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Abstract

This thesis is concerned with the behaviour of articular oartilage
under compressive loading.
An apparatus was built to apply sinusoidal and constant loading to

specimens of cartilage. The majority of the tests performed were on specimens

—of bovine cartilage; although some tests have been conducted on human patella

cartilage. Confined tests, with load, deformation and flow confined to en
axial direction, were considered most realistio to the conditions in the body,
and so the majority of the work was on this type of test. However some tests
of an 'unoonfined' nature, with axial loed but radial flow and deformation,
were oarried out.

An already established computer model of this behaviour of cartilage
was modified and used to reproduce the experimental results. The model is
based on fluid flow phenomena only and hence agreement with the experimental
work was not entirely satisfactory. However, the model does allow the effect
of changes in cartilage properties to be studied., The model yielded its most
useful results for sinusoidal loading, where it forecast similar results to
the experimental work.

The cartilage is shown to be visco-elastic under conditions of steady
load, the creep deformation being achieved by fluid flowing out of the
specimen. The creep deformation is shown to be recoverable on removal of
load. Under sinusoidal loading, around the frequency of the walking cycle,
flow processes are shown to contribute practioally nothing to the sinusoidal
deformations achieved, the deformations in this case arising almost entirely

from the elastic compressibility of the specimens.
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Notation

A cross-sectional area of specimen

A area of fluid in s given layer (=nA)

d,b constants of foroe-defleotion characteristic
0AdB outputs from displacement transducers

& output from switoch seleotor unit (= _@\068)
. . - - — 2
Cq (: (r+5i|:>896r)

E Young's modulus of elastic material

E® elastic modulus for confined tests (= %)
E' elastic modulus based on current length (=EQ -G))
fa  applied force

Fs force carried by solid

R force carried by fluid

k permeability

kr radial permeability

k, axial permeability

Kiyn Ppermeablility of a section within the depth
K; initial radial permeability

Ko 1initial axial permeability

K, overall axial permeability

K bulk modulus

n porosity

P fluid pressure

P pressure drop across seotion within the depth

(4 overall pressure drop
P  dimensionless fluid pressure (: %)
R  external radius

r distance from axis of aymmetry

t time



T dimensionless time (ax1al case only) (= %%—)
T* dimensionless time (radial case only) /- M;_)
AT AT increments of dimensionless time 1 R

u radial flowrate per unit area

\ initial porosity

Ve volume of the element ) _
\Z axial flowrate per unit area

Z distance along axis of symmetry

8z sise of element in axial direction

Z, original thickness of specimen

Z,un thickness of a section within the depth

z, thickness at equilibrium after application of load
8z,  initisl value of 02

yA dimensionless specimen thickness (= _276)

Z, overall thickness of specimen

AZ inorement of dimensionless depth

o) deformation from original thickness

3 rate of deformation from original thickness

50 'instantaneous' response on compression

él 'instantaneous' response ufter release of load
(;x creep deflection

e strain (:%)

€,.€g €y strains in T, 0,z directions

é 2 strain rate in Z direction

69 angle of element

6 65,5, stresses inr, O ,z directions

G5 load per unit area ocarried by solid

6a applied load per unit area
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total applied stress

dimensionless applied stress (': g—)
dynamic viscosity of fluid
Poisson's ratio

v
dimensionless permeability multiplier ( V€

dimensionless permeability multiplier | = %’_‘_E_
1-€)
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1.0 Introduction

Articular cartilage takes the form of a thin layer attached to the
end of each bone in a Joint. It is both porous and deformable and is crucial
to the normal functioning of synovial joints. It is accepted that its presence
enagbles the transmission of the high loads occurring in joints whilst limiting
the contact stresses to an acceptably low level, and that it also, in oconjunction
with synovial fluid, allows movement of the joint with very low friotional -
resistance,

The study of the mechanical properties of articular cartilage has
continued with increasing fervour for many years. The investigations of its
properties have arisen from the interest in the modo(s) of lubrication of
Joints and the reasons behind joint failurs by artbritis or assoclated diseases.

The work carried out for this thesis has been to investigate the
load/timq/dsformation characteristics of artioular cartilage along similar
lines to those followud by other workers, but hopefully bringing together soms
of the most important areas of their individual studies. For example, as will
be explained later, the uniaxial tests performed by Bdwards (1967) are considered
in some ways to be the most realistic tests, but he used only static loading.

In the human body, very seldom is there only static loading, so similar tests
to Edwards' were performed, but using similar loading to that used by
Johnson (1974), a mean constant load with a superimposed oscillating load.

The apparatus was designsd to be as universal and to meet as many of
the requirements as possible. It was designed to allow a choice of type of
teat conditions, and loading oconditions, with suitable monitoring of each.

During the period of this work it became obvious that the situation was more
complex than had originally been thought, and rig modifications have been made

or been suggested in the later documentation,

P \JI" o~
10 J-dd \
RL Max /
Lipgri -~
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Both bovine trochlea and human patella cartilage have been used.
Satisfactory results have been obtained under both static and dynamio loading
oconditions, and for uniaxial and unconfined tests. With the greater volume of
experimental results, it was hoped to use the computer model of artiocular
cartilage formulated by Litohfield (1974) for more comparstive studies. However
~ 1t was found necessary to alter the programme significantly in some aspeots, and
the programme was also put in dimensionless terms. These comparative studies
are reported in this theais.

A literature review, Chapter 2, has been written, primarily to state
some of the present beliefs about articular cartilage and its properties,
rather than re-tell its history, whioch has been done several times by other
workers.,

Chapter 3 deals with the theory involved in this study, most of which
is pertaining to the formulation of the computer model of articular cartilege,
but some is included to shed light on the results from the experimental work.

The requirements of the testing apparatus and the way in which the
tests were performed is detailed im Chapter 4. This chapter also includes
details of the specimens and the way in which they were prepared and handled
before the tests.

The results of all the experimental and computational work are
presented in Chapter 5, drawing comparison not only with the work performed
here, but with the reported results of other researchers in this field.

Discussion of and conclusions about the work are presented finally,
with the suggestions for improved techniques and future work being included
at relevant positions throughout the thesis and summarised at the end.

Appendix I reports on a short study of the load-deflection properties

of subchondrel bone, made as a result of the experimental work on ocartilage.



2.0 Literature Review of Artioular Cartilage
Comprahensive literature reviews of artioular ocartilage have

been written in the last few years by both Johnson (1974) and Litohfield
(1974) amongst others. Both of these reviews cover the historical back-
ground of research on tkis topio, and devote seotions of the review to
specific areas of study e.g. permeability and porosity, meohanical properties,
nutrition, -cartilage struocture, etcs - -

As a full litereture review in this study would essentially be a
repeat of the reviews of Johnson and Litohfield, it is proposed here only to
touch lightly on the ground that they covered, and to concentrate primarily
on presenting the ourrent atate of research and beliefs on artioular
oartilage. Naturally certain ereaz have been of mors importance tc the
experimental and computational work of this study, for ingtance the
permeabllity of ocartilage, and for this reason these topics will receive
fulle® coverage.

2,1 Permeability

This seems to have proved one of the most diffioult properties
of articular cartilage to inveastigate. Cartilage has a very high porosity
but an exceedingly low permeability. Therefore in order to measure
permeability many workers have resorted to foroing fluid through a sample
under pressure. This is not an ideal gituation as any pressure on the
ocartilage will be transmitted not only to the fluid, hence forcing it
through, but also to the matrix. This pressurs on the matrix will tend ¢o
compress the matrix structure and cause a closing-up of the ohannels through
the matrix, which in turn will lower the value of permeability recorded.
Algo, due to the physiocal size of any cartilage samples able to be tested,
and the low value of permeability of these, any apparatus used for recording
permeability must be perfect. Any leakage, however small, could drastically

alter the reocorded values.



Munding (1975) performed experiments to determine the permeability
of cartilage from the trochlea of a cow, in fact using specimens adjacent to
those used for the experimental work recorded in section 5.0 of this thesis.
The rig used was based on the idea of aqueezing the edges of a cylindrical
specimen and passing liquid vhrough the central portion. The liquid was not
passed under pressure, the only force driving the ligquid through the specimen
wag the constant head of liquid above the specimen. The permeability in

this case is given by:-

= volume flowrate x thickness in m x viscosity

head x area of specimen
The average values obtained were 7.8 x 10~1502 for tap water and
7.5 z 10~19%2 for Ringer's solution, with the overall range of permeability
obtalned being from 5.1 = 11.3 x 10192, This is just for normsl permeability.
Munding did not attempt to measure transverse permeability.

McCutchen (1962) using a dise, 5.3 mm diameter and 0.33 mm thick,
trapped betwsen two glass tubes, measured the normal permeability of cartilage
from the leg joint of a cow. He applied presshre (1 atm) to the water in
the lower tube and recorded the rate of rise of water in the upper column. The
value of normal permeability obtained was 5.8 x 10-13cmh/dyne sec (5.8 z 10™192
for water) and becaugse this includes the effect of viscosity the measured
permeability would be different for a liquid of different viascosity. MoCutchen
also measured the tangential permeability by trapping the cartilage between solid
plates so constraining fluid flow to a tangential direction. The tangential
permeability was obtained from an analysis of the deformation of the cartilage
as the liquid 'wrings-out' and gave a value of 5.45 x 10_130mﬂyayne seo
(5.45 x 10-19m2 for water) but due to various factors MoCutchen states that
this could be too low, possibly by a factor of 2, leaving the possibility
that articular cartilage could still have isotropic permeability. MoCutohen

also investigated the variation of normal permeability with depth from the



surface and guoted values of 7.65 x 10-130ml"/6.yne geo (7.65 x 10~1%n2)
for the top &2 0,32 mm disc and 4.3 x 10-15om“'/dyne 800 (43 x 1071m?)
for a lower 0,28 mm digso.

Bdwards (1967) using similar, but possibly slightly more
sophigticated apparatus, measured the normal permeability of articular
oartilage from the hip of a dog. He again used pressure, 70 p.s.1l.(0.48 W/n?)
to foroe-the liquid through and so-obtained values for the normal permeability _
of 1,09 x 10~13 ox*/dyne sec (1.09 x 10™1%n2) for saline and 3.3 x 10713
on’*/dyne sec (3.3 x 10 7n2) for Ringere solution. Bdwards does however say
that "In practice it is possible that K may change with pressure and this
has yet to be determined”.,

Maroudas (1968) in applying an ion-exchange theory to artiocular
oartilage measured the fixed charge density (P.C.D.) variation with depth.

She states that "since fluid flow takes place through the ‘pores' of the
proteoglycan gel, it is clear that inoreasing the proteoglycans must lead to
decrease in pore sige and hence in permeability®. Hence as F.C.D, increases,
permeability deoreases. Besides graphs of F.,C.D. with depth, Maroudas
produced graphs of permeability coofficient variation with depth. Experimental
difficulties were encountered in recording the permeability of the top 0.2 mm
of the ocartilage from the surface, but below this there appeared to be a

near linear relationship between permeability and depth from the surface,

the permeability deoreasing in the deeper lagyers. However the diffioculties
were overcome and the findings from the surface layers were reported in a
second paper, Maroudas (197}}. An unexpeoted dscrease in permeability at

the surface was found in most cases. Two of the typlcal ocurves obtained

by Maroudas are repeated in Fig. 5.23 . Maroudas suggests that the
decrease is due to the faot that the bearing surface of articular cartilage
is made up of thickly packed smaller fibres. Maroudas also performed tests

which showed that cartilage does have isotropiec permeability.



More recently Mangour and ¥ow (1976) have tried to investigate
how some of the external factors affect permeability. They have taken up
the point made by Edwards that permeability may change with pressure, and
produced grephs of this effeot. The permeability versus pressure plots show
& non-linear relationship, with the effeoct of pressure on permeability
deoreasing as pressure inoreases. From the graph of permeability versus
preagswre it can be seen that Edwards' results taeken_at 70 p.s.i. —
(0.48 x 10%/52) oould be about 308 lower than the value they would be at
low pressure. Similarly McCutchen's results taken at 1 atm will be also
reduoed from the value they would have at low pressure,

Litohfield (1974) for his computational work required to know
how permeability was affected by strain of the mgterial. For this he used
filter tiles of sintered fibres from a polyolefine base, which met his
requirements and he arrived at the relationship for axial flow of

Ky =Ko (v=€ )’

v
Mangsour and Mow however investigated the effect of strain on

permeability, but were abls to use bovine cartilege as the test material.
In all the results they quote it would appear that for all driving pressures
there is a linear relationship between permeability and strain, the
permeability deoreasing with increased strain, but this rate of deorease
being less at highor pressures.

These findings of Mansour and Mow would heve been very important
in the ocomputational work of this thesis, but their paper was published
only after completion of the computational work and indeed when the writing-
up was almost finighed. Compreassion of cartilage causes compaction of the
proteoglycan in the tissue, which in turn has been shown by Maroudas and
Bullough (1968) to decrease the permeability. Therefore the linear
relationship between permeability and strain found from experiments actually

performed on oartilage itself would seem to be nearer the truth than



Litohfield's relationship. Fig. 5.22 ghows the effect on the computer
predioted strain-time characteristios of various relationships between
permeability and strain. A large discrepanqgy can be seen to ocour between
the linear relationship of (b) and the Litchfield relationship of (d).

Some typlcal values of permeability quoted by Mansowr and Mow are
for the lowest driving pressure of 1.4 x 10° N/m2, 1.4 = 3.4 x 10~ nk/Ns
(1eb = 3ol x 107182 for water) at gero strain, deoreasing to 0.6 - 1.7 x
10"V 5ul /N5 (0.6 - 1.7 x 10-18m2 for water) at 308 strain. To show the effeot
of pressure, the quoted figures for permeability are, for zero strain on the
apeoimen, approximately 2.0 x 1079048 (2.0 x 101842 for weter) at very
low pressure decreasing non-linearly to ebout 0.3 x 10" Vu/Ms (0.3 x 107182
for water) at 2.8 x 106N/m2 applied pressure.

2,2 Struoture

Investigations of the structure of articular cartilage have spanned
many centuries and produced many schools of thought. Originally Hunter (1743)
sald the fibres ran radially, but this was questioned by Hassell (1849) and
Schifer (1920) who thought, after light microscope studies, that cartilage
was & completely homogeneous structure. After this, came disocoveries of
fibre orientation at the surface, and that ocartilege was mads up of oollagen
and ground subastanoce. This was followed by conclusions of a 3D network of
fibres made up of fibrils grouped together. The orientation of this 3D
network has alone ocaused oontroversy with some workers favouring the idea of
arcades of fibres, some believing in an oblique orientation between bone and
surface and more reoently MecCall (1969) that there were 3 distinot zones
through the depth. These are the superfiocial, intermediate and deep sones,
each with their own orientation of fibres. The idea of these, see Fig. (2.1)
three sones seems generally accepted today. The deep sone is composed of a
tight mesh of the thickest fibres arranged to run in a direction perpendicular

to the bearing surface. The intermediate zone, which is much the largest




region is made up of S shaped coiled fibres randomly orientated and senolosing
larger apaces. The superficial zone, or bearing surface, is made up of
parallel bundles of fibres running in directions parallel to the surfaoce.

The surface of the oartilege itself could be the most important of
all the areas of study into cartilage structure. Maroudas (4 973"8 stressed
its importence in the permeability of cartilage, and it is exceedingly
important when studying the lubrication mechaniasms of joints. The surface
alone has been inveatigated by Balass et al (1966) who studied bovine cartilage
between 7 months of embryonic life and 12 years old.

