

1.so 

).25 

E 
M oo 

 

0 
I— 0:75 

Z 0.50 

Z 0.2_5 

-rime (minut es)  

F (G--4b- INDENTATION TIME cuRV E5 OBTA ;r\LE1  
BY ci c.K  



nected the edges of the joint surface by the shortest route, and with the 

least curvature. In this view he was not supported by Pauwels (1959) who 

paid particular attention to the collagen orientation at or near to the 

articular surface. This he demonstrated using the technique developed by 

Hultkrantz (1896) from Langer. The surface of the tissue was pricked with 

a blunt awl and the fissures so produced were joined to form a cleavage line 

pattern over the joint surface. Zarek and Edwards (1963) however, plotted 

the principal stress trajectories for a simplified cartilage system, and con-

cluded that their results neither confirmed nor denied the trajectorial col-

lagen orientation in the deeper zones, but they did agree that the surface 

collagen was probably orientated in the direction of the principal tensile 

stresses. They also pointed out that experiments had shown that this orien-

tation is settled during embryonic growth, Little et. al. (1958) and is there-

fore probably hereditary. 

Influenced by the work of Benninghoff, Bar (1926) and GOcke (1927) 

both performed indentation tests on articular cartilage, using modified forms 

of Schade's elastometer. Typical indentation-time curves produced by these 

two workers are shown in Figs. 4a and 4b (facing p. 7 ). Although the step-

wise progression of the curve representing the results of Bar, indicates 

that his apparatus produced considerable friction, nevertheless there is marked 

similarity between the slowes of these graphs. The resultsof all subsequ-

ent'workers, and those of the present investigation, have confirmed the 

general shape of the load phase of the curves shown in Fig. 4, but as pre-

viously stated, it was not realised until relatively recently, by Elmore et 

al. (1963) that incomplete recovery after removal of the load is an experimental 

artefact. Therefore the results of more recent work differ in this respect 

from the results of Bar and GOcke. 
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The conclusions of 5ir were: firstly that the cartilage of joint 

sockets is softer than that of articular heads. This statement is subject 

to the same criticism as those of FUrbringer and Lubosch; secondly, areas 

of cartilage exposed to large mechanical strains are softer than other areas. 

This must be taken as a very generalised conclusion, since the stress and 

strain distributions on any one complete joint surface are highly complex, and 

variable with motion. 	Furthermore, inasmuch as the load distribution on 

the femoral head is known at all, the results of the present investigation do 

not confirm the conclusion of Bgr. 

The conclusions of GOcke were: firstly that the persistent defor-

mation of cartilage after removal of a load, increases as the applied load 

is increased. Secondly the elasticity of cartilage, determined by the 

criterion of Sch7a:de, decreases with age. The work of Sokoloff (1966), and 

the results of the present investigation using a different criterion do not 

confirm this conclusion. 

In summarising the literature reviewed so far, the following criti-

cisms may be made: 

1. All experiments on cartilage were performed in air, with consequent 

drying of the tissue. 

2. Considerable dry friction existed in most of the testing apparatus 

employed. 

3. Experimental controls were lacking, such as: a reproducible method 

of applying load, temperature, the effect of sub-chondral bone defor-

mation, cartilage thickness measurement and so on. 

4. Experiments, in general, were confined to limited areas of one joint 

surface, and they were not supported by histology or chemical analysis. 
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Thus, although the work of Benninghoff added a great deal to our 

understanding of the structure of cartilage, and to a certain extent, of 

the relationship of structure to the loads which cartilage experiences, 

the early mechanical tests left a need for much more comprehensive sur-

veys and refined techniques. 

(5) 	More recent investigations  

One of the most important contributions, in addition to that of 

Benninghoff, was made by Hirsch (1944). 

It was Hirsch who first paid considerable attention to, and con-

sequently refined, the experimental technique employed in indentatbn tests 

of cartilage. In addition, he took the very necessary step of attempting 

to relate his indentation measurements, to the appearance of histological 

sections of the tested areas. This was an important development in an at-

tempt to determine the influence of a structural component of cartilage, upon 

its elasticity. In particular Hirsch attempted to assess the role of chon-

droitin sulphate, in the resistance of cartilage to a compression load. 

Initially Hirsch produced indentation-time curves, under static loads, 

which confirmed in essence, the previous results of G3cke. However, a per-

sistent deformation after load removal was still a feature of his results, 

and he showed that the magnitude of this persistent deformation increased, 

both as the load, and as the duration of the load increased. 

The indentations recorded for degenerate areas of cartilage were 

shown to be considerably greater than those of visually normal cartilage. 

Histological studies, and chemical analysis, revealed that the chondroitin sul-

phate content of these degenerate areas was considerably lower than that of 

visually normal cartilage. But Hirsch also observed that, a considerable 
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reduction in chondroitin sulphate content occurred in some areas, which were 

otherwise visibly normal. This observation is confirmed, in a slightly 

modified form, by the present investigation, and it will be discussed in 

more detail later. 

The main criticism of the work performed by Hirsch is', that all his 

experiments were performed in air. This is a non-physiological environment 

for cartilage, in which considerable water loss occurs. In addition his 

work was limited to patellar cartilage, and the comparative studies were 

essentially between visually normal, and degenerate cartilage. In other 

words no pattern of stiffness of visibly normal cartilage was demonstrated. 

It should be realised therefore that there are limitations to the general 

applicability of the conclusions reached by Hirsch. 

The first of three more recent, and highly significant, studies 

on the mechanical properties of articular cartilage, is that of Elmore et 

al.(1963). Elmore was puzzled by the incomplete recovery of cartilage 

recorded by all previous workers, and by Benninghoff's hypothesis that the 

elastic property of cartilage is due largely to expression and resorption 

of interstitial water. If the hypothesis were true, it was argued, it would 

be expected that, resorption of water would eventually restore cartilage to 

its original thickness. Using the apparatus shown diagrammatically in Fig. 5 

(facing p.10), Elmore successfully demonstrated that the incomplete recovery 

of cartilage, was due to the fact that all the earlier experiments had been 

performed in air. Hence,water was expressed under load, but some was lost 

as a result of evaporation and movement away from the loaded area, with the 

result that resorption was limited,and therefore recovery was incomplete. 

Indentation tests performed under balanced, isotonic, Hank's saline 

solution demonstrated that the deformation almost invariably recovered com- 



pletely after removal of the applied doad. 

Linn and Sokoloff (1965) showed that the shape of curves representing 

the rate of expression and resorption of water from, and by cartilage, closely 

resembled the shape of indentation-time curves, but with one important dif-

ference. The flow of water from cartilage proceeded continuously with time, 

from the moment of load application, whereas some deformation invariably 

occurred 'instantaneously' upon application of the load, and thereafter pro-

ceeded continuously. This difference in behaviour was partially explained 

by the fact that the apparatus for measuring water flow, restricted it on 

three, of four boundaries, which was not the case in the indentation tests. 

But Linn and Sokoloff stated that this was only a partial explanation, and they 

suggested that cartilage possesses an immediate, or springlike deformation, 

which is independent of water expression. 

Finally, Sokoloff (1966), using the same apparatus as that shown in 

Fig. 5, demonstrated that there was no significant correlation between the 

indentation of patellar cartilage, and the age of the specimen. In addition 

he confirmed an earlier result, that large local variations of indentation 

existed on the patella. However, Sokoloff was unable to show that these 

variations formed a systematic pattern over the joint surface, nor could he 

correlate them with the thickness of the tested areas. Typical indentation-

time curves recorded by Sokoloff, revealed that after one hour from load appli-

cation, the indentation had effectively reached an equilibrium value, the 

creep part of deformation at this time accounted for approximately 68% of 

the total deformation. Recovery was complete within a similar time period 

after removal of the load. 

Histological sections confirmed that there was a marked reduction 
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of the chondroitin sulphate content in areas displaying degenerative changes. 

The indentation of these areas, was also considerably larger than that of 

visually normal cartilage. 

The work of Sokoloff (1966) was the first to take into account such 

factors as: temperature, pH, and tonicity of the immersion medium, thickness 

of the indented area and the effect of the method of storage. An attempt 

was also made to eliminate friction from the testing apparatus, but Sokoloff 

stated that this was not completely successful. 

Despite the obviously refined nature of these experiments, two impor-

tant experimental points were overlooked. 

Firstly, the limit stop in Fig. 5 (facing p. 10), released the beam 

plus the load in a time of between two to three seconds, and yet the inden-

tations taken to be representative of the response of each area of cartilage 

to an applied load, were 'instantaneous'
1
indentations. From this, it is not 

clear how an 'instantaneous' indentation was measured. Neither is it clear 

how reproducibly the load was applied. Secondly, it was reported that 

autolytic degradation
2 
 was frequently observed at the termination of an exper-

iment. But the same authors had shown previously that artificially produced 

autolytic degradation, caused a marked increase in indentation. Hence there 

is the possibility that the magnitudesof some recorded indentations were 

increased by autolytic softening of the tissue. 

In addition to the two criticisms described above, the work of Sokoloff 

is subject to the same limitations as that of Hirsch, namely, that apart from 

some tests on costal and animal cartilage, most of the results relate to the 

1. It was shown, in the present investigation, by the use of an oscillo-
scope, that a suddenly applied load produces a deformation within a few hundredths 
of a second. In this sense cartilage exhibits an 'instantaneous' deformation. 

2. A term used to describe the process of cellular death in vitro. The cell 
walls rupture releasing enzymes which digest the matrix of cartilage. This action 
is faster at higher temperatures. 
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patella; and secondly, indentation and histological studies of different 

areas were compared mainly between visibly normal and degenerate areas of 

cartilage. Thus a pattern of changes was not established for visibly normal 

cartilage. 

(6) 	Objects of the present investigation  

A survey of the literature in Para. 5 of this Chapter has illustrated 

some of the limitations of previous investigations, both with regard to exper-

imental controls, and to the scope of the work. The present investigation 

sought to rectify these limitations, and in particular: 

1. To construct an apparatus, which would enable indentation surveys 

to be performed over the entire cartilage surface of human femoral 

heads. Coulomb, or dry friction was to be eliminated as much as 

possible, and a continuous graphical record of indentation versus 

time was to be provided. 

2. To confirm the main results of previous investigations, and in addition 

to plot the variation of indentation of visually normal cartilage, on 

as many femoral heads as possible. 

3. To express the shape of an indentation-time curve mathematically. 

4. To establish a method for calculating a creep modulus for visibly 

normal cartilage, which takes into account the finite and variable 

thickness of the tissue. Finally, to draw layered maps, and histo-

grams of the variation in creep modulus, for all the femoral heads 

tested. 

Having performed these mechanical tests, the results were to be com- 

pared with the following variables; 

A. The age of each specimen. 

B. The chemical components of articular cartilage, for example chon- 
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droitin sulphate, keratan sulphate, total mucopolysaccharide content 

and collagen content, measured for the indented areas. 

C. Physicochemical measurements of the permeability to water, of the 

indented areas. 

D. Histological studies. 

E. The severity of degenerative changes observed in localised, untested 

areas of cartilage on the femoral heads. 
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CHAPTER 2  

MATERIALS AND EQUIPMENT 

(1) 	Materials  

It has been stated in Para. 6, Chapter 1 (p. 13) that the human 

femoral head was the joint surface which constituted the subject of this 

investigation. There are four main reasons why this joint was selected: 

Firstly, because it is the commonest site of osteoarthrosis; 

secondly, because no report could be found in the literature, of a systematic 

study of the mechanical properties of the cartilage of the hip; thirdly, the 

classification according to Byers refers only to the hip joint and, finally, 

a normal femoral head is almost spherical in shape, Bullough et al. (1968), 

therefore it is relatively easy to perform an indentation survey over the 

entire joint surface. 

A total of sixty-two femoral heads were studied in the course of 

the present investigation. All the femoral heads, except two, were obtained 

from routine post-mortem examinations. The other two were amputation speci-

mens, obtained and first tested within fifteen minutes after amputation. Of 

the total number of femoral heads studied, sixteen were subjected to detailed 

indentation surveys, over the entire cartilage surface. During these surveys 

five hundred and ten areas of cartilage were indented. 

The time lapse between death and post-mortem examination was usually 

less than twenty-four hours, but in a few cases it was forty-eight hours. 

During this period the cadavers were stored at 3°C. All the specimens, ex-

cept those obtained as a result of amputations, were stored for periods up 

to a maximum of fourteen days, at -20°C between post-mortem and testing. 

Specimens of which the cause of death could have affected the 

cartilage or sub-chondral bone were rejected. 
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The details of each specimen are given in Table 1, of Appendix 1, 

(p. 127), and an analysis of those specimens contributing to each separate 

section of the total investigation is given in Table 2, of Appendix 1, 

(p. 129). 

(2) Evaluation and classification of each femoral head  

Before testing,-  each femoral head was examined radiographically 

for any sub-chondral bone changes likely to influence the indentation meas-

urements. Only those heads displaying normal or almost normal X-rays were 

tested. 

Each femoral head was then classified according to the severity 

of degeneration observed in localised areas of the cartilage surface, after 

ByersI see Figs. la to le (facing p. 3). By so grading each femoral head, 

it was intended to attempt to correlate any observed variation of the stif-

fness pattern for visibly normal cartilage, with the grade number of a 

head, which represents the severity of localised degeneration. 

(3) Apparatus and instrumentation  

A testing apparatus was designed and manufactured by the author, 

in which a femoral head could be rotated about two mutually perpendicular 

axes, both of which passed through its central point. 	It was therefore, 

as previously stated, relatively easy to position a femoral head so that 

indentation tests normal to the articular surface could be performed over 

the entire joint surface. 

(3.1) 	Rigidity of the testing apparatus  

In order that deformations of the apparatus and equipment other 

than the specimens are minimised, it is usual to manufacture a materials 

testing machine which is considerably stiffer than the materials it is 

likely to test. It was considered that the method of supporting a specimen, 

1. 	Personal communication. 
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used by previous workers, in particular see Fig. 5 (facing p.10), was not 

sufficiently rigid for the purposes of the present investigation, neither 

did it allow a particular position to be recorded and reproduced. 

Fig. 6 (facing p.17), and working drawings in the folder at the 

end of this thesis, both show the apparatus which was used. It consisted 

of a rectangular frame (part 1), fabricated from 3 in. by 1 in. by 0.25 in. 

aluminium alloy, channel section. A swinging platform (part 2) was sup-

ported from two coaxial plain bearings (trunnions) (part 3), by means of 

four silver steel rods (parts 4) 0.5 in. in diameter, set at their upper 

and lower ends in two aluminium alloy blocks (parts 5 and 6 respectively). 

The upper blocks acted as support points for the two trunnions, whilst the 

lower blocks were secured to the swinging platform. By unclamping the 

pinch bolts (parts 7) these two lower blocks, and therefore the platform, 

could be moved along the four rods and their position recorded by means 

of a scale. The platform was manufactured from the same channel section 

as the frame, and the whole apparatus was a comparatively rigid structure. 

Aluminium alloy was used because it is easy to machine and because it is 

relatively free sliding on silver steel. 

(3.2) 	Rotational and translational motion  

Each femoral head was secured initially on, to a circular stainless 

steel
1 
baseplate (described later), which in turn was secured on to a pair 

of dovetailed slides, manufactured as a complete unit (part 8). These 

slides were opented by two micrometer screws (parts 9), and they in turn 

were mounted on a small circular base, which could be rotated through 360°  

in the horizontal plane, about an axis perpendicular to, and passing through 

the mid-point of the swinging platform (axis xx1 ). Sixteen equi-spaced 

1. 	Stainless steel was used to avoid contaminating the saline solution 
used as an immersion medium. 
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holes were drilled and tapped around the outer edge of the circular base, 

and by means of a 4B.A. grub screw (part 10) this base could be locked 

to the platform in any one of sixteen positionS. 

Each femoral head could also be rotated about the horizontal axis 

of the trunnions (axis yy'). Two bolts (parts 17) which passed through 

the frame, could be screwed into any one of eleven tapped holes on the 

outer surfaces of each of the upper blocks. Thus the entire swinging 

platform assembly could be locked in any one of eleven positions, through 

a total angular movement in the vertical plane of 180°. 

Translational motion was achieved in two ways: firstly, by unclam-

ping the two lower blocks (parts 6) and sliding the whole assembly along 

the side rods as described previously in Para. 3.1 of this Chapter; and 

secondly by means of the two dovetailed slides. These slides moved in two 

perpendicular directions and in two planes parallel to the swinging platform. 

As previously stated, they were operated by two micrometer screws with a 

total travel of 0.5 inch each. The principal use of the slides was as a 

fine adjustment, when positioning the indenter normal to the articular 

surface. 

.Thus each femoral head was provided with two rotational, and three 

translational degrees of freedom. It was possible by using the controls, to 

secure each head in a maximum number of eighty-one positions under the inden-

ter, each of which could be recorded and reproduced when necessary. 

(3.3) 	The indenter  

The testing apparatus used by all previous workers had almost in-

variably presented friction problems either in the indenter guide , or in 

the apparatus for applying the load. This is a serious problem when at-

tempting to measure indentations of 0.5mm or less,accurately. 
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The main source of friction in the apparatus seems to have been in 

the pivots or bearings of the beams, which all the previous workers used to 

apply load to the specimens. Unfortunately the bearings used were of the 

type which produce varying amounts of dry, or coulomb friction. This 

type of friction caused the apparatus to stick at certain points, see Fig. 4a 

(facing p. 7). 

When designing the apparatus used in the present investigation it was 

decided to eliminate dry friction as much as possible. To this end a finely 

lapped barrel
1 
and plunger, with a length to diameter ratio of approximately 

seven to one (parts 11 and 12 respectively), lubricated with a fine grade oil, 

acted as the guide and only bearing surface of the indenter spindle. The 

plunger was coaxial with, and formed an integral part of this spindle. At 

its lower end it was drilled and tapped (6B.A.) to accommodate the core 

piece of a displacement transducer (see Para. 3.5 of this Chapter), which in 

turn was screwed into a 'Perspex'
3. 
 end piece (part 13). The top end of the 

plunger was drilled and tapped (4B.A.) to take a small load platform, upon 

which weights could be placed. 

It was an important feature of the indenter guide, that providing a 

constant supply of oil was maintained the frictional drag was essentially vis-

cous in kind. This was due to the maintenance of a thin film of oil between 

the sliding surfaces. Because the magnitude of this type of friction de-

pends upon the sliding velocity, which was low in the present case, so the 

frictional drag was small. It was however essentially constant, and usually 

no sticking occurred. 

1. The author wishes to thank C.A.V. Ltd., of Acton, who kindly supplied 
the necessary barrel and plunger. 

2. This end piece will usually be termed the indenter. 

3. PaTspeX or PleXyCISs• 
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(3.3.1) Euler buckling load of the indenter  

The physical configuration of the indenter spindle was that of 

a thin strut, loaded at both ends. This raised the problem that it might 

buckle under the loads used in the present experiments. The following 

calculation was performed, to evaluate the minimum load which would cause 

buckling. 

ThelowestEulercriticalloadPcrit for buckling of a strut of 

length L, subjected to an axial end load P is given by: 

P=7I2  EI/L 
2 

crit 

where in the present investigation, 

I = 	7t 	[from I = 724 d = 0.125 in] 

 

256 x 64 	64 

 

L=2 in; (the length of the unsupported indenter spindle) 

E =16 x 106 lbf/in2  ; (the material at the thinnest section was Brass). 

P=n
2 
 x 16 x 10

6  x 	= 75.5 lbf. 	(2) crit   
4 x 256 x 64 

It is immediately obvious from equation (2) above, that the loads of 

2 lbf, and 5 lbf, used in the investigation were well below the Euler critical 

buckling load. 

(3.4) Method of load application  

In order that the loading conditions of each test should approximate 

as closely as possible to physiological conditions, and at the same time 

be reproducible, it was necessary to consider how the load should be applied. 

The results of Contini et al. (1964), and Rydell (1964), and Swanson 

(personal communication) concerning human gait analysis showed that in normal 

walking the load is effectively applied suddenly, and remains for a period 

between 0.5 sec. and 1 sec. depending on the speed of each step. It will be 

(1) 
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stated later with reasons, that indentations were compared between different 

areas of cartilage, at a time of two seconds after load application, there-

fore the method whereby load was applied to the cartilage surface, had to 

fulfil the following conditions: 

1. The load had to be applied suddenly, 

2. It had to be applied in a reproducible manner, and, 

3. The release mechanism had to be such, that it did not interfere. 

with the indentation-time curve of cartilage at two seconds.after 

load application. 

The apparatus designed to meet the above conditions, consisted essen-

tially of a light aluminium alloy beam 0.25 in. sq. in cross section (part 14), 

with a cut-away cam release device (part 14a). 

The essential features of this beam were: firstly two knife edges 

(parts 14b which located on the under surface of the load platform; secondly 

a rolling pivot (part 14c), the point of action of which could be adjusted 

vertically; and lastly the cut-away cam (part 14a) which could be rotated 

to release the load suddenly and reproducibly. Thus when a load was placed 

on the platform, the reaction was taken by the three point bending config-

uration of the beam. The end of the indenter was adjusted to be just above 

the cartilage surfaCe, by moving the rolling pivot vertically, and finally 

the load and beam were released by rotating the cam. 

(3.5) Displacement transducer and instrumentation  

Vertical movement of the indenter and therefore indentation of the 

.cartilage, was measured by means of a displacement transducer (part 15), a 

Schaevitz L.V.D.T. model 100 MS-LT (L.V.D.T. represents Linear Variable Dis- 
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placement T ransducer), with a total range of -+ 0.1 GO in., mounted underneath 

the indenter guide.' The core piece of this transducer,which formed part 

of the spindle of the indenter, moved vertically as the cartilage deformed. 

By so doing, a voltage output was generated from the transducer which was a 

measure of the magnitude of the indentation. 

The main featuresof this type of transducer are,its linear voltage 

output with displacement, and fhe absence of -Priction. 

The signal from the transducer was fed into an amplifier/demodulator 

(S.E. 449/1), housed in an S.E. 905, two channel oscillator unit. The out-

put was used to drive the Y axis of an automatic X-Y/T recorder (Bryans model 

20180). 

By means of the apparatus described above, the indentation of the 

cartilage normal to the articular surface, was amplified and plotted contin-

uously on the X-Y recorder as a function of time, with the X axis acting as a 

time base. 

(3.6) Immersion bath and temperature control  

As Elmore et al. (1963) pointed out, it is necessary when performing 

indentation tests, to immerse the specimen in an isotonic buffered saline solu-

tion of physiological composition. The saline solution is necessary to pre-

vent the cartilage drying, and it should ideally be isotonic to avoid swelling 

or shrinkage which would alter the mechanical response, (Sokoloff0963). 

A hemispherical 'Perspex' dome (part 16) was made to fit over the 

femoral head, and this was located on and sealed by a rubber '0' ring housed 

around the edge of the circular baseplate. A slot 0.5 cm. width was cut in 

the dome, from slightly beyond the zenith, to a height of approximately 0.75 in. 

above the base. 



Fig. 7. Indenting Apparatus 

Fig. 8. Comnlete Apparatus with  
Instrumentation 
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The dome acted as a container for buffered Ringers
51 
 saline solution 

which was added in sufficient quantity to cover the entire femoral head. 

The dome was rotated so that the slot allowed the indenter free access to the 

cartilage surface, and the remaining area of the slot was then sealed with ad-

hesive tape. 

The Ringer's solution was heated to a temperature of 37°C, by means 

of a small heating coil (Electrothermal 'Thermocord') housed on the inner 

surface of the base of the 'Perspex' dome. The temperature was measured by 

an iron-constantan thermocouple and controlled by an indicator/controller 

(Honeywell Servotronik model 02-665/10843) with an indication sensitivity bet-

ter than 2%F.S.D. and a control sensitivity better than 0.25% F.S.D. Photo-

graphs of the indenting apparatus and the complete apparatus with instru-

mentation are shown in Figs. 7 and 8 respectively (facing p. 23 ). 

1. 	For a specification of this solution see Para. 6, Chapter 4 (pp. 42 to 45. 
E. 	The Eip was covered b1  epoxy-resin. 



Fig. 9. 'Comoound' Femur - 
Medial View 

Fig. 10. 'Com,,pound' Femur  
Posterior View  
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CHAPTER 3  

EXPERIMENTAL METHODS  

(1) 	Anatomical positioning of a femoral head before testing  

During this investigation, femoral heads were indented over the 

entire cartilage surface. In order that valid comparisons of the res- 

ults could be made between corresponding areas on different femoral heads, 

it was necessary to develop a method whereby thesecorresponding areas of 

cartilage could be defined.. The most obvious way to do this was firstly 

by setting each femoral head in the anatomically correct position, then 

marking the posterior-anterior and medial-lateral directions. If these 

were marked on a part of the femoral neck which remained with the head 

after sectioning the femoral neck, then a frame of reference would be es- 

. tablished to which all indented areas could be referred. 

The method of setting a femoral head in its anatomical position 

involved the use of a 'compound'1femur. Figs. 9 and 10 (facing p.24) show 

a compound right femur viewed from the medial and posterior aspects res- 

pectively. The distal two thirds of a macerated femur were clamped in a 

retort stand, in such a way that the fronts of both femoral condyles rested 

against a block, which was set at right angles to the edge of the base of 

the stand. Both condyles were in contact with the base, and the linea 

aspera (the blue line) therefore pointed in the posterior direction. An 

aluminium spigot was pushed into the inter-medullary canal at the proximal 

end of the lower part of the femur, and firmly fixed with TAralditeT3adhesive. 

Approximately three inches of this spigot were allowed to protrude. The 

1. Unfortunately, it was not possible to obtain complete femurs at 
post-mortem. 

2. Unless otherwise stated all femoral heads were taken from right 
hip joints. 

3. Epoxy—resin. 
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proximal third of a femur as obtained from post-mortem examination was then 

located over the spigot so that both the sectioned ends were parallel, 

and the appearance was that of a complete femur. The linear aspera of 

the two sections were then aligned, and the compound femur was rotated 

about the condyles, until the zenith of the femoral head was above the 

points of contact of the condyles with the base. This is commonly accep-

ted as the anatomical position of an extended hip, with neutral abduction, 

adduction and rotation. The whole assembly was then clamped rigidly in 

this position. With the sepcimen held in this position, two holes 0.125 in. 

in diameter were drilled in the neck of the femur, just medial to the intended 

line of section of the femoral neck. One hole was drilled from the posterior 

direction, whilst the other was drilled from the lateral direction. The two 

holes were drilled in approximately the same plane in two directions at right 

angles. When the femoral neck was sectioned perpendicularly to the long 

axis at approximately mid-section, the holes remained with the femoral head, 

thereby giving the necessary frame of reference. 

In addition a small jig was made, which consisted of two vertical 

'Perspex' rods, through which two pieces of wooden dowelling 0.125 in. in 

diameter were passed horizontally. These dowels were then inserted into the 

holes in the femoral head which was therefore supported, independently of the 

femur, in the anatomical position as defined above, see Fig. 11 (facing p.25). 

In this position the femoral head could also be photographed and examined 

radiographically. 

(2) 	Mounting a femoral head in the apparatus  

Having drilled the two holes described in Para. 1 of this Chapter, 

and sectioned the neck of the femur, approximately in the middle, the femoral 
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head was then ready to be mounted in the testing apparatus. 

Firstly the cut face of the femoral neck was placed on a stainless 

steel baseplate, and positioned over three holes, the centres of which formed 

an equilateral triangle. A drill, 0.125 in. in diameter was then intro-

duced to make three guide holes up into the cancellous bone of the femoral 

head. Finally three countersunk bone screws were used to secure the femoral 

head firmly to the baseplate, see Fig. 12 (facing p.25). The rubber '0' ring 

which acted as a seal for the 'Perspex' dome, was also located around the 

periphery of the baseplate. This assembly was then screwed down on to the 

dove-tailed slides, by four countersunk screws which passed through the 

baseplate and located in tapped holes on the top surface of the slides. The 

rigidity of this method of fixation is discussed in Para. 2 of Chapter 4, 

(pp. 33 to 34). 

Having firmly secured the femoral head in the apparatus, the next 

step was to position its central point on the axis of the trunnion bearings 

(see Fig. 6). This was performed by sliding the swinging platform along the 

side rods, and securing it in the required .position by means of the two 

pinch bolts. The accuracy of this position was checked by supporting the 

indenter just above the cartilage surface, and rotating the platform through 

180o  in the vertical plane, when the radial gap between the indenter and the 

articular surface remained sensibly constant, this was considered to be the 

correct position. 

Before the procedures,about to be described in Paras. 2.1 and 2.2 of 

this Chapter were performed, each femoral head was immersed in Ringer's solu- 

1 
tion at 37.0 for approximately one hour. 	The reasons for this were: 

1. 	Except for the amputation specimens which were tested within approx-
imately fifteen minutes of amputation. 
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firstly to prevent the cartilage drying, see Elmore et al. (1963); and 

secondly to allow the cartilage to reach equilibrium with its immersion 

medium before testing. 

