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ABSTRACT

Cadaveric hip joints and prostheses were tested in a hip
Function simulator which sub jected the femoral head to a
cycle of loading and oscillation similar to that experienced
during walking, and measured the frictional torgue trans-

mitted to the acetabulum,

For natural joints, silicone fluids with viscosities from
10_2 Pa s to 30 Pa s were used as lubricants and full Fluid
Film lubrication was observed above '1Cl_1 Pa s. Sodium

carboxymethylcellulose solutions were also tested at the

lower viscosities.

Hyaluronic acid was added to one sample of synovial fluid

to increase its viscosity range and other synovial Fluid
samples were digested enzymatically. Hyaluronidase digestion
caused a significant increase in friction factor over the
control samples whereas tryptic digestion had no consistent

effect,.

No correlation between compliance of the cartilage and

frictiomal values was observed.

Experimental prostheses with a compliant lining in the
acetabular component were manufactured From a silicone
elastomer. The layers varied from 0.5 to 3 mm thick, and
two different clearances were tested. The prostheses were
tested with SCMC and silicone fluids. The friction
factors obtairned at low loads were higher than for a

Charnley prosthesis.

The swelling effect of the silicone Fluids on the elastomeric
linings was investigated along with the effective elastic

modulus of the arrangements.
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NOTATION

radius of indentation

radius of indentation for slab of thickness t
radius of indentation for slab of infinite thickness
absorbance at a wavelength of 530mm

absorbance at a wavelength of 585mnm

rate of change of absorbance per minute
oa-N-benzoyl-l-arginine ethyl ester HCl

calcium chloride

decrease in cartilage thickness [ho - h)

depth of indentation on slab of thickness t

depth of indentation on slab of infinite thickness
4-dimethylaminobenzal dehyde

eccentricity

elastohydrodynamic lubrication

elastic modulus [Young's modulus)

effective elastic modulus

elastic modulus measured on slab of thickness t

elastic modulus calculated for slab of infinite
thickness

normal load

cartilage thickness after time t
initial cartilage thickness
hydrochloric acid

component of force acting on a hip joint in a
vertical direction

hydraulic permeability

load



NAG

NF

PEQ

rms

SCMC

u
o
UHMWPE

ZN/P

No
qu/L

Q ¢ ¥

molar

normal solution (also Newtors)
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roughness average value

root mean sguare

sodium carboxymethylecellulose

time or thickness

time period

bearing torque

journmal torgue

sliding speed

maximum sliding speed

ultra high molecular weight polythene

tribological parameter

logarithmic strain

viscosity

absolute viscosity at atmospheric pressure

tribological parameter (viscosity x sliding speed/load)
amplitude of oscillation

Friction fFactor

Poisson's ratio

stress




CHAPTER ONE

INTRODUCT ION

The lubricatiom of human and other animal joints has
interested engineers for nearly a century. Human bearings,
al though very resilient and long-lasting by engineering
standards, do fail in use and can give rise to a great
deal of pain and disability. Over 90% of the British
population can expect to have signs of joint disease

during their lifetime.

This pathology may be caused by physical injury, infection,
viral or other unknown causes. A common factor in all
serious arthritic conditions is the destruction of the
articular cartilage - the bearing surface material in

a joint. It is not krnown whether it is the failure of
the lubrication which initiates the wear process, or
whether the poor lubrication is a result of the wear and
degeneration occurring in the joint. However, synovial
Fluid, the joinmt lubricant, is germerally affected by the
disease. It is therefore of interest to characterise
the lubrication mechanisms in a joint since this may
help to prevent or at least alleviate some aspects of

joint disease.

When the disease is well advanced, the joint will rot
function at all and the bioengimeer has to produce
replacement joints from engineering materials. This

raises another series of problems in designing a joint



with low friction which will have a life of many years
without requiring maintenance. Some of the problems
encountered are related to fFixation and bomne resorption,
The friction in a joint is intimately connected with
the problem of fixation since the frictional torgue
transmitted through the joint may contribute to the loosen-

ing mechanism.

The work reported here examined two areas of the lubri-
cation problem; orne relating to natural joints and the
other to prostheses. The hip joint was chosen for this
study because it is geometrically simple, being a ball
and socket joint, and it is often involved in severe
joint degerneration. Hip arthroplasty (replacement of the
hip joint by a prosthesis) is a well established clinical
procedure. Although the replacement joints are of ten
very successful in the short term, there are still
details of design which need to be studied im order to

increase the expected lifetime of hip prostheses.

The investigation of lubrication mechanisms in a natural
joint must be performed in vitro and this leads to

problems in trying to reproduce the physiological con-
ditions in the laboratory. The hip Ffunction simulator

used inm this work attempts to characterise the conditions
of loading and motion of a hip joimnt which may be important
to the lubrication mechanism. It subjects the specimen
joint to a cycle of loading and oscillation which contains

the main features of the walking cycle. No attempt was
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made to reproduce the conditions of temperature and

humidity found in a joint,

The effect on friction of the constituents of the synovial
fluid has been investigated, Previous workers had
presented conflicting evidence on the roles of the
hyaluronic acid and the protein components of the synovial
fluid in lubrication tests. 3wann et al [1974) had shown
that the protein component of synovial fluid was solely
responsible for effective lubrication. An opposing view
was presented by 0'Kelly et al (1978). Their tests
indicated that the hyaluronic acid played an important
role in joint lubrication. Further details of their

work are described in Chapter 3. In the present work,
synthetié lubricants were tested in human joints on the
simulator to examine the effect of varying the viscosity.
Syrnovial fluid was digested with the enzymes hyaluronidase
and trypsin and lubrication tests with the resulting
fluids were compared with those using undigested control

samples.

In a buman joint the articulating surfaces are covered
by a visco-elastic layer of cartilage. DOeformation of
these compliant layers may help to maintainm a Full Film
of lubricant between them, thus reducing friction. Part
of this work was to investigate the use of compliant
layers in artificial hip joints., A commercial femoral
head was used with acetabula lined with different thick-

nesses of silicomne rubber. It was hoped that this
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would lead to a greater understanding of the natural
lubrication mechanisms, together with providing ideas fFor
improving prosthesis design. The model used was not
intended for medical use, merely a convenient way to

examinme the relevant material properties.

The ob jects then of this work were to study the functioning
of human joints, particularly in terms of lubrication,
and relate this to similar studies of artificial joints

with similar mechanical properties.
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CHAPTER TWO

JOINT MATERIALS: ARTICULAR CARTILAGE AND SYNOVIAL FLUIO

The human hip joint is a ball and socket joint. The ends
of the bone are covered with articular cartilage and the
whole is enclosed by the synovial membrane, within

which the synovial fluid is retaimed. In considering
lubrication of any joint, it is the mnature of the two
opposing surfaces, the lubricant and the loading which

are of importance. This chapter deals with the first

two of these by looking first at some of the relevant
properties of articular cartilage and then at the behaviour
of synovial fluid. Lubrication mechanisms are discussed

in the following chapter and the load cycle in Chapter 4,

2.1 Articular cartilage

Cartilage is = common connective tissue in the body.
Articular cartilage, as its name suggests, lines the
articulating surfaces of synovial joints. Its purpose

is to act as a stress distributor and to minimize friction
in a joint by providing a 'smooth' surface fFor lubrication,
Much work has been published on articular cartilage and
extensive details can be found in review articles and
books (Wright et al, 1973, Freemah, 1979). This section

is therefore intended only to give a brief outline of
presently accepted theories of the structure of articular
cartilage and to examine those mechanical properties

relevant to the work reported in this thesis,
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2.1.1 Structure of Articular Cartilage

Articular cartilage consists of cells distributed through-
out a three-dimensional network of collagen fFibrils
embedded in a ground substance (Edwards, 1967]). The
proportions of each of these three substances varies

with depth from the articular surface.

The cells, or chondrocytes, represent 1 - 10 % of the
volume of the cartilage [Hamerman and Schubert, 1982).
They marnufacture the ground substance intracellularly.
This ground substance is the filler around the matrix of
Fibres and is rich in mucopolysaccharides, chondroitin
sulphate and keratan sulphate. It has a very slow
turnover rate compared to other human tissues. The collagen
Fibrils are crosslinked into a network which, except
during growth and repair, is metabolically imnert in ;dult
cartilage (Libby et al, 1964). 1t has been shown that
there is considerable variation in the composition of
the cartilage between different joints, and between dif-
ferent sites and depths on the same joimt [(Muir et al,

1870, Kempson, 1979).

The fibres have been investigated with scanning electron
microscopy (Mimns and Stevens, 1976) and shown to increase
in width from about 0.03 um in the surface layer to

0.1 - 1,0 am in the desper layers,
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The change in the structure of articular cartilage with
depth can best be summarized by a model of four zones,
used originally by Collins (19439) and later by McCall

[ 1969):

Zone 1 Superficial - adjacent to the joint cavity.
The fibres are tangential to
the surface, the cells are
discoidal with their long axis
parallel to the surface.

Zone 2 Intermediate - where the coiled Fibres form
an interlacing network. The
cells are spheroidal and
equally spaced.

Zone 3 Deep - where the fibres form a tighter
meshwork and are generally radial
to the articular surface.
Spheroidal cells are arranged
in columnar groups of four to
eight cells.

Zorne 4 Calcified - adjacent to the subchondral
borne. There are fFew cells and
the matrix is heavily impregnated
with crystals of calcium salts.

The propeortion of each zone varies between joints but

typically zones 1 and 4 each occupy 5 - 10 % and zones

2 and 3 each 40 - 45 % of the total thickness (Figure 2.1).
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2.1.2 Surface contours of articular cartilage

The smoothrness or otherwise of the cartilage surface
is very relevant to the discussion of possible mechanisms
for joint lubrication. This aspect is discussed further in

Chapter 3.

The surface of healthy cartilage has been studied by
scanning electron microscopy and replication technigues.
Walker et al (19693 suggested that the surface was
gently undulating with a peak to valley height of 2.5um
and a pitch of 25 um. Clarke (1971) disputed this claim
by obtaining evidence that the ridges occurred near
Fractured edges of the specimens and were probably
artefacts due to the preparation technique. He showed
that the surface had bowl shaped depressions of depth

1 - Bam and diameter 15 - 30 aum, He wondered whether
the depressions were present in living articular carti-
lage or whether they were caused by the artefactual
collapse of overlying tissue into the matrix lacunae

during specimen preparation,

Obviously the ideal situation would be to study the
surface roughness of cartilage in situ, but as this is
not practicable, other methods have been used. The main
problems can be summarised as follows [(Swanson, 1979]:

1 Measurements under no load tend to give high

values for roughness, since surface asperities
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are reduced by loading.

2 Measurements on post-mortem material may involve
errors due to the death and collapse of cells near
the surface,.

3 Measurements with an electron microscope have used
dehydrated specimens.

4 Measurements on cast replicas may be subject to
errors caused by the effect of water on the curing

of the resin,.

Gardrner (1972) classified the surface contours into three

groups according to the size of the variation:

Primary: the anatomical shape of the joint surface.

Secondary: a series of undulations of about 0.4.-- C.5 mm
wavelength,

Tertiary: a series of undulations of about 20 - 30 um

diameter and 1.2 - 2.6 um in height.

Sayles and Thomas [1978) rejected the previous studies

of cartilage surface on the grounds of errors caused by
the preparation technigues, and showed that direct

surface measurement with a Talysurf stylus was practicable.

They produced computer generated 'contour maps’ of
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cartilage surfaces and found Pno periodicity in their
measurements. The surface profile of fFemoral head
cartilage was examired directly with a Talysurf (Thomas
et al, 1980). Their measured rms roughness was between
3 - Bpam, From this they calculated a real area of
contact in the hip - assuming all the load to be carried
by contacting asperities - of 127 mm2 at heel strike.
The pressure at this point was 9.8 MPa and the mean

distance between the cartilage surfaces, 60 um,

2.1.3 Permeability of articular cartilage

Cartilage consists of solid constituents with fluid
intimately dispersed within it. It can therefore be
considered as a porous network to which the Darcy
equation may be applied:
Q = Kap
where Q@ = volume flow rate per unit cross

sectional area of cartilage.

Ap = pressure drop per unit thickness.
K = hydraulic permeability.
s q s . -16 3 -1
The permeability varies from about 1 - 2.5 x 10 m- s kg

in the deep zome to 3 - 9 x 10-15 m3 s kg_1 near the




18

articular surface (Maroudas, 1879). The normal and
tangential permeabilities seem to be similar to each
other. Using a typical value for permeability, Maroudas
showed that the deformation due to fluid flow out of the
cartilage must be negligible over the time of loading
involved in a walking cycle. This is a very important
result, since McCutchen's theory of "weeping' lubrication

(see Chapter 3) depends on such a fFluid fFlow existing.

Earlier work by Maroudas et al [1968)] on dye penetration
inmto cartilage under different conditions detected no
difference in diffusion rates between in vivo and in vitro
tests. Interestingly, a cyclic loading of the cartilage
also had little effect on the rate of diffusion of the

dye.

2.1.4 Mechanical properties of articular cartilage

Any test used to examine the mechanical properties of
cartilage is mnecessarily in vitro, but even with this
limitation it is possible to do some tests which are more
likely to represent the physioclogical situation than
others. Tensile tests - details of which may be Found

in Freeman (1979) - may be relevant to the breakdown of
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cartilage, but do nat lead to modulus values which can
be related to the lubrication tests conducted in this

thesis.

Many of the compressive tests on cartilage have used an
indentor and shown the change of indentation with time

of application of a load, and its subseguent recovery.
Typical results are shown in Fig 2.2 (Kempson et al, 1971).
These show an instantaneous deformation followed by a
slower creep. On removal of the load, the cartilage
recovers over a similar period of time as the application

of load, and there appears to be no residual deformation.

Johnson et al (1975) found that in unconfined compression

the elastic modulus of the cartilage varied with creep
strain. They applied a static preload to the sample and then
superimposed a sinusoidally varying load at a frequency

of 1 Hz., The elastic modulus was definmed as the sinusoidal
stress amplitude divided by the sinusoidal strain amp-
litude. This modulus increased from 12 MPa +to 45 MPa

at 0.6 creep strain,

Cartilage in a joint is mot unconfined. It exists in

a thinm layer covering the bone ends and any part of it
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is restricted by the surrounding cartilage and by the

fFixed junction with the bone. In most measurements of
cartilage deformation the underlying bone can be considered
rigid. Higgimson and Srmaith (19739]) studied the deformation
of plugs of cartilage constrained by a metal cylinder

under an oscillating load using a similar arrangement

to Jobnson (above). They found much higher values of
modulus ([ 0.1 GPal] than generally reported. Oscillo-

scope traces of stress-strain loops showed that the stress
and strain were almost in phase and therefore the

cartilage was behaving like a linear elastic solid under

conditions which were approximately physiological.

Video recordings of wet cartilage undergoing compression
in a scanning electron microscope were used by Gore

{1981) to examine the compliance of the cartilage in the
different zones. She found that for normal patellar
cartilage, the compliance is highest in the superficiasl
zone, decreases to a mimnimum in the mid-zone and increases

again slightly in the deep zore.

With her tests using plugs of patellar cartilage, Gare

found a definite increase in compliance with age of
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sample and also after storage at - 20°C. On the other
hand, Armstrong et al (1980) found no alteration in
Yourng's modulus with age using arn indentation test on
femoral heads. However, im an intact joint, the magnitude
of the cartilage deformation for a given load, markedly
increased with age. This was thought to be due to an
increase in the fluid expressed in the first 30 s of
loading. This corresponds to a reduction in Poisson's
ratio, if the cartilage is modelled as an elastic

material.

2.1.5 Contact areas in the hip joint

The contact area in the hip, estimated using a dyeing

. . . 2 2 . 2
technique, varied from 3.83 in [(24.7 cm ) to 4.38 in

2 .
(28.3 cm ) (Greenwald and O'Connor, 1971). Using a
casting technique, Dowson et al (1967] demonstrated a
2 .

contact area of 4.5 cm . If the maximum fForce at the
hip is 5 x body weight, a typical value Ffor the maximum
stress is 8 MPa. These contact areas may be higher
than those obtaimed in vivo since the joint must be held
under a compressive load for a longer time than would

be normal during walking, in order to take a casting



22

or inject a dye. The real contact area in the hip,

assuming asperity contact, was calculated by Thomas et sl
2 ,

(1980) to be 1.27 cm , considerably smaller than the

measured values since they estimated the proportion of

the apparent contact area where asperities would actually

be touching.

2.1.6 Theoretical models of cartilage

A number of workers have used theoretical models of
cartilage to predict behaviour when physiological loads
are applied. Deductions have been made concerning
stresses and strains produced, and Fluid flow between the

surfaces.

Askew and Mow (1978) examined the effect of the fFibrous

ul trastructure of the cartilage on the stresses and

strains produced under physiological loads. They

suggested that degeneration of the cartilage with age

is more likely to be a strain fatigue mechanism than the
direct effect of tensile stress. Afoke et al (1982) used

a Finite element model of a hip joint to calculate stresses
in the articular cartilage. They found that, in their

model, cartilage was well able to distribute the applied
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load.

Kenyon (1980) modelled the surface flow of fluid between
two cartilage surfaces to determine the conditions

under which surface flow was more fFavourable than flow
within the cartilage. He tentatively deduced that if
the viscosity of the synovial fluid was greater than

500 cP (0.5 Pa s), flow between the surfaces would be
prevented. His model however did not consider the

deformation of surface asperities under load.

To summarise, articular cartilage acts as a stress dis-
tributor and as a bearing surface in human joints. It

has been described as a viscoelastic solid, but appears
within the confines of physiological constraints to aPPﬂxkndz

to a linear elastic solid.

2.2 Synovial fFluid

Synovial fluid is a pale yellow, viscous liquid found
in human and animal joints. It is only Found in very
small guantities in human joints, typically 0.2 ml in
the knee, although this may be increased many times in
the diseased state. In animal joints, larger amounts

may be found eg from 5 to 65 ml in the bovine ankle
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joint. There is considerable variation in volume and
composition of fluid between animals of the same species
and between different joints in one animal (Davies,

1966 - 67)., Davies (1966 - 67) also summarises the
purposes of synovial fluid. It is gererally believed

to be the lubricant in a joimt, but is also important for
the nutrition of the avascular articular cartilage and
the ranoval of products of metabolism. The hyaluronic
acid, which is believed to be secreted by the synovial
membrane, is probably concerned with the maintenance of
a constant pH, control of the fluid volume and its
protein content, as well as its major Ffunctionm to the
bioengineer, that of increasing the viscosity of the

synovial fluid,

2.2.1 Composition of synovial Fluid

Synovial fluid is a dialysate of blood plasma with the
addition of hyaluronic acid. It contains many of the
proteins in plasma such as albumin and globulin (Ropes
et al, 1940), but has a much higher proportion of those
with the lower molecular weights. The albumin/globulin
ratio is higher by a factor of about 2.5 than in plasma
(Davies 1966 - 67). The total protein content of

synovial fFluid is around 2.0 mg/ 100 ml compared with
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7.0 mg/ 100 ml For blood plasma.

The other major constituent of synovial fluid is hyaluronic
acid, first isolated by Meyer et al (1938]). Meyer (1947)
showed that the hyaluronate was depolymerized by the

action of the enzyme hyaluronidase and he later concluded
that hyaluronic acid was a long chain polymer consisting

of regular repeating disaccharide units containing
N-acetylglucosamine and glucuronic acid (Meyer, 13958].

The repeating molecular units are shown in Figure 2.3.

Its molecular weight in synovial fluid is arcund 10

and its concentration, though very variable, averages

about 3.5 mg/g.

In Rheumatoid Arthritis the hyaluronic acid is Found to
have the same structure but a shorter chain length

than in normal fluid.(Barber et al, 13864].

2.2.2 Viscosity of synovial fFluid

One of the most important effects of hyaluronic acid

in synovial fluid is as a viscosity-raiser. Synovial
Fluid exhibits non-Newtonian properties ie its viscosity
decreases with increasing shear rate, but this was not

recognised by many early workers. Barnett [(1958) pointed
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out the necessity of guoting shear rate with measurements
of viscosity. He explains that the 'widespread impression
that (joint]) Fluid ... varies From day to day in its
physical properties’' is due to the lack of knowledge
of the non-Newtorian type of behaviour. It is mecessary
to use a viscometer which applies a uniform shear rate
to the whole sample of fluid at any one time. The shear
rate also needs to be variable over several orders of
magnitude, Cone and plate viscometers fulfill these
requirements and Coocke et al [(1978a) used a Weissenberg
rheogoniometer to study both healthy and pathological
synovial fluid. Their composite graph (reproduced as
Figure 2.4) shows a marked decrease in viscosity as the
shear rate increases for normal fluid. For osteoarthrotic
Fluid the viscosities are lower and less shear dependent,
while for rheumatoid fluid the shear dependerce is even
less. Cooke pointedoutthat the viscosities for normal
and pathological fluids at high shear rates are guite

1

.. 4 - . . .
similar and at 10 s the ratio ofthe viscosities

to that of water will only be around 4:1.

Figure 2.5, taken from Negami's work (1964), shows that

the viscosity is indeed dependent on the hyaluronic acid
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comtent of the fluid, However he Found that the addition
of hyaluronic acid to pooled fluid or buffer solution,
did rmot increase the viscosity as much as expectesd. He
attributed this to the idea that the hyaluronate forms

a complex with protein in the synovial fluid, which it

was unable to do in pooled Fluid or buffer.

Negami used a method of measuring dynamic viscosity
which also enabled him to measure the dynamic elasticity
of the synovial Fluid. He used a double cylindrical

cup filled with fluid in which a ring was suspended
concentrically. A torsional oscillation was applied to
the cup and the response of the ring was measured. He
Found that the dynamic elasticity of synovial fluid
increased with shear rate as dramatically as the dynamic
vigcosity decreased. Hence synovial Fluid may act as an
elastic material in a fast moving joint. The viscosity
of synovial fluid under pressure has been investigated
(Cooke et al, 1978b). Using pathological human and
healthy bovine fluids, the viscosity was measured at
pressures up to 104 MPa. No change in viscosity was

observed. This contrasts with results obtained from
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both mineral armd silicomne oils which display an increasing

viscosity as the pressure rises.

The pH value of the fFluid also affects its viscosity.
Negami (1964) found that the viscosity decreased by 40%

as the pH was reduced from 7.4 to 4.0 and Ropes et sl
(1947) also found a variation but showed that the viscosity
was most stable between pH 7.0 and pH 8.0. They found

a 10% reduction in relative viscosity with an increase

in temperature from 25°C to 38°C. This was a reversible
effect. A variation in viscosity with age was found by
Jebens and Monk-Jores (1959). The apparent viscosity in

a capillary viscometer varied from 14 Poise for a boy
aged 15 to 0.6 Poise for an 80-year-old woman. Fluid
From joints which had experienced trauma had a viscosity

of less thamn 1 Poise.

