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Abstract

The wear,friction, lubrication and particle distribution of differently heat treated
CoCrMo cast prostheses provided by the same supplier were analysed. Wear tests
were conducted on both pin-on-plate and simulation rigs. Friction tests were also
performed at intervals throughout testing. The surfaces of all bearing couples were
analysed and the roughness was recorded in order to help analyse the lubrication and
wear mechanism. The particles from each test were saved and frozen at -20°C, later
analysis allowed further insight into the mechanism of wear of each material tested.
The particles underwent protein digestion by enzymatic protocol this was the least
harmful way of separating the particles from the protein. The particles were then
analysed using a NanoSight LM10, this instrument can identify particles from a
0.5 ml solution by highlighting the particles with a laser and recording the movement
of the particles. Using the Stokes-Einstein equation the size of the particles can be
calculated by the motion recorded.

Recently metal-on-plastic prostheses have not been sufficient for the younger
osteoarthritic patient, therefore the market has demanded alternative, low wearing
bearing couples, both metal-on-metal and ceramic-on-ceramic have come to the
market as alternatives for the younger more active patient. The Birmingham Hip
Resurfacing (BHR) came to the market in the early 1990’s and was produced by
casting methods. Theory suggested that heat treatment may improve the tribological
properties of the CoCrMo alloy. This thesis set out to assess the physical mechanism
of failure of these joints. This study aims to look at the problem from as many angles
as possible therefore the wear rates, friction, surfaces and particle debris were
analysed.

The pin-on-plate tests were very useful as they allow the analysis of the surface
interaction without the complication of lubrication. This showed that the hard
carbides in the as-cast material play ed an important part in the wear mechanism and
caused mainly abrasive wear to occur. As annealing was performed a single time and
then repeatedly, fewer carbides were seen in the material and the wear pattern
changed from mainly scratching in the direction of sliding to what appeared to be
pitting, which pointed towards adhesive wear. The particle analysis from the pin-on-
plate tests corroborated the wear hypothesis, showing as-cast debris to be all of
stmilar size range at around 200 nm and the shape was round to needle
shaped.Repeated annealing showed two different size distributions of 100nm and 2

microns. these larger particles were flake like. Testing from the wear simulators
showed little difference between any as-cast joints. Thirty eight mm joints, 50 mm

joints and modular designs all showed a similar wear pattern. The particles were
round to oval in the size range of 200 nm as with the pin-on-plate debris. The friction
results indicated that all joints ran in from a boundary/mixed regime towards a fluid
film lubrication regime. The double heat treated components showed very low wear
but there were micro cracks on the reverse of the prostheses which may have had an
etfect on the gravimetric results. The debris showed far fewer particles than the pin-
on-plate results but the same bimodal distribution of large flakes and smaller
granular particles was seen. The friction indicated mixed lubrication and the friction
factor reduced over time but no real improvement in the lubrication was seen. Other
particles analysed from previous tests on novel polymers showed that polycarbonate
urethane particles appeared as flat disks and were uniform. Carbon fibre reinforced
PEEK debris was also analysed and showed a bimodal distribution of small granular
particles of less than 100 nm and larger particles of around 2 to 3 microns.
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1. Introduction

Orthopaedic research has endeavoured to eliminate the pain and suffering of arthritis
for many years. Joint arthroplasty has evolved from a simple cup placed over the
arthritic head of the femur, to the huge range of materials and designs that are
available today, including ceramic-on-ceramic, metal-on-metal and metal or ceramic
on plastic combinations. The designs range from traditional total arthroplasties
where the damaged head of the femur is replaced with a prosthetic head, secured

with a stem which is inserted into the femoral cavity, to resurfacing, a concept made

popular 1n the 1990’s. During the common metal-on-metal resurfacing arthroplasty,
the femoral head 1s machined into a cylindrical shape and the metal head is cemented

onto the top. This preserves femoral bone. In both cases the head articulates against a

cup which 1s placed in the reamed out acetabulum.

