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Abstract 

ACCELERATED WEAR TESTING METHODOLOGIES 

FOR TOTAL HIP REPLACEMENTS 

Over the last three decades, tribological studies of polyethylene total hip replacements have 
been undertaken using a simplified model of normal walking. As hip prostheses are being 

implanted in younger and more active patients, coupled with the increased wear resistance of 

crosslinked polyethylene, such in vitro approximations in patient activity are limiting. Therefore 

an alternative wear testing methodology for total hip replacements has been proposed, 

measuring the influences of fast walking, stumbling and simulated jogging sequences, all at 

varying cycle speeds with both smooth and roughened femoral components. 

This hip simulator study has shown that the influence of femoral roughness on the wear of 

crosslinked polyethylene becomes significantly greater under increased patient activity, 
demonstrating that roughness may be a more influential factor than previously ascribed. The 

combined effects of high roughness (Re of 0.38 µm), high joint forces (4.5 kN max) and high 

sliding speed (1.75 Hz) generated excessive crosslinked polyethylene wear and high joint 

torque, with wear rates exceeding 3000 mm3/106 cycles (k = 50 x10-6 mm3/N m). Thus for more 

active patients, implant survival can be greatly increased by using harder and more damage 

resistant femoral heads compared to CoCrMo. Under smooth conditions however, the overall 

influence of a significant increase in patient activity showed a much weaker effect. It was found' 

that with smooth heads and non-constraining socket fixtures, the occurrence of excessive 

stumbling at 1 Hz (5 kN max) had a negligible effect on the wear of crosslinked polyethylene, 

whilst simulated jogging at 1.75 Hz (4.5 kN max) only showed a median increase in wear 

volume of 40 % compared to normal walking. Fast walking produced the largest wear rate (53 

mm3/106 cycles), and was consistently greater than for simulated jogging. Ignoring fixation and 

other factors, these results suggest that whilst preserving polished surfaces, short periods of 

increased patient activity, for example, aerobics, tennis etc, will not greatly reduce the survival 

of crosslinked polyethylene/metal implants. Sliding speed and the degree of socket clamping 

were shown to be the most influential factors under smooth conditions, with the results showing 

no significant differences in wear rate when testing in varying quantities of bovine serum, or 

using an inverted or physiological specimen orientation. 
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Abbreviations 

General 
THRs Total hip replacements 
TJRs Total joint replacements 
TKRs Total knee replacements 
SEM Scanning electron microscopy 
n Number of observations 
NaOH Sodium hydroxide 
KOH Potassium hydroxide 
IQR Interquartile range 

Materials 
UHMWPE Ultra-high molecular weight polyethylene 
XLPE Crosslinked polyethylene 
HDPE High density polyethylene 
PTFE Polytetrafluoroethylene 
CoCr Cobalt-chromium 
CoCrMo Cobalt-chromium Molybdenum 
PE Polyethylene 
PMMA Polymethylmethacrylate 
SS Stainless steel 
Ti6A14V Titanium-aluminium-vanadium alloy 
Zr02 Zirconia 

Movements of the Femur & Acetabulum 

AB Adduction 
AD Abduction 
L Lateral 
M Medial 
EXT Extension 
FLEX Flexion 
IR Internal rotation 
ER External rotation 

Mechanics 
BW Body Weight 
JCF Joint contact force 
ECD Equivalent circle diameter 
MD Mean diameter 
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Nomenclature 

Mechanics 

A Area of Contact mm2 
W Load N 
X Sliding Distance m 
V Wear Volume mm3 
k Wear Factor mm31N m 
µ Coefficient of Friction - 
T Torque Nm 
P Penetration Depth mm 
f3 Wear Penetration Direction Degrees 
JR Hip Joint Resultant Force N 
RA Heel Strike Force N 
Ra Minimum Stance Phase Force N 
RC Maximum Stance Phase Force N 
F Gait Frequency Hz 