Since pathological fluid was found to have a lower vis-
cosity thamn normal fluid, several workers have been inter-
ested in the degradation of synovial fluid. Ogston and
Stanier [1953) studied the effect of hyaluronidase on

ox synovial fluid and as expected found that the viscosity

was decreased, since the enzyme breaks bonds in the chains
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of hyaluronic acid. Later, Ogston and Sherman [ 1959)
found that trypsin affected the protein in the Ffluid
but mot the viscosity, whereas papain produced a more
generalised degradation., This canfirmed earlier work
by Ropes et _al (1947) where they showed that complete
digestion of the protein by trypsin resulted in a charnge

of relative viscosity only from 33.1 to 31.3.

Anti-tryptic activity was observed by Holmes et al [1935)
in some, but not all, of the synovial fluid samples he
tested. The inhibition is non-competitive so increasing

the amount of trypsin will overcome the inhibition.

In the following years much work was done on biochemical
analysis of the fluid. The hyaluronate was isolated by
methods such as density gradient sedimentation
(Silpananta et al, 1968), ultrafiltration (Sandson et al,
1962) and ultracentrifugation (Scher and Hamerman, 1872).
The latter workers found that the hyaluronate could not
be completely separated from the protein in the fluid,
confFirming earlier work by DBgston and Stamnier (1950 and

1952).
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Swarnn and Radin (1972) examined the lubricating ability
of the fFluid constituents in an arthrotripsometer and
concluded that the lubricant was a macromolecule consist-
ing of two glycopeptides and one peptide. Having decided
that this macromolecule was responsible for lubrication
and mot the hyaluronate, Swann et al (1977) went on to
isolate and characterize the major glycoprotein which
they named 'Lubricating Glycopeptide - I'(LGP - IJ.
Details of their lubrication tests are given in the

appropriate place in the mext chapter.

In summary then, synovial fluid is a viscous liquid

found in joints. Its maln purposes are to provide nutri-
tion for, and lubricate the joint. This work is concerned
with the lubrication of joints and the viscosity of the
fluid is therefore important. Synovial fFluid is a non-
Newtonian fluid, in the sense that its viscosity decreases
with increasing shear-rate. The viscosity of the fluid

is unchanged by pressure but is affected by pH, age and

enzymatic digestion.




31

P s s Zone | —'Supefkaal
AT T e T e
L4 o & a ©
:‘f:"eo,‘; :’ .
®o %o o0° Zone 2 —linkermediale
Q 0 o o ©
] ° PP
o o o 0°°-
280 g 8.3
o © oo
2725 %, 8" Zone3 — Deep
°©S% § 3
° L4

WETY

2y
%,
Hlee

Zone [+ — Cale Fied

Subchondral bone

Figure 2.1

The zone model for articular cartilage,

Indentakion (mm)

o4

T
o 1o 20 30 40 . so
Fime (min)

Figure 2.2

Typical results for indentation test on articular
cartilage from a human femoral head. (Kempson et al, 1971)
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The repeating molecular unit of hyaluronic acid.
(Homsy et al, 41973)
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CHAPTER THREE

LITERATURE REVIEW OF JOINT LUBRICATION

There is a wealth of literature on the mechanisms involved
in the lubrication of joints. The matter has aroused
considerable controwversy and many differemnt approaches
have been made to the problem of characterising animal

joint lubrication in the laboratory.

The modes of lubrication normally accepted in Tribology
are illustrated in Figure 3.1. Hersey, in 1914, was the
first to apply dimensional ahalysis to the lubrication of
a journal bearing (Dowson, 1979). The coefficient of
Friction,}*, is plotted against the non-dimensional
parameter mu/p (viscosity x rotational speed/load per

unit width), The characteristic shape of the curve can be
indicative of the different lubrication modes present

in the system.

In the first region, boundary lubrication occurs and there
is contact between the asperities on the two bearing
surfaces, The friction is not dependent on the bulk
properties of the lubricarmt, such as viscosity, but
depends on the bearing surfaces which may be covered with
a layer produced by a chemical reaction, eg an oxide, or
an adsorbed layer of lubricanmt. In the third region of
the graph, the surfaces are completely separated by a

Film of fluid and so the viscosity of the fluid becomes
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important in a hydrodynamic mechanism. Here the coefficient of fricton
increases with viscosity and sliding speed, but decreases

with load. Between these two extremes there is a transition
region, known as mixed lubrication, where boundary and
hydrodynamic mechanisms are both operating. The minimum
coefficient of friction occurs at the transition between

mixed and full Fluid Film lubrication as can be seen

on the graph.

In a bearing like a human joint, two further mechanisms
promote the presence of a fluid film. As the bearing
surfaces are compliant, they will deform under load and

the possibility of obtaining a full fFluid film is increased
at higher loads - this is known as an elastohydrodynamic
mechanism. Also, in a dyrnamic loading situation, a

squeeze film mechanism can operate as the fluid resists
being pushed out from between the surfaces on application

of the load.

The literature review which follows attempts to outline

the differing theories produced by various workers. Most
of the authors were investigating the lubrication mechanism
im matural joimts though not always using biclogical
materials to do so. On the other hand some of the later

published work includes the lubrication of hip prosthesas,

The earliest reference to the possible application of
hydrodynamic lubrication theory to syrnovial joints was

made by Osborrne Reyrolds (188B) in a well known paper
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written nearly a century ago in which he proposed a theory
of fluid film lubrication. Many years later MacConnail
(1932) applied this theory, pointing out that the incon-
gruence of the joint components would result in the

wedge shaped gaps required by the lubrication theory.

Jones (1934) was probably the first to measure the static
coefficient of friction in a joint., He used a horse's
stifle joint to examine the coefficient of friction under
various conditions of loading and lubrication. He found
the dry coefficient of friction to be about fourteen times
the lubricated value. Two years later, Jornes (1936) was
using a human interphalangeal finger joint as the fulcrum
of a pendulum to measure friction - a method which has
been used by many workers since. He deduced that a

Fluid Film could survive a load capable of crushing bone.

Ropes et al (1947) examined the lubricating ability of
synovial fluid and mucin in an artificial joint made of
lucite (perspex) and found no advantage over serum,

However, they were looking at a constantly loaded joint

which was likely to be operating with boundary lubrication.

Good boundary lubricants are adsorbed onto the bearing
surfaces so the interaction of the fluid and surface needs
to be carefully considered. The ineffectiveness of
synovial fluid as a boundary lubricant in an artificial
joint therefore tellsuslittle about its boundary

lubricating ability imn a matural joint.
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Charnley (1959, 1860a, 1960b) criticised the conclusions
of both MacCorrnail and Jormes. He believed that the
lubrication mechanism was primarily boundary and that a
hydrodynamic mechanism could not work due to the heavy
loads, slow movement, and the elasticity of the cartilage
which would make the surfaces conform. He tried to repeat
Jones!' experimemts on static fFrictiom but Found no
differernce in coefficient of friction when the synovial
fluid was removed. In his pendulum experiments with
ankle joints, Charnley found a linear decay of amplitude
with time which he assumed must be consistent with a
boundary lubrication mechanism., This led him to the
conclusion that artificial joints must be desigrned to

be boundary lubricated and he began to consider the use
of polytetrafluorethylene (ptfel in prostheses since it

has a coefficient of friction against steel of around 0.04,

A 'mew and interesting class of hbearings' was proposed

by McCutchen {(1959). He experimented with closed and
open cell sponge rubbers and suggested a lubrication
mechanism where fluid 'weeped’' from the bearing surface
under pressure, so maintaining a Fluid Film. Lewis and
McCutchen (1959) applied the theory to animal joints

and showed that fluid was exuded From articular cartilage
under pressure, The low pennaﬂﬂ&yoF cartilage leads to
doubts as to whether the transport through the cartilage
can occur quickly enough for "weeping' to be effective.

Also, since the cartilage surfaces are rough the contact
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areas initially will be small and pools of Fluid will
become trapped between opposing surfaces, without the

necessity for "weeping'.,

Dintenfass [(1967) in his review of the current status

of joint lubrication suggested that previous workers had
oversimplified the situation, in opting For either hydro-
dymamic or boundary lubricatiom. He favoured an elasto-
hydrodynamic mechanism complicated by the time and load
varylng properties of the cartilage, the complexity of the
synovial Fluid itself and the geometry and kinematics

of the joints. Tanner (1968) continued the idea of
elastohydrodynamic lubrication [(ehl) and calculated a
Film thickrness for the hip joint of 10—7 m or more,

This is rather small for fluid film lubrication since

the surface roughness of the cartilage is around 10_5 m.

Further weight for the elastohydrodynamic theory was
provided by Oowson (1966 -87) in a paper in which he
comprehensively summarised the history of joinmt lubri-
cation ahd then considered the present position. He
suggested that ehl was likely to occur, helped by

squeeze film effects and elastohydrostatic action where the
elastic lining was also porous, but that boundary lubricat-
ion was important under certain highly loaded and slow
moving conditions. He modelled a human joint in tri-
bological terms and calculated film thicknesses at the knee

and hip. For the hip the elastohydrodynamic Film thickness
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was about 4 - B x 10—6 m and he showed that the sgueeze
Film time would be much greater than any oscillatory
joint movement. When there is persistent loading without
rolling or sliding, the flim thickness would reduce until
it reached the size of the hyaluronic acid molecule,

which would then act as a boundary lubricant.

Fein (1966 - 7) examined the question of a squeeze film
with a model to predict film thicknesses and an experiment
with a lens and an optical flat to count interference
fFringes as a function of time after loading. He obtained
close agreement and went on to discuss the application

of the theory to natural joints, concluding that they

were probably squeeze film lubricated with hydrodynamic
action replenishing the Film. This idea was revived

ten years later by Higginson's (1977) calculations of
probable film thicknrnesses obtainable by a squeeze Film

mechanism,

McCutchen (1966 - 7] returned to his weeping lubrication
theory with experiments using a pig’'s humerus rubbing
against glass. The friction rose with time and was

lower for synovial fluid than water. Raising the cartilage
fFrom the glass for one second then continuing the test
lowered the friction briefly, a ten second interval improved
the reduction. McCutchen explained this with his weeping

theory in that lubricant is gradually squeezed out of the
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cartilage matrix when loaded and the cartilage swells
again on removal of the load. It should be rmoted that he
used around eight minutes continuous loading which is

rot a situation often Found under dynamic conditions in
human joints. When he rubbed a thin rubber sheet on glass
with synovial fluid as the lubricant, the friction

again rose with time, and could be reduced by soaking

the rubber in the synovial fluid. This he interpreted

as a boundary mechanism where the synovial fluid takes
time to be adsorbed onto the rubber surface. Again, the
conditions used predispose to boundary lubrication and

are not typical of the actions of human joints,

To examine the constituents of synovial Fluid McCutchen

used millipore filters and also digestion with hyaluronidase.
From this work he comcluded that the hyaluronic acid and
viscosity of synovial Fluid were unimportant in lubri-
cation but there was probably some constituent in the

mucin which was a good boundary lubricant. He suggested
that the rheology of the synovial fluid was important

For the lubrication of the soft tissue around a joint

rather than the cartilage bearing surfaces.

The thickrness of a Film of syrnoviagl fluid which might
be formed as a boundary lubricant was examined by Maroudas
(1966 - 7). At a water - air interface a film 150K

8

(1.5 x 10°8 m) was observed, on quartz 7008 (7 x 10°° m).

She calculated the size of the gap between two cartilage
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surfaces at which flow through the cartilage, rather than
in the gap, became important as 5,000 R (5 x 10—7 m).
Below this value it is likely that a concentrated film

of hyaluronic acid would Form on the surfaces, since the
water will permeate through the cartilage. This gel

may be important to the action of synovial fluid as a
boundary lubricant, but it shouldbs noted that for a
stable gel to fForm, the water flowed through the cartilage

for a period in excess of twenty hours which is an extremely

long time in terms of constant joint loading.

Wilkins (1968) also examined the boundary lubricating
ability of syrnovial fluid with a latex rubber on glass
friction measuring device. He used conditions specifically
desigrned to give good boundary lubricatiomn, with a
constant load of 330 g cm_a (32 KNm_E] and sliding
speeds from 0 to 10_3 ms-1. Whole synovial fluid gave
friction coefficients of about 0.01 in his test system.
Mild digestion of the fFluid with hyaluronidase did not
alter this value but exhaustive digestion increased it
more than ten times. Even larger increases in friction
coefficient (>0.2) were observed after proteolysis with
trypsin or papain, Wilkins deduced that for boundary
lubrication the protein comporent, destroyed by trypsin,
was essential. The hyaluronic acid also seemad neces-

sary, but its chain length could be considerably shortened

before boundary lubrication was affected.
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Linn produced a series of papers in which he studied

joint lubrication using dogs' ankles in an arthrotripsometer.
The First paper (Linn, 1967) describes the construction

and use of the arthrotripsometer to measure the coefficient
of friction in the joint and also the deformation of the
cartilage. It was designed so that the talus rotated
through 36.20, but problems arose since the centre of
rotation of an ankle joinmt is not Fixed. This meant

that the line of action of the force did not always pass
through the centre of rotation, so he found superposition
of the torgue due to the load, and the targue due to

the friction. Taking an average reading from the two
halves of the cycle overcame this problem. Maost tests

were run with a constant load varying from 9 to 64 Kg

and at speeds from 10 to 200 cpm {0.17 to 3.3 Hz). He
found that the coefficient of friction reduced with in-
creased speed of oscillation, with increased load, and

with bovinme synovial fFluid instead of saline solution as
lubricant. The reduction in friction with the change

in lubricant was from .0124 to .0057. He postulated

shearing and ploughing components of sliding friction.

Linn's second paper (1968) discusses the lubrication
mechanism in terms of the tribological parameter ZN/P
and concludes that it is a mixed mode with hydrostatic
(weeping), elastohydrodynamic and boundary lubrication

all contributing.
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Limn and Radin (1968) showed that hyaluronidase digestion
of synovial fluid mucin, which reduced its viscosity

to that of buffer, did mot affect the friction coefficient,
whereas tryptic digestion of the mucin did not alter the
viscosity but increased the coefficient of friction
typically from .0028 to .0054. They pointed out that

the pH ahd molarity of buffer affects the frictional
values. Formalin Fixation of the cartilage also increased
the coefficient of friction by a factor of four, presum-
ably by making the cartilage much stiFFer. Their experi-
ments led them to the conclusion that a protein component
of synoviagl fluid is important in lubrication and the
viscosity has no effect. However, it should be noted

that their experiments were carried out with .the ankles
constantly loaded under continuous oscillation. As
previously observed, this condition is not often found

in the normal range of joint actiomns where, if joint
surfaces are in relative motion, the loading is normally
dynamic, varying from nearly zero to several times body

weight (see Chapter 4].

Linn's paper in the following year (1969]) summarised his
previous results, reiterating his conclusions that the
mechanism of joint lubrication was in his belief a com-
bimation of boundary, elastohydrodynamic and self induced

hydrostatic lubrication (the 'weeping' theory of McCutchen]).
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Radin, Paul and Pollock (1970) used a modified arthro-
tripsometer and bovime metatarso-phalangeal joints

under increasing loads with buffer and syrnovial fluid,.
They used heavier loads than Linn {from 100 Kg to 500 Kg)
and fFound that for synovial fluid, the coefficient of
friction increased with load and at the highest loads
had no advantage over bSuffer, This led them to conclude
that a weeping type of mechanism was active, but again
they were rnot studying friction under physiological
conditions since their frictiomal values were recorded
after two hours continuous oscillation at constant heavy

loads.

In answer to the criticism that the digestion of syhovial
fluid may have unpredictable effects omn it, Radin,

Swann and Weisser (13970) used a demnsity gradient sedi-
mentation technique to obtain three lubricants containing
respectively no hyaluronate, all the hyaluronate, and

most of the protein., Using the same rig as Radin, Paul
and Pollock with a load of 250 1lb, they found that the
Fluid containing the protein was the only one which showed
any advantage over buffer - concluding that it is this
protein which is solely responsible for joint lubrication,.
Since their test conditions of constant loading predis-
pose to boundary lubrication, it may be true that only

the protein component is important in their system.

This cannot be generalised to cover joinmt lubrication under

all conditions.
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A decrease in coefficient of friction with increasing
speed of oscillation was noticed by Radin, Paul and
Weisser (1971), also in the arthrotripsometer. This

they postulated was due to the force mnecessary to overcome
the elastic nature of the cartilage but could also have
been due to a mixed lubrication regime, where an increase
in sliding speed would reduce the coefficient of friction
(see Figure 3.1). They also tried artificial lubricants,
such as 200 cS silicone fluid, and found them to be less
efficient than synovial fluid, concluding that Miscosity
is not important. This may be true in their system of
constant loading, which is likely to require boundary
lubrication., As explained in the discussion of Rope's
work, the interaction of surface and lubricant is important
here and may not be achieved if one component is synthetic.
If however, they were operating in the mixed lubrication
regime, near the minimum of the curve in Fig 3.1,
increasing viscosity may have taken the system into the
fluid fFilm region. An increased viscosity here increases

the coefficient of friction.

Radin et al (1971) studied the lubrication of bovine
synovial membramne on a motor-driven glass slider and found
here that hyaluronate was a better lubricant than buffer
and that removal of hyaluronic acid from synovial fluid
with hyaluronidase, removed the lubricating advantage

of synovial fFluid over buffer,
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In their 'consolidated concept' of joint lubrication,

Radin and Paul (1972) suggest that the cartilage -
cartilage lubrication is boundary at low loads and

sgueeze -~ film at high loads, but this sqgueeze film is

rmot dependent on the presence of hyaluronate. The hyaluro-
nate is only important for the boundary lubrication of

the syrovial membrane. This squeeze Film in the absence

of hyaluronate does mnot appear to be backed up by any
experimental data, and all their previous expsriments
involved constant loading, where the squeeze film effect

is unlikely to occur.

Swann et al (1974) brought together tests on both cartilage
and synovial membrarne in the same series of experiments.
They obtaimed hyaluronic acid from various sources
including rooster combs and showed that the viscosity of
the fluid was important in the membrane lubrication tests
and that there was no reduction in lubricating ability
until the hyaluronic acid content fell below 0.5 mg/ml.
Human rheumatoid fluid was also tested and found to

give similar results to those with bovine synovial

Fluid. Their tests on cartilage, carried out in the same
manner as Radin, Paul and Pollock but with a load of

250 Kg, confirmed previous results - that the protein
content is all important., This led them to suggest that
the articular lubricating moiety is derived from the

cartilage and not produced by the synovial membrane.
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There are no values given For coefficient of Frictionvpk,
in this paper: all the results are guoted as a 'lubricating
ability’' defined as a percentage

M (buFfFer) - ulsample)
x 100%

A [bufFfFer) - aulsynovial fluid)
Hence if the sample lubricant is the same as the synovial
Fluid, the lubricating ability will be 100%, regardless
of the difference between the buffer and the synovial
Fluid. However, if a4 (sample) is different from
parlsynovial Fluid), the lubricating ability will be
dependent on the difference between /A[synovial Fluid)

and aa(buffer).

Acrylic castings of the surface of cartilage taken by
Dawson et _al [(1967) showed that it was rougher than expected.
A series of papers was published following Dowson, which
proposed a theory of 'boosted! lubrication (Walker et al
1868, 1969b). Since the cartilage surface was found to
contain undulations up to 200 aainch (5 x 10_6 m) deep,
they suggested that fluid was trapped in pools between

the cartilage surfaces and the viscosity of this fluid

was increased as the load increased, due to water squeezing
out through the pores of the cartilage. In the lightly
loaded phase of a cyclic motion a fFull Fluid film can be

restored between the surfaces.

Their studies showed the contact area in the hip to be
. 2 . . -
a maximum of 8.5 cm with a maximum pressure of 32 Kg cm

(3.1 MPa) (Longfield et al, 1969).
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Examining the film of synovial fluid deposited on the
cartilage surface after sliding on glass, Walker et al
(4970a) found that at light loads, the deposit showed

an oriented pattern, probably representing the direction
of Flow. At higher loads the pattern collapsed into a

continuous skin over the surface.

Dowson et al (1970) studied the concept of boosted
lubrication theoretically. They assumed that the viscosity
of the synovial fFluid increased with decreasing film
thickness, and for rigid geometries they calculated the
squeeze Film time to be about one minute - a long time
compared with the walking cycle. They suggested that

side leakage of fluid, rather than passage through the

cartilage was more likely to occur.

Walker et al (1970b) examimed in detail the aggregates

of hyaluronic acid/protein complex Formed on cartilage
surfaces when sliding against glass. After freezing
specimens they were viewed in a scanning electron
microscope. The formation of the aggregate increased the
squeeze Film time and in extreme conditions, collapsed

to Form a protective skin acting as a boundary lubricant.

Dowson and Wright (1972) discussed the presence of both
Fluid Film and boundary lubrication mechanisms in a joint
under different conditions of loading and movement and
pointed out that the full range of conditions must be

carefully considered in any studies of joint lubrication.



50

N

They said that the fluid Film may be prolonged by either
'boosted' or 'weeping' mechanisms, or both, but McCutchen
(41872), the proponent of 'weeping' lubrication, argued
that boosted and weeping theories are not compatible.
Boosted theory postulates flow of fluid into the cartilage,
whereas weeping theory assumes flow in the reverse direc-
tion. However, Ling (1974) used a theoretical model of
the contact of two elastic porous cylindrical discs on
elastic non-porous bases to show that the two theoriss
were not exclusive. As the discs approached each other,
the central portion underwent 'boosted’ type of lubri-
cation, the edges weeping whereas later in the time interval,

the whole surface 'weeped’.

All the work on lubrication so Far described has assumed
that the synovial Fluid is the joint lubricant, though

the importance of the different constituents is in dispute.
Little et al (1969) claimed that iF the Fat layer was
removed from the surface of the cartilage, the coefFicient
of friction rose considerably and therefore this layer

of lipid was acting as a boundary lubricant.

Also in 4969, Mow reviewed the present state of lubrication
theories, concluding that the mechanism was elastorheo-
dynamic - a term which includes both the elasticity of

the cartilage and the non-Newtonian behaviour of synovial
Fluid, He posed a series of theoretical problems which

needed answering to describe the mechanism in detail.
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Clarke et al (1975) used a pendulum to test the fFriction
in hip joints and found that aa= 0.0085 to 0.03 with
synovial fFluid present and fa= 0.028 to 0. 147 when run
"dry?'. After eight hours 'dry' running the cartilage
began to Fissure and flake in those areas normally
associated with osteocarthritic damage. They were wary
of specifying a lubrication mode since previous results
had shown that this was difficult to predict from

pendulum results.

