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Abstract 

Compliant layered bearings could improve the useful l i fe of replacement load-bearing 

joints. By incorporating an elastic bearing material, f lu id f i l m separation of the 

articulating surfaces can be maintained and so low friction and negligible wear should 

occur. Compliant bearings are still under development and so require extensive testing 

before they can be implanted. To give a realistic evaluation of their performance, the 

test conditions must be representative of the in vivo situation. To date this has meant 

using joint simulators. 

A simplified test method has been developed to measure the friction of compliant 

layered bearings. It uses a reciprocating materials-screening apparatus adapted to 

include a dynamic load, very low friction bearings, and a curved counterface. It has 

been validated by comparison with simulator tests and predictions made from Hertzian 

contact and elastohydrodynamic theories. An alternative to the Sommerfeld parameter 

has been defined to allow comparison of the different test methods. Tests have shown 

that of the parameters which affect friction, the predicted Hertzian contact area was the 

most important. Similar predicted areas gave rise to similar coefficients of friction in 

both mixed and f lu id f i l m lubrication regimes. The simplified method showed 

improved repeatability and lower systematic errors than the simulator. 

The method has been used to examine the effect of design factors on the friction 

generated in compliant layered bearings, comparing the results obtained with those of 

the simulator. Increased load, decreased counterface roughness, increased entraining 

velocity and the use of a compliant layer over UHMWPE all reduced the coefficient of 

friction. Bearing conformity had a mixed effect on friction. Point contacts and line 

contacts showed similar trends. The mechanical properties of the compliant materials 

have also been considered including hardness, hysteresis in compression, and creep. 
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Chapter 1. Introduction 

1 Introduction 

Total replacement joints are today commonplace with almost 40,000 total hip operations 

and 18,000 total knee operations being performed by orthopaedic surgeons every year in 

the UK [Bonfield 1996]. With 50 years of design and development behind them, these 

joints now have a 90% survival rate at 10 years and can provide as many as 20 

additional years of pain-free active life for their recipients [Murray et al 1995]. 

However, 18% of all replacement joint procedures are revision operations [Bonfield 

1996], and the main cause of these revisions is widely recognised as being long-term 

aseptic loosening [Morscher 1992, Poss et al 1988]. 

Long-term aseptic loosening describes the body's response to debris generated through 

the wear of the replacement joint components. At present, the majority of total hip 

replacements have a metallic femoral head articulating against an acetabular component 

of ultra high molecular weight polyethylene (UHMWPE) and as in any bearing system, 

wear of the softer component (UHMWPE) occurs as the joint articulates. The joints 

function well for long periods of time which implies the body is able to tolerate this 

debris. However, over longer periods, or in cases of excessive wear, the body's response 

seems to be to resorption of the bone around the implant. This resorption leads to 

loosening of the implant and its eventual failure [Willert and Semlitsch 1975, 1977, 

Howie et al 1988, Shanbhag et al 1994]. 

In order to improve the life of total replacement joints, it is obviously necessary to limit 

the amount of wear debris occurring. Approaches to the problem have been to consider 

other materials to replace the 'harmful' UHMWPE component, or to improve the design 

of the present joints to try and limit their wear. Hard bearing surfaces, such as all metal 

or ceramic joints as used in the earliest designs, are being reconsidered [Semlitsch 

1993]. One particular new area of research is compliant layered joints, where the 

UHMWPE is replaced by a much softer polymer layer on a rigid backing, more closely 

simulating the natural joint. They have shown to operate with much lower friction and 

wear than currently used materials [Unsworth et al 1987, Auger et al 1993]. 
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To understand the potential benefits of compliant layered joints, the fundamentals of 
tribology should be considered. How are friction and wear caused and what factors 
have the greatest influence on them? Having identified the most important factors, the 
materials and geometry of the compliant layered bearing can then be optimised to 
achieve the best possible tribological performance when implanted. The design must 
then be rigorously tested under realistic conditions before it can be tested clinically. 

The development of compliant layered bearings at Durham is fairly advanced, with 

suitable materials and geometries identified. To date, the usual method of predicting the 

performance of replacement joints when implanted has been through testing the joint on 

a joint simulator. Such machines are designed to imitate the motion and loading 

characteristics which occur in normal walking and are a useful tool in predicting the life 

of artificial joints. Their disadvantage is that they are very expensive machines which 

use actual components in testing, meaning testing iterative changes in designs could be 

very costly. 

The aim of this research was to develop a simplified test method for compliant layered 

bearings. It had to include all the characteristics of loading and motion which were 

important to the tribological performance of the bearing so that it results could be used 

to predict results after implantation. It should also be simple, cheap to construct, easy to 

use, and use basic component geometries so that different design features and conditions 

could be examined. 

The research began by considering the work of others in this field. Fundamental 

tribology has been considered and the lubrication mechanisms which occur in natural 

synovial joints have been discussed along with the experimental studies undertaken to 

investigate these lubrication mechanisms. The lubrication of conventional replacement 

joints has then been considered together with the factors affecting their friction and 

wear. This leads on to the compliant layer concept where its improved tribological 

performance has been discussed. The development of a numerical solution to model the 

behaviour of such layers has been presented as well as experimental work carried out to 

verify the models. A discussion of possible candidate materials for compliant layer 
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bearings then follows. Finally the currently used test methods for assessing materials 
and designs have been reviewed with a view to developing a simplified test method for 
compliant layered joints. 