(2.1) Positioning the indenter normal to the articular surface  

It is a necessary condition of any indentation test, that the 

indenter should be positioned normal to the surface of the material. 

If this is not so, then according to whether a plane-ended or hemispherically-

ended1 indenter is used either the edge will indent the material first, or 

the indenter will slip. 

The method used to position an indenter normal to the articular 

surface in this investigation, may be described as an optical method. The 

plane-ended indenter was initially lowered gently on to the spherical arti-

cular surface of the femoral head. When contact was first made between 

the surface and the end of the indenter, a dark spot could be seen to appear 

on the latter. The femoral head was then moved, by means of the slides, so 

that the dark spot was positioned centrally with respect to the circular end of 

the indenter. In this position the latter was normal to the articular sur-

face. The accuracy of this method was checked by mounting a femoral head on 

a base, the angle of which to the horizontal, could be varied by small in-

crements. It was found that the optical method described above, clearly 

showed deviations of two to three degrees from the normal. When the hemi-

spherically-ended indenter was to be used, it was inserted after normal 

alignment had been accomplished with the plane-ended indenter. In addition 

1. 	The detailed indentation surveys were divided into two series: the 
first, employed a cylindrical plane-ended indenter; and the second series, 
involved the use of a cylindrical hemispherically-ended indenter. Both were 
0.125 in. in diameter. These are discussed in more detail, later in the 
text. 
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the hemispherically-ended indenter was always pressed gently on to the 

articular surface before testing, to ensure that no slipping occurred. 

(2.2) Recording the no-load position of the articular surface  

All indentations were measured from the articular surface and 

therefore it was necessary to record the position of the latter accurately, 

under zero load. 

The'beam used for supporting the load prior to its release, see Part 

14 of Fig. 6 (facing p.17) was equipped with a small counterweight at its 

lateral end. The purpose of this weight was to counterbalance the indenter 

assembly, so that with no load on the platform and the beam in position, 

the moment of the indenter about the moveable pivot, was just larger than 

the moment of the counterweight. Thus the indenter moved slowly down, and 

if allowed to contact the articular surface, it applied a tare load of approx- 

imately two grammes to it. 	Indeed the tare weight was just sufficient to 

maintain contact between the end of the indenter and the articular surface. 

When the indenter had been positioned normal to the cartilage sur-

face, the hemispherical 'Perspex' dome was placed over the femoral head, and 

Ringers saline solution was added so that the entire head was immersed. 

The indenter under the tare weight described above, was then lowered so that it 

contacted the articular surface; 

By moving the outer casing of the indenter guide whilst the indenter 

itself remained stationary, the core piece of the displacement transducer was 

positioned centrally so that the voltage output was zero, as indicated by the 

dial on the oscillator. The X-Y recorder pen was then moved along the Y 

axis (using the shift control), and a mark was made at a convenient position 

on the graph paper. The end of the indenter was then raised clear of the 

articular surface by means of a threaded rod (part 14dof Fig. 6), which 
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pressed on and lowered the outer section of the supporting beam. After a 

time lapse of ten minutes the indenter was again lowered on to the cart-

ilage surface, and any change in the position of the latter, was com-

pensated for by moving the recording pen back to its original base-line 

position. This procedure was repeated until three consecutive readings 

revealed no change in the position of the pen, and hence no movement of 

the articular surface. 

Having recorded the no-load position of the 'articular surface the 

load was placed on the load platform and the reaction taken via the beam, 

to the cut-away release cam. Load release, by the method described in 

Para. 3.4 of Chapter 2, (p. 20), was then performed. 

(3) 	Indenter and load selection  

Two indenters were used in the detailed indentation surveys. Both 

were circular in cross section and 0.125 in. in diameter. Both were manu-

factured from 'Perspex' to avoid contaminating the RingeA solution. One 

was made with a plane end, whereas the other was hemispherically-ended (a 

detailed comparison of the results obtained with both indenters is given in 

Para. 5 of Chapter 6 (p. 62). 

The load to be used with each indenter was selected, so that the 

average compressive stress applied to the articular surface was approximately 

equal to the maximum compressive stress experienced in vivo. According to 

Greenwald (personal communication) this stress is likely to be as high as 

400 lbf/in
2 
(28.2 Kg/cm2).. With reference to this value, a load of 5 lbf 

(2.28 Kg) was used with the plane-ended indenter, yielding an average stress 

of 410 lbf/inl  (28.9 Kg/cm2); and a load of 2 lbf (0.92 Kg) was used with 

the hemispherically-ended indenter. The stress for this shape of indenter 
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obviously varies with the area of contact, but the maximum experimental value 

was approximately 400 lbf/in2. 

(4) 	Extraction of the tested areas of cartilage  

To measure the deformation of the sub-chondral Bone, and the thick-

ness of each indented area of cartilage, it was necessary to remove these 

areas from the bone. To this end, a small trepanning tool was made, 0.125 

in. in diameter with a sharpened cutting edge, 0.007 in. thick,which could 

replace the solid ended indenter. Each area of cartilage which had been 

indented was then re-positioned under this tool, which was pushed through 

the cartilage until it contacted the sub-chondral bone; it was then with-

drawn. Finally the small cylinders of cartilage were prised off the 

underlying bone, leaving in almost all cases, a very well defined fracture 

surface at the bone to cartilage interface. Fig. 13,(facing p. 30 ), shows 

a femoral head, from which some areas of cartilage haVe been removed by the 

procedure described above. 



FIG:14:DIAqRANA  of A acoREDv  AREA  OF 

ARTI CU LA R C-ARTILACt E (AA`c-ic). 
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CHAPTER 4  

EXPERIMENTAL CONTROLS AND ASSOCIATED METHODS  

Introduction  

In this Chapter seven control experiments will be reported. These 

were performed in order to ensure reliability and reproducibility of the 

results obtained in the detailed indentation surveys. 

(1) 	Thickness measurement of tested areas of cartilage  

It will be shown later in Para. 5 of Chapter 5 (p.53 ), that the 

indentation of cartilage on the femoral head is thickness dependent. This 

is to be expected, because below a certain thickness the indentation of a 

relatively soft material such as rubber, is reduced by the restricting 

effect of the lower boundary. 

Before this effect could be accounted for in the results of the 

indentation surveys, it was necessary to measure the thickness of each 

indented area of cartilage. 

Every tested area of cartilage was removed from the sub-chondral bone 

by the method described in Para. 4 of Chapter 3, and then two methods were 

used to measure the thickness: 

Method 1 Micrometer screw gauge method  

Each small piece of cartilage was placed between the anvils of a 

micrometer screw gauge, of which the ratchet slipped at an axial load of 

approximately 25 gm. 

With reference to Fig. 14 (facing p.31 ) the micrometer gauge theo-

retically measured between point B and the line CC'. It therefore over-

estimated the thickness predicted by geometry (distance BD) by 'h'. 

When the radius of the area of cartilage r .1/16 in. and the radius 

of an average femoral head R = 1 in. then using the intersecting chords pro- 
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perty of a circle: 

r2 h (2R - h) 

when h << 2R equation (3) may be written in the form 

r2  2Rh 

from which, 

r
2 

".-2R 

Using the data given above in equation (5) gives h = 0.002 in. 

Thus the micrometer screw gauge method of measuring the thickness 

of cored areas of cartilage, theoretically overestimated the value pre- 

dicted by geometry, by approximately 0.002 in. 

Method 2 Vernier depth gauge method  

The.KO:deshd.  method of 	Tthieklitts of -cari,/-age; itiV9aved" 
.• 	: 	- 	; 	• ,- 	• 

the.  use of a,- Veinier:depth.  gauge.- The' centiS.1214Uide of the depth -gauge:,  

Vas -inserted 
,sinto the. h4ie• 	the.:'cared• area of eietlia. 46 

Slide  was. moved down until it rested across pointS A and A'', see4Figi., 14, 
. 	" 

4Eacing p. 31). The depth of the hole and therefore theoreticaIlYthe ..• 

thickneSs'Of the area of cartilage, was read from the Vernier scale.; : e 
• 

gauge'vas.also rotated in the hole and measurements were taken at-:,(1_1:ferenti 

;orientations to ensure that there was no significant variation c4' the 

(3)  

(4)  

(5)  

4 	4 	• 

be seen from Fig. 14, that the Vernier gauge measured the?' 

;distance between the line through points A and A' and point D, it-therefore„ 

theoretiCalAyuntierestimated the thickness predicted by geometry : Y h %which 

has been s1-16wn to beapproximately equal, to 0.002 in.• 

Method ls overestimatedthe thitkness by 0.002 in., and Method"2 

undereStimated the'thickness by 0.602 in. Theoretically since 

Eetence:betVean'the't3igeMeiite'S1d'ha;tebeen:':6.664" in. at most 
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this represents an error of approximately 10% in the areas of minimum 

thickness. But in the majority of areas the error is approximately 5% 

or less. In practice however, the measurements of thickness by the two 

methods described rarely differed by more than 0.002 in. This is 

probably explained by the fact that the diagram shown in Fig. 14 shows 

an ideal. situation in which it is assumed that the cored piece of car-

tilage retains the shape of the hole, whence it was removed. There is 

the observation of Abrahams and Duggan (1964) however, that devoid of.the 

constraint of the sub-chondral bone, cartilage uncurls from its normal 

configuration. It may well be therefore, that the curved surfaces at 

the top and bottom of an indented area of cartilage become flatter, when 

• it is removed from the bone. The micrometer screw gauge method would then 

tend to measure the true thickness of the piece of cartilage, whereas the 

depth gauge would still, underestimate the thickness by 'h'. The overall 

effect however, would be to reduce the difference between the two readings 

by a factor of 'h' which has been shown to be equal to 0.002 in. This 

agrees with the experimental observation. The errors quoted previously 

are therefore halved to a maximum value of apptoximately 5%, and a mean 

value of approximately 2.5%. 
(2) Deformation of the bone and apparatus. 

Loads used in the following control experiments are given in 
Table 3a opposite. 

It was explained in Para. 3.1 of Chapter 2 (p.16), that particular 

attention was paid at the design stage, to the rigidity of the testing appar-

atus. However, the deformation produced in the bone and testing apparatus 

by a load applied to the cartilage surface, had to be determined and sub-

tracted from the total deformation which included that of the cartilage. 

Two series of tests were performed on ten femoral heads, using loads 

of 2 lbf (0.92 Kg) and 5 lbf (2.28 Kg). In each case the plane-ended 
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indenter was used to apply the load directly to the sub-chondral bone, in 

areas from which the cartilage had been removed. The hemispherically 

ended indenter was not used, because it would have produced larger contact 

stresses than those experienced by the bone with the cartilage in situ. 

The results of both series of_tests are shown in detail in Table 3 , see 

Appendix 1 (p.130). 

Table 4 below, shows only the important overall results, extracted 

from Table 3. 

Load 

21bf(0.92Kg) 51bf(2.28Kg) 

Mean bone deformation (cm) 0.0029 0.0059 

Minimum bone deformation (cm) 0.0020 0.0043 

Maximum bone deformation (cm) 0.0038 0.0076 

Table 4 Condensed results of bone deformation tests, from 
Table 3. Using a cylindrical plane-ended indenter, 
0.125 in. in diameter. 

  

The mean deformations of 0.0029 cm. and 0.0059 cm. recorded for 

loads of 2 lbf and 5 lbf respectively, were subsequently subtracted from 

the corresponding indentations recorded in the indentation surveys. 

The error caused by using the mean bone deformation values instead 

of either the maximum or minimum values may be expressed in terms of the 

lowest mean deformation recorded in both series of indentation surveys. 

It can be shown on this basis, that the maximum error is approximately ±5%. 

In most cases the error will be less than this value, since the latter refers 

to the lowest mean deformation, that is the value which would yield the 

largest error. 
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(3) 	The effect of storage at -20°C and prolonged periods at 37°C  

When cartilage is removed from the body, autolytic degradation 

proceeds as a function of both time and temperature. Sokoloff (1966) 

in fact observed that autolysis had occurred at the termination of some 

of his experiments. Such degradation may well influence the mechanical 

properties-of cartilage, because one of the effects is the leaching out of the 

mucopolysaccharide moiety of the matrix. Autolysis can be prevented chemic-

ally by storing a tissue in Formalin, but this also affects the mechanical 

properties of cartilage, Stlicke (1950), Curtis (1963), Elden (1964) and 

Viidik and Lewin (1965). 

It is common practice to store biological materials and in part-

icular cartilage, at a very low temperature. This retards the rate at which 

autolysis occurs to such an extent, that the tissue may be kept for several 

months without any significant effects of autolysis being observed. 

In the present investigation specimens were stored at -20°C until 

testing, when they were surrounded by Ringers solution at 37°C for periods 

of up to 19 hours. It was therefore necessary to demonstrate, that auto-

lytic degradation did not significantly influence the results during this 

'procedure. 

Two femoral heads were obtained immediately post-operatively, from 

hind-quarter amputation specimens. Three areas of cartilage on each fem-

oral head were tested repeatedly and cyclically, the first test being per-

formed within approximately fifteen minutes of amputation. The tests 

were continued until the cartilage showed signs of systematic and progressive 

softening, which was indicative of autolytic degradation, (Sokoloff, 1966). 

The results of these repeated tests are shown in Tables 6 and 7 , see Appendix 

1 (p.131-2)together with the time for which each femoral head was surrounded 
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by Ringer's solution at 37°C, and the total time for which the head was 

stored at -20°C during the test procedure. The results are summarised 

below. 

(3.1) 	Summarised results and conclusions  

(1) Amputation specimen 1 (Table 6) 

A - total of 20 repeated indentation tests were performed on three areas 

of cartilage. 

Significant increases in the indentations of all the areas were re-

corded at the sixth repeat, and confirmed as having increased further at the 

seventh repeat. 

By the time that the sixth repeat revealed softening of the car-

tilage, the femoral head had been immersed in Ringer's solution at 37°C, for 

a total of a5 hours. In addition, the head had been stored at -20
oC for ap-

proximately 95 hours between the testing periods. 

(2) Amputation specimen 2 (Table 7) 

A total of thirty repeated indentations were performed on three 

areas of cartilage. 

With the exception dr7area number 3 (see Table 7), no systematic in-

crease in the indentation occurred, even though the femoral head had been 

immersed in Ringer's solution at 37°C for a total of approximately 24 hours. 

Closer inspection of the results relating to area 3 revealed that 

the sixth repeat deformation was approximately 14% larger than the previous 

deformations, but thereafter no further systematic increase occurred. The 

reason for the sudden increase in indentation, was eventually traced to 

incorrect re-positioning under the indenter, which was perpetuated for all 

the subsequent tests. In view of this error, the results of the final 

five indentations of this area are not included, even though they show no 
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further significant increase. 

The total time for which the femoral head was stored at -20 C be- 

tween tests was 50 hours. 

The results summarised above show, that no significant softening 

of cartilage occurred on either of the two femoral heads, within the time 

period of fifteen minutes_to 24hr. or more, for which the, heads had been immersed in 

Ringer's solution at 37°C. In addition, the results indicate that a femoral 

head may be stored for fifty hours or more at -20°C between tests, without 

any change in the compression properties of the articular cartilage. 

Table 5 (below) show the time spent at 37°C and -20°C by each of 

the femoral heads involved in the detailed indentation surveys. It can be 

seen from Table 5, that no femoral head was kept at 37°C for any longer 

than 20 hours, which is within the safe period defined above. In addition, 

no head was kept at -20°C between tests for more than a total of fifty hours, 

which again is within the safe period shown by Tables 6 and 7. 

Spec. Number 2 3 4 5 6 7 8 9 10 11 20 21 22 34 35 57 

Time at 
37°C (hr) 18 13 14 12 16 16 17 19 18 15 20 11 15 14 12 18 

Time at 
-20oC (hr) 31 17 34 19 18 34 50 49 33 34 50 31 16 37 36 34 

Table 5 Total times spent by eachfemoral head, during inden-
tation surveys at 37°C in Ringers solution and -20°C 
in storage. 

It was concluded from the results shown above, that no significant 

progressive softening of cartilage due to autolytic degradation, had occurred 

during the indentation surveys. However, a further check was performed 

by repeating indentations on at least two areas of cartilage on each femoral 
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head during the indentation surveys. - The results of these repeated inden-

tations are shown in Table 9, see Appendix 1 (p.133-4). From column E of 

this table, it is apparent that no systematic, progressive softening of the 

.tested areas of cartilage occurred, which confirmed the conclusion realised 

previously. 

(3.2) Long term storage at -200C  

It can be seen from Table 1, see Appendix 1 (p.127-8),that the femoral 

heads tested in the indentation surveys, were stored at -20°C for periods 

of up to two weeks, between postmortem examination and testing. It was 

necessary to show that this procedure did not alter the mechanical properties 

of the cartilage. 

Three areas of cartilage on each of three femoral heads were indented 

twice using the hemispherically-ended indenter and a load of 2 lbf: the first 

indentation test was performed within forty eitjh-E hours of post-mortem. The 

femoral heads were then stored at -20°  C for three weeks. After this period 

the indentations were repeated. 

In order to be consistent with the results of the main indentation 

surveys, indentations recorded at two seconds after application of the load 

were extracted from the indentation-time curves and compared. These values 

for all of the nine tested areas are set out in Table 8, over. 

It can be seen from Table 8, that all the repeated indentations were 

+ 
within -5% of the initial values. The difference was within the limit of 

repeatability for the apparatus, to be established in Para. 5 of this Chapter, 

(p. 41). 

It was concluded from these results, that femoral heads may be stored 

for at least three weeks at -20°C, without any significant change in the 

indentation response of the cartilage. The periods for which the femoral 
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heads were stored at -20°C in the indentation surveys have been therefore 

shown to be acceptable. 

Table 8 Results of long term storage at -20°C  

Specimen number Position Indentation (cm) Difference as 
a percentage  
of the initial 

Initial 3 weeks after 
P.M. 

63. 1 0.0356 0.0368 +3.37 

2 0.0373 0.0381 +2.16 

3 0.0422 0.0402 -4.75 

64. 	EiLjht 1 0.0310 0.0310 0.00 

2 0:0294",  0.0297 +1.02 

3 0;0340 0.0330 +2.94 

64. Left 1 0.0254 0.0264 +3.94 

2 0.0264 0.0264 0.00 

3 6:0323 0.0330 +2.79 

. . 

(4) 	Repeatability of the apparatus  

During the course of an indentation survey, each femoral head was 

necessarily moved many times. This fact raised the question of how acc-

urately an indentation-time curve could be repeated for each area of 

cartilage, after the femoral head had been moved, and then re-positioned 

under the indenter. 

To determine the repeatability of the apparatus, two groups of 

tests were performed: in the first group a total of nineteen areas of 

cartilage were repeated once, and seven areas were repeated twice or more; 
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in the second group repeated indentations were performed on the two 

• femoral heads obtained from amputated hips, in the course of assessing the 

effect of autolytic degradation. In addition two areas on each femoral 

head were tested at least twice (during the indentation survey). 

The results of the first group of repeatability tests are shown 

in Table 9. Appendix 1 (p.133-4)and those results relating to the second 

group of tests are shown in Table 10, see Appendix 1 (p.135). All the 

indentations shown are those recorded at two seconds after load application. 

(4.1) 	Summarised results  

(1) Group 1 tests (Table 9  ): 

-The principal results of the first group of tests have been extrac- 

ted from Table 9 and they are shown below in Table 11. 

,Total number of repeated indentations 25 

Number of repeats differing by f5%, or 
less from the original deformation 20 

Number of repeats differing from the 
original deformation by less than -10% 25 

Table 11 Principal results of repeatability tests, 
-for group 1, extracted from Table 9  

The above data shows that approximately 80% of the repeated indentations 

differed by f5% or less from the original value. All the repeated inden- 

+ 
tations are within -10% of the original values. 

(2) Group 2 tests (Table10  ) 

The prinCipal results have again been extracted, in this case from 

Table 10, and they are shown in Table 12, see over. 
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Total number of repeated indentations 88 

Number of repeats differi7g from the 
original deformations by -5%, or less 

78 

Number of repeats differing from thi_e 
original deformation by less than -10% 

86 

Table 12 Principal results from repeated indentations 
of group 2 tests,.extracted from Table 10 

The above results show, that approximately 89% of the repeated 	

+

inden- 

tations differed by -5% or less from the original values. Approximately 

98% of the repeated indentations were within f10% of the original values. 

Only two repeats differed by more than 1.10% from the original values. 

After closer inspection of the results relating to these two areas, it was 

concluded that an error had occurred in re-positioning them under the indenter. 

(4.2) 	Overall conclusion  

Consideration of the results of both groups of tests together, 

shows that a total number of 113 areas of cartilage were subjected to re-

peated indentation tests; of these, 98 or approximately 87%, yielded repeat 

indentations differing from the original values by f5% or less. All but 

two of the total number of repeats, were within 2-10% of the original defor-

mation. 

On the basis of these results, the repeatability of an indentation 

recorded at two*seconds after load application, was taken to be ±5% of the 

original value. 

( 5) 	Temperature variation of the Ringer's solution  

It was stated by Elmore et al. (1963), that a variation in the 

temperature of the immersion solution from 13°C to 50°C, produced a neg- 
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ligible effect on the indentation of cartilage. It was decided to attempt 

to confirm this statement experimentally, for cartilage on the femoral head. 

Eleven areas of cartilage on four femoral heads, were subjected 

to repeated indentation tests, whilst the temperature of the surrounding 

Ringers solution was increased in discrete steps, from between 200C to 

25oC up to 40oC or 50oC. Indentation-time curves were plotted for each 

area at each temperature, and values of the indentation at two seconds 

after load application were extracted. Graphs of these indentations 

against temperature were plotted, and these are reproduced in Fig. 15, 

(facing p. 42). rable 13 see Appendix 1 (p.136) contains the numerical.  

data from which Fig. 15 was drawn. 

( 5.1) 	Summarised results of temperature variation tests  

Inspection of the graphs shown in Fig.15 reveals, that the varia-

tion of indentation with increasing temperature was extremely small. There 

was however a slight tendency for the indentation to increase with increasing 

temperature. 

Table 14 (see over) shows the average, and maximum variation of inden-

tation per degree Centigrade, and the difference between the indentation 

at the maximum and minimum temperatures, as a percentage of the latter. 

The results shown in Table 14 confirm the conclusion stated above, 

that the variation of indentation with temperature is small. The results 

also indicate that the variation of indentation which could have occurred 

during the indentation surveys due to temperature variation of the Ringers 

solution, was negligible, since the temperature was controlled to within 

-1°C   at most. 

(.6) 	The effect of variation of the composition and pH value of 
Ringer's solution 

During the indentation surveys it was decided that in a few cases 
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1 	20 to 40 2.0 	10.0 +0.72 

it 2 0.5 8.0 0.20 

111 7.5 7.5 0.42 

7 	H 2.5 7.0 1.80 

10 	24 to 54 1.7 1.7 1.60 

5 4.3 4.3 1.40 

9 0.67 3.5 3.20 

11 	rr 1.7 5 9.40 

4 	25 to 40 5.3 5.3 1.90 

tI 3 7.3 7.3 2.60 

TI 8 10.7 17.5 7.30 

Table 14 The effect of temperature variation on the 
indentation of cartilage (results extracted 
from Table 13 see Appendix 1 (p. 136)). 

the possibility could not be ruled out that small amounts of tap water had 

contaminated the Ringerls solution which was made with distilled water. It 

was then further decided to perform an investigation in which the Ringer's 

solution was made up entirely with ordinary tap water and with distilled 

water. These two solutions would then be analysed for metallic ions and 

the pH values would be measured. The results of repeated indentation tests 

would be compared with each of the solutions as the immersion medium. 

Twelve areas of cartilage on three femoral heads were indented 

A C 

e Number Temperatureg  Average variation of Maximum variation 
. Fig. 15 ) Range 	C indentation with tem-

perature (cm/ C) 

x10 5 

of indentation with 
temperature (cm/ C) 

x 10 5 

D 

Difference between: 
indentations at 
maximum and min-
imum temperatures, 
as a percentage 
of the latter 



2.6 

2.1 

2.6 

0.9 

4.8 

1.3 

Group 1 Group 2 
Max Mean Max Mean 

/0 
First and second solutions 
difference in indentations 
value) 

- percentage 
(Numerical 3.4 

First and final solutions -
difference in indentations 
value) 

percentage 
(Numerical 3.5 

pH units 

pH of fresh Ringer's solution - distilled 
water 

pH of used Ringer's solution - distilled 
water 
pH of fresh Ringer's solution - tap water 

pH of used Ringer's solution - tap water 

6.9 

7.1 

7.9 

7.8 

6.9 

6.9 

7.7 

8.1 
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repeatedly, whilst immersed in Ringer's solution which was made alternatively 

with tap water, and with distilled water. The two'solutions were analysed 

(see Table 17 , p. 45), and the pH values were measured before and after use. 

The order in which the solutions were used was reversed; so that referring 

to Table 16 (p. 44)Group 1 results relate to the order: Distilled Ringer's 

- Tap Ringe2s - Distilled Ringer's; and Group 2 results relate to the 

order: Tap Ringer's - Distilled Ringer's - Tap Ringer's. Each area of 

cartilage was indented three times, and the first and last indentations were 

performed under identical solutions. 

The values of the indentations recorded at two seconds after load 

application, together with the pH values, are set out in detail in Table 15 

see Appendix 1 (p. 137). The principal results are given in Table 16 

below. 

Table 16: Principal results of the effect of variation of 
the composition and pH of Ringer's solution. 



- 45 - 

Table 17below shows the composition of both solutions, determined 

by chemical analysis. 

Constituent Tap water Ringer's Distilled water 
Ringer's 

Minimum quantity 
detectable 

MAIN 	CONSTITUENTS 

Sodium chloride 9.1 gm/litre 9.0 gm/litre 

Potassium chloride 0.26 	il 0.053 	" 

Calcium chloride 0.053 	" 0.030 	" 

Sodium bicarbonate 0.08 	It 0.025 	" 
vl 

TRACE 	ELEMENTS 

Magnesium Between 4 and 8 
mg/litre 

Less than 0.05 
mg/litre 

Tin 1 mg/litre Not detected 

Copper 0.3 mg/litre Not detected 

Iron Less than 0.1 
mg/litre 

Less than 0.1 
mg/litre 

Cobalt 0.5 mg/litre 

Chromium 0.25 	" 
Not detected Not detected 

Manganese 0.02 	" 

Nickel 0.02 	" 

Table 17 The composition of Ringer's solution made with 
distilled water and tap water. 

(6.1) 	Discussion  

It is possible to draw the following conclusions from the results 

of this Paragraph: 
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.1. 	The indentation of articular cartilage is not significantly altered, 

by a variation of the Ringer's solution within the following limits: 

Constituent Limits of variation in Ringers solution 

Sodium chloride 9.0 	to 9.1 	gm/litre 

Potassium chloride 0.026 to 0.053 gm/litre 

Calcium chloride 0.030 to 0.053 gm/litre 

Sodium bicarbonate 0.08 	to 0.025 mg/litre 

Magnesium (4 to 8)to 0.05 mg/litre 

Tin 0 	to 1 	mg/litre 

Copper 0 	to 0.3 	mg/litre 

Table 18 Limits of Variation of main constituents of Ringer's 
solution 

2. 	The indentation of cartilage is not significantly altered by a 

variation in pH of the Ringer's solution, of one unit. This • 

confirms the observation of Elmore et al. (1963), that the inden-

tation of cartilage was not significantly altered by a pH change 

from 3.5 to 8.3 units. 

On the basis of these results it is possible to conclude that the 

amount of contamination of the Ringer's solution by tap water which may have 

occurred during the indentation surveys, did not significantly alter the inden-

tation of cartilage. 

Throughout this investigation the term Ringer's solution may be inter-

preted as a saline solution having a composition within the limits indicated 

in Table 18. 
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(7) 	Comparison of indentations with synovial fluid and Ringer's 
solution as the immersion media 

The final control experiment was performed to determine whether the 

indentation of cartilage surrounded by synovial fluid, is different from the 

indentation under Ringer's solution. 

Nine areas of cartilage on four femoral heads were subjected to 

repeated indentations, initially with synovial fluid surrounding the tested 

area, and then with Ringer's solution. 

In order that the film of synovial fluid covering the articular 

surface of each femoral head was not disturbed, care was taken not to touch the 

cartilage between disarticulation and mounting the femoral head in the testing 

apparatus. Surplus synovial fluid was collected from the acetabulum 

in a syringe, and this was used to surround the end of the indenter during a 

test. Ringer's solution was not used with any femoral head until all the 

selected areas of cartilage had been tested with synovial fluid. 

Indentations were compared at two seconds after load application 

between the two immersion media, and the results are shown in Table 131  see 

over. 

(7.1) 	Discussion of results  

The results of Table 19 show, that the difference between the inden-

tations measured under the two solutions, was within the limit of 2-5% of rep-

eatability of the apparatus. 