Urnsworth et al (1975a) considered the problem of both
boundary and fluid film lubrication producing a linear
decay in amplitude imn a pendulum machine as described

by Charnley (1959} and Barnett and Cobbold (139862).
Barnett and Cobbold had provided a detailed criticism

of Charnley's papers, confirming his experimental results
showing a linear decay in amplitude.but drawing opposite
conclusions. They showed that a hydrostatic bearing
(where a Fluid Film must exist) used as the Fulcrum

of a pendulum caused an apparently linear decay in
amplitude - a situation Charnley had believed to typify
boundary lubrication. Unsworth et al (1975%a) concluded
that the expomnent of the fluid film decay was so small
that the decay would appear to be linear, To overcome
this problem they designed a carriage for the acetabulum
which rested in hydrostatic bearings and measured the
Frictional torgue directly. This form of carriage was

also used in the hip function simulator employed in the
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present work and will therefore be described in Chapter 4
of this thesis. A further modification to the pendulum
was the addition of a jacking mechanism so that the load
could be applied suddenly at the begimning of the test.
They tested a number of natural hip joinmts and found

that the coefficient of friction was greater at low locads
than high ones, and it increased with number of swings
until there was a rapid decay just before the pendulum
stopped. They suggested that this decay might not be

due to a sliding frictiomn fForce, but that once the
pendulum had come to rest, they were recording the

resistance of the cartilage to shearing forces.

Artificial joints were also tested with this pendulum
(Unsworth et al, 1975b) to investigate the lubricating
ability of synovial fluid in prostheses. They Found
that under dynamic loading conditions, the coeffFicient

of friction was reduced in the presence of synovial fluid,
suggesting the operation of a sgueeze Film mechanism.
Further investigation of the lubricatiom of artificisl
joints was reported in 1978 (Unsworth). The most sig-
nificant findings were that prostheses had lower Friction
when lubricated than when dry and the friction depended

on the viscosity of the lubricant, reducing as the
viscosity increased as would be expected in mixed lubri-

cation regimes.
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O'Kelly et al (1977] described a hip joint simulator

which applied dynamic loads to a joint oscillating in
Flexion and extension. The simulator used in the work
reported in this thesis was based on this design and so

a full description will be Ziven later. They used silicone
oils with a wide range of viscosities in a Charnley joint
and produced a graph of s« against qu/L which showed the
classical features of mixed, and fluid film lubrication,
The following year O'Kelly et al [1978) reported Further
work using the simulator and pendulum with human hip

joints arid’'bovine synovial fFluid., They concluded that under
static loading conditions with synovial Fluid of viscosity
1(:1-3 Pa s, the lubrication was mixed but under dynamic
loading the squeeze film action gave a Ffull fluid film,
They did some work with digested synovial fFluid and found
that the friction increased after hyaluronidase digestion
but not after tryptic digestion. However, there is little
detail of the biochemical work and no control samples of
the same fluid which had not been enzymatically digested ‘
were used in lubrication tests. No assays were made to ‘
ensure that digestion had taken place with either
hyaluronidase or trypsin. Further work in this area

was published by Roberts et al (1982), the details of

which are reported in this thesis. The results of
0'Kelly's work were directly opposed to that of Linn,

Radin and Swann described previously.
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O'Kelly et al [(1979) also studied the lubrication of
several different prostheses with silicone fluids.

Above a viscosity of 0.4 Pa s full fluid film lubrication
was obtainmed., They suggested that since the synovial
fFluid produced around a prosthesis after hip surgery

had a viscosity less than this, consideration should be

given to sealing a lubricant in with a prosthetic joint.

In America at the same time, Davis et al [1978) were
looking specifically at the boundary lubricating ability
of synovial fluid in a latex - glass system, Their
conditions of constant loading and rigid surfaces were

not expected to produce a fluid film so it is not sur-
prising that they found that the friction was independent
of the viscosity of the synovial fluid. They proposed

a complicated theory (Davis et al, 1979) of the structuring
of boundary water to explain the boundary lubricating
ability of syrovial fluid, but admit that their results
are for a latex - glass system and may not relate directly
to joints., The tests they tried with cartilage surfaces

in their test system did not give reproducible results.

Elastohydrodynamic lubrication was suggested by Higginson
(1977) with a sgueeze Film mechanism rather than rolling

or sliding., He showed that 10—8 to 10—7 m was a reasonable
estimate of the Film thickrmess which could be obtained

by rolling/sliding in the knee, whereas the Ra value of
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cartilage is no better than 10_6 m. However when he
considered squeeze Film thickress after 0.5 s in the knee
he arrived at a Figure of 10-5 m (or 5 x 1C)—6 m for the
hip). This is much more promising for the maintenance

of a fluid film and depends on the elasticity of the
cartilage rather than its permeability, which is probably
too low to be important inm the time scale of the walking
cycle. He used experiments with rough and smooth rubber
layers to illustrate his theories., Previous work with
thin compliant layers (Bernet ahd Higginson, 1970) had
demonstrated that they were beneficial to lubrication and
friction in a pure sliding arrangement (rigid cylinder
rotating against a plane with a compliant surface layer).
In experiments examining the normal approach of a rigid
sphere onto a plarne with a compliant surface layer

(Gaman et al, 1974) a pool of lubricant was trapped in
the central region and greatly increased the squeeze film

time.

Higginson and Norman (1974) looked at the lubrication of
porous elastic solids, both experimentally and theoretic-
ally by again considering the normal approach of a rigid
spherical surface onto a thin compliant layer on a rigid
backing. The compliant layer was also either porous or
perforated. Extending their theory to animal joints

they proposed that the permeability of cartilage is too

low to play a role in the lubrication mechanism {(as required

by the weeping theory for instance). The entrapment of
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a squeeze Film by the flexible cartilage may be important
as may the filtration through surface aggregates suggested

in the 'boosted' theory,

This idea that the elasticity of the cartilage was im-
portant in reducing friction led Thompson (1979) to study
the effect of a compliant layer in a hip prosthesis.

He found a considerable reductiom in friction over a
conventional Charnley joint . when he used a metal
acetabulum limed with silicone rubber of various thick-
nesses. In order to obtain a wide range of viscosities.

he used silicormne fluid for the lubricant.

Dther workers have looked at the effect of compliant
layers from a theoretical viewpoint. Rybicki et al

(1978) used a finite element model of a sqgueeze Film
bearing with low modulus elastic surfaces and a viscous
lubricant to examine the effect of cartilage stiffrness
and lubricant viscosity on Friction under impulse loading.
They found that in their model, compliant bearings were
superior to rigid ormes, but that in general, changing

the viscosity of the lubricant from 7 to 80 cP (7 x 10—3
to 8 x 10_2 Pa s) bad a greater effect than changing the
modulus of the cartilage from 4.4 MNm_2 to 17.6 MNm—a.
They did not include non-Newtonian or viscoelastic
behaviour in their model. A theoretical analysis by
Tandon and Rakesh [49841) of the sgueeze Film times For

two rough cartilage surfaces approaching each other with

Fluid in between, showed that the time increases with
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cartilage roughress and increasing concentration of

hyaluronic acid molecules in the synovial fluid.

Recent work by Gore et _al (1984) on another modified
pendulum machine has provided further eviderce of fluid
Film lubrication by a sgueeze film mechanism in hip
prostheses. They attempted to incorporate some of the
advantages of testing with a simulator into the simpler
perndulum motion. The load could be applied to the joint
for one direction of swing and removed For the other
half-cycle. This was a more physiological cycle than
constant loading. They also used the method of direct
friction measurement employed by Unsworth et al (1975a).
They compared friction factors with constant and on/off
loading. The on/off loading gave significantly lower
values of friction Factor. They deduced that viscous
fluid lubrication operates over at least part of the
physiological range of loads and motion and the squeeze

film mechanism is important.

A comprehensive review article by Chandra (1980) suggests
that although the literature is extensive, the final
conclusion has not yet been reached; the evidence so
far pointing to various mechanisms acting under different
operating conditons. The work in this thesis was planned
to provide more evidence, in pérticular with dynamic

loading, where the data has so far been limited.
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CHAPTER FOUR

THE HIP FUNCTION SIMULATOR: DESCRIPTION AND USE

A hip joint function simulator similar to that described
by 0'Kelly et al (1977) was used for the lubrication
tests (Figure 4.1). The machine was designed to give

a more physiological cycle than the simple pendulum
machines so frequently used, whilst not attempting
completely to simulate joimt conditions. The loading and
motion cycles were based on the conditions experienced

by the hip during walking which have been determined

by various workers,

4,1 The walking cycle

Sub jects were photographed with cine film as they walked
over a force platform for Paul's (1966 - 7) analysis of
the fForces transmitted by joints. By considering the
muscle groups acting and the masses and accelerations

of the limb segments, he was able to deduce the forces
acting on the hip joint during the walking cycle. Figure
4.2 shows the three components and the resultant force at
the hip. It can be seen that the force in the vertical
direction, Jy, is much larger than in the two horizontal
directions and therefore the resultant closely follows

Jy over much of the cycle. There are two peaks per cycle,
corresponding to heel-strike and toe-off, where the

force reaches three and four times body weight respectively.
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English and Kilvington (18979) used a femoral prosthesis
with strain gauges incorporated in its neck to record

the force acting in the joimt. A locally implanted
transmitter emitted signals which were picked up
externally and recorded against time. Figure 4.3 shows

a trace taken twelve days after a hip replacement operation
on a 59-year-old woman. Her body weight was 80 Kg and

the vertical axis therefore shows multiples of body weight,
reduced by a factor to allow for the support given by

the other limb., There was a swing phase with a load

of about 1.2 x body weight and a longer stance phase

(B1% of the cycle) with loads of 2.4 x body weight.

Unlike Paul, English and Kilvingtomn only recorded one

load peak per cycle. However, their patient appears to
have been walking at about half normal speed which may
account fFor the difference. As they had no footswitches
or photographic means of correlating the position in the

cycle with load it is difficult to compare results.

The very rapid loading and unloading of the joint is

a feature of the results obtaimed by both workers and

is reproduced by the simulator. Figure 4.4 shows a
typical load trace. In one cycle there are two similar
load peaks. This similarity between the peaks enables
average friction readings to be taken which, as explaimned
later, reduces errors due to off-cemntre mounting. This

therefore differs from Paul's work in that the load
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reduces to the same value between the two peaks rather

than remaining higher between heel-strike and toe-off,

The angular displacements of the hip have also been
studied, Lamoreux ([1971) used a complex exoskeleton
with hip, knee and ankle attachments to record data on
tape for computer amnalysis. Figure 4.5 shows typical
plots for the angle of flexion-extension and axial
rotation. The Flexion angle has a maximum of about 3DD,
the extension 200, whereas in rotation the total range
aof movement is only 10°. These figures were confirmed
by Gore et al ({1979) when they used an electrogoniometer
to measure hip joint movements. The movement of the hip
of a woman walking is shown in Figure 4.6. It can be
seen that the total ampliﬁude in Flexion and extension
was about 300, whereas the movements about the other

two axes were considerably less.

The simulator moves only in the fFlexion-extension
direction, and from the above discussion, this appears
to be 3 reasonable simplification of the walking cycle.
The displacement is sinusoidal through the cycle. The
load is always applied vertically with two maxima per

cycle corresponding to heel-strike and toe-off,

4.2 Description of the simulator

The two components of a hip joint, whether natural or
artificial, were mounted in separate holders [described

later) which fFitted imta the simulator. The acetabular
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holder was supported in a friction measuring carriage.

The femoral holder was mounted in a frame through which
hydraulic loads were applied to the joint. The femoral
head rested in the acetabular cup as near to the anatomical

position as possible.

4.2.1 Load application

A diagram showing the application of the hydraulic loads
is shown in Figure 4.7. The cam was driven by a belt
drive from a Kopp Variator variable speed gearbox and
motor. The cam moved the piston in cylinder A, which
transmitted the consegquent increase in pressure to cylin-
der C, and hence through a loading frame to the joint.
The Nitrogen/Air accumulator was set at a pressure of

70 psi (4.8 x 10° Nm~°

], This pressure governed the
relationship between the maximum and mimnimum forces
produced. The pressure in the air/oil accumulator was
ad justed to balance the weight of the loading frame.

Cylinder B was used to pressurise the system and replace

oil loss.

A strain-gauged load cell was situated between cylinder
C and the loading frame from which the load was recorded
as a continuous trace. The instrumentation and cali-

bration are described in section 4.3,

4.2.2 Oscillation

The shaft drivem by the variable speed motor had the cam

mounted at ome end and at the other side of the loading
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Frame was a scotch yoke mechanism which converted the
rotary motiomn to a vertical reciprocating motion.

This drove a rack and pinion and thus oscillated the
femoral head carriage simusoidally with an amplitude
determined by the adjustment of the eccentricity of the

scotch yoke and a speed Fixed by the motor/gearbox.

The oscillation and load application were always syn-
chronised since they were activated by the same drive

shaft.

4.2.3 Friction measuring carriage

The Friction measuring carriage consisted of an aluminium
tray supported on two stub shafts which were carried

in exterhally pressurised bearings. Each bearing had

two pockets at an angle of 45° to the vertical, through
which o0il was pumped. These bearings were designed

For maximum stiffrness and had a very low coefficient of
friction (around 10_4) (Unsworth, 1978). The acetabular
holder Fitted in a circular hole in the base of the tray.
Figure 4.8 shows an artificial joint in position.

Because of the difficulty of accurately centring joints
in their holders, three possible adjustments were intro-
duced. The hydrostatic bearings could translate in the
anterior-posterior direction on two hardermed steel rods.
This allowad the axis of rotation of the acetabulum to be
lined up with that of the head even though this might
vary through the cycle for a non-spherical hip joint.

The total movement in this direction was 6 mm, Along
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the axis of rotation a clearance was introduced between
the bearing case and the carriage. This was 0.8 mm

on each side and allowed the acetabulum to move until

it mated exactly with the head. The third adjustment

was the height of the femoral head in its mount. Washers
could be used on the top of the load frame, on which

the femoral head holder rested, to increase the distance

between the holder and the rotational axis of the joint,

In order to Facilitate the setting up, the left bhand
stubshaft and bearing were drilled along their axes

to accommodate a steel mandril, This could be slotted
through to line up the axes of the friction carriage and

the femoral frame.

A mount was provided on orne side of the tray for the
piezo~-electric transducer (Figure 4.9). The carriage

was balanced with lead shot while Floating freely in

its bearings. The transducer was attached to a brass
plate on the axis of the bearings by means of a screw
which passed through an oversized hole in the plate and
into the end of the transducer. There was a PTFE washer
on each side of the plate. This arrangement allowed the
transducer to move vertically with respect to the bearings,
when the load was applied or removed, without causing
bending of the transducer. The movement allowed " horizon-

tally corresponded with the axial float in the bearings
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and enabled the unstraimed position of the transducer

to be found at the beginmning of a test.

4.3 Instrumentation and measurement

The load, displacement and frictional torque were all
recorded continuously throughout the cycle onto the same
chart. A block diagram of the components is shown in

Figure 4.10 and described under the separate hesadings.

4,3, 1 Measurement of load

The load measurement took place at the lower piston

where there was a strain-gauged load cell. This comnsisted
of two active foil strain gauges and two passive ones
connected to formahalf bridge. This was in turn
connected to a Wheatstorne bridge (BPA transducer

meter) which incorporated an analogue galvanometer to
digplay the load. The output From the BPA meter was
passed through a small amplifier (Figure 4.11) and into
one channel of the chart recorder (Mamarp oscillograph
150). The additiornal small amplifier was necessary

to match the impedances of the BPA meter and the gal-
vanometer in the recorder. The chart recorder uses a
light trace on sensitised paper and has a maximum

writing speed of 250 ms—1. This means that its response

is much faster than the changes in load and friction

that it is recording.

4.3,2 Measurement of Friction

Since the friction measuring carriage was supported in
hydrostatic bearings it could be assumed that all the

torgue transmitted through the joimt was measured by
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the piezo-electric force transducer (KISTLER type 9203,
maximum Force + S00N) which was the only constraint on
the free swinging of the carriage. The output from the
transducer was fed through a Kistler charge amplifier to

a second channel on the chart-recorder.

4,3.3 Measurement of displacement

After conducting a number of tests, it was considered useful
to have a record of the different sliding speeds through

the cycle on the same chart as the load and friction
measurements. Since the sliding speed was related to

the displacement of the top carriage, it was decided

that a measurement of displacement would be sufficient

since this gives the positions of zero velocity which

allows the velocity everywhere to be calculated since

the variation is known to be sinusoidal ([Scotch yoke

characteristic).

An extension was screwed onto the end of the shaft
oscillated by the pinion and a potentiometer was mounted
on a bracket fixed to the rack and pinion housing. The
two were connected via a fFlexible coupling, to allow

for misalignment, The output from this was adjusted
(Figure 4.42) to give a third trace on the chart-recorder
showing the variation of position with time. The slope

of this curve gives the sliding speed.
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4.3.4 Measurement of fFregquency of oscillation

This could be varied using the Kopp variator. The
Frequency for a given motor speed was calculated by
counting a number of load cycles recorded on the chart
and knowing the chart speed, measuring the distance taken.
The cycle lengths were marked on a series of templates,
one For each speed and these were used throughout the
tests, showing that for a given speed setting on the
variator the frequency of oscillation and chart speed

were very reproducible.

4.3.5 Measurement of amplitude of oscillation

An inclinometer was used to measure the amplitude of
oscillation. The femoral head carriage was rotated to
the maximum inclinatiom in one direction allowed by the
scotch yoke setting and a reading taken. The position
of maximum inclinatiomn during the other half cycle was
also noted and the difference between the two Zave

twice the amplitude of oscillation.

4.4 Calibration of simulator

4.4,1 Load

In order to calibrate the load trace, a standard strain
gauge transducer (BPA) was fitted in place of a hip joint.
It rested on a metal plate in the friction measuring
carriage and a plate bolted onto the femoral head carriage
was adjusted so that contact was made whén the axes of the
two were coincident as determined using the mandril.

The amplitude of the oscillation was reduced to zero

by adjusting the scotch yoke mechanism to zero eccentricity
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and the load cycle was recorded both by the load cell, and
the transducer. Further points were obtained by static-
ally loading the transducer and load cell by increasing
the o0il pressure in the system and recording both load
readings. Two typical calibration grapbs are shown in
Figure 4.13. Little variation was Ffound over the months

of the tests.

4.4.2 Friction

The fForce transducer was calibrated in situ directly

in terms of frictional torgque. With the transducer
removed a long metal bar was carefully balanced on the
Friction measuring carriage and then bolted imto place.
The transducer was replaced and a series of masses

hung in turn from each end of the bar. Krnowing the length
of the bar, the applied torque could be calculated for

the transducer both in tension and compression. A

typical graph is shown in Figure 4,14, Readings were also
taken on the chart for different amplification scales

to check their linearity and indicated amplification

ranges.

4.5 Mounting and centring joints

4.5,1 Setting-up jig

A special jig was constructed For centring the joints
in their holders before Fitting them into the simulator.
It is pictured in Figure 4.15 and was made in two parts.

The main part consisted of an annular base in which four
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vertical pillars were mounted. These had stops for a
given height and a rectangular plate which fitted over
these pillars and rested on the stops. The plate had a
rectangular hole machined out of it, into which the
holder for the fFemoral component was a push Fit. Two
vertical parallels were mounted on the base, centrally
between the pillars on each long side. The annular
base Fitted onto one of two base plates. One had a
central adjustable boss with a plastic cup fitted onto
it and can be seen in use with the McKee-Farrar head
in Figure 4.16. The other had a frame into which the

acetabular holder was bolted in a central position.

4.5.2 Method of centring a natural joint

The femoral holder was placed in the setting up jig and
the femoral head was positioned inside it, resting in

the plastic cup and with the greater trochanter facing

a shaort side of the holder. The height of the cup was
adjusted until the maximum diameter of the femoral head
was at a distance from the top of the holder such that it
would coimcide with the axis of rotation when in the
simulator. Four fixing screws were screwed through holes
in the femoral holder until they held the joimt in
position. An internal micrometer was used to measure

the distance between the maximum diameter of the Femoral
head and each of the vertical parallels. The position

of the head was adjusted until these distances were

equal. The bottom of the holder was sealed with tape
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and plaster of paris used to fill the holder and secure
the femoral head in its correct position. The base of
the jig was then changed and the acetabular holder placed
in position. This was partly filled with plaster, the
acetabulum was mated with the femoral head and pressed

into position in the wet plaster.

The cartilage surfaces of the joint were kept covered
with tissues soaked in Ringer's solution throughout this

procedure.

4.5.3 Method of centring am artificial joint

For the complete commercial prosthesis used the same
procedure as for a natural joint was adopted, but it
was easier since the components were symmetrical and
the acetabulum did not have a specific orientation with

respect to the femoral head.

For the conical shaped bases with compliant linings a
special jig which centred the base without reference

to the Femoral component was comnstructed. The cylinder
For the acetabulum was placed over the jig (Figure 4.17)
and the cone placed on top. Plaster was then poured in
to secure the base, the jig removed, and the remaining

hole filled with plaster,

4.6 Method of aligning the mounted joint in the

simulator
The joint, fixed in its holders, was fFitted into the

simulator and the oil supply to the hydrostatic bearings
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was turned on. The frictional torque transducer was
loosened and the steel mandril was used to align the two
sets of bearings. The heights of the components were

thern adjusted if necessary to give concentricity.

The load frame was jacked up using the compressed air
supply until the fFemoral head was just free of the
acetabulum (ie the fFriction measuring carriage no longer
followed the movement of the head when the femur was
oscillated). This was taken to be the zero load position

and the zero was adjusted on the BPA meter accordingly.

The azir pressure was reduced to give the required base
load, the friction transducer was tightened and the
three zero traces on the chart recorder noted. The

simulator was then ready to run lubrication tests.
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a hip joint during walking. :
(Paul 4966 - 67)
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Figure 4.3

A walking trace taken twelve days after operation.
Walking speed 0.44 ms-1, Stance phase load is 2.42
times corrected body weight (unsupported).