Having reviewed the work in the field, a simplified test method has been developed to 

measure the friction of compliant layered bearings. In order to validate the method, 

experiments have been undertaken under various conditions and the results obtained 

compared to those of a hip function friction simulator. The apparatus and test methods 

used are described in detail in Chapters 3 and 4 respectively. The systematic errors in 

measuring friction on the two machines has been compared also. A new dimensionless 

parameter has been defined by which the friction measured on two different machines 

can be compared. 

Contact theory and tribology has been used to predict the factors which influence the 

friction generated in the compliant layered bearings. With this in mind, the test 

conditions used (including load, motion, and contact geometry) have been varied to give 

comparable results on the two machines. In doing this, the most important parameters 

in achieving equivalence between the two systems have been identified. Having 

achieved comparable results, the new test method could then be used to assess the 

effects of various design parameters and test conditions on the friction generated in 

compliant bearings. The trends found have been again compared to those found on the 

simulator. Comparisons have also been made with the published results of other 

authors, and theoretical predictions. 

The mechanical properties of the compliant materials have also been briefly considered. 

In particular, the changes in properties which occur when under physiological conditions 

have been investigated, and the way in which these changes can affect the tribological 

performance of the bearing. 

In conclusion, the effectiveness of the simplified test method has been discussed. 

Recommendations have been made as to how the method could be improved and where 

further work could be undertaken. 
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2. Review of published work 

2.0 Tribology Theory - Friction and Wear 

The definition of friction as we know it today goes back to the work of Leonardo de 

Vinci (circa 1400) and Amontons (1699), and more recently Coulomb (1785). These 

early researchers considered friction to be mainly due to the interaction of surface 

asperities on the sliding surfaces. Tabor [1981], however, reported that there are three 

factors which influence the fi"iction of unlubricated contacts: the true area of contact of 

the bearing surfaces, the strength of the bond which is formed at the interface, and the 

shearing of the material around the contacting region. In lubricated contacts, such as 

natural synovial joints and their replacements, the load is supported by a combination of 

both the contact between surface asperities and the fluid trapped between the two 

surfaces, and so the friction is influenced by a fourth factor, the shearing of the 

lubricant. 

The proportion of the load carried by the fluid and by asperity contact defines the 

lubrication regime in operation. Where all the load is carried by the contact between 

surface asperities, the mechanism is known as boundary lubrication, as first described 

by Professor Boys in 1908 and reinforced by the findings of Hardy and Doubleday in 

1922. It is so called because the articulating surfaces are lubricated not by free-flowing 

fluid between them, but by extremely thin boundary layers of lubricant which are 

formed on the counterfaces and assist their relative sliding. Where no asperity contact 

occurs and all the load is carried by the lubricating fluid, hydrodynamic or fluid film 

lubrication is described. In this situation, friction is entirely dependent on the properties 

of the lubricant, and notably on its dynamic viscosity. This mechanism was first 

identified by Tower in 1885 and Petrov in 1883, and closely followed by the now 

classical analytical paper of Reynolds in 1886, in which he produced a simultaneous 

solution of a reduced form of the Navier-Stokes equation combined with the continuity 
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equation to generate a second order differential equation for the pressure in a fluid in a 
narrow converging gap between two surfaces [Hamrock 1994]. Johnson and 
Greenwood [1973] defined the surface separation ratio, X, such that 

X = ^ Eqn.2.1 
(7 

where hĝ n was the central thickness of the generated fluid film and CT, the combined 

roughness of the two surfaces. X greater than 3 implies fluid film lubrication would 

occur although other mechanisms have subsequently been proven to allow fluid film 

lubricafion to occur at much lower values of X [Auger et al 1993]. 

Over the last 40 years, much of the research into tribology has been into defining more 

precisely the behaviour which occurs between these extremes. One particular advance 

has been in the discovery that when the pressure in the fluid film is sufficiently high, it 

can lead to elastic deformation of the bearing surfaces causing an increase in the 

viscosity of the lubricant and further encouraging the formation of the fluid film. This 

mechanism is known as elastohydrodynamic lubrication. During the last 20 years, a 

fiirther development has been in the understanding that between the regimes of 

boundary and fluid film lubrication, a combination of the two actions, known as partial 

or mixed lubrication, occurs where the load is partly carried by both the fiuid film and 

the contact between asperities. 

The transition fi-om fluid film to boundary via mixed lubrication is most commonly 

represented by means of a Stribeck curve (Figure 2.1) first presented by Gumbel in 1914 

[Dowson 1993]. The Stribeck curve plots the coefficient of fiiction, \i, (Eqn. 2.2) as a 

fimction of a dimensionless group known as the Sommerfeld number, S, defined by 

equation 2.3 

frictional. force 
// = -y—r- Eqn. 2.2 

normal, load 

S = ! ^ Eqn. 2.3 
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where r|, is the lubricant viscosity, co, the angular velocity of articulation, and P, the 
load per unit area. 

Unsworth et al [1974a, b] extended its use to synovial joints by defining a similar 

dimensionless measure of friction, friction factor, which took into account the variation 

in frictional torque throughout the joint (Eqn. 2.4) 

/ - R.L 
Eqn. 2.4 

where T is the frictional torque, L the mean load, and R the radius of the joint. 