It was concluded that the stiffness of articular cartilage is the same 

in Ringer's solution, as it is in the synovial fluid. 
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Indentation (cm) Difference between 
(1) and (2) as a 	. 

(1) With Synovial Fluid (2) With Ringer's Solution percentage of (1) 

0.0612 0.0585 -4.3 	. 	. 

0.0781 0.0821 +5.0 

0.0218 0.0226 +3.7 

0.0233 0.0238 +2.2 

0.0076 0.0074 -3.3 

0.0132 0.0127 -3.8 

0.0185 0.0178 -3.8 

0.0216 0.0213 -1.5 

0.0500 0.0520 +4.0 

- 	0.0582 0.0561 -3.5 

0.0356 0.0366 +2.8 

0.0270 0.0283 +4.8 

Table 19 Results of tests performed to determine the 
difference between indentations performed under 
synovial fluid and then Ringer's solUtion. 
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CHAPTER 5  

DESCRIPTION OF INDENTATION TESTS AND  

PRESENTATION OF OBSERVATIONS  

(1) 	The shape of an indentation versus time curve  

Before the detailed indentation surveys were performed, the ob- 

servations of which are given briefly in Para. 4 of this Chapter and dis- 

cussed together with the results in Chapter 9, the shape of a typical 

indentation-time curve was considered for three reasons: 

Firstly, to attempt to confirm the results of previous workers, 

or if differences existed then to define and explain such differences; 

Secondly, to explain the characteristics of a typical curve in 

terms of the structure of cartilage and; 

Finally, to derive a mathematical expression fitting the experi- 

mental points of a representative number of curves, from which to define 

a time at which indentations could be reliably compared, and to define 

which parameters of the expression vary with the magnitude of the inden- 

tations. 

Fig. 16 (facing p. 49 ) shows the indentation-time curves for four 

different areas of cartilage. The shape of the curves is typical of all the 

areas tested in the indentation surveys, irrespective of which indenter was 

used. There is a marked similarity between the load phase of each curve 

and those obtained by other investigators (see Chapter 1, and Bibliography). 

The unload phase however is similar in shape to the results of only Elmore 

et al. (1963) because all other previous experiments were performed in air 

(see Chapter 1). 

A more detailed description and discussion of the shape of an inden- 

tation-time curve is given in Chapter 9, Paras. 1, 1.1 and 1.2 (see pp. 76 

to 84). 
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(2) 	Selection of a time at which to compare indentations  

The experimental curves of indentation versus time given in 

Fig. 16 (facing p.49) show that the indentation of cartilage is time 

dependent. It was necessary therefore to select a common time at which 

to compare the indentations of different. and corresponding areas of cart-

ilage. 

It will be appreciated, that so far in this investigation other 

variable quantities, such as the applied stress, the immersion medium and the 

temperature of the latter, were controlled as closely as possible to physio-

logical conditions. In order to be consistent, it was decided to compare 

all indentations in the detailed surveys at a common time, which was rep-

resentative of the duration of the load phase in normal walking. Although 

the hip joint is subjected to many different modes of loading in vivo, it was 

decided to consider the conditions of walking, since t±is activity forms a 

considerable proportion of the complete range of movement of a. normal hip 

joint. 

The results of Rydell (1964), Contini et al. (1964) and Swanson,  

(personal communication) all indicate, that the duration of the load phase 

(heel strike to toe off) of a step taken whilst walking at normal speed, is 

between 0.5 sec. and 1.0 sec., depending on what constitutes a normal walking 

speed for different individuals. 

The graphs shown in Figs. 17 and 18 (facing p. 50). 

and discussed in Para. 1.2 of Chapter 9 (p. 80 ) show that the curves of 

indentation versus time for cartilage are not fully developed until two 

seconds after application of the load. In view of this fact it was decided 

that indentations should be compared at two seconds after load application 
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this being the time which most nearly satisfies both the physiological 

and mathematical conditions. 

One other reason for selecting the time of two seconds at which 

to compare indentations, was that removal of the load'at this time results 

in very rapid recovery. In other words the elastic part of the indentation 

forms the major part of the total indentation, at two seconds after load 

application. The importance of this fact is described in greater detail in 

Para. 2 of Chapter 6, (p. 58). 

Finally, the shorter the duration of any one indentation test, the 

larger was the number of areas which could be studied on a femoral head, 

before autolytic degradation interfered with the results. 

(3) 	Method of displaying the observations  

The testing apparatus previously described in Para. 3 of Chapter 2, 

enabled each femoral head to be indented in a maximum number of eighty-one 

areas. In practice due to the ever present threat of autolytic degradation, 

only thirty to forty areas could be studied. These areas were 0.125 in. in 

diameter (the diameter of each indenter), and they were arranged at equal 

intervals on four equi-spaced meridians over each femoral head, assuming this 

joint surface to be nearly spherical, Bullough et al. (1968). 

Fig. 20a (facing p. 51) shows diagrammatically the proximal section 

of a femur, incorporating the femoral head, femoral neck and greater tro-

chanter. View (1) is that seen by looking along the direction YY' from the 

medial aspect, (from inside the acetabulum). In fact this is the view of 

each femoral head represented in the layered maps of Figs. 21, 23; 29 and 

31 (between pp. 83-4 and 85-6), with small variations, to account for the 

variation in position of the medial-lateral line in each femoral head. 
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Fig. 20b (facing p.51 ) shows the same view of the femoral head 

from YY', but this time the femoral head is rotated approximately 90°  clock-

wise. This is the position in which each femoral head was initially mounted 

in the testing apparatus. Each indented area of cartilage is represented 

by a circle or an ellipse, depending on its distance from the 'pole' point 

0. Each meridian was numbered from one to four, and the indented areas were 

numbered from one to ten as shown, except the 'pole' point which was denoted 

by the symbolb. By this numbering system the position of each indented 

'area was recorded. 

Having plotted the indentation-time curve for each area of cartilage, 

and then extracted the indentations at two seconds after application of the 

load, it was possible to divide the total range of indentation for all the 

femoral heads into five smaller ranges see Fig. A (facing p.84 ). To each 

range a particular shading was then allocated. The appropriate shading 

was then allocated to each indented area. Areas of similar shading were 

then joined, to produce layered maps of indentation over all of the femoral 

heads. Corresponding areas were defined by referring to the drilled holes 

described in Para. 1 of Chapter 3, (p.24), the line between then delineating 

the medial-lateral direction. 

In addition, histograms of the cartilage indentation values were 

drawn, ±he vertical axis representing the number of indented areas, and 

the horizontal axis representing the indentation ranges. The mean inden-

tation for each femoral head was also calculated, and is presented with 

the corresponding histogram. 

(4) Observations  

 

 

Sixteen femoral heads were studied within the age range of nineteen 

to eighty two years. A total number of five hundred and ten areas of visibly 



- 53 - 

normal cartilage were indented in two series of tests. In the first series 

a plane-ended cylindrical indenter was used, 0.125 in. in diameter, with a 

load of 5 lbf. In the second series six femoral heads were indented by 

a hemispherically-ended cylindrical indenter of the same diameter as the 

plane-ended indenter, with a load of 2 lbf. 

Fig. A (facing p. 84) shows the indentation ranges and cor-

responding shading which were used in the layered maps and histograms 

of indentation. 

Figs. 21 and 22 (between pp. 83-84) show the layered maps and 

histograms of indentation, which relate to the first series of tests in 

which the plane-ended indenter was used. 

Figs. 23 and 24 (between pp. 83-84) show the similar maps and 

histograms of indentation relating to the second series of tests, in which 

the hemispherically-ended indenter was used. 

Columns A and B of Tables 20 and 21 (see Appendix 1, pp. 138 - 153) 

give the recorded thickness and indentation, for all of the five hundred 

and ten indented areas. It is from these values that the maps and histo-

grams were constructed. 

The observations made from Figs. 21 to 24 are explained and dis-

cussed in detail in Para. 2 of Chapter 9 (p. 83). 

(5) 	Correlation of indentation with thickness  

As Tables 20 and 21 (see Appendix 1, pp. 138 to 153) reveal, the 

cartilage covering the human femoral head is between approximately one and 

three millimetres thick. At this order of magnitude of thickness the res-

trictive effect of the base, which in this case is sub-chondral bone, may 

be expected to influence the recorded indentation. 
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Sokoloff (1966) showed that the 'instantaneous' indentation of 

increased 

as 	

specimens under an average indenting stress of 8.41 Kg/cm
2   

as the thickness increased up to two millimetres. At thicknesses greater 

than this, the indentation was sensibly constant. Sokoloff chose natural 

rubber, of which the 'instantaneous' indentation.  was similar to that of 

normal articular cartilage, to illustrate how indentation was related to 

thickness. He concluded that no compensation for thickness was nec-

essary for his results on patellar cartilage because in general cartilage 

on this joint surface is more than two millimetres thick. 

In order to determine the correlation between indentation and thick-

ness for the results of the present indentation surveys, the results were 

processed in three ways: firstly, graphs of indentation versus thickness 

were plotted for both of the two series of tests, these are given in Figs. 

25 and 26 (facing p.54 ); secondly a computer program was written (see 

Appendix 2, p.161 ), which enabled .a straight line to be fitted to the 

experimental points, according to the method of least squares. This also 

gave the correlation coefficient 'r' between the two variables. Finally, 

the best line and correlation coefficient were determined for each femoral 

head, these results are presented in Table 22, Appendix 1 (p.154). The 

significance of a particular value of 'r' was expressed as a probability P, 

(the smaller the value of P, the greater the significance of r), see Davies 

O.L. (1961) Table E , p.372). [see Bibliography]. 

Both Figs. 25 and 26, and the overall correlation coefficient of 

0.55 show that there was a significant correlation between indentation and 

thickness of cartilage on the femoral head. It was concluded, that on the 

basis of this observation, the indentation surveys do not give a completely 
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accurate picture of the relative stiffness of different areas of cartilage, 

since no account was taken of the variable thickness of the tissue. 

Having reached this conclusion, it was necessary to find a method 

of calculating the stiffness of cartilage, irrespective of the thickness. 

(5.1) 	Method of compensating for the variable, finite thickness of 
cartilage 

Several methods of compensating for the variable thickness of 

cartilage were investigated. These will now be discussed to show why 

only one method was selected. 

Initially the possibility of obtaining an indentation versus 

thickness curve for each indented area of cartilage, was considered. How-

ever this was rejected for two main reasons: 

1. Firstly, it would have meant that only a few areas of cartilage 

could have been investigated, because of the limited time for which 

a femoral head could remain at 37°C, before autolytic degradation 

occurred. 

2. Secondly, in order to obtain curves of indentation versus thick-

ness, it would have been necessary to slice the areas of cartilage 

parallel to the articular surface. Each layer of cartilage would 

then have presented a different structural arrangement to the in-

denter and there are good grounds for supposing, at least for the 

superficial zone, that these structural differences would prob-

ably influence the indentation, irrespective of the thickness 

of the tested area. It would not have been possible therefore 

to separate the two effects when presenting the results. 

In addition, it was not possible to plot the indentations recorded 

for different areas and obtain a single valued function of inden- 
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tation versus thickness. These graphs have already been presented 

in Figs. 25 and 26, but because the experimental scatter is quite 

considerable, and the stiffness probably varies as well, so once 

again the two effects of stiffness and thickness on the inden-

tation of cartilage could not be separated. 

Thus, both of these attempts to compensate the indentation results 

for the variable thickness of cartilage, were hampered by the difficulties 

described above. 

At this stage a similarity between the behaviour of natural rubber 

and cartilage was noticed. It was also recalled that Sokoloff (1966) had 

used natural rubber to show, that at thicknesses greater than two millimetres, 

the indentation of cartilage is not thickness dependent. Consideration of 

the published work of Waters (1965)1,2 for the indentation of thin sheets of 

natural rubber revealed, that providing the material under consideration pos-

sessed certain characteristics in common with rubber, then the results of his 

investigations could be applied to such a material, for example cartilage
1
, 

with some justification. The main characteristics which the material must 

possess are: 

1. Elastic reversibility and, 

2. Isotropy. 

The grounds for assuming that cartilage possesses these character-

istics will now be discussed, together with the derivation of a creep modulus 

to represent the stiffness of cartilage, irrespective of thickness. 

1. 	This was confirmed by personal communication with Mr. Waters. 
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CHAPTER 6  

CALCULATION OF A CREEP MODULUS FOR CARTILAGE  

AND PRESENTATION OF RESULTS  

(1) 	General background and assumptions  

The theoretical solution to the problem of the pressure dis- 

tribution between two spherical bodies in contact,' was first given by 

Hertz (1881). The solution has been verified experimentally, for mater-

ials which obey Hooket Law
1 
 within the elastic limit. However, when the 

solution is applied to the problem of a rigid indenter pressed into a 

relatively soft elastic medium, the assumption is usually made that the 

medium is semi-infinite in extent; that is to say the boundaries are stress-

free, except that which is in contact with the indenter. 

Waters (1965)1,2 pointed out, that although analytical and in some 

cases numerical solutions have been obtained for sheets of finite thickness, 

for a variety of boundary conditions [Sneddon (1951)1 the solutions for cy-

lindrical plane-ended and hemispherically-ended rigid indenters, did not 

exist in the literature. However, the relationship between indentation 

hardness of vulcanised rubbers and Young's modulus was shown by Gent (1958) to 

follow from the work of Hertz, with the following assumptions: 

1. That the rubber is elastically reversible. 

2. The rubber is isotropic, and 

3. The indentation is small enough to assume that the boundaries 

are stress-free. 

Waters initially considered why the behaviour of thin sheets of rubber 

should be different from that of semi-infinite sheets of the same material. 

He reached the conclusion theoretically, that departure from the ideal be- 

haviour could be due to either. 

1. 	Hooke's Law for elastic materials states that stress is proportional to 
strain, the constant of proportionality being E, the Young's modulus for the 
material. 
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1. Deformation of the rubber producing strains outside the elastic 

limit or, 

2. Distortion of the stress pattern due to the finite thickness of 

the sheet. 

Waters (1965)122 concluded that the second of these two factors 

-exerted the predominant influence, and therefore the indentation of a thin 

sheet of rubber differs from that of a semi-infinite sheet of the same 

material, mainly because the stress pattern is distorted by the proximity 

of the lower boundary. 

Waters (1965)
1 
 performed two experimental investigations, from 
2 

which he was able to calculate an elastic modulus for thin sheets of rubber 

using either a plane-ended or hemispherically-ended indenter. Before the 

results of these investigations could be applied to indentation measurements 

on cartilage, it was necessary to consider the validity of the underlying 

assumptions. 

(2) 	Discussion of the assumptions  

Considering the first assumption that the material should be 

elastically reversible, this is justifiable for cartilage only at short times 

after load application. Within this region of the indentation-time curve 

the 'instantaneous' indentation,and recovery if the load is removed, consti-

tute the major part of the total indentation. This is because the amount 

of water which is expressed is small initially, and increases as a function 

of time. Fig. 26a (facing p.58 ). shows graphs of load versus indentation 

at two seconds for two areas of cartilage using both the plane-ended and hemi-

spherical indenter of 0.125 in. diameter. It will be seen that cartilage 

displays an essentially non-linear load indentation curve. However, the non- 
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linearity is most noticeable at the upper end of the load range. The 

curve relating to the hemispherical indenter is fitted quite closely by 

a straight line up to a load of 2 lbf; that of the plahe-ended indenter 

is fitted by a straight line again quite closely, up to a load of 5 lbf. 

On the basis of these results it was decided that the assumption 

of elastic reversibility was justified for the two loads given above, for 

cartilage at two seconds after application of the load. This also consti-

tuted the third and final reason why two seconds was the time selected at 

which to compare indentations. 

The second assumption which has to be considered is that of isotropy: 

1. in the bulk of cartilage, beneath the surface layer, where it will 

largely determine whether the stress distributions are geometrically 

similar for the same ratio of sheet thickness to the radius of the 

contact area between the indenter and cartilage surface. This is 

one of the fundamental assumptions made by Waters; 

2. in the surface layer, where it will determine whether the projected 

contact area is circular or approximately elliptical. 

Cartilage consists of collagen fibres and chondrocytes embedded in 

a gel of mucopolysaccharides and water. In the bulk material, the 

collagen fibres display an approximately random distribution. This 

can be seen in electron micrographs of cartilage, Weiss et al. 

(1968), and Maroudas and Bullough (1968). 	There is a tendency for 

the fibres in the deep zone to be orientated perpendicularly to the 

sub-chondral bone, but this is not a very strong tendency. The gel 

of mucopolysaccharides, at the molecular level, consists of an 

essentially random, three-dimensional, network of linear polyanions, 

Maroudas (1968), and it is commonly accepted that, in healthy 

cartilage, the mucopolysaccharides are distributed essentially 
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uniformly throughout the matrix. The chondrocytes occupy an extremely 

small percentage of the volume of cartilage, between 2 and 5 per cent, 

Meachim and Collins (1962) and Stockwell (1967), and it is extremely 

unlikely that they contribute significantly to the mechanical 

properties. 

It appears, therefore, that the major constituents in the bulk of 

cartilage are distributed approximately randomly and the assumption of 

isotropy is justifiable. Tension tests performed by the author, 

parallel to the articular surface at increasing distance below the 

surface, support the assumption of isotropy in planes parallel to the 

surface, in the bulk of cartilage. (see pp. 169 to 171 in folder at rear). 

The surface layer of cartilage consists of a network of collagen 

fibres, parallel to the articular surface, with a well-ordered orienta- 

tion. 	As section 3 of this thesis (p.97 et seq.) reveals, it is aniso-

tropic, being stiffer in the direction of the fibres.than perpendicular 

to them. The projected area of contact will therefore be approximately 

elliptical. This has been accepted in the present tests, because it 

will have little effect on the depth of the indentation. 

The effect of varying Poisson's ratio must now be discussed. 

Equations (6) and (7) for calculating the Creep Modulus of 

cartilage are given on pages 60 and 61. 

In this investigation indentations were measured at 2 seconds 

following load application. At this time approximately 90% of the 

indentation is "instantaneously" recoverable. Constant volume 

deformation was considered to be an essentially valid assumption, for 

which the Poisson's ratiol,. 1 . 	Some tension tests, performed 
2 

parallel to the articular surface, supported this value in tension. 

However, since some sponge-like materials possess a value of y greater 

than 1 , and for many metals 1V.;% 1 , calculations were performed to 
2 	 3 

determine the effect, on the Creep Modulus, of )1  taking the values of 1 

or 2 instead of 1. Table 19a,over, gives the results: 
3 	2 
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)7 from Eq'n (6) (1--)12-) 	from Eq'n 	(7) Percentage difference in 'E' 

9 3 ORIGINAL 
2 16 T 
1 2 8 +18.5 
3 3 9 
2 5 5 - 26 
3 12 9 

Table 19a. The effect on Creep Modulus of Varying Poisson's ratio 

If the value of Poisson's ratio wastniform over an entire femoral 

head then the maps of Creep Modulus, which are described later, would not 

be changed, except in so far as the individual values would be changed by 

a constant factor. Alternatively if Poisson's ratio was 1 or 2 instead 
3 	3 

of 1 in some areas only, then the pattern of variation of Creep Modulus 
2 

would be changed in the middle ranges but the main conclusions, which 

relate to the stiffest and softest regions, would not be altered. 

It is possible to conclude therefore that even a large variation in 

Poisson's ratio would not significantly alter the conclusions of this 

investigation. 

(3) 	Calculation of a creep modulus for cartilage  

For a detailed derivation of the equations from which an elastic 

modulus for thin rubber sheets was calculated according to Waters (1965)12 

the reader is referred to Appendix 3 (pp.162 to 166). At this stage only 

the final equations are quoted, which were used directly in calculating a 

creep modulus for cartilage. 

1. Hemispherically-ended indenter  

E 1.28 1 - exp. (-0.42 
t
/at) 3/2 	(6) 

[

.  

where t = thickness of indented area of cartilage (cm). 

at  = radius of contact area between cartilage and indenter (cm). 

dt  = indentation (cM). 

E.= creep modulus for cartilage. 

Fig. 41a (facing p.60) shows the curve obtained by Waters for f(
t
/at) 

1 - exp (-0.42 t/at) versus (t/at). 
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2. 	Plane-ended indenter 

E=5.37 ( 01 d
t  

(7) 

where the symbols denote the same quantities as those used in equation (6) 

above, and 0 = 0(t/R) where R = radius of indenter (cm). The value of this 

function was obtained using the graph given in Fig. 41b (facing p. 60). 

The values of creep modulus at two seconds after load application, 

which were calculated for all the areas of cartilage tested in the indentation 

surveys, are tabulated in column C of Tables 20 and 21 of Appendix 1 (pp.138-53). 

They are also presented as layered maps and histograms see Figs. 29 - 32 (between 

pp.85 and86) identical in. form to those in which the variation of indentation 

was displayed. 

The results given in Para. 5 of this Chapter (p. 62) show, that both 

indenters gave creep modulus values for the same areas of cartilage, which 

were in close agreement. In addition, varying the applied load on the hemis-

pherically-ended indenter, did not significantly change the creep modulus value 

for any one area of cartilage. The results of both series of indentation 

tests, when expressed in terms of the variation of.creep modulus, may therefore 

be reliably compared. . 

The results shown in Figs. 29 to 32 are explained and discussed in 

Chapter 9. 

(4) 	Correlation of creep modulus with thickness  

Having defined a creep modulus at two seconds for cartilage, and 

stated that it is representative of the mechanical stiffness of the tissue 

irrespective of thickness, it was necessary to show that the creep modulus 

itself was independent of thickness. 

Figs. 33 and 34 (facing pp. 61 and 62 respectively) show the graphs 

of creep modulus versus thickness, for the areas of cartilage tested in the 
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indentation surveys; these graphs may be compared to Figs. 25 and 26 

(facing page 54) of indentation versus thickness. It is clear from Figs. 

33 and 34 that the correlation between creep modulus and thickness is con-

siderably less significant than that between indentation and thickness. The 

experimental results were then processed, using the computer program given in 

, Appendix 2 (see p. 161), the resulting fitted best straight lines, and cor-

relation coefficients for each femoral head are tabulated in Table 23 of Appendi 

·1 (p. 155). It can be seen from Table 23, that the correlation between creep 

modulus and thickness for each femoral head was not very significant. 

(5) Comparison between creep modulus values calculated from 
the results for both indenters 

It has been shown so far in this Chapter, that the creep modulus of 

different areas of cartilage may be compared within each of the two series of 

tests. It has not been shown that the creep modulus for corresponding areas 

of cartilage may be compared between the two series of tests. 

In order to do this, thirty areas of cartilage were indented using 

the hemispherical indenter with a load of 2 lbf (0.92 Kg), and the plane-

ended indenter with a load of 5 lbf (2.28 Kg). The order in which the in-

denters were used was reversed so that it did not influence the results. 

Creep modulus values were calculated using equations (6) and (7). The 

results are plotted in Fig. 35 (facing p. 63), and tabulated in line 1 of 

Table 25 over. The data from which Fig. 35 was plotted are given in 

Table 24 of Appendix 1 (p. 156). 
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Gradient to 'Y' Axis Intercept oll'X,  Axis 
Correlation 
Coeficient 

1.  0.81532 11.71525 0.98841 

2.  0.84069 11.62680. 0.97149 

Table 25 Fitted Lines and Correlation Coefficients 
relating to Figs. 35 and 36. 

Both Fig. 35 and the table above show, that there was close agree-

ment between the two sets of creep modulus values. Below a creep modulus 

of approximately 100 Kg/cm
2 there is apparently random scatter of the experimental 

points about the line representing equal values of creep modulus. Above 100 Kg 

/cm
2 however, modulus values calculated for the hemispherical indenter are con-

sistently higher than those of the plane-ended indenter. However, the differ-

ence is rarely more than ten per cent. These results partially justify the 

assumptions which were made for cartilage in Para. 2 of this Chapter. This was 

reassuring because the creep modulus values were determined from two independent 

sets of experimental data, and from equations originally formulated for natural 

rubber. It has also been shown that.the resultsof both series of tests may be 

compared, when presented in the form of creep modulus values. 

As a second check on the validity of a creep modulus for cartilage, the 

load was changed on the hemispherical indenter from 2 lbf to 1 lbf and it was 

shown that this did not alter the calculated value of creep modulus. 

Twenty areas of cartilage on five femoral heads were indented using 

the hemispherical indenter, using loads of 2 lbf and 1 lbf (0.92 Kg and 0.46 Kg). 

Indentations at two seconds were measured, and creep modulus values calculated. 

These results are shown in Fig. 36 (facing p. 63 ), and in line 2 of Table 25 

(p. 63). 	Table,26 of Appendix 1 (p. 157 ) gives the data from which Fig. 36 

was plotted. The results, show that close agreement existed between the values 

of creep modulus calculated for the two loads. 
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From the results of this paragraph it was concluded, that creep 

modulus values calculated for a plane-ended indenter of 0.125 in. diameter 

with a load of 5 lbf (2.28 Kg), may be reliably compared with the values 

calculated for a hemispherical indenter of the same diameter, under a load 

of 2 lbf (0.92 Kg). In addition, varying the load on the hemispherical 

indenter from 2 lbf to 1 lbf does not significantly change the creep modulus, 

which helps to justify the use of the latter. 
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SECTION 2  

Two investigations were performed, independently of the main 

indentation surveys, to determine the relationship between the inden- 

tation stiffness of cartilage and: 

1. The chemical components of the tissue, 

2. The permeability to water. 

In the first investigation,the creep modulus values of a number 

of areas of cartilage were determined by the author, according to the 

method described in Section 1 of this thesis. These indented areas 

were then chemically analysed by Dr. H. Muir of the Kennedy Institute of 

Rheumatology. Histological sections were also prepared by Dr. P. Bullough 

lately of The Nuffield Orthopaedic Hospital, Oxford but now of The Hospital 

for Special Surgery, New York. 

In the second investigation, the permeability of indented areas of 

cartilage was determined by Mr. J. Read (F.R.C.S.) in conjunction with, and 

using the technique developed by Dr. A. Maroudas of The Biomechanics Unit, 

Imperial College. 
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CHAPTER 7 

THE RELATIONSHIP BETWEEN THE CREEP MODULUS  

(STIFFNESS) AND CHEMICAL COMPOSITION OF CARTILAGE  

(1) 	Introduction  

According to the published literature, the results of indentation tests 

performed on cartilage have been related to the chemical components of the 

tissue, mainly by histological studies. Indeed, reports of any such correlation 

are rare, and appear to concentrate on the contribution of chondroitin sulphate 

to the stiffness of the tissue. 

Histological staining techniques are at best only semi-quantitive, 

which emphasised the need for a more accurate technique for determining the 

chemical components of cartilage. 

A combined investigation was performed with Muir
1  , to determine the 

relationship between the creep modulus of cartilage on human femoral heads and 

the following chemical components:- 

1. Chondroitin sulphate content, 

2. Keratan sulphate content, 

3. Total mucopolysaccharide content, 

4. Collagen content. 

The results are presented in graphical form in Figs. 37 to 40 (facing 

pp. 91 to 93).The best straight line fit to each graph was determined, to 

gether with the partial correlation coefficients, using the computer program 

given in Appendix 2 (p.161 )! The data from which Figs. 37 to 40 were 

plotted are presented in Table 27 of Appendix 1. 

The results are explained and discussed in detail in Para. 4 of 

Chapter 9. (pp. 90 to 92). 

(2) 	Materials and Methods  

Forty seven areas of cartilage were studied, on eight femoral heads, 

1. 	See Acknowledgements. 	2. See Appendix 3 (pp. 162 - 166) also. 
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within the age range of 21 to 77 years, for details see Tables 1 and 2 

of Appendix 1. All the femoral heads were obtained at routine post-

mortem examinations, and stored in the manner indicated in Para. 1 of 

Chapter 2 (p. 15). 

(3) Indentation tests  

The areas of cartilage to be indented, on each femoral head, 

were selected with reference to the results of the main indentation 

survey, so that the range of creep modulus values would be as large as 

possible. 

The indentation tests were performed using the same apparatus 

and employing the same techniques as those described in Chapters 2 and 3 

(pp. 15 to 30). The hemispherically-ended indenter, 0.125 in. in diameter 

was used, with loads of 1 lbf and 2 lbf, the selection being arbitrary. 

After testing the selected number of areas on each femoral head, 

the solid-ended indenter was replaced by the trepanning tool of the same 

diameter, see Para. 4 of Chapter 2 (p. 16), and each area of cartilage was 

extracted. After the thickness of each area of cartilage had been measured 

it was passed to Muir for chemical analysis. 

The creep modulus of each indented area of cartilage was calculated 

from the equations given in Chapter 6 (pp. 57 to 64). 

(4) Chemical Analysis  

The Hexosamine and Uronic Acid contents of each specimen of cartilage 

were determined by the method described by Maroudas, Muir and Wingham (1969). 