(English and Kilvington, 1979)
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Hip angular displacements during walking.
are averages taken over 20 cycles.
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The angular displacements of a hip joint during normal
Female walking: average of 5 steps.
(Gore, 1980)
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Figure 4. 10

Block diagram of the instrumentation For the hip Fumetion

simulator,
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Small amplifier for impedance matching in load recording
circuit.
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Figure 4, 12

Potentiometer circuit for measuring displacement.
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Figure 4.13

Calibration graphs for load applied by simulator.
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CHAPTER FIVE

MATERIALS ANO METHOOS

The previous chapter has described the main apparatus
used in this work - the hip Ffumction simulator. This
chapter details the joints and lubricants used together
with the equipment required in their preparation and

testing.

5.1 Joints

Tests were run with both nmatural and artificial hip

joints. The natural joints were as indicated in Table 5.1.
Although they were all elderly, they were taken from
people with no history of joint disease and were in

good condition. Hip H10 was in the worst condition as

it had an area of eroded cartilage on the medial side.
However as this is not the main load bearing area, it

was felt that it would not have a serious effect on the
results, though the load bearing regions may also have

been somewhat affected.

The artificial joints used ranged from commercial pros-
theses to joints which were specially made to study

the effects of soft elastic layers on joint lubrication.
This latter group were purely for laboratory use at this
stage and not intended for implantation. They are listed

below.
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Charnley Total Hip Prosthesis

This was the commercial Charnley prosthesis consisting
of a stainless steel Femoral head, 22 mm in diameter

and an ultra-high molecular weight polythene [(UHMWPE)

cup.

McKee-Farrar Femoral Head

This was a commercial femoral head, 35 mm in diameter
made from cobalt chrome molybdernum alloy. It was used
with a variety of acetabular cups with compliant linings,
made as described in the mnext section. The linings
varied in thickness from 0.5 mm to 3 mm and the clearance
between the cup and the head was also varied. Details

of the cups are given in Table 5.2.

5.2 Manufacture of compliant linings for acetabular cups

The compliant layers were moulded from Sylguard 182
silicone elastomer (Dow Corning). This is supplied as

a clear viscous liquid base and separate curing agent.
To prepare the rubber; one part by weight of curing agent
was mixed into 10 parts base. The mixture was placed

in a vacuum chamber and evacuated to a pressure of

25 mm mercury and left until all the trapped air bubbles
were removed. The bubbles of air were expelled more
rapidly if the vacuum was released and restored several
times initially. Once all the air bubbles had disappeérsd
(as the rubber was transparent this was easy to see),

the liguid could be poured into moulds ready for curing.
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A special jig was used to mould compliant layers in
acetabular components, see Figure 5.1. Brass fFemoral
plugs, with a radius equal to that of the McKee-Farrar
head plus the clearance required, were machined. These
could be inserted in a holder, which also held the
acetabular base, and adjusted to give the reguired thick-
rmess of compliant layer. Several acetabular bases were
machined with different cup sizes. These were made from
mild steel. The radius of each cup was equal to the
radius of the McKee-Farrar head plus the compliant layer

thickness plus the clearance desired.

To mould a compliant layer, both components were carefully
cleaned and the cup part of the base was given a thin
coat of Sylguard Primer (DC 92-023) and allowed to dry
for one hour. The base was placed in the holder and the
oversized femoral plug lowered into it. The collar

above the frame was locked in this position with a grub
screw (see diagram in Figure 5.2). A fFeeler gauge was
inserted between the collar and the frame to raise the
Femoral plug by the thickness of elastomer required in
the cup. The large screw shown in Figure 5.2 was used

to lock the femoral plug in position until its collar

was repositioned. Thus a gap of known constant thickness
was formed between the acetabular base ard the Femoral
plug. The acetabular base was half Filled with the
liquid elastomer and the plug gently lowered into its
preset position so that the elastomer filled the space

between the two compomnents. The whole assembly was
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placad in an oven for four hours at 75°C to cure the

elastomer. AFter curing, the plug was removed from the
base, and any excess eslastomer trimmed away, leaving =a
laye; of known thickness bonded to the metal acetabular

basa;

Each time an acetabular lining was moulded, a slab of
elastomer was also cured between two perspex plates
separated by brass spacing bars 6.5 mm thick. This slab
was used for elastic modulus measurements since it was
from the same mix as the liming and had undergone the

same cure cycle,

5.3 Compliance and modulus testing

There were three different tests which were used to
examine the elasticity of the joints. For the natural
joints plugs of cartilage were removed from the joints
and tested in unconfined compression from which a value
of ‘compliance’ could be calculated. For the artificial
joints with compliant layers, two tests were psrformed.
The first was to determihe the elastic modulus of a
slab of elastomer from each mix, to ensure comparability
between mixes, Ths second was to gain soms value for

an 'effective’ modulus of each thin elastomer layer
bonded onto the steel acetabular cup. These three test

methods are described more fully below.
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5.3.1 Cartilage compression testing

When all the lubrication tests had been completed on a
natural joint, the femoral head was sawn in half. The
hemispherical portion which had been removed was placed,
cartilage uppermast, in a stainless steel dish which
had four pointed-end screws screwed through the walls.
These were used to hold the sample Firmly in place.

The dish was mounted on an adjustable stand so that any
area of cartilage could be made to lie horizontally.

A hardened steel cutter, 5 mm in diameter, was used to
obtain samples of cartilage and underlying bone. The
cartilage surface was perpendicular to the sides of the
specimen if the holder was correctly adjusted but the
bone end nmeeded to be machined flat in a watchmaker's
lathe. Usually, five samples were taken from each femoral

head.

Each cylindrical plug of cartilage and bone was stuck

in the centre of a circular brass plate with cyano-
acrylate adhesive. The brass plate had a circular
channel into which a perspex tube Fitted. The tube

was Filled with Ringers' solution to immerse the specimen,
The assembly was positioned centrally on the base plate
of an Instron 1195 umniversal testing machine and a brass
cylinder was screwed into the cross-head so that load

could be applied to the specimen.
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A S500N compression laad cell was used on the Instron
and the sample was loaded to 120N at a strain rate of
0.3 mm 5_1. After testing the cartilage was slicéd of F
the bone with a scalpel and its thickness measured with

a micrometer, taking care not to compress the cartilage.

5.3.2 Elastic modulus of elastomer

The elastic modulus of each sheet of elastomer was meas-
ured using the apparatus of Clish [1979). Figures 5.3
and 5.4 show the assembly comntaining a specimen. The
diameter of the indentation circle caused by loading

a lens in contact with the elastomer was measured fFor

a range of weights. The elastomer was placed in intimate
contact with a sheet of perspex resting on the frame.
The lems and mass holder were placed on top. The whole
assembly was then placed under a toolmaker's vernier
microscope and illuminated from below. The diaﬁeter of
the circle visible was measured with masses added in
multiples of 50 g from zero to 450 g. The modulus could
be found from a graph of [Padius)3 against additional

mass.

5.3.3 Effective modulus of compliant layers

The elastic modulus of the elastomer used for compliant
linings is necessary to check the comparability of the
different mixes, but does not indicate the effective
modulus of the thin compliant layer on steel used in the

trial acetabula, To examine how this varied with thickress
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of the compliant layer, tests were performed using the

Instron testing machine.

A 25kN compression load cell was used in the Instron
testing machine. The acetabular component was placed

on the platen and a steel ball 34,9 mm in diameter

(the same diameter as the McKee-Farrar head) was placed
in it. The cross-head was then lowered to load the
assembly up to 3kN at a speed of 10 mm/min. The load
was rapidly removed. This was repeated several times to
check the reproducibility of the load-displacement

trace obtained.

5.4 Surface measurement of prosthetic components

A '"Talysurf 4' gurface measurement device was used to
estimate the surface Finish of the prosthetic components
used. A stylus traverses the sample and a magnified
trace of the surface is produced on a chart recorder,

A meter reading also gives the Ra value for the surface.
The instrument nofmally traverses in a horizontal plane
but can be used for curved surfaces by the use of a
"Datum attachment’., The insertion of a radius bar of
appropriate length into this attachment ensures that the

stylus traverses an arc of the same radius as the specimen,

The McKee-Farrar femoral head was measured directly.
The cups with compliant layers could not be measured
in this way since the elasticity of the rubber would

have been a problem as well as their concavity. However
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as they were moulded against brass plugs, these plugs
could be measured to give an indication of the surface

Finish on the compliant layers.

5.5 Lubricants

Two types of synthetic lubricant, as well as human

synovial fluid were used in the tests.

Several potential synthetic lubricants for use in de-
generate synovial joints are discussed by Cooke (1378).
He studied their viscosity simnce a synthetic lubricant
should have similar properties to synovial fluid. For
the purposes of this work it was necessary to use
lubricants which were readily available in a range of
viscosities. Silicorne fluid was an obvious choice for
a Newtonian fluid since it is commercially available

in a wide range of viscosities.

The two contenders for a non-Newtonian lubricant were
polyethylene oxide (PEQD) solutions and sodium carboxy-
methyl cellulose [SCMC) solutions. PED exhibits a
stronger variation of viscosity with shear rate but as
Cooke noted, the viscosity of the fluid is very suscept-
ible to mechanical degradation. This was borre out by
Muddeman [1980) who found that PED produced erratic

results when used to lubricate prostheses. Cooke’s main

criticism of SCMC is that it degrades at high temperatures

and therefore cannot be sterilised by autoclaving.

Although this is obviously important in a lubricant
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which is intended for use in the body, as a lubricant
which reproduces some of the characteristics of synovial
Fluid in in vitro tests, it is irrelevant and so this

polymer was chosen for the work reported here.

Silicone fluids were obtained with six different viscosities,
Two intermediate values of viscosiﬁy wera mixed using

a manufacturer's chart to give the proportions of fluids
required. Table 5.3 gives the Dow Corning reference

number and the viscosity for the fluids used. Solutions

of sodium carboxymethylcellulose (SCMC] in water were made
with eight different viscosities. The reference for each

fFluid and its viscosity are given in Table 5.4,

The synovial Fluid was collected from patients whose
knee joints required aspiration. Usually 10 - 30 ml

was available from each patient. The treatment of the
fFluid before use as a lubricant is detailed in the

next section and the specific fluids used for each joint

are detailed in the results section,

5.6 Biochemical analyses and estimations

Preliminary experiments were performed both to determine
suitable conditions for the enzymatic digestion of the
synovial fluid and to fFind a suitable test to check that
digestion had taken place. This check was a vital part
of the project since earlier work by D'Kelly et al
(41978]) had not checked that the Fluid had been affected

by the enzymatic digestion. Also, they did not use
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control samples of the same fluid as that which was

digested.

A veronate buffer was used throughout, except where
specified otherwise. The more usual phosphate buffer
was not used since Pigman and Rizvi [1958]) reported that
it caused degradation of syrnovial Ffluid. The veronate
buffer was that used by Linn and Radin [1968) and con-
sisted of 0,00408 M sodium 5-5 diethylbarbiturate and

0.0652 M HCl1 with 0.088 M NaCl, pH 7.2.

The gymovial fluid samples were spun immediately after
collection in an ultracentrifuge (using an 8 x 50 ml
rotor in an HSE High Speed 18 centrifuge] for 30 minutes
at 4°C and 14000 x g to remove particulate matter. The

supernatant was then frozen in aliquots until required.

On thawing, the pH value was measured. The pH varied

from 7.2 to 8.7. The fluids were adjusted to pH 7.2

by eguilibrium dialysis against six changes of veronate
buffer in a cold room at 4°C over a period of 24 hours,
This was to ensure a constant pH value for all the samples
since Linn and Radin [1968) found that the coefficient

of frictionm was affected by the pH value of the lubricant

used in theilr tests with an arthrotripsometer.

5.7 Hyaluronidase digestion of synovial fluid

Hyaluronidase splits B - (1— 4)-N-acetylglucosaminide
links in hyaluronic acid (Figure 2.3). An assay method

was required which would confirm the action of the
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enzyme on each synovial fFluid sample. Two possible assays
were investigated: (a) uronic acid residues and
(b) N-acetylglucosamine (NAG) residues. The preliminary

tests for both assays are described below.

5.7.1 Chemical estimation of wuronic acid residues

The modified wuronic acid carbazole reaction of Bitter and

Muir [1962) was used.

The sulphuric acid reagent was prepared from a 0.025 M
solution of sodium tetraborate.1DH20 in sulphuric acid.

The carbazole reagent was a 0.125% solution of carbazole

in absolute ethanol.

3.0 ml sulphuric acid reagent was placed in each tube
and cooled with solid CDE' 0.5 ml sample was carefully
added and the tubes stoppered and shaken whilst remain-
ing below room temperature. The tubes were heated for
10 minutes in a boiling water bath, then cooled to room
temperature. 0.1 ml carbazole reagent was added, the
tubes shaken again, then reheated for 10 minutes in the
same water bath. After cooling to room temperature the
absorbance at a wavelength of 530 nm was measured in a

Pye-Unicam SP 418000 spectrophotometer.

A calibration curve was prepared using a range of standard
solutions of glucuronolactone in water saturated with
benzoic acid. 0.1 ml of the standard solution was

added to 0.4 ml veronate buffer to give the reguired
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volume for assay. The lower curve in Figure 5.5 shows

the results obtained,.

When the calibration assay was repeated with 0.1 ml
standard glucuronolactone solution added to 0.4 ml
synovial fluid, the reaction mixture was found to be very
dark and discoloured, resulting in much higher and more
erratic walues of A530. This is demonstrated by comparing

the upper curve in Figure 5.5 with the lower one.

5.7.¢2 Chemical estimation of N-acetylglucosamine

residues
The method followed was that of Barrett (1972). A borate
buffer was made by adjusting an 0.80 M potassium tetra-
borate solution to pH 8.9 with concentrated hydrochloric
acid. OMAB reagent was prepared by dissolving 1.0 g
of 4-dimethylaminobenzaldehyde (DMAB) in 1.25 ml con-
centrated hydrochloric acid. The solution was made up

to 100 ml with glacial acetic acid.

0.1 ml of the borate buffer was added to 0.5 ml sample.
The mixture was heated for 3 minutes in a boiling water
bath and cooled in tap water. 3.0 ml DMAB reagent

were added and the colour developed for 12 minutes at

o . . .
37 C. After again cooling in tap water, the absorbance at

a wavelength of 585 nm (AS 5] was measured in a Pye-

8
Unicam SP 18000 spectrophotometer,
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A calibration curve was prepared using six standard
solutions of NAG in distilled water ranging from

50, g mi~1 to 350 g m1~'. 0.1 ml of the standard solution
was added to 0.4 ml veronate buffer to make the required

volume for assay.

The assay was repeated using synovial Fluid in place of
veronate buffer to make up the reguired assay volume.
The calibrationm curve in Figure 5.B shows that the
absorbance was unaffected by the presence of synovial

fluid in the reaction mixture.

Since the presence of synovial fluid did not affect the
results of the NAG calibration assay as happened with
the uronic acid assay, it was decided to use the NAG
method to examine the effectiveness of the hyaluronidase

digestion,

5.8 Evaluation of optimum conditiomns For enzymatic

digestion of synovial fluid by hyaluronidase

The hyaluronidase used was Type VI - § [(SIGMA] from
bovine testes, made into a solution of 10,000 NF units
ml-1 in veronate buffer. Preliminary experiments were
performed to determine sulitable times, temperature and

pH for the routine digestion of syrnovial fluid by

hyaluronidase prior to lubrieation tests.

5.8.1 Time of digestion

Digestion of samples of bovine and human synovial fFluid

and a hyaluronic acid solution were performed. Initially,
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1500 NF units of hyaluronidase were added to 1.5 ml

sample. An additional 1000 units were added every 3
hours. A NAG assay was performed at intervals to deter-
mine the optimum time for the digestion. Figure 5.7

shows the curves obtained and it can be seen that there
was little further digestion after twelve hours for any

of the samples used,

5.8.2 Incubation temperature

Three identical solutions of synovial Fluid were digested
o o o

for 18 hours at temperatures of 22°C, 30°C and 37 C.

The solutions consisted of 0.5 ml synovial fluid and

1.5 ml veronate buffer containing 200 NF units hyaluroni-
dase. A NAG assay was performed on the digested samples,
The results in Table 5.5 show that the enzyme was more
active at a raised temperature. The digestions were thus

performed at 37°C.

5.8.3 Effect of pH

The effect of pH of the buffer on the digestion was
investigated to ensure that reasonably exhaustive digestion
would take place at pH 7.2. The veronate buffer pre-
cipitated below pH 6.8 mo barbital sodium acetate buffer
was used for this test with a range of seven pH values

From 5.4 to 8.0,

The barbital sodium acetate buffer was made from a

mixture of solutions A and B. Solution A was a 0.143 M




101

sodium acetate and 0,143 M barbital sodium solution,
Solution B was a 0.1 N solution of hydrochloric acid.
The addition of a specified volume of B to 50 ml
solution A and 20 ml B.5% NaCl, the whole then diluted
to 250 ml, resulted in a buffer whose pH varied from

5.4 to 8.0.

A range of mixtures of synovial fFluid, buffer and
hyaluronidase, detailed in Table 5.8, were made with
sach of six pH values. The mixtures were incubated faor
18 hours at 37°C in a shaking water bath. A NAG assay,
as earlier described, was then performed on a sample
fraom each mixture. The results are plotted in Figure
5.8. The absorbance for mixture B ([synovial fluid +
buffer + hyaluronidase) declines above pH 6.6, showing
that above this value of pH less NAG residues are formed.
At a pH of 7.2 the absorbance ig 82% of its maximum

for this mixture, hence it was decided that it would be
reasonable, if mot optimum, to perform digestion at this

pH value.

5.8.4 Optimum conditions for hyaluronidase digestion

As a result of the preliminary tests, the standard
conditions used for the digestion of synovial fluid
with hyaluronidase were 0.01 ml enzyme solution per ml
synovial fluid (ie 100 units/ml) incubated at 37DC,

pH 7.2 for either 1 or 18 hours. The two times were

chosen to show a difference in degree of digestion.

HURHAM UHIVE;;&,D

1 2 MAY 1983
Seiexas 1ipnant
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18 hours would result in maximum digestion whereas after
one hour the sample would only be partially digested.
A NAG assay was performed on the resulting fluid to ensure

that digestion had taken place.

5.9 Trypsin digestion of synovial fluid

The aim of this digestion was to cause fragmentation
of the protein present in the synovial fluid. Again
it was necessary to ensure that digestion would take
place and for this reason the inhibitory effect of

synovial fluid on the action of trypsin was investi-

gated.

5.10 Estimation of the anti-trypsin activity of

synovial fluid

Synovial fluid has been reported in the literature
(Holmes et al, 1935) to contain inhibitors fo the action
of trypsin so a check was needed to ensure that the
guantity of trypsin used would be sufficient to overcome
this imhibition. The syrpovial fluid was investigated

as an inhibitor to the action of trypsin on a
o¢-N-benzoyl-l-arginine ethyl ester HC1l (BAEE) substrate
and from this work, the concentratiomn of trypsin re-
guired to overcome the inhibitory action of the syrnovial

fFluid was deduced (Burck, 1970).

An 0.00025 M solution of BAEE imn 0.5 M Tris/HC1 buffer
(pH 8.0) was used as the substrate. The trypsin (type

II-5, SIGMA) was initially used imn a concentration of
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1000 BAEE units/ml in 0,0025 N HCl with 0.02 M CaCle.
The calcium chloride was necessary to keep the trypsin

active over a prolonged period (Kassel et al, 1983).

All the solutions were kept im @ water bath at 25°C,

The trypsin and imhibitor solutions were mixed together
in equal proportions and after a few minutes, 0.2 ml

of this mixture was added to 3.0 ml BAEE solution in

a guartz cuvette. The solution was quickly shaken, then
the absorbance was compared with a blank of BAEE solution
alone in a Pye—Unicém SP 18000 spectrophotometer. The
absorbance at 253 nm was recorded on a chart against

time and the rate of change of absorbance (AA/min) was

calculated from the slope of the graph.

5.10.1 Standard inhibitor test

A standard trypsin inhibitor ([Soybean, type I-S, SIGMA)
was used in a range of concentrations in Tris/HCl buffer
to test the system. The method was as described amove.,
The rate of change of absorbance was plotted against

the concentration of the soybean inhibitor solution.

The results are shown in Figure 5.9, It can be seen that
the absorbance decreases with increasing concentration

of inhibitor showing that the inhibition is not complete
at concentrations of less than 80 ug imhibitor in 3.0 ml

BAEE substrate solution.
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5.10.2 Symovial fluid inhibitor test

A range of solutions of synovial Fluid in Tris/HC1
buffer were then used as an inhibitor in the same way
as the soybean inhibitor and Figure 5.10 plotted from
the results. From this graph it can be seen that a

10% solution of synovial fluid was a powerful inhibitor
of this concentration of trypsin. This is equivalent
to 0.04 ml synovial fluid inhibiting the action of 100

units of trypsin.

5.10.3 Varying trypsin concentration

The test was repeated with a range of concentrations
of trypsin in the enzyme solution. Three different
strengths of synovial Fluid solution were used as
inhibitors. The results are plotted in Figure 5. 11,
Above a trypsin concentration of 130 jug ml_1 in the

enzyme solution, the effect of synovial fluid as an

inrhibitor was rapidly lost.

5.10.4 Final test

The test was repeated with 0.1 ml undiluted synovial
fluid as inhibitor and greater concentrations of trypsin,
at pH 7.2, Table 5.7 shows that a concentration of
trypsin of 2 mg ml™! in the enzyme solution (ie 200 ug
in 0.4 ml solution) was sufficient to overcome the
inmhibitory action of the synovial Fluid, increasing the
rate of change of absorbance sixfold from 0.012 to

0.075 per minute.




105

5.10.5 Optimum conditions for trypsin digestion

Following the above tests, it was decided that trypsin
digestion should be performed at a concentration of
2 mg trypsin (20,000 BAEE units] for 1 ml synovial fluid

at 22°C for either 1 or 18 hours at pH 7.2.

5.11 Viscosity measurement

There were two problems associated with the measurement
of viscosity of the lubricants. Firstly, the non-
Newtonian nature of some of the Fluids means that it is
Nnecessary to measure viscosities at known shear rates.
Secaondly, only a small volume of synovial fluid was
avallable for each measurement, For these reasons a
Ferranti-Shirley cone and plate viscometer was chosen
for the measurements. This only reqguires 1 ml samples

of fluid.