Coefficient of Friction 

4\ 

Boundary Fluid film Mixed 

r|ffl/P 

Figure 2.1 Typical Stribeck Curve 

Figure 2.1 shows a typical Stribeck curve, distinguishing clearly between the three 

lubrication regimes. The minimum coefficient of friction, for fluid film lubrication, is 

0.001, with boundary lubrication typically giving a value of between 0.1 and 1 
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depending on the bearing materials. Between these two regimes is the steep curve 
representing mixed lubrication, showing the significant reduction in friction that can be 
achieved by promotion of hydrodynamic action, and the substantial increase that can be 
caused by asperity contact. 

Just as the amount of asperity contact determines the friction generated, it is the 

interaction of the surface asperities which causes wear, as first proposed by Archard in 

1953. As one asperity passes over another there is a possibility that it will produce a 

wear particle, and the probability that this will occur is described by a material's wear 

factor k (mm /Nm) [Dumbleton 1978]. The total volumetric wear , V, has been shown 

to be 

V = k.F.x Eqn. 2.5. 

where F is the force supported by the contacts and x the total sliding distance. 

This result has been confirmed since in similar derivations by other research groups and 

by experimental results. These relationships and the other factors which affect the 

friction and wear wil l be discussed in more detail with reference to the specific bearing 

examples of natural and artificial joints. 

2.1 Lubrication of natural joints 

The human synovial joint represents a unique form of self contained bearing as shown 

in Figure 2.2. It consists of a layer of elastic, porous cartilage covering each of the bone 

surfaces surrounded by a protein-rich lubricant, synovial fluid, all contained within a 

low friction capsule, the synovial membrane. 
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articular 
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Figure 2.2 The synovial joint 

As well as their amazing low friction properties, many of these joints also have a 

geometry which allows movement in three separate planes: frontal, sagittal and 

transverse. Considering the himian hip joint, it is capable of 74° of abduction-adduction 

(AA) in the frontal plane, 120° of flexion-extension (FE) in the sagittal plane and 90° of 

internal-external rotation (IE) in the transverse plane. These motions and their relevant 

planes are shov/n in Figure 2.3. 
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a: frontal plane, b: sagittal plane, c: transverse plane 

Figure 2.3 Anatomic planes of motion of the hip [Duff-Barclay and Spillman 1967] 

When describing the theory of fluid fi lm lubrication in 1886, Reynolds' remarked on its 

biological importance, attributing the remarkable tribological characteristics of human 

and animal joints to this mechanism. MacConnaill [1932] suggested that the anatomy 

of the joints could give rise to the wedge shaped fi lm required for a successful 

hydrodynamic regime. These hypotheses were confirmed by the experiments of Jones 

[1934], in which he showed that a human interphalangeal finger joint in a pendulum 

machine gave an exponential decay in amplitude with time, concluding there was 

viscous damping in the joint and hence fluid fi lm lubrication. Chamley [1959, 1960] 

reached a different conclusion from his similar experiments on cadaveric ankle joints, 

showing a linear decay in amplitude with time, a result more indicative of solid-solid 

action and therefore boundary lubrication. He argued that the disparity arose because 
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Jones had used an intact joint (for improved stability) rather than severing the ligaments 
as he had, although his results did however yield extremely low coefficients of friction 
(0.005-0.024) for the suggested boundary lubrication regime. The disparity could 
equally well have come from the systematic errors incorporated in estimating friction by 
means of a decay in amplitude of oscillation as later proved by Barnett and Cobold 
[1962]. They showed Chamley's objection to be correct in testing ankle joints intact and 
dissected, demonstrating rates of decay characteristic of hydrodynamic and boundary 
lubrication respectively. When testing a hydrostatic brass bearing though they also 
showed boundary lubrication to be occurring. 

Several workers revived the case for fluid fi lm lubrication in synovial joints, whilst 

proposing that various mechanisms were responsible for generating and maintaining the 

fluid f i lm throughout the two phases of a normal walking cycle: the high load, low 

velocity stance phase and the low load, high velocity swing phase. 

The very low coefficients of friction recorded by Chamley led McCutchen [1959] to 

suggest the concept of 'weeping lubrication', a form of self-pressurising hydrostatic 

action, relying on the porosity and elasticity of the cartilage to trap pockets of fluid. He 

argued that pressure on the joint pressurised the pockets of fluid which would then carry 

at least part of the load. The name 'weeping lubrication' arose from the replenishing of 

these pockets from the fluid in the bulk of the cartilage. He went on to demonstrate this 

effect as well as the effect of sustained loading. 'Wringing out' the fluid resulted in an 

increase in friction [McCutchen 1966], and he subsequentiy coupled this weeping action 

with a unique form of boundary lubrication [McCutchen 1967]. Drawing from the work 

of Ogston and Stanier [1950] on the constituents of synovial fluid, McCutchen 

suggested whilst the sponge-like nature of the cartilage would explain its very low 

friction, this would not explain that he had noticed synovial fluid to give much lower 

friction than other lubricants. He explained this as the action of long chain molecules of 

hyaluronic acid-protein complexes (mucin) from the synovial fluid attaching themselves 

to the cartilage surface in loops which could then trap fluid within themselves at an 

osmotic pressure. McCutchen defined this as osmotic lubrication. This meant that 

when contact did occur it would be at very low friction unless the surfaces were 

10 
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subjected to heavy constant loading when the pressurised fluid would be squeezed out of 
the loops. He did not however explain why other long chain molecules could not 
produce the same effect. 