The specimens were too small to allow separate hydrolyses to be per-

formed for both hexosamine and hydroxyproline, therefore the hydroxyproline 

content was determined from aliquots of the hydrolysate used for hexosamine 

analysis (4N - HC1, 4 hours at 95°). Incomplete hydrolysis of collagen was 
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accounted for by hydrolysis curves. It was determined from these curves 

that 79.5% of the hydroxyproline was released under these conditions and 

therefore a correction factor of 1.26 was applied to account for incomplete 

hydrolysis. 

1. Chondroitin sulphate content  

Having found the content of uronic acid in/kg/mg dry weight, the 

next step was to calculate it in/LM/mg dry weight, by dividing by the mole-

cular weight of glucoronolactone 

uronic acid value 	_ 	 (8) M.W. of glucoronalactone 176 

From equation (8) the milli-equivalents of negative groups due to chon-

droitin sulphate are given by: 

x 2 176 

Hence, the content of chondroitin sulphate inlitg/mg dry weight, is given by 

-Y- x dissaccharide weight. 176 

which gives176  x 503 = chondroitin sulphate content initg/mg dry weight. 

2. Keratan sulphate content (see note at end of Chapter) 

In a manner similar to the estimation of chondroitin sulphate given 

above, from the hexosamine content, in/2g/mg dry weight, the content in 

fiLm per mg dry weight can be calculated using the expression 

hexosamine value 

 

x 	(9) 

    

M.W. of glucosamine hydrochloride - 215.5 

From equation (9) above the milli-equivalents of negative groups due to 

keratan sulphate are given by 

-Y-- x 1 215.5 	176 
= Z 

and finally 
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z x 435 = Keratan sulphate content, in lig/mg dry weight. 

3. 	Collagen content  

It has been determined, that mammalian collagen contains approximately 

14.4% by weight of hydroxyproline, - (Jackson and Cleary 1967). Therefore 

the following calculation enabled the percentage of collagen to be cal- 

culated from a measurement of the hydroxyproline content: 

(percentage collagen) = (hydroxyproline content) x 6.94 x 10-1  

where hydroxyproline content is measured in micrograms per milligram of the 

dry weight. 

Note  

The chondroitin sulphate in the specimens would be estimated by 

hexuronic acid, and both chondroitin sulphate and keratan sulphate by 

hexosamine, assuming that any hexosamine due to glycoprotins was negligible. 

Subtracting hexuronic acid from the values for total hexosamine would thus 

provide an approximate estimate of keratan sulphate. A value for the total 

negative charge per unit weight of cartilage contributed by each glycos-

aminoglycan was derived by making the following approximations; that 

chondroitin sulphate provides two negative groups, and kerataft-sulphate one 

per dissaccharide repeating unit. 

Accuracy of the method  

The method of Maroudas, Muir and Wingham (1969),which was used 

in this investigation, for estimating hexosamine and hexuronic acid 

was a slightly modified form of the automated method developed by 

Balazs et al. (1965). The results from the automated method of 

estimating hydroxyproline were compared to those obtained using the 

methods of Prockop and Udenfriend (1960). 
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Standard curves were determined during every analysis. 

The accuracy of estimatinghexosamine was - 	Balazs et al. (19652), 

and that of hexuronic acid within - 5%, Balazs et al. (1965
1
). The accuracy 

of estimating hydroxvproline, by the method of Prockop and Udenfriend 

(1960), was within I 4%. The automated procedure yielded. results between 

2.7 to 11.2% higher than those of Prockop and Udenfriend, for cartilage 

of femoral condyles, Nuir et al. (1970), with an average difference of 6.34%. 

These results were confirmed on one femoral head in this investigation. The 

assumptions made when calculating the quantities of chondroit2n sulphate, 

keratan sulphate and collagen, from measurements of hexuronic acid, total 

hexosamine and hydroxyproline (see p. 69), introduce unavoidable approxima-

tions. The inaccuracy so produced on any one constituent will, however, be 

approximately constant, in one direction and is unlikely to exceed 5% 

(Muir, personal communication). 

Rc:producibility data from duplicate analyses were: 

Hexuronic acid ± 

Hexosamine 
+2.Z, 

Hydroxyproline) 
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CHAPTER 8  

THE RELATIONSHIP BETWEEN THE CREEP  

MODULUS AND PERMEABILITY OF' CARTILAGE  

(1) Introduction  

It has been shown by Maroudas and Muir (1969), that,the fixed 

negative charge density of articular cartilage is proportional to the 

total mucopolysaccharide content. In addition Maroudas (1968) has also 

shown, that as the fixed negative charge density increases, so the per-

meability of cartilage to water decreases. 

From the results of these two investigations it appears that the 

permeability of cartilage decreases as the total mucopolysaccharide content 

increases. 

The results of chemical analysis which was performed on areas of 

cartilage which had previously been indented have shown, that a significant 

positive partial correlation exists between the creep modulus and total mucc-

polysaccharide content of cartilage, see Chapter 7. It should be possible 

therefore to show, that the creep modulus of cartilage increases as the per-

meability decreases, and thereby confirm the results of chemical analysis. 

In addition, if the correlation between creep modulus and permeability should 

prove to be highly significant then the possibility should exist of using, 

either a modified indentation test in vivo, or a permeability test on ex-

tremely small areas of cartilage, as a measurement of the mucopolysaccharide 

content in the diagnosis of cartilage degeneration. 

(2) Summary and objects of the investigation  

A combined investigation was performed with Read (F.R.C.S.))and 

Maroudas (1968 and 1969), in which selected areas of cartilage on cadaveric 

human femoral heads, were subjected to indentation tests by the author in the 
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manner described in Chapter 3. These areas of cartilage were then tre-

panned from the femoral head together with approximately 0.25 in. of the 

sub-chondral bone. The thickness of each area of cartilage, and the 

permeability of slices 200/k thick taken at selected distances below the 

articular surface, were then measured.  by. Read using the apparatus and tech-

niques designed by Maroudas (1968 and 1969). 

There were three purposes in performing this investigation: 

1. To determine the relationship between the creep modulus of car-

tilage on the femoral head, and its permeability to water, and 

2. Secondly, to confirm or deny the main result shown by chemical 

analysis, that the creep modulus depends directly on the total 

mucopolysaccharide content of cartilage. 

3. Finally, if a highly significant correlation should be shown to 

exist between the creep modulus and permeability of cartilage, then 

to discuss the possible diagnostic use of either or both measure-

ments. 

The results of the investigation are presented in the form of a 

graph of creep modulus versus permeability coefficient, shown in Fig. 43 

(facing p. 96). 

The experimental observations from which Fig. 43 was drawn are 

tabulated in Table 28 of Appendix 1 (p. 160 ). The best straight line 

according to the method of least squares analysis was fitted to the exper-

imental points, and the correlation coefficient was calculated. These 

results are discussed in detail in Para. 7 of Chapter 9 (pp.95 to 96). 

(3) 	Materials and Methods  

Thirty two areas of cartilage were studied from nine femoral heads, 

within the age range 23 to 78 years, see Tables 1 and 2, Appendix 1 (p. 127 to 

i29). 
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All the specimens were obtained from routine post-mortem examinations, 

and stored in the manner indicated in Para. 1 of Chapter 2 (p. 15). 

(4) Indentation tests  

The first part of the combined investigation'consisted of inden-

ting a number of selected areas of cartilage on each femoral head. These 

areas were selected according to the results of the indentation surveys 

which are discussed in Chapter 9, so that the range of creep modulus 

values was theoretically as large as possible. 

The indentation tests were performed using the same apparatus, and 

employing the same techniques as those described in Chapters 2 and 3 (pp. 15 

to 30 ). Both the plane-ended and hemispherically-ended indenters were 

used, with loads of 5 lbf, and 2 lbf and 1 lbf respectively, to ensure 

that the results were not influenced by the choice of indenter or load. 

The creep modulus of each indented area of cartilage, at two seconds 

after load application, was calculated according to the procedure and equa-

tions described in Chapter 6 (pp. 57 to 64). 

(5) Permeability tests  

When the selected areas had been indented on any one femoral head, 

the head was passed on to Read, who initially trepanned each area of car-

tilage 0.125 in. in diameter, and sufficient surrounding cartilage to grip 

in the permeability apparatus, together with at least 0.25 in. thickness of 

the sub-chondral bone. The latter was then gripped in- the vice of a sliding 

microtome, and the cartilage was sliced into layers approximately 200p thick 

p
ayalielto the articular surface. In this way each area of cartilage was prepared 

for the permeability apparatus. It was inconvenient to test each slice, 

because in some cases there were ten or twelve such slices to each area of 

cartilage. Usually, alternate slices were selected for permeability measure-

ments. This procedure was justified by the observation of Maroudas and 
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Bullough (1968), that the permeability of cartilage varies continuously 

and systematically with distance below the articular surface. Each slice 

of cartilage,which was circular in shape and approximately 0.375 in. in 

diameter, was then clamped around its periphery, in the apparatus designed 

by Maroudas for measuring the permeability of cartilage. A cLicu3ram of 

this apparatus is shown in Fig. 44, and for a full description of its use 

the reader is referred to the work of Maroudas (1968). Briefly, the appar-

atus functioned in the following manner: firstly the cartilage disc was 

clamped as explained above, leaving the central area exposed, which cor-

responded to either the whole or part of the indented region. Clamped in 

this way, liquid cannot flow out of the cartilage disc radially. Two small 

reservoirs, one on either side of the cartilage disc were directly connected 

to capillary tubes, each 1 mm in diameter. • Ringer's solution was then 

added to both sides of the cartilage, so that both reservoirs were completely 

filled and both capillaries, partially filled. The capillaries were then 

arranged vertically, and the upper one was connected to a nitrogen cylinder, 

fitted with a pressure gauge. Thus,.the Ringer's solution on the upper side 

of the cartilage slice, was subjected to a gauge pressure of one atmosphere. 

The flow rate of Ringer's solution (and therefore of water) through the slice 

was calculated by measuring the rate of movement of both
1 
menisci. 

(6) 	Calculations and presentation of results  

From the measurements of liquid flow rate, the permeability coef-

ficient Kh  of a slice of cartilage at depth 'h' from the articular surface was 

calculated: The next problem was how to calculate the permeability of the 

entire thickness of an area of cartilage, from a knowledge of the permea-

bility of individual slices; the solution which was adopted made the assump- 

1. 	This acted as a check on any leakage radially. 
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ption that a permeability coefficient is essentially a measure of the resis-

tance of a porous material to liquid flow. The lower is the resistance, the 

higher is the permeability coefficient. If the individual slices of cartilage 

were to be placed on top of each other in the correct ofder, then the total 

resistance of all the slices, and hence of the total thickness, would depend 

on the resistances, or pertheabilities, of all the slices considered together. 

This was considered to be an analagous situation to electrical resistors ar- 

ranged in series, in which case, if there are 	resistors, the effective 

resistance R, 'of the circuit is given by: 

R =- E Ri 	 (10) 

Equation (10) could have been used with permeability coefficients 

substituted for electrical resistances, to find the overall permeability 

of each area. However, it was already known that permeability varies con-

tinuously with depth from the articular surface, therefore on this basis 

graphs were plotted of the reciprocal of the permeability coefficient 1/K h  

versus depth from the articular surface. Fig.. 42 (facing p. 96) shows a 

typical example of such a graph. 

The permeability coefficient for the entire thickness of each area 

of cartilage was calculated from the equation: 

12(. 	s  H (12(.  ) d h  

o - h 

where 'h' is the distance of an individual slice below the articular surface, 

H is the total thickness, 

Kh  is the permeability coefficient of a slice distance 'h' below 

the surface. 

The integral was evaluated numerically from each graph of 
1/Kh  versus 

'h'. 
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As previously explained the results of this investigation are dis-

cussed, together with the results of the entire investigation in Chapter 9. 
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CHAPTER 9  

RESULTS AND DISCUSSION  

1. 	Qualitative description of an indentation versus time curve  

Fig. 16 (facing p. 49) shows four indentation-time curves which 

are typical in shape, of all the curves recorded during the indentation 

surveys. The shape of the load phase agrees with the recorded curves of 

earlier investigators for example Gocke, Hirsch, Elmore and Sokoloff 

(see Chapter 1). In the present investigation however, complete recovery 

was recorded after the load had been removed. This observation agrees only 

with the results of Elmore and Sokoloff, since all previous investigators 

performed their experiments in air which led to incomplete recovery from loads 

within the physiological range. 

Upon application of a static load via an indenter, cartilage dis-

plays essentially a two phase response. 

Initially an 'instantaneous' or springlike indentation occurs. It 

has already been stated in Para. 5 of Chapter 1 (p. 9) that this indentation 

occurs in a few hundredths of a second, and yet it forms approximately one 

third of the total indentation measured at thirty minutes after load applica-

tion. Sokoloff (1966) also recorded a similar figure. 

Following on from the 'instantaneous' indentation is the creep, 

or time dependent phase of the indentation-time curve. In this phase 

the indentation continues to increase, but at a decreasing rate. This rate 

is initially high, the curve being continuous with the 'instantaneous' in-

dentation, but at a time of thirty minutes after application of the load 

the gradient is approaching zero. However, the gradient does not actually 

reach zero, even at a time of one hour after application of the load, 

• Sokoloff (1966). However, the increase in indentation which occurred between 
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thirty minutes and one hour, constituted approximately three per cent 

of the total indentation. With these figures in mind, the indentationsre-

corded at thirty minutes after load application will be termed equilibrium 

values. 

Removal of the load produces an 'instantaneous' recovery, followed 

thereafter by a time dependent recovery back to the original thickness, 

providing that the cartilage is immersed in isotonic saline solution, 

Elmore et al. (1963). The unload phase of an indentation-time curve for 

cartilage therefore displays similar features to the load phase, but in 

reverse. 

(1.1) 	The influence of the structure of cartilage on the observed 
indentation-time curve 

The indentation of cartilage may be considered in two sections: 

1. The indentation and recovery of the matrix and, 

2. The expression and resorption of extracellular water from, and 

by the matrix. 

The indentation of the matrix accounts for the 'instantaneous' 

indentation and recovery, on application of the load. The expression and 

resorption of water, accounts for most of the time dependent phase of an 

indentation curve. However it is likely that some molecular rearrangement 

of the matrix also occurs during the creep phase which is superimposed on the 

liquid expression component. 

The role of water expression and resorption will be considered first, 

because it constitutes the major part of both the indentation and recovery 

curves. 

Benninghoff was the first investigator to suggest that the de- 
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formation and recovery of cartilage, were due largely to the expression 

and resorption of intercellular water. This suggestion has since been con-. 

firmed experimentally by other workers, and in particular by McCutchen (1962), 

Edwards (1964) and Linn and Sokoloff (1965). 

In the report of the work of the two last-named authors it was 

pointed out that the protein-polysaccharides (mucopolysaccharides) of cart-

ilage are hydrophilic colloids that acquire gel like stiffness, and bind water 

wheh associated with collagen fibrils (Schubert 1964). It was further ex-

plained, that the imbibition of water by hydrophilic gels depends largely 

upon the presence of fixed ionic groups that cannot diffuse into the sur-

rounding solution. The partition of water and diffusible electrolytes be-

tween the matrix and the moveable interstitial fluid, is governed by Donnan 

osmotic effects-(West (1962) and more recently Maroudas (1968)). Linn and 

Sokoloff suggested that when a load is applied to cartilage, which exceeds the 

osmotic pressure of the colloids mentioned above, then fluid is expressed. 

The same authors showed experimentally, that a marked similarity 

exists between the water expressed from cartilage and the deformation, with 

one important difference; the water expression proceeds continuously from 

zero with increasing time, whereas the deformation assumes a finite value upon 

load application, and thereafter increases as a function of time. These 

observations were partially explained by the fact that the apparatus used for 

squeezing water out of cartilage, restricted the flow on three of the four 

boundaries, whereas indentation tests allowed deformation and water flow 

from the sides of the tested area. This did not completely explain the dif-

ference in behaviour however, and Linn and Sokoloff finally concluded that 

cartilage possesses a rubber-like elasticity in addition to the water ex-

pression. This introduces the first aspect of the total deformation of 
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cartilage, that of deformation of the matrix. 

It has been demonstrated previously, particularly by Maroudas 

(1968), that the matrix of cartilage consists largely of water and a 

network of linear polyamions with associated fixed negative charges. The 

molecular structure of the matrix neglecting the water is therefore fund-

amentally similar to that of a high polymer, and in particular to that 

of an elastomer. , for example natural rubber. This predicted similarity 

is confirmed by the observed mechanical behaviour of rubbers [Turner Alfrey 

Jr. (1948)1 which displays deformation-time curves similar in shape to those 

of cartilage, but with a much shorter time scale, since there is no liquid 

flow component. 

The 'instantaneous' deformation of rubber, on application of a load, 

occurs as a result of an elastic deformation of the molecular network. 

The creep component of the deformation of rubber occurs as a result of a 

viscous molecular flow process, which may be described as a molecular diffusion. 

From the analoguepostulated above between rubber and cartilage, it seems likely 

that similar physical processes produce the 'instantaneous', and a part of the 

creep, indentation of cartilage. 

An analogurewhich may serve to clarify the observed response of car-

tilage to a static indenting load is that of a balloon filled with water, 

which is loaded and punctured simultaneously. The rubber sheath of the bal-

loon would deform elastically before any significant liquid flow could occur. 

Following on from the 'instantaneous' deformation would be the liquid flow com-

ponent, which proceeds as a function of time. The balloon analogueloses its 

relevance at this stage because the rubber sheath cannot support any load on 

its own, whereas the matrix of cartilage Can. 
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From what has been said, it appears highly probable that both com-

ponents contributing to the indentation of cartilage, depend largely on the 

fixed negative charge density associated with the mucopolysaccharide moiety 

of the matrix. It appears unlikely, that the radially disposed collagen 

.fibres impart a significant resistance to compression, but the fibres at and 

near to the articular surface, which are orientated predominantly parallel to 

the surface, almost certainly act as a stiffening layer, in the sense that 

they resist surface tension forces. This observation is discussed more 

fully in Chapter 10. 

The combined investigations reported in Chapters 7 and 8, were per-

formed to determine the relationship between the stiffness of cartilage 

and its structure. The results of these investigations, discussed in Paras. 

4 and 5 of this Chapter confirm and extend the hypothesis that stiffness and 

the mucopolysaccharide content of cartilage are closely related. 

It is interesting that Hirsch (1944) and Sokoloff (1966) both es-

tablished a relationship between the stiffness of cartilage and the chon-

droitin sulphate content. This relationship however was only semi-quan-

titative since it was established mainly by reference to histological 

sections. In addition the importance of keratan sulphate and collagen 

were not determined. 

(1.2) 	The shape of an indentation versus time curve expressed 
mathematically 

It is common practice to explain the behaviour of visco-elastic 

materials such as rubber or cartilage, by first setting up a mechanical 

analogucto the physical system. The analogues most commonly used consist 

of coulomb friction, spring, and dashpot elements arranged in different 

combinations of series and parallel connections. The shape of a load- 
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deformation curve for the material, is fitted qualitatively by the approp-

riate arrangement of elements. The behavioural equation for the analogte 

is formulated, and by adjusting constant terms the real curve is fitted by 

the curve predicted from the characteristics of the analogw% Unfortunately 

the mathematical expressions required to describe visco-elastic materials 

are cumbersome, since the solution leads to a distribution of spring and 

dashpot elements each with its own mathematical expression. Abrahams 

(1964) however, succeeded in fitting an expression, containing three 

exponential terms to his observed data on the tensile properties of costal 

cartilage. 

Fantuzzo and Graziatti (1967) have proposed a somewhat simplified 

arrangement of spring and dashpot elements for articular cartilage, the math-

ematical solution of which would involve a multi-exponential equation. The 

spring and dashpot analogv.efor visco-elastic materials is intended to be a 

qualitative description of the response of a real system, and it is therefore 

not possible usually, to identify components of the real systemIwaeleMentS of" 

1heanalo3i.It was discovered in the present investigation, that a much simpler 

mathematical expression fitted with close agreement, the indentation curves 

presented in Fig. 16. 

The load phases of the curves shown in Fig. 16 (facing p. 49), to-

gether with the curves for six other areas of cartilage on two other femoral 

heads, were plotted logarithmically. These graphs are shown in Figs. 17 

and 18 (facing p. 50). 	In addition two curves published by Sokoloff (1966) 

for cartilage on the patella were also plotted logarithmically. These 

graphs are presented in Fig. 19 (facing p. 81). 

It can be seen in Figs. 17, 18 and 19 that all the logarithmic plots 

of indentation versus time were straight lines, with very little scatter,- 
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within the period from two seconds to thirty minutes after load application. 

Mathematically, a linear relationship between the logarithms of two 

quantities 'y' and 't' may be expressed by an equation of the form: 

log y = log K N. log. t 	 (12) 

where in the present case: 

y = indentation and, 

t = time 

K and N are constants. 

Equation (12) implies a relationship of the form:.  

y = KtN 	 (13) 

Equation (13) dictates that at time t = 0, the indentation is also equal 

to zero, whereas in practice it has been shown that cartilage exhibits 

an 'instantaneous' indentation when the load is suddenly applied. Below 

two seconds therefore, equation (13) does not fit the experimental curves, but 

from two seconds up to thirty minutes, and in the case of Sokoloff (1966) up 

to sixty minutes, the equation describes the curves with good agreement. 

The value of 'K' varies as the indentation of cartilage varies. 

The limits of 'K' which were measured from Figs. 17 and 18 were K = 0.044 

to K = 0.066, with 'K' increasing as the indentation increased. The values 

of 'K' measured from the logarithmic plots of the results of Sokoloff (Fig. 

19) are widely different. The lower value which relates to normal patellar 

cartilage, is within the range of values quoted above for cartilage on the 

femoral head; whereas the value of K relating to fibrillated patellar 

cartilage is approximately 0.079, which is considerably larger than the other 

values. This confirms the tendency seen in visibly normal cartilage on the 

femoral head, that the value of 'K' increases as the indentation of cartilage 

increases. 



- 83 - 

Equation (12) dictates that the gradient of a linear logarithmic 

plot of indentation versus time, gives the value of 'N' in equation (13). 

Measurement of the gradients of the lines in Figs. 17, 18 and 19 showed 

that the variation of 'N' for visibly normal cartilage on the femoral head 

is somewhat less than the corresponding variation of 'K'. However, there 

is a tendency for 'N' to increase as the indentation of the cartilage decreases. 

The values of 'N' relating to the upper and lower lines of Figs. 17 and 18 

respectively, are 0.17, 0.21 and 0.15, 0.18 from which it can be seen that 'N' 

increases as the indentation decreases. The two values for patellar cartilage 

from the results of Sokoloff (1966), are N = 0.15 for visibly normal carti-

lage, and N = 0.06 for fibrillated cartilage. These two figures show that 

visibly normal patellar cartilage is very similar to visibly normal cartilage 

on the femoral head. However, the value of 'N' for fibrillated cartilage 

is approximately one third that of visibly normal cartilage. 

(2) 	The pattern of variation of indentation over the femoral head  

The indentations at two seconds which were extracted from inden- 

tation versus time curves for each indented area are presented in three ways: 

1. Firstly in column B of Tables 18 and 19 of Appendix 1. (Table 18 

refers to Series 1 tests using the plane-ended indenter and a load 

of 5 lbf; Table 19 refers to Series 2 tests using the hemispherically-

ended indenter, and a load of 2 lbf). 

2. As layered maps of the variation of cartilage indentation, over each 

femoral head. These maps are presented in Figs. 21 and 23, (between 

pp. 83 and 84). 

3. As histograms of indentation for each femoral head, with the cor- 
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responding mean indentation. These appear in Figs. 22 and 24 

(between pp. 83 and 84). 

(2.1) 	Results  

Referring to the layered maps and histograms.of. Figs. 21 to 24, 

the following observations may be made: 

1. There is .a regional variation of the indentation, of cartilage on 

the femoral head. This variation increases as the grade number 

of a femoral head increases, that is, as the severity of localised 

degeneration in untested areas inccreases. The observation that 

the indentation varies, locally confirms the results of Hirsch (1944), 

Elmore et al. (1963) and Sokoloff (1966), which relate to patellar 

cartilage. 

2. The variation of indentation over the femoral head is systematic, 

and forms a pattern which is reproducible from specimen to specimen, 

within experimental limits. Figs. 21 and 23 (between pp. 83 and 84) 

show, that the cartilage in the lowest indentation range (the dark 

shaded area; see Fig. A (after p. 83) is situated mainly on the 

superior aspect of a femoral head, but it also extends around to 

the anterior and posterior facets, and in some cases even to the 

inferior surface (inferior to the fovea). 

Although the extent of this band of cartilage of low deformability 

varies, it does not in general include the area adjacent to the margin 

of the fovea (see Fig. A for Key). 	Ih this region as Figs. 21 and 23 

(between pp. 83 and 84), show, the indentation is invariably a max-

imum for each femoral head. It is interesting to note that the area 

near the margin of the fovea is also a common site of early cartilage 

degeneration. 
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(3) 	Both Figs. 21 and 23, together with the histograms of Figs. 22 and 

24 show clearly, that an increase in the overall indentation of 

cartilage on the femoral head occurs, as the grade number of the 

head increases. In the layered maps of Figs. 21 and 23, this is 

most clearly seen by the gradual disappearance of the dark shaded 

(low indentation range) area, as the grade number of each femoral 

head increases. The indentation of the area near to the margin 

of the fovea also increases. The histograms of Figs. 22 and 24 show 

how the distribution of indented areas in the indentation ranges, 

changes from being biassed towards the low indentation end of the 

spectrum (dark end), to the high indentation end (criss-cross 

hatching). The mean indentation figures confirm this observation, 

since in the tests of Series 1, the mean indentations for the 

visibly normal femoral heads are 0.023 cm. and 0.026 cm. whereas the 

mean indentation for a grade 3 femoral head is 0.056 cm. The cor-

responding figures for Series 2 tests are 0.037 cm, and 0.038cm, 

and 0.059 cm. respectively'. 

This last observation means that visibly normal cartilage, on 

femoral heads displaying localised cartilage degeneration, is more 

deformable than corresponding areas of cartilage on visibly normal 

femoral heads. 

(3) 	The pattern of variation of creep modulus at two seconds, for 
cartilage over the femoral head 

In Para. 5 of Chapter 5 it was shown that the indentation of 

_ cartilage is thickness dependent,and that the correlation coefficient 

between the indentation at two seconds after load application, and the 
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thickness of cartilage on the femotal.head, is statistically significant. 

The indentation and thickness of each area of cartilage, were then used 

in equations (6) and (7), in Para 3 of Chapter 6 (p. 60) to calculate the 

creep modulus at two seconds, which is a measure of the stiffness of carti-

lage alone. The results of the indentation surveys in the form of creep 

modulus values are presented in an identical manner to the indentation 

results: 

1. In column C of Tables 18 and 19, (See Appendix 1), 

2. As layered maps of the variation of creep modulus in Figs. 29 

and 31 (between .pp. 85 and 86). 

3. Finally, as histograms of creep modulus, see Figs. 30 and 32 also 

(between pp. 85 and 86), with the mean creep modulus for each femoral 

head. 

The following observations were made about Figs. 29 to 32: 

1. The stiffness cf cartilage on the femoral head represented by the 

creep modulus varies regionally, in a similar manner to the var-

iation of indentation. However, the stiffness varies more widely 

than indentation, on any one femoral head. 

2. The variation of creep modulus over the femoral head displays a 

systematic pattern , which is similar to that displayed by the var-

iation of indentation. In Figs. 29 and 31, the band of stiffest_ 

cartilage (the dark shaded area) is more limited in extent than the 

area of minimum indentation shown in Figs. 21 and 23, nevertheless 

it also extends over the superior aspect of the femoral head, and 

around to the anterior and posterior facets. The area of softest 

cartilage (lowest creep modulus) on a femoral head is situated near 

to the margin of the fovea. However, when the results are presented 
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as the creep modulus values, it can be seen that this area is consider-

ably softer than the stiffest band of cartilage, in fact these two 

areas occupy the two ranges at the extremes of the creep modulus 

spectrum. 

3. 	The overall softening of visibly normal cartilage as the grade 

number of a femoral head.increases, is perhaps even more clearly 

illustrated on the maps of creep modulus, than it was on the maps of 

indentation. It can be seen particularly in Figs. 29, that the 

band of stiffest cartilage (the dark band) see Fig. B after p. 85 

gradually disappears as the grade number of the femoral heads in-

creases, until it is replaced by cartilage in the next lower stiff-

ness range. Finally, the grade 3 or ulcerated femoral head is 

covered almost entirely by cartilage in the lowest creep modulus 

range (the criss-cross hatching). 	There is still a small band 

of stiffer cartilage within the limits of the band discussed pre-

viously, but this now occupies the creep modulus range adjacent to 

the lowest range. 

The results described above were found to be independent of sex and 

of the age of a specimen, except in so far as older people are more 

likely to display severe localised cartilage degeneration on the 

femoral head, than younger people. 