THR Geometry & General Properties 
T Time Seconds 
C Radial Clearance m 
Ri Femoral Head Radius m 
RZ Inner Acetabular Cup Radius m 
R3 Outer Acetabular Cup Radius m 
D Femoral Head Diameter m 
r(x) Roughness at Point (x) µm 
R, Surface Roughness Average pm 
Rp Peak Profile Height gm 
R� Maximum Valley Depth µm 
R1 Maximum Profile Height µm 
R, 1 Head Surface Roughness µm 
R. 2 Cup Surface Roughness µm 
v Poisson's Ratio - E Elasticity Modulus Pa (N/mm2) 
E' Equivalent Young's Modulus Pa 

rl Lubricant Viscosity Pa. s 

Hertzian Contact Analysis & Elastohydrodynamic Analysis 

a Contact half width m 
hmin Minimum Film Thickness m 
R Equivalent Radius m 
U, Average Velocity m/s 
X Film Thickness Ratio - 
PQ Maximum Contact Pressure Pa 

Gravimetric Wear Analysis 

Mtn Initial mass of test specimen g 
Ma Final mass of test specimen g 
MS, Aver. initial mass of sock controls g 
M, a Aver. final mass of sock controls g 
amt Loss of mass g 
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Chapter One 

Introduction 

One million total hip replacement surgeries are currently performed each year worldwide (Kurtz 

et al, 1999), with over 50,000 in the United Kingdom. This large number of operations clearly 

demonstrates the success of this form of treatment. However, the lifetime of these implants is 

finite, commonly between 5 to 30 years (Wroblewski et al, 1999), which results in many cases 

requiring additional revision surgery. A study by The Swedish Orthopaedic Association of 
92,675 polyethylene/metal implants (Malchau et al, 1993), showed that 4,828 implants (5 %) 

had to be revised, generating increased discomfort for all patients involved, as well as 

generating significant additional health costs. The reasons for revision surgery include aseptic 
loosening (79 %), infection (9.7 %) and technical errors (5.9 %) (Malchau et al, 1993). Aseptic 

loosening, i. e. the physical loosening of the implant in situ, is commonly accepted to be the 

most dominant factor in implant failure (Ingham and Fisher, 2000), and typically involves a 
biological response to wear particles generated at the articular surface. These findings indicate 

that a significant reduction in prosthesis wear would dramatically increase implant survival. A 

study by Havel in et al (1994) also showed that the most dominant factor in loosening is implant 

design. Such studies, as well as many others, all highlight the need to fully investigate the 

performance of implants under a wide range of testing conditions before they are implanted, and 

when considering the growing demand to implant prostheses in younger and more active 

patients, the range of laboratory testing conditions must also accurately represent these 

populations. 

Currently, the most accurate method of analysing implant wear is to use a hip joint simulator. 

Hip simulators have the ability to reproduce the complex kinematics and mechanics found in 

vivo, and importantly, can accommodate the actual prosthetic components themselves. Such 

machines can study up to fourteen prostheses at one time, thus aiding comparative studies. 

Although the mechanical capabilities of such testing machines are generally high, the majority 

of wear tests undertaken worldwide are conducted using a standard normal walking condition, 

with one million walking cycles being equivalent to one years use (Goldsmith and Dowson, 

1999a). This quantity of activity equates to 45 minutes of continuous walking per day, or 
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approximately 60 m sliding distance per day if applied to a 28 mm diameter head prosthesis. 
This approximation is widely used, and has been shown to be representative of a post-operative 

activity for a wide range of patients, aged from 22 to 85 years, with an average patient age of 60 

(Wallbridge and Dowson, 1982). Normal walking is obviously only one of a multitude of 
loading and motion conditions to which the human hip joint may be subjected, nevertheless, this 
factor has not hindered many multidirectional hip simulator studies from producing similar wear 

magnitudes and associated phenomenon to that found clinically (McKellop and Clarke, 1985). It 

is widely recognised however, that wear rates produced from hip simulator studies are often 
found to be lower than those generated in vivo (Clarke et al, 1997, Bigsby et al, 1997), and this 

has been explained by a lack of abrasive wear due to roughened heads, third-body particles and 

polymer degradation. Although these parameters are clearly influential in all stages of wear 
debris production, the influence of alternative gait activities must also be considered. Initial pin- 

on-disc studies by Barbour et al (1997), suggested that the nature of loading can influence all 

stages of wear debris production, however, such studies have not been undertaken using more 

accurate hip joint simulation. 