By this time advances in the understanding of the lubrication of heavily-loaded contacts 

in other engineering applications had generated the theory of elastohydrodynamic 

lubrication (EHL). Dintenfass [1963] applied this theory to the human joint, and his 

findings were reinforced by the work of Tanner [1966] and Dowson [1967]. They 

suggested that whilst it seemed unlikely that the lack of congruity and the reciprocating 

motion in a human synovial joint would give rise to conditions favourable for 

hydrodynamic lubrication, it was possible that the deformation of the soft cartilage 

surfaces could produce the desired 'wedge' effect. Tanner estimated a fluid film 

thickness in the hip of 10 |j,m under the entraining action of elastohydrodynamic 

lubrication, giving rise to a coefficient of friction of 0.003. The fact that this value was 

lower than seen experimentally of around 0.02 [Chamley 1959] Tanner put down to the 

fact that he did not include any allowance for the boundary lubrication which may have 

taken place during the walking cycle. Whilst elastohydrodynamic action could explain 

the very low friction of synovial joints whilst reasonable entraining velocities were 

occurring (swing phase), it did not explain the ability of the joint to carry a load under 

heavy loading and very slow velocities (stance phase) so cleariy fluid f i lm lubrication in 

synovial joints could not be due to elastohydrodynamic action alone. 

Mow [1969] suggested that a better term for the lubrication of the synovial joints would 

be 'elastorheodynamic' as the rheological properties of the cartilage and synovial fluid 

were also contributory to the joint's lubrication regime. This was echoed by Dintenfass 

[1963] who indicated that the thixotropic nature of the synovial fluid (its viscosity 

increased as the shear rate decreased) as well as its affinity with cartilage and its 

viscoelastic resistance to squeeze were all likely to play an important role in the 

lubrication of joints, along with the elastic property of cartilage. Linn and Radin [1968] 

demonstrated the importance of the hyaluronic acid-protein complexes (mucin) by 

attempting to alter the properties of synovial fluid by various means. They showed that 

reducing the viscosity of the fluid had no effect on the lubricant but by digesting its 

11 
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constituent proteins, the measured friction was increased markedly. Roberts et al [1980] 
later contradicted this finding showing viscosity to have a greater effect although the 
disparity may well be due to the unknown nature of the lubricant or the exact effects of 
the digestion agents. Tests by Walker [1968a] showed that the concentration of 
hyaluronic acid alone was not important. It would seem that it was the formation of 
acid-protein complexes which was most important to the lubricating properties of 
synovial fluid, whether in its effect on the viscosity or the chemical composition. 

Maroudas [1967,1969] demonstrated the formation of gels on the cartilage surfaces 

when subjected to pressure. She suggested that rather than fluid flowing into the joint 

through the porous cartilage when loaded (weeping lubrication), it flowed out of the 

cartilage leaving a high viscosity filtrate of hyaluronic acid-protein complexes, too large 

to f i t through the minute cartilage pores. The high viscosity of these gels was then 

capable of producing the load carrying capacity of the synovial joint in the stance phase. 

Meanwhile Dowson [1967] and Fein [1967] pointed out the importance of a 'squeeze 

film' mechanism under dynamic loads, demonstrating that the fluid pressure between the 

cartilage surfaces allowed a f i lm of fluid to be trapped. Fein measured these films using 

an interferometric method and showed considerable fluid entrapment and that the 

squeeze films could be maintained for long periods of time. Dowson [1967] reinforced 

these findings calculating the elastohydrodynamic action could generate a fi lm of 2)im 
-4 

(as opposed to 1 x 10 |im for hydrodynamic action alone) and that it would take 360 

seconds of constant loading to decrease this f i lm to the height of the average roughness 

of cartilage surface, measured by Jones and Walker [1968] to be approx. l | im. They 

concluded, as did Fein [1967], that a squeeze film mechanism carried the load when the 

velocity was low and the load high (stance phase of walking cycle) and this was 

replenished by hydrodynamic action when the loads were low and the velocity high 

(swing phase). When squeeze films did collapse the long chain complexes in synovial 

fluid provided low friction boundary lubrication. 

Dowson et al [1968] undertook experimental measurement of the friction of cartilage 

and rubber on glass plates in a reciprocating machine and concluded that the elasticity of 

cartilage and the squeeze film generated were not responsible alone for the low friction 

12 
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produced in joints, suggesting that the porous nature of the cartilage was also important. 
Walker et al [1968a] suggested that the squeeze fi lm action in joints could be enhanced 
by an increase in viscosity of the lubricant in keeping with Maroudas's gel lubrication 
theory for cartilage. Walker and colleagues called this 'boosted lubrication' and 
reinforced their theories with results from experiments where cartilage was articulated 
on glass in a reciprocating machine [Walker and Gold 1973]. In another experiment, 
they 'froze' the generated films using liquid nitrogen [Walker et al 1970] to demonstrate 
f i lm thicknesses of between 0.25 and 10 |im, although they suggested films could be 
even thicker in parts due to trapped pools of fluid. A mathematical analysis of this 
'boosted squeeze film' lubrication by Dowson et al [1970] verified its effectiveness in 
maintaining squeeze films and showed a good correlation with f i lm thicknesses 
calculated from experimental measurements [Walker et al 1970]. They did however, as 
McCutchen had for his weeping lubrication theory, fail to explain why this boosted 
squeeze fi lm effect could not be reproduced for other lubricants with large molecule 
solutes. 