(4) 	Discussion  

The pattern of variation of the stiffness of cartilage on the human 

femoral head, is significantly similar to the contact area between the 

femoral head, and the acetabulum in a hip joint. This is shown by the results 

of Greenwald (personal communication) in the University of Oxford, who has 

plotted the contact area between the cartilage of the femoral head and ace- 
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tabulum using a dye technique. The contact area which he observed for a 

compressive stress of approximately 400 lbf/in
2 
 , which is approximately equal 

to the nominal stress_ applied in the indentation surveys of the present 

investigation, was very similar to the band of stiffest cartilage on the 

femoral heads shown in Figs. 29 and 31 (after p. 85), and discussed in Para. 

3 of this Chapter. In addition, the area adjacent to the margin of the 

fovea is an area of cartilage on the femoral head which does not contact 

the cartilage in the acetabulum, according to Greenwald. Although the 

tests performed by Greenwald were static, in the sense that the joints were 

not moved, nevertheless the similarity between the contact and non-contact 

regions, and the stiff and soft cartilage on the femoral head is striking. 

It is hoped in the future to perform a combined investigation with Green-

wald in which femoral heads will be indented by the author, and the contact 

zones mapped by Greenwald, this time applying movement to the hip joint. 

It is tempting on the basis of these observations, to suggest that 

the stiffness of cartilage on the femoral lead is dependent on the load dis-

tribution on the joint; the stiffeSt cartilage occupying the area of max-

imum load and the softest cartilage occupying the regions of minimum load. 

Indeed, Bullough et al. (1968) produced evidence, which suggested that the 

area of the head of the radius in the elbow joint, which consistently shows 

the earliest signs of cartilage degeneration is situated so that it seldom 

if ever, contacts the opposing articular cartilage. 	Bullough et al. (1968) 

also showed early signs of degeneration on the femoral head near to the fovea 

(see also Figs. 29 and 31), and argued speculatively that this was a seldom, 

if ever, loaded region. 

Tne relative softness, and early degeneration of cartilage in an 

area of minimum load, may be due to either a nutritional malfunction, mech- 
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anical damage due to an articular edge, or both. Future work by the 

author is planned to investigate the latter hypothesis. 

The observed overall softening of visibly normal cartilage as the 

grade number of a femoral head increases, that is as the severity of local-

ised degeneration increases, is possibly of importance in the aetiology of osteo-

arthrosis. It will be shown in Para. 5 of this Chapter, that stiffness is 

closely related to the mucopolysaccharide content of cartilage, and thus as 

the content of this component of the matrix decreases, so does the stiffness. 

A depletion of the mucopolysaccharide content is a feature of degenerate car-

tilage, as is extreme softness, therefore by implication it appears that the 

results described above indicate, that the process of degeneration which is 

clearly visible in localised areas, is not restricted to these areas but that 

it also affects the visibly normal cartilage. The results show, that the stif-

fness of this cartilage may be reddced by a factor of three or more in the case 

of a femoral head displaying areas of ulceration. Thiscbservation is confir-

med by the work of Spivey, who,using the apparatus and methods of the author, 

indented visibly normal cartilage on five femoral heads with grades three and 

four degenerative changes. The results of these tests are presented as layered 

maps and histograms of creep modulus, in Figs. 56 and 571(bel-weeny13.88and.89). 

The importance of some of these results in the aetiology of osteo-

arthrosis may be explained in the following way: the earliest signs of carti-

lage degeneration are frequently observed near to the margin of the fovea, in an 

area which from the results of Greenwald appears to be lightly loaded compared 

to the superior surface and posterior and anterior facets. This area may re-

main the only area on the femoral to display visible degeneration, even though 

the latter may have reached grade three, or the ulcertaion stage. Many cadaveric 
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femoral heads have been observed by the author, from people within the 

last two decades of life, on which visible degeneration was restricted to 

a localised area of ulceration on the superior/anterior margin of the fovea. 

The remainder of the joint surface was visibly normal, and it is unlikely 

that joint mobility was significantly affected. 

If however, the softening process which has been observed in this 

investigation, reaches the stage where the stiffness of the cartilage in the 

area of maximum load occupies the minimum creep modulus range, then it is pos-

sible that the cartilage could be damaged mechanically. This would even be 

more likely if the load distribution in the joint should change, which could 

happen if and when marginal osteophytes attained proportions sufficient to 

alter the laation of the femoral head in the acetabulum. If as a/esult of 

a change in the load distribution, stress concentrations occurred, then it is 

easy to see how this, together with the observed softening of cartilage in the 

loaded region, could quite conceivably lead to mechanical damage of the car-

tilage and thence to osteoarthrosis. 

Although the foregoing is somewhat speculative in the absence of 

a detailed knowledge of the load distribution in the hip, or how it may change, 

still there is some evidence to suggest that this process can occur. There 

are cases on record of undiagnosed congenital dislocation of the hip causing 

premature osteoarthrosis in relatively young people. In addition, although 
• 

perhaps not directly linked to the argument, Salter and Field (1960) and 

Thaxter et al. (1965) have reported cartilage necrosis in experimental 

animals, when the joints in question were immobilised and subjected to con-

tinuous compression. 

(5) 	The results of indentation tests and chemical analysis  

(5.1) 	Method of presentation  

The results of this combined investigation are presented in two ways: 
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1. 	Firstly, in Table 27 of Appendix 1 (pp. 158 to 159). 

2.. 	Secondly, as graphs of creep modulus versus the chemical components 

listed in Para. 1 of Chapter 7 (p. 66). To each graph was fitted 

the best straight line according to the least squares analysis. 

The partial correlation coefficient was also calculated for each 

set of experimental data, together with its statistical probability. 

(5.2) 	Results  

Initially, the relationships between creep modulus and total 

mucopolysaccharide content, and creep modulus and collagen content were 

determined. The graphs relating to these two sets of data are presented in 

Figs. 37 and 40 (facing pp. 91 and 92). It can be seen from these two graphs, 

that the correlation between creep modulus and total mucopolysaccharide content 

is highly significant, (r=0.854; p<0.001). There is a positive increase 

in creep modulus as the total mucopolysaccharide content increases. The 

relationship between the creep modulus of cartilage and the collagen content 

is not so significant (r=0,233, P>0.1). Considering the structure of car-

tilage as shown in Fig. 3 (facing p. 6) it can be seen that the collagen fibres 

appear to form a bracing system. Collagen fibres themselves are not rigid, 

and therefore they rely upon the rest of the matrix to support them. 	When 

a compressive load is applied normally to the articular surface it is most 

probable that the collagen fibres orientated parallel to the surface, at and 

near to the latter, act as a stiffening layer (see Chapter 10 of this thesis on 

tension tests parallel to the articular surface). It is unlikely however 

that the fibres in the deeper zones, which are orientated predominantly rad-

ially, have a significant role in supporting a compression load. The results 

quoted above appear to confirm quantitavely, the relative contributions of 

the total mucopolysaccharide and collagen moieties which have been deduced 
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qualitatively. 

The total mucopolysaccharide content of articular cartilage has 

two main components: 

1. Chondroitin sulphate and, 

2. Keratan sulphate. 

Hitherto, previous investigations have concentrated mainly on the 

first of these two components. In this investigation hcwever,the amounts 

of both components were calculated, for the indented areas of cartilage. 

Figs. 38 and 39 (facing p. 93 ) show the graphs of creep modulus versus 

the amount of each mucopolysaccharide. It can be seen, that there is a 

statistically significant correlation between the two variables in both 

graphs. In fact, for creep modulus versus chondroitin sulphate, the partial 

correlation coefficient r = 0.810 (P <0.001), and for creep modulus versus 

keratan sulphate r = 0.800 (P <0.001). Thus it appears that the roles of 

each of the component mucopolysaccharides towards the stiffness of cartilage 

in compression, are equally important. This is an observation which has 

not been made previously, because aS mentioned earlier the role of keratan 

sulphate has been overlooked in previous investigations. 

(6) 	Observations from histological sections of the indented areas 
of cartilage 

Histological sections of the indented areas were prepared by 

Bullough then of the Professorial Unit, Nuffield Orthopaedic Centre, now 

of the Hospital for Special Surgery, New York. Full depth sections were 

stained in three ways: 

1. With Alcian Blue which stains the total mucopolysaccharide ground 

substance. 

2. With Alcian Blue in 0.9 molar magnesium chloride which stains 

specifically for keratan sulphate and, 
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3. With Alcian Blue in 0.4 molar magnesium chloride which stains 

specifically for chondroitin sulphate. The intensity of 

staining was not taken as an accurate measure of the amount of each of 

the quantities listed above, because it is usually accepted, that the 

intensity of stain is only semi-quartitative, particularly if the sections 

are prepared.in different batches, as they were in the present inves-

tigation. In addition,chemical analysis provided the quantitative meas-

urements far more accurately than histology could. However, the sections 

stained for total mucopolysaccharide in particular did stain much more 

intensely in areas of stiff cartilage than soft areas. In fact, in very 

soft areas, the staining intensity was extremely weak. 

The main purpose of staining histological sections of the tested 

areas, was therefore to determine the distribution of staining intensity 

and how it changed with cartilage stiffness. The following general ob-

servations serve to illustrate the main differences between cartilage at 

the two extremes of the stiffness range: 

1. The surface of areas of stiff cartilage was invariably intact, and 

appeared to be smooth when viewed under the ordinary light microscope. The 

surface of areas of soft cartilage however, was invariably uneven and in 

many cases it was slightly fragmented, even though it appeared to be smooth 

to the naked eye. 

2. The most significant difference between the areas of stiff and 

soft cartilage, was the distance below the articular surface to which loss 

of staining occurred. In the case of the stiffest areas of cartilage, this 

zone was approximately one eighth of the total thickness of a section at 

most, whereas in the soft areas, loss of staining extended from at least 

one quarter of the total thickness to almost the full thickness of a section. 
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3. One other difference between the areas of stiff and soft car-

tilage was the shape of the chondrocytes, and the distribution of staining 

intensity around them. Considering firstly the stiff areas of cartilage; 

the chondrocytes were usually relatively small and arranged in clusters. 

The nuclei stained very intensely, as did the rims of the cells, extending 

to at least two cell diaMeters into the intercellular matrix. In many 

cases these intensely staining areas joined together to form a network effect. 

In contrast, the chondrocytes in the soft areas of cartilage were frequently 

large and irregular in shape. The nuclei did not stain intensely, neither 

did the areas around the rims of the chondrocytes. In fact, a non-staining 

zone was frequently observed, which separated the rim of a cell from the 

stained areas of the matrix, which themselves were fragmentary and streaked 

in appearance. 

Because of the observation of Meachim and Collins (1962), that the 

rate of production' of mucopolysaccharide by the chondrocytes is higher in 

degenerate areas of cartilage, than in visibly normal areas, it appears that 

the overall decrease in mucopolysaccharide content in these degenerate areas is 

due possibly to either: 

1. The mucopolysaccharides moving out of cartilage at a faster rate 

than the chondrocytes can replenish them or, 

2. A lack of correct incorporation of the mucopolysaccharides into 

the matrix. 

The possibility exists that both phenomena occur together. It is 

to be emphasised that these are hypotheses since no investigation has been 

published to confirm or deny either. The observations from the histological 

1. 	Measured by the uptake of 35504 
 in vitro. 
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sections in the present investigation indicate, that the loss of muco-

polysaccharides in cartilage extends to a greater depth in soft areas of 

cartilage, than it does in stiff areas. 	The surface of a soft area 

is frequently fragmented, whereas that of a relatively stiff area is 

usually intact. The' possibility exists therefore, that there is a net 

outflow of mucopolysaccharides from areas of very soft cartilage, because 

the permeability of the surface zone is increased. Maroudas (1968) has 

shown that the permeability of cartilage for most of its thickness is 

closely related to the mucopolysaccharide content, the higher the latter 

the lower is the permeability. However, at the articular surface the 

permeability shows a significant decrease, despite the fact that there is 

comparatively little mucopolysaccharide in this region. It is speculated 

that the relatively tightly packed mesh of collagen fibres at the articular 

surface forms a physical barrier to the outflow of mucopolysaccharides, but 

when these fibres are fracture:' the rate of outflow increases. 

The suggestions made in this paragraph are somewhat speculative, in 

an attempt to interpret the observations from the histological sections. 

The intensity of staining was not used as a measure of mucopolysaccharide 

content, as previous investigators have tended to do. Chemical analysis 

performed this more accurately. Instead, observations were made on the 

surface smoothness and integrity, the depth below the articular surface to 

which the non-staining zone extended, and the shapes of the chondrocytes 

and the distribution of staining around them. These observations were 

related to the relative stiffness of the areas of cartilage considered. 

7. 	The results of indentation tests and permeability measurements  

It was explained in Chapter 8, how permeability measurements were 
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performed on areas of cartilage after they had been indented. The results 

of the permeability measurements, are shown in a typical curve of the 

reciprocal of the permeability coefficient.(1/Kh) versus depth 'h' from the 

articular surface. This curve is presented in Fig. 42 (facing p. 96). The 

measurements were mah by Read, using the apparatus and techniques developed 

by Maroudas (1968). Fig. 43 (facing p. 96) shows the experimental points of 

creep modulus and permeability coefficient, calculated for all the areas of 

cartilage tested. 

It can be seen, that there is a significant correlation between the 

two quantities (r = - 0.77, P.<0.001). The graph shows that as the creep 

modulus increases, so the permeability coefficient decreases. 

It was stated in Para. 1.1 of this Chapter that the mucopolysaccharide 

moiety of the matrix of cartilage, has associated fixed negative charges. 

The density of these charges largely determines the permeability of cartilage 

to water. The greater the fixed charge density the lower is the permeability, 

Maroudas (1968). 

The conclusion therefore which may be drawn from the results at this 

stage of the investigation is, that they confirm the results of combined 

indentation tests and chemical analysis, in which it was shown that a signifi-

cant partial correlation exists between the creep modulus and total mucopoly-

saccharide content of cartilage on the femoral head. 
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SECTION 3  

Having completed the investigation of the compressive properties 

of articular cartilage, a preliminary investigation was performed to 

determine the tensile properties of cartilage, parallel to the articular 

surface, and at different distances below the latter. This section reports 

the method used, and the results obtained from these tests. 

It is to be emphasised, that at this stage, this is a preliminary 

investigation, and the number of joint surfaces studied so far is limited 

to five. Work planned for the immediate future is intended to extend 

these tension tests on articular cartilage. 
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CHAPTER 10  

THE TENSILE PROPERTIES OF CARTILAGE  

PARALLEL TO THE ARTICULAR CARTILAGE  

(1) 	Introduction  

The arrangement of collagen fibrils and fibres in articular 

cartilage, has interested investigators in this subject for well over 

a century. Observations relating to the collagen fibre orientation have 

been made, using several different techniques, for example: surface pricking 

by Hultkrantz (1898), polarised light microscopy by Bullough and Goodfellow 

(1968), electron microscopy by Weiss et al. (1968), Maroudas and Bul-

lough (1968) and McCall (personal communication) and X-ray diffraction by 

Little et al. (1958). It is now generally accepted, that when viewed nor-

mal to the articular surface, the collagen fibres at and near to the latter, 

are arranged in parallel bundles, which are orientated predominantly par-

allel to the surface. In the deeper zones however, the fibre orientation 

is not so well defined,but there does appear to be a tendency for the 

fibres to be orientated predominantly radially. This is however still a 

point of controversy, McCall (personal communication). The diameter of 

individual fibres appears to increase with depth from the articular surface. 

Concerning the packing density however there is another disagreement; 

Maroudas and Bullough (1968) observed a decrease in the packing density with 

depth whereas McCall (personal communication) claims that the packing den-

sity increases. 

The functional significance of the collagen fibre orientation in 

cartilage has still yet to be explained fully. Some investigators have 

claimed, that the collagen fibres are aligned mainly in the direction of the 

principal tensile stress trajectories, whilst others claim that the orien- 

1. See Bibliography. 
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tation, at least at the surface, is related more to the joint geometry. 

Surprisingly, no report could be found in the literature of 

tension tests performed on articular cartilage, either to determine the 

characteristics of the tissue in tension, or from them to confirm or deny 

• the orientation of the collagen fibres as revealed by the techniques men-

tioned above. The purpose of this investigation was therefore to supply 

this information by performing tension tests on cartilage, parallel to the 

articular surface, and at different distances below the latter. 

(2) 
	

Review of the literature  

Probably the earliest recorded observation concerning the collagen 

fibre orientation in articular cartilage, is that of Hunter (1743), who ob-

served that the fibres extended from the sub-chondral bone up to the ar-

ticular surface. This view was not generally supported however. Van der 

Stricht (1885), using more refined techniques demonstrated,that the matrix 

of cartilage consists of a network of fine fibres embedded in a non-struc-

tural gelatinous material. 

Hultkrantz (1898) using the surface puncture technique developed 

by Langer for skin, was the first worker to produce cleavage line patterns 

in the surface of articular cartilage. Hultkrantz observed, that when the 

surface of cartilage was punctured by a conical pointed awl and the punc-

tures then stained, cleavage lines were obtained instead of round holes. 

When an entire joint surface was pricked in this manner the cleavage lines 

formed a pattern, which was reproducible on the corresponding joint surface, 

from specimen to specimen. Hultkrantz concluded, that the cleavage line 

pattern indicated the predominant surface collagen orientation, which was 

orientated in the direction of the maximum tension strains. These strains, 

it was argued, were probably produced both by friction, in which case the 
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fibres would be aligned in the direction of motion; and by pressure, in 

which case they would probably follow the direction of maximum concavity of 

the joint surface. Roux (1898) recorded that when an elastic body is 

loaded in compression, it becomes smaller in the direction of compression 

and larger, perpendicular to the latter. Roux therefore maintained, that ten-

sion strains were produced in the latter direction. 

Triepel (1902) supported the trajectorial view of Hultkrantz, but 

Fick (1910) then pointed out that the strains due to friction are probably 

very small, when compared to the strains caused by compressing the two sur-

faces. 

Benninghoff (1924, 1924 and 1939) did not agree that the collagen, 

fibres had a trajectorial orientation. In addition he pointed out, that 

there is frequently a significant difference between the cleavage line 

pattern and the direction of maximum concavity. It was Benninghoff's view 

that 'the cleavage lines connect by the shortest route, and with the least 

curvature, the edges of the articular hyaline cartilage, they radiate ver- 

tically towards the edges and do not interact. 	He proposed as a model a rec- 

tangular section of cartilage loaded in compression. The edges would be 

relatively stiff so that they would flex but not elongate. The flexion would 

be greater at the centres of the longest edges, and it 	argued that the 

collagen fibres spanned the articular edges with the observed orientation, 

in order to withstand this flexion. 

Pauwels (1959) studied the tangential fibrous layer of the car-

tilage in the scapular glenoid cavity. In addition he made gelatin models 

of the cavity, and used a photoelastic technique to determine the stress dis-

tribution under a load system similar to that found under physiological con-

ditions. Pauwels demonstrated that the cleavage line pattern was orien- 
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tated in the direction of the maximum tension strains. He stated that an 

optimum amount of collagen existed because each fibril experienced its max-

imum permissible tensile strain; although it is not obvious how this con-

clusion was reached. If the surface collagen orientation is trajectorial, 

it is interesting to compare this conclusion with the observation of Little 

et al. (1958), that the- parallel fibre arrangement at the surface exists 

even in the cartilage of a foetus and a newborn child. If this implies that 

a cleavage line pattern exists on the joint surface at this stage of devel-

opment, then it is difficult to see how the stress and strain trajectories 

in adult joints could be similar to those- of a foetus or newborn child. 

MacConaill (1960) did not agree with tl-e view of Benninghoff, that 

the fibres in the deeper zones of cartilage are orientated predominantly 

radially. MacConaill held the view that the collagen fibres are arranged 

obliquely throughout the thickness of cartilage, except at the articular 

surface. He concluded that this orientation was much more appropriate 

for carrying the loads experienced by cartilage. Zarek and Edwards (1963) 

however, could not confirm that either of the collagen orientations proposed 

by Benninghoff or MacConaill, was more adapted to the stress distribution. 

The latter was determined for an idealised system of two spherical joint 

surfaces, one convex and the other concave. 

More recently Bullough and Goodfellow (1968), using polarised 

light microscopy, confirmed the parallel orientation of collagen at the 

articular surface, and the predominantly radial orientation in the deeper 

zones. They also showed that the cleavage line pattern occurs at and near 

the surface layer only,and it is aligned along the principal direction of 

the collagen fibres. Thus it'appears that the cleavage line pattern over 
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a joint surface, indicates the main collagen fibre orientation at and 

near to the surface. By way of an analogy, when a round nail is driven 

into a piece of wood, the latter splits along the grain lines, which are 

thus revealed by the splits. 

Weiss et al. (1968) have shown, using 'electron microscopy, that the 

thickness of the parallel fibre layer at and near to the articular surface is 

variable. Sometimes it forms a considerable proportion of the total thick-

nesS of cartilage. 

Finally, what is probably the most recent electron microscopical 

study of cartilage by McCeill (personal communication), shows that the col-

lagen fibres in the transition zone (see Fig. 3, facing p. 6 ) are arran-

ged. in 'S' shaped coils. This observation does not agree with previous 

studies. McCall also observed that the diameter of individual collagen 

fibres increases with distance below the articular surface, and the distance 

between adjacent fibres decreases. This last conclusion does not agree 

with the results of Maroudas and Bullough (1968) or Weiss et al. (1968) who 

both observed that the distance between adjacent fibres increases with dis-

tance below articular surface. 

A review of the literature has shown,that a variety of techniques 

have been used by previous investigators to determine the orientation and dis-

tribution of collagen fibres in cartilage. The only method of which no report 

could be found is tension testing parallel to the articular surface. No 

tension tests appear to have been performed at: 

1. Different orientations to the surface cleavage line pattern or, 

2. • Different distances below the articular surface, 

in an attempt to confirm or deny by mechanical tests,the collagen orientation 
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within cartilage, as observed by other techniques. 

(3) 	Objects of the present investigation  

The objects of the present investigation were, to determine the 

tensile properties of human articular cartilage parallel to the articular 

surface at: 

1. 0o and 90
o to the surface cleavage line pattern and, 

2. At four equi-spaced distances below the articular surface. 

The aims of these tests were twofold: 

1. To determine whether the tensile properties reflect the structure 

of cartilage which has-been observed by other methods and, 

2. To observe and measure the tensile properties of cartilage at the 

two orientations, and four distances below the surface,as previously 

explained. 

(4) 	Materials  

Specimens of cartilage were obtained from the femoral condyles of 

knees from human cadavers. All the specimens were obtained from routine 

post mortem examinations, and any specimens of which the cause of death might 

have affected the cartilage or sub-chondral bone were rejected. The method 

of storage was identical to that described in Chapter 2 (p. 15). 

To date, ten rectangular areas of full thickness cartilage were 

excised from the femoral condyles of five knees within the age range of 

50 to 67 years. Each area of cartilage was then sliced parallel to the 

articular surface into four layers of equal thickness, which in all cases 

were approximately 400p thick. 

(5) 	Experimental method  

Initially, the cleavage line pattern was determined on the femoral 

condyles of several knees, by using the surface pricking technique developed 
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by Hultkrantz (1898), described in Para 2 of this Chapter (p. 99) , 	Fig. 

45 (facing p. 104) shows the pattern obtained. This pattern was used as a 

guide, from which the rectangular areas of cartilage were selected, either 

parallel to or perpendicular to the cleavage lines. Fig. 46 (facing p. 105) 

shows a diagram of two femoral condyles, in which it is shown how specimens, 

which were parallel to the cleavage lines were selected from the front of 

the medial femoral condyle, and specimens perpendicular to the cleavage 

pattern were selected from the middle of the lateral condyle. It was 

necessary to determine the cleavage pattern on untested femoral condyles', 

because specimens to be tested were not pricked until after the termination 

ofla,test. Thisprecaution was observed to avoid inducing failure by 

propagating cracks from the cleavage lines. 

Full thickness rectangular sections of cartilage, approximately 

11mm. by 20mm, were then excised from the condyles in the areas indicated in 

Fig. 46, using a very sharp scalpel. These sections were then placed with 

the articular surface downwards, on to the cutting platform of a Leitz Thermal 

Module freezing microtome, the uppermost excised face (nearest to the sub-

chondral bone) was sliced, until it was parallel to the surface. The spe-

cimen was then thawed, and the thickness was measured in several places using 

the special micrometer screw gauge described in Para. 1 of Chapter 4 (p. 31) 

The cartilage section was then replaced on to the microtome platform sur-

face downwards, and four layers of equal thickness (approximately 400/J ) 

were then carefully sliced. Finally, using the specially prepared cutter 

shown in Fig. 47 (facing p. 106), each layer of cartilage was then cut into 

a dumbell shaped tension specimen. The load axis of the specimen was alig-

ned parallel to the long edge of the rectangular section, and this in turn 
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had already been aligned, at either 0 or 90
o to the cleavage line pat-

tern. In this way the load axis for each specimen was aligned at either 

0
o or 90° to the cleavage line pattern. 

Each specimen was then placed over a grid of, fine lines, one milli-

metre apart, and two points were marked with Indian ink, two millimetres 

apart, symmetrically placed about the centre point of the specimen. 

The distance between the closest edges of the two marks (gauge 

length); the width across the centre of the specimen; and the thickness 

of each specimen was then measured with a travelling microscope and the 

micrometer screw gauge. 

Each specimen was mounted in turn in the grips shown in Fig. 48 

(facing p. 106), the surfaces of which had been shot-blasted to give the 

necessary surface roughness to grip the speCimens, without tearing the 

cartilage. The specimen and grips were then mounted in a Tensometer E 

Type materials testing machine, see Fig. 49 (facing p. 107) and Fig. 50 

(facing p. 107). A camera was positioned in such a way as to obtain 

almost a full frame image of the specimen. An increasing tensile load 

was applied to each specimen at a constant rate of cross-head movement 

of 4.3 mm per minute, and a continuous running plot of load versus cross-

head movement was recorded. During each test, Ringer's solution was added 

frequently to the specimen, and photographs were taken at convenient intervals 

of elongation. The negatives were projected onto a screen from a 35mm slide 

projector, the distance between the screen and the projector lens being such 

as to give a magnification of approximately 20:1 between the specimen dimen-

sions and the projected image. The distance between the two marks repres-

enting the gauge length was measured on the projected image, which enabled the 
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extension of a specimen to be determined. A mark was made on the curve 

of load versus cross head movement, when each photograph was taken, so that 

the load corresponding to each extension was known. From these figures 

a graph of nominal stress (load 2.7. original central cross-sectional area) 

versus extension, was plotted for each specimen..  

(5.1) 	Specimen profile 

It is common practice, when performing tension tests, to use a 

specimen with a parallel sided central section. Specimens of cartilage 

were initially cut to this profile, but they invariably failed near to one 

end, outside the gauge length and at the curved' section. It was eventually 

concluded that the blades of the cutter possessed small imperfections at 

the section in question, and these in turn caused flaws in the edge of the 

cartilage specimen which produced premature failure by tearing. 

The specimen profile which was used in this investigation , shown in 

Fig. 51(facing p. 108) was that of an arc of a circle, this being a common 

profile employed in tension tests on rubber, when similar problems are en-

countered. The cutter blades were sharpened without introducing imper-

fections, and the result was, that all the specimens failed within the gauge 

length. 

Some new parallel-sided cutters have since been made which are sat-

isfactory. It is intended that these will be used in future tests. 

(6) 	Results and discussion  

(6.1) 	Variation of the nominal stress versus extension curve with 
distance below the articular surface 

Figs. 52 and 53 (facing pp.109 ,110) show curves of nominal 

stress versus extension, for the four, layers taken from the same area of 

cartilage. 



Fig. 49. Tension Specimen Mounted in  
Grips with Gauge Length Marked 

50. View of the Tensometer Testing Machine with  
Specimen Mounted Between Grips  
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It can be seen that the stiffness of each specimen, which is re-

presented by the slope of a curve, decreases with distance below the articular 

surface. 

. The stress at failure does not show a systematic variation. The 

reason for this seems to be indicated by the manner in which a specimen failed. 

Some specimens failed by-tearing, whereas others failed suddenly. The latter 

specimens usually failed at a higher stress. It appears that failure by 

tearing, was the result of an imperfection at the edge of a specimen, from 

which a crack was propagated. 

(6.2) 	Variation of the nominal stress versus extension curve 
with orientation to the cleavage line pattern 

Fig. 54 (facing p. 111) shows the nominal stress versus extension 

curves for the surface layers of two pairs of specimens cut parallel to, and 

perpendicular to the cleavage line -pattern. 

It can be seen that the specimens cut parallel to the cleavage lines 

were stiffer (steeper gradient), and failed at a higher stress, than specimens 

cut perpendicularly to the cleavage lines. 

Table 29 (facing p.112) shows the stiffness and the nominal stress at 

failure (U.T..S.) for the surface layers of all the specimens tested. The data 

shown in this table confirms the results shown in Fig. 54, that the stiffness 

and strength of specimens cut parallel to the cleavage lines, are both sig-

nificantly greater than the stiffness and strength of- specimens cut perpendic-

ular to the cleavage lines. 