The viscometer consists of a stationary flat plate and
a slightly conical rotating disc driven by a variable
speed motor. The cone speed, which is variable between
1 and 1000 rpm, is directly proportional to the shear
rate. The viscous drag on the cone exerts a torque on
a dynamometer which is directly proportional to the
shearing stress. Hence the viscosity at a given shear
rate can be calculated. A water jacket controls the

temperature of the sample under test,

A 1 ml sample of each Fluid used in the lubrication

tests was kept frozen until its viscosity could be
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measured. The measurements of viscosity were taken over
o

a range of shear rates for each sample at 25°C. These

measurements are given with the detailed results in the

next chapter,

5.12 Test method For a series of lubricants in one joint

The instrumentation was switched on and allowed to warm
up For at least 30 minutes before testing began. The
alignment of the joint compoments was carried out as

described in Chapter 4.

The femoral component was then removed, 1 ml of lubricant

added to the acetabular cup and the fFemoral head replaced,.

With the charge amplifier on its least sensitive scale,
the motor was switched on and the traces observed. The
sensitivity of the charge amplifier was increased until
the trace of frictional torgue was of a reasonable

amplitude.

After a couple of minutes, a check was made to ensure
that the frictional amplitude had remaimned constant,

A trace was then run off with the chart on a speed of

125 mm 5_1. The speed of the motor was then al tered

and similar traces obtained, usually for two other speeds.
The three speeds used were 0.65, 0.83 and 1.0 Hz. The
speed of the motor was varied in a deliberately random
order. The simulator drive motor and the o0il supply to

the bearings were then switched off, the Femoral component
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was removed and the articulating surfaces wiped dry with
tissue. For natural joints, the cartilage was soaked

in Ringer’s sclution and dried again between tests.

Another lubricant was then used and the test repeated
From the point of introduction of the lubricamt. The

zero load position was checked periodically.,
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Reference Age Sex Diameter Lubricants used
(yrs) {mm)
Synovial Silicane SCMC
Fluids Fluids
HA1 78 F 43 Yes - -
H2 62 M 54 Yes - -
H3 63 M 52 Yes - -
H4 60 M 53 Yes - -
H5 74 M 50 Yes - -
HB 64 M 49 Yes - Yes
H7 63 M 49 - Yes Yes
HE 54 M 45 Yes - -
HS 79 F 41 Yes Yes Yes
H10 70 F 46 Yes - -
Table 5.1

Human hip joints tested.
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Reference Viscosity [(Pa s)
DC 10/200 9.4 x 10‘3
50 4.85 x 10'2
100 9,7 x 1072
500 4,85 x 10~ 1
1000 9.7 x 107"
1000
3360 3.36
30000
1000
11450 11.45
30000
30000 29.1

Table 5.3
Range of silicone fFluids and their viscosities used as

lubricants. .
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Reference Shear rate Viscosity
(s-1} (10-3 Pa s)
c10 1650 2.8
Cs0 1650 7.1
ca 1650 8.0
c4100 18650 11
cc 1680 25
CcB 1690 83
C17 1600 85
co 1690 104
C6 1600 112
C5 1600 131
CA 1690 210

Solutions of SCMC and their viscosities used as

lubricants.
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szperature A585 NAG released
(c) (wg/ml)
ge 0.260 22
30 0.325 27
37 0.318 26

Table 5.5

Effect of temperature of hyaluronidase digestion of

synovial fluid on amount of NAG released.
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Volume of Volume of | Mass of 1
BAEE synovial trypsin AA min~
solution fFluid inmn 0.1 ml of
(ml]) (m1) solution
Cug)
3.0 - 40 0. 16
3.0 - 200 too fast to
record
3.0 0.1 100 0.012
0.1 200 0.075
Table 5.7

Rate of change of absorbance of BAEE substrate with

different concentrations of trypsin and synovial fluid,
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Figure 5.2

Cross section of moulding jig for compliant layers
{rot to scale).
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Cross-section of Clish's apparatus for measuring the elastic
modulus of an elastomer.
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Figure 5.7

Graph showing NAG released after different times of
digestion with hyaluronidase,
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Figure 5.9

Effect of standard soybean inhibitor on trypsin digestion
of BAEE,.
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Effect of varying trypsin comcentration on inhibitor
action of symovial fluid,
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CHAPTER SIX

RESULTS - PRELIMINARY TESTS AND NATURAL JOINTS

The main results of this work fall into two categories:
those concerned with natural joints lubricated with
synovial fluid, and those resulting from the work on
prostheses with compliant linings. However there are
also preliminary tests to check the functioning of the
simulator, viscosity measurements of fluids which were
used with both natural and artificial joints and elas-’

ticity tests.

The hip function simulator was used to obtain the fric-
tional torque developed in the joint when sub jected

to a dynamic loading cycle and from this a firiction fFactor
was calculated. The friction factor was defined as

Frictional Torque

)* =

Applied load x Radius of head
{(Unsworth, 1978)
The friction factor differs from the coefficient of
Friction since the radius of contact is not equal to the

radius of the head except under point contact conditions.

The frictiomn factor was calculated at five points through
half a cycle of loading and oscillation as shown in

Figure 4.4, The values of frictional torque at a par-=
ticular point for the two halves of the cycle were averaged.
Since the loading cycle is almost symmetrical this

averaging eliminates errors in the magnitude of Frictional
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torgue caused by off-centre mounting of the joint.

Table 6.1 gives typical loads and sliding speeds for a
natural joint 54 mm in diameter fFor three freguencies

of oscillation. All the lubrication tests were repeated
at the same three frequencies of oscillation namely
0.65, 0.83 and 1.0 Hz. Points 1, 2 and 3 were at low
loads while points 4 and 5 were in the highly loaded
region, The sliding speed, . , varied sinusoidally with
time and could be calculated at any time, t, in the

cycle as follows:

where T is the time for one complete cycle, and uwe is
the maximum sliding speed. For a joint of radius r

oscillating with an amplitude 8,

_ 2nrb
o = =%
T
therefore U = 2Trrr'6 cos(zTn) "

Point 2 was taken at the maximum speed and points 1 and
3 are the same speed (but opposite direction) each side

of the maximum., Points 4 and 5 are slower speeds.

For the lubricants which were available over a wide
viscosity range the results obtainmed for the friction
factor have been plotted against nw/L wherenis the
viscosity, W the sliding speed and L the applied load.

As shown in Chapter 3, this is a useful method For
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demonstrating the lubrication mechanism which may be

operating.

6.1 Preliminary tests with Charnley metal on UHMWPE

prosthesis

Initisl tests used = Charnrley metal on plastic joint,

of 22 mm diameter, to ensure that the results obtained
were consistent with previous work in this field [0'Kelly,
1977). Figures 6.1 and 6.2 show the results obtained
using the full range of silicorne fluids available (see
Table 5.3) as lubricants. Figure 6.1 are the results
taken at point 2 in the cycle, where the load was 50N

and the sliding speed 7.3 mnxs‘1. The data in Figure 6.2
was taken from point 5 in the cycle, where the load

was 1470N and the sliding speed 1.5 mm 5_1. The frequency

of oscillation was 0.83 Hz and the amplitude of oscillation

o
was 8 .

The tests were repeated with a larger amplitude of

13.50, and these results are shown in Figure 6.3. The

load for point 2 was 50N and for point 5, 1500N, As

the angle through which the joinmt oscillated was larger for
the second set of tests, the sliding speeds were corres-

pondingly greater, 42.2 and 2.6 mm 5-1 respectively.

In all these graphs, the friction factor decreased as
the viscosity of the lubricant increased. The friction
factors for the lower loads and faster sliding speeds

(point 2) were more than double the values for point 5.
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When the amplitude of oscillation was increased from a®
to 13.50, the friction Factor alsoc increased except for
the low load and low viscosity points where the friction
factor retained its already high value (up to O.14).
These curves are similar to those obtained by D'Kelly
(1977) with the maximum values of friction Factor about
the same but the lowest Friction Ffactor around half the

value she obtained.

Since there was an obvious difference between the results
obtained for the Friction fFactor at different sampling
points, it was decided to evaluate results obtained with
a constant load throughout the cycle of oscillation so
that the only variable through a cycle would be the
sliding speed. To achieve this the cam was removed

From the simulator and oil added to the loading system
through cylinder B (Figure 4.7) until the required value
of load was reached. Three values of load were used
with each lubricant: these were approximately 500N,
1000N and 1500N; the exact values were recorded each
time. The tests were run with the same eight silicone
fluids that were used previously and 0.83 Hz fFreguency

of oscillation.

The friction factor was calculated for the 5 points
through the cycle. Points 3, 4 and 5 gave very similar
curves (Figures 6.6, 6.7, 6.8), with point 2 (Figure 6.5)

reaching lower values of ju and point 1 (Figure 6.4) lower
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still. The curves all decreased initially as viscosity
increased then showed an almost constant value for the
friction Factor, except for point 1 which displayed erratic
behaviour. The théee different loads led to separate
curves at low values 0F11u/L, with the lowest load giving
the highest value of friction fFactor, but the curves
coalesced as the viscosity of the lubricant increased.

The friction Factors measured were generally higher

than fFor the corresponding qg/L values with dynamic loading.

6.2 Lubrication tests with human hip joints

The results obtained from tests with synovial fFluid and
synthetic lubricants in conjunction with human hip joints
will be described in this section. Details of each of
the ninme hip joints used will be given together with

all the tests performed with that particular joint.

Hip joint H1

H1 was a female, 78 year old joint imn good condition with

a mean diameter of 43 mm, When First mounted and tested

in the simulator, it was fFound to be sufficiently off-
centre fFor the trace of fFrictional torque to remain on

one side of the zero line, instead of reversing with

the changing direction of motiomn. The hip joint was

then removed from its holders and frozen whilst the setting
up rig was checked and eventually modified to the fForm
described in Chapter 4 by the additiomn of vertical
parallels which could be used in conjunction with an

internal micrometer For accurate centring.
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H1 was thawed and reset successfully. It was tested

with Ringer's solution and a sample of synovial fluid

at each of the three different fFrequencies of oscillation
and an amplitude of 44°, The friction Factor was cal-
culated at points 2 and 5 through the cycle and plotted
against u/L since the viscosities of the fluids were

not known.(Figure 6.9)]. The cluster of points on the

left of the graph correspond to the highly loaded data
{point 5) whilst the higher friction Factors were obtained

From the lower loaded parts of the cycle.

Hip joint H2

A male, 62 year old hip with traces of cartilage Fibril-
latién. Its diameter was 54 mm. This joimt was also used
on a trial basis to perfect the setting up and testing
technique. Some preliminary tests were run with treated
synovigl fluid but the digestion conditions had not been
completely determimed by this time. The hyaluronidase
digestion was carried out by adding 0.3 ml enzyme solution
(containing 1000 NF units per ml veronate buffer) to

3.0 ml synovial fluid., Both this and the control sample

of synovial fluid were incubated for 18 hours at 37°¢.

The results (Figures 6.10, 6.11) show that the Friction
Factor varied fFrom 0.035 to D0.105, the lower values
occurring with higher loads. There was a slightly in-
creasing trend in friction factor as u/L increased.
Again, viscosity measurements were not available. At

high loads (Figure B6.12) all the results for the Friction
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factor were in the range a4+ = 0.06 to 0.08 and it was

not possible to distinguish between Fluids. At low

loads, the results for point 1 were obviously lower than
those For points 2 and 3. Comparing each point separately
between lubricants, the friction factor was lowest for
untreated synovial fluid, slightly higher For syrnovial
fFluid digested with hyaluronidase and higher still for
Ringer's solution. The effect of hyaluronidase digestion
is shown more clearly in Figure 6.13 for a low loaded

point and a highly loaded point in the cycle.

Hip joint H3

This was a 63 year old male hip joint of diameter 52.2 mm.

It was in good condition.

A range of eleven lubricants were prepared for testing

with this joint. All the synovial fluid used came from
one sample. The lubricant solutions are detailed in
Table 6.2. Also shown in this table are the viscosity
values used. These are the viscosities measured at a

shear rate of 1100 5’1 with the Ferranti-Shirley corne and
plate viscometer. The use of the viscosity measurement
at a high shear rate is discussed in Chapter 8. The
viscosity reduced considerably after digestion with

hyaluronidase - from 6.3 x 10_3 Pa s down to 1.4 x 10—3

or 1.6 x 10_3 Pa s. Those samples digested with trypsin

(D, H) retained a high value of viscosity.

The results obtained from the lubrication tests are

illustrated by Figure 6.14 which shows the data From
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lubricants J (untreated syrmovial fluid) and K [(Ringer’s
solution). The highly loaded part of the cycle (points
4 and 5]} produced fFriction Ffactors in the range 0.02 to
0.02 For all the lubricants., The more lightly loaded
region [points 1, 2 and 3) gave values for the friction
factor ranging fFrom 0.01 up to 0.04, the values increasing
as qu/L increased. The graph shows Ringer's solution

to be an inferior lubricant to synovial fluid., A notice-
able fFeature on all the curvesfor this joint is the
discontinuity in frictiom factor between the high and

low loaded regions, The effect of enzymatic digestion
on friction factor is shown by the histograms im Figure
6.15, There was an increase in friction factor for

point 2 (lightly loaded) after digestion with hyaluroni-
dase but no consistent change for point 4 (heavy load]).
Trypsin digestion resulted in a change in friction

factor which was either an increase or a decrease for

both points 2 and 4.

An N-acetyl-glucosamine assay was performed on samples

of fluids A - H and those samples treated with hyaluroni-
dase [B and F) showed an increase in A585 over the
blanks,

Hip joint H4

This male, B0 year old joint was in good condition.
A Full range of lubricants was prepared and tested with

this joint and it was Pot until the NAG assay revealed
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no change in the fluid after digestion that it was
realised that the syrnovial fluid had a pH of 8.7 which
was too alkaline For the enzyme to be very active. After
this point in the project, all the fluids were dialysed
to a‘constant pH of 7.2 before use. The results for this
joint are included to show that repeated testing of the
same joint produces consistent results if the lubricant
is unchanged. Figure 6.16 is a composite graph for all

5 points and all lubricants used. The shape of the curve
is very consistent between fluids. The friction factors
are high, starting at around 0,06 for the high loads and

increasing to 0.3 at low loads and high sliding speeds.

Hip joint HS5

A 74 year old male joint in good condition.

A full range of lubricants was prepared as detailed in
TableB6.3. A NAG assay was performed on samples of all

the fluids and the amount of NAG released was calculated
Ffor fluids C - F, which showed amn increase in absorbance
over the other fluids. These four fluids, which had been
digested with hyaluronidase showed a decrease in viscosity
to around one guarter of the value for undigested Fluids.
After 1 hour the digestion was not complete, although
most of the reduction inm viscosity h&d already occurred.
It made little difference to the digestion if the amount
of hyaluronidase used was increased from 0.01 ml per ml

synovial fluid (C and D) to 0.04 ml (E and F).
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The lubrication tests in the hip function simulator were
run as usual with the lubricants used in a random order.
However the values for the friction factor when calculated
appeared to decrease as the tests progressed. The zero
load position when measured at the end of the series

of tests was considerably higher than at the commence-
ment. This resulted in the recorded load readings towards
the end of the series being greater than the actual

values of load. Hence the calculated friction factor

was less than the true value. For this ;eason only those
lubricants which were tested adjacent to each other

could be sensibly compared. Figure 6.17 shows the results
from fluids BS5 and C5. B5 is the control sample incubated
without enzyme whilst C5 had hyaluronidase added and
produced higher values of friction factor at point 2

(low load).

Hip joint HB

HE6, of diameter 49 mm, was a male 64 year old joint in
good condition. The range of natural lubricants prepared
and tested with this joint are detailed in Table 6.4,
Again the action of hyaluronidase reduced the viscosity
by a factor of four. This was achieved after only ore
hour's incubation, even though the quantity of NAG

released increased with an extended incubation time,.

The results obtainmed by comparing enzymatically treated
and untreated fluids are shown in Figure 6.18. Once more,

the friction factors for hyaluronidase treated Fluids
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(ce, D6) were consistently higher (For point 2) than the
controls (A6, IB). The corresponding results For

trypsin show considerable differences in friction

factor with enzymatic treatment for example 4 may increase
from 0.014 to 0.058) but they show no consistent pattern -
sometimes the Friction factor is increased sometimes

decreased by a similar amount.

Joint HE was also tested with a series of synthetic
lubricants. These were 5 solutions of sodium carboxy-
methylcellulose [(SCMC) in water, chosen as they exhibit
non-Newtonian properties similar to synovial fluid.

Their viscosities are given in Table 5.4. The fFluids
used were C10, C50, C100, C4 and C5. Figures 6,19 and
6.20 show the results for friction factor plotted against
Qu/L. Each lubiricant was tested at each of the three
speeds used previously. Figure 6.19 shows the results
for the low load part of the cycle. The data for point 1
has been separately identified as agaimn it gave much lower
values for frictiom factor than points 2 and 3. The

data shows a decreasing trend as the viscosity of the

lubricant increases.

Figure 6.20 shows the results for the highly loaded part
of the cycle (points 4 and 5). These friction factors
are almost constant around ;o = 0,02, though there is 3
slight decrease as the viscosity increases. Their values

lie between those of point 1 and points 2 and 3.




137

Hip joint H7

This joint came from a 63 year old male and had a diameter
of 49 mm, It was in good condition but one week old

when used in the simulator as it had previously been used
by amother student. It was only tested with synthetic

lubricants.

The same five SCMC lubricants were used as for HBE and
the results again plotted as friction Factor against
NWL on a logarithmic scale. Considering Figure 6.21,
which shows the results for the low loading, the data
For point 4 is again lower than points 2 and 3 but there
is more overlap in the results for this joint. The
fFriction factor decreases from around 0.055 to 0.01

as nu/L increases from 5 x 10—7 to 1074 m~ 1,

The highly loaded results (points 4 and 5) are displayed
in Figure 6.22. These show an almost constant friction
Factor of around0.02 for point 4 and slightly lower -

around 0.01 - for point 5.

H7 was also tested with a range of silicome Fluids as
lubricant. These are Newtonian in character and their
viscosities are given in Table 5.3. A total of geven
fluids were used with viscosities ranging from 9.4 x 10—3
to 29.1 Pa s. All the results are shown in Figure 6,23.
The low load points (41, 2 and 3) all lie in the same
band which increases from g0 = 0.02 to = 0.13 as the

viscosity increases. The increase in friction factor

above a viscosity of 1 Pa s is very marked. The high
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load points (4 and 5) produce lower values of friction
factor (0.007 to 0.04) and do mot exhibit the sharp

increase with viscosity of the low load points,

Hip joint H8

This male, 54 year old joint had a diameter of 45 mm

and was in good condition,

Table 6.5 shows the range of lubricants prepared from
synovial fluid, together with their viscosities. This
sample of synovial fluid had-a:higher viscosity than the
previous samples used - around 9 x 107> Pa s - which

was reduced to 2 x 10—3 Pa s by hyaluronidase action.

The histograms in Figure 6.24 show the friction fFactor
which varies from 0.06 up to 0.10. Once again the

Friction factor was increased after hyaluronidase digestion
for the low loads, and also for four out of the six high
load readings. Trypsin digestion of the fluids had ro

consistent effect on the friction Factor.

Hip joint HS

This 79 year old female hip joint had a diameter of
441 mm and was in good condition. Both natural and synthetic

lubricants were tested with this joint.

The natural lubricants are detailed in Table 6.6. The
usual range of fFluids treated with hyaluronidase, and
their corresponding controls were used. In addition

powdered hyaluronicacid was added to several samples of
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synovial fFluid to attempt to obtain an increased viscosity
. . . -3
range. The viscosity was increased from 5.2 x 10 Pa s

up to 0.373 Pa s by the addition of 10 mg hyaluronic acid

to 1 ml synovial fluid.

Figure 6.25 shows the histograms for the change in friction
factor with hyaluronidase action. The results from point

2 (low load) showed a very substantial increase in friction
factor after digestion. The results from point 4 (high

load) showed no significant change.

The data for lubricants P9, Q9, R9 and S9 (syrnovial fluid
with added hyaluronic acid] were plotted in the fFamiliar
form of friction factor, . against Ru/L (Figure 6.26).

Point 1 produced results sufficiently low as to coincide
with the high load results (points 4 and 5). These produced
an almost constant fFriction factor of around 0.03., Points

2 and 3 produced friction factors which were mostly imn

the range 0.0B to D0.08 and which had a slight minimum

at nuw/L = 3 x 1(:!_B m_1. This corresponds to a viscosity

of 0.025 - 0.1 Pa s.

Figure 6.27 shows that the results for SCMC are very
similar to those for synovial fluid with hyaluronic
acid added, The main difference is that the friction
Factor at point 1 has increased and the data for points
2 and 3 became more obviously separated. The minimum

in friction factor at low loads is not so pronounced.
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When silicone fFluid was used as a lubricant for joint
H9 the friction factor at the low load points increased
with viscosity of the lubricant [Figure 6.28). The
viscosities of the silicone fluids reached much higher
values (up to 29.1 Pa s) than either synovial fluid or
SCML solutions., The high load data produced a constant

fFriction factor around 0.026,

6.4 Cartilage tests

When the lubrication testing had been completed on

any particular joint, plugs of cartilage and bone were
removed from the femoral head for elasticity testing

as descriped in section 5.3.1. A typical trace obtained
on the Instron chart is shown in Figure 6.29. Since the
crosshead speed was constant at 20 mm min_1, it took
about 0.9 s to apply a load of 420N, From the load against
compression trace obtained on the Instron, a new graph
was plotted of stress against logarithmic strain. The
stress was defimed as load divided by the original
cross-sectiomnal area. The logarithmic strain, used since

the strains involved are large, was defined as:

h

- dh Pol —De

€ = ‘J T l”(h - l”(h " d)
hD o

where hD is the initial thickrness of cartilage, h the
thickness at any given time, and d the decrease in
thickness at that time. The curves obtained by replotting
the data in this form for several plugs of cartilage

From the femoral head of joint HB are shown in Figure 6.30.
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The inverse slope of the stress strain curve at any given
point gives the compliance of the cartilage at that stress
(Gore, 1981). For these samples, the stress chosen

was 3 M Pa since the curve is linear here. Table 6.7
gives the average values of compliance obtained for each
of the joints tested, together with the thickness of

the cartilage specimens.
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Point Frequency of Load Sliding speed
Dscillation (N) _3
(Hz) [mms J
1 0.65 204 17.1
1 0.83 204 21.9
1 1.00 143 26.8
2 0.65 239 24.3
2 0.83 224 31.0
2 1.00 367 37.8
3 0.65 265 17.1
3 0.83 245 21.9
3 1.00 204 6.8
4 0.65 1325 9.8
4 c.83 1385 12.6
4 1.00 1467 15.4
5 0.65 1284 5.0
5 0.83 1365 6.5
5 1.00 1182 7.8
Table 6.1

Loads and sliding speeds for

in diameter.

joint 54 mm
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Joint Average Average compliance
Reference thickness 8 2 -1
(mm) (40 N )
He 1.86 5.8
H3 2.36 9.1
H4 2.32 4.6
HS 2.06 5.1
HE 1.83 4.5
H?7 2.04 5.0
HB8 2.27 5.4
Table 6.7
Human hip joints. Values of compliance and

cartilage thickness.
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Natural hip joint, H1: initial trial.
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Figure 6,29

Typical trace obtaine- on the Instron for compression of
cartilage at 20 mm min-1 ( joint HS),
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Stress/strain graph for four cartilage samples from one
femoral head ( joint HBJ.
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CHAPTER SEVEN

RESULTS - ARTIFICIAL JOINTS WITH COMPLIANT LININGS

Experiments were performed on acetabular components
that bad compliant linings cast onto the articular
surfaces. These compornents, produced with different
thicknesses of linming, were tested in the hip function
simulator. Two clearances and a range of lubricants
(SCMC and silicone Fluids) were also used. The elasti-
city and the effects of the lubricants on the linings

were also examined.