The effect of squeeze fi lm in reducing friction was reinforced by the experimental work 

of Unsworth et al [1974a, b] in which they showed suddenly applied loads to produce 

much lower coefficients of friction in cadaveric joints than constant loads of equivalent 

magnitudes. Higginson and Norman [1974b], and Higginson [1977, 1978b] all 

provided further experimental verification of the benefits of squeeze film lubrication. 

Moreover, they agreed with Walker et al [1970] in finding that their experimentally 

measured f i lm thicknesses often exceeded their theoretical predictions due to the pools 

of trapped fluid between the cartilage surface asperities. 

These early experiments highlighted two interesting observations of the early studies of 

synovial joints. Firstiy, although Walker et al [1968a] and McCutchen [1959] relied on 

the same experimental results, they proposed different theories for the lubrication 

mechanisms occurring. Secondly, these two studies, undertaken on reciprocating 

machines, had produced results indicative of fluid film lubrication, whilst experimental 

work on pendulum machines had suggested either boundary or fluid film lubrication to 

be the dominant regime in human synovial joints. 

13 
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Further work in this area provided a solution to both these disparities. Radin and Paul 
[1972] took a step back and reviewed the theories proposed to date. They found that 
whilst Fein [1967] and Dowson [1967] had probably been right in suggesting a 
combination of elastohydrodynamic, squeeze film and boundary lubrication from the 
hyaluronic acid complexes, the cases for weeping and boundary lubrication were less 
solid. The cartilage might indeed weep fluid into the gap between the surfaces but this 
would only be immediately in front of the zone of contact where substantial amounts of 
fluid had already been entrained. Similarly, under squeeze fi lm action, the 
concentration of molecules in the fluid could be raised as in 'boosted lubrication' but 
there was no real evidence for this either. Ling [1974] developed a model of two porous 
elastic cylindrical discs which demonstrated the co-existence of both weeping and 
boosted lubrication. However, Higginson and Norman [1974a] stated that the 
permeability of the cartilage layer was much too low for either weeping or boosted 
lubrication to be important. Jin and Dowson [1992] subsequentiy showed porosity to 
have littie effect on f i lm thickness until it becomes very small, and that if anything, 
porosity depleted the f i lm thickness rather than increasing it, discrediting McCutchen's 
'weeping lubrication' theory. 

Unsworth et al [1975] and Dowson et al [1975] pointed out the difficulties in inferring 

information on lubrication regimes from the results of pendulum machines. They 

showed that the same joint was capable of achieving fluid fi lm and boundary conditions 

under different conditions and concluded that the viscous friction term giving rise to an 

exponential decay (indicative of fluid film) was so small that it could not be accurately 

measured. They concluded that the errors involved could explain the conflicting results 

which had been previously obtained, and instead instigated design and development of 

test methods where the frictional torque could be measured direcUy. The development 

of more representative friction measurement techniques, including the first simulators 

[Unsworth 1974a, b, 1975], using a reciprocating motion, dynamic loading, and direct 

measurement of frictional torque, have proven irrefutably that natural synovial joints 

operate with fluid film lubrication, the film being maintained by a combination of 

squeeze f i lm and hydrodynamic actions [Unsworth 1975, O'Kelly 1978, Roberts 1982]. 

14 
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Numerical modelling of the mechanisms occurring has also added to our understanding 
of natural joint lubrication. Higginson's analysis of squeeze film [Higginson and 
Norman 1974b, Higginson and Unsworth 1981] have shown theoretically the possibility 
of the mechanism. Medley at al [1984a] considered a combination of transient 
elastohydrodynamic, squeeze f i lm and fluid entraining actions to develop a theoretical 
model of the human ankle joint and estimate the cyclic variation in film thickness over a 
typical walking/loading cycle. They calculated that a f i lm thickness of 0.7 |im could be 
sustained for cartilage with little cyclic variation, but concluded that the possibility of 
fluid f i lm lubrication could only be supported by very high viscosity lubricants (such as 
produced through boosted lubrication). 

The modelling work of Dowson and Jin [1986, 1987, 1992a, b] and Yao and Unsworth 

[1993] highlighted an additional lubrication mechanism. Dowson and Jin extended 

analysis of the elastohydrodynamic action of joints to include micro-

elastohydrodynamic effects (micro-EHL), considering a quasi-static model in their first 

study and a more representative case of physiological loading and walking cycle in the 

second. For a human ankle model, they found that locally generated high pressures in 

the fluid f i lm could cause substantial flattening of the surface asperities, allowing fluid 

f i lm to be generated on surfaces usually assumed to be too rough, i.e. showing 

inadequate separation. This represented the first theoretical analysis to suggest that fluid 

f i lm lubrication in a synovial joint was possible although they estimated the wavelength 

of the cartilage roughness to be of the order of milimetres and so grossly over-estimated 

the f i lm thicknesses achieved. Yao and Unsworth [1993] extended this analysis to 

include the effects of both secondary and tertiary roughnesses, in transverse, 

longitudinal and isotropic directions, showing asperity flattening at all levels and again 

suggesting, for a more realistic wavelength, that fluid film lubrication was operative 

with lubricants of physiological viscosity under a dynamic load. 