(6.3) 	The effect of localised degeneration  

In section 1 of this thesis it was shown how the indentation stiffness 

of visibly normal cartilage covering the human femoral head decreases, as the 

severity of localised degeneration increases. A similar tendency was ob- 
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served in the tension test results. 

With reference to Table 29, it can be seen that specimens (1) 

and '(3) displayed some localised areas of degeneration, denoted by the letter 

F which implies fibrillation. 	The surface layer of specimen (1), which 

was cut perpendicular to the cleavage lines, is significantly softer and 

weaker than corresponding layers of the other specimens. The layer cut par-

allel to the cleavage lines in specimen (1) however, does not show any sig-

nificant difference from the corresponding layers of the other specimen. 

On the other hand, the surface layer of specimen (3) cut parallel to the 

cleavage lines is significantly softer and weaker than the corresponding 

layers of the other specimens, whereas the layer cut perpendicular to the 

cleavage lines shows no similar reduction of stiffness or strength. 

It is not possible to state with certainty on the basis of the 

results to date, that the severity of localised degeneration influences the 

tensile strength of visibly normal cartilage, from elsewhere on the same 

joint surface. However, a tendency has been observed, which will be either 

confirmed or denied by future experiments. 

(7) 	Discussion and conclusions  

The results of tension tests parallel to the articular surface per-

formed on forty specimens from ten human femoral condyles, show that the 

stiffness and strength of visibly normal cartilage depends on two factors 

and possibly three; 

1. 	The orientation of the surface cleavage line pattern with respect 

to the axis of tension, 

2.- 	The distance below the articular surface and, 

3. 	The severity of localised degeneration in untested areas. 
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The observation that the surface layers of specimens cut parallel 

to the surface cleavage lines, are both stiffer and stronger than the sur-

face layers of specimens from the same condyles cut perpendicular to the 

cleavage lines, shows that the cleavage line pattern most probably indicates 

the main collagen fibre orientation at and near to the articular surface. 

This may be deduced because collagen appears to be the main tension resist-

tant fibre of connective tissues. As such, it is both stiff and strong. 

Therefore it would be expected, that tensile tests on specimens parallel 

to the collagen fibre orientation in a fibre reinforced material, would yield 

results indicating a stiffer and stronger configuration, than tests per-

formed perpendicular to the main fibre orientation. This has been observed 

in cartilage and the conclusion mentioned above, was drawn. Thus the res-

ults of tension tests for the surface layer of cartilage, confirm the obser-

vations of Bullough and Goodfellow (1968) using the technique of polarised 

microscopy. 

In addition it has been shown that the stiffness of cartilage de-

creases with distance below the articular surface. This observation would 

be expected, if the predominant orientation of the tension resistant col-

lagen fibres changed, from being parallel to the surface, to a predominantly 

radial configuration. Thus the results agree with the change of collagen 

fibre orientation, which has been observed using other techniques, see Para. 

1 of this Chapter (p. 98). 

Finally it has been observed that there is a tendency for localised 

areas of degeneration to influence the stiffness and strength of visibly 

• normal cartilage, from the same joint surface. The results of chemical 

analyses performed on indented areas of cartilage from human femoral heads 
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showed, that the mucopolysaccharide content of visibly normal cartilage 

from femoral heads displaying localised areas of degeneration, decreased. . 

as the severity of the degeneration increased. If similar changes occur 

on the femoral condyles it would be expected that they would be confirmed 

by the results of tension tests, since in a fibre reinforced material, the 

transfer of stress between adjacent fibres, depends largely on tie manner in 

which shear stresses are transferred from the fibres to the matrix and thence 

to an adjacent fibre. If the matrix is depleted or becomes softer, then it 

would be expected that this would also weaken the overall structure. In 

cartilage the situation is complicated by the possible existence of cross 

links between adjacent collagen fibres, which would aosl contribute to the 

transfer of the stresses between the main collagen fibres. It is hoped that 

work planned for the future will determine the relative importance of the 

matrix and collagen fibre cross links, in the tensile properties of articular 

cartilage. 
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CHAPTER 11  

SUMMARY OF CONCLUSIONS  

This complete investigation may be considered in three sections: 

(1) 	Indentation survey of the cartilage of human femoral heads in 

vitro, 

(2) 	Relationship between cartilage stiffness and; 

(a) The chemical components of cartilage, 

(b) The permeability of cartilage to water. 

(3) 	Tension tests parallel to the articular surface on cartilage from 

human femoral condyles in vitro. 

Considering each section in order, the main results and conclusions 

may be summarised as follows, with emphasis laid on the advances made by this 

work. 

(1) 	The Indentation Surveys  

Sixteen femoral heads were studied within the age range of 19 to 

82 years. A total of five hundred and ten areas of cartilage were indented. 

The tests were divided into two series: Series 1 employed a plane-ended cy-

lindrical indenter, 0.125 in. in diameter with a load of 5 lbf; Series 2 

tests employed a hemispherically-ended cylindrical indenter of the same dia-

meter, with a load of 2 lbf. The observations were recorded as continuous 

running plots of indentation versus time after load application. The in-

dentations at two seconds after load application were then extracted and 

presented in two ways: 

(a) As layered maps of the variation of indentation over each femoral 

head, and 

(b) As histograms of indentation with the mean indentation for each 

femoral head. 

The observations showed that: 



SPECIME.N PARALLEL "ACROSS. 
u;T:S. 

agjiCre-) 
STIFFNESS 

(1<5 /cm) 
U.T.S. 	tT I FFNESS 
(k3/c1~2) (K3/CrIA) 

(1) Female 6/ 160 860 ' +I 226 F. 

0 	11 	51 160 75o 68 Zoo N 

NMak. 	6o  ill 500 74- 204- F 
0 	il 	55 133 90o $1 370 N 

(s) u 	50  190 Mc) 94- 550 N 

TABLE .29-uLT1MATE  TENSILE. STRESS AND 
STiFFNe.s5 OF THE. SURFACE LAYERS 
OF ecLL THE. SPECIMENS. TWO ORIENTATIONS 
TO THE. CLEAVActE. LINES. 

1.8.1 : vISIBLY NORMAL TotNT SURFACE.. 

: 	Lo c-AL)SE-D AREAS OF FIBRILLATION. 



- 112- 

1. The indentation. versus time curve for cartilage, possessed a typical 

shape, irrespective of the shape of indenter used. This curve 

shape agreed qualitatively with the results of previous workers 

for the load phase, but with only the resultd of Elmore et al. 

(1963) and Sokoloff (1966) in the unload phase. This latter ob-

servation was explained by the fact that all other workers had per-

formed their experiments in air, with consequent drying of the car-

tilage, and thus incomplete-recovery of the indentation when the 

load was removed. In this investigation and those of Elmore et al. 

(1963) and Sokoloff (1966), the tests were performed whilst the 

- femoral head was surrounded by Ringer's saline solution at 37°C. 

Recovery from the loaded state was consequently complete. 

2. The shape of an indentation versus time curve was explained, in the 

light of the present state of knowledge of the structure and pro- 

perties of cartilage, as a material. 

In addition, the shape of an indentation versus time curve between 

2 seconds and thirty minutes after load application was expressed 

mathematically, by the relatively simple equation: 

y= KtN  

where y = indentation 

t = time after load application 

K and N are constants. 

It was found that this equation also fitted two curves published 

by Sokoloff (1966) for cartilage on the human patella. The value 

of 'K' was found to increase as the indentation increased, whereas 

'N' was found to decrease as the indentation increased. 
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(1.1) 	Observations from the indentation surveys  

From the layered maps and histograms of indentation on the 

femoral heads tested, the following observations were made: 

1. 	The indentation of visibly normal cartilage showed considerable 

localised variation; 

2. 	The variation of indentation over each femoral head showed a 

systematic pattern in which; 

(a) The area in which the largest indentations occurred was invariably 

situated at or near to the margin of the fovea and; 

(b) The area in which the lowest indentations occurred, was located 

in a band, which extended over the superior aspect of a femoral 

head and around to the anterior and posterior facets. 

3. 	This pattern of variation of indentation over the femoral head coin-

cides closely with the contact and apparent non-contact areas be-

tween the femoral head and acetabulum, as shown by Greenwald (personal 

communication). The areas in which the lowest indentations occurred 

coincides with the contact area, whilst the area in which the largest 

indentations occurred, near to the fovea, coincides with the apparent 

non-contact area between the femoral head and acetabulum. 

4. 	The indentation of corresponding areas of visibly normal cartilage 

increases, as the severity of degeneration of localised untested 

areas increases. The pattern of distribution of indentation over 

any one femoral head remains essentially the same, but, as the his-

tograms and mean indentation data, in particular, show, the visibly 

normal cartilage becomes increasingly deformable, as the localised 

areas of degeneration become more severe, from a slight roughening 
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of the cartilage surface, to fibrillation with partial thickness 

loss and finally ulceration with full thickness loss of cartilage 

in that area. 

(1.2).  Creep modulus as a measure of cartilage stiffness  

The indentation of cartilage on the femoral head was shown to be 

thickness dependent, and so a method was derived for eliminating this variable 

thickness effect. The experimental results of indentation tests by Waters 

(1965), on relatively thin sheets of natural rubber were considered. It was 

shown that at two seconds after load application the results of Waters 

relating to rubber could be applied to cartilage. Thus a creep modulus was 

derived which represented the stiffness of cartilage irrespective of thickness. 

The two equations used to calculate E, the creep modulus, were: 

1. Hemispherical indenter (load 2 lbf) 

1 - exp (-0.42 t/atp 
E = 1.28 [ 	 

dk  

2. Plane-ended indenter (load 5 lbf) 

E = 5.37 0 (
t
/R)  
dt  

where 0(t/R) was taken from the published results of Waters (1965). 

The two equations were used to calculate the creep. modulus of all 

the areas of cartilage tested in the indentation surveys in Both Series 1 and 

Series 2. 

Layered maps and histograms of the variation of creep modulus were 

produced in a manner identical to that in which the Maps and histograms 

of indentation were produced. 

1. 	The pattern of variation of creep modulus of cartilage over the 

femoral head, was very similar to the pattern of variation of inden-

tation. 
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2. The area of softest cartilage (lowest creep modulus) on each 

femoral head, was located at and near to the margin of the 

fovea, whereas the area of the stiffest cartilage (highest creep 

modulus) was located in a band of somewhat more limited dimensions 

than the band in which the lowest indentations occurred, which 

extended over the superior aspect of a femoral head and around to 

the anterior and posterior facets. 

3. The overall softening of the visibly normal cartilage as the severity 

of localised untested areas of degeneration increased, was even more 

evident in the maps and histograms of creep modulus. 

From a survey of the literature it was concluded that no systematic 

survey of the variation of mechanical properties of articular cartilage over 

the hip joint had been previously performed. Ityas not known how the stif-

fness of visibly normal cartilage varied on any one joint surface, or how it 

varied from specimen to specimen. This investigation in addition to showing 

that cartilage stiffness varies systematically over the femoral head,has in-

dicated that the process of cartilage degeneration is not restricted to areas of 

visibly degenerate cartilage, but it also affects areas of visibly normal car-

tilage. . The manner in which this process could contribute to the aeteology 

of osteoarthrosis, has been discussed. 

(2) 	The Relationship between the stiffness of cartilage and its chemical 
components 

In order to assess the relative contribution of each of the main 

chemical components of cartilage to the stiffness, chemical analysis was 

performed on forty seven areas of cartilage on eight femoral heads, which 

had previously been indented. 

A highly significant correlation was shown to exist between the 
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creep modulus at two seconds after load application, and the total muco-

polysaccharide'content (partial correlation coefficient r = 0.854; P<:". 

0.001). The partial correlation between the creep modulus and collagen cont-

ent was not so significant (partial correlation coefficient r :.-.. 0.233; p> 

0.1). This confirms the observation that in general the collagen fibres in 

cartilage are orientated predominantly radially for most of the thickness, 

and thus it seems that they do not play an important role in supporting 

compressive stresses. The total mucopolysaccharide content was considered 

to be composed principally of; chondroitin sulphate and keratan sulphate. 

Chemical analysis was performed to determine the relative amounts of these 

two constituents in the tested areas of cartilage. 

It was found that for creep modulus versus chondroitin sulphate the 

partial correlation coefficient r = 0.810 (P <0.001), and for creep modulus 

versus keratan sulphate, r = 0.800 (P4: 0.001). Thus it was shown that the 

contributions of the two component mucopolysaccharides towards the stiffness 

of articular cartilage are approximately equally important. 

Before the present investigation was performed, comparison between 

the stiffness of cartilage and its chemical components had been performed 

mainly by comparing indentation measurements with stained histological sections. 

In addition, emphasis had been laid upon a comparison between visibly normal 

and degenerate cartilage. This investigation has provided the first detailed 

comparison between the stiffness of cartilage (creep modulus) and the main 

chemical components, determined by chemical analysis. The contributions 

of keratan sulphate and collagen to stiffness Wave been considered for the 

first time. 
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(3) 	Observations on a comparison between the stiffness of cartilage 
and stained histological sections (with Bullough) 

Hitherto in the literature, stained histological sections have 

been used, mainly to measure the amount of chondroitin sulphate present in 

indented areas of cartilage. This was determined from the intensity of 

staining. In the present investigation chemical analysis provided a more 

precise method of measuring the amounts of the chemical components of car-

tilage. However histological sections of the tested areas studied and the 

following observations were made: 

1. The surface of relatively stiff areas of cartilage was invariably 

intact and smooth, whereas the surface of soft areas of cartilage 

was invariably fragmented, even though this was not visible to the 

naked eye. 

2. The loss of staining (for total mucopolysaccharide and chondroitin 

sulphate and keratan sulphate) extended down from the articular 

surface. In the areas of stiff cartilage this zone in which loss 

of staining occurred, occupied a maximum of approximately one eighth 

of the total thickness of the cartilage section. In the areas of 

soft cartilage however, this zone occupied in general, a minimum 

of one quarter of the total thickness of a section and in some cases 

almost full thickness loss of staining was observed. 

3. The final difference which was observed histologically between areas 

of stiff and soft cartilage, was the shape of the chondrocytes and 

the distribution and intensity of staining immediately surrounding 

them. 	In the areas of stiff cartilage the chondrocytes were 

relatively small and arranged in clusters. 	The nuclei stained 

intensely, as did the rims of the cells; this area extending to at. 
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'least two cell diameters into the intercellular matrix. In many 

cases these areas of intense staining joined together to form a 

network throughout the matrix. In contrast, the chondrocytes in 

the areas of soft cartilage were relatively large, and irregular 

in shape. The nuclei did not stain intensely and neither did 

the rims of the-cells. In many cases a zone in which staining 

was absent was observed, which separated the rims of the chondrocytes 

from the stained areas of the matrix. 

Thus it was shown that the stiffness of cartilage depends not only 

'on the total amount of-mucopolysaccharide, but also it appears, on 

the distribution throughout the matrix. 

(4) 	The relationship between the stiffness of cartilage and its 
permeability to water (with Read and Maroudas) 

The permeability of areas of cartilage which had previously been 

indented, was measured. 

It was shown that a highly significant negative correlation existed, 

between the creep modulus of cartilage and its permeability to water, r 

0.77,(P 41 0.001). This confirmed the results of experiments performed 

independently, that: 

1. The permeability of cartilage is inversely related to the fixed 

negative charge density, and 

2. The fixed negative charge density is directly proportional to the 

total mucopolysaccharide content. Thus the results obtained previously by 

chemical analysis were confirmed indirectly by physicochemical measurements 

of permeability. 

The correlation coefficient of -0.77 was considered to be insuf- 
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ficiently significant to warrant the use of either indentation tests in vivo 

or permeability measurements on very small areas of cartilage, in the diag-

nosis of cartilage degeneration. However, it is hoped that future work may 

make this possible. From the literature survey it was condluded that com-

bined indentation and physicochemical measurements of articular cartilage 

had not been performed previously. 

(5) 	Tension Tests  

The results of tension tests performed parallel to the articular 

surface and at: 

(a) Increasing distance below the articular surface, and 

(b) Orientations of 0
o 
and 90

o 
to the surface cleavage line pattern, 

have shown that: 

1. The stiffness of cartilage decreases with distance below the 

articular surface. The surface layer is considerably stiffer 

than the deeper layers by a factor of approximately 2:1, or more. 

2. The stiffness and stress at failure of the surface layer, are greater 

for specimens in which the cleavage lines .are parallel to the load 

axis, than specimens in which the cleavage lines .are perpendicular 

to the load axis. This result agrees with the observation of 

workers using different techniques, that the cleavage line pattern 

of cartilage indicates the predominant direction of the parallel 

collagen fibres, at and near to the articular surface. 

3. Finally, a tendency was observed for visibly normal cartilage 

from joint surfaces displaying localised areas of degeneration, to 

be softer and weaker than corresponding areas of cartilage from 

entirely normal joint surfaces. This observation is however still 
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tentative and still remains to be confirmed by future work. 

It was concluded from the literature survey that these tests rep- 

resent the first tension tests performed on articular cartilage parallel 

to the articular surface. They are therefore the first tension tests 

which confirm quantitatively the collagen fibre orientation in cartilage 

l  as observed by other techniques. 
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APPENDIX 1. TABLES . 

Table 1 	DETAILS OF EACH SPECIMEN 

(1) 
Specimen 
Number 

1 

(2) 
Age 

(Years) 

31 

(3) 
Sex 

F 

(4) 	(5) 
Date of 	Date of 

Post-Mortem 	Testing 

Amputation Specimen 

(6) 
Time Between Post- 
Mortem and Testing 

(Days) 

2 46 M 12 Dec:66 15 Dec:66 3 

3 30 F 17 Jan:67 23 Jan:67 6 

4 55 F 24 Jan:67 26 Jan:67 2 

5 59 F 21 Jan:67 1 Feb:67 10 

6 75 M 1 Feb:67 3 Feb:67 2 

7 68 F 31 Jan:67 7 Feb:67 8 

8 73 M 14 Feb:67 15 Feb:67 1 

9 66 F 13 Feb:67 23 Feb:67 10 

10 61 M 27 Feb:67 6 Mar:67 7 

11 19 F 3 Mar:67 9 Mar:67 6 

12 37 F 9 Jun:67 16 Jun:67 7 

13 52 M 27 Jun:67 30 Jun:67 3 

14 78 M 4 Jul:67 6 Jul:67 2 

15 59 M 4 Jul:67 10 Jul:67 6 

16 80 M 11 Jul:67 14 Jul:67 3 

17 60 M 21 Jul:67 24 Jul:67 3 

18 35 M 24 Jul:67 28 Jul:67 4 

19 69 F 20 Jul:67 2 Aug:67 13 

20 33 M 29 Aug:67 1 Sep:67 3 

21 67 M 26 Sep:67 9 Oct:67 13 

22 67 F 14 Oct:67 17 Oct:67 3 

23 54 M 16 Oct:67 20 Oct:67 4 

24 78 M 24 Oct:67 6 Nov:67 13 

25 40 M 8 Nov:67 10 Nov:67 2 

26 80 M 16 NoV:67 22 Nov:67 6 

27 86 F 18 Nov:67 26 Nov:67 8 

28 86 F 22 Nov:67 30 Nov:67 8 

29 75 M 3 Dec:67 11 Dec:67 8 

30 71 F 16 Dec:67 18 Dec:67 2 

31 61 M 6 Jan:68 9 Jan:68 3 
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TABLE 1 (Cont'd) 

'32 73 M 10 Jan:68 12 Jan:68 2 

33 66 M 13 Jan:68 23 Jan:68 10 

34 82 F 15 Jan:68 25 Jan:68 10 

35 55 M 19 Jan:68 30 Jan:68 11 

36 73 M 29 Jan:68 3 Feb:68 5 

37 66 F 10 Feb:68 15 Feb:68 5 

38 56 F Amputation Specimen 

39 77 M 27 Feb:68 27 Feb:68 Nil 

40 71 M 28 Feb:68 1 Mar:68 1 

41 77 M 27 Feb:68 7 Mar:68 8 

42 26 M 28 Feb:68 12 Mar:68 12 

43 65 F 27 Mar:68 1 Apr:68 5 

44 66 M 11 Apr:68 19 Apr:68 8 

45 69 M 24 Apr:68 2 May:68 8 

46 34 F 3 May:68 6 May:68 3 

47 27 M 9 May:68 11 May:68 2 

48 47 M 7 May:68 13 May:68 6 

49 43 F 20 May:68 22 May:68 2 

50 21 F 29 May:68 29 May:68 Nil 

51 36 F 29 May:68 29 May:68 Nil 

52 61 M 30 May:68 10 Jun:68 11 

53 23 M 5 Jun:68 14 Jun:68 9 

54 60 F 1 Jul:68 9 Jul:68 8 

55 70 F 30 Aug:68 12 Sep:68 13 

56 88 M 4 Oct:68 16 Oct:68 12 
57 69 M 23 Oct:68 29 Oct:68 6 

58 55 M 29 Oct:68 9 Nov:68 11 

59 39 M 12 Dec:68 18 Dec:68 6 

60 60 M 23.Jan:69 4 Feb:69 12 

61 62 M 5 Feb:69 6 Feb:69 1 

62 73 M 4 Feb:69 7 Feb:69 3 

63 56 M 6 Feb:7o 7 Feb:70 1 
61(RANDL). 72. F 6 Feb:7o 7 Fel):70 1 
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Table 2 	SPECIMENS CONTRIBUTING TO DIFFERENT PARTS  

OF THE INVESTIGATION  

	

Experiment 	 Specimens Contributing  

1. Detailed Stiffness Surveys 	2,3,4,5,6,7,10,11,20,21,35,22,34,57,8,9. 

2. Storage Effects 	 1,38,63,64. 

3. Temperature Variation Effect 	12,17,19,58. 

4. Repeatability of Indentation 

	

Measurements 	 58,13,14,15,17. 

5. Deformation of Sub-Chondral Bone 	13,14,15,16,20,22,56,57,60,61,62. 
and Apparatus 

6. Comparison of Indentations Under 	Knee (N.60), 36,55,58. 
Synovial Fluid and Ringer's Solution 

7. Comparison of Results for Different 	39.49.54.56.57.60,61,62. 
Indenters and Loads 

8. Correlation Between Creep Modulus 	24,31,34,41,44,46,53,54,42. 
. and Permeability 

9. Correlation Between Creep Modulus 	22,39,43,47,48,49,50,51. 
and Chemical Analysis 

10. Effect of pH Variation and 	55,61,62. 
Composition of Ringer's solution 
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Table 3 DEFORMATIONS OF SUB-CHONDRAL BONE PLUS  

TESTING APPARATUS. PLANE-ENDED INDENTER  

WITH LOADS OF 51bf (2.28Kg) AND 21bf (Q.92Kq) 

DEFORMATIONS (cm) 

 

    

2 lbf (0.92Kg) 	 5 lbf (2.28Kg) 

0.00254 

0.00279 

0.00279 

0.00304 

0.00330 

0.00228 

0.00203 

0.00228 

0.00254 

0.00330 

0.00330 

0.00254 

0.00330 

0.00203 

0.00279 

0.00254 

0.00254 

0.00254 

0.00203 

0.00279 

0.00355 

0.00355 

0.00380 

0.00304 

0.00304 

0.00355 

0.00304 

0.00355 

0.00330 

0.00330 

0.00304  

0.00532 

0.00532 

0.00532 

0.00610 

0.00610 

0.00660 

0.00430 

0.00508 

0.00610 

0.00660 

0.00710 

0.00558 

0.00685 

0.00456 

0.00760 

0.00584 

0.00508 

0.00710 

0.00760 

0.00430 

0.00430 

0.00456 

0.00508 

0.00584 

0.00508 

0.00558 

0.00685 
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AMEJTATION SPECIMEN NUMBER 1 (SPECIMEN 1, TABLE 1)  

VALUES OF REPEATED INDENTATIONS: 

TIME AT 37°C and -20°C DURING TESTING  

RECORDED 	DIFFERENCE BE- 	TIME OF TEST 
TEST 
	TWEEN REPEAT IN:- AFTER AMPUTA- 

INDENTA=ONCm. ) DENTATION AND 	TION (HOURS 
NUMBER 
	ORIGINAL AS % 	'0'* AND MINUTES) 

AREA 1 A2 	A3 AREA 1 A2 	A3 AREA 1 A2 	A3 

'0(ORIGINAL) 0.050 0.037 0.044 ORIGINAL VALUES 	0-13 0-45 1-10 

1 	0.052 0.038 0.039 + 4.0 + 2.7 -11.0 1-45 2-20 2-45 

2 	0.051 0.038 	- 	2.0 + 2.7 	3-15 3-35 

FEMORAL HEAD STORED FOR 13 HOURS AT -20°C 

3 	0.049 0.036 0.041 - 2.0 - 2.7 - 6.8 22-0 22-30 22-45 

4 	0.052 0.038 0.045 + 4.0 + 2.7 + 2.3 24-0 24-50 25-10 

FEMORAL HEAD STORED FOR 66 HOURS AT -20°C 

5 	0.052 0.037 0.042 + 4.0 	0.0 - 4.8 93-0 93-20 93-30 

DEFORMATION SURVEY PERFORMED. FEMORAL HEAD AT 37°C FOR A FURTHER 
14 HOURS, THEN STORED FOR 32 HOURS AT -20°C 

6 	0.056 0.043 0.046 +12.0 +16.0 + 4.841-30141-0 11-1-15 

FEMORAL HEAD STORED FOR 16 HOURS AT -20°C 

7 	0.076 0.044 0.050 +52.0 +19.0 +14.00-0 151-0 152-0 

AFTER REMOVAL FROM DEEP FREEZE THE FEMORAL HEAD WAS ALLOWED 
APPROXIMATELY 1 HOUR IN RINGERS SOLUTION AT 37°C TO EQUILIBRATE 
WITH ITS SURROUNDINGS. THESE TIMES ARE NOT INCLUDED IN THE 
TABLE. 

"01  Denotes original indentation. 



TABLE 7 	- 132 - 

AMPUTATION SPECIMEN NUMBER 2 (SPECIMEN 38, TABLE 1)  

VALUES OF REPEATED INDENTATIONS:  

TIME AT 37°C AND -20°C DURING TESTING  

RECORDED 	DIFFERENCE 
TEST 	BETWEEN.REPEAT 

INDENTATIONS(tm.) 	INDENTATION AND 
ORIGINAL AS A %P.GE 

NUMBER 	AREA 1 	A2 	A3 	AREA 1 	A2 	A3 

TIME OF TEST 
AFTER AMPUTA-
TION (HOURS 
AND MINUTES) 
AREA 1 	A2 	A3 

0-15 	0-45 	1-05 

1-30 	1-45 	2-15 

2-35 	2-50 	3-05 

0(ORIGINAL) 0.038 0.017 

1 	0.036 0.018 

2 	0.039 0.018 

	

0.028 	oRIGINAL VALUES. 

	

0.028 	-5.3 	+5-9 	0 

	

0.027 	+2.6 	+5.9 	-3.6 

FEMORAL HEAD STORED FOR 13 HOURS AT -20°C 

3 	0.038 0.017 0.027 	o o -3.6 19-15 19-40 19-55 

0.038 0.017 0.028 	o 0 0 21-55 22-05 23-00 

5 	0.038 0.017 0.028 	0 o 0 24-00 24-15 25-10 

FEMORAL HEAD STORED FOR 17 HOURS AT -20°C 

6 	0.039 0.017 0.032 	+2.6 0 +14-3 44-0 45,,0 45-45 

7 	0.038 0.017 0.031 	o o +10.7 47-0 _47-10 47-25 

8 	0.038 0.017 0.031 	o 0 +107  49-0 49-25 49-45 

FEMORAL HEAD STORED FOR 182 HOURS AT -20°C 

9 	0.036 0.017 0.030 	-5.3 0 +7-2 69-40 70-05 70-20 

10 	0.037 0.017 0.031 	-2.-6 0 -1-10.7 73-30 73-40 73-55 

EQUILIBRATION OF 1 HOUR AT 37°C ALLOWED AFTER REMOVAL OF 
FEMORAL HEAD FROM DEEP FREEZE, THESE TIMES ARE NOT INCLUDED IN 
THE TABLE. 



TABLE  9 	- 133 - 

RESULTS OF REPEATED INDENTATIONS ON AMPUTATION,  

AND STIFFNESS SURVEY SPECIMENS  

A 
	

B 

SPECI- NUMBER 
MEN 	OF 

NUMBER AREAS 
TESTED 

C 

ORIGINAL 
INDEN- 
TATION 
AT 2 Sec. 
Cm. 

D 

SUBSEQUENT 

INDENTATIONS 

FIRST SECOND 
REPEAT REPEAT 

E 
DIFFERENCE AS 
A PERCENTAGE 
OF ORIGINAL 
DEFORMATION 

FIRST SECOND 
REPEAT REPEAT 

1, 	AMPUTATION SPECIMEN NUMBER ONE. THREE AREAS WERE 
TESTED REPEATEDLY UNTIL A SYSTEMATIC AND PROGRESSIVE 
INCREASE IN THE INDENTATION OF ALL THREE AREAS WAS 
RECORDED. (SEE TABLE 6 IN APPENDIX). 