As the design and materials of prostheses have improved over the last several
decades, the patient age at initial arthroplasty has decreased. The younger patient

demands more from the arthroplasty as often they will be more physically active and

will need a longer survivorship. The traditional metal on ultra high molecular weight

polyrthylene (UHMWPE) struggles to provide these higher demands and therefore a
trend has developed to place metal-on-metal hip joints into the younger patient. The

new resurfacing design so far has good short to mid-term results [1-3].

Many prosthetic joints have been shown to operate under mixed lubrication, which
leads to wear. The debris that is produced is in the form of particles. As metal-on-
metal joints have become more popular it is important to know the effects of metal

particles on the body. As metal particles are not inert like UHMWPE they may

cause, as yet, unknown problems when the metal ions from the particles disperse
through out the body. Long term results from the original metal-on-metal McKee-
Farrar and the Muller give some idea of what will happen with the modern implants

[4-6] and to date there seems little cause for concern but the evidence is still being

evaluated.




Heat treatment of CoCrMo cast alloy prostheses is a controversial technique used by
some manufacturers to improve the mechanical and wear properties of the alloy.

Current views have drawn no firm conclusions as to whether heat treatment

improves or worsens the wear properties of cobalt chrome alloy to date, and this

thesis offers further input to this debate.

Novel materials may also provide a solution to the problem of longevity 1n the

younger patient with knee or hip arthroplasties. Polyurethane (PU) was developed as
a very low friction material for both hip and knee arthroplasty [7]. The simulator

wear tests for both were successful and biological toxicity and stability tests have

confirmed that in the polycarbonate urethane formation the material is suitable for
implantation. Polyetheretherketone (PEEK) is another novel polymer that has been
used as an arthroplasty material. This material is also used in both hips and knees

and has also proved to be extremely low wear [8]. The particulate debris caused by

wear from both these materials has not been studied to date, so this thesis adds to the

debate that has been conducted so far to determine if these materials are suitable for

orthopaedic devices.

An in-depth material and hip simulator study of the tribology and particle analysis of
three different heat treatments of a CoCrMo alloy was undertaken to asses the effects
of annealing. Particle analysis of plasma carburised CoCrMo and as-cast CoCrMo as
well as new modular designs were investigated. Other particle analyses of novel
plastic materials for arthroplasty such as PEEK and PU were also conducted to
assess the size of particles produced during wear simulator studies of the normal

walking cycle. It 1s hoped that this study will provide insight into the longer term

effects of materials used in total hip arthroplasty.



2. Literature Review

2.1. Introduction

Many metal-on-metal prosthetic hip joints were implanted in the 1960’s [4]. These
early metal joints often loosened causing pain and required revision of the procedure.
Loosening was thought to be caused by large frictional torques between the
acetabular cup and the femoral head due to equatorial contact leading to high
frictional torque [9]. The introduction of new low {friction materials such as
polytetrafluroethylene (PTFE) [10] later superceded by ultra high molecular weight
polyethylene was thought to solve these problems. The new materials were low
friction, thought to be low wear and inert, therefore they were well tolerated within
the body. However the PTFE on metal prostheses wore out relatively quickly and the

UHMWPE on metal joints eventually came loose after several years of wear [11,
12].

Prosthetic hip joints have been found to fail for a variety of reasons but one of the

most common being that the hip joint became loose at the bone-prosthesis or bone
cement interface. If looseness develops after several years then the process is known

as late aseptic loosening. Late aseptic loosening results in pain for the patient and the

need for revision. Loosening at both the acetabulum and the femoral component can

occur [13]. >

It was assumed that the loosening was a result of bone lysis by poly methyl

methacrylate (PMMA) bone cement that was used to attach the prosthesis to the

bone. This became known as cement disease [14]. Harris [15] conducted a review of
particle disease 1n the hip and concluded that it was not the cement that caused late
aseptic loosening but particulate debris from polyethylene cups. This was based on a
review of both cemented and uncemented prostheses both of which suffered

osteolysis. Lysis is thought to be due to the wear particles from the UHMWPE which

cause macrophage activation and lead to bone resorption around the prosthesis.



Harris® studies [15, 16] started a trend towards the reintroduction of metal-on-metal
total hip arthroplasties (THR). Modern designs of metal-on-metal joints and

finishing techniques now allow the manufacture of prostheses that are rarely affected

by high frictional torques under normal conditions [17].