7.1 Absorption tests

Thompson (1979) showed that silicone elastomer swells
when soaked in silicorme fFluid. In order to investigate
the possibility of the absorption of the lubricant by
the Sylguard silicone elastomer, used for manufFacturing

the compliant linings, soaking tests were carried.out.

Small pieces of cured elastomer weighing 1 - 2 g were
soaked in lubricant and repeatedly weighed at various

time intervals. Sample A was weighed initially then

soaked in DC 200/10 silicone fluid and removed at intervals,
dried with tissue and reweighed. The % increase in weight

was calculated and plotted.

In order to check whether the increase in weight was
due to surface absorbed silicone, sample B was dipped
in fluid and dried before its initial weighing, then

treated as A,
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Sample C was soaked in an SCMC solution (C10]and similarly

welghed.

The results obtained are shown in Figure 7.1. The two
samples soaked in silicone reached equilibrium after
abscrbing 65% of their own weight of Fluid. This was
achieved after 100 hours of soaking. Approximately 1 g
of Fluid was absorbed by a sample initially weighing
1.5 g. Neither SCMC nor water were absorbed by the

elastomer,

7.2 Reproducibility of elastomer between mixes

It was necessary to mould the acetabular linings from
several different batches of elastomer since there was
only one moulding rig, and the mix would begin to

cure at room temperature if stored. A slab of elastomer
was cured, along with each acetabular lining. The
modulus of each slab was measured and compared with the

others.

Using Clish's apparatus described in section 5.3, the
radius of the indentation Formed in the elastomer by

a loaded lens was measured for a range of applied loads.
A graph of (radius of indentation]3 against applied
load gives a straight line fFrom which the modulus can
be found. The Hertzian theory For the contact radius

of a rigid spherical indentor on an elastic layer gives:
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2) where

a3 3PR (1 -v
4E

a is the contact radius

P the normal load

R radius of curvature
of indentor

v Poisson®s ratio

E Young’s modulus

Therefore, for an elastomer where Y can be assumed to

be 0.5, the elastic modulus, E, can be expressed as:

SR P 9R 1
16 a 16 gradient

Typical graphs obtained are shown in Figure 7.2, and the
moduli for the different mixes are detailed in Table 7.1,

together with the thickness of sample tested.

7.3 Effective elastic modulus of acetabula with compliant

linings
The modulus measured above is not the true elastic modulus
of the elastomer since the Hertzian theory assumes an
infinite thickness of material., This explains the
results for the first three samples, which were only
3.5 mm thick, and gave higher modulus values than the
later, thicker samples. A theoretical approach to the
effect of thin elastomer layers on effective elastic
modulus is given in Appendix 2. The effective elastic
modulus of the compliant linings is Further complicated
by their bonding to the metal substrate, and by other

restrictions on movement caused by their geometry.




182

For these reasons it was decided to try to measure
the stress v strain relationship directly by loading the
acetabula using the Instron 1419% universal testing

machine used earlier for the cartilage tests.

The detail of the method of Instron testing of scetabula
is given in section 5.3. A typical set of traces ob-
tained from the Instron for one acetsabulum repeatedly
loaded is shown in Figure 7.3. In all cases, the first
application of the load led to a slower increase in

load than repeated applications. When the loading was
repeated the contact between the Instron’s top platen
and the metal sphere was broken, ie load on the metal
sphere dropped to zero but the sphere was not physically
removed from the cup. This slower initial increase in
load with distance may therefore have been due to the
sphere attaining intimate contact with the compliant
layer. As the joint is subjected to repeated loading
during friction testing in the simulator, the consistent
results obtained after the initial loading were the ones

analysed,

Since the aim of these tests was to obtaim a comparison
between the effective moduli of the acetabula with
different layer thickrnesses, a value was needed which
would reflect the relationship between them. Now the

Apparent stress

Effective elastic modulus, E'
Apparent strain
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But stress is load divided by the area over which it is
applied. This area would initially be less than the
maximum cross-sectional area of the sphere, but it would
have increased to this value as the compliant layer was
compressed. It was considered constant for all the
samples. The strain is the decrease in thickness divided
by the total thickness. The total thickness in these
tests was constant since it was the elastic layer in

con junction with the metal base which was being investi-

gated. Hence,
’ . [} load
Effective elastic modulus, E' = (constant)
compression
where the constant is the same for all samples. This means

that the slope of the trace obtained on the Instron gives
a value which is proportional to the elastic modulus
and therefore can be used to rank the joints in order of
'stiffness'. Table 7.2 gives details of the joints and
values of load/compression fFor both low and high load
parts of the graphs. The table shows that for all the
joints the 'stiffrness’ is less at 250N than at 1500N -
this is also demonstrated by the shape of the curves

in Figure 7.3. The 'stiffness' also decreases with
imcreasing thickness of elastomer layer, apart From

DD which displays anomalous results. Joints 249 and Y3,
which had a larger radial clearance, were less stiff
than their counterparts with 'rmormal® clearance. This
was expected since the elastomer will be less confined

in these acetabula.
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7.4 Analysis of friction results with compliant layers

Following the experience of analysing the results obtained
from human joints, it was decided to use a computer
to analyse the results of the lubrication tests on com-
pliant layers. Two programs were written, the first,
MU2.FTN, processed the data obtained from measurements
on the traces, together with viscosities and speeds
to produce a table of friction factor with corresponding
Plu/L values. The second, GA4.FTN, used the tabulated
results to plot graphs of friction factor against\\u/L
for each of the five points analysed for any particular
joint. Details of the data collection andanalysis are
given in Appendix 3. Each of the Five points through
the cycle could be plotted on a. separate graph. As the
tests with any one lubricant were run at three different
speeds of oscillation, there are three points for each
lubricant on each graph. These are represented by differ-
ent symbols as follows:

0 D.B65 Hz

* 0.83 H:z

-+

1.0 H=z

7.5 Friction tests on prostheses with compliant linings,

lubricated with SCMC

All eight successfully manufactured acetabula with
compliant linings were tested with a range of solutions
of SCMC as lubricants. The SCMC sclutions were shear

thinning, like synovial Fluid. The viscosities of all the
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SCMC solutions used throughout the work are given in
Table 5.4. Eight of the solutions {C10, C50, C100,
C170, CA, CB, CC, CD) were used in the present study to

give adequate coverage of the viscosity range.

Results For 4 mm layer [A41 and D1)

Three of the SCMC lubricants, C50, CC and CA were used
with joimt A4 which had a 1 mm layer of sylguard elastomer
lining the acetabulum with 0.25 mm radial clearance.

The results obtained (Figures 7.4 - 7.8) seemed part-
icularly high and rather thamn extend the range of lubri-
cants, the tests were repeated on another day with the
same three lubricants. Some of the results from this

second test were even higher than the fFirst.

The low load frictiom factors, as illustrated by the data
from point 2 (Figure 7.5) varied from 0.6 to 0.3 and
those at high loads (see poimt 4, Figure 7.7) from

0.085 to 0.045., For the low loads, the results from the
two runs overlapped, but for the high loads the second

set of results was higher than the first,

Later in the series of tests, a nmew 1 mm layer was made
(D1) which was tested with the Full range of eight SCMC
lubricants., The results are shown in Figures 7.9 - 7.13.
The friction factor decreases with increasing wiscosity
of lubricant, but again the friction factors are high,

At low loads {point 2) they range from almost 0.9 down
to 0.25. At high loads [(point 4) the maximum Friction

factor is 0.17 and they decrease to 0.05 as the nu/L
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increases., There is no obvious relationship between
speed of oscillation and frictiom factor ie the three
symbols on the graphs do nmot form separate sets of

results,

Results For 2 mm layer [A2)

The data from joint A2, which had a 2 mm thick elastomer
liming and 0.25 mm radial clearance, is shown in Figures
7.194 - 7.18. Dnce again, the friction factor consistently
decreases with increasingnu/L. At points 4 and 5, which
are highly loaded, the friction factors are less than
those for the same lubricant with a 1 mm layer - ranging
from 0.077 to 0.025. At low loads, the results are more
widely scattered and the maximum frictiom Factor is just

over 0.5.

Results For 3 mm layer [A3)

Figures 7.19 - 7.23 show the results from joint A3 which
had a 3 mm compliant layer lining the acetabular
component with 0.25 mm radial clearance. The results
From point 1 were almost constant.but the remaining
poimts show the decreasing trend of friction factor with
viscogsity. The friction fFactor at point 2 decreases
From a maximum of 0.58 toc 0.47. At point 4 the values
range from 0.15 to 0,05, These friction Factors are

higher than those obtained with the 2 mm layer.
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Results fFor 0.5 mm layer (AO)

AfFter the tests had been completed on the 1, 2 and 3 mm
layers, it was decided to manufactwre a 0.5 mm layer,

to exiend the range of results. The radial clearance

was again 0.25 mm. The decreasing trend of friction
factor with increasing viscosity is again noticeable for
all 5 points (Figures 7.24 - 7. 28). The highest friction
Factors were obtained from point 2 and ranged from 0.20
down to 0.05. At point 4 the values varied from 0,042
down to 0.02. These are considerably lower than for

all the thicker layers,

7.5.1 Comparison of friction fFactor for different

thicknesses of lining

In order to compare the effect of thickness of compliant
}ayer on friction factor more directly, graphs of friction
Factor against thickness of lining were plotted fFor

fixed conditions. For each viscosity of lubricant, =a
graph was drawn using the average value of friction

factor at a given point for each joint. As there was

no consistent variation of Friction factor with speed

of oscillation, the average of the three values seemed

the most‘sensible value to use. Data from points 2 and

4 were used, representing both low and high load conditions.
(Figure 7.29). The data from point 4, clearly shows

the increasing trend of friction Factor with thickness.
The data‘From point 2 is less convincing due to the very

high values of frictiom Factor from the 41 mm layer.
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7.5.2 Compliant layers with increased clearance

-’

t3

Sinmce increasing thickness of the elastomer layer increased
the friction, particularly at low loads, it was decided

to investigate the effect of increased clearance between
the femoral head and the acetabulum, To do this a larger

brass plug was made against which the cups could be

moulded giving 0.5 mm radial clearamnce. The radial
clearance on the previous prostheses was 0.25 mm. Two
new cups were moulded in the original metal bases. A

0.5 mm layer was made using the 1 mm base and a 2.5 mm

layer using the 3 mm base.

Results For 0.5 mm layer with increased clearance (Z1)

This joint was tested with the eight SCMC lubricants
and the results plotted as before. 1In general the
Friction factor decreased as the viscosity of the lubri-
cant increased (Figures 7.30 - 7.34). The data however,
showed a very wide spread. The friction fFactor was
increased in comparison with the results for an 0.5 mm

layer with normal clearance.

Results For 2.5 mm layer with increased clearance [(Y3)

The eight SCMC lubricants were used with joint Y3 which
was a 2.5 mm layer with 0.5 mm radial clearance. The
results were again more widely spread [(Figures 7.35 -
7.39), which suggests that this is an effFect of the
increased clearance rather than a particular moulding.
The friction factors are higher than Ffor both the 2 and

3 mm layers with normal clearance.
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7.6 Compliant layers lubricated with silicone fluids

Since the results For the compliant layers lubricated
with SCMC produced higher values of friction factor

than had been expected from Thompson's work with elastic
layers (1979), it was decided to try lubrication with
silicone Fluids. As silicorme fluid causes the elastomer
to swell, the elastomer was originally soaked by fillimng
the cups with DC 200/10 silicone Fluid and leaving them
for over 100 hours. Since none of the layers of elastomer
lining the bases was as thick as the sample used for the
absorption tests, it was assumed that they would be in
equilibrium with the fluid after this time. Four cups

were used with 0.5, 1, 2 &and 3 mm layers.

7.6.1 Effective elastic modulus after soaking in

silicone Fluid

The Instron loading tests were performed on the four
acetabular cups after they had been soaked in silicone.
The results in Table 7.3 show that the load/compression
ratio is less than for the unsoaked specimens. It must
however be remembered that the gecometry of the soaked
specimens was different from the unsoaked, so care must

be taken in discussing chamges in stiffness.

The four cups were tested with the full range of eight
silicorme Fluids, at each of the three standard speeds

of oscillation.
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Results For 0.5 mm layer (EO)

Figures 7.40 and 7.41 show the Friction factors obtained
with a 0.5 mm layer [(E0). The low load points (1, 2
and 3) show a minimum in friction Factor around Ru/L =

5 -1

5 x 100" m and the friction factor increases on either

side to a maximum of about 0.°2.

The high load points (4 and 5) are almost constant and

their average value is about 0.015.

Results for 1 mm layer [(C1)

Two graphs have been plotted to illustrate these results.
Figure 7.42 shows the low load points (1, 2 and 3) and
has values of friction factor below 0.1 until the vis-
cosity of the lubricant is a maximum ie 29.1 Pa s.

Figure 7.43 demonstrates again the low almost constant

values of friction factor seen for EQakb h@ﬁ\(oadS-

Results For 2 mm layer (C2)

Again low values of friction factor were recorded for
most viscosities, The only exception with this joint
was the lowest viscosity fluid (9.4 x 10_3 Pa s) which
gave a much higher frictfon factor, around 0.26 for the
low loads (see Figure 7.44) and 0.03 for the high loads

(Figure 7.45).

Results For 3 mm layer [B3)

-3 . . . .
The 8.4 x 10 Pa s viscosity fluid gave high values of
fFriction factor, as with the 2 mm layer above, compared

with the rest of the results. All the other friction
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fFactors were about 0.05 for points 1, 2 and 3 and 0.01

for the high loads (points 4 and 5) (Figures 7.46 and

7.47).

7.6.2 Comparison of friction factor for different

thicknesses of lining

For each viscosity of silicomne fluid used, a graph of

average friction factor against origimal thickness of

lining was plotted in a similar marnner to the SCMC

results, These showed less variation in friction fFactor

than the SCMC but the change that did occur was generally

a decrease in friction factor with increasing thickness

of lining (Figure 7.48). The 9.4

x 10_3 Pa s viscosity

Fluid was an exception to this, showing a rather erratic

but nevertheless increasing trend of frictionm factor with

thickness,

7.7

Results for 2 mm layer soaked in siliconme fluid but

lubricated with SCMC (D2)

As the prostheses lubricated with
given much lower friction factors
with SCMC, an experiment was done

of lubricating a joint previously

silicomne fFluids had
than when lubricated
to Find the effect

soaked with silicone,

with SCMC., Since the joint had been soaked in silicone

Fluid there was some doubt as to how much this might

be expressed into the joint cavity and mix with the

SCMC during testing. The joint was originally tested

with C50, CA and CC in that order and the results when
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plotted showed an increase then decrease in friction
factor (Figures 7.49 and 7.50) - a shape not seen
before. More tests were then done, repeating lubricant
C50 and also including CB. These results then combined
with the original CA and CC results to form a decreasing
friction Factor with increasing viscosity, as now ex-
pected For SCMC. It would seem that the origirmal test
with C50 (ie C50(1) on the graphs), being the First

one, was contaminated with silicone fFluid which produced
lower friction values than expected. The swelling of
the joint alone does not appear to reduce the friction

fFactor.

7.8 Investigation of swelliggreFFects on clearance

in the prostheses

It was noticed that the clearance between the femoral

head and the elastomeric lining in the acetabulum appeared
to have completely disappeared after they had been soaked
in silicone fluid. The clearance was not easy to measure
experimentally but a method was devised which appeared

to give sensible results though its accuracy was only

about 20% on the smaller clearances.

A steel ball bearing, 34.92 mm in diameter, was placed
in the acetabulum which was clamped onto a measuring
table. The maximum total horizontal displacement of the
ball in the cup was measured using a dial gduge; this

was taken to be the diametral clearance in the joint.
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The ball was 0.03 mm larger in diameter than the McKee-
Farrar head used in the friction tests. The acetabulum

Y3, which had not been soaked was found to have a

diametral clearance of 4.01 mm by this method compared with
its nominal value of 1.0 mm. The two thinmner layers

which bhad been soaked in silicone (D0 - 0.5 mm layer and

A1 - 1 mm layer) both had a clearance of 0.15 mm by this
method., Their initial clearance was nominally 0.5 mm, ie
it had reduced by 70%. However, with the 2 and 3 mm

layers (A2, A3) no clearance was discernable at the

edges of the acetabulum.

A2 and A3 after soaking in silicone fluid appeared to
make an 'interference fFit'. This was confirmed by the
use of engineer's blue smeared onto the ball, which was
only transferred to the rim of the acetabulum. By
attempting to press the ball down into the base of the
acetabulum it was deduced that the clearance at the pole
was greater than 0.20 mm for A2 and greater than 0.42 mm
For A3. These values are, of course, for radial clearance.
Considering the results from the Instron tests, it was
deduced that for a load of 1500N, the crosshead and hence
the steel ball moved down a distance of 0.27 mm for the

3 mm layer. According to the above results, this would
mean that there was no contact at the pole of the joint
during a typical loading cycle. However it must be
remembered that the Instron test took place more slowly
than the impulse loading of the walking cycle in the

simulator.
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Reference Thickness Elastic
of sample modulus
(M Pa)
AQ 3.5 2.63
A1 3.5 2.61
A2 3.5 2.90
A3 6.5 1.94
B2 6.5 1.72
jula] 6.5 2.00
Y3 6.5 2.08
Z1 6.5 2.14
D1 6.5 1.33

Table 7.1
Elastic modulus of slabs of elastomer made

From the same mixes as the linings specified.
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Reference Thickrness Radial Load/compression
of clearance 3 -1
compliant {mm) (107 N mm )
%:%?P At load | At load

of 250N of 41500N

AO 0.5 12.4 18.8

Bo 0.5 "mormal'? 10.0 15.2

A1 1.0 0.25 10.4 16.8

A2 2.0 9.2 11.2

A3 3.0 7.2 9.6

Z1 0.5 'large'’ 7.6 13.2

Y3 2.5 0.5 6.4 8.8

Table 7.2

Acetabuls.with compliant linings and their 'stiffrness’

ranking from Instron tests.

Reference RefFerence Thickness Load/compression
after before of (103 N mm—1]
soaking soaking compliant
layer At load At load
(mm) of 250N | of 1500N
EO 00 0.5 8.4 14.4
C1 A1 1.0 .4 14 .4
ce A2 7. 10.0
83 A3 7.6
Table 7.3
The 'stiffness’ of acetabular cups with compliant linings

after soaking in silicone fFluid.
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CHAPTER EIGHT

DISCUSSION

8.1 The hip-function simulator

Data collected from the hip Function simulator meeds to
be interpreted in terms of the lubrication mechanisms
acting 1n the joinmts and the relevance of this to the

Functioning of natural and artificial joints.

The data is relatively difficult to inmterpret since both
the load and sliding speed varied throughout the cycle.
On the other hand, this type of loading and sliding cycle
is more likely to reproduce the effects Found in the body

than simpler models could.

There were some difficulties experienced with the use of
the simulator. The main problem was ensuring that the
joints, particularly the natural joints, were mounted
centrally and at the correct height. The mounting
procedure described in Chapter 4, worked adequately with
practice and experience. The joint could be mounted
centrally to an accuracy of 0.1 mm. For a load of 1500N,
this cled result inm a maximum off-centre torque of 0. 15Nm,
However, by taking average values of frictiomal torgue
From the two halves of the cycle, this error could
effectively be eliminmated. The averaging techrique
produced an error since the load cycle was not exactly
symmetrical, but this was very small, {of the order of

1 - 2% at most).
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With ome joimt (HB), the results obtained were dependent

on the order in which the tests were performed, ie the
measured friction fFactors decreased as the tests progressed.
This was thought to be due to a malfunction of the apparatus

rather than a change in the joint itself.

Arny plausible changes with time in a joint such as bio-
chemical degradation or erosion of the cartilage would

tend to increase rather than decrease frictiom factor.

Alsc, at the end of the tests, the zero load position of

the carriage was checked and Found to have altered such

that the measured loads would have beemn higher than the true
loads., This drift in the zero reading of the load did

not occur again and the explanation seems to be that the
pressure of the compressed air supply to the simulator

fell sufficiently for the regulator on the rig to be

unable to maintain its set value.

8.2 Selection of analysis points through the cycle

Although a continuous record of load and Frictional
torgue was obtained from the simulator tests, i1t was

only practicable to analyse the data for a limited

number of positions through the cycle. Five points were
chosen in similar positions for each of the three speeds
of oscillation commonly used for the tests [(Figure 4.4).
Point 2 was chosen as the position of maximum sliding
speed. It was a low load, around 250N and corresponds to
the swing phase. 0On esither side of this point, the

sliding speed was less and two points were chosen with
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the same sliding speed, both still in the low load region.
Point 1 occurred shortly after the high load had been
removed, and whilst the sliding speed was increasing.
Poinmt 3, however, occurred while the sliding speed was
decreasing, and after the low load had been maintained
for a while. It was hoped that these two points a3l though
having the same values for load and sliding speed, would
be helpful in an interpretation of lubrication mechanisms

since thelr load and sliding speed histories were different.

Points 4 and 5 were in the highly loaded region (1500 -
1600N). Two points were chosen so that any effects of
duration of loading could be observed. They were both
taken before the csrriage reversed its direction of
motion since experience showed that the frictiornal trace
did mot always respond as rapidly as was expected to the
reversal of the motiom of the joimt. This observation
will be discussed later, but to use this region as orne
of the standard deta points seemed further to complicate
the amnalysis. Point 5 then, being just before the change
in direction represents a slow sliding speed and point 4,

a little Faster.