The developments in the understanding of the lubrication of natural joints over the last 

50 years have been summarised on numerous occasions in comprehensive review 

papers, notably Higginson 1978a, Medley at al 1984a, Dowson 1990, Unsworth 1991, 

15 
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and Unsworth 1993. From the extensive published literature we can conclude that the 
friction of natural joints is influenced by: 

• the elasticity, and to a lesser extent the porosity of articular cartilage 

• the unique properties of synovial fluid 

• the geometry of the joint 

• the loading and motion cycles which occur physiologically 

Operating in a fluid f i lm lubrication regime, the articular cartilage surfaces theoretically 

experience zero wear, as minimal contact occurs, although degradation of cartilage 

through disease is common, roughening its surface finish and reducing its elasticity, as 

well as affecting the properties of the synovial fluid. In such cases, the load and motion 

of the joint will influence the wear that occurs as predicted by theory. 

2.2 Lubrication of conventional prosthetic joints 

In designing the first total replacements for the human synovial joint, early bio-

engineers saw two factors to be important: that the material was strong enough to 

support the load applied, and that it had sufficient resistance to the harsh biological 

environment to sustain a long working life. With this in mind, the early joints were 

most commonly sliding pairs of similar metals, usually cobalt molybdenum or medical 

grade stainless steel, their hardness giving them a good resistance to wear. Over the 

years use of metal-metal pairings has become more limited due to concerns about the 

high levels of friction generated because of the ionic attraction between metallic 

surfaces. In more recent times, wear of the UHMWPE counterface has become the 

greatest concern and so such hard pairings are gaining favour once more [Semlitsch 

1993]. 

In 1946, Jean and Robert Judet [1950, 1952] introduced an acrylic femoral head for hip 

hemiarthroplasty, maintaining the natural acetabulum. The squeaking of such joints 

16 
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prompted Chamley to consider the important role of friction and lubrication in 
replacement joints and to develop his own design [Chamley 1959]. His combination of 
polytetrafluoroethylene (PTFE) acetabular cup and 22 mm diameter stainless steel 
femoral head was introduced in 1959 with an aim of reducing the frictional torque by 
using a reduced head radius and an 'intrinsically slippy' material such as PTFE [Chamley 
1961]. Unfortunately, he had not planned for the dramatic wear which PTFE sustained 
under physiological conditions and after 3 years and 300 operations, use of PTFE was 
suspended. 

Chamley introduced his hugely successful UHMWPE acetabular cup in 1962, replacing 

the PTFE component of his earlier joint [Charnley 1966, Chamley et al 1969]. 

Although UHMWPE has a higher coefficient of friction than PTFE, it has a much 

greater wear resistance, and today more than 90% of all prosthetic joints consist of 

UHMWPE acetabular cups in articulation with hard ceramic or metallic femoral 

components [Fisher and Dowson 1991]. The UHMWPE-metal joint, as designed by 

Chamley and MuUer, is still the most widely used worldwide today [Murray et al 1995]. 

Since the importance of both the friction and wear of replacement joints were first 

highlighted, there has been extensive testing of the various joint designs and their 

constituent materials in simulator and reciprocating materials-testing machines. 

2.2.1 Factors affecting friction 

Probably the single most important observation made during the extensive studies of the 

lubrication of synovial joints and their replacements is that, while natural synovial joints 

enjoy fluid f i lm lubrication, lubrication of artificial joints is primarily through boundary 

layers, or at best through a combination of both mechanisms in a mixed regime. 

Unsworth and colleagues noted the importance of the lubricant viscosity [1978] and the 

loading mechanics in their tests on various joint designs [1974b, 1978], concluding that 

mixed lubrication occurred under physiological conditions and static loading, but that 

dynamic loading increased the squeeze fi lm and so encouraged fluid fi lm action. They 
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found that for all joints, the coefficient of friction decreased if the applied load was 
increased suggesting contact of surfaces and a mixed lubrication regime. O'Kelly et al 
[1977] used the same machine and by using high viscosity silicone fluids, produced a 
classic Stribeck curve for a Chamley joint, demonstrating the rising trend of full fluid 
f i lm lubrication for viscosities greater than 0.5 Pa s. 

Unsworth et al's tests [1974b, 1978] also showed the significant improvements in 

coefficient of friction for metal-plastic prostheses such as Chamley's, compared with 

metal-metal prostheses such as the McKee-Farrar, measuring 0.05 and 0.25 respectively. 

This reinforced the findings of both Duff Barclay and Spillman [1967] and Scales et al 

[1969] who had noted the coefficient of friction in metal-on-plastic joints to be between 

25 to 50% of that of metal-on-metal. Weightman et al [1973] conducted a similar 

comparison of Chamley, Muller (UHMWPE - vitallium) and McKee-Farrar prostheses 

and showed a less marked result, the material combinations showing similar values of 

friction for low loads but at higher loads, the coefficient of friction of metal-plastic 

becoming increasingly lower than the metal-metal. They proposed that this was due to 

the combination of elastic and plastic deformation of asperities for the polymer, whilst 

the metal only deformed plastically. They also noted the effect of lubricant, synovial 

fluid reducing the coefficient of friction of metal-metal joints from 0.55 to 0.12, citing 

the presence of proteins as an explanation. They concluded that boundary lubrication 

was predominant. Simon et al [1975] demonstrated the beneficial effect of squeeze film 

in Charnley prostheses. They measured much higher friction under a constant static 

load than under a dynamic load, and also showed lower friction with synovial fluid than 

water. They suggested this was either due to the slower squeeze out of the synovial 

fluid because of its higher viscosity, or a demonstration of its boundary lubricating 

effect. Contradictorily, Cipera and Medley [1996] showed serum to give higher friction 

than water for cobalt based alloys against themselves when using a cylinder on flat 

arrangement in a reciprocating machine. 