Recent laboratory studies have confirmed that the wear resistance of ultra-high molecular 

weight polyethylene can be significantly increased when applying additives or high dose 

irradiation (Wroblewski et al, 1996), with many studies reporting extremely low quantities of 

wear, typically as low as 2.0 mm3 per million cycles for highly crosslinked polyethylenes. A 

study undertaken by Laurent et at (2000a) reported virtually no measurable wear after twenty 

million cycles of normal walking, and highlights the profound potential of such materials. 
Radiographic measurements are also manifesting extremely low in vivo wear rates of 

crosslinked polyethylene (Wroblewski et al, 1996), with recent retrieval studies undertaken by 

Oonishi et al (1998a), showing little evidence of in vivo scratching and delamination on sockets 
irradiated at 100 Mrads. As these materials continue to maintain an acceptable biocompatibility, 

then the overall success of polyethylene hip arthroplasty should greatly increase (Harris, 2001), 

thereby offering a highly cost-effective treatment. This improved performance should ultimately 

allow a broader selection of patients to be targeted, offering earlier treatment to those at present. 
This change will thereby lead to an increase in the expected levels of activity that a total hip 

arthroplasty can survive. However, there has been very little literature published in this area. 

The influence of femoral scratching on polyethylene wear has been widely investigated on 

various devices, and has resulted in many discrepancies being observed. Initially, linear pin-on- 

disc wear machines reported a significant increase in polyethylene wear with increased 

counterface roughness, however, more recently, multi-directional simulator studies under serum 
lubrication have shown a less marked effect of increased femoral roughening (Wang et al, 
1998a, Barbour et al, 2000). This reduced influence of counterface roughening is in good 
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agreement with clinical studies (Hall et al, 1996), with many retrieval investigations showing at 
best a poor relationship between roughness and polyethylene wear. Such tests have concluded 

that the influence of increased roughness up to an Re of 0.05 pm has very little effect on the 

wear of crosslinked polyethylene. When considering a median clinical femoral surface 

roughness Ra of 0.06 µm (Hall et al, 1996), this suggests that the overall influence of femoral 

roughness may not be as high as initially expected, thus indicating that roughness alone can not 

explain high clinical wear (Wang et al, 1998a). The median patient age of these clinical studies 

was 66 years, and all the laboratory studies mentioned were performed under normal continuous 

gait, with a maximum load of 2.7 kN. Thus when considering a more active patient, i. e. up to 

2.5 to 4.5 million cycles per year (Wallbridge and Dowson, 1982), plus the addition of frequent 

jogging or other impact sports, such approximations of load and sliding distances are possibly 

grossly underestimated, and under such increased gait conditions, femoral roughness may play a 

more important role. 
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Chapter Two 

Literature Review 

The following information is a result of a literature survey of related research, and was used to achieve 
the project's objectives. 

2.1 The Natural Hip Joint 

2.1.1 Morphology and Function 

The natural hip joint consists of bone, articular cartilage, a synovial membrane and a fibrous 

capsule, Figure 2.1, and with the aid of synovial fluid, can articulate with a very low coefficient 

of friction under a wide range of physiological forces. Research has shown that articulating 

joints withstand day to day compressive stresses of 18 MPa, i. e. at heel-strike, yet the cartilage 

matrix experiences very little wear over time periods up to sixty to eighty years (Donell, 1994). 

This phenomenon is directly related to a sophisticated lubrication process, which produces 

minimal friction (0.003 to O. 03µ) and wear (Mow, 1986). 