In the very young specimen they found e random distribution of
collagen fibres at the surface with chondrooytes very olose to the surface.
However, a fibrous material, thinner than the dominant collagen fibres was
visible; eapeocially close to the surface, but no distinoet layer of such material
was ovident. In the older specimens the collagen fibres have a random struoture
and are denger than in young adults. The chondrocytes are always remote from
the surface. However by adult life fine filBaments 60 - 90 2\ thick, inter-
mingled with some amorphous material, appear to be acoumulating on the surface.
With increased age this felt-like filementous-amorphous surface layer becams
denser aend thicker. This eventually produces a distinet layer on the surfaoce
of the collagen fibres which occuld be what is sometimes referred to as the
lamina-splendens, whioch in no way resembles the basement membran@s. The
authors put forward suggestions as to what this surfece layer 1s and to its
funotion, but whatever it is made up of, it could certainly be the cause of
the unexpected permeability drop at the surface and could emhance or dispel
ocertain beliefs about lubrication mechanisms in joints.

Very recently studies have been performed and reported, Minns and
Stevens (1976), on the collagen fibril organisation of human articular
cartilage. Using a newly devised technique for selectively depolymerigzing

the proteoglyoan, which strongly adheres to collagen, they removed the



proteoglyocen and examined the pure collagen in the scanning eleotron mioroscope.
They agreed that in the deep sone the collagen fibres ran radially, then
upwards in an arcaded manner to the upper gzone, where the fibres ran, in an
unorganised fashion, parallel to the surface. They reported the absence of

any layer that could be termed the lamina splendens, a fact they expected as
the engyme digestion technique used in preparation would have removad such &
layer. _ -

2.3 Mechanigal Properties of Articular Cartilage

Investigations of the mechaniocsl properties have been in progress
for over a century, and workers have employed many techniques for studying thea.
Throughout there have been three main types of test performed:

1) Indentation; <this has the advantage of being very simple to perform and
does not require the oartilage to be disturbed before testing.

2) Unoonfined tests where a plug of cartilage or cartilage and bone is
removed and compressad in a manner allowing strains in all direotions, and

3) Confined tests or uniaxial tests which are similar to the unconfined
tests but restriot strains and flow to ons direction only, the direction of
load appliocation.

Methods of interpretation of the results obtained have also varied, some
studying long term responses and some instantansous responses or the responses
to osolillating loads.

It 15 intended in this review to present in chronologiocal order the
work already reported, although only brief comment will be made on some of the
papers where they are not especially relevant to the work in this thesis.

Leidy (1849) despite 1ittle instrumentation studied the compression
of ocartilage and noted its capability of imbibing synovial fluid and returning
to its original dimensions after drying. He noted that the imbibing of
synovial fluid still took place when the dried cartilages were loaded with
about 10 1bs/in® (69 x 10°N/m?), showing the power with which this process

takes place. He olaimed that the properties of cartilage would enable it to



diminish the violenoe of blows or shocks, and that it was possible for
oartilage to wear, but afterwards it would lay down new surface layers, as
these appeared to him to lock newer than the desper layers.

A long time interval then elapsed before Hirsch (1944) took up the
inveatigation with indentation tests on in gitu human ocartilage. He noted
instantaneous thea oreep deformations with recovery following the same pattern,
_but je did not find that complete recovery took place, probably due to his --
teats being oonduoted in air. He noted that longer than 30 mins. was required
to reach equilibrium on loading, and the longer the loading the greater the
permanent deformation whem unloaded. Hirseh agreed that indentation tests
were not true to life conditions and said they more olosely represgented a
faulty Joint with restricted contact area.

MoCutohen (1962), besides studying poroaity and permeability,
studied the stiffness of articular ocartilage from the leg joint of a cow. He
compressed discs (5.45 mm diameter and 0.825 mm thick) between porous plates,
and produced deformation/time graphs for increasing loads. From these he
caloulated values of Young's Modulus for the first 0.28 mm deflection of
5.8 x 107 N/m2 for water and 3.2 x 105N/m2 for saline., The instantansous
modulus of 1.1 x 10'N/u?, being greater than the others, was attributed to
“"not very mobile water.®

Camosso and Marottl (1962) performed compression tests on oubes
of bone and cartilage together and on bone alone. From thei:r rather confusing
paper their conclusions seem to be that the rate of deformation 5 deoreases
for inoreased load for the bone and cartilage combination, dbut that 5
inocreases with increased load for the bone alone,

Blmore ot al (4963) took up the investigations of Hirsch., They
used a low friotion apparatus for studying the compression and recovery.

They velidated the findings of Hirach, but made the very important discovery

that the recovery is only complste when the specimen is immersed in a fluid.
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This they termed the "Imperfeot Blastioity® of oartilage. They also discovered
the geometry of the indenter used for the tests had an effect on the
defleotions recorded. They had not at this stage found a successful method
of measuring the cartilage thickness.

Linn and Sokoloff (1965) found the recovery rate was similar to
the rate of uptake of water in cartilage on release of load. _Although they -
state the immediate "instantaneous® linear deformation is too large to be
accounted for solely by lateral fluid flow in an axial test, they
attribute this to a rubber-like displacement.
Sokoloff (1966) studied the elastic properties of patella cartilage using a
ooniocal indenter. He states that the oreep of articular cartilage resembles
the visco-elestioc flow of a polymer, but that it is due to the extrusion of
fluid rather then rearrangement of molecules. 4 penetrating depth gauge and
a disseoting mioroscope were used to determine the cartilage thickness. He
studied the continuvous long term compression under dead load and the instant-
aneous indentation at various stress levels. His findings from ingtantansous
tests indicated that the hardness of cartilage is compareble with rubber,
and after short periods of loading the recovery displsyed variable but
considerable hysteresis. From the long term tests he found no change, due to
age, in the deformgtion or recovery, but the indentations varied with the
site on the patella, also the indentations wers influenced by the subchondral
bone when the cartilage was less than 2 mm thiok. He quotes an instantaneous
elastio modulus of 230 g/mm® (2.25 MN/m?) and a modulus of 70 g/mm? (0.69 /)
after 1 hour of loading for human cartilage, and for bovine cartilage an
instantaneous modulus of 1,229 g/mm (12,0 M¥/m?) and a delayed modulus (after
5 mins) of 59 &/mm® (0.58 Mi/m2) in distilled water and 33 g/m® (0.32 MN/n?)
in saline.

BEdwards (1967) appears to be the first to perform confined tests.
His apparatus was a porous piston and oylinder type with the specimen being

a oircular disc enclosed on all sides. Flow of liquid out of the speoimen
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when loaded was possible through the porous piston. He presented graphs of
equilibrium thiokness against pressure, and percentage liguid exchange
againsgt time. The time to reach equilibrium wes the same for all specimens
(606 mm diameter and 0.48 thick) and the water ocontent of the specimens
remained congtant after equilibrium. The recovery curves were similar in
shepe to the compression curves. All of Edwards' results were based on the
fluid flow in and out of the specimen,-which was determined by weighing the -
specimen at intervals during the test. Therefore, none of the dramatio
ingtantaneous response recorded by other workers was evident, as this is not
attributed to fluid flow, but to the elastic response of the specimen, end
naturally this response is also greatest when the sgpeoimen is unconfined.
Bdwards condinded that at equilibrium the applied load is carried partly by
elestio stresses in the fibrous nstwork and partly by osmotic forces
generated mainly in the ground substances.

Kempson et al (1970, 1974, 1971a) used indentation tests to give
then the relationships between compressive stiffness and various chemical
ocongtituents of human femoral head cartilage. These tests emabled them also
to produce mapa of cartilage stiffness areaes which show a oonsiderable range
over the femoral head. They celculated a value of Poissons' Ratio for
cartilage of O.48 and quote values of the 2 second creep modulus in the
range 4 - 10 M/,

Linn (1967) designed an Arthrotripsometer to study the friction
and deflections in canine ankles. From the deflections recorded he had to
subtract the rig deflectlon, which as will be seen in section (5.2) was also
done in the experimental work of this thesis. For static loading Linn obaerved
the normal initial and creep deformations which he olaimed continued at a
deoreasing rate for up to 24 hours. However with oscillations in loading
the deformation becams constant at a steady value within 5-6 mins, showing

some recovery is taking place between cycles. He noted recovery was also
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speeded up if oscillation was allowed after load removal.

Simon (1971) studied the differences in intrinsic elasticity
demonstrated by variationa in indentations produced on similarly thick specimens
for the same stresses. The differences between species corresponded roughly to
the variation in water content of these species. He found the inatantaneous
recovery on removal of load to be always less than the insgtantaneous compression
on application of load. Mcst of the_deformation on indentation was observed
to occur in the upper 50% of the specimen, which was discovered by successive
removal of' layers. He also performed oscillatory tests at a frequenoy of 1Hs
and found the final deformation was less than with constant loading, a similar
finding to that of Linn (1967). Frequency of loading was investigated, and
as loading periods were increased so did the final deformations, until for
periods of loading of 60 seconds or more the final deformations were the same
as for static loading.

Radin et al (1970) investigated the dynamie foroe transmitting
properties of subchondrel bone and articular oartilege from the metatarso-
and metacarpophalangeel joints of cows. The tests were between parous plates,
but not confined; howsver they state that the dimensions of the specimena were
such as to count the effect of barrelling as negligible. The compliance of
oartilage decreased with inoreased strein rate and the transmitted peek foroe
inoreased as impact load rate increased. The values of elastioc modulus for
cartilage quoted inorease from 5 - 10 MN/m2 gt sero strain to around 50 BIN/m2
between 15 and 25% strain depending on the surrounding liquid and strain rate.
They concluded that synovial fluid in a joint has no significant foroe
attenuating qualities, but cancellous bone is equal or better than ertiocular
cartilage in its attenuation of dynamic peak forces, although it ig about ten
times stiffer because there is physiocally much more bone than there is cartilage.

In another paper on the subjeot, however, Radin and Paul (1970) state

that only bone and the periarticular soft tissue of the joint have foree
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attenuating properties and that artiocular cartilage like synovial fluid
Plays no part in this attenuation. These findings were from work on intaot
Joints by succeasively removing each of the components under investigation.

Maromdas (1973) summarises the reaponse of artioular cartilage to
static (long-term) loading and to cyolic loading. She maintaing the same view-
point as Limn (1967) that at each load application in the cyolic cases some
£1uid will be lost which is not fully imbibed in the unloadsd half of the
oyole, a process which continues until steady state is reached when the
cyclioc load imposes an elastically recoverable 'instantaneous' deformation on
the steady state deformation. This viewpoint is not shared by Yannas (1970)
who maintaing that fluid transfer in loading and unloading of oartilage is a
linear relaxation process, and at normal walking frequencies no residmal
permanent deformatien oocurs, the recovery curve being an exact inverted
image of the creep curve,Yannas draws olose correlation to the work of
Bawards (1967) and olaims good agreement with the work of Linn and Sckoloff
(1965).

Freeman et al (1975) studicd the stress-lowering funotion of
artioular cartilage. The work was similar to that of Radin et al (1970) but
Freeman et al used intact joints. They studied the response to cyolic loading
of the intaot joint, the cartilage alone, and the bone alone, after removal
of the cartilage. Their findings showed that for healthy Joints ewven up to
2000 cycles there was no recordsd permanent deformation, but after removal of
the cartilage the same loads caused fractures in the bone and permanent
deformation. Therefore cartilage prevents the maximum stresses exoeeding the
fatigue fracture level.

The findings of other workers that for short loading periods flow
proceases do not play a dominant role in the deformation of articular cartilage

were again upheld by Heyes and Moockros (4974). They performed uniaxial
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(confined) compression tests and torsion tests from which they obtained values
of bulk modulus, elastic modulus and Poissons' Ratio. The ocartilage deformed
similerly in the initial stages with or without & free draining boundary,
leaving them to conclude that fluid flow was negligible at this stege. They
quote values of Young's Modulus as 1.2 x 107R/n2 for short term responses

and 7.1 x 10€M/h? for long term responses.

~2+4 _The_Lubrication_of Synovial Joints ) _ _

The desirability of low friction in human joints is now widely
aocepted but the methods by whioch this is achieved are still in question.
Many workers feel that not only would an effective lubricating film reduce
friction, but also minimise wear and surface damage of the joint. There have
been several proposed mechanisms, hydrodynamio, boundary, weeping, elasto-
hydrodynamic and various combinations of these.

Originally hydrodynamic lubrication was favoured, MaoConaill (1932),
but Charnley (1959) disputed this, putting forsard arguments in favour of
boundary lubrication. However he questioned the origin of the fluid film
between the articular surfaces; did it originate from the free cavity of the
joint or from the deeper layers of the cartilage?

Around the same time McCutchen (1959) first posed his idea of a
'wesping bearing' and followed this (1966, 1967) with the idea of a possible
'osmotic lubrication'., ‘Weeping lubrication' implied a special form of sslf
acting hydrostatic bearing composed of a soft, elastic, porous layer of
articular cartilage, lining a more rigid impervious backing. The important
Peatures of the layer were that the modulus of elasticity was low and that the
pores were closed distally from the articulation by the impervious bone
substrate. The effects of this combination, according to McCutohen, were to
allow the elastic matrix to deform while the applied load was carried by the

incompressible fluid within the matrix, Thus fluid film lubrication could be
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affected by allowing fluid to 'weep' from the cartilage matrix. The 'osmotio'
explanation Sﬁ the boundary lubrication involves the constituents within the
synovial fluid. The large molecules within the fluid are laid down on the
cartilage surface, forming a ocarpet-like gel. As the fluid is pressurised
under load the watery base fluid disperses and the volume of the gel deoreases,
hence increasing the osmotic pressure, and the gel volume-tries to expand.
McCutchen says this osmotic pressure would help to take the load.

Tanner (1966) introduced another possible lubrication regime,
elastohydrodynamic (e.h.l.). He suggests that e.hel, is the principal load
carrying mechanism, but in the small areas of cartilage contact, which produce
the friction, there must be boundary lubriocation. This boundary lubrication,
he states, would be provided by the long-chain hyaluronic acid molecules in
the synovial fluid,

Pein (1967) proposed that synovial joints were probably squeegze film
lubricated, with the film being replenished by hydrodynamic action when sliding
or rolling occured. Dowson (1967) in summarising the previous thoughts on
lubrication problems, concluded that classical hydrodynemic analysis was
inadequate but e.h.1l. films may be formed during normal movement. Squeeze
film aotion might preserve the lubricant after motion stops at the end of each
walking cycle, but he felt that the e.h.l. films would be unlikely to persist
under severe conditions of little or no sliding. Therefore the synovial fluid
must act as a boundary lubricant to encourage low starting friction. The major
lubrization mechanism then ssemed to be a combination of e.h.l., squeege film
and boundary, depending on the circumstances at the particular time.

Nalker et al (1968) and Dowson et al (1970) proposed yet another possible
mechanism, that of 'boosted' lubrication. They came to this conclusion after

a study of the geometry of the surfaces involved. They found the cartilage
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surface to be rough compared to most engineering surfaces, and considering

the size of the molecules in synovial 1luid and possible film thicknesses,
these molecules must play an important role in lubrication. Using the earlier
work of Maroudas et al (1968) they postulated that under pressure, a gel of
concentrated synovial fluid formed as the hyaluronic acid molecules were too
large to pass into the cartilege along with the base -fluid. This gel became
trapped in pools between the asperities. 'Boosted' lubrication was therefore
baesed on the formation and entrapment of these pools of concentrated (and
therefore more viscous) synovial fluid.

Higginson and Norman (1974) in a theoretical and experimental study of
possible lubrioation mechanisms, concluded that the permeability of cartilage
was too low to be a significant faotor in lubricating joints exocept perhaps
under oconditions of extremely thin films when boundary lubrication regimes will
be dominant. This work suggested that lubrication regimes involving short term
flow into or out of the cartilage would be ineffeetive during normal movement.
Such mechanisms are 'weeping' lubrication and 'boosted' lubrication, which was
analogous to the first enrichment mechanism investigated by Higginson and Norman.
The second enrichment mechanism (filtration) and entrapment process seemed to
be most likely., These are not exclusive systems, entrapment being an e.h.l,
pheﬂomenon during thick films and filtration taking over as the film closes.
Finally they conclude "that the mere presence of the sof‘t impermeable layer
has a greater effect than do either of the complicated mechanisms of 'weeping'
or enrichment",

These latter findings of Higginson and Norman were based on simulated
cartilage materials{ however the work reported in chapter 5 of this thesis,
both experimental and computed, supports their findings. Fluid flow into or

out of the cartilage is shown to be insignificant under oyclio loading having
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n
a frequency similar to that encouﬁ?red in walking, So it seems unlikely that

this mechanism has a significant role in the lubrication mechanism of human
Joints.