Since a largé number of metal-on-polyethylene hips have been implanted, much
research has been conducted on the polyethylene particles produced by cup wear.
Particles have been assessed for size, shape [11, 16, 18, 19] and particle induced
biological activity [20-22]. However, metal-on-metal implants have become more
common these days and analysis of the wear induced particles from these joints has

become an essential part of the research to improve their design [23-27].

2.2. The synovial joint

Joints affected by osteoarthritis in particular include diarthrodial joints (e.g. finger,
hip, knee and toe joints). The hip joint is commonly replaced largely due to
rheumatoid arthritis or more commonly osteoarthritis. The hip joint is described in
Gray’s anatomy as being “formed by two contiguous bony surfaces, covered with
cartilage, connected by ligaments and lined by synovial membrane” [28]. The hip is
a ball and socket joint and is encapsulated within a synovial sack which contains
synovial fluid. Synovial fluid lubricates and provides nutrition for the natural joint. It
consists mainly of blood plasma and a substance known as hyaluronic acid which is
secreted by the synovial cells surrounding the joint into the plasma causing it to
become more viscous [29]. The synovial fluid also provides the only nutrition to the
articular cartilage during adult life, since the blood supply to the cartilage is cut off at

maturity due to the formation of a sub-chondral plate which is a thickening of the

bone supporting the cartilaginous layer.

2.3. Forces and loading cycles

In the 1960’s Paul investigated the loading and motion of the human hip involved in
the standard walking cycle [30]. This paved the way for most of the in vitro hip
simulators currently used. The Paul loading cycle consists of a double peak, one at

heel strike and one at toe off (see Figure 1 below). The highest peak can be up to 4



times body weight. The cycle shows a large force on the hip as the heel strike occurs
then a decrease in the force over the stance phase and a larger force at toe off. Paul’s
walking cycle was obtained using force plates but in vivo measurements using strain

gauged prostheses (English and Kilvington model, [31]) tended to show much closer

to a square wave loading pattern.

The difficulty with relying on muscle electro detection to define which muscles are
acting to produce the force, is skin and subcutaneous fat deposit interference to the
signal detected. Also there are many different muscles acting on the hip joint in the
gait cycle some of which may work at the same instant. It is therefore difficult to
differentiate between the signals or use simple static analysis. Deeper muscles are
even more difficult to record without percutaneous receivers. Individual gait pattern

and footwear have an influence on muscle activation and performance therefore

making comparison between subjects difficult.

Paul in his analysis of loading the hip joint in 2002 notes that there are many daily
activities which cause greater loading than walking inter alia getting into and out of

a car can load the hip 150% that of walking, however, these overload activities occur

less frequently than walking and are on average unlikely to exceed 0.3% of normal

walking loading cycles [32].
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Figure 1 The Paul Loading Cycle [30]
2.4. Disease of the hip

There are two main diseases that may cause the hip joint to need replacement,

osteoarthritis is the major cause but also rheumatoid arthritis can affect these large
joints.

Osteoarthritis 1s caused by the wearing out of the articular cartilage within the joint.

This results 1n pain and inflammation within the joint. The major weight bearing

joints, e.g. hips and knees, are the first to be affected with this disease.

Rheumatoid arthntis 1s an autoimmune disease whereby the soft tissues of the entire
body may be inflamed. This causes the synovial fluid within the joints to be less

viscous as the synovial cells are compromised in their ability to work properly. As

the quality of the synovial fluid deteriorates its ability to keep the cartilaginous

surfaces apart decreases resulting in articular damage. The smaller joints e.g.



metacarpophalangeal joints are likely to be affected first. Other organs may also be
affected by this disease[33].

Another reason for a total hip replacement is injury. A severe injury to the cartilage
pelvis or femur can necessitate a total hip replacement. Pelvic or femoral trauma may
lead to a total hip replacement due to the severe nature of the break. The Textbook of
rheumatology [34] pp1685 States that “primary mechanical joint deterioration can
itself cause secondary processes, particularly in the synovium, as the result of

cartilage fragmentation” this suggests that if the cartilage is damaged through injury

inflammation of the joint may cause secondary arthritis.