Acetabulum 

Ligament of Head of Femur 

Pad of Pat 

Transverse Ligament of 
the Acetabulum 

Synovial Membrane 

Capsular Ligament 
& Fibrous Capsule 

Wetabular Labruni 

apsular Ligament 
Fibrous Capsule 

ynovial Membrane 

Figure 2.1. A section through the hip joint. Adapted from `Gray's Anatomy' (1980). 

The main constituents of this effective lubrication process are articular cartilage and synovial 

fluid. Articular cartilage assists the synovial joint by spreading loads over a much greater 

surface area, thus reducing contact stresses and friction, and also by creating little functional 

resistance (Buckwalter, 1983). Cartilage is a sott-hydrated, viscoelastic tissue, which typically 

covers the opposing surfaces of all moving joints in the body. Cartilage consists of 80 % water 

and 20 % collagen fibres (inlerstitial matrix), cells (chondrocytes), and a ground substance 

(proteoglyean. s) (Stedman, 1995). The structure and composition of articular cartilage changes 
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with depth from the articular surface (Lane and Weiss, 1975, Mow, 1986), generating four main 

areas: the superficial zone, the transitional zone, the radial zone and calcified cartilage zone, 

where cartilage integrates with bone. The superficial zone forms the articular surface of 

cartilage, and consists of densely packed collagen fibres, which are aligned parallel to the 

articular surface (Lane and Weiss, 1975, Barrett, 1994). Synovial fluid is a clear or pale yellow 

viscous liquid, and is found in small quantities (0.5 ml) in normal human synovial joints (Cooke 

et al, 1978). This joint fluid is formed by cell secretion in the synovial membrane or synovium. 

Its viscosity and volume varies widely between different joints, and possesses non-Newtonian, 

elastic and plastic properties (viscoelastic) (Wright and Dowson, 1976, Cooke et al, 1978). 

Synovial fluid is usually a shear thinning fluid (pseudo plastic), i. e. its viscosity decreases as the 

shear rate increases. However, its viscosity does not change under pressures of up to 100 MPa, 

thus it is assumed to be isoviscous and Newtonian for the purpose of theoretical lubrication 

analysis (Jin et al, 1997). Synovial fluid contains a mixed population of cells, and boundary 

lubricating molecules, which adhere themselves to the lubricating surfaces. 

Research has demonstrated that under continuous dynamic loading and motion, the natural hip 

joint functions under full fluid film lubrication (Unsworth, 1993). Under such conditions, joint 

wear does not occur, as both surfaces are separated by a fluid film, approximately 0.5 to 2 ltm 

thick (Jin et al, 1992, Unsworth, 1993). Such lubricant films are generated by 

elastohydrodynamic, squeeze-film, and entraining actions (weeping-lubrication) (Unsworth et 

al, 1975), all of which are strongly dependant on the viscosity of synovial fluid (Fisher, 1998). It 

is widely recognised that elastohydrodynamic lubrication plays a major role in the function of 

synovial joints (Jin et al, 1992), which produces an effective form of fluid film lubrication for 

the hip joint. This regime only requires slow relative motion between the surfaces to generate an 

effective film. Thicker fluid films are produced due to the nature of synovial fluid having a 

greater viscosity at low speeds. 

However, during normal day-to-day activity, continuous motion is not possible, and surface-to- 

surface contact occurs, causing wear or degeneration to both the cartilage matrix and synovial 
fluid. Although the synovial joint is self-repairing, such boundary or biphasic conditions can 
lead to long-term damage and degenerative arthritis (Donell, 1994). The extent of this 

occurrence is highlighted by a survey by Lawrence et al (1966), which showed that over 50 % 

of the British population had osteoarthrosis in one form or another. Under extreme loading 

cases, for example, very low speed or long periods of static loading, the lubricant films 

generated by elastohydrodynamic action become very thin, and the synovial joint then becomes 

lubricated by a boosted, biphasic and boundary lubrication condition (Fisher, 1998). Under 

boosted lubrication (Walker et al, 1968), the water content of the synovial fluid gets forced into 

the permeable cartilage matrix, thus leaving a highly viscous layer of hyaluronic acid behind, 
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which then aids in the separation of the two cartilage surfaces. Boundary lubrication of synovial 

joints involves the adsorption of a single monolayer of lubricant on each articular surface, and is 

believed to prevent direct surface-to-surface contact under articulation (Mow, 1986). 