More recently Mans>ur and Mow (1976, 1976a) have published their
findings on the lubrication mechanism present in synovial joints. These findings
are based on_a three-layer computer model-of articular ocartilage. They
modelled both healthy and degenerate cartilage and produced the flow fields in
each under load. The calculated flow field for healthy cartilage (i.e. that
with an intaot surface of low permeability) shows that the tissue creates a
naturally lubricated surface, The interstitial fluid is exuded in front of
and near the leading half of the moving surface load, and imbibed behind or
near the trailing half of the load. However in degenerate cartilage (1.e. that
with a high surface permeability) the flow is out of the loaded region and
therefore cannot aid the load carriage and formation of a lubricating film.
They olaim that neither 'weeping'nor 'boosted' lubrication fully desoribes the
predicted process of Joint lubrication,

Their findings however are in contrast to the findings of Higginson
and Norman (1974) and those in this thesis, both of which support the view that
for the short loading periods in a normal walking cycle, with the permeability
of cartilage being so low, flow processes play little part in the short dynamic

deformations and therefore lubricatlion of the joint,
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3 Theory
3.1.0 Mechanical Model of Artigular Cartilage

An initial formulation of a programme to model cartilage was produced
and documented by Litchfield (1974). Purther development work has since been
done and a modified programme produced.

The model is designed to reproduce the load/deformation/time
-characteristics of a-porous solid.. Then by chooging distinoct boundary
conditions and data the model can be used to reproduce approximately these
characteristios for articular cartilage.

The main restriction made on the theory when applying it to ocartilage
is that deformation is uniaxial and there is no lateral strain. Some
Justification for neglecting lateral strains is found by corsidering the
geomstry of a highly conforming jJoint such as the human hip Jjoint. The
thickneas of cartilage in such jJoints is only about 2.0 mm wherees the load
is applied over an area of several omz. In such a case axial strains will
predominate., Further, the main aim of this investigation ias to secure an
understanding of the mechanical bshaviour of cartilage, and much of the
experimental information available has been obtained under conditiona of
axiel symmetry, sometimes with gero radial strain,

The deformation of artioular cartilage can be separated conceptually
into an "elastio' component which would exist alome if all the fluid in the
matrix were unable to move, and a 'fluid' component arising from the flow of
fluid into and out of the solid matrix. In evaluating the seoond, the matrix
and the fluid will be treated as incompressible.

The computer model is a fluid flow model and all volume change

within the specimen is brought about by fluid flow into and out of the matrix.
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The basic assumptions for this ares~

1) The deformation is uniaxial

2) The fluid 1s incompreasible

3) The solid matrix is incompressible

The model therefore deals with only one of the two responges to load of a
porous solid. DBecause lateral strains are excluded, the magnitude of any _
'elastic' component of deformation would be restricted to the order of the
bulk modulus effeot and be very small compared to deformations caused by
fluid flow.

The load/deformation/time model must allow large strains and
incorporate the resulting changes in the relevamt property values. The three
fundamental considerations that must be satisfied are:-

1) EBquilibrium
2) Continuity of flow
3) The law governing fluld flow in a porous solid

The law governing fluid flow in a porous solid, Darey's Law,
incorporates a term p, the fluid preasure. When relating this law to articular
cartilage the value of p usad in the programme is taken as the value of the
fluid pressure relative to the equilibrium osmotic pressure. The osmotic
pressure arises from the physico-chemical effects of the solutes in the fluid,
and honce complicates any asaessment of the contribution of the fluid pressurs
to load earriage in cartilage. This can be obviated by using as the 'base'
behaviour the experimentally determined statio load/displacement character-
istics of artiocular cartilage, taken as the equilibrium displacements for a
series of inoremental loads. This then inherently builds into the programme
the effect of osmotic pressure and any caloulated value of P can be considered

relative to this.




3.1.4 Continuity

U+ d_gdl’
//, dr

DIAGRAM 1

Consider the element in diagram(1) with cylindrical coordinates dr &9 dz
The continuity equation gives:-

flow in = flow out + rate of volume change
If U is the flowrate in the radial direotion, w is the flowrate in the axial
direction, and because of axial symmetry 80 remains constant, and dr  also
roemains constant as only uniaxial atrains are congidered, then the continuity

equation becomsst -

u(rd03z) +» wiredr )60 &r =(u+dudr)(r.dr)d04z
7 3r
. (:/w gzw Jz)(r.gzr_ Y Odr

+Ve

(1)
where Vg 1s the volume (roé'z[)dgé-r dz = quz

where (, 1s a constant end with 6O and dr being constant

V = d(&Z)
LI dt
Now dz = dz,(1-¢,)
_ _[dz -dz
e, - (%)
and o
d_z = -dZOEZ

dt -21 -



where dz, 1s the initial value of dz and €, 1s the axlel

'engineering' strain. With the convention taken such that compregsion 1is

positive
Therefore \.’e =~ dz éz
- - CO dz éz
1-¢
Vo= - (re 8 €,
Ve (r %erd dz _ (2)

1-€
- z
Substituting equation (2) into equation (1), oancelling equal and very small

terms leaves the oontinuity oquation in the form:-

u  dy dw

+ +

) _€z_ =0
A R (3)
3e1.2 Fluid Flow
The modern extension of Darcy's Law will be used to relate the
flow rates to the pressure gradients. Although flow is assumed axially

symnetric, radial and axial permeabilities could be expeocted to differ.

Daroy's Law gives gz K dp

K, and K, are radial and axisl permeabilities fz is the dynamio

visocoaity d?.
du = = _PSL P - .]_ d.!&'_ d_E.
dr N dr? 1 dr dr
w . -Y dp -1 d dp
dz 1 azZ N dz dz

Subgtituting these into the continuity equation gives

o, Kalb , A b &
T a2 w0 W

o

Kedp , Kedo, dK
r dr dre dr

where P is the value of fluid pressure, relative to the equilibrium

osmotic pressure.
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3¢1.5 Bquilibrium and the load carrying mechanism

In order to use the value of p calculated from equation 4
consideration must be paid to the roles played by the fluid and the solid
matrix in supporting the applied load.

It can be assumed that at any time and in any layer of the porous
s0lid the applied load will be supported by the sum of these two components.

Fo= F5 +F (5)
Fq = applied foroe
Fs = component carried by the golid matrix
Ff = oomponent carried by the fluld in the form of hydrostatic pressure

Bquation 5 can be rewritten as

GJdA = 6gdA + pdA (6

where 6g is the load per unit area carried by the solid matrix

6a 1ia the applied load per unit area
Litohfield (1974) oconsidered the fluid pressure to act solely on an area JA
the area of the fluid is a given layer. This is now believed to be an erroneous
agsumption as, although the arca of fluid is less than the total area by the
factor of porosity, JA = nJdA where n  1s the porosity, the effect
of hydrostatic presaure will be transmitted throughout the whole solid as
hyaroatatic stress

Bquation 6 could be rewritten as

GGJA =GSJA + p(1=-n)dA -« pncfA (7)

where the terms (o5 A + p(1-n)dA ) are in fact the total load

carriage capability of the solid matrix and pmfA is the load carriage
capability of the fluid in the layer.

The value of p therefore in equation 4 incorporates the laat two
terms of equation 7.

Equation 6 can be used to work out the squilibrium strain, by
knowing the value of 65 at this point
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6, = [n(€,)

This funotion can be calculated from the variation of &

a with Gz when

p is mero, as at this point equation 6 becomes & = S
When p is zero the fluid pressure throughout the porous material is zero and
hence there is no fluid flow. 2ero in this case referring to sero gauge
pressure, the external fluid pressure. [f there iz no flow, there is no
inorease in €, and the material has reached equilibrium,

From experimental work the equilibrium GQ— €, charaoteristios
have been obtained, and although non linear they are reversible and repeatable.
A good empiriocal fit to these characteristics is

@ =& = _a6 (8)

1 - 5
where @ and b are oconstants and ez the compressive strain. When loads

are applied produoing strains very oclose to the initial porosity of the
material the pores at the surface ¢lose, allowing nmo flow, and any increase
of load after this point is compressing solid only. Thia can be seen from
the uﬁprtotio nature of the @,—¢c, ourves at strains near the value of
porosity.

In equation 8, a can be regarded as the static or slow strain
modnlus at small strains and b the non-<linear effect at large strains.
3e1o4 Permeability and Porogity Variation

A final oconsideration to be taken into ascount in the formulation
of the computer model is the way both permeability and porosity vary in a

porous solid, as that solid is grained

i.8, n = ‘F'l.(ez)
K. = fn(€)
Ky = fm(€,)

From Litohfield ( 1970 it is shown that

"= (::z) (9)
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where n 1is the porosity at a given strain €,
and v 1s the unstrained porosity of the porous golid
Litohfield (1974) also investigated the functions P\,_ ) f"s
as there was no documentation of the effeot of strain on permeability. This

was done with e polymeric filter material of porosity 0.4 and the results
showed that
5
Kr o (V - eZ)
i 1-€ (10)
3
Ky o (v-E€,)
(11)
Bquations 9, 10, 11 are used in the computaer model
302 giﬂ Flow
3.2.1 ZTheory related to the special cage of axial flow only
Already assumed through axial aymmetry is the faot that % =0
now in the axial flow case variations of pressure and permeability in the
radial direction are sero i—r =0
Flow cannot take place radially, nor can strains vary radially, and the
effect of an applied load is to produce only axial flow and axial gtrains.

The problem is therefore reduced to ome dimension.

Bquation 4 becomes
szz + didp - 'Q_z.e = 0
2 T e (12)
The permeability variation with strain in equation 11 was shown by

Litochfield (1974) to be reasonably approximated by

v3 (13)
Again the agsumption leading to equation 5 and the experimentally determined
q]— ez relationghip of equation 8 must be used.

In future, when oonsidering axial flow only, all z suffixes oan be dropped.



Je2.2 Dimengiongl Anglygis for Axial Flow

Caloulations and presentation are made more compact by the use

of dimengionless groups.

The relation between displaocement and time for a given mode of
loading 15 obtained from the solution to equations 6, B, 12, 13 for the
axial flow case.

The independent variables in a study of articular cartilage behaviour

or any porous solid are:-

d  aefleotion Dimensions L
Z, initial thickness L
Sa applied stroas EM—TZ
tims T
v initial porosity —_
K, 4initial permeability 12
M
IL viscosity LT
M
a oonsgtant L_Trz

b oconstant

I

ifrom equation 8

Using these variablea the aystem ocould be desoribed by 6 dimensionless

groups, however on studying the governing equations, it can be seen that Ky

and fl appear only as a ratio, so one variable oan be omitted and hence
J:ﬁl(zo.q.t.v. ., a,b)

This compactas the system to 5 dimensiomleas groups.

Using the Buckingham P) Theorem these groups appear aat-
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The fluid pressure p, which cannot be counted as an independent
variable in the problem, can however be represented in a dimensionless
manner, by meking it an extra group im the form of -%

Equation 12 must now be represented in terms of these groups
(NoB. dropping suffix z )

3
Write K = v~-€ . &)
reog) ey "
On substituting for K and dividing by K, throughout equation 12 becomes
de
¢<e).df% M @(6) dp + fl Cdt =0
dz dz dz K 1-€ (45)
Writing
T=Koat s P - P ’ 7 = z
1% o %

on gubstituting for t , equation 15 beocomes:-

qS(e)dp . dde) dp - __nQi— -
dz2  dz dz Ko'Zzg1-

subgtituting for p

d)(e)adzp. dde) adp + a jﬁf-_ o
dzt dz  dz  zl1-€

substituting for 2

(b(&') c[dzP * d¢(€)ddp + j}% =0

zofﬁz dz 72dz _'21-—(-:-

The finsl uaenaio¥ representation of equation 12 is

€
b©rdr . dd@dr . ir =0 (16)

dz4 dz dz 1-€

3¢2.3 HNumerioal Method for Computing
The solution to the governing equations, giving variation of

deformation with time under specific loading is obtained by a relaxation

method and finite difference formulae.
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A finite difference formulation of equation 16 must be used to
give an expression for the fluid pressures in terms of local strains and
permeabilities in the material. As all loading was through flat plates it
was assumed that strains in any horigsontal plane were equal and hence fluid
pressures in any one layer ocould be integrated to total fluid force in that
plane,

Initially at time T = O the total thickness is divided into squal
increments of depth /\Z and hence finite difference representation of
equation 16 would be relatively straight forward. Using a technique of equal
inorements of depth, after each interval of time the new total thickness
would need to be redivided into equal inorements, which would have no
rolationship to ths points within the solid during the previous time interval.
Therefore in order to keep to the same sections of solid for each time
inorement, s0 as to enable comparison of the effects of time on certain
cross-sections of the solid throughout the loading period, finite difference
equations are required that allow for variations of AZ that are nmot constant
with time or with distance from the surface.

The method of obtaining such finite difference equations for
varying step lengths of AZ follows

Refer to figure 3.1s

An imagindry point (Py,, )' is obtained, which is at an equal
inorement sbove P as P:-, is below it. The gradient of the straight line

joining these points is then assumed to be the same as the gradient at

point P;
OZy.
1ce. (gf) . R-R., * A7 (Ra-P:)
oZ £ 4 20Zz- (17)
Similerly
5 f Ay g _Q
(d_.¢> = - I-l’ ! ¢1+| Z) (18)
dZ/z 247,
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A similar method is used to obtain (H‘Z'z >I o Here two imaginary points
must be utiliged. See figure 3.1b.

The first eveluation of ( ’:) i3 obtained from using the change in the
oy

) !
gradients at pointa P __ ¥ and (%""b. » & point halfway to (%.,.)
This givea Zg.1 S

(’dzp> = Ra- Pre BB -Fr)

dz I 2 (AZ:-, )T '
The second evaluation of L:E%I - 1s obtalned from points (’P,_}h) s 8

point halfwey to point (Pr-n) » and point P,
This gives aZr
(EE%) LN Y (Pt "PI—Q
dZ</x AZIZ
As both of these evaluations are only an approximation of the truth, and are

on either side of it, an average of both was taken arriving at the final

presentation: -
dzp) = AZI + AZ,, B Pre - Pz( 1 . (19)
(-CT?-I 2AZ IAZI-I Azz-: AZ, AZ I-1 AZl‘-

Bquations 17, 18 and 19 are put into equation 16 to give
PI = ﬁ\ (Pl-+l )PI-I ) ¢I ’¢"" ) ¢I">

Finite difference presentation of P, where 1 = {1 will not be possible

as P

5 is non-existent in the programme.

Therefore to find '?, a technique is used which fits a polynomial to

points P end F, and from this ourve fit polynomial point P

y oen be

eatimated. This polynomial turns out to be

2
R = (aZ+AZ, 0P, - A2lh

20 NZ, + AZ,2
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34204 Computgtion
A flow diagram of the computer model is shown in figure (3.2).

The solution to the dimensionless equations giving variation of deformation
with time under specific loading is obtained uging a relaxation method and
the finite difference formulae.