More recent studies have served to reinforce these early results as well as to introduce 

the importance of other parameters. 
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Saikko [1992b] tested 14 metal-UHMWPE and ceramic-UHMWPE combinations of 
various designs and diameters on a joint simulator and also measured the friction of the 
pairing on a pin-on-plate materials testing machine. He found that a 22 mm joint gave 
the lowest friction but that the friction factor was dependent on a combination of many 
parameters: head diameter, surface finish of counterfaces, material combination, 
clearance ratio of joint (ratio of radius of head to cup), the thickness of the acetabular 
cup, and the stiffness of any backing material. He then extended his study of material 
combinations on a reciprocating machine for Co-Cr-Mo, alumina and other ceramic 
materials demonstrating mixed lubrication for all. [Saikko 1993b, d]. 

Other authors have considered various other factors affecting friction. Ceramic femoral 

heads have since been shown to give a reduction in friction compared to metallic 

femoral heads [Kumar et al 1991, McKellop 1983, Saikko 1993c], which has been 

suggested because of their superior wettability and resistance to abrasion, although there 

continue to be concems over the use of ceramic heads due to the brittle nature of the 

material. Unsworth et al [1994] and Scholes et al [1997] have both contradicted these 

previous findings and shown no benefit of a ceramic head over a metallic head when 

coupled with UHMWPE. In addition, Unsworth et al [1995] showed that in spite of 

their ability to attract lubricant, ceramic-UHMWPE pairings still showed mixed 

lubrication. McKellop [1983] showed the roughness of the ceramic counterface to be an 

important factor, and considered the difference in friction for irradiated and non-

irradiated UHMWPE. Whilst he found no significant difference between the values of 

coefficient of friction measured, Shen and Dumbleton [1974] showed unirradiated 

polyethylene samples to give the lowest friction due to the transfer of a film of 

polyethylene onto the metallic surface, not occurring for irradiated samples. McKellop 

et al [1977] compared the friction of various metals, stainless steel, titanium and Co-Cr-

Mo, against UHMWPE and showed the titanium and cobalt alloys to give rise to lower 

coefficients of friction, 0.04 to 0.07 compared to 0.06 to 0.11 for stainless steel. 

The work of Hall et al [1994] again showed metal-on-plastic joints to articulate with 

mixed lubrication, showing a decrease in friction factor on the Stribeck curve as the 

lubricant viscosity was increased. Their subsequent analysis of the new and explanted 
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Charnley prostheses [ Hall et al 1994, 1997b, Unsworth et al 1995], showed a large 
proportion (30%) of the explanted joints to have an increased friction factor (greater 
than 0.16). Cement particles found in the acetabular surfaces were held responsible. 
However, from clinical records, they found no correlation between increased friction 
factors and loosening of the joint. 

2.2.2 Factors affecting wear 

Although UHMWPE has been used extensively now for 30 years and shown to give 

both low friction and good wear resistance in the laboratory and in vivo, there has 

become increasing concern about the volume of wear debris generated and in particular, 

the body's response to this debris. Over the last decade, the mechanism of polyethylene 

wear has been widely investigated, considering the wear rate of UHMWPE under 

various operating conditions [McKellop 1981, Weightman 1972], in order to pinpoint 

the important governing factors. 

In laboratory tests, the surface roughness of the opposing counterface has been shown to 

be one of the most important factors in the wear rate of UHMWPE. An increase in 

roughness from Ra of 0.01 to 0.1 | im gave a 13 fold increase in wear rate [Dowson et al 

1984], and a single imperfection had a dramatic effect [Dowson et al 1987]. These 

results were achieved however for water lubrication and so have questionable clinical 

relevance. Subsequently, Weightman and Light [1986] showed that an increase in 

surface roughness of either alumina or stainless steel counterfaces gave rise to increased 

friction even when lubricated with bovine serum. Caravia et al [1990] demonstrated the 

damage caused by bone and bone cement particles on stainless steel surfaces and 

suggested that the increase in counterface roughness caused would give rise to increased 

polyethylene wear. Hall et al [1997b] have subsequently shown that clinical wear 

factors are affected much less by surface roughness than laboratory wear factors. 

Wear rate has been shown to be directly related to contact stress [Rose et al 1983, Jin et 

al 1994]. Much higher wear rates were shown when the contact stress was near 
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UHMWPE's compressive limit [Rostoker and Galante 1979]. Trehame et al [1981] 
showed a similar result for UHMWPE knees, where the measured wear rate increased as 
the contact area decreased. Barbour et al [1995] subsequently confirmed this using a 
finite element analysis. This has implications on the design of prostheses [Bartel et al 
1985, 1986]. Head diameters of 22 mm were previously favoured as they produced 
lower wear volumes but more recently, medium sized heads (28 mm diameter), have 
been shown to give the same wear volume but lower penetration depth [Livermore et al 
1990]. Hall et al [1997b] raised questions over this result finding that whilst wear rate 
was directly related to head diameter the penetration depth showed less of a dependence, 
suggesting that smaller diameter heads (22 mm) would be optimal. 