2.1.2 The Femur and Mechanical Properties of Bone 

The femur is the strongest and longest bone in the human body, Figure 2.2. The shaft of the 

femur is almost cylindrical along its length, with the narrowest cross section in the middle, and 

is bowed with a forward convexity. A rounded articular head (fennoral head) is located medially 

at its upper extremity, and aids articulating with the acetabulum. The head is half a sphere in 

shape, and is directed upward, medially and slightly forwards in position, and acts to `collect' 

loads from many directions, and transmits them to the shaft, which is loaded axially. The 

surface of the femoral head is smooth, and has a small-roughened pit positioned below and 
behind its centre. Articulation distally with the tibia is achieved with two comparatively large 

condyles. The lateral condyle is slightly flattened on its lateral surface and is stronger and 

thicker than the medial condyle. The medial condyle is more prominent and possesses a more 

convex surface. The adductor tubercle is located on its uppermost part, and allows the insertion 

of the adductor magnus (thigh muscle). 
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Figure 2.2. Diagram showing a posterior view of the right femur, and also a cross-sectional view. 
Adapted from `Cray's Anatomy' (1980). 
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Bone is a specialised connective tissue, and has two distinct forms in the human body, cortical 

and cancellous. Cortical bone is a compact bone form, and makes up the long shafts of all load- 

bearing bones. Cancellous bone is a porous form, and is typically found at the ends or in the 

core of most bones. Together, these two bone types form a lightweight composite material, 

which is highly efficient in bending and distributing force. Bone is one of the most 

metabolically active tissues in the body, with a great quantity of cells and vasculature. 
Approximately 70 % of the dry weight of bone consists of calcium and phosphate in the form of 

calcium hydroxyapatite crystals. This mineral portion of bone provides rigidity, while the other 
30 % of the dry weight, collagen, provides the bone with its flexibility or resilience (Nordin and 
Frankel, 1989). The main cell types of bone are osteocytes (mature bone cells), osteoclasts and 

osteoblasts. Osteoblasts are responsible for the deposition of bone, and osteoclasts are 

accountable for the removal of bone. The mechanical properties of bone are highly variable. 
Biological composites such as bone are highly complex and the mechanical properties depend 

on microstructure, orientation, rate of loading, type of loading (tension or compression), 

environment (wet or dry) and the type of bone being examined. However, Table 2.1 shows 
typical mechanical properties of the two different bone types, and also includes a comparison to 

other biomaterials. 

Table 2.1. Mechanical properties of human bone compared to various biomaterials. 

Material Elastic Modulus E Ultimate Stress quit 
(GPa) (MPa) 

Cortical Bone 
Longitudinal 
(Compression) (Reilly et al, 1974) 14-20 190 
(Tension) (Bonfield, 1990) 7-30 50-150 
Transverse 
(Compression) 12 130 
(Tension) 13 50 

Cancellous Bone (Keaveny and Hayes, 1993) 0.01-1 5-15 
Articular Cartilage 0.002-0.02 - 
Hydroxyapatite (0.1-3% porosity) (Williams, 1990) 1-13 38-48 
UHMWPE (Compression) 1.4 26 
Bone Cement (Swanson and Freeman, 1977) 2 25 
316L Stainless Steel (Tension) (Callister, 1994) 190 500 
Forged CoCrMo (Williams, 1990) 200 1507 
Cast CoCrMo (Fraker, 1992) 248 655 
Ti-6A1-4V (hot forged) (Callister, 1994) 120 580 
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2.1.3 Diseases of the Hip 
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The primary. disease of the hip is degenerative arthritis (osteoarthritis), and is usually described 

as the degeneration and progressive loss of normal structure and function of articular cartilage 
(Buckwalter and Mankin, 1997). Osteoarthritis affects 90 % of the human population by the age 

of 70 years (Lawrence et al, 1966, Unsworth, 1995). Other hip diseases include rheumatoid 

arthritis, ankylosing spondylitis, avascular necrosis, traumatic arthritis, collagen disorders, 

malignant bone tumours, and Paget's disease. 