The programme uses increments of dimensionless time AT and of

depth-AZ - - -
Initially a guess is made of the strain in each element of depth,
from this values of ¢(E) and then P are calculated for each depth. A
summation of these 'pressures' at any cross~seotion gives the contribution
of fluid pressure to the 'load' at that seotion and hence by difference from
the total applied 'load' the ghare of 'load' carried by the matrix. Onoce the
matrix Stress' is oalculated the strain can be obtained. This strain is then
oompared with the initially guessed strain, and iteration continueg until
convergenoce is achieved for one time interval. The programme will then print
out the straim and the dimensionless time. Time is then inoreased by AT
and the procedure repeated until no increase in gtrain is achieved by inoreasing
time, at which point the equilibrium has been reached.
5.3 Rediel Flow
3e3.1 eory related to the oi e of redial flow o
Again, already assumed through axial symmetry is the fact that
-;%= 0 s now in the case of radial flow only, changes of permeability
and porosity in the z direction are also sero, %; =0 and K. is
a function only of time

Equation 4 becomes

K + K dz * Zé = 0
_?:dF: ki 1_€zz (20)

Integration and caloulation of oconatants gives

. 2)

2
p = (R -r
krﬂ -€) (21)



To ocaloulate the fluid force at a level in the specimen equation 21 is
integrated from O -R over an ares of 2Trér

R .
F¢ = /S (RE- r2)21reér

o 4K (1-€)

n &, T R
8 K (1-€) )

Ft

(22)
The permeability var:.ation with strain in equation 10 was shown by
Litohfield (1974) to be reasonably approximated by

Kp = KI (v '62)5
v3(1 -€,) (23)
Then equation 22 beoomes
Ff = 1 ezrr RA v S
8 K, (v-E,)° (2)

Here again the assumptions leading to equation 5 and the experimentally
determined §—&, relationship of equation 8 must be used.
In future when oconsidering radial flow the suffixes Z may be dropped.
The final representation of equation 5 in the radial flow case becomes:-
6, TR, agTR* | né&mR
1-bg, 8K, (1-€,) (25)

303.2 Dimengional Analysis for Radial Flow
Agein dimensional analysis was used to rationalise the computation

of the radial flow case.

The relationship between € and time for a given mode of loading
is obtained from the solutionas to equations 5, 8, 20, 23, which are combined
in equation 25,

Because the specimen is uniform through the thicknesa, Z =(
%

-51_



is uniform through the thickness also, and € varies only with time.

The independant variables beoome

€ strain Dimensions -

6q applied stress L_Mrz
t time T
R Radius L
K, Initial permeability - L2
_a congtant M

from equetion 8 LT2

b conastant _—
v initial porosity —
Il visoogity LiT

Again, K & 'l as with K, &fl iz the axial flow case, oan be combined

as a ratio since they only appear together and hence: -

€ = fu(@a ,t,R,a,l'(l_.‘ b,v)
Using the Buskingham P! theorem agein, the 5 dimensionless groups appear asi-
_ & K, at )
€ = F" (‘a— ' i’ﬁ‘l‘ y B

Bquation 25 must now be rewritten in terms of these groups

Firstly write

5
KI'= K (V'e as KT = K,\’,(G) (26)
vo(1-
Substituting for K and dividing by TTR2a  equation 25 becomes
6a - _€_ éR?
a 1 -be 8aK, J(e)-€)
Writ * = 6q and * _ Kadt
riting T" = Kat Z=2ama JT7 - Ka
17 ;®
Substituting >  equation becomes
2 de
g : e ., LR Jt
-be Ba K, Y(e)(1-€)
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Substituting for dt

2 = __€__ 1 de
1-b€ aly(e)u-e) dr*

Rearranging gives

— .di = = -.€_> Y1 - - -
o5 (2 = )8 y(er-)

(27)
Bquation 27 is the final dimensionless form of equation 25 required for the
computation.
3¢3¢3 Computation - Redial Flow

A Flow diagram of the computer model is shown in figure (3.3).

The solution to equation 27 throughout the time of loading is
brought about by an iterative method.

Initially a guess is made at the strain rate in the present inorement
of T* s Using this value of ‘;l% a value for € 1s calculated and used in
equation 27. This then produces another velue of i—% whioch 1s compared
with the initial one. The iteration continues until the guessed and calculated
values are equal. At which time the € is written out. The time is then
inoreased by AT“, a new guessed atrain is chosen and the iterations begin
again for the new increment of ™.

If required the programme can be halted when the final strain is
reached or the programme will continue at this time to remove the loading on

the speoimen and calculate values of strain in the recovery phase.

3¢4 Determination of overall permeability from the distribution of permeability

through the depth
The computer model as explained in the earlier seotions of this

chapter requires an overall value for permeability of the slice of cartilage

being oonsidered. This assumes that initially every point throughout the
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depth of the slice has the same permeability, and then,as time of loading

increases this value 1s modified by the term ( -v€ )3 (Equation 13). It is
possible in the computation to vary the parameters making up the dimensionless
groups and so define their effect on the strain/time characteristics.

However Maroudas (1973a) presented graphs showing that throughout the depth of
the ocartilage the permeability was not gonstant. It was decided therefore to
buiid into th; pz_-oyamme, not only the facility for changing the overall
permeability of a slice, but a distribution of permeability through the slice.
Ag Maroudas herself said "There does not seem to be a correlation with age,
either in magnitude of the permeability coefficient or in the shape of the
permeability versus depth curve".

The following analysis was devised to obtain a value for the overall
permeabilaty of a slice if the permeability at discrete points within it are
known.

Agsume therefore a slice of cartilage as in diagram (A), below,
divided into n sections. The overall pressure drop, thickness and permeabllity

are given by Po ’ Zo and Kz o For each of the slices these properties

are given by P_, » Z,_, » K n °
__ A DIAGRAM A
P. Z, Kk,
Pr Zy Ky .
- B ZO K,
P, ZaKa R
Now Darcy's Law states
w = -K dP
n &
or Total pressure drop, P . - x Volume Flow x Total Thickness

oU
"
'
E
N



This law can be applied to each seotion giving

P=- wz.’ , p":-fZWZ,.
k, Kn
Since

- _“,?_' - - -_QW_Z,.‘_ - -‘ZV_VZO
K, Ka Kz

Since the flow through each slice must be the gsame, with no radial flow,
and this must equal the total flow out, therefore:-
Z ZO

_z_'_ * _z_a-+ + N
k, K, K K,

If you now consider all sections to be of equal thickness this gives

Z.J_o_]_o +1 =Zo
[+ % FJ %

Since Z°= nz,

This 1s easily expressed as
1 (l_ -
n 2 k ) K, (28)

and gives a method for calculating the overall permeability of a slice from

a known distribution of permeability throughout the slice.
305 The Blagtic Modulus Calgulated from Confined Tagts
Considering now an ideal Hookean solid in the eonfined situation
with strains restricted to the axial,Z , direction only, the elastic modulus
E*= é& is not simply either the Young's Modulus, E, or the Bulk
Modulust s of the material. The following analysis of the situation produces
a term for this modulus in terms of the Bulk Modulus and Poissons' Ratio of

the material.
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For the confined test, € = 0 and €p=0

However when applying 6, , S, and S are not gerc.

From Hocke's Law

Ee, = 6,-v(Sp-6,) (29)
Ee, = 6, - VG, (50)
T T Eeg = 65-6,-6) (3)

Substituting and rearranging gives

E* =% = E (5,-_,9)

G () \g & (32)
Substituting again for 6 and 6g produces
E* = _6_2- = E(1-v)
€2 (1-20)(1+») (33)
Since
K = E
3(1-29)
%2 3K (1-v)

3t
This shows that for the oonditions of a confined test the modulus,E ,
caloulated from the oscillating load experiments, is:-

M < of al gtress
Magnitude of axial strain

From equation 34 it can be geen that as

\3—9-;— , E¥ 5 K 5 °

and in general, for 1 < .;_

]

E > K
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4. The eriments and Deaign of the Test Ri
4.1 Propoged Teats

The aim of this work as laid out in the introduction has been to
investigate the load/displacement/time behaviour of articular cartilage under
compressive stresses such as are pregsent in the lower limbs,

Ag shown in the literature other workers have done ogppfggsion tests
on afticular cartilage and published results. Most of their tests are of the
indentation type, which are easy to perform but less easy to interpret.

Other tests have been mainly of the conventional unconfined compression typs;
very fow of the oonfined compression type have been reported. See figure 4.1 .

Indentation tests are useful in providing comparative studies of
variation of properties across an intact bone end. They are usually performed
by applying load through a blunt ended indenter at right angles to the
cartilage surface. Removal of the cartilage from the bone is not regquired
and therefore no errors arise from damesge to the cartilage on removal. These
tests are probably the least realistioc in relation to the asctual loading of
a Joint.

The unconfined tests as carried out by several workers in the field
are not as simple to perform, but the results obtained are relatively easy to
interpret. Load is applied to the specimen through impervious pads above and
below the specimen., These tests have the disadvantage of requiring a specimen
to be removed from the bone end before testing. This naturally introduces
the possibility of errors arising from damage to the cartilage around the out
surface, and moreao if the cartilage ias also removed from its underlying bone
for testing.

For a oconfined compression test also a speoimen must be removed
from the joint, and it is tested either on the bone, or as a smwall diso of
cartilage alone. The test is performed in a cylinder and piston arrangement,

with the oylinder walls and base impervious and the piston made of a rigid

_37-



porous material. This arrangement applies load axially to the specimen and
allows axial strain and flow. Radial strains and flow are prevented.

In indentation and unconfined compression tests all recorded results
show an 'instantaneous' defleotion on the application of load, followed by a
creep component, with a similar sequence being followsd on removal of load.
The work by Elmore et al (1963) has shown that given time and an appropriate
surrounding fluid articular ocartilage will recover from compressive strains
of up.to 50%.or more. - - -

The action of cartilage under load can be divided conceptually into
two parts, being em an 'elastic' reasponse which would exist alone if the fluid
in the matrix were unable to move and a 'fluid' response arising from fluid
flow in the matrix. The magnitude of the 'elastio' response will be dependent
on the constraints on the specimen; especielly in a material with a much higher
volumetric stiffness than sheer stiffness. Higginson et al (1976).

In unoconfined and indentation tests the ‘elastic' component of
deformation will be substantial as there are few constraints on the specimens.
This probably acoounts for the major part of the instantaneous deflections
recorded.

In an aoctual joint, however, where cartilage is in the region of
2 mm thick and the load ia distributed over a contact area of several square
centimetres, the strains will be predominantly in the directlon of loading.

In this ocase the 'elastio' component will be restricted to the order of the
bulk modulus effect.

For this reason it was decided that the majority of tests to be
performed should be of the confined nature, as described earlier, as this most

closely parallels the conditions of cartilage in a load-bearing Joint.
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L.2 Modes of Testing and requirements from the Rig
The work aimed at investigating the creep response of articular

cartilage to applied loads indicating fluid flow in an axial direction. These
oould be termed as static tests or long term tests.

Investigation was also required into the dynamic response or short
term reaponse of cartilage to applied loads. To do this it is convenient to
apply a ginusoidal load and study the periodic response of the cartilage. The
load and response can be monitored to give hysteresis loops, from which details
of moduli and phase angles can be taken. However any applied sinusoidal load
will have a mean value over a cyole and this will act as a static component of
load with the sinusoidal component superimposed upon it. The response will
therefore be that of a typical oreep teat with an applied load of the magnituds
of this mean wvalue with a rippling response due to the sinugoidal load.

Therefore the two major requirements of the rig were to enable both
static loading and dynamic loading of the specimens.

The rig had to includs facility for confining the specimen, preferably
with as little friction on the aylindrical surface as possible. The loads
applied to the specimen must be axial, and there must be facility for recording
then. The deformation of the cartilage must be monitored against time, For
tests involving the recovery of cartilage from a atate of loading the cartilage
must have an ample supply o7 fluld.

The requirements of the teat rig were therefore:-

a) To hold the specimen in a low-friotion confined manner, allowing liquid
exohange through one end surface only.

b) To keep an ample supply of immersion fluid available to the cartilage

o) To apply axial load to the cartilage

d) To have facility for making this load either static or sinusoidal

e) To have facility for recording this load.

£f) To have facility for recording the displacements of the cartilage
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43 Design of the Rig
4o3.1 Specimen holder

The spsecimen was of oylindriocnl form with parallel ends and therefore
the holder was doaiggod as a thiock walled brass oylinder with a permanent
P.T.F,E, lining. See figurs (4.2).

The specimen was introduced into this tube between the impermeable
piai; eQ& of the ;iunger and a fine sintered bromge disc, with the bone end, or
out surfece of the cartilage, against the impermeable plunger. This then as
closely as possible allowed no flow radially or upwards, and only flow downwards
through the sintered bronse disoc from the ‘'free' surface of the cartilage.

This bronse disc hed a reasonably smooth surface in contact with the cartilage
to avold extrusion of cartilage under load into the passages of the disec, but
had much greater permeability (about 108 times bigger)than the cartilage and
hence did not inhibit fluid flow out of or into the cartilage.

This diso rested on a spigot in the centre of the stainless steel
fluid retaining dish. The spigot was perforated with small interlaced holes,
again to allow fluid flow,.

The level of the fluid, Mammalian Ringers Solution, in the dish was
maintained above the level of the ocartilage in the inner tube. This was to
cause a slight positive pressure gradient, as irn the recovery tests the design
of the rig required fluid to flow upwards into the cartilage as it is swelling,

The dish was located centrally on top of the load recording device.
The perforated spigot in the centre of the base of the dish and perpendicular
to it, engured the faces of the sintered bronge disc, the cartilage and the
plunger were parallel to the base of the dish.

The permanent P.T.F.E. lining to the tube surrounding the specimen
ocaugsed considerable problems at first. The P,T.F.E,, being unstable and very

dependent on external conditions, was difficult to machine to the exact



dimensions required. These dimensions were such that the specimen 0/D

should be as closs as possible to the ?.T.F.B, I/D to eliminate radial strains.
After a few tests with this lining the specimen holder was removed from the
rig and studied. This showed a permanent deformation of the P.T.F.E., in the
region of the specimen, The pressures in the specimen during tests had so
deformed a local area of the lining as to invalidate the tests as being
oconfined. Althouzh the two ends to the tube-had dimensions required for
confined tests the I/D at the point where the specimen was housed during tests
had been greatly inmoreased. This problem naturally had to be overcome and it
was decided to remove the permanent P.T.F.E, lining,

It was felt, however, that a lining was necessary to minimise friction
inside the tube, but anything regarded as permanent was discounted as ocomstant
monitoring of its I/D would be laborious. A thin walled P.T.F.B. sleeve
readily available on the market and with an I/D very close to that required
was used in all future tests as the tube lining surrounding the specimen., It
had the disadvantage of requiring a new cutter to be made for obtaining
specimens of its exact I/D, but had the advantage that for each new test it
was & simple proocedure to replace the sleeving.

The plunger which can be counted as part of the aspecimen holder
had to ensure that the load was applied axially. To do this the lower face was
flat and in contact with the specimen and the upper end was hemispheriocal.

The load was then applied to this hemispherical surface through a coned member,
allowing self-centring of the components and axial loading.

The effectiveness of this system to apply axial loads and reduce
friction was tested by inserting firstly solid steel specimens in place of the
cartilage and then samples of rubber, both of similar dimensions to the
cartilage specimens. By applying known loads above the plunger and recording

load at the base of the dish, the load transmitted through the specimen and
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the amount of load lost due to friocticn could be measured.

Over a series of tests oonducted the average loss to friction was
2% of the applied load. This is reasonably small and in fact does not need
to be accounted for in the caloulations of the results as the load used in
these calculations has always been the load recorded by the load cell, not
the applied load, This is done as it can be guaranteed t@ﬁf load received
by the load cell is ;;tually t;ansmitteé thr;ugh the cartilage, whereas
applied load, as shown, oan be lost before application to the cartilage.
ho3.2 Load recording

The rig where possible was to be designed around already available
ingtrumentation or instrumentation easily made up. This was done both from a
cost point of view and for speed of manufacture of the test rig.

Some analysis was performed on the design of a suitable sized load
sensing device, using strain g%%ges, and this could have been acceptable.
However, already available in the laboratory was a D90/250 Sangamo Controls
Proof Ring Load Transducer and a Sangamo Direot Reading Transducer Meter
type C52. Therefore for speed of manufacture of the rig it was decided to
use these as the load recording devices. The Load cell has a basic accuracy
of 0.1% full scale deflection and when used with this meter will give accuraaqy
of 1% of the selected range. Although this meter has a maximum rated load
of 111 its smallest selected range is O-il.5N with the acouracy of 1%.