NUMBER OF REPEATED INDENTATIONS 	14 

tt 
	11 	rr 	rr 	SHOWING LESS 
THAN 5% DIFFERENCE FROM ORIGINAL 	12 

NUMBER DF INDENTATIONS BETWEEN 5% AND 10% 1 

GREATER THAN 10% 	1 

2 0.024 0.023 -4.2 
0.033 0.034 +3.0 
0.064 0.067 +4.7 

3 2 0.027 0.030 +10 
0.031 0.032 +3.2 

4 2 0.032 0.031 -3.1 
0.045 0.046 +2.2 

5 2 0.044 0.043 -2.3 
0.052 0.054 +3.8 

6 2 0.037 0.037 0.0 
0.046 0.049 +6.5 

7 2 0.051 0.050 -2.0 
0.038 0.041 +7.9 

8 2 0.031 0.032 +3.2 
0.037 0.038 +2.7 



-A 
	

B 

SPECI- NUMBER 
MEN 	OF 

NUMBER AREAS 
TESTED 

C 

ORIGINAL 
INDEN- 
TATION 

AT 2 Se,.. 
Cm. 

D 

SUBSEQUENT 

INDENTATIONS 

FIRST SECOND 
REPEAT REPEAT 

E 
DIFFERENCE AS 
A PERCENTAGE 
OF ORIGINAL 
DEFORMATION 

FIRST SECOND 
REPEAT REPEAT 

TABLE 9 (CONTINUED)  - 134 - 

  

9 
	

2 	0.026 
	

0.026 
	0.0 

	

0.025 
	

0.026 
	

+4.0 

10 	2 0.093 0.093 0.096 0.0 +3.2 
0.063 0.061 0.066 

	
+4.8 

11 	2 0.053 0.053 0.056 0.0 +5.6 
0.027 0.028 0.026 +3.7 -3.7 

20 	5 	0.038 
0.039 
0.063 
0.047 
0.038 

-0.039 
0.040 
0.065 
0.049 
0.035 

0.038 

0.065 
0.049 

+2.6 
+2.6 
+3.2 
+4.3 
-7.9 

0.0 

+3.2 
+4.3 

21 	2 0.066 0.067 0.068 +1.5 +3.0 
0.038 0.038 0.039 0;0 +2.6 

22 	1. 0.028 0.028 0.029 0.0 +3.6 

23 	3 0.049 0.050 0.042 +2.0 -14.0 

	

0.056 
	

0.061 
	

+8.9 

	

0.056 
	

0.058 
	

+3.6 

25 	3 	0.048 
	

0.046 	-4.2 
0.059 0.057 0.057 -3.4 -3.4 

	

0.041 
	

0.044 
	

+7.3 

58 	1 0.022 0.022 0.022 0.0 0.0 

38 	AMPUTATION SPECIMEN NUMBER TWO. THREE AREAS REPEATED 
FOR DETAILED RESULTS SEE TABLE 7 (APPENDIX) 

NUMBER OF REPEATED INDENTATIONS 
	

25 

ft 
	

LESS THAN 5% 
DIFFERENT 	25 



SPECI-
MEN 

NUMBER 

NUMBER 
OF 

AREAS 
TESTED 

(1) 	(2) (3) 

ORIGINAL 
INDEN- 
TATION 

AT 2 Sec. 
Cm. 

TABLE 10 	- 135- 

RESULTS OF REPEATED INDENTATIONS ON FOUR FEMORAL HEADS  

(4) 	(5) 	(6) 
DIFFERENCE AS 

SUBSEQUENT 	A PERCENTAGE 
OF ORIGINAL 

INDENTATIONS DEFORMATION 

FIRST SECOND FIRST SECOND 
REPEAT REPEAT REPEAT REPEAT 

13 	2 0.117. 0.117 0.123 0.0 +5.1 
0.041 0.041 0.039 0.0 -4.9 

A THIRD REPEAT ON THE SECOND AREA GAVE DIFFERENCE OF +1.2 

14 5 0.049 
0.021 
0.032 
0.032 
0.047 

0.049 
0.021 
0.031 
0.031 
.0.048 

0.0 
0.0 

-3.1 
-3.1 
+2.1 

15 8 0.109 0.114 +4.6 
0.070 0.074 +5.7 
0.027 0.027 0.0 
0.026 0.027 +3.8 
0.086 0.089 +3.5 
0.044 0.040 -9.1 
0.046 0.046 0.0 
0.025 0.026 +4.0 

17 4 0.023 0.024 0.023 +4.4 0.0 
0.025 0.027 0.026 +8.0 +4.0 
0.021 0.023 0.021 +9.6 0.0 
0.087 0.088 +1.2 0.0 



Table 13 

20°C  

THE EFFECT OF 	TEMPERATURE 	ON INDENTATION 	VALUES 	Indentation (cm) At: 

44°C 	54°C  Specimen 
Number 

24°C 25
o
C30°C  31°C  34°C 37°C40°C  

12 0.0426 0.0424 0.0424 0.0424 0.0434 

0.0426 0.0434 0.0434 0.0434 0.0437 

0.0218 0.0226 0.0234 0.0234 0.0234 

17 0.0158 0.0163 

0.0127 0.0140 

19 0.0127 0.0129 0.0134 0.0129 

0.0363 0.0373 0.0368 

w 
rn 

58 0.0554 0.0551 0.0564 0.0558 

0.0512 0.0520 0.0513 

0.0361 0.0361 0.0376 

0.0282 0.0289 0.0287 



Table 15 

EFFECT OF 	pH 	VARIATION 	AND 	COMPOSITION 	OF 	RINGERS 	SOLUTION. 

pH 	VARIED 	BY 	USING 	BOTH 	TAPWATER 	AND 

DISTILLED 	WATER 	TO 	MAKE 	RINGERS 	SOLUTION 

Indentation (cm) 

Specimen (A) 	(B) 	(C) (A-B) (A-C) 
Number Group Distilled Ringer's 	Tap Ringer's 	Distilled Ringer's %(A) %(A) 

55 (1) 0.0226 	0.0231 	0.0225 2.2 0.4 

0.0391 . 	0.0396 	0.0387 1.3 1.0 

61 (1) 0.0464 	0.0472 	0.0470 1.7 1.3 

0.0426 	0.0421 	0.0430 1.2 0.9 

0.0396 	0.0381 	0.0400 3.8 1.0 

0.0453 	0.0440 	0.0448 2.9' 1.1 

0.0378 	0.0396 	0.0375 4.8 0.8 

Tap Ringer's 	Distilled Ringer's 	Tap Ringer's 

62 (2) 0.0320 	0.0315 	0.0325 1.6 1.6 

0.0406 	0.0419 	0.0416 3.1 2.5 

0.0493 	0.0477 	0.0487 3.4 1.2 

0.053" 	0.0524 	0.0530 2.9 1.7 

0.0398 	0.0406 	0.0412 

p H 

2.0 3.5 

(1) (2) 
Fresh Distilled Ringer's 6.9 6.9 
Used 	Distilled Ringer's 7.1 6.9 
Fresh Tap 	Ringer's 7.9 7.7 
Used Tap 	Ringer's 7.8 8.1 



A 
Position Thickness 

(cm) 

B 
Indentation 

(cm) 

TABLE 20 

SERIES 1.  INDENTATION SURVEYS USING A  

PLANE - ENDED CYLINDRICAL INDENTER 0.125 in. 

IN DIAMETER (3.175mm) WITH A LOAD OF 51bf (2.28Kg). 

TABULATED 

B 
Indentation 

(cm) 

1. Position (Reference to Fig.nfacing p.51.) 
2. Thickness 
3. Indentation 
4. Creep Modulus 

SPECIMEN 2. 4146 

Creep 
Modulus 
(Kg/cm2) 

A 
Position Thickness 

(cm) 

• C 
Creep 
Modulus 
(Kg/cm2) 

at 2 seconds loading time 

0 
1 - 1 
2 
3 
4 
5 
6 
7 

0.246 
.102 
.168 
.191 
.244 
.297 
.234 

n 

0.0456 
.0274 
.0102 
.0201 
.0297 
.0520 
.0260 
.0173 

31.6 
49.5 
139.0 
80.0 
69.0 
48.0 
76.o 

114-.2 

3 - 1 
2 
3 
4 
5 
6 
7 
8 

0.135 
.186 
.239 
.246 
.254 

. 229 

.186 

.0174 

.0091 

.0137 

.0146 

.0219 

.0201 
.0137 

63.2 
172.5 
147.0 
142.0 
98.0 

95.8 
114.0 

8 .191 .0109 148.0 9 .150 .0073 173.5 

9 .178 .0137 110.0 10 .117 .0055 180.0 

10 .191 .0155 103.5 4 - 1 .196 .0320 52.0 

2 - 1 .118 .0183 54.0 2 
2 
3 

.160 

.196 
.0283 
.0274 

44-7 
60.5 

3 
4 

.234 
u 

.0219 

.0247 
89.5 
80.0 

4 .203 .0283 60.4 5 .244 .0219 54-0 
5 .272 .0614 37.2 6 

6 .208 .0512 34.3 7 

7 .218 .0328 55.8 8 .191 .0457 35.1.  

8 .178 .0228 65.5 9 .170 .0256 56.0 

9 .147 .0183 67.8 j 10 .102 .0274 31.2 

10 .137 	.0220 50.5 - 



SPECIMEN 3 030 

Indentation Creep  
Modulus 

(cm) 	(Kg/cm2)  

Position Thickness Indentation Creep  Modulus 

(cm) 	(Kg/cm2) 

Position Thickness 

(cm) (cm) 

0 
1 - 1 
2 
3. 
4 
5 

0.097 
.129 
.150 
.259 

0.0183 
.0183 
.0220 
.0389 

44.7 
59.3 
57.6 
56.0 

3 - 1 
2 
3 
4 
5 
6 

0.107 
.114 
.162 
.158 
.208 

0.0238 
.0192 

ii 

.0206 

.0320 

37.8 
50.2 
71.2_ 
64.5 
55.0 

6 .361 .0121 25.1 7 
7 .193 .0411 40.6 8 
8 .165 .0196 71.0 9 .135 .0352 32.3 
9 .152 .0156 83.0 10 .112 .0183 51.2 
10 .112 .0128 74.0 4 - 1 .104 .0146 60.0 
2 - 1 .109 .0165 56.0 2 .112 ., 64.8 
2 .135 i, 69.3 3 .142 .0169 70.7 
3 .168 .0200 70.6 4 .180 .0237 63.9 
4 .191 .0260 61.7 5 .228 .0425 45.0 
5 .198 .0384 43.5 6 
6, 7 
7 	.178 .0425 35.3 8 .201 .0388 43.8 
8 .170 	.0302 	47.5 9 .147 .0206 60.0 
9 .142 .0200 	59.7 10 .107 .0183 49.2 
10 



Position Thickness Iridentation 

(cm) 
	

(cm) 

Thickness Indentation 

(cm) 	(cm) 

Creep 
Modulus 

(Kg/cm2) (Kg/dm2) 

SPECIMEN 4 055 

Position Creep 
Modulus 

0 0.272 0.0803 29.6 3 - 1 0.066 0.0547 10.4 
1 - 1 .102 .0256 33.5 2 .155 .0214 61.4 

2 .165 .0246 56.5 3 .193 I, 75.7 
3 .204 .0334 51.2 4 .213 .0288 62.1 
4 .259 .0383 57.2 5 .269 .0384 59.2. 
5 .267 .0585 39.0 6 
6 .274 .114 20.3 7 
7 .234 .0458 43.0 8 
8 .203 .0342 50.0 9 .160 .0343 39.3 
9 .173 .0288 50.6 10 .064 .0228 23.7 
10 4 - 1 .064 .0384 14.0 
2 - 1 .099 .0260 32.0 2 .147 .0174 71.0 

2 .137 .0210 55.3 3 .204 .0306 56.0 
3 .221 .0315 59.0 4 .236 .0480 41.5 
4 .254 .0411 52.0 5 .228 .0795 24.2 
5 .272 .0526 43.8 6 
6 7 
7 8 .183 .0503 30.6 
8 .160 .0329 41:0 9 .155 .0251 52.6 
9 .130 .0160 68.0 10 
10 

1 



SPECIMEN 5 059 

Creep 
Modulus 

(Kg/cm2)  

Position Thickness Indentation Creep  
Modulus 

(cm) 	(Kg/cm2) 

Position Thickness Indentation 

(cm) 
	

(cm) (cm) 

0 
1 - 1 
2 
3 
4 
5 
6 

0.277 
.114 
.162 
.221 

.300 

.236 

	

0.0895 	26.2 

	

.0256 	37.9 

	

.0302 	45.2 

	

.0466 	40.0 

	

.0990 	25.4 
II .0785 

3 - 1 
2 
3 
4 
5 
6 
7 

0.127 
.191 
.238 
.241 
.228 

0.0450 
.0452 
.0494 
.0384 
.0640 

23.8 
35.5 
40.5 
53.0 
30.0 

7 ,, .0516 	•38.6 8 .117 .0503 20'.0 
8 .213 .0424 	42.2 9 .122 .0348 29.5 
9 .155 .0334 	39.1 10 
10 .127 .0302 	35.4 4 - 1 .142 .0366 32.7 

2 - 1 2 .175 .0292 50.4 
2 .180 	.0457 	33.0 3 .223 .0392 48.2 
3 .251 	.0410 51.5 4 .239 .0502 40.2. 
•'4. .254 	II  52.2 5 .218 .0695 26.4 
5 .249 	.0566 37.1 6 
6 7 
7 .183 .0720 21.4 8 .170 .0870 16.5 
8 9 .160 .0535 25.2 
9 .165 .0137 10.2 10 .097 .0302 27.0 
10 



SPECIMEN 6 (45 

Creep_ 	 Creep Position Thickness Indentation 	Position Thickness Indentation Modulus , 	 Modulus • 

(cm) (cm) 	(Kg/cm2) 	(cm) 	(cm) 	(Kg/cm2) 

0 	0.249 0.0665 31.6 3 - 1 	0.180 0.0520 29.0 
1 - 1 .147 .0265 46.6 2 	.185 .0398 39.1 

2 .216 .0356 51.0 3 .193 .0274 59.3 
3 .269 .0366 62-0 4 .201 .0242 70.0 
4 .244 .0384 53.4 5 .244 .0398 51.8 
5 .264 .0457 48-9 6 
6 .262 .0685 32.1 7 
7 .246 	.0430 48.1 8 
8 .254 	.0352 60.5 9 .195 .0356 46.2 
9 .216 	.0228 80.0 10 .137 .0343 33.7 
10 .147 .0146 85.0 4 - 1 .160 .0329 41.0 
2 - 1 .191 .0411 39.1 2 .163 .0238 57.6 
2 .208 .0329 53.4 3 .195 69.0 
3 .228 .0320 60.0 4 .239 .0357 56.3 
4 .249 .0366 57.4 5 .254 .0443 48.4 
5 .241 .0366 55.5 6 .287 .0704 34.4 
6 7 .254 .0457 47.0 
7 .254 .0356 	60.2 .0440 48.7 
8 .223 .0456 41.0 8 .221 .0393 47.4 
9 .196 .0256 64.6 10 .168 .0229 62.0 
10 



Position Thickness Indentation 

(cm) 

Position Thickness Indentation 

(cm) 

Creep 
Modulus 

Creep 
Modulus 

(Kg/cm2) (cm) 
	

(Kg/cm2) 
	

(cm) 

SPECIMEN 7 068 

0 0.284 0.0750 32.0 3 - 1 0.145 0.0210 58.0 
1 - 1 .107 .0260 34.6 2 .178 .0200 75.5 
2 .140 .0320 36.8 3 .198 .0246 67.7 
3 .191 .0352 45.5 4 .. .0265 63.0 
4 .196 .0402 41.0 5 .224 .0311 60.6 
5 .224 .0440 43.0 6 
6 .228 .0540 35.5 7 .234 .0795 24.7 
7 .241 .0510 40.0 8 
8 .224 .0539 35.0 9 
9 .208 .0315 55.8 10 
10 .170 .0274 52.2 4 - 1 .199 .0242 69.5 

2 - 1 .117 .0247 40.0 2 .180 .0274 58.5 
2 .165 .0274 51.0 3 .196 .0283 58.5 
3 .170 .0256 56.0 4 .203 .0310 55.0 
4 .216 .0274 66.5 5 .224 .0374 50.4 
5 .233 .0292 67.5 6 
6 7 
7 8 .175 .0320 46.0 
8 .196 .0400 41.3 9 .142 .0251 47.7 
9 .155 .0329 40.0 10 .125 .0265 39.6 
10 



0 
SPECIMEN 8 073 

Position Thickness Indentation Creep  Modulus 

• 
Position Thickness Indentation Creep 

Modulus 

(cm) 	(cm) 	(Kg/cm2) 	( cm) 	(cm) 	(Kg/cm2) 

+---- 
0 0.200 0.0430 39.4 3 - 1 0.160 0.0183 73.6 

' 1 - 	1 .140 .0297 40.0 2 .163 75.3 
2 .173 .0183 80.0 3 .203 93.5 
3 .191 .0219 73.4 4 .216 .0200 91.0 
4 .213 82.1 5 .216 .0256 71.0 
5 .211 .0265 67.2 6 
6 .180 .0374 40.6 7 
7 .203 .0320 53.5 8 
8 .191 50.2 9 .140 .0435 27.1 
9 .180 .0247 61.6 	10 .203 .0238 59.4 
10 .158 .0187 71.6 	4 - 	1 .142 .0238 50.3 
2 - 1 .140 .0215 54.7 2 .163 .0196 70.3 
2 .163 .0173 79.7 3 	.175 .0200 74.0 
3 .211 .0200 39.0 4 	.203 .0292 58.6 
4 .229 .0238 81.0 5 	.127 .0283 38.0 
5 .223 .o23S 80.1 6 .218 .0456 40.0 
6 .211 .0475 37.5 7 
7 	.155 .0388 33.7 8 .165 .0228 61.0 
8 	.173 .0251 58.3 9 .147 	.0228 	54.2 
9 	.175 .0238 62.2 10 
10 	.147 .0260 47.7 

1 



SPECIMEN 9 ir6 

Position Thickness Indentation Creep  Modulus 

(cm) 	(Kg/cm2)  

Positidn Thickness Indentation 

(cm) 	(cm) 

Creep 
Modulus 

(Kg/cm2) (cm) 

--I 

0 0.185 ' 0.0594 26.4 3 - 1 0.145 0.0256 47.9 ' 
1 - 1 .119 .0141 71.4 2 .162 ,0196 70.0 
2 .127 .0137 78.5 1  3 .188 .0187 , 	85.0 : 
3 .168 .0146 97.5 4 .191 .0228 70.8 ' 
4 .165 . 11 95.5 5 .188 .0352 45.2 
5' .193 .0215 76.0 6 
6 .180 .0251 61.8 7 
7 • " .0192 79.2 8 
8 .170  .0173 83.0 9 .145 .0210 58.4 
9 .140 pi 68.4 10. .122 .0224 46.0 
10 .119 .0201 50.0 4 - 1 .127  .0210 51.1 
2 - 1 . 2 II  .0165 65.0 
2 .125 .0133 79.5 3 .140 .0114 104.0 
3 .183 .0137 113.0 4 .180 .0183 83.0 
4 ..191 .0283 57.0 5 .178 .0283 53.2 
5 6 .188 .0274 58.0 
6 7 . 	.185 .0165 94.7 
7 8 .160 .0155 87.2 
8 .162 .0297 46.1 9 .130 •.0132 83.2 
9 .130 • .0183 60.0 10 .117 .0142 69.5 
10 .130 .0160 68.7 



Position Thickness Indentation 

SPECIMEN 10 

Creep 
Modulus Position Thickness Indentation Creep 

Modulus 

(cm) 
	

(cm) 
	

(Kg/om2) 
	

(cm) 
	

(cm) 
	

(Kg/cm2 ) 

0, 
1 - 1 
2  

0.196 
.124 

. 	•1I 

0.0519 
174 

152 

32.0 
60.1 

 69.0 

3 - 1 
2 
3 

0.130 
.140 
.132 

0.0152 
122 	- 
152 

72.1 
97.0 
73.4 

3 	' '.132 203 55.0 4 .150 117 108.4 

4 	. .158 356 37.5 5 .173 117 125.0 
5 6 
6 .226 300 80.0 7 
7 :196 183 90.5 8 
8 	. .209 158 111.0 9 .168 254 55.9 
9 .152 122 105.0 10 .122 158 65.3 

10 	• .124 152 69.0 4 - 1 .109 259 .35.5 
2 - 1 .196 168 98.5 2  .127 193 ' 	55.6 
2 .130 112 98.1 3 .145 119 103.0 

3 	. .132 112 99.6 4 .173 102 143.0 
4 .150  152 83.5  5 .193 142 99.0 
5 .170 195 73.7 6 
6 .196 284 58.3 7 
7 	• .193 236 69.1 8 
8 .147 185 67.0 9 .147 163 76.1 

9 .130 157 70.0 1 	0 	10 .114 203 47.5 
10 . 

2a  - 8 0.160 ogo211 64.0 
- 9 0.140 • 188 63.0 



SPECIMEN 11  019 

Position Thickness Indentation 
Creep 
Modulus 

Position Thickness Indentation Creep 
Modulus 

(cm) 
	

(cm) 	(Kg/cm2) 
	

(cm) 
	

(cm) 
	

(Kg/cm2) 

0 0.127 0.0320 33.5 3 - 1 0.107 0.0183 50.0 
1 - 1 .297 .0444 56.3 2 .140 .0174 68.0 
2 .155 .0238 54.9 3 .175 .0133 111.0 
3 	0  .165 .0183 	76.0 4 .145 .0114 107.0 
4 .228 .0247 77.8 • 5 .175 .0178 82.6 
5 .272 .0292 78.5 6 
6 .221 .0320 58.1 7 
7 .191 .0251 64.0 8 .191 .0238 67.5 
8 '.173 .0192 76.0 9 .122 .0174 59.0 
9 .160 .0169 80.0 10 .107 .0137 66.0 
10 .127 " 63.4 4 - 1 .117 .0228 43. 	0 
2 - 1 .117 .0178 55.2 2 .152 .0174 73.6 
2 .130 .0165 66.5 3 .158 .0206 64.8 
3 .137 .0160 72..1 4 .173 .0201 72.5 
4 .147 .ht 77.4 5 .183 .0251 61.6 
5 .165 .0174 80.0 6 
6 .236 .0520 38.2 7 
7 ,249 .0507 4-1.5 8 .162 .0155 88.0 
8 .223 .0525 35.7 9 .127 .0165 65.0 
9 .228 .0379 50.6 10 0 	.114 .0174 	55.5 
10 .114 .0178 54.0 



Position Thickness Indentation 

(cm 	 cm 

Position. Thickness Indentation 

(cm) 
	

(cm) 

Creep 
Modulus 
K cm2  

Creep . 
Modulu 
(Kg/cm 

TABLE 21 

SERIES 2. INDENTATION SURVEYS USING 

A HEMISPHERICALLY - ENDED CYLINDRICAL 

INDENTER 0.125in. IN DIAMETER WITH 

A LOAD OF 21bf (0.92Kg) 

SPECIMEN 20. 063 

0 0.377 0.077 39.6 3 - 1 
1 - 1 .172 .021 253.0 12 , 0.137 0.029 112.0 
2 .175 .030 128.0 3 .188 .033 115.0 
3 .239 .034 164.0 4 .216 .042 82.0 
4 5 .249 .057 51.2 
5 6 
6 .213 .049 59.5 7 
7 .334 .033 168.0 8 .160 .027 148.0 
8 .203 .039 89.5 9 .109 .026 111.0 
9 .155 .034 90.0 10 .076 .024 88.0 
10 .117 .035 65.0 4 - 1 .114 .035 64.0 

2 - 1 .127 .043 41.0 2 
2 .168 .032 112.0  3 .196 .044 68.0 
3 
4 

.216 

.239 
.033 
.034 

128.0 
129.0 

4 
5 

.216 

.221 
.042 

ii 
82.0 
83.5 

5 .292 .056 60.0 6 
6 .219 .042 82.0 7 
7 .183 .039 1. 8 .208 .033 124.0 
8 .. .043 67.8 9 .163 .028 140.0 

9 .145 .026 146.0 10 .127 .025 ii  
10 .11') s 

_1 " 114.0 



Position Thickness Indentation 

(cm) 
	

(cm) 

Position Thickness Indentation 

(cm) 
	

(cm) 

Creep 
Modulus 

(Kg/cm2) 

Creep 
Modulus 

(Kg/cm2) 

SPECIMEN 21. 0%7  

' 	0 0.256 0.064 41.0 3 - 1 • 0.155 0.034 91.5 
1 - 1 .150 .027 141.0 2 
2 .196 .032 127.0 3 .194 .027 173.0 
3 .221 .036 115.0 4 .206 .031 139.5 
4 .267 .038 114.0 5 .211 .060 40.0 
.5 .282 .058 56.5 6 
6  .224 .043 80.3 7 
7 .226 .041 86.8 8 ..183 • .055 41.0 
8 .214  .032 136.0 9 .165 .039 74.2 
9 .178 .028 114.3 10 
10 ' 	.137 .023 	. 176.5 4 - 1 .122 .025 134.5 
2 - 1 .173 .041 70.5 2 .158 .033 98.2 
2 .203 .031 138.0 3 
3 .224 II  148.5 4 .210 . .044 73.0 
4 • .234  .028 146.0 5' .200 .048 59.5 
5 .257 .058• 50.5 6 
6 .229 .051 	. 59.5 7 
7 .214 .043 77.0 8 .249 .046 61.4 
8 9 ' .193 .038 , 	91.5 
9 • .173 1  .028 147.0 10 .153 .027 138.0 
10 



Position Thickness Indentation Modulus Creep 

(cm) 
	

(cm) 	(Kg/cm2) 

Position Thickness Indentation 

(cm) 
	

(cm) 

Creep 
Modulus 

(Kg/cm2) 

SPECIMEN 22 C 67 

0 
1 -' 1 
2 
3 
4 
5 
6 
7 

0.193 

.165 

.200 

.229 
n 

0.056 

.037 

.055 

.067 

.068 

42.9 

82.0 
45.1 
34.5 
33.9 

3 - 1 
2 
3 
4 
5 
6 
7 
8 

0.148 
.173 
.211 
.226 
.198 

.163 

0.036 
33 
43 
40 
46 

49 

78.9 
• 107.5 

76.6 
92.9 
63.3 

46.7 
8 .137 .033 87.0 9 .117 40 50.0 
9 .130 .031 93.5 10 .127 39 57.3 
10 .140 n 99.6 4 - 1 
2 - 1 .144 .037 72.6 2 .155 30 118.0 
2 .175 .042 67.8 3 .180 48 53.4 
3 .244 .046 75.5 4 .190 57 40.3 
4 .241 .052 59.3 5 
5 .208 .055 46.9 6 
6 7 .183 40 78.0 '  
7 8 .142 31 102.0 
8 .120 .042 46.5 9 .120 38 57.0 
9 .114 .032 .76.6 10 
10 • 



Position Thickness Indentation 

(cm) 
	

(cm). 