Osteoarthritis and rheumatoid arthritis result in physical wear of the articular surface, leading to 

joint pain, restriction of motion and deformity, and can occur in hand, spine, knee, foot, and hip 

joints. Under these conditions, damage to the synovial fluid is inevitable, which causes a 
decrease in viscosity under all possible shear rates, thus increasing joint friction. Synovial fluid 

from rheumatoid arthritic joints has been shown to be the most affected, producing a reduction 
in viscosity of up to three orders of magnitude (Cooke et al, 1978). The exact influence of joint 

disease upon the lubricating properties of synovial fluid can be seen in Figure 2.3. 
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Figure 2.3. Viscosity as a function of shear rate for normal and pathological human synovial fluid. 
Taken from (Cooke et al, 1978). 
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2.1.4 Biomechanics of the Hip 

2.1.4.1 Terminology 

Figure 2.4 details the standard terminology for descriptive anatomy, and will thus be referred to 

throughout this thesis. 
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AB - Adduction EXT - Extension L- Lateral 
AD - Abduction FLEX - Flexion M- Medial 

Figure 2.4. Standard anatomy terminology, Adapted from `Gray's Anatomy' (1980). 

2.1.4.2 Hip Joint Forces and Gait Motion 

The human gait cycle consists of two individual steps, thus returning the body and limbs to their 

original starting positions (Whittle, 1991). Within each walking cycle, the leg goes through two 

phases, stance phase and swing phase, which overlap. During jogging or running, the two 

phases occur at different times. The force profiles generated during gait have seen many 

investigations, with the majority of these studies showing a low number of observed patients. 

Such investigations have used both force plates and implant strain-gauged prostheses, with all 

studies showing a similar resultant ground reaction force. 

Figure 2.5 (a) shows the forces exerted by one foot during one walking cycle, Paul (1966). 

During this investigation, all data was recorded using a mechanical force plate, and was then 
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converted into force and velocity components using a set of equilibrium equations. The results 

showed that during the gait cycle, two main force peaks occur at the time of transferring support 
from one foot to another. The initial peak force is caused by heel strike, and the second peak due 

to toe off. Following heel strike, a transient force spike is observed (Whittle, 1991), reaching a 

maximum of approximately 1 times BW. In between the two peak forces, the load drops due to 

a downward inertia force. The average values for RM RB and Rc are 3.29,1.24, and 3.88 times 

BW respectively. Figure 2.5 (b) shows the relative angular movement of the femur and pelvis 
during the walking cycle, and shows that the rapid rise in joint force during heel strike occurs at 
the extreme position of the thigh at which the relative speed in zero. 

I$ 

(a) (b) 

Figure 2.5. (a) The variation of body force with time for a normal hip joint during a normal gait cycle (JR 
= possible extreme values), and (b) Relationship between hip joint force and relative speed, and relative 
angular position of thigh and pelvis. Taken from (Paul, 1966). 

Investigations of joint forces using implanted inductive powered/telemetering/strain-gauged/hip 

prostheses, have been conducted by (Rydell, 1966, Kilvington and Goodman, 1981, Bergmann 

et al, 1993, Brand et al, 1994, and Hodge et al, 1989), with the majority of these studies 

reporting a double peaked force curve similar to that observed by Paul (1966), with typical force 

magnitudes of 3 times BW during level walking. However, dissimilar force profiles were 
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observed by Bergmann et al (1993), showing many differences to the force curve presented by 

Paul, with all curves indicating a large reduction in toe-off force. Figures 2.6 (a) and 2.6 (b) 

show the resultant hip joint forces for three typical steps on a treadmill at 2 km/hr (Bergmann et 

al, 1993). Figures 2.6 (c) to 2.6 (d) shows the resultant hip joint forces with reference to their 

direction for walking at 4 and 6 km/hr respectively (Bergmann et al, 1993). It can be seen that 

the peak forces generated at slightly higher walking speeds match the results found by Paul, 

1966, in terms of BW. 