This load transducer was used on its lowest two ranges O=44.5N and
0-114.2, and proved perfeotly satisfactory, both statically and dynamically.
ke3.3 Load Application

As stated, the load must be applied either statically or sinusoidally,
and in sinusoidal tests it should be possible to apply a constant load plus a

superimpoged oscillating component.




The static loading caused little problem as a yollke could be employed
to rest above the plunger and have weights added at a point beneath the
specimen. By having the weights centrally placed and the upper member of the
yolk coned at the point of contact with the domed top of the plunger, the
system ensured axial loading. The yolk was lowered by hand onto the plungsr
head, using a forked lever arrangement.

- For the sinusoidal loadinig & more elaborate mechanism was required.
The easiest and cheapeat way of applying such a load was thought to be an
ecoentric on a rotating shaft, acting upon a soft spring to keep loading about
oonstant as specimen strains. However a single eccentricity would not allow
the application of various magnitudes of oscillating load, and a s0lid cam
rotating across the top of a spring would induce sideways movements in the
spring and jeopardise the axial loading. A system was therefore devised to
a) provide a variety of eccentricities b) to apply a point load to the
centre of the apring, this point also being stationary o) to provide guides
for the spring to avoid sideways movement, and d) to allow alteration of the
oongtant load.

The spring rests on a lightweight carrier above the plunger. This
ocarrier is again oconed to allow gelf centring on the plunger and has a small
spigot for locating the spring centrally. At the upper end of the spring is
another spigotted member lucated in & P.T.F.E, bush allowing vertiocal movement
only. Above this are a series of smaller interlocking spacers. These can be
added to o>r removed to allow an alteration of the permanent deflection required
from the apring, giving the facility of choice of static loading for the teat.
The top spacer has a well defined domed surface, giving only oentral contaoct.

The variation in sccentriocity on the shaft is obtained by a com~
bination of a ball race with an eccentric bush and an eccentric on the shaft

See figure 4.3. The outer race remains stationary, in contact with the



upper domed spacer, therefore avoiding sideways foroes. The eccentric bush
and the eccentric on the shaft can be rotated with respect to each other and
located by a small bolt to give any of 10 eocentricities.

The central shaft is rotated by a belt drive from a variable speed
motor and gear bax.
4e3+4 Digplacement Reoording

The instrument for recording displac;ment had to be ;apagle not only
of recording the D.C. Creep deflections, which it was considered could be up
to around 1 mm, but also of detecting and measuring any superimposed oscillatory
deflection at all points during the creep phase.

It was decided to use linear variable differential transformer
(L.V.D.T.) type transducers for the purpose of reocording the displacement.
Thess are rugged, acourate and stable devices for detecting static and dynamio
displacements with infinite resolution, and with no wearing parts. The type
chogen was R.D.P. Electronics Ltd., D5/100 with a linear range of ¥2,54 mm and
linearity on ocalibration of 0.5%. A disadvantage of these is that the body
and armature must be mounted secparately, and due to the layout of the rig,
recording displacement im the load line was impossible.

The inability to record displacement in the load line, led to the
uge of two transducers positioned symmetrically about the centre line. The
signals from each of these JA and SB can then be fed to a Sangamo Switch
Selector Unit type C35 with outputs of SA , 8B and 8C where 6C =§A_*25_B_ .

S(: is therefore the displacement along the centre line of load application.

The displacement of the specimen should also be the displacement
between the dish and the top of the plunger. This fact was used in deciding
on the mounting positions of the transducers. The body components were
threaded into a 1lip around the dish. The armatures were threaded into the

spring support plate, in contact with the plunger head. See figure U4.2.



Relative motion of the armature and body sections is the deflection of
the cartilage.

The output of the transducers is again suitable to be fed to a
Sangamo direct reading transducer meter type €52/1
4e4 Ingtrumentation

As stated the outputa from the load transducer and the displacement
transducers are fed to transducer meters type C52/1. These give diredt
readings but no permanent record. To obtain a permanent record the filtered
output from these meters must be fed to a second recording system. Initially
e U.V, recorder was used, this appeared to work satisfactorily; however there
was too great a possibility of human error in interpreting the traces. The
U.V, record was in the form of two traces, one monitoring load and one
monitoring displacement, both the oreep and sinusoidal displacements super-
imposed. Therefore to obtain hysteresis loops for values of modulus these
had to be transferred by hand to a suitable graphical form, introducing
interpretation errors.

This method of obtaining a permanent record was discontinued and
superseded by an Advance oscilloscope type 05250 with X - Y facility. This
was fitted with a Polaroid Land camera for permanent records of the traces.

The load gave the y-trace and displacement the x-trace. Some
diffioulty was encountered with the displacement trace as the oreep component
of the displacement caused considerable drift of the trace especially at the
beginning of the test where this wes most prominent. Also there was mains hum
on both traces.

This was overcome by filtering the output from the C52/1 meters.
Filters were made up to remove mains frequencies and above, and also cut out
any D.C. or very low frequency components of the signal, thereby removing the

oreep component of the displacement signal, Although this D.C. Filter was not



required for the load, two matched filters were used, one for each signal, to
obviate any phase change brought about by unmatched filters.

This system produces very acceptable hysteresis loop photographs
of load/deflection characteristics of the specimen over the required frequenqy
range,

4.5 Calibration
~ . Before any testing all the recording and measuring systems were
calibrated, and again several times over the period of the work.

The major problem that arose with the recording was with the D90/250
proof ring load transducer. After several months of efficient recording it
developed a serious drift with time to all readings. This transducer was
replaced with a new D91/250, nominally the same.

The calibration of the displacement transducers, and the estimation
of their errors proved very important when teking oscillating readings. These
errors are negligible for the atatic loading cases but not for the oscillating
signals. A summary of these errors is in seotion 5.2.

4.6 Preparation of the Specimens

Due to the availability of suitable test material most of the tests
have been performed on bovine specimens taken from the distal end of the femur
See figure L.l4. The joint was acquired with the aynovial sack intact from the
slaughter house. All specimens i;ié% from 2-3 year old cows. Once opened the
Joint was stripped of tissue and kept submerged in Ringefi solution to avoid
drying of the cartilage.

The specimens taken from the medial troochlea (see figure L4.5) of the
femur were only removed from the joint as required. The joint was stored
unfrogen in a refrigerator for the duration of testing, up to 3 days. This
method of storage avoided the joint ever belng frogen and thawed, and removal

of specimens immediately prior to testing obviated the swelling effects of



storing individual specimens in Ringers.

The trochlea was the chosen section of the joint as this had the
largest 'flat' area in the loaded region. The trochlea was studied with the
naked eye and specimens taken from the most 'normal' region for testing, This
was done following the guldelines for determining macroscopically normal
cartilage as laid down by Meschim and Stockwell (1973). A simple Indian Ink
preparation was then used to verify that the areas chosen did not show overt
fibrillation. The trochlea was bathed in Indian ink and then rinsed. Areas
of fibrillation showed up as residual staining of the ocartilage. The areas of
least or no staining were taken as the most normal and specimens removed from
these areas.

The bovine speoimens obtained showed very minimal signs of fibrillation,
with the majority of the area required being entirely free of visible abnormality.

Trephines were used for removing the specimen. Commercially available
trephines, as used by Johnson (1974) were tried, but did not work satisfactorily
due to the hardness of the underlying bone. Therefore our own trephines were
made up to the sisze determined by the P, T.F.E. liner as described in section 3.1.

Congiderable practice was required to achieve specimens with flat
surfaces of cartilage perpendicular to the cut surfaces, and with a good length
of subchondral bone intaoct. The trephines were placed perpendicular to the
cartilage surface and used to trepan a specimen from the bone end. The ocutter
was driven through to a considerable depth and then a sharp sideways movement
broke the underlying bone. The greatest care must be taken when trepanning
through the cartilage so as not to tear the surface. Once the bone is broken
the whole specimen can be removed within the trephine. To eject the specimen,
the trephine had been fitted with a central plunger.

At this stage specimens without a flat cartilage surface perpendicular

to the oylindrical sides of the specimen were rejected. Attempts were made to
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out off the subchondral bonme, parallel to the cartilage, with a soalpel, but
the bone was too hard. Therefore the specimen was put in a collet up to a
back stop so as to give a consistent length of specimen, and the bone end was
carefully machined off in a watchmekers lathe. Radin et al (1970) also used
a lathe when preparing specimens from the metatarsophalangeal and metacarpop-
halangeal joints of freshly slaughtered cows.

-~ ~Throughout the stages of preparation of the specimens the oartilagur
surface was not allowed to dry out.

For teats involving cartilage alone, without a backing of subchondral
bone, the collet was again used. This time the bone end was introduced into
the collet until only the ocartilage protruded. This ocartilage layer was then
gliced off with a straight scalpel blade.

Later in the research it became possible to obtain human specimens
for testing. The moat easily obtainable area of load bearing oartilage was that
on the patella. Patellas were obtained from post mortem specimens of various
ages. An initial ngked-eye examination of the ocartilage showed it to be in a
less perfect condition than the bovine cartilageesIndian ink staining was
therefore used again to determine the most normal areas for removing the
speoimens. Typiocal results of this staining technique are shown in figure 4.6.
Once the specimen aite had been determined removal and handling of the specimen
prooeeded along similar lines to the bovine specimens.

&e7 ITegt Procedure

The test procedure was as follows:-

1. Have C52 meters warmed up

2. Check calibration levels on C52's.

3. Prepare specimen

4o Record total thickness of specimen a) oartilage alone
or b) oartilage + bone

5 Test - recording displacement, load and time

taking osoilloscope photographs during oscillatory tests.
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6. Remove specimen

7. Reocord specimen thickness to give independent reading of deflection.
8. Take oartilage off bone

9. Racord bone thiockness - this gives original cartilage thickness

10. Where applicable take oscilloscope photographs of the bone and rig

“characteristics over the same load range
14. Plot results correcting readinga for sero error and rig and bone
deflections.

12, Calculate moduli.
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5.0 Results
5.0 Introduction

The experimental work carried out began as a follow up to Litchfield's
(1974) work on a computer model of articular cartilage. Good agreement had
been reached between the predicted loed/time/deformation characteristios of the
model and the experimental results of Edwards (1967).

- - Edwards' tests were of the confined type using articular ;;rfiiage
from the femeral head of a dog in normal Saline at 20°C. Curves were
presented of

a) Specimen thickness at equilibrium as a function of applied

pressure

b) Percentage liquid exchange as a function of time for four

different loads

o) Percentage 1liquid exchange as a function of applied pressure.
Comparison of the above graphs a) and o) show the relationship between change
in specimen thickness and liquid exchange is approximately constant, showing
that deformation could be accounted for solely by fluid flow out of the matrix.
Using this fact the graphs presented were transposed to read as strain as a
function of time for the given loads. This new graph was then used by Litchfield
in his comparisons with the fluid flow computer model.

As stated in section 3.1 the theory behind the computer model has been
altered in several ways since Litchfield's thesis was written and for all
comparison purposes the improved model has been used.

No attempt has been made in this study to investigate the load/time/
deformation characteristics of articular cartilage by the indentation technigue
used by other workers (see literature review)., However the initial programme
of work aimed at reproducing Edwards' results for the computer model comparison

was extended to investigations of the static load response and dynamic load
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response in both confined and unconfined tests, both on Bovine and Human
articular cartilage.
A small study was also undertaken on the response of the underlying

bone to these loadings. In studying dynamic load responses of the cartilage

the effect of frequency was investigated.

5.1 Bxperimental Results - gtatioc loading - -

Figures 5.1 and 5.2 show typical strain v. time ourves obtained in
static loading of bovine and human cartilage in a confined test. This is
allowing sxial strains and flow only, as in Bdwards (1967) tests on dog cartilage.
The graphs show loading and recovery periods and it is immediately apparent
that recovery takes considerably longer. Figure 5.1 shows that virtually
complete recovery was obtained even af'ter strains of 0.5, but the greater the
strain achieved on loading the longer the recovery period. In comparing
figures 5.1 and 5.2 it ocan be seen that on loading the bovine cartilage reached
'ring-out' after about 60 minas whereas the human patella cartilage had perhaps
not even fully‘%ung-ouf after 240 mins. This seems a vast discrepanoy, however
the dimensioqi;§§ analysis of section 3 shows that the time involved is
proportional to the term -17 where Z, is the initial thickness. This
result of the analysis is ;ziified by figures 5.1 and 5.2 as the bovine specimens
were of the order of 1,0 mm thick and the patella specimens around 2,0 mm thick.
Therefore being twice as thick the patella specimens toock four times as long
to'ring-out. Bdwards' tests on dog cartilage are also in 1line with this result
as hig tests reachedf}ing-oug after about 20 mins and his specimens were O.48 mm
thick.

The recovery, like the loading times, can be seen to take much longer
again in figure 5.2 than figure 5.1. Here again the fact of the patella

specimens being twice as thick would cause this increase. However it is felt
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that the thickness played an extra role here in lengthening the recovery

time, because there was much more contact area with the confining sleeve and
hence more friction. This effeot would not be so noticeable during the loading
cycle as the applied load would tend to overcome friction, eapecially in the
oscillatory tests, however when the load 15 removed there is only the swelling
of the specimen itself to overcome friction.

“In both figures 5.1 and 5.2 no, or very_iifile 1nstaﬂ;aneous
deflection is apparent at either the moment of applying or removing the load.
Edwards' results from confined tests show a similar lack of instantaneous
deflections as his tests were recording fluid flow only, and such instantaneous
deflections as noted by other workers in indentation and unconfined tests are
attributed to elastic deformations or barelling of the cartilage matrix and
fluid. In a confined test with no radial strains permitted such elastic
deformation is reduced to the order of the bulk modulus compressibility which
is very small compared with long-term strains due to fluid flow.

Figures 5.3 and 5.4 show the same as figure 5.1 but these are for
unconfined tests on bovine specimens. Here, both axial and radlial strains and
radial flow are permitted. The curves have the same overall appearance of a
creep deflection with time, but with two distinguishing features compared with
confined tests.

Firatly an instantaneous deflection 1is apparent in figures 5.3 and
5e4e This deflection at application hé§=a considerably bigger than at removal

of load. An analysis by Litohfield (1974) shows that

& - S

| Z

where 'instantaneous' response on compression
'ingtantaneous’ response on removal of load

cartilage thickness at equilibrium before removal of load.

o N O o
']

the creep deflection
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Hence the ratio of i?l can never be less than 1 and figure 5.3 is in
|
agreement with this. For example in figure 5.3 with load of 0.68 x 106N/m2
§ = 01
0-58

lp

K o
:

= 048
These yield the value of ,055 for J} the instantaneous deflection on removal

‘of load which 1s approximately correct. -

The second obvious difference between the confined and unconfined
results is the rate of recovery. In the unconfined tests figure 5.3 it can
be seen that after the initial instantaneous recovery, the recovery rate is
far slower and for a large portion of the period is almost linear with time.

Figures 5.1 and 5.4 were based on speocimens of nominally the same
sige, 5.6 mmn in diameter and 1.0 mm thick, however it appears that the time to
”ring—oué‘in the unconfined cases is marginally longer.

The equilibrium strains atﬂring-ouékwere used to plot the static load
stress-strain curves of figures 5.5 - 5.8 for bovine cartilage.

Figures 5.5 and 5.6 are results from confined tests, figure 5.6
showing the majority of results obtained in this study and figure 5.5 showing
the results from just two series of tests. It 1s the tests performed to produce
figure 5.5 that were used for comparison purposes with the computer model for
confined static loading. 4s stated in section 3.1.3 the model requires the
values of d and b from the squation of the stress-strain curve at equilibrium.
Figure 5.5 gives these values at G = 0,28 x 106N,/m2 and b = 1.47.

The asymptote of this curve is the line where the final strain
reaches the porosity of the material, given by'%g. Hence 1t can be estimated
that these bovine specimens had a porosity in the region of 0.68.