2.5. Theory

2.5.1. History

At the beginning of the 20" Century two pieces of research seemingly unconnected
were reported in Germany [35, 36]. These two concepts came together to jump start
what was going to be a giant leap for the orthopaedic medical industry. These were
Hertzian contact theory [35], studying how two components behave when in intimate
contact and a theory of ball bearing lubrication by Stribeck [36]. Together these two

pieces of research formed the mechanical basis of the study of hip joint

replacements.

There have been many attempts to relieve the pain of arthritis in the hip joint. One of
the most successful designs was originated by Chamley. The design in 1959 of a
small femoral head of metal articulating against a plastic liner which was cemented

into the acetabulum [10] proved to be successful and a modified version is used even

to this day.

Charnley [37] realised that the prosthesis must be properly fixed in order for 1t to
withstand the loading necessary to walk and any tiny movement of bone against
prosthesis would cause pain to the patient. The polymer PMMA was used as a bone
cement to secure the prosthesis and has been successfully used since, in its different

forms. Charnley was the first to use bone cement to secure the polymer cup, along



with a small head which in theory gave the patient more plastic liner to wear away
before a new prosthesis would be needed. Also the reason for the redesign by
Charnley was to reduce the “moment of the frictional force”. However, the main

cause of revision or further surgery has been pain caused by aseptic loosening.

Alternatives to the Charnley included large diameter metal-on-metal designs e.g. The
McKee-Farrar was a first generation total hip arthroplasty consisting of both head
and cup in 1956 and the Muller followed soon after in 1965 [38], however, these
tended to fail in most cases due to frictional torque of the head against the cup. Many
of the early designs only replaced the damaged femoral head with either metal or
plastic and this would articulate against bone in the acetabular socket. Metal-on-

metal designs came back into favour when the cause of aseptic loosening had been

discovered [16] as they produced much less wear and offered the possibility of

greater stability by using large diameters.

The large majority of the prostheses on offer between the beginning (1950) to the
mid 1990°s were total hip arthroplasties, which in cases of osteoarthritis in younger
patients, resects a lot more bone than is now considered necessary. A new design of

hip replacement was evidently needed to help this growing number of patients who

would need a long lasting replacement hip as they were still young but offered the
promise of easier revision to THA if required later. The Birmingham Hip
Resurfacing, went back to its roots with a simple head firmly fixed over the top of

the damaged femoral head and a metal cup in the acetabular socket. A similar Smith-
Peterson design had not worked in the 1930’s and 40°s due to fixation problems [38]
but with the invention of bone cement and hydroxyapatite coatings, the two

components could be properly fixed resulting in much less bone resection.

2.5.2. Friction

Stribeck’s work 1n the 1900’s [36]( Jacobson et al stribeck memorial lecture,
Stribeck R, 1902, Die Wesenlichen eigenchaften der Gleit- und Rollen-lager Z.
Deutsch. Ing. 46 1341 ) defined 3 different types of lubrication, boundary, mixed and
fluid film (section 2.5.9-2.5.11). These different types of lubrication were defined

using the Stribeck curve of Sommerfeld number against friction factor. In analysing



the friction it is possible more fully to understand the lubrication regime. Unsworth

[39] designed and built a machine which can measure the friction of both hips and

knees in vitro.

Amonton [40] observed two basic properties of frictional force culminating in the

fact that friction 1s proportional to normal load

F=uL [1]

Equation 1 Friction is proportional to normal load

Where F 1s frictional force, L is load and p is a constant of proportionality known as

the coefficient of friction. It was found that friction was not related to the apparent

area of contact, that is the area over which is it possible that asperities from the two
bearing surfaces could touch. But it was the actual contact area that mattered [35]

and this was related to the hardness of the material and the normal load on the two

sliding surfaces.

u 1s no longer constant if the primary form of friction is created from adhesive

behaviour, 1n which case p varies as load to the ¢, where ¢ for a purely elastic

material is -1/3. However, in practice almost all materials display some portion of

plastic behaviour and therefore, the figure is generally greater.