8.3 Prelimimary tests with a Charnley prosthesis

The results (Figures 6.1 - 6.3) obtained from the Charnley
prosthesis lubricated with silicome fluids showed the

curve typical of a mixed lubrication regime. The friction
factor decreased as the viscosity of the lubricant increased.

At the highest viscosities, the friction Factor appeared
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to reach a minimum. On Figure B.1 this occurred at a

-4 -1 . . . .
value oFﬂP/L = 5 x 10 m . This minimum indicates
the transition from mixed to full fluid film lubrication.
The graphs show that when the amplitude of oscillation
was increased, there was little change in friction
Factor and so the larger amplitude was used in sub-

sequent tests since this corresponded more closely

to the angle subtended during a walking cycle.

There was considersble difference between the curves
obtained at high and low loads but as the sliding spesds
were also different between the two positions, these
tests cannot determine which variable was responsible

for the effect.

The graphs obtained with a constant load throughout

the cycle are interesting. The data fFrom the five
different points through the cycle varied only in sliding
speed from point to point. Considering first the gerneral
shape of all the curves (Figures 6.4 - 6.8), the friction
Ffactors initially decreased, but reached an almost constant
value at a viscosity of about '1C)_1 Pa s. (The data for
point 1 is inexplicably erratic.) Below this value of
viscosity, where the friction factors are decressing, the
results for the three loads used are separated with the
friction fFactor decreasing as the load increases. This
corresponds to the apparent variation of friction factor

with load described earlier. Howver the constant value of

friction factor obtained, appears to be independent of load.
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This constant value does vary with position in the cycle,
points 1 and 2 have the same value (around 0.015) whereas

points 3, 4 and 5 are double that (around 0.03).

The results for the Charnley prosthesis with constant
loading are very useful in interpreting other results. The
friction factors obtained at points 1 and 2 were lower

than at points 3 4 and 5. For constant loading, the
difference between these two groups is that the sliding
speed was increasing at points 1 and 2 (where it reached

a maximum) and was decreasing at poimts 3, 4 and 5.

Consider the prosthesis as a lubricated journal bearing
where a hydrodyrnamic film acts (Figure 8.1). As the
sliding speed increases, the QEFSQE , X, increases

and the load, L, produces a torque, L, acting around the

bearing centre. Hence in equilibrium

T‘J - Lx = TB
The greater the . offsek For a given load, the lower
will be the value of TB' It is the bearing torgue, TB’
which is measured in the simulator. Hence an increasing

sliding speed will cause a reduction in T whereas a

B’
decreasing sliding speed will cause an increase in TB.
Also, applying this to the case of dymamic loading,

as L increases, the - offsek " ,X, will decrease, but

the praoduct Lx still increases, resulting inm a lower
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value of TB for a higher load - as observed throughout

the present work.

8.4 Natural hip joints

Human hip joints were mainly used for testing the synovial
Fluid samples in the investigation of its constituent
properties with regard to lubrication, but some tests
were also run with synthetic lubricants to help in the

interpretation of the synovial fluid results.

Due to the variability of biological specimens, it was
not easy to compare results from one joint with another.
Differences in friction factor between joints may be due
to the overall geometry of the hip, to the surface
candition and thickness of the cartilage and also to its
compliance. Since some of these properties may change
with time, all the lubricants tested on a joint which
might be compared, were tested on the same day. Testing
each group of lubricants in a random order emnsured that
the results could not be produced by one particular
lubricant always following amother. The traces themselves
were only identified with a number corresponding to the
order in which they were made. This ensured that any
human bias was eliminated when taking measurements from
them, since the expected results were not known., A
separate list related the trace number to the experimentsl

conditions,




252

Although measurements were taken from the traces at each

of the five points described earlier, the results presented
For the natural jolints are mainly from points 2 and 4,
chosen to be representative of a low load, high sliding
speed and 2 high load, slow sliding speed. The variation
of Friction factor throughout the cycle will be discussed

later.

8.5 Natural hip joimts lubricated with silicone fluids.

Silicone fluids were chosen as one synthetic lubricant
because they were available over a wide viscosity range,
and their viscosity is independent of shear rate. Due

to the possibility that they might affect the permeability
of the cartilage or contaminate subsequent lubricants,
since they are difficult to remove completely, they

were always the last lubricant to be tested in a joint,

Two joints [(H7, HS), were tested with silicone fluids,

and the results presented in Figures 6.23 and 6.28.

For both joimts the data falls into two bands, one fFor
points 1, 2 and 3, and the other for points 4 and 5.

The only exception to this is point 1 for H9 which changes
to the lower band for low values of viscosity. The low
load, high sliding speed, data shows the rising character-
istic of friction factor with nqu/L typical of full Fluid
film lubrication. Joint H7 shows a slight minimum around
nu/L = 10™° m-q, but H9 remains constant below this value.

Certainly neither joint displays the obviously mixed
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lubrication mechanism as seen in the Charnley joint,

At the high loads and slower sliding speeds, the friction

Factor is lower, and it showed less variation with

viscosity. In fact, for HS there was no appreciable
change at all, H7's friction factor did increase slightly
at the higher viscosities. At high loads, which occur

suddenly in the walking cycle, it is likely that there
will be a substantial. sgueeze film effect in addition

to the hydrodynamic mechanism acting. As the viscosity
of the lubricant increases, the squeeze fFilm time will
increase and hence there will be a thicker film of
lubricant separating the two surfaces than would be
expected from a purely hydrodynamic &ffect. This may
explain the constant value of Friction factor at high
loads irrespective of viscosity. The squeeze fFilm
thickness for synovial fluid in a typical joint has been
estimated by Higginmson (1977) to be of the order of

5 x 10_6 m after 0.5 5. This is longer than the time of
application of the load during the simulator cycle, which |

For the slowest speed of oscillation used lasts for 0.25 s,

8.6 Natural hip joints lubricated with SCMC

Moving one stage closer to the rheoclogy of synovial

fluid, solutions of sodium carboxymethylcellulose in
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water [SCMC) were used as a lubricant. These are shear-
thinmning. Homsy et al (1973) reported that they were able
to produce solutions of SCMC which had very similar

viscous properties to synovial fluid. They were interested
in using SCMC solutions as a synthetic lubricant in human
joints because experiments with an on/off loading cycle
showed the initial friction whemn the load was first

applied to be much reduced compared with that for a

Newtonian lubricant,

The shear thinning properties of the SCMC solutions used
can be seen in Figure 8.2, together with a typical curwe
for synovial Fluid. It can be seen that the viscosity
decreases rapidly at first, but the decrease is less marked
as the shear rate increases. The viscosity values used
were those obtained at the maximum shear rate measured,
between 1600and 1700 5—1, depending on the size of cone
used in the viscometer. However, this is obviously

not correct since the shear-rate varies through the cycle
of oscillation in the simulator. As the film thickrnesses
are not known, and could hot be measured, the shear rate

at any point is also unknown. An estimate can however

be made using the surface roughness of the cartilage to
provide a value for the distance apart of the two cartilage
surfaces. Taking a value of 2 x 10_6 m for the separation
of the two surfaces, at a typical maximum sliding speed

- 4 -
of 20 mm s 1, the shear rate becomes 10 s 1, at a slower
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sliding speed, 2 mm 5_1, the shear rate for the same

. 3 -1 .
separation would be 107 s . Both these values are 1in
the region where the viscosity is almost constat therefore
it seems reascnable to take the lowest value of viscosity
recorded as a good approximation to the viscosity of the
Fluid at all five points analysed through the cycle.
It must not be Forgottem that the shear rate must fall
close to zero at those places in the cycle where the

carriage changes direction and hence the viscosity of the

SCMC will be increased somewhat.

Three natural joints were tested in the simulator with

SCMC solutions [(Figures 6.19 and 6.20 - HB, Figures 6.21
and 6.22 - H7, Figure: 6.27 - H9). Looking fFirst at

the low load, faster moving points (1, 2 and 3), it can

be seen that the friction factor decreases with increasing
viscosity in a manner typical of mixed lubrication although
the change in friction factor is only at most a reduction
of 0.03. The results from points 1, 2 and 3 are separated,
which must be a consequence of their different sliding
speeds and histories. The high load results (points 4

and 5) also decrease slightly with increasing viscosity,
but this reduction is very slight. The fact that the high
load results and point 1 are again lower than For the

other low loads implies that the sgueeze Film mechanism,
helped by the elastic deformation of the cartilage surfaces

under load, must be very important,
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8.7 Natural hip joint lubricated with syrmovial Fluid

+ hyaluronic acid

One joint, H9, was lubricated with synovial Fluid enbanced
with hyaluronic acid. As discussed in the previous
section, the viscosity recorded at a shear rate cf 1600

to 1700 5—1 was used in plotting the graphs of friction
Factor against hu/L. The data again split into two bands,
and the results from poinmt 1 again joined the high load

data rather than the low load.

The results frompoints 2 and 3 are different From either

of the synthetic lubricants. They form an almost constant
band, with a slight minimum at nu/L = 5 x 1078 7, This
corresponds to a viscosity of about 5 x 107% Pa s - =
value which is possible for normal healthy Fluid. Again

the high load points (4 and 5] together with point 1
Form a band of constant friction factor, below the low

load results.

Figure 8.3 shows the approximate curves for the two
synhthetic lubricants together with the emhanced symnovial

fluid all for point 2 of HY, on the same axes. The curves

correspond to a remarkable degree, considering how different

the lubricants are from each other. The silicone Fluids
which are not water based, cannot be expected to react
with the cartilage surfaces in the same manner as the
synovial fluid, or the SCMC. The corresponding graph

for the high loads is Figure 8.4. The agreement here is
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even closer which is understandable simce the value of
y1u/L appears to affect the friction Factor very little,

if at all.

8.8 Syrnovial fluid treated with enzymes

The synovial Fluid which was treated and used for lubri-
cation tests in the simulator was pathological. This

was the only fluid obtainable in a sufficient guantity

to perform experiments with controls. and also have
enough fluid for viscometry and assay. 1t was fFelt

that, although the fluid was less viscous than normal
healthy fluid would have been, it was in fact closer

to normal Fluid tham the bovimne Fluid which has often
been used by other workers. The results from this
section of the work could not be plotted in the same
manner as the synthetic lubricants since the viscosity
range avalilable was so small. Also it was important

to compare a digested fluid directly with its undigested,
but similarly incubated contirdl sample in order to remove
any other variables from the experiment. For this reason,
histograms were plotted showing the change in Friction
Factor after digestion. A statistical amnalysis was performed
on the results from each joint, using a two tail student

-~ t test For paired data, to check whether the change in

Friction factor after digestion was significant.
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8.9 Effect of hyaluronidase digestion of synovial fluid

on friction factor

From the histograms (Figures 6.413, 6.15, 6.17, 6.18, 65.24
and 6.25) which have been plotted For points 2 and 4,
representing the two extremes of loading and sliding
conditions, it appears that the friction factor is irncreased
by hyaluronidase digestion at peimnt 2 but not at point 4,
The student-t test confirmed this as the Figures in

Table 8.1 show. All the joints except HS showed a
significant differernce at point 2 at the 5% level and

most were better than this, H9 had very erratic Friction

factors, some of which were very high,

It is not surprising that the highly loaded point shows

no significant difference since the results previously
discussed show that the friction factor is almost constant
at high loads whatever the viscosity or type of the
lubricant., At point 2, the viscosity of the lubricant
after digestion is decreased and the frictiom fFactor is
increased. This means that the joint is operating in

the mixed lubrication region or the Full Film region
before digestiomn and mixed afterwards. The expression
/L for this data will typically have a value of 10-7 m—1
which, referring to Figure 8.3, is to the extreme left

of the data plotted and hernce in the mixed region. The

viscosity of the synovial Fluid thus plays an important

role in lubrication at low loads. This viscosity is
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provided by the hyaluronic acid chains in the fluid and is

easily destroyed by the action of hyaluronidase.

It has been suggested (0'Kelly, 1977) that it may be the
action of residual hyaluronidase in the synovial fluid

which attacked the cartilage surfaces in the joint and

For this reason increased the fricton Factor. Any such
action on the cartilage surfaces would not be reversible.
Great care was taken in the present tests to avoid using

the lubricants in any preconceived order, so that for

some of the joints the sample treated with hyaluronidase

was tested before its control. This removes the possibility
that the effect of the hyaluronidase can be on anything

other than the fluid itself.

8.10 Effect of trypsin digestion of symovial Fluid

on friction Factor

The histograms showing the results for trypsin digestion
(Figures 6.15, 6,18 and 6.24) indicate that the Friction
factor is sometimes increased and sometimes decreased
after digestion by trypsin, particularly at point 2.

The P values from the student-t test in Table 8.1 indicate
that there is no significant difference in the two
populations before and after digestion. The changes in
friction factor must therefore be due simply tc the in-
herent variability inm the data obtaimed from the simulator,

The trypsin digestion breaks up the protein chains in
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the fluid, but the protein was not actually removed

from the fluid, It is possible therefore that any bene-
ficial effect the protein has on the lubricating ability
of the fluid is still present after digestion. On the
other hand, it has been suggested that the protein acts
as a boundary lubricant in synovial fluid. At low loads
it may play a role around the edges of the joint, in
addition to the obvious viscosity dependent effect over
the contact area. At high loads, where the friction
factor is constant as nu/lL changes, conventional boundary
lubrication alone would produce much higher friction factors

than those recorded.

8.11 Effect of compliance of cartilage on friction Factor

Since the lubrication mechanism acting in a joint may

be influenced by the elasticity of the joint surfaces,

the relationship between the compliance values of cartilage
samples from the femoral head and the friction Factors
measured with Ainger's solution from each joint was
investigated. Ringer's solution is the only lubricant

to be used in all the joints (some of the synovial

Fluid samples were different from each other). Figure 8.5
shows that there was no obvious relationship between
compliance and friction factor. Since the effective
modulus of a thin soft elastic layer on a rigid base

is dependent on the thickness of the soft layer, the
compliance values were multiplied by the thickness of

the cartilage and replotted, this time with the average

value of fFriction factor for point 4 lubricated with
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untreated synovial fluid, (H7 was therefore excluded,
since there were no tests run on this joint with syrnovial
Fluid). A highly loaded part of the cycle, where a
squeeze Ffilm mechanism may act, seemed to be the most
likely circumstances to detect the effect of different
cartilage properties. However, Figure 8.6 again shows

no obvious correlation, This does mot mean that the
elasticity of the cartilage is irrelevant to the lubrication
of the joinmts - the compliance values do not encompass a3
very wide range of values and the variation in friction
factor observed between the joints may be due to the
surface condition of the cartilage or the joint geo-
metry rather than the compliance. Further discussion of
the effect of compliance on friction factor appears in

a later section on artificial joints.

8.12 Suggested lubrication mechanism through walking

cycle

So far, the discussion has centred round the effect that a
particular lubricant or mechanical property has on the frickion
factor. In this section, the lubrication mechanism

through a walking cycle will be examirmed in the light of

the information recorded for specific conditions.

Starting with the region where the load is small but

the sliding speed is high, the results for synovial

Fluid with hyaluronic acid added indicate that for healthy
fluid the lubrication can be full fFluid Film. However

if the fluid is pathological and therefore less viscous,
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the lubrication may become mixed. The viscosity of the
lubricant is still important as was shown by the data
For hyaluronidase digested fluid where the reduction

of viscosity caused an increase in friction factor.

It seems that healthy Fluid im a healthy joint may lead

to values of friction factor mnear the minimum of the curve

for varying nu/L.

As the sliding speed reduces, from point 2 to point 3,

the friction factor remains much the same. After appli-
cation of the load, which occurs rapidly both in a natural
walking cycle and in the simulator cycle, the friction
factor is reduced and tends to remain constant regardless

of viscosity of lubricant or changes in sliding speed

(points 4 and 5). There are probably several contributing
Factors to the low friction under high load. The eccen-
tricigy effect discussed in section 8.3 may apply. The

high sliding speeds in the low load region will have
allowed the build up of a reasonably thick Film of fluid
by hydrodynamic action. With the application of load
this fFilm will be sgueezed out from between the cartilage
surfaces but the time for the film to reduce appreciably
in thickness is considerably longer than the time of
application of the load. The high load will also cause
deformation of the cartilage surface which can reduce the
heights of asperities and hence reduce the film thickness
needed to ensure complete separation of the two surfaces.

As the sliding speed reduces to zero,
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the shear-rate must also decrease, which will increase
the viscosity of the synovial fluid by a factor of
about 10, (There will still be some shearing of the
Fluid caused by the sgueeze Ffilm effect.) This increase
in viscosity will help to maintain a Full Fluid film
under the most adverse conditions - the Full load and
almost zero sliding speed. After the joint changes
direction and the sliding speed starts to increase
again, the Friction remains low, even after removal of
the load [point 1), but gradually increases. The low
friction factor values often recorded For point 1 may
be due to the time taken for the cartilage to recover

its undeformed profile after the period of heavy loading.

This analysis of the lubrication mecharnisms acting in

a hip joimt is in disagreement with the work of Radin,
Swann and Weisser (1970) discussed in Chapter 3. They
concluded that it was the protein compornent of synovial
fluid which was totally responsible for the low coef-
ficients of friction in human joints. This is not confirmed
by the present work which demonstrates the dependence

of the frictionm factor on the viscosity of the fFluid,
certainly for low loads. Their test method used a constant,
heavy load, that is = similar arrangement to the experiment
reported here with the Charnley joint lubricated with
silicomne fluids under constant loading. Little variation

with viscosity of fluid was Found under these conditions,
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but they are rot those generally experienced in human

joints,

8,13 Choice of compliant linings

There were two main reasons For experimenting with pros-
theses which had a compliant liming in the acetabulum,

One reason was to investigate further the possible effects
of cartilage elasticity on the lubrication of natural
joimts. By using a prosthesis instead of a natural joint,
it is possible to isolate the effect of changing a single
variable, For instance, prostheses were manufactured with
different thicknesses of compliant layers, but an other-
wise similar geometry, Natural joints with differing
thicknesses of cartilage would also differ in size and
geometrical fit. The second reason for experimenting

with compliant linings was to examine their behaviour

with a view to using them in a prosthesis. Natural hip
joints have an elastic layer, the cartilage, covering

the borme ends to distribute stress and provide a suitable
surface for low friction lubrication. Therefore, the
possibility of using a complianmt linimg to reduce friction

in a prosthesis seemed worth investigating.

An acetabular lining was chosen since it was relatively
gasy to mould and control the thickness. For simplicity
and ease of analysis it was decided only to have one
surface covered with elastomer. The geometry of the joint

suggests that the elastomer/metal bond is less likely
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to fail on a concave rather than a convex junction.
For a given stress acting on the elastomer surface,
the stress at the elastomer/metal junction will be
greater Ffor a convex surface, since its area is less than
that of the elastomer surface. Conversely, for a concave
surface, the stress at the interface will be reduced and

therefore less likely to cause failure of the bond.

Thompson (1979) experimented with all three arrangements
of compliant layers - the fFemoral head, the acetabulum
and both - and found the double layer gave the lowest
friction factor. All his results are however rather
doubtful as he did not take averages fFrom the two halves
of the loading cycle and the asymmetry of the friction
traces he obtained showed that the joimt was not correctly
aligned. He used the same simulator as in the present
work, but it was rebuilt and the Ffriction measuring
carriage completely realigned before any of this present
work was undertaken. Thompson used a Charnley head

(22 mm diameter) in his work and found considerable
deflection of the rubber layers due to the high stress
level. This work was done using a McKee-Farrar head
(diameter 35 mm), which meant that, for a similar load,

the stress was reduced.

The elastomer used in the present tests was Sylguard 102,
This is a transparent rubber which is cured at 75°¢C.
The Silcoset used by Thompson was not used here because

al though it had the advantage of curing at room temperature,
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it was not transparent. Thompson had some difficulty

in ensuring that no air bubbles were trapped in the elas-
tomer when it was moulded since these were not visible
until they caused the surface of the elastomer to break
up during tests., A transparent elastomer circumvented
this difficulty, since =all the air bubbles could be
eliminated before pouring the mix into the mould. Also
the integrity of the compliant layer could easily be

checked visually before mounting and testing.

8. 14 Elastic modulus of compliant layers

With an artificial joint, it should be practicable to

vary just omne parameter at a time and therefore it was
nmecessary to ensure that the cured elastomer had the same
elastic modulus for each lining. The results in Table 7.1
give the measured values fFor the viscoelastic modulus
calculated from measurements taken on slabs of elastomer
From each mix., It is noticeable that the thinner slabs
produced a higher modulus value than the thicker ones.
This difference is obviously going to be more pronounced
in the experimental acetabula, where the layer thickness
(0.5 - 3.0 mm) is less. Waters [1965) has shown that For
a non lubricated junction between indentor and elastomer
(as in Clish's apparatus), the estimates of Young's modulus
will be in excess of the true value by less than 5%

provided:

P > 8 where t is the thickness of the sheet
t

and a, is the radius of the contact

area of the indentation.
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Now for the experiments on the slabs of elastomer, a had
an average value of 3.7 mm, hence, for the greatest

thickness used, 6.5 mm,

The sheet was therefore not thick enough to give a
true value of Young's modulus. Using Waters' empirical

relationship between Et and Eg

1 - exp[-0.41 ¢ 3/2
Eeo = E —_—
t at

values of E. were found For the different elastomer
mixes. Appendix 2 contains greater detail of Waters’

theory.

The differences in elastic modulus between the mixes

are presumably due to differences in manufacture. The
amount of curing agent added to the elastomer was measured
to an accuracy of at least 1%. The product data sheet
(Dow Corning, 1978) states that tvariations of up to 10%

in the concentration of curing agernt ... have little or

no effect ... on the properties of the final cured part.’
It may therefore have been the mixing or curing procedure

which caused the variability,

It would have been possible to use Waters' relationship
to find an effective modulus for the thin layers of

elastomer bonded to the acetabular cups. However, the
arrangement of the artificial joints may complicate the

'stiffrness’ actually found; the bond between metal and
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elastomer and the comfimed space both contributing to
deviations from the theoretical assumptions. The curves
obtained during the Instron static loading tests [see
Figure 7.3) demonstrate this effect. At the low loads

the elastomer appears softer thamn at high losds, Presumably
when the joint is imitially loaded, the elastomer can
deform but as the load increases, so the deformation is
restricted by the reducing of the clearance and by the
metal-elastomer bond. It would be expected that the
thinmner layers would be more restricted by the bond, and
the thicker layers by the lack of space for the deformation
to take place. The reduced 'stiffrness’ of the two layers
with larger clearance‘emphasises the point that the
apparent modulus of the elastomer layer is very much

determined by the clearance in the joint.