Studies have shown that the dominant mechanisms in the wear of UHMWPE against a 

smooth counterface were abrasion and fatigue [Nusbaum et al 1979, Lancaster 1991] 

after wear was initiated by adhesion between the surfaces. Many experimental studies 

have demonstrated a two stage wear process [Brown et al 1976]. Abrasion occurred due 

to the interaction of asperities, but there were many more asperities than the wear 

particles produced implying that the majority of asperity interactions led to elastic 

deformation. Over a period of cyclic loading, these deformations induced residual 

fatigue stress in the polymer surface [Tabor 1987, Lancaster 1990]. Thus, as well as the 

molecular scale wear particles produced by abrasion, larger scale wear debris was 

produced from the propagation of surface and sub-surface fatigue cracks [Nusbaum et al 

1979]. Where the UHMWPE was in sliding contact with a very rough surface, the rate 

of abrasion meant that the surface was abraded before residual stresses could develop. 

These mechanisms of abrasion and fatigue have been subsequently described as 

microscopic and macroscopic wear [Cooper et al 1992, 1993b] and Wang et al [1995] 

stated the obvious in suggesting that the transition between these two mechanisms was 

governed by the mechanical properties of the polyethylene. This would explain to some 

extent the difference in reported wear rates as even for a particular prosthesis, the 

mechanical properties of the polyethylene could vary. It has recently been discussed that 

the relative size of the wear particles may be important to the body's reaction to them, 

smaller wear particles perhaps being critical in causing bone resorption and so aseptic 

joint loosening. 
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The materials of both counterfaces have been shown to have an effect on the UHMWPE 
wear. The properties of the UHMWPE can have a substantial effect on its wear rate. 
Increasing the stiffness of polyethylene (and so improving its fatigue properties) was 
found by Davidson et al [1992] to increase the contact stress and so the wear rate of the 
polyethylene. The moulding conditions of the polyethylene were seen to affect its wear 
rate by Seedhom et al [1973], graphite filling was seen to have a detrimental effect 
short-term but no long-term effect on polyethylene wear by Rostoker and Galante 
[1976]. Shen and Dumbleton [1974] demonstrated the detrimental effect of irradiating 
polyethylene but other authors have subsequently shown the opposite effect as 
irradiation encourages cross-linking of the polymer and so surface hardening [Jones et al 
1981, Roe et al 1981, Bruck and Mueller 1988]. Various studies have also considered 
the wear of polyethylene in various modified forms on itself for use in applications 
under lower loads e.g. finger joint [Atkinson 1976, Stokoe 1990, Sibly and Unsworth 
1991, Joyce et al 1996]. 

The material of the hard counterface was also viewed to be important and many studies 

have demonstrated the improved wear rate of UHMWPE when in sliding contact with a 

ceramic rather than a metallic counterface [Kumar et al 1991, Ben Abdallah and 

Treheux 1991, Saikko et al 1992b, Cooper era/ 1993, Saikko et al 1993c, Saikko 1995]. 

This was widely recognised to be due to the transfer f i lm of polyethylene which formed 

on the metallic counterface when water-lubricated, but was not normally encountered on 

ceramic counterfaces. Once formed, the transfer film roughened the surface of the head 

creating more abrasive action, and when removed in subsequent motion formed loose 

particles which then acted as further abrasives within the joint. In a similar way, the 

lubricant has also been shown to be an important factor in experimental wear rates. 

Wear surfaces of samples tested in serum have been shown to resemble more closely 

those found in explanted prostheses [Rose and Radin 1982, McKellop et al 1977]. 

Whilst a transfer f i lm of polyethylene was formed on the hard counterface when 

lubricated with water this was not found for serum or in vivo. 
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2.3 Compliant Layered Joints 

Because of the well-documented problems of UHMWPE wear, the emphasis in recent 

years has been in the research of altemative materials to replace the UHMWPE 

counterface. This has led to re-investigation of the properties of both metal and ceramic 

joints because of their excellent wear resistance. A new approach, however, has been to 

consider the use of layers of compliant polymers, creating an elastic surface more 

representative of the natural cartilage and hopefully bringing with it some of its benefits 

in terms of elastohydrodynamic lubrication [Unsworth era/1981]. 

2.3.0 Lubrication 

Cudworth and Higginson in 1976 first demonstrated the ability of soft elastic layers to 

extend the fluid fi lm lubrication region of engineering bearings to lower values of Tjco/p 

through micro-elastohydrodynamic action. Medley et al [1980b] and Gladstone [1988] 

suggested the use of an elastomeric layer on a metallic femoral head for 

hemiarthroplasty but it was Unsworth et al [1987] who then took the logical step of 

incorporating compliant layers into acetabular cups to examine their possible use in 

replacement hip joints. The study tested prototype acetabular components made from 

stainless steel lined with different thicknesses of polyurethane 0.5, 1, 2, and 3 mm 

layers, but all with the same internal diameter. Varying compositions of polyurethane 

were also examined to consider the effect of hardness of the layer. The friction of these 

new joints was measured in the Durham hip function simulator under dynamic loading 

while articulating with a standard 32.25 mm diameter stainless steel ball (radial 

clearance of all joints 0.25 mm). This was compared with a standard Muller UHMWPE 

on cobalt chrome molybdenum joint tested in the same way. They concluded that while 

the Muller prosthesis showed a falling Stribeck curve for increasing lubricant viscosity, 

for polyurethanes of certain hardness, the coefficient of friction increased with 

increasing viscosity and so suggested fluid film lubrication was occurring even with low 
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