The coetticient of friction can be estimated, if the surfaces are fluid film lubricated

and the lubricant 1s Newtonian.

n=onu/Lhen 2]

Equation 2 The coefficient of friction

h 0.65 L -0.21
min _ 2,798 — [3]
R, E'R. E'R’

Equation 3 Film thickness equation




j, =it [4]

Equation 4 Separation ratio

Where a gives a number proportional to the contact regime of the two surfaces, 1 1s
the viscosity of the Newtonian lubricant and hc., is the thickness of lubricant at the

centre of the articulating surfaces. Hertzian analysis gives the contact regime in the

cases of polymer and metal bearing surfaces.

For full fluid film lubrication to occur the surface separation ratio A should be greater

than 3. The equation 1s shown below

The three forms of lubrication can be identified from the Stribeck curve. These are
full fluid film as mentioned above where A>3 and boundary lubrication where A<I1,
mixed lubrication occurs between the two. The different lubrication regimes are

identified on Stribeck’s plot of Friction factor (f) against Sommerfeld number (z)

where these are defined by Unsworth [41] as:

z=nuR/L [5]

Equation 5 Sommerfeld number

f=T/RL [6]

Equation 6 Friction factor

where u 1s entraining velocity defined as

u= (u+tuy)/2 [7]

Equation 7 Entraining velocity

u; 1s the velocity of one of the articulating surfaces and u, is the other. R is the radius

of the bearing and as mentioned above, L is load and n the viscosity of the

lubricating fluid.
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In Equation 6, T is the torque generated between the articulating surfaces L 1s again
the load and R 1is the radius of the femoral head or in the case of the knee the radius

of the section of the condyle under consideration.

The Stribeck plot Figure 2 identifies the type of lubrication from these frictional
results by comparing the shape of the points plotted to the standard graph.

Full Fluid Film
> Lubrication
A\ N A
it W 7 W “{f | >
i St WA AN,
f‘-r\w/‘m'\/d"\‘ﬁ/‘*--\",
Mixed
Lubrication “

Fricthon factor

Sommerfeld
No.

Figure 2 Stribeck plot

Unsworth ef al in 1975 [42] designed a series of pendulum experiments to

investigate the friction and therefore lubrication of synovial and artificial joints. See

lubrication section (2.5.8).

A comparison of the friction of Charnley, Muller and compliant layer bearings was

conducted by Unsworth ef al [39]. The results showed that compliant layer bearings
in hip joints produce a much lower coefficient of friction which is dependent on the
compliance of the layer. Both Muller and Charnley joints were found to have mixed
lubrication as found 1n an earlier study by Unsworth [43], However the compliant

layer bearing appeared to be supporting fluid film lubrication and friction was

consequently reduced.

[1



Unsworth et al [44] investigated the frictional properties of both new and explanted
Charnley prostheses. All joints tested showed mixed lubrication. The apposing metal
to the UHMWPE seemed to have very little effect suggesting that it was the shearing
of the UHMWPE that caused the frictional torque measured. Thirty percent of

explanted joints had high friction but these did not coincide with loosening of the

prostheses.

Scholes, Hall, Unsworth and Vassiliou [45-50] have performed tests using the
Durham hip friction simulator to identify the Stribeck curve of different joints under
different lubrication conditions at intervals through a wearing regime. Other
experiments have been done on a Pro-Sim friction machine at Leeds university [51,

52], and these will be discussed in the lubrication section (2.5.8).

2.5.3. Wear

Wear is defined as the progressive loss of substance from the operating surface of a

body, occurring as a result of relative motion at the surface. There are five different
types of wear of which three are widely encountered within bioengineering, these

are; Abrasive, Adhesive and fatigue. Erosion is not commonly found in the body and
it has been thought that corrosion is only seen after years of an implant being

attacked by the body. However, recent evidence is leading to some doubt about this

Yan et al studied tribo-corrosion influences on CoCrMo amongst other materials.

Yan et al {53] concluded that bovine serum lubricant accelerated the breakdown of

the passivating surface layer of CoCrMo and aided ion release

Within a natural hip joint fluid film lubrication takes place, [43] though it has been

found that the THR 1s not commonly lubricated as effectively as a natural hip joint.

This means that a prosthetic joint undergoes mixed lubrication which is a

combination of fluid film and boundary lubrication [54] (pp 257).