8.15 Friction tests with compliant layers

In general the friction tests with the elastomer layers
produced higher values of friction factor than had been
expected from earlier trials [Thompson 1979). This

may be partly due to Thompson's misinterpretation of

his frictional torgue traces and partly due to his use

of silicome fluids as lubricants. The results For silicore
Fluids in the present work were always lower than fFor

SCMC. Since the silicone fluid interacted with the joints
and changed their geometry, the results for silicone

fluids and SCMC solutions will be discussed separately.
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8. 16 Compliant limings lubricated with SCMC

The detailed results of these tests were given in Chapter 7.
Figure 8.7 shows a summary graph of the results for points

2 and 4 - typical low load, fast moving and high load,

slow moving points. The friction factors decreased with
decreasing thickness of compliant layer. The high load
produced lower friction factors than low loads., As the

viscosity of the lubricant was increased, the friction
Ffactor decreased. This is more marked for the low

load points than for the high loads.

The same shear trate was used For all the points in the
cycle For viscosity determinations, but as the sliding
speed changes this is not mecessarily valid. An estimate
of the fFilm thickness and hence the shear-rate can be
obtained from the analysis of Higginson (1977) For a

cylinder on plamne geometry for a thin layer om a hard

backing. The minimum film thickness 1s given by
0.6 -0.2
min \eR ER

For the artificial hip joints, we can take the following
values:

R= 1.2 m

E = 2 x 106 Pa

2

n = 107" Pa s.

Then for point 2 in the cycle where

2 X 104 Nm—1

w:
u = 0.02 ms_1
h = 3 x 10'5 m

min
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. -1
and the shear rate is 7000 s .

For poinmt 4 in the cycle w is increased and u decreased:

-1

7.5 x 104 Nm
1

w

u 0.002 m s

.= 5 x 10—7 m
mim
and the shear rate is 4000 s~
This order of magnitude calculation shows that for both
points 2 and 4 in the cycle, the shear rate may be ex-
pected to be greater than 103 5-1. At these high shear
rates, the viscosity varies little and the use of the same

value for the different points in the cycle therefore

appears to be valid.

These rough calculations indicate a film thickness of
10_7 to 10—6 m For an elastohydrodynamic film caused

by rolling/sliding. It is interesting to compare these
values with the surface finish of the joint compornents,
Figure 8.8 shows a Talysurf trace of the McKee-Farrar head
used in these tests., Figure 8.9 shows traces obtained
from the two brass plugs against which the elastomer

was moulded fFor the compliant linings. The larger plug
was used for those acetabula made with an increased
clearance. Since the elastomer was moulded in contact
with the brass, it should have faithfully reproduced the
surface contours. Traces were not taken directly from

the elastomer surface because of the increased difficulty

of taking traces on a compliant surface, and because the
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concave shape of the surface made the stylus movement
much more complex. The Ra values for the components were
McKee-Farrar head 0.5 um
Small brass plug 1.1 um

Large brass plug 0.7 pam,

Therefore to separate the two surfaces completely in

the joint would reguire a Film thickness of about 2 x 1O—Sm
under zero load. At increased loads, the asperities on

the elastomer surface would deform, so effectively

reducing its Ra value and the thickness of fluid film
needed to separate the surfaces. The previous calculation
suggests that the required film thicknesses may be
generated, provided the lubricant has a viscosity of

at least 10-2 Pa s. However, with the particular mat-
erials and design used in the prostheses it appears that
large scale deformation of the lining (rather than

asperity deformation] considerably affects the friction

Factors obtained.

Since high friction factors had been observed with 0.25% mm
radial clearance in the prostheses, it was decided to
experiment with a larger clearance (0.5 mm). Thus the
acetabular cups Z1 and Y3 were manufactured. It was at
First thought that the high friction factors might be
caused by a gripping effect around the equatorial region

of the joint which would be allevisted by a larger clearance.
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The results with an increased clearance were however

even higher than those with normal clearance. Comparing
the 'stiffresses’'’ of the acetabula with their Friction
Factor ranking provides an explanation for this. Table
7.2 shows that the extra clearance produced prostheses
which were less 'stiff' than the corresponding layer
thicknesses with normal clearance. Since increasing layer
thickness also reduces 'stiffness' and increases fFriction
Factor, this 'stiffrness’ appears to play an important

part in the lubrication of the prostheses.

The anomalous results for the 1 mm thick layer, shown
very clearly in Figure 7.29, where the friction Factor
was higher than would be expected from the gerneral trend,
has no real explanation. Two different layers were made
and tested, both with the same high results, but the same
steel base was used for each. The possibility that the
base was misshapen and perhaps did not mount on the
special jig in such a way that the cup was central cannot

be disregarded.

8.17 Compliant linings lubricated with silicome Fluids.

The individual results for each layer thickrness have been
brought together and the results for points 2 and 4

are displayed in Figure 8.40. The effeet of lsyer
thickness appears to be less.than for  joints lubricated

with SCMC. The shape of the graph For point 2 suggests
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that at the lowest viscosity (9.4 x 10—3 Pa s) the
lubrication mechanism may be mixed, but as the viscosity
of the lubricant 1s increased the friction Factor falls
to below 0.1 and then gradually increases again in the
manner typical of full fluid Film lubrication. The low
values ofF friction factor at point 4 suggest that a full
Fluid film 1s operating here, doubtless helped by a

sQueeze Film mechanism.

The composite graphs in Figure 7.48 show that the friction
factor tends to decrease rather than increase with thickress
of the compliant layer, The 'stiffness' of the joints

as measured on the Instron still decreased with increasing
thickness of lining after the soaking in silicore fluid
(Figure 8.11). This implies that the 'softer' the joint,
the lower the friction Factor. The exception is for the
lowest viscosity silicomne fluid [9.4 x 10_3 Pa s)

(marked as '10' on the graph) which has an increasing
friction factor with layer thickness. It appears then
that this feature is perhaps characteristic of mixed
lubrication and that if conditions are not suitable

for @ Full film, they are made worse by the soft layer.

Care must be exercised in comparing the effect of layer
thickrness in the silicore lubricated prosthesis. The
prostheses had all been soaked in fluid and swollen by

a noticeable amount. This meant that the geometry of
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the cups had changed and they would not all have the same
clearance since the larger volume of elastomer would

swell more. A rough inmvestigation of this effect showed
that the two thickest layers no longer had any clearance
and were now an interferernce fit. The possibility

that contact at the pole was not achieved even under high
loads could rnot be discounted. Any comparison of the Four
swollen acetabula is therefore comparing changes in
geametrical fit as well as layer thickness., These changes
in the Fit must affect the true contact area in the joint,
With no contact between the bearing surfaces at the pole
of the joint, a pool of lubricant will be trapped here

and be able to act as a reservoir to maintain a Fluid

Flim.

8. 18 Comparison of results from SCMC and silicone

There are two obvious differences between the tests with
SCMC and silicone fFluids as lubricants. In the first

place, the friction factors for silicone Fluids are less
than for SCMC. However, the]iu/L values are higher for
silicone Fluids, since their viscosities were generally
greater, and so comparing the graph of the SCMC and silicore
results (Figures 8.7 and 8.10) shows that the results

are approximately continuocus. At point 2, the SCMC

results provide the Falling friction factor as the viscosity
increases and the silicone results take the curve through

its minimum and on to an increasing trend of Friction
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Factor with viscosity, typical of full fluid film lubrication.
The second differernce is the effect of increasing the
thickrmess of the linming om frictiom fFactor. With SCMC
this increases the Friction Factor, whereas with silicone
there is in gemeral a reduction, though not as pronounced.
The efFect with SCMC was thought to be due to a lowering
of the effective 'stiffrness' of the joint as the thickness
of compliant lining was increased. Figure 8.11 shows

that the joints are softer after soaking in silicone
Fluid, and yet the friction Factor is reduced. This must
therefore be an effect either of the changed geometry

and clearance in the joinmt or the interaction of the

lubricant with the elastomer or a combination of both.

The effect of reducing clearance so that the joint halves
were an interfererce fit was discussed in section 8. 17
where it was explained how the lack of contact at the pole
may imcrease the availability of lubricant for a Full
Fluid film., It is unlikely that the soaked joimt will
'weep' during lubrication tests in the manner suggested
by McCutchen for the lubrication of matural joints.

In a lubricated joint, under dyrnamic loading where the
load is only applied For relatively short periods of time
there will be little opportunity For the fluid to be
expressed from the elastomer. This was borme out by

the clearance tests in the swollen joints which were

carried out after lubrication testing. Orne important
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difference in =he behaviour of the two lubricants is their
ability to 'wet' the elastomer surface. Silicone fluid
'wets! the surface of silicorme elastomer, but the SCMC
does mot do so to the same extent. Roberts (1971)

noticed this effect when using water as a lubricant for
silicone rubber spheres on glass sheets and he overcame

it by adding detergent to the water. As this was not

done in the present work it may have reduced the ability
of the system to Form a fluid Film and hernce increased

the Frictiomn Factor,

The lubrication test with SCMC om a joint which had been
soaked in silicone provides some interesting extra

evidence on the difference in the lubricants. After the
First test, where the SCMC was obviously contaminated

by surface absorbed silicone fluid, the friction factors
became those typical of SCMC rather than silicome. This
implies that it is nmot the swelling alone of the joint
which affects the lubrication but is likely to be conrmected
with the lubricant itself, very probabaly its 'wettability'’

on the compliant surface.

8. 19 Comparison of results with theoretical model

For the breakdown of Fluid Film lubrication

Medley et al (1980) have shown that the breakdown of
Fluid Film lubrication for the sliding of an elastomeric

surface over a metal sphere can be predicted by the
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condition

HD'78[WDU)

0.45 FO.EZ

0.67
> 0.902 t 0.335 For a fFull Film

ale')
to exist.

This is based on an isoviscous lubricant and so strictly
could only bé applied to the silicone Fluids in the
present work, Using typical values for point 2 and =
viscosity of 10_3 Pa s, this factor becomes about 90

ie well above the critical value for a full elasto-
hydrodynamic film. For a highly loaded point, it is
Nnecessary to consider the effect of pressure on vis-
cosity, but since this is small at the pressures found
in a joinmt, even for silicone fluids, the theory can
still be applied and results in a value of approximately
10 For the factor - still well gbove the critical value

For a Full Film,

g .20 Squeeze films

It is unlikely during the highly loaded slow moving

part of the simulator cycle that a Fluid film can be
maintained by an elastohydrodynamic action alone. The
squeeze Film mechanism, First suggested

by Fein in 1967, must play an important role in maintain-
ing a Fluid film during the highly loaded parts of the
cycle. The rough calcuations of film thickness produced
by hydrodyrnamic action in the highly loaded part of the
cycle produced a value of Film thickrness of 5 x 10_7 m
Ffor a viscosity of 10—2 Pa s. This is less than the

Ra values for the surfaces. What film thickness does a

similar calculation for squeeze Film action produce?
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Higginson (1977) uses a simple approximate formula

to calculate the Film thickness after a given time:

h oo z(éy/s(gy/a
R ER® Et

As E is the equivalent elastic modulus, the approximation

E = 3 x 108 Pa will be used since thin layers are involved.
Using R=2.5m
P = 1500N
n = 1072 Pa =
t = 0.5 s
. -5
gives h=8 x 10 m.

This is two orders of magnitude larger than for hydro-
dyrnamic action and certainly sufficient to maintain

a Fluid Film,

Changing the clearance in the joint will alter the
value of R. For 0.5 mm radial clearance,R becomes 6.3 m,
The predicted film thickness is then 2.5 x 10-5 m,

less than before, ie the closer the two surfaces comnform,

the better from a squeeze Film point of view.

The sqeeze Film action depends on the presernce of a thick
Film between the two surfaces when the load is applied

ie the low load part of the cycle, where the sliding speed
is higher must act to draw fluid into the contact area.
The calculations of the elastohydrodynamic fFactor in

the previous section showed that the conditions were in

the full elastohydrodynamic Film regiomn. Why then are
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the recorded friction factors so high in the low load
region For the compliant layers? The total fFriction
factor is made up of 3 components:
MEM LT MY M

where;Jc is due to contact between asperities

My is caused by hysteresis effects in the elastomer

Mo is the contributicn from the fluid Film.,
IFf there were nmo Fluid Film in the low loaded part of
the cycle, it seems impraobable that it should appear in
the highly loaded parts, yet in these parts the friction
factor is low and must be Fluid film . Perhaps in the
low load PBQiDH,}Jh makes a large contribution and we
have also seen that the eccentricity present if.the joint
is considered as a journal bearing tends to reduce

the measured friction Factor at high loads.

8.21 Dependence of Friction factor onm position in the

cycle

With both natural and artificial joints the dependence

of the friction factor with position in the cycle has
been noted. In particular, the low values of fFriction
Factor usually obtaimed at point 1 compared with point 3
which has nomirmally the same u/L value were particularly
roticeable. The results for joints lubricated with
silicone Fluids, however, did rot display this separation
of friction factor values for points 4 and 3. One possible
explanation is that although the sliding speeds were the
same at the two points, the speed is increasing at point 1
and decreasing at point 3. The separation of the bearing

surfaces may therefore be different so the lubricant
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viscosity will be decreasing at point 1, rather than in-
craasing as at point 3, and this may lead to a lower Friction
Factor. As the viscosity of silicore is constant at

all shear rates, the silicone tests would not be affected

in this way.

An alternative explanatiomn considers the deformation of
the cartilage or elastomer, both on a macro and an asperity
level. The highly loaded part of the cycle produces a
high level of deformation. When the load is suddenly
removed, the compliant layer will take a Finite time to
recover and hence the fFriction factor at point 1, just
after the load has been removed, may remain low. In
effect, this point will have a larger Ffilm thickness than
would be predicted by consideration of the actual con-
ditions at that time., As the compliant layer recovers,
the Friction factor riges. This effect would be much
less noticeable with silicome fluids since the friction

factors are never high.

The shear deformation of the elastomer and the finite
time to cause it to reverse its direction may explain
the lag of the friction trace when the carriage changes
direction. Figure 8,12 shows that the friction trace

does not change as rapidly as expected for hard surfaces.

Analysis of the lubrication mechanism in a hip joint is

complicated by the changing sliding speeds and the dynamic
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loading pattern, but there is evidence to show that both
these conditions help to reduce the frictiomn in the joint

by maintaining a fluid film between the surfaces.
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P for trypsin

RefFerence P for hyaluronidase
Point 2 Point 4 Point 2 Point 4
He 0.005 0.98 0.2 0.1
H3 0.05 0.2 0.5 0.02
HS 0.001 0.6
HE 0.005 0.3 0.
H8 0.01 0.5 0. .2
H9 0.2 0.6 - -
Combined 0.05 - - -

Table 8.1

Results of Student-t test for hyaluronidase and

trypsin digestion,
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Dependence of viscosity on shear rate for samples of
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Figure 8.11

'Stiffness’' of unsoaked and silicone Fluid soaked acetabula
against lining thickrness.
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Figure 8. 12

Typical traces obtained for frictional torque.
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CHAPTER NINE

CONCLUSIONS

Thig work has shown that the hip Function simulator
can be used for testing both natural and artificial
hip joints and their lubricants. The human hip jeoints

were tested with both natural and synthetic lubricants.

The synthetic lubricants used with the human hip joints
demonstrate the values of friction factor obtairmed over

a wide range of viscosities. Silicome fFluid, a Newtonian
liguid, was used with viscosities from 9.4 x 10_3 Pa s

up to 29.1 Pa s and the rising characteristic of Friction
factor with viscosity, typical of full fluid film lubri-
cation was observed at viscosities above 0.1 Pa s. The
SCMC solutions used had lower viscosities at high shear
rates than the silicomne fluids and consequently displayed
a mixed lubrication mechanism in the low load region
although at high loads the friction Factor was almost
constant. It appears that the combination of elasto-
hydrodynamic, squeeze film and deformation effects at
high loads lead to a friction factor almost independent

of mu/L for both natural joints and elastomeric lined

prostheses.

The addition of hyaluronic acid to synovial Fluid samples
produced a range of lubricants for the human joints

which appeared to demonstrate Fluid film lubrication
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for viscosities greater than 0.025 Pa s - a viscosity which

is plausible for healthy fFluid.

Digestion by hyaluronidase reduced the viscosity of

the synovial fluid and also increased the friction factor
at low loads. This may have been caused by a transition
From fluid fFilm to mixed lubrication as the viscosity
became similar to that of water. At high loads, as
expected, the digestion produced no significant difference

in friction factor.

Trypsin digestion of the syrnovial Fluid did not make any
significant difference to friction factor. This implies
that the protein content of the synovial fluid is not
solely responsible for lubrication, and that the hyaluronic
acid, acting as a viscosity-raiser, plays a very important

role, certainly during dyrnamic loading.

The work with compliant linings showed that the thinner
the lining, the lower the friction factors obtained when
lubricated with SCMC. A thimner lining is also less com-
pliant and future work should consider the use of less

fFlexible elastomers.

Future work with compliant linings must attempt to resolve
the problem of the high friction factors obtained with
low loads. This may be improved by the use of a stiffer

elastomeric layer, or, if the technology allows it, a
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thinner layer. The interaction of the silicone elastomer
and silicome Fluid which produced low friction factors

was interesting and work based on an eselastomer permeable

to @ water based non-Newtonian lubricant such as SCMC could

lead to new possibilities For prostheses.

In considering a programme of further work on the simulator
a priority would seem to be to automate the data collection
and analysis. A microcomputer could be used to record

the load, displacemernt and frictional torgue from a

test im a digitized form and either process the results
directly or combine them with results for other lubricants
to produce graphs of the Form used in this thesis. This
would greatly reduce the tedium and enable the analysis

to be performed at more points throughout the cycle.

A further refinement would be to use the computer to
control the inputs to the simulator ie to control the
oscillation speed and amplitude, and the load cycle
applied to the joint., This would reguire a major alter-
ation of the hydraulic circuit in the simulator, but it
would be very advantageous to be able to specify a loading
cycle in detail. As well as producing a more refined
walking cycle, the simulator could then be used For other

types of loading.

Orne of the advantages, however, of a simplified loading
cycle is the use of the averaging technigue to eliminate

errors caused by off-centre loading. The problems of




297

mounting joimts centrally (particularly natural joints)

must be investigated if a more complex loading cycle is

to be used.
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APPENDIX 1

Results For hip joint H10 tested with synovial Fluid and

urate crystals

This joimt was used for some prelimimary tests to inves-
tigate the effect of the presence of urate crystals in
synovial fluid. These crystals are deposited in joints
in gouty conditions and it was wondered whether they

would affect the friction factor obtained.

The joint was a 70 year old female hip in good condition,

It had a diameter of 4B mm,

The urate crystals were obtainmed from Dr P Platt at the
Department of Rheumatology, Royal Victoria Infirmary,
Newcastle. Two suspensions of crystals in distilled
water were made: the concentrations were 10.7 mg ml~
and 28.7 mg m1~ ', The control samples of synovial
fluid had 0.1 ml distilled water added to 1.0 ml fluid.
The samples of fluid plus crystals had 0.1 ml of crystal
suspension added to 1.0 ml synovial fluid. Figure A1.1
shows the results obtaimed for point 2 (low load) and
point 4 (high load). At high loads the friction Factor
was generally increased by the presence of the crystals
whereas a2t the low load, only the higher concentration
of crystals increased the friction Factor; the lower

concentration appeared to reduce it,
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Figure Al.1

Joint H10. Lubricated by synovial Fluid with and without
the addition of urate crystals. Single hatching shows
increase in friction factor after addition of crystals,
cross hatching shows decrease.
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APPENDIX 2

Effect of Fininte thickmess of elastomer sample on

elastic modulus measured by an indentation method

Waters (1965) derived an empirical relationship for the
increase in apparent elastic modulus found with inden-

tation tests on thin samples of elastomer.

From the theory of contact of two spheres [(Timoshenko
and Goodier, 1951) it can be shown that, if one sphere
is rigid and of radius R and the other elastic and of

infinite radius,

1
g1ps %
the depth of indentation, dg = 5 (1)
2b6E "R
. _ ot %
and the radius of contact, a, = R" d] ... (2]

Now if the plane elastic layer is only of depth t,

the stress pattern will be distorted but can be assumed
to be geometrically similar for any given ratio of t/at.
Therefore equation (1) may be written as:

1
g1p% % [+

d - — F — » ey [:3)
t 256E°R a,

where F(t/at] is an unknown dimensionless Function,
Assuming that for small values of dt’ a, is determined
by dt and R, equation [2) becomes:

1 1
a, = H/zcit/2 ... [4)

Plotting his data in the form F[t/at) against t/at,
Waters Found that F[t/aé}was a universal fFunction of

the form:
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t -At
Fl—| = 1 - exp = ... (5]
Ty t
where the constant A = 0.41 for a non-lubricated lower

boundary. Substituting equations (4) and [5) in (3]

gives
3/2
9P R At /
Eowo = — 5| 1 - exp — ... [B)
16a a,
or, since
E - ———QPH “ e a [7)
® 1Ba 3
t
3/2
Eeo = 1-exp[_-—A—ﬂ E ... [8)
at t

This equation can be applied to the values of modulus
obtained for the slabs of elastomer, using an average
value of a. Table A2.1 shows the values calculated
for E“,QSing the values of a for a total mass of

0.384 Kg loading the lens.
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Joint Slab a E Eoo
reference thickness t t
£ [mm) {(mm] (MPa) (MPa)
AQ 3.5 3.7 2.63 0.48
A1 3.5 3.8 2.61 0.46
A2 6.5 4.2 1.72 0.55
A3 6.5 4.0 1.94 0.66
Do B.5 4.0 2.00 0.68
Y3 6.5 4.0 2.08 0.71
Z1 6.5 3.9 2.14 0.75
D1 6.5 4.5 1.33 0.40

Table A2.1

Calculated values of E. using Waters' empirical

relation,
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APPENDIX 3

Data collection and processing for artificial joints

Measurements taken from the traces obtained From

the simulator were recorded on a data sheet, an

example of which is shown in Figure A3.1. This was
entered, along with other data from the same joint into

a File, named for joint A2, JAZ2.DAT.

The program MU2.FTN, written in FORTRAN, read the data
From the input file, processed it and output friction
factor and‘qu/L values for each lubricant into the output
fFile MUA2.DAT. The graph plotting routine GA4.FTN
requests the user to specify the joint and point number
(14 - 5) required. It then selects the correct data from
the appropriate output file, scales and plots it. The
graphs are plotted with different symbols for the three

speeds of oscillation.
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Figure A3.1
Data sheet for joint A2, lubricated with C10

(SCMC with viscosity of 0.0028 Pa s).
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