Figures 5.7 and 5.8 show the same as 5.5 and 5.6 but for unconfined

tests. Also shown on figure 5.7 are results obtained by MoCutchen (1962) when
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testing cartilage from the leg Joint of a ocow in water. Agreement between

ow results and those of McCutchen 1s felt to be very good, and the discrepanay
shown could easily be accounted for by variation in the condition of the test
material or the sites from which they were taken. MoCutchen only states his
specimens were from the leg joint of a oow, which may not have been the medial
trochlea of the femur from where our specimens were taken.

— If comparison-is made between these stress-strain curves for confined
and unconfined tests it is noted that they are quantitatively very similar.
The process by which the final strains are reached is quite different as
borne out by figures 5.1, 5.3 and 5.4, but the end results show that for a
given load virtually the same strains will be reached in both confined and
unconfined tests.

This phenomenon was demonstrated by a simple test -

Small circular discs of cartilage were removed from the trochlea
of a cows The unstrained dimensions of these discs were recorded. The discs
were then held in a micrometer and a known strain applied. Immediately the
strain was applied the diameter increased. Whilgt strained the cartilage was
kept submerged in Ringers solution. At intervals during the test the diameter
was measured. It was found that with time, as liquid was expelled from the
cartilage the diameter decreased. After about one hour the diameter had
returned to its value before the strain was applied. See figure 5.9, This
seems to show that after the state of equilibrium was reached the specimen had
the same dimensions as 1f it had been part of a confined test, the process by
which it achieved these final dimensions being the different factor.

Figure .10 shows the stress-strain curve at equilibrium for the
human patella specimens. The curve of the form 6= T%;%E‘ fitted to these

2
points for computing purposes has the values of Q = 0,455 x 106N/m and b= 1.5.
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Comparison of these experimentally obtained curves is made in
figure 5.1 for confined tests. Edwards (1967) results indicate that dog
tibla ocartilage is much stiffer than either human patella or bovine femur
cartilage, with the bovine cartilage appearing to be softest, From the curves
fitled Lo the experimental points the values of porosity, that is %; ; are
Dog 0.55
‘Human  0.67
Bovine 0.68

Edwards does not quote directly the initial porosity of the dog
cartilage he used, but figures are given whioch allow porosity to be caloulated
and yield a figure of 0.741. This figure is closer to those obtained above for
human or bovine, but is in variance to the figure calculated for dog cartilage.
However an explanation of this possibly lies in the fact that the stress-strain
curves would yleld a figure for {%, or porosity,which is for freely moveable
fluid within the specimen, whereas the figure of 0.71 arrived at from Edwards
data is obtained from the fully aswollen and dry masses of the specimen, and
hence includes liquid entrapped in the matrix and not free to be forced out
under normal loading., However this effect of altering porosity will be seen in
section 5.3 to have only a slight effect on the load/deformation/time character-

istics of cartilage.

5.2 Experimental results - Dynamic Loading
The dynamic load tests were carried out using the rig in the

configuration of section 4.3.3 with the load applied to the spring by an

eocentric cam.

In these tests there was a constant load produced by an initial set
deflection of the spring, with the oscillating load superimposed upon it. The

constant load produced the characteristic oreep deflections of seotion 5.1 and
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the oscillating load produced an additional small rippling deflection. The
magnituds of this ripple was small compared with the creep deflections, even
in ocases where the amplitude of the oscillating load was about equal to the
constant load. Because of the very small deflections being measured the whole
of the test apparatus and procedure came under scrutiny, as any additional
deflections recorded, extraneous to the deflection of the cartilage alone,
would é;eafiy alter the valu;s of strain_ﬁnd modulus oalc;iat;;. _

Firgtly the rig was investigated and did show a load dependent
deflection characteristic, see figure 5.12. This rig deflection was substantial
compared with the specimen deflections and rather surprisingly non-linear. The
rig deflection was checked at several intervals during the period of the work.
The explanation of the non-linearity lies presumably in the contact between
the spherical end of the plunger and its conical seating in the spring support
plate, and also perhaps in the porous bronsze diso. The rig deflection charaoter-
istics were also found correct, not just for static load deflections but for
oscillating loads. Oscilloscope photographs were taken of the rig deflections
alone under varying magnitudes of oscillating loads. The recorded deflections
matched the deflections read off the graph for the corresponding load levels
and were in phase with the load, e.g. an oscillating load between 10 and 20N
caused an in phase oscillating deflection in the rig of 0,0102 = 0,006)4 mm,

i.e. 0,0038 mm,

These rig deflections were repeatable and although largely inexplicable
it was considered acceptable to treat them as a figure to be subtracted from
the total. They are a large part of the deflections recorded in oscillatory
tests, but are negligible in the static loading oases.

In tests on cartilage alone the rig deflection was subtracted directly
as stated above to give the net deflection of the cartilage. However in all

the unconfined tests, and some of the confined tests, where the cartilage was
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tested without removing it from the underlying subchondral bone, an additional
test was carried out. Here the cartilage was removed from the bone after the
teast and the bone and rig alone were then subjected to the same loading
oonditions.

Consideration of the bone deflections led to a small study of the
bone characteristics themselves, see Appendix 1. The deflections recorded from
the bone can be seen to be insignifi;ant in considering st;;io load ohara;ter-
istics of cartilage but again had to be taken into consideration in the dynamic
tests. They were treated with the rig deflections as a figure to be subtraoted
from the overall deflections.

The accuracy of the displacement transducers and the B,P.A. recording
neter was investigated at these small displacements. The L.V.D,T. transducers
as supplied have infinite resolution, a linearity on calibration of 0.5% and
ware of grade A1 which gives an accuracy of 0.1% of full scale deflection over
the lower 20% of range and 0.5% of the actual value over the upper 80% of range.
The B.P.A. meter is quoted as having an accuracy of ¥1% of full scale deflection.
Therefore using the B.P.A. on its most sensitive scale with these transducers,
i.8, 2 full scale deflection of 0,1 mm, it should be accurate to 0,001 mm. At
no time was it attempted to take values of the oscillating deflections directly
off the B.,P,A, except to obtain a very rough guide to the size of deflection.
A1l readings of these small deflections were taken from the osoilloscope
photographs. The accuracy of the combination of the transducers, the switch
selector unit type C35, the B.P.A. meter and the oscilloscope was studied using
a Hilger and Watts vertical Microptic measuring machine to apply known small
deflections to the transducers. This Microptic has a stated accuracy of
+0.,0008 mm for the range of O - 25 mm.

The outcome of this investigation was that for deflections of 0,012 mm

or above the accuracy of the combined system was around +2.,5% of the reading;
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this being taken as the error between the trace measured from the

oascilloscope and the known travel of the mioroptic. However for displacements
less than 0,012 mm the error inoreased as the displacement decreased. Considering
the largest errors recorded, the % error on readings appeared to increase
linearly as displacements deoreased until at a displacement of 0.001 mm the

error could be in the region of ¥50 - 60,0 and were quite randomly positive and
negative. However at such small deflections the error recorded 1s of the same
order as the error stated for the Mioroptic itself, and may not be error in

the transducers.

In ocalculating the ectual deflection of the cartilage, as stated above,
the rig deflection is subtracted from the recorded deflection. Therefore in
the worst cases where both recorded and rig deflections are very small the
addition of these errors could produce errors in the cartilage deflection of
around *100%.

This implies that the displacement recording instrumentation is
grossly inadequate for these purposes. towever, as will be shown later, the
results obtained followed a definite pattern and produced fairly repeatable
graphs. The errors found above were not all positive or negative and therefore
should produce random alterations to the final values. Therefore if 1t is
accepted that the characteristics of cartilage can change from one specimen
to the next, be they either from different jJoints or even different sites on
the same bone end, as referenced in the literature review, the scatter in the
results could be put down to the different specimens. As, for any one specimen,
the figures seem consistent, then it could be assumed that these estimated
errors are rather too severe and perhaps are underestimating the accuracy of
the instrumentation.

Confined Tests
Figure 5.13 shows the hysteresis loops produced by dynamic loading

of oonfined specimens. Although soales on these photographs are different the
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phase angles in each case can be compared. From figure 5.13 it can be seen
that the phase angles are

a) Bovine 5° and 9°

b) Human 0° and 7°

¢) Rubber 15°

These photographs presented here are typical of all the tests. A4s
oan be seen—the traces—are not perfectly smooth. There is noise on the load__
(vertioal) axis. This noise at first was thought to be due to frioction in the
confining sleeve around the specimens, but as can be seen from figure 5,16
the same noise is present on the hysteresis loops for unconfined tests.
Investigations took place, but the cause of the noise was not discovered until
very late in the period of this work. Modifications are planned to eliminate
the noise, but will be too late for inclusion in this thesis. This noise must
be within the frequency range of O - 50H; as filters in the electrical circuits
cut out any signals outside this range. The noige has been traced to vibration.
Whereas the needle on the B.P.A. meter is damped and showed very smooth
oscillating loads, the oscilloscope 1s more sensitive and is undamped. When
there was only static loading there was no noise on the trace. However when
the motor is on and rotating the shaft carrying the eccentric which applies the
load to the spring, the noise is present on the trace. This presumably oould
be corrected by mounting the rig and the motor plus gearbox on separate frame-
works or by isolating mountings

For a typical trace the maximum noise was in the region of 2 mm to a
signal trace of 53 mm. This was equivalent to 2.6 mV noise on a signal of
70 oV, Hence the noise to signel ratio is 0.037 or approximately 4%.

The phase angles recorded in the tests did not seem to change
significantly with any other variable. The variables that could possibly have

had some effect are:
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1) The D.C. creep strain of the specimen, as this is altering

the specimen to one with less fluid component and more
matrix to 1ts volume.

2) The frequency of the dynamic loading

3) The ratio of the amplitude of the dynamic load to the constant

mean load during the test.

A3 n6 trend between any of these variables and phase angle was obvious
the mean phase angle for all tests was calculated. This mean was 7° for bovine,
which will tend to be slightly on the low side as in many tests where the
hysteresis loop was very close to being in-phase, caloulation of the phase
angle was impossible and these tests were given the phase angle of 0°.

The mean value of the phase angles for the combined tests on rubber
was 13°, and for the human specimens 12.6°.

These phase angles being similar for cartilage and rubber tested under
the same conditions, indicates that the compression of the cartilage under the
dynamic loading is essentially an elastic compression and not a fluid flow
phenomenon,

From these hysteresis loops the 'moduli' can be caloulated. Knowing
the scale factors involved and having the oscilloscope calibrated the
amplitudes in the X and Y directions as read off the photographs give the
deflection and load amplitudes respectively. The deflection can then be

oconverted to a strain amplitude and the load to a stress amplitude. The
dynamic modulus is then caloulated as stress amplitude

strain amplitude
As stated previously this method of testing allows no radial strains.
Here then under dynamio conditions it has been shown that fluid flow is
playing practically no part in the process, and that the behaviour is essentially
linear. This dynamic modulus therefore resembles the E* for a Hookean solid

discussed at the end of section 3.5.



Figures 5.14 and 5.15 show the variation of this calculated modulus
against the corresponding creep strain of the specimens for bovine and human
specimens under confined compression. The graphs show a wide scatter of
results which for the most part could be due to the varying conditions of the
test specimens. However the wider soatter at the larger values of creep strain
is probably attributable to the greater innacouracy of the deflection measuring
system in this region as here the amplitude of the deflection is mﬁgg smaller.
From both the graphs however it is obvious that as creep strain increases so
does the modulus.

For bovine specimens, figure 5.14, this increase is from 0.8 x 108N/h2
at a creep strain of 0,05 to around 10 x 108N/m2 at a creep strain of 0.,6. The
bovine specimens were all from young beasts and none appeared, on naked eye
examination, to have any degenerate areas. Therefore the bovine specimens
could be considered as virtually the same,

However from figure 5.15 for human patellae specimens 1t can be seen
that each specimen shows its own relationship between modulus and creep strain.

Patella A (81 year old male) has a characteristic very close to that
shown in figure 5.44 with the modulus increasing from 0.6 x 108N/m2 at 0.05
atrain to 6.0 x 10%N/n? at 0435 strain. Patella B (78 year old male) however
shows much less increase with strain, varying only from 0.5 x 108N/m2 at 0.05
strain to 1.65 x 108N/m2 at O.4 strain. Patella C (17 year old male) again
has a characteristic much closer to Patella A and that shown in figure 5.14
with the modulus increasing from 0.8 x 108N/m2 at 0,05 strain to 2.6 x 108N/m2
at 0,3 strain. The specimens in each case were taken from the most normal areas
of the patellae.

Unconfined Tests
Figures 5.16 and 5.17 show the same as figure 5.13 and 5.14 but for

unconfined tests on bovine specimens, For the unconfined tests the phase
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angles in figure 5.6 were
Bovine 6° and 21°
Rubber 17°

As with the confined tests, no trend was apparent between phase
angle and any other variable so again the average value of phase angle was
caloulated. These were 16° for bovine apecimens and 17° for rubber.

Figure 5:17 shows the variation of modulus with creep strain for
unconfined tests on bovine specimens. The modulus again increases with oreep
strain from 0.5 x 10°N/u? at 0.05 struin to 10 x 10°%/n° at 0.525 strain.

Johnson (1974) performed similar oscillating load tests on unconfined
specimens of human articular cartilage. He applied a sinusoidal load, super-
imposed upon a static preload and monitored the strain amplitude and oreep
strain with time. His results were qualitatively similar to those of figure
5¢17. However the moduli quoted for the human tissue are only about 25 - 50%
of the moduli achlieved in bovine tissue. The hysteresis loops presented by
Johnson are very similar to those of figure 5,16, Both sets have a very small
area withan the loop, giving low phase angles, and both sets are slightly
non-linear.

Effect of frequengy on Modulus

The tests to study the effect of frequency of loading on the A.C,
Modulus were carried out on several specimens, and produced the same results
in each case, All these tests were performed in the confined configuration.
The test on each specimen was carried out at a frequency of 1 Hz . At
prescribed intervals during the test the frequency was altered to 0.2Hz and
then 5Hz without stopping the test, or unloading the specimen. A short interval
of time, approximately one minute, was allowed between changing frequenoy and
taking the results, to enable the whole system to settle and also for checking

the new frequency.
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Figure 5,18 shows the effect of frequency on modulus as recorded
against creep strain in three of the tests on bovine specimens.

Plotting against creep strain, as opposed to time is preferred as,
during the first part of the test, the change in creep strain with time is
very pronounced; and during the minute's delay between readings the creep
strain varied.

- Figure 5,13 shows for the frequencies selected which were about
normal walking speed, and five times faster and slower than that, there is
very little change in the modulus. A slight tendency could be seen towards
a higher modulus at a higher frequency, but this is not a significant trend.
The apparént possible change in modulus with frequency at higher levels of
creep strain could be attributed to the higher degree of inaccuracy in the
displacement transducer readings as pointed out previously in this section.

Figure 5.19 shows these results plotted together, and accentuates
the soatter in the results obtained. This scatter is attributable to the
conditions of each specimen used, a3, for each specimen alone the points fall
very close to a single line as seen in figure 5.18.

These results would tend to suggest that viscous effects were
unimportant in determining the stiffness of cartilage in these experiments.
Within the range tested 0.2 Hz to 5Hz the compression as previously indicated
by the hysteresis loops is due purely to a bulk modulus effect and fluid flow

is negligible.

5¢3 Theoretical Results ~ Constant Loading

As gtated in section 5,0 the experimental work was initially a
follow up to Litchfield's (1974) work on a computer model of articular cartilage.
The computer model was mainly used to reproduce the results of Edwards (1967) »
Litchfield (section 5.4) explains how the results of Edwards yield the data

for the computer model. This data is
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Applied stress levels 1.02, 2.04, 3.40, 6,895 x 106N/m2

Permeability 1.09 x 10-19m2
Porosity 7%
Specimen thickness 0.48 mm

The graph of deformation against applied pressure as given by
Edwards ylelds the values of the material property constants a and b from
the curve fit of the form 6 = % as expla_ined in section 1.1.3
These values are Q = 1.655 x 106N/m2 and b=1.82.

Chapter 3 describes the ways in which the theory behind Litchfield's
original programme has been altered. Figure 5,20 shows the effect of these
alterations on the strain-time characteristics, for just two of the Edwards
loading conditions.