2.5.4. Abrasive Wear

Abrasive wear 1s by far the most common and the least preventable form of wear.

This form of wear occurs when a hard, rough surface ploughs grooves into a softer
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surface e.g. a rough metal surface ploughing grooves through a softer UHMWPE
bearing partner. Two-body abrasive wear occurs when only the two articulating
surfaces are causing wear. Asperities from the hard surface plough grooves into the
softer surface [55]. Within the hip joint three-body abrasive wear also occurs. Hard

particles, asperities that have broken off, are trapped between two surfaces sliding
against each other. Grooves are ploughed into the softer surface and the matenal
from those grooves is displaced in the form of wear particles, in this case three body

loose wear particles. In many cases metal third body particles are pressed into the

softer UHMWPE bearing causing abrasive wear of the metal surface by the work

hardened particle.

2.5.5. Adhesive wear

Adhesive wear i1s caused by two smooth bodies sliding over each other and
fragments are pulled off one surface and adhere to the other. This arises from the
strong adhesive forces set up when atoms come into intimate contact. During sliding,
a small patch on one surface comes into contact with a similar patch on the other
surface. There 1s a small, but finite probability that when this contact is broken, the

break will not occur at the original interface but within one of the materials. There is
a higher likelthood that adhesive wear will occur when the two surfaces are
homogenous and of the same material and when the surfaces are smooth so intimate

contact 1s more likely. This type of wear can also occur when there is no sliding.

This type of wear can not be eliminated only reduced [54] (pp278).

2.5.6. Fatigue wear

Surface fatigue wear 1s observed during repeated sliding or rolling over a track. The

repetitive loading and unloading of the material may induce the formation of surface
or subsurface cracks. These will eventually result in the break up of the surface with
the formation of large particles, which leave pits in the surface. This form of wear
tends not to occur in systems where other forms of wear are occurring as surface

fatigue wear only occurs in systems where the same volume of matter at the sliding

surface 1s stressed and unstressed a large number of times e.g. a prosthetic knee.
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2.5.7. Mechanical wearing

The wear volume depends on: the normal load L (N), the sliding distance X (m) and

the hardness of the softer sliding component p.

V = .kLX_ [8]
3p

Equation 8 Archard wear equation [40]
Where V is volume lost by wear and k is a constant representing the probability of

producing a wear particle with the material used.

In this paper [40] Archard proposed that Holm was right in his suggestion that there
are two areas involved in mechanical wearing, an apparent contact area which 1s
dependent on the size of the two rubbing surfaces and a real contact area which 1s
dependent on the number of asperities and the contact force. The real area of contact
is increased by the plastic deformation of the asperities which are touching the other
surface when under a g load. This leads to the theory that increasing the load
increases the number of contact areas. It is therefore concluded that the wear rate is

not dependent on the apparent contact area and is proportional to the load as shown

in the above equation.

Archard assumes that there are two different types of particle removal, that of layer
removal where the depth of the material removed is consistent and independent of
the load or the radius of the contact area. The other is lump removal where the depth
of material torn away 1s assumed to be proportional to the radius of the asperity in
contact. Archard also uses a probability factor in his equation, not all the asperities in
contact on the surfaces will form a wear particle and it is a property of the matenal
what proportion of the asperities touching will wear over the sliding distance.
Archard also concluded that wear rate is independent of sliding speed as long as the
hardness of the softer material and the average wear per sliding distance stays
constant, 1.e. that the material properties do not change as a consequence of the
higher sliding speed e.g. due to frictional heat. As can be seen by the wear equation

above wear rate is independent of the model used to represent the surfaces i.e. a pin
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rubbing against a plate should both wear equally as long as their material properties

are the same. Archard’s wear equation is used by many researchers to identify the

wear rate (k) of the materials being tested [56, 57].

2.5.8. Lubrication

A human joint within the body undergoes fluid film lubrication [58]. This type of
lubrication results in low wear as the surfaces are separated (A>3) except on starting
and stopping the motion. Fluid film lubrication relies upon a film of fluid that lies
between the two surfaces. This film is thicker than the combined height of the
asperities on the two<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>