Figures 2.6 (e) and (f) shows the resultant hip joint forces for patient jogging (5 times BW max) 

and patient stumbling (9 times BW max) respectively. For an average patient's weight of 70 kg, 

a body force of 9 times body weight accounts for a maximum force of 6,200 N, however, for 

patients heavier than 100 kg, this force can therefore exceed 10,000 N. Although these reported 

force levels are possibly an accurate estimation of hip joint forces for certain patients, it is clear 

that a greater number of studies are required to understand the full limits and mechanisms 

associated with varying gait activities and the resultant force distributions at the hip joint. 

Further differences in results have been reported by (Alton et al, 1998), showing that treadmill 

walking produces significant differences in the range of motion, stance time and hip flexion 

angle, compared to overground ambulation, and may lead to errors. Also, a study by Kerrigan et 

al (1998), reported significant differences between male and female joint biomechanics during 

gait, with female joint movements showing a much greater hip flexion and less knee extension 
before contact. 

Further studies by Bergmann et al (1995a), showed that up-stairs walking increased the joint 

resultant force by 10 %, while down-stairs walking showed an increased force of 20 % (4 times 

BW). Importantly, the study indicated that the torsional moment at the hip joint doubles during 

staircase walking (Bergmann et al, 1995a), and may come close to the strength limits of the 

fixation of the implant. Fast walking or jogging upstairs was shown to produce a joint force of 7 

times BW, however, this force was significantly less than that for stumbling without falling, 

which may also lead to implant loosening (Bergmann et al, 1995a). A study by Phillips et al 

(1991), reported that torsional moments in the range of 19 Nm to 53 Nm can lead to loosening 

of non-cemented hip implants. However, Andersson et al (1972) demonstrated that a torque of 

100 Nm was required to remove a well-fixed socket from the acetabulum, which was 

significantly higher than those previously mentioned. Studies by Mai et al (1996), also 

concluded that the frictional forces generated at the articular surface are well resisted by the 

implant fixation. 
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Figure 2.6. The resultant hip joint forces and their directions for (a) Three typical walking steps on a 
treadmill at 2 km/hour - all forces, (b) 2 km/hour- resultant force only, (c) 4 km/hour, and (d) 6 km/hour, 
(e) Three typical jogging steps on a treadmill at 6 km/hr, and (t) Stumbling forces during three steps. 
Adapted from (Bergmann et al, 1993). 
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An additional publication by Bergmann et al (1995b) also indicated that varying types of 
footwear, and walking and running styles are also important factors in joint biomechanics. The 

study showed that walking barefoot produced the lowest joint forces, while walking with many 
different types of shoes increased the joint force and bending moments at the implant. 

Following hip arthroplasty, hip joint forces have been shown to return to their preoperative 

magnitude, however, gait patterns do not, as a THR does not completely restore all function and 

movement. This fact may explain why all in vivo measured joint forces show a less pronounced 

second peak force during the gait cycle (Bergmann et al, 1993). 

Gait Motion 

The natural hip joint articulates with three principal components; flexion/extension 

(FLEX/EXT), abduction/adduction (AB/AD), and internal/external rotation of the femoral 

(IR/ER), which vary in magnitude between person to person (Bergmann et al, 1993, 

Ramakrishnan and Kadaba, 1991). The ranges of these six movements are presented in Table 

2.2. 

Table 2.2. Range of hip motions in normal adults (degrees). 

Study FLEX EXT AB AD IR ER 

Johnston and Smidt, 1969 
Ramakrishnan and Kadaba, 1991 

37 
40 

15 
3 

7559 
7.5 555 

2.1.4.3 Contact Loci and Stress Analysis 

The loci of contact points on the articular surface of the human hip joint during a normal gait 

cycle have been shown from computer studies to be either irregular ellipses, teardrops or figure 

of eight shaped (Wang et al, 1997b, Ramamurti et al, 1995, Ramamurti et al, 1996). Such 

computer studies also showed that crossover loops occur all over the entire articulating surface. 