At low loads the new programme lags the experimental curve whereas
the original programme always led, but agreement between the new programme
and the experimental results is still good. However at higher loads the
agroeement between the new programme and the experimental results is improved,
especially during loading,

Litchfield's original programme, at higher loads had a tendency to
give a strain-time characteristio which became more and more linear, crossed
over the experimental results and then flattened off sharply to the final
strain. A similar type of response also occurred after the release of load.
The new programme produces a much smoother curve, always remaining to one side
(lagging) the experimental results,

Apart from this comparison all the following computing has been done
using the new modified programme, mainly in 1ts dimensionless form. To show
the effect of varying different parameters on the computed strain-time
characteristics, the case of Edwards lowest applied load, 1.02 x 106N/m2 has been

used throughout.
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The dimensionless analysis gave the dimensionless groups as
5( (<4 th
S(g) . & , b,V
I £
The values of g and b are set by the experimental results being modelled,

% is set by the applied loading conditions, and the dimensionless programme

K
produces the relationship between 'J- and nqtz « Therefore the first

ZO Lzo

parameter to be investigated was the initlial porosity of the specimens.

Figure 5,21 shows the effect of the porosity on the computed strain;
It ocan be seen that porosity does have some effect on the strain, which
increases as the value of porosity becomes closer to the value of the final
strain. This can be extrapolated to the case where the initial porosity equals
the final strainj in this situation as soon as the load is applied, the pores
at the surface will be closed up and no fluid will be able to escape. If this
situation actually occurred then, no, or very little, strain would result,

The effect of altering permeability is now built into the dimensionless
time group T = lSSL%T_- from which can be seen the relationghip that
Litohfield came upon g;zg different route. That is at any value of strain there
is a certain value of T, and if the value of K incorporated in T 1is
doubled then the value of t , real time, to reach that strain is halved, and
vice versa.

The next relationship to be investigated was that between permeability
and strain, Litchfield had shown that for axial flow the permeability K varied

3
as K= Ko (—v—-e—) o Figure 5.22 shows what effect there would be if

v
this relationship obeyed a different power law. An increase in the power
delays the reaction, and decreasing the power speeds up the reaction. The
axtreme of this 1s where the permeability remains constant with strain, and
as seen in figure 5.22 the cartilage in this case would deform almost linearly
with time to a value near its final strain and then quite suddenly level out to

its final strain.
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The permeability does not only however vary with strain., Maroudas
(1973) showed that throughout the depth of a slice of cartilage the permeability
varies. Figure 5.23 shows this variation for just two of the cases Maroudas
quoted. From the theory of section 3.4, equation 28, the mean permeabilities
were calculated as:-

for 35 year old 448 x 10”192

27 year old 3.313 x 107 °n?

Using the same data, except permeability, as for BEdwards lowest
load, figure 5,24 shows the effect of this permeability distribution. The
permeability is still governed in these cases byK=Ko(y;—e)3 but for the
case of variation of permeability through the depth the value of KO used
1s in fact a curve fit to the graphs of figure 5.25. It appears that, Just
as Maroudas said there seems to be no correlation between age and permeability
dastribution, so too, each of these distributions has 1ts own effect on strain.
The only consistent fact emerging from these two distributions is that both
produce a faster reaction than in the constant initial permeability case.

Extending this distribution of permsability with depth to the
arbitrary curve of figure 5.25 led to the computed curves of figure 5.26.
This simple quadratic distribution of permeability through the depth was used,
as there is a belief by some workers (see literature review) that cartilage
has a very thin surface layer, the lamina splendens, which has very low
permeability. The curve of figure 5.25 K=(C+2x -20x ) x10™"?
where x is the distance from the surface allows values of C to be chosen
giving very low surface permeability. Most of the curves of Maroudas (1973)
showed the permeability increasing from the surface and then decoreasing
towards the deeper sones, as does the curve of figure 5.25. The computation
was done with C = 0.1, 0.2, 0.5, 1.0.

For the case of C = 0.2 the overall mean permeability was

calculated from equation 28 to be 2,9 x 101722 and the effect of altering C
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is compared with this constant permeability curve. (It is accepted that
altering C would also slightly alter the overall mean permeability but not
by a very large amount for the range of Cused) From figure 5.26 1t can
be seen that for very low values of C, i.,e. when the surface permeability
1s very small the reaction of the cartilage is slowed down, this will be due

to the low surface permeability hampering the passage of the fluid from the

deeper layers out through the surface.

In all the computing so far it has been assumed that the fluid is
flowing out into a region of zero gauge pressure. Figure 5.27 shows the effect
of altering this surface fluid pressure. Again for the conditions of Edwards
lowest load it can be seen that an increase in surface fluid pressurs
decreases the final strain reached for the same load. Immediately as a load
is applied to the cartilage the fluid in the deepest layer is pressurised to
the value of the applied load, whereas at the surface the fluid takes no
pressure and the load 1s supported by the matrix. If the surface fluid is
at a pressure above zero gauge pressure, the pressure differential in the
fluid between the deepest and the surface layers is less and the resultant
out-flow of fluid is correspondingly less. This is not a linear relationship
as seen from figure 5.,27. A surface fluid pressure of about & the applied
pressure does not result in a ¥ reduction of the final strain. However in
the extreme case of the surface fluid pressure equalling the applied load,
there is no resultant strain of the specimen which is as would be expected
since there is no resulting pressure differential set up in the fluid and
consequently no fluid flow,

The way the deformation of the cartilage is aocomplished with time
is shown by the way the strain varies with the depth from the surface as the
time inoreases. Figure 5,28 shows this variation, again for a constant applied

pressure of 1,02 x 106N/m2 and for the case of gero gauge pressure of the
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fluid at the surface. In this case all the load at the surface must be
supported by the matrix and so immediately the strain at the surface becomes
the value of the final strain. As time increases the fluid seeps out and the
strain in the deeper layers inoreases. Eventually at an infinite time in
theory the whole specimen is at the final atrain and no more deformation takes

Place. The near vertical lines on the graph show the positions of various

- -points in the solid with respect to thée surface as time increases. If the
surface fluid pressure were not sero, of course this variation would not be
the same, the main difference being that for the same load the strain at the
surface at all times would be the new final strain for that surface fluid
pressure.

Figure 5.29 shows the magnitude of the fluid pressures through the
depth as deformation and time increase. Initielly most of the load is carried
by the fluid pressures except at the surface where the gauge pressure is zero.
The fluid preasure decreases with time throughout the depth as the strain
increases and the matrix carries a larger portion of the load. BEventually
the matrix carries all the load, the fluid pressure throughout is gero and
the final strain has been reached aeverywhere. When the surface fluld pressure
is not zero a similar transfer of load carriage between fluid and matrix is
oarried out, but instead of the fluid pressures converging on a gero value at
equilibrium, they converge to the value of the surface fluid pressure, and the -
graph of figure 5.29 appears condensed on the vertical axis.

Pigure 5.30 shows the comparison between the computer model and
the results obtained by Edwards for all the loading conditions. Agreement for
the loading phase is reasonably good, but in the unloading cases the computer
model is heavily dependent on several variables, most especially permeability,

and a small alteration in these measured values would make agreement

significantly better or worse.



Confined coampression tests, as reported in section 5.4 on bovine
and human ocartilage have produced qualitively similar results to those of
Edwards. The data from the experiments has been used in the computing and
yielded the graphs of figures 5.31 - 5.33 for bovine and figures 5.34 = 5.36
for human specimens,

For a1l the bovine specimens the data was

— Porosity 0.68
a 0.28 x 106N/|n2
from figure 5,11
b 147

Stress levels and specimen thicknesses were individual to each
test, The value of permeability is the most important variable and for this
reason the results are presented with a band of likely permeabilities.
Munding (1975) messwred the permeability of the bovine cartilage being used

-19m2. This value

and produced results scattered around a mean of 8.5 x 10
and double this value (1.7 x 10-18m2) were used to plot the praotical results,
although this latter value is probably rather high.

With the dimensionleas group T=Kqgt incorporating the value of K
only one line is produced by the computer-ggggeach loading case. Litchfield
when plotting against real time, showed that doubling the parameter 55 ’
halved the time to reach a certain strain. Yowever, in this dimensionless
study doubling the parameter ii? does not alter the plotting of the € v T
graph, but for each value of &2 chosen the value of T represents a
different real time. In this case, to show the effect of altering the
permeability it is the practiocal results that must be plotted using the two
extremes of the permeability range. At the lowest load, figure 5.31, the
computed curve falls within the band of experimental results, but as load
increases, figures 5.32 and 5.33, the computed results fall outside this

band. In all of these cases the effect on the computed curve of keeping the
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permeability constant with strain is shown, and this is obviously a far too
severe constraint as in all cases it is very far from the practical results.
For the human patella specimens the data was
Porosity 0,68

a 0.455 x 10°

from figure 5,41
b 15 ;
Again stress levels and specimen thicknesses were individual to each test.
Once more the important variable is permeability. As no tests have been
performed in this study on the permeability of patella cartilage, a guide to
the possible value was taken from the figures given by Marowdas (1973) for
femoral condyle cartilage. For comparison with the computed Ev T ocurve
the range of permeability of L4L.25 - 8.5 x 10'19m2 was used, with the latter
of these being again on the high side. Figures 5.34 - 5.36 show a similar
trend as for the bovine results, with the agreement to the computed curve
being closeat at the lower applied stress levels.

From the curves of figures 5,21 - 5,27 it can be seen how very many
variables have an effect on the strain v. time charaoteristics of articular
cartilage. No doubt by combining the effects of many of these, and altering
some values the computed and practical results could be made extremely close.

However this would then be a case of curve fitting and not modelling,

5.4 Theoretical Results - Oscillating Loading

Due to computational difficulties Litchfield (1974) found it very
diffioult to run the axial flow programme with oscillating loading. Therefore
to acquire some idea of the magnitude of the oscillating strain amplitude
produced by fluid flow, the phase lags and the effect of fregquency on both
of these, it was decided to use only the radial flow programme for these

calculations. Some relationship was therefore required between the strain/%ima
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characteristics produced by axial flow only, and those produced by radial
flow only,

Both programmes in their corrected and non-dimensional forms were
run with the same data. An arbitrary cylindrical specimen size was chosen
with R= 2.5 mm and Zo = 140 mm., The values of g and b used were those

-19.2

obtained from the tests on bovine specimens and a value of 5 x 10 '“m“ was

u_sed for iwr!;ability as ;his_ seems to fa;.l reasonably in line with the

values given by McCutchen (1962) and Munding (1975). This value was used both
as axial and radial permeability as several workers (see literature review)
have found these to be apuroximately equal. Porosity was taken as 0,68 and _

the non-dimensional stress level used was 2.0.

The resulting graphs of T and T*against strain are shown in

figure 5,37
where T = Ka t2 and T*. "‘thz
1z (L

It can be seen that although the radial flow programme, € V ™,
is much quicker to react initially it takes longer to reach the final strain,
whereas the axial flow programme predicts a slower initial increase, but
reaches the final strain ahead of the radial flow case.

From figure 5.37 it can be seen that up to around a strain of 0.2
there is the relationship of T =2 50T* Therefore up to this value

Z
Therefora it can be postulated that if a specimen was chosen

2
of strain R, = 5.0 or —Rz; = 2.236.

having R = 2.236z, the axial and radial flow characteristics would be
similar in the initial stages.

For obtaining some details about the effect on strain amplitudes of
fluid flow due to oscillating loads the radial flow programme was then used on

the assumption that up to a strain about 0.2 and for an idealised specimen
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having R = 2-23GZb 1t could be counted as similar to the axial flow.

Figure 5.38 shows the first few cycles of the strain response to
an oscillating applied load at a frequency of 1Hz with an amplitude of

f%—: L0 around a mean load of %f-: 2,0. This magnitude of loading is much

greater than is likely to be encountered ir most physiological situatioms,
but it was found necessary to use such grossly exaggerated loads for the
computing, as the strains due to fluid flow were so small. Figure 5.3§_shows
up this condition. In about the first ten cycles of loading, the oreep strain
has reached 5 x 10-5 whereas the amplitude of the strain due to the oscillating
component of the load is eround 0,15 x 102, more than an order of magnitude
smaller.

Figures 5.39 =~ 5.41 show this same response. Figure 5,39 for the
first two cycles, figure 5.40 for the 601 cycle and figure 5.41 for the 3600

cycle. The strain amplitudes decrease with the increase in creep strain and

also the phase lag decreases. See table below

Cycle i 1 -2 601 - 602 3601 -~ 3602
0.14 x 10 | 0ot 1078 | 0,95 x 10 | Strain Amplitude
1.0 x 107 | 0.4 0,28 Creep Strain
63 63 36 Phase Angle °

These very small values of strain amplitude due to fluid flow
support the view put in section 5.2 that the measured oscillating strains are
due almost entirely to gross compressibility and not to fluid flow at frequencies
around 1Hz, the walking frequency.

From the experimental work of section 5.2 an average was taken of
results from the first 1 - 1.5 minutes of the loading cycle. The mean ocreep
strain in this period was 0,13 and the mean '4,C.' strain emplitude was
1.6 x 10-3. Comparing these values with those of the above table of computed

results, show that the effect of fluid flow is about two orders of magnitude
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smaller than the experimentally obtained values for the A.C. strain amplituds,
again showing that :; these frequencies fluid flow plays a negligible part in
the oscillating deformation.

Comparing the phase angles too, shows the fluid flow reaction to
the oscillating load 1s lagging by as much as 630, whereas in practice the
phase angles recorded were similar to those of rubber. The elasticity effect
of the cafgziage at these frequencies again overrides the effect of fluid
flow.

Purely for comparison purposes the computer programme was run with
loading frequencies of 0.2, 1 and 5Hz. These are the same as the experimental
test frequencies, As the loading used in the computing was far in excess of
the practical loadings, the values of strains produced will not be quoted

directly, but a modulus will be quoted. This could be termed the 'ogcillating

load fluid flow modulus' which is given by:- Applied stress amplitude
Resulting strain amplitude due to
fluid flow

Figure 5.42 shows the value of this modulus plotted against oreep
strain for the three frequencies. One obvious conclusion from this is that at
all these frequencies the value of this Modulus 1s one or two orders of
magnitude greater than any of the experimentally obtained results, so that
even slowing the frequency down to 0.2 Hz still does not give the fluid flow
sufficient time to tske a major part in the deformation of the cartilage.

Unlike figure 5,18 however, where the frequency had no effect on the
modulus, figure 5.42 shows that frequency does affect the fluid flow modulus.
The greater the frequency the smaller the role played by fluid flow in
cartilage deformation. This conclusion is obvious since slowing the frequency
down to the extreme of gzero would produce the characteristios of the static

load case, where it is known that fluid flow pleys the major role in the

deformation.
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6 Discussion

Many of the points for discussion have been put forward and dealt
with in the relevant sections of Chapter 5. The discussion here 1s to stress
certain of the points raised and introduce new topics of discussion not
already covered.

The results of the constant load tests can be seen to be broadly in
agreement with those of other workers. The similarities recor&;E-and
previously discussed between confined and unconfined results may not be as
surprising as originally thought. The specimens used in the unconfined tests
of this work were all from bovine femurs. The cartilage on the trochlea
was around 1 mm thick and the test specimen, as removed, had a diameter of
about 5,6 mn, For the unconfined tests the cartilage 1s left attached to
the subchondral bone. Considering this geometry the 'unconfined' tests
cannot be considered to be entirely 'radially free', because of the large
diameter to thickness ratio and the bone fixation on one face. The
quantitative differences between the results recorded in section 5 and say
those of Johnson (1974) for unconfined tests could therefore be partly
accounted for by the fact that his tests were more realistically unconfined.
The diameter to thickness ratio of his specimens would be about half that of
the specimens used here.

The comparison made in figure 5.11 between the equilibrium stress-
strain curves for confined tests on three different species show the response
of each species to be similar in form but widely different in magnitude.