Position Thickness' Indentation 

(cm). 	(cm) 

Creep 
Modulus 

(Kg/cm2) 

Creep 
Modulus 

(Kg/cm2) 

SPECIMEN 34 ?82 

• 
0 3 - 1 

1 - 1 0.155 0.0528 	38.4 2 0.185 0..0390 82.0 
2 .211 .0548 48.2 3 •254 .0482 71.5 
3 ,. 259 .0580 ' 50.6 4 .254 .0665 38.4 
4 ..317 .0660 46.5 5 .254 .0810 26.2 
5 .335 .0675 46.5 6 
6 . 7 
7 .183 .0590 36.0 8 
8 . 211 .0560 . 	46.0 9 . 150 .0 370 75.0 
9 . 193 .0405 79.0 10 • 147 .0380 70.5 
10 .153 .0365 78.0 4 - 1 • 127 .0279 111.0 
2 - 1 . 	.135 .0269 128.0 2 • 160 .0304 115.0 
2 .249 .0580 49.0 3 • 208 .0451 69.0 
3 .279 .0525 64.0 4 •201 .0594 39.2 
4 .307 .0 595 56.0 5 
5 .300 .0655 45.5 6 
6 7 
7 .173 .0635 29.4 8 •244 .0584 48.2 

8 .160 .0492 45.5 
1 	' 

9 • 170 .0304 123.0 
9 .145 .0386 66.5 I 10 • 140 	, .0410 57.5 

10 



Position Thickness Indentation 

(cm) 
	

(cm) 

SPECIMEN 35  6155 

Creep 
Modulus 

(Kg/cm2) 

Indentation 

(cm) 

Creep 
Modulus 
(Kg/cm2) 

Position Thickness 

(cm) 

0 
1 - 1 
2 
3 
4 
5 
6 

0.330 
.165 
.221 
.247 
.259 
.274 

0.070 
.036 
.039 
.043 
.045 
.060 

43.1 
87.0 
96.0 
86.6 
82.5 
50.0 

3 - 1 
2 
3 
4 
5 
6 

-7 

0.241 
.229 
.249 
.297 

0.041 
" 

'...047 
.058 

93.5 
101.0 
73.5 
57.3 

7 .302 .051 73.0 	. 3 .191 .087 17.4 
8 .267 .040 72.0 9 .147 .038 70.4 
9 .208 .043 75.5 10 . 
10 .137 .030 87.0 4 - 1 .197 ' .041 79.0 
2 - 1 - 	.216 .056 59.0 2 .252 ,  .040 90.1 
2 .145 .036 77.4 3 .267 .041 100 .0 
3 .170 .034 100.0 4 .287 .050 73.0 
4 .234 .044 79.5 5 .297 .053 65.2 
5 .310 .069 41.8 6 
6 7 
7 8 .224 .045 73.0 
8 .191 .041 76.6 9 .191 .043 69.6 
9 10 .170 .047 53.1 
10 



SPECIMEN 57 069 

Cree 	 Cree Position Thickness Indentation 	Position Thickness Indentation Modulus 	 Modulus 
 

(cm) 	(Kg/cm2) 	(cm) 	(cm) 	(Kg/cm2) . (cm) 

3 - 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

4 - 1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

0 
1 - 1 
2 	0.198 
3 	.254 
4 
55 	 II 

 

6 
7 
8 
9 	.206 
10 
2 - 1 	0.203 
2 	.254 
3 	.259 
4 	.241 
5 
6 
7 
8 
9 
10 

1 	 

0.056 
.057 
.069 
.064 

.056 

.057 

.064 

.069 

.059 

43.0 
51.8 
35.8 
42.0 

44.7 

42.0 
42.1 
42.3 
46.7 

0.229 

0.170 

0.198 

0.058 

0.078 

0.062 

46.0 

19.1 

35.5 

	

20. - 2 	0.274 
- 3 	.229 
- 4 	.211 
- 9 	.175 

	

al - 2 	.163  

	

.065 	43.0 

.066 	35.8 

	

.071 	28.8 

.040 	76.6 

	

.074 	20.2 



TABLE 22 THE CORRELATION BETWEEN 

INDENTATION AND THICKNESS 

FOR EACH FEMORAL HEAD. 

 

 

(THE ORDER IS THE SAME AS 

THAT OF TABLES 20 AND 21) 

 

GRADIENT TO INTERCEPT WITH CORRELATION NUMBER SIGNIFICANCE OF 
INDENTATION THICKNESS COEFFICIENT OF r 	EXPRESSED 
Y AXIS X AXIS r POINTS AS A PROBABILITY p 

1.62841 0.15560 0.43569 37 0. 001<pKO. 01 
2.30527 0.10475 0.40286 32  0.01 <p<0.02 
1.48968 0.13242 0.38506 31 p :,..,,-0.02 
1.49086 0.12114 O. 54001 31 -.1), 0.001 
1.93654 O. 14445 0.61028 36 p < 0.001 
1.87658 0.12633 0.59260 32 p < O. 001 
0.44249 0.16902 0.12958 36 p;).0.10 
1.35025 - 0.12881 0.44551 34 	p4:'. 0. 01 
0.72980 0.13671 0.36176 33 p.:-..t-.0.02 
3.23773 0.09194 0.73683 37 p 4.0 001 
4.05307 0.04087 0.70767 33 p 4: 0.001 
1.76059_ 0.13332 0.51709 32 p - 0.001 
2.70199 0.05611 0.69939 29 p < 0.001 
3.91167 0.03022 0.71840 29 ' 	p < 0.001 
2.29575 0.12160 0.51284 30 0.01<p<0.001 
0.43332 0.19484 0.10533 17 ID:), 0.10 



TABLE 23 THE CORRELATION BETWEEN 

CREEP MODULUS AND THICKNESS 

FOR EACH  FEMORAL HEAD 

(ORDER SAME AS TABLE 20) 

 

GRADIENT TO INTERCEPT WITH CORRELATION NUMBER SIGNIFICANCE OF 
CREEP MODULUS THICKNESS COEFFICIENT OF r 	EXPRESSED 

Y AXIS X AXIS r POINTS AS A PROBABILITY p 

-0.00003 0.19756 -0.02373 37 

ro
ro

ro
ro

ro
ro

ro
ro

ro
ro

its 	
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v
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0
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• 	
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 0
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 0
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H

 0
 	

0
 0
 0
 1 -

1  

0
 0
 U
i
 0
 0
1
  
0
 0
 0
 0
 1-
'1

  
0
 0
 0
1
  
U
l
 L
n

 

1 

-0.00140 0.23813 -0.34787 32 
0.00141 0.11712 0.35539 31 
0.00158 0.13982 0.32367 31 

-0.00029 0.23251 -0.09442 36 	. 
0.00009 0.18560 0.02929 32 
0.00067 0.13915 0.42000 36 
0.00014 0.14697 0.10243 34 
0.00009 0.14713 0.11870 33 

-0.00020 0.18100 -0.07301 37 
-0.00023 0.21269 -0.13486 33 

.-0.00044 0.23901 -0.36124 32 
-0.00048 0.20528 -0.27373 29 
-0.00105 0.28451 -0.37234 29 
-0.00066 0.27885 -0.24271 30 
0.00048 0.20278 0.17719 17 
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TABLE  24 

COMPARISON OF CREEP MODULUS VALUES  

HEMISPHERICALLY - ENDED INDENTER, LOAD 21bf (0.92 Kg)vs  

PLANE - ENDED  INDENTER, LOAD  51bf (2.28 Kg) 

CREEP MODULUS (Kg/cm.2) 

SPECIMEN NUMBER 	HEMISPHERICALLY-ENDED 
	

PLANE-ENDED 
INDENTER 
	

INDENTER 

57 48 50 

. 68 . 
74: 

49 
. 

52 

52 

55 

53 54 

80 82 

49 47 

30 40 

40 49 
48 57 
52 52 

23 32 

21 27 

60 76 69 

102 96 

166 137 

84 91 

79 73 

61 85 75 

76 70 

37 35 

94 99 

62 79 72 

120 110 

129 112 

79 75 

56 84 76 

148 134 

180 166 

154 139 
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TABLE 26 

COMPARISON OF CREEP MODULUS VALUES  

HEMISPHERICALLY - ENDED INDENTER, LOADS OF 

21bf (0.92 Kg) and llbf (0.46 Kg) 

SPECIMEN NUM3ER 
	

CREEP MODULUS Kg/cm2  

2 1bf 1 lbf 

60 76 73 

102 101 
, 	. 	166 147 

84 86 

79 69 

56 143 130 
180 155 

154 136 

54 69 68 
34 36 

73 79 

57 64 

39 135 126 

123 130 

71 60  

49 127 124 
129 110 

126 111 

138 	145 

124 	127 



TABLE 27 	COMPARISON  BETWEEN RESULTS OF INDENTATION 

TESTS AND CHEMICAL ANALYSIS 

TABULATED.: (1) 
(2)  
(3)  
(4)  
(5)  

Creep Modulus 
Chondroitin Sulphate Content 
Keratan Sulphate Content 
'Total Mucopolysaccharide Content /-(2)+(3)7 
Collagan Content 

SPECIMEN 
NUMBER 

39 

CREEP 	CHONDROITIN 	KERATAN 
MODULUS 	SULPHATE 'A' 	SULPHATE 

	

CONTENT 	CONTENT 
(Kg/cm2) 	(i10/111(J) 	(fr-g/mg)  

dry weight 	dry weight 

	

TOTAL 	COLLAGEN 
MUCOPOLYSACCHARIDE 	CONTENT 

CONTENT 	, 	percentage 

	

(,JLg/m3) 	of 
dry weight 	dry weight 

93.50 60.90 30.80 91.70 	46.90 
76.70 67.00 '30.90 97.90 	47.60 
107.0 	55.20 50.70 105.9 58.70 
33.30 	61.50 	15.20 76.70 57.50 
50.00 	69.00 	14.40 83.40 56.70 
40.50 	48.70 19.00 67.70 55.40 
46.00 	54.60 14.40 69.00 55.90 
57.00 	62.40 17.10 79.60 53.40 
76.00 57.60 33.10 90.70 41.00 
59.00 60.20 2,80 63.00 69.90 
116.0 81.00 29.00 110.0 51.60 
32.00 67.00 19.90 86.90 50.70 

54.00 69.00 17.40 86.40 59.90 
30.10 53.50 12.40 66.00 57.20 
42.00 56.40 14.60 71.00 56.10 
45.00 68.50 21.50 90.00 48.30 
55.60 73.30 19.60 93.00 57.30 

22 	1 



27 continued 

MODULUS 	CSA 	KS 	TMPS 

43 55.60 78.20 	13.90 	93.00 

100.0 80.00 	29.10 	109.0 

80.50 78.00 	 107.0 

105.0 83.50 	 112.6 

50.20 11.85 	95.30 

77.50 77.60 	28.30 	105.9 

101.0 86.20 	22.60 	108.8 

111.0 79.00 	31.70 	110.7 

47 	98.00 86.50 33.00 	119.5 

138.0 93.50 37.00 	' 	130.5 

123.5 85.20 30.00 	115.2 

48 116.0 69.60 44.40 	114.0 

133.0 	78.70 36.50 	115.2 
11 102.0 	67.50 27.80 95.30 

93.00 	66.20 28.30 94.50 

49 127.0 	64.50 45.20 109.7 

126.0 63.00 56.50 119.5 

138.0 73.80 57.50 131.5 

124.0 54.10 38.70 92.80 

50 98.00 95.90 	32.60 128.5 
87.60 79.80 	37.80 117.6 
82.00 82.00 	29.10 111.0 

113.0 95.50 	30.90 126.4 
29.00 34.10 	46.60 80.70 

51 
	

115.0 
132.0 

	

98.30 	28.20 

	

117.5 	27.20 
126.5 
144.7 

91.00 88.70 	27.40 116.1 
102.0 97.00 	26.70 123.7 

TABLE 

COLLAGEN 

43.10 
46.40 
41.40 
39.50 
51.80 
38.60 
47.20 
48.60 

60.80 
61.90 
63.90 

53.20 
49.90 
57.50 
67.40 

67.10 
61.90 
65.90 
88.50 

71.00 
67.90 
68.00 
67.90 
85.50 

--4- 
60.90 
55.10 
61.70 
52.20 

I 
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TABLE 28 

COMPARISON BETWEEN RESULTS OF  

INDENTATION TESTS AND PERMEABILITY 

MEASUREMENTS 

SPECIMEN NUMBER 	CREEP MODULUS (E) 	PERMEABILITY COEFFICIENT (K) 

(Kg/cm2 ) 
	

(cm3/sec/g) x  10 -13  

24 54.0 
128.0 

4.45 
1.71 

31 130.0 1.92 
90.5 2.36 

170.0_ 1.40 

34 70.0 1.58 
177.0 1.20 

41 135.0 1.08 
123.5 1.21 
71.0 1.71 

42 59.0 2.87 
117.0 1.87 
76.7 2.45 
93.4 "  

103.0 2.22 
-4. 

44 75.5 2.32 
89.5 ii  

46 66.0 V 3.00 
70.4 3.30 
32.6 4.16 
82.5 2.35 
53.1 3.04 

53 96.5 2.46 
51.2 2.92 
89.5 2.68 
70.5 3.20 
86.0 1.75 

-I 
54 97.5 1.75 

42.0 3.00 
58.2 2.49 
94.6 ' 1.82 
88.4 V  2.10 
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APPENDIX E. 

comPorE.R. PROg RANA M 	FoR 

FITT1 NC THE 'BEST" LI NE. To THE. 

EXPE RI M EN TA L RESULTS OF TWO 

VA RJA 131- ES AK> EsTI IA ATI Ng' -rfia 

coRRELA-ri orl 	C...0 -aFF)CIEN1T: 

	DIMENSION X( 1000)_,Y( 1000)  
-------------------- 

R EA D (  5_, 2) ( X ( I ) T Y( ) 	=11N)  

SUM Y=C  
SJftYY 0 	  
S UM Sc X=0  
	c124-1-Y 	  

DO 3 I=1IN  

SUMY=SUMY+Y( ) 	  

_SUM SQ,X = SUM SQ X+ X ( 1 }*X(I 	 
	-- 

E N =N  
--SUMX:47.3{}14)(EN*,SijM.SDYL- 

TOPE=SUMX*SUMY-EN*SUMXY 	 

	E =TOPE /DENOM 	 

TOP G=E N*SUM XY-  SUM X*SUNY  
-_.=C,D-E--.1VE 14 tS.UM-S Q-X4ilSU 	2 	---- 

YDE =E N* SUM SQ Y- S M 	_ 	  
 	iSORT1iXDE V*YDE VI 	 

WRITE(6,4) E,f,R 	  

FORMA T ( 2 1 5) 
-_7:--±FDR7MA-T-(- 1- 0F1-7---; 5 ) 
	FOR 	1110_2  3F20. 5) 	 

END 
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APPENDIX 3 

DERIVATION OF ELASTIC MODULUS FOR THIN  

RUBBER SHEETS [HATERS (1965)] 

Timoshenko and Goodier (1951) showed, that the indentation and 

radius of the contact area arising from the compression'of two elastic 

spheres, are given by the equations: 

d  = [ 9 7E2 P2 (k
1 
 + k2)2 (R

1 
 + R

2
) 	

1/3 	
(1) 

16 R1
R
2 

and 

a - [ 
arcP (k

1 
 + k

2
) R

1 
R
2 1 

1/3 	

(2) 
4 (R

1
+R
2
) 

where K
1,2 

= (1 - )
2 UTE 
1,2 	1,2 

D) = Poissons Ratio 

E = Young's modulus. 

(1) 	Theory applied to the case of a cylindrical hemispherically-ended 
indenter 

Considering the case of a rigid, hemispherically-ended, cylindrical 

indenter, pressed into a semi-infinite elastic medium of which '9= 0.5, 

then making the following assumptions about the following quantities which 

appear in equations (1) and (2) that: 

E
1 
= OP and E

2 
= E 

and 	1 	1•1 +1 	1 = 1 
R 	R

2 
• • R

1 
R2-"  R

1 
R 

then equations (1) and (2) may be re-written in the form: 

d = K1  P
2/3 	

(3) 

E2/ R1/3 

and 
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I_ a 

a - K
2
R2d2 	

(4) 

K
1
2 

where K = (81/256)1/3 = (K2)
2 

Timoshenko and Goodier (1951) stated, that the stresses in a semi-

infinite medium may be defined in terms of magnitude and position by 'q' , the 

maximum pressure at the centre of the surface of contact, and by 'a', the 

radius of the area of contact, respectively. Thus,for a sheet of finite thick-

ness, although the stress distribution is distorted by the boundaries, it 

would be expected that the distribution would be geometrically similar for any 

given value of the ratio of the thickness 't', to the radius of the area of 

contact, 'a'. 

Waters proposed that equation (3) may be written in the form: 

t 
d
t 
= 
K
1 
P2/3 

f( /a ) 	 (5) 

E2/3R1/3 

where the 't' refers to a sheet of material of thickness 't', and where 

f( /at
) is a dimensionless function. 

Hence d
t = f ( 

/
at) 

deo  

a 	= 
K
2
R1/3 P1/3 

and 

E1/3 

where the suffix'oo'refers to a semi-infinite sheet of the material. Assuming 

that at
-can be derived from equation (4) by substitution for dt, then 

a a 
K R2d 2 	1. 

at, =  2 	
= R2 d

t
2 	 (8)  

K
1
2 

t, 
If therefore f( a )=

dt 
 E2/3 R1/3 

is plotted against 

K P2/3 
1 

t 
= 

at 	

(Rd

t 
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then the resulting curve should represent a universal function, valid for a wide 

range of indenter radius, load and Young's modulus. From this function, E 

can be deduced from a knowledge of dt, t and the known experimental factors R 

and P. 

Waters plotted experimental values of the two dimensionless groups 

shown above, for a wide range of indenter diameter, sheet thickness and Young's 

modulus. He obtained a single curve (see Fig. 41a, facing p. 60), which was 

fitted by the equation: 

f (
t
/a
t
) = 1 - exp (-A 

t
/at) 	

(9) 

The constant A had two values; 0.67 and 0.42 dependent on whether the 

lower boundary was lubricated, or not. In the case when it was not lubricated, 

Waters stated
1 that adhesion effectively occurred between the rubber and this 

lower boundary. Thus the situation is almost analagous to the continuous car-

tilage-bone interface, which is relevant to the present investigation. 

Substituting f (t/atrfrom equation (9) into equation (5), and re-

arranging the latter gives: 

(K1  )
3/2P 

E - 
(R)2  

1 - exp (-0.42 
t
/at 3/2  

] 

 dt  

(10) 

Equation (10) was used with the results from the second series of 

indentation tests, which employed the hemispherically-ended indenter, to cal-

culate values of E for all of the indented areas of cartilage. 

Data 	(K1)
3/2 

= 9/16 

P 	= 2 lbf (0.92 Kg) 

R 	= 1/16 in. (0.159 cm). 

which give: 
1 - exp (-0.42 

t
/at] 3/2 

E = 1.28 [ 
d
t  

1. Personal communication with Mr. Waters: 
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The value of E calculated for cartilage in this manner is not -strictly 

the Young's modulus, because the effective elastic behaviour of cartilage is 

restricted to a limited period. 'It seemed more appropriate to call E, for 

cartilage, the creep modulus at two seconds after load application. 

(2) 	Theory applied to the case of a cylindrical, plane-ended indenter  

Timoshenko and Goodier (1951) showed that the depth of indentation pro-

duced by a rigid, cylindrical plane-ended indenter is given by the equation: 

P (1 - -1)
2
) d - 	 (12) 

2 RE 

Employing the same assumptions as those used in Para. (1) of this 

Chapter, equation (12) above may be re-written in the form: 

3P d - 8RE (13)  

Waters (1965)
2 proposed that equation (13) could be written, for sheets 

of finite thickness as: 

3 d - P  0 
t 8RE 

where 0 is a dimensionless function which takes into account the finite and 

variable thickness of the material. It was then pointed out, that Gent (1957) 

had shown, that the compression characteristics of flat rubber pads between flat 

anvils, could be expressed by the rates between the area of the stress-free 

surfaces and the area of one loaded surface. This suggested that 0 . 0 (t/R), 

and Waters consequently plotted values of: 

0(
t
/R) = 8 dt 

 R E 

3P 

against 
t
/R for a wide range of values. of E, R and P as before. The results 

were plotted in the form of two curves, relating to a lubricated and non-lubri-

cated lower boundary respectively. Fig. 41b (facing p. 60), shows the curve 

obtained by Waters for a non-lubricated boundary. It is apparent that the 

(14)  
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, 
graph is essentially linear between the values 0§,;.

t 
 /R4D_.8, with a gradient 

of 0.25. 

Equation (14) may be re-arranged into the following form: 

3P 
E = 	(—

V  
) 8R d
t  

(15)  

and this equation was used with the results of the first series of indentation 

surveys, to calculate values of E, the creep modulus, for all of the indented 

areas of cartilage. 

Data 	P = 5 lbf (2.28 Kg) 

R = 1/16 in. (0.159 cm). 

which give: 

E =5.37 (--) 
dt 

The values of V were determined from the graph shown in Fig. 41b. 

(16)  
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APPENDIX 4  

PARTIAL CORRELATION COEFFICIENTS  

The computer programme given in Appendix 2 enabled the total 

correlation coefficients between two variables to be calculated. How-

ever when a situation is encountered in which there afe three or more 

variables, the correlation between any two of them is best expressed by a 

partial correlation coefficient, which is calculated whilst the other 

variablees are effectively held constant. 

The following expressions were used in calculating the partial 

correlation coefficients given in Figs. 37 to 40 inclusive. 

(1) Three variables (1st Order) 

r12.3 = 
r12 - r13  x  r23  

(1-r13)2(1-r
23  )2  

where r., is the total correlation coefficient between variables i and j 
1] 

and where rij.K is the partial correlation coefficient between the variables 

i and j with K held constant. 

(2)  Four variables (2nd Order) 
r12.3 - r14.3 x r24.3 

r
12.34 	2 2 

(1-r14.3)2(1-r24.3) 
(b) 

where the 1st order partial correlation coefficients on the R.H.S. of 

equation (B) are calculated from equation (A) above, and where r... 	is 
1.j .Km 

the partial correlation coefficient between the variables i and j with 

K and m held constant. 

(3) Application to results  

Figs. 37 to 40 inclusive show graphs of the creep modulus of car- 

tilage at two seconds, plotted against the following quantities: 

1. Total mucopolysaccharide content. 

2. Chondroitin sulphate content. 

(A) 
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3. Keratan sulphate content. 

4. Collagen content. 

The partial correlation coefficients between creep modulus and (2) and (3) 

(see above), were calculated holding (3) and (4) constant, and (2) and (4) 

constant, respectively. 

.The particl correlation coefficients between creep modulus and (1) and (4) 

were calculated holding each of these two variables constant, in turn. 

The total correlation coefficients between each two variables 

were determined from the computer programme shown in Appendix 2; these are 

tabulated below. 

Variables 	Total Correlation 
Coefficient 

0.618 

0.607 

0.071 

-0.035 

-0.182 

-0.097 

0.299 

0.012 

0.183 

0.024 

0.018. 

MOD : CSA 

MOD : KS 

MOD : COL 

CSA : KS 

CSA : COL 

KS : COL 

COL : KS 

KS : CSA 

COL : CSA 

TM : COL 

COL : TM 

Key to abbreviations used in the table: 

MOD - Creep Modulus 

CSA - Chondroitin Sulphate A 

KS - Keratan sulphate 

COL - Collagen content 

TM - Total muclpolysaccharide. 



(Reprinted from Nature, Vol. 220, No. 5172, pp. 1127-1128, 
December 14, 1968) 

Tensile Properties of 
Articular Cartilage 
ArtTicumArt. cartilage consists principally of collagen 
fibres embedded in a mucopolysaccharide ground sub-
stance. Electron microscopy studies' show that the 
collagen fibres near the articular surface are predominantly 
parallel to the surface ; viewed perpendicularly to the 
surface, they also show a dominant orientation which 
varies systematically over the whole joint surface. In 
contrast, the fibres in the deeper zones have a more 
random distribution with a tendency to be perpendicular 
to the surface. The fibre diameter and distance between 
adjacent fibres appear to increase with depth from the 
articular surface. Chemical and physico-chemical studies 
(unpublished results of H. Muir and A. Maroudas) 
confirm that the collagen density decreases with depth 
from the articular surface. 

The mechanical function of collagen in connective 
tissues seems to be to resist tensile loads. Any change 
in the orientation or fibre density should therefore be 
reflected in the tensile characteristics of the tissue. 
This investigation was carried out to measure the tensile 
properties of articular cartilage in planes parallel to the 
articular surface. Tests were performed on specimens 
taken from four different levels through the cartilage 
thickness and at two angles, namely 0° and 90°, to the 
dominant direction of the surface collagen. 

Having exposed the femoral condyles of a number of 
knees, the articular surface was pricked with a pin and 
the pricks stained. A reproducible pattern of fissures 
was observed which was thought to illustrate the collagen 
orientation at, and close to, the articular surface'. This 
pattern was used as a reference for cutting specimens 
from five other knees which were not pricked. These 
five knees were taken at autopsy from human cadavers 
within the ago range 50 to 67 and stored at — 20° C. 
The presumed orientation was confirmed by pricking 
and staining each surface layer after testing. The 
articular cartilage was dissected from the subchondral 
bono and full thickness rectangular specimens which 
were visually normal, with a presumed collagen orien-
tation, were cut from the sheet. These were then sliced 
into four layers of equal thickness, including the articular 
surface, using a Leitz Thermal Module freezing microtome. 
Each layer was then cut into a dumbbell shaped tension 
specimen using a specially prepared die. Each specimen 
was equilibrated for at least 15 min in buffered Ringer 
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Fig. 1. Curves of nominal stress (load÷original cross-sectional area) versus extension 
for all four layers of a specimen taken from a 60 year old male. The prick lines were 

parallel to the load axis. 
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Fig. 2. Curves for the surface layers of two specimens taken from 
each of two different femoral condyles. They are cut at 0° and 00° to 

the prick lines. 
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Fig. 3. Stress versus extension for the surface layers of two specimens. 

solution at 37° C. Its width and thickness were then 
measured and finally the specimen was subjected to a 
tensile test in a Tensometer type E materials testing 
machine using a constant cross head speed of 4.3 mm/min. 
A continuous graph of the load versus extension was 
recorded, which was replotted as nominal stress versus 
extension to compensate for variations in specimen cross-
sectional area. The results obtained are shown in Figs. 
1-3. 

The slope of each curve in Fig. 1 represents the stiffness 
of the relevant specimen, and it is clear that the surface 
layer was the stiffest and the deepest layer the least 
stiff. Similar behaviour was exhibited by specimens in 
which the load axis was across the prick lines, the only 
difference being that the stiffness of all layers was reduced, 
the surface layer somewhat more than the others. 

Fig. 2 shows that the stiffness of a specimen loaded 
parallel to the prick lines was two or three times greater 
than that of a specimen from the same condyle loaded at 
90°  to the prick lines. 

The stress at fracture (Table 1) for specimens loaded 
parallel to the prick lines was appreciably greater than 
for specimens loaded across the prick lines. 

Referring to Fig. 3, one specimen was taken from a 
visually normal joint (male 55) whereas the other was 
taken from a joint displaying areas of fibrillation and 
ulceration (male GO) although the tensile specimens 
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180 

180 

190 

11120 

E 100 

so 

40 

20 



Table 1. 	ULTIMATE TENSILE STRESS FOR TWO ORIENTATIONS 
Specimen 	 Parallel 	Across 

(1) Female 67 160 47 
(2) Female 51 160 68 
(3) Male 60 111 74 
(4) Male 55 133 81 
(5) Male 50 190 94 

themselves were taken from areas showing no fibrillation. 
Both specimens wero loaded parallel to the prick lines, 
and the curves show how much stiffer was the specimen 
from the normal joint than that from the visually 
degenerate joint. 

These results show how the stiffness and strength of 
normal articular cartilage depend on three factors: 
(1) the surface collagen orientation; (2) the depth from 
the articular surface; (3) the amount of cartilage degen-
eration in areas of the joint surface other than those 
tested. The results also confirm the structure of articular 
cartilage as observed by other workers. 

G. E. KEMPSON 
M. A. R. FREEMAN 
S. A. V. SWANSON 

Department of Mechanical Engineering, 
Imperial College, 
University of London. 
Received October 15, 1968. 

Maroudas, A., and Bullough, P., Nature, 219, 1260 (1968); Weiss, C., 
Rosenberg, L., and Heltet, A. J., J. Bone Joint Surg., 50A (4), 663 (1968). 

Benninghof, A., Z. Zellforselt., 2, 783 (1925). 

Printed in Great Britain by Fisher. Knight & Co.. Ltd., St. Albans. 



- 169 - 

RESULTS OF CURRENT TENSION TESTS TO SUPPORT  

THE ASSUMPTION OF ISOTROPY IN THE DEEPER ZONES  

OF ARTICULAR CARTILAGE 

Tension tests were performed, parallel to the articular surface, 

on waisted specimens 200p thick, 16 inch wide with a parallel- 

sided gauge length of 	inch. The specimens were taken from both 

condyles of human cadaveric knees, and at 200p intervals through 

the full thickness of cartilage. From each condyle two sets of 

specimens were taken:- one set was cut parallel to the cleavage 

pattern displayed on the articular surface, and the other set was 

cut perpendicular to the cleavage lines. The rate of extension, 

on the Tensometer E-Type materials testing machine, was set at 5.0 

m.m. per minute. Nominal stress versus extension ratio curves 

were plotted. 

The tensile stiffness modulus for each slice was measured 

from the slope of the stress vs. extension ratio curve, over 

the approximately linear range. The ratio of these values, 

between specimens cut parallel to the cleavage pattern and those 

cut perpendicularly to the pattern, was evaluated for correspond-

ing slices on each condyle separately. 

Table 30 shows the arithmetic mean of these ratio values 

for 20 sets of specimens, (approximately 6 slices per set), 

taken from 5 knees between the ages of 18 and 77 years. 
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TABLE 30  

ARITHMETIC MEAN VALUES OF RATIO BETWEEN STIFFNESS MODULUS 
FOR SPECIMENS PARALLEL TO CLEAVAGE PATTERN AND THOSE 

PERPENDICULAR TO THE PATTERN. 

RATIO OF MODULI, PARALLEL : PERPENDICULAR 4  
SLICE NUMBER LATERAL CONDYLE MEDIAL CONDYLE 

1 2.60 1.67 

2 5.55 3.46 

3 2.70 2.48 

4 1.61 1.70 

5 1.22 1.50 

6 0.97 1.11 
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