The dog tibial cartilage used by Edwards proves to be much stiffer than
either the human or bovine cartilage, with the bovine cartilage appearing
softest.

#1th regard to a value for Poisson's ratio for cartilage, there have

been several figures quoted for this. Kempson et al (1971) give the average
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Poisson's ratio as O.48 from tension tests on canine articular cartilage.
Hayes and Mockross (1971) calculated values from the experimentally obtained
shear compliance coefficients and bulk creep compliances. They quote values
of 0,42 for one second after loading, and 0.37 for a long term value.

It 13 interesting to note that Hayes and Mockross note a significant

decrease in Polsson's ratio between short and long term tests. From the

experimental work of this thesis, under dynamic conditions i.e, short term
loading, the cartilage does appear to be behaving similarly to an 'ideal'
material which mainteins constent volume when stressed elastically, and
therefore has a Poisson's ratio close to 0.5, However from the micrometer
test reported in section 5.1 the conclusion can be drawn that the long term
or 'slow' Poisson's ratio is approaching gero, as the axial applied stress
has the ultimate result of producing only axial strain, The resultant loss
of volume, when stressed, in a material with Poisson's ratio close to gero is,
in the case of cartilage, achieved by expressing the interstitial fluid.

Considering now the dynamic load experiments, the oreep strains
achieved, due to the mean constant load applied, appear to be the same as
the strains achieved for a similar static load. The strain/time curves and
stress/strain curves of section 5.1 are relevant to either the static load
tests or the dymamic load tests. This result is in contrast to the findings
of Simon (1971) and Linn (1967) who, as reported in the literature review,
found that the final strains attained in oscillatory load tests were less
than in static load tests.

The oscillating load/deflection characteristics are essentially linear,
as shown by the hysteresis loops. However the slope of the relationship
(the oalculated modulus) increases as the creep strain increases. In trying
to explain this increase in modulus with creep strain it is interesting to

consider an alternative modulus, €' . This alternative modulus is based
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on a strain calculated from the current length, |, of the specimen as

opposed to the original length, |l .

.4l
%

correct the atrain to g'- él_
l

since L =1 (1-¢)

oS = €
€ a9 =)

Therefore this alternative modulus E' = _é_sl = Q¢ (1-¢€)
Ae A€

which gives El=E(1-¢)

Figures 6.1 - 6,3 show the vuriation of E and E’ with creep strain .

Although E’ still increases with creep strain, the increase is far
less than the increase in E . This seems a reasonable conclusion because
as the specimen strains the composition of the specimen is altering. The
ratio of matrix to interstitial fluid is increasing. Both E and E' are
moduli recorded for the combination, but with increased creep strain the
modulus must become more dependdnt on the modulus of the matrix., This perhaps
suggests that the modulus of the matrix alome is higher than any of the moduli
calculated from these experimental results.

Considering now the effect of loading frequengy on cartilage stiffness,
refer to figures 5,18 and 5.42. The freguencies chosen were those fairly
representative of fast 100 m sprinting, ordinary walking, and a slow dawdle.
At these frequencies the experimental results, figure 5.18, which are the
combined effect of fluid flow and elastic deformation, show very little
variation in the recorded stiffness due to change in frequency. However
frequency must ultimately have an effect on the calculated modulus, for, in
the extrems, where the frequency is zero, the equilibrium moduli are of the

order of 1 x 106N/m2, whereas in the oscillatory tests, for the range of
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frequencies used the modulus is around 1 - 10 x 108N/m2. This must be a
result of fluid flow. In the computer predicted relationships between
stiffness and frequency, figure 5.42, which of course only deal with fluid
flow, it can be seen that as frequency increases the cartilage stiffens.
However it seems reasonable to state that over the range of frequencies
chosen, although fluid flow increases i1ts effect at the lower end of the _
frequency range, 1t is still the elastic component which plays the dominant
role in the deformation of the cartilage.

It would seem fair to state that the comparison between the
experimental results and the predictions of the computer model are
qualitatively rather disappointing. However the computational work has
yielded some useful information.

The computer model predicts solely the fluid flow contribution to
deformation, and these are shown in section 5.3 to be not particularly close
to the actual deformations recorded in cartilage under constant load.

However when considering dynamic loading, the predictions of the model tend

to fall much more closely in line with the experimental conclusions about the
deformation process. Qualitatively then 1t seems reasonable to accept the
predictions of the model as the correct fluid flow phenomena under dynamic
loading. Above all the computer model confirms that for short duration
loading, around the frequency of the walking cycle, fluad flow plays virtually
no part in the dynamic component of the deformation.

From the relatioaships of figures 5.21 = 5.27 it is seen that the
computer predictions are very dependépt on the relationships between the
variables in the analysis, and on the values of these variables, for instance
the relationship of Kk = F\(€) . A linear relationship similar to that
proposed by Mansour and Mow (1976) can be seen in figure 5.22, to produce

very different characteristics from the Litchfield relationship where
k =f(ed)
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It 1s relationships such as these that would seem to be partly
responsible for the innaccuracies of the computer predictions for static
loading. If these relationships were indisputably determined and values of
such properties as porosity and permeability were determined absolutely for
each specimen, then perhaps the predicted results would be more accurate
for each loading ocase. - - - -

I+t seems now possible to descraibe the mechanical behaviour of
articular cartilage in terms of the over simplified rheological model of
figure 6.4. In this case spring A is a non-linear elastic spring representing
the equilibrium behaviour of slow or long term compression tests, such as in
figure 5.11. Spring B is a rubber-like material which caertilage would be if
all the fluid content were immobilised, and C is vaiscous dashpot in which the
clearance decreases with displacement. Spring B 1s much stiffer than A at
small strains and the dashpot C is virtually locked at frequencies in the
range of one cycle per second and above; at such frequencies therefore the
behaviour is dominated by spring B, with A and C contributing to long term
changes vig. creep strain. However as seen from experimental work the
cartilage stiffness to oscillatory loads increases as creep straln lncreases.
Therefore spring B in this rheological model must be such that 1t increases
in stiffness as creep strain increases, i.e. when components 4 and C are
contributing more to the response.

Under loads of short duration the response of the model will be much
like that of rubber, with a high resistance to volumetric strain and a

relatively low resistance to shear strain.



7 Conclusions

The experimental work has led to the following conclusions about the
action of articular cartilage in the body under normal physiological
conditions,

It appears that during a normal working day, including walking, standing
31§ﬁi§g,_9tq:, the oaffilage will become thinner and stiffer. The average
loading during the period would determine a daily-;;£;iﬂ;_t;ic;hess for_;he_
cartilage, with the cartilage resuming its unstrained dimensions during a
night's rest. This 'daily working thickness' may not be achieved in the same
way as the equilibrium thickness arrived at during the laboratory tests. In
the laboratory tests the fluid flow was axial and into a region of atmoapheric
pressure; however, in a jJoint the synorial fluid in the contaot reglon will be
pressurised, and so flow will presumably be less in the axial direction,

i.e. straight into the contact zone, and radial flow will ooccur.

During the day then the cartilage becomes thinner and consequently
stiffer, i.e. takes on a higher elastic modulus, see figures 6.1 - 6.3.
Fluctuations in loading during this period will induce only elastic responses
of the cartilage. In terms of the oversimplified rheological modsl previously
mentioned, during the day spring A compresses, the dashpot is at its lowest
clearance or tightest and spring B has a higher stiffness.

The dynamic elastic modulus, E , of cartilage appears to be of the
order of 1 x 108N/m2 when the cartilage has zero creep strain. This value
might increase, depending on the species from which the cartilage was taken,
towards a value of the order of 1 x 109N/m2. Baoh species of cartilage has
its own characteristios to dynamic and static loading.

As cartilage has been shown to react in a linear elastic manner to

dynamic loading the conoclusion of Radin and Paul (1970) is as one would expect.
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This 15 ~hat cartilage contributes little to the load attenuation properties
of Jjoints. There is only a thin covering of cartilage on the bone ends, the
volume of cartilage is small compared with the volume of the bone, and its
damping is very small at normal physiologiocal loading frequencies.

The cartilage covering on bone ends would seem therefore to have the

functions: -

1) providing a compliant surface to enlarge the load=~supporting
area and reduce the contaot stress level,

2) protect the underlying bone from mechanical damage that would
be caused by direct bone to bone contaot.

3) providing a low friction bearing surface within the joints to
ald the elegan: mechanical functioning of articulating joints.

L) along with synovial fluid playing an important role in the

mechanies of the lubrication of joints.
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Appendix I

Short study of subchondral bone
This short study of the deflection characteristics of subchondral

bone arcose from the oscillating load tests on articular cartilage. As stated
in section 5.2 the very small deflections recorded in oscillatory tests led
to the scrutiny of the whole of the appuratus and procedure, as any deflection
external to the_ deflection of the cartilage alone, would_introduce errors.

The subchondral bone is cancellous bone overlayed with a thin layer of
compact bone. Currey (1970) gives the following description of cancellous bone:

"Cancellous bone 1s found predominantly under synovial joints and areas
in which forces are applied over large areas. This indicates that its main
function may be to transmit forces, where the stresses, if the bone were solid,
would be ridiculously low (and the weight of the bome correspondingly high),
yet where the morphology of the situation does not allow a mere thinning of
the cortex of the bone; this would produce a too fragile shell."

Many papers have been published on the properties of bone and on the
relationship of such features as mineral content and collagen fibre orientation
on these mechanical properties. MHowever most published work has been on
ocompact bone tissue or even complete bones from various species and most of
this work involved the use of dried or chemically treated bone, The interest
in this short study was on wet subchondral bone only, that was, like the
cartilage, removed from the animal shortly after slaughter, and not allowed
to dry.

Currey (1970,1974) in these two papers not only quotes values of
mechanical properties found by other researchers, but puts forward many points
relating to bone and especially cancellous bone that are of interest here. He
says that "bone is viscoelastic, but from the point of view of its function
this viscoelastioity is not nearly so important as it is for the more pliant

materials. This is because, except in the extremis, 1t 1s not the function
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of bone to store or to dissipate energy." He maintains that the reaction

of bone in compression is vastly different from tension, and for cancellous

bone fallure in compression is accompanied by considerable buckling. Cancellous
bone i3 considerably weaker and more pliant than compact bone when tested on its
ovmj however a statement such as this 1s not especially meaningful as cancellous
bone is always surrounded by a thin shell of compact bone. ihen making
calculations on the properties of cancellous bone, it 1s generally accepted
that the total oross-section may be used, even though some of the cross section
13 occupied by the spaces in the bone. Therefore properties calculated tend

to refer to the whole specimen not ths bone material alone. #ith increase in
mineralisation of bone, stiffness and static strength inorease, but the amount
of energy absorbed in static loading and impact rises and then falls. Currey
showed that nature selects the ammount of mineralisation required in individual
bones to meet their function.

In this research, similar tests to those on cartilage were psrformed
on small cylindrical plugs of subchondral bone. The bone studied was from the
same sites as the bovine cartilage. "In the specimens tested, the reported
covaring of compact bone was of negligible thickness. The test specimens were
removed with a trephine in a similar way to the cartilage and bone specimens,
The cartilage was then removed from the specimen with a scalpel blade,

As stated previously this was to be a minor investigation. Three
primary tests were performed. These were confined oscillating load tests, with
the load oscillating around a mean constant level. The response of the bone to
this constant load can be seen in figure A1 which has been corrected for
deflection of the rig., From the point of application of the load there
appeared an immediate elastic response producing the majority of the final
strain. Up to about 4 minutes after load application there was a continued
increase in strain, but thereafter the strain increased only very slightly for
the duration of the test, longer than 50 minutes. The most notable point gained

from this 1s that the ultimate strains reached for these loads is far smaller
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than the ultimate strains recorded for cartilage at these loads. The
deflections of the bone is insignificant compared to the cartilage deflections
in constant load cases, therefore the effect of the bone can be disregarded in
the cartilage tests,

Figure A2 shows a constant incremental load test in which one bone
specimen #as repeatedly loaded and unloaded. The points on the curve were
taken immedirately after load application; however this graph does include the
deflection of the rig. It can be seen that after the first load application,
successive unloading and loading produced a repeatable curve, After the final
unloading the bone was left and the residual deformation d1d deorease with time.
It would appear then that wet subohondral bone acts in an elastic fashion to
quickly applied loads, with time dependant responses being slow,

The oscillating component of the applied load allowed elastic modull
of the bone to be calculated. This was done exactly as for cartilage using the
stress and strain amplitudes read off the oscilloscope photographs, after
correcting for rig deflections, As so few tests were undertaken, plotting the
results against creep strain or time yields no significant information., The
only trend obvious from the results is that the elastic modulus of subchondral
bone is higher than that of cartilage by about one order of magnitude. It
appeared also that during the first few minutes af‘ter load application, i.e, in
the time taken to achieve most of the equilibrium strain, the modulus was lower
than for the rest of the loaded period,

The average values of the modulus recorded were:!-

before the equilibrium strain, 0.63 x 109N/m2
after the equilibrium strain, 2.12 x 10°N/m?

Currey (1970) quotes the following values for the elastic modulus of
bone. From tests on prisms of cancellous bone, taken from all parts of human

2
femora the average value of E is 0.245 x 109N/m2, the value being 0.176 x 107N/
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for specimens above 71 years of age and 0,32 x 109N/m2 for specimens below

71 years of age (Bvans and King). These values are around 1/30 of the modulus
of compact bone, Values ranging from 6.7 = 21,0 x 109N/m2 are quoted for the
elastic modulus of oubes of compact bone from an ox femur in compression at
low strain rate (Bird, Becker, Healer and Messer) and 18.6 x 10?N/m2 for
simllar svecimens under slmilar condltions (Mcﬁlhaney) A higher value

29,0 x 10 N/m (McElhaney, Fogle, Byars and Weaver) from compression testa

on an ox femur is recorded, although Currey reports that this value could be
abnormelly high due to the testing conditions.

From these quoted figures, and the experimental work done for this
research, 1t would seem that in tests of cartilage, where the cartilage i1s not
removed from the bone, it is not permissible to ignore deflections of the
bone., Other workers, especially those performing the unconfined type of test
on cartilage have chosen to ignore bone deflections in their calculations.
This may be understandable 1f they were accepting the higher figures for the
elastic modulus, i.e. that for compact bone, as the elastic modulus for the
subchondral bone. However it has now been shown that the modulus of
subchondral bone is lower, and close enough to the modulus of cartilage to

require consideration.
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ric 2-1

Schematic view of the collagen fibrillar organisation in
human A C. 1n the full thickness block, from the surface to
the deep subchondral bone, approximately 50x full size

Reproduced by kind permission of Minns and Stevens (1976)
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FIG518 EFFECT OF LOADING FREQUENCY ON CARTILAGE STIFFNESS
ELASTIC MODULLUS v CREEP STRAIN
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FIG519 EFFECT OF LOADING FREDWUENCY ON CARTILAGE STIFFNESS
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FIG520 EFFECT OF MODIFYING THE COMPUTER MODEL
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FIG542 EFFECT OF LOADING FREQUENCY ON
THEORETICAL CARTILAGE STIFFNESS

"FLUID FLOW" ELASTIC MODULUS v CREEP STRAIN
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FIG 61  ELASTIC MODULI E & E’ v CREEP SYRAIN

CONFINED TESTS BOVINE
FREQUENCY 083 Hz
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FIGeg2 ELASTIC MODUL! E&E’ v CREEP STRAIN

CONFINED TESTS HUMAN
FREQUENCY 0-83 Hz
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FIG 63 ELASTIC MODULI E & E/ v CREEP STRAIN

UNCONFINED TESTS BOVINE CARTILAGE
FREQUENCY 0°83 Hz
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FIG 6.4

A SIMPLE RHEOLOGICAL MODEL OF
ARTICULAR CARTILAGE
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FIG A2 LOAD - DEFLECTION CHARACTERISTICS OF

THE RIG AND BONE TOGETHER
INCREMENTAL INCREASES IN LOAD
NO TIME DELAY BETWEEN PROINTS
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