This type of motion can be characterised as cross-shear. 

The maximum and minimum distances travelled for the human hip joint per gait cycle are 

0.84D and 0.315D respectively, showing an average sliding distance of 0.67D, which equates to 

18.76 mm for a 28 mm femoral head diameter (Wang et al, 1997b). Wang et al (1997b), also 

showed that the maximum shear stress vector generated in the natural hip joint, occurs when the 

maximum joint force is applied, and lies in the direction of flexion/extension, Figure 2.7. The 

shear stress vectors generated during abduction/adduction are approximately 80% of the 

maximum shear stress, indicating that the maximum strain energy and asperity contact occurs 
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during flexion/extension. This form of shear stress distribution is typically known as the 

`butterfly' pattern (Wang et al, 1997a & b). 
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Flexion/Extension 
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Figure 2.7. The shear stress vector patterns for the natural hip joint for points of contact on a femoral 
component. Taken from (Wang et al, 1997b). 

2.2 Total Hip Replacement 

2.2.1 Introduction to Total Hip Replacement 

Total hip replacement is a major surgical procedure, in which diseased cartilage and bone is 

surgically replaced with artificial biomaterials, thereby allowing the joint to regain its normal 

function. This form of arthroplasty has revolutionised the treatment of end-stage arthritis, a 

condition generally seen with ageing, which results in pain, stiffness, deformity or instability, 

and importantly a reduction in the ability to continue the activities of daily life. Pain relief is the 

primary object of THR, as total function is not always completely restored. 

One of the first total hip replacements surgeries, including both femoral and acetabular sides of 

the joint, was performed by Philip Wiles in 1938, and comprised of two stainless steel 

components (Eftekhar, 1978). Since this initial surgery, there has been a rapid rise in the 

number of total arthroplasties performed, and today there are approximately one million THRs 

performed each year (Kurtz et al, 1999), with over 500,000 in the United States, 10,000 in 

Sweden (Herberts and Malchau, 2000), and over 60,600 in United Kingdom (Tennent and 

Goddard, 2000). In total, 1% of the population of the UK has had a joint replacement (Fisher, 

1998). This large number of primary surgeries clearly indicates the success of this form of 

D 
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treatment. A recent study of 320 Charnley low-friction arthroplasties after twenty to thirty years 

of implantation, showed a 93.9 % success rate, 82.3 % were free from pain, and 11.6 % had 

occasional discomfort (Wroblewski et al, 1999). Similar results have been reported by many 

researchers, all demonstrating a satisfactory function after fifteen years. 

With the increasing ageing population, hip arthroplasty is expected to double in less than five 

years, and when considering that the patient population is also becoming younger and more 

active, the demands on engineers and surgeons to improve biomaterials, implant design, 

manufacture and revision surgery is also forever increasing. Even though the success rate for 

THR surgery is extremely high, all implants have a limited life span. Typically, the life span of 

a hip prosthesis is dictated by the bone stock of the patient, skill of the surgeon, design of 

prosthesis, and importantly the lifestyle of the patient. Moreover, it is important that all other 
forms of treatment have been considered before THR is performed, thus maximising the long- 

term-life and effectiveness of this form of surgery. Such treatments include trials of analgesic 

and non-steroidal anti-inflammatory drugs (NSAIDs), physical therapy, walking aids etc. The 

life span of a current conventional hip polyethylene/metal prosthesis, typically 5 to 30 years 
(Wroblewski et al, 1999), clearly indicates that for younger patients, revision surgery will 
become necessary as the implants fail. Since each surgery following the primary implantation is 

more complicated than the previous, younger arthritic patients are currently most at risk. 
Revision surgery is associated with additional bone loss, unresolved pain, trauma, infection, 

complications, morbidity, and generally shows inferior results compared to primary surgery 
(Wroblewski, 1990, Repten et al, 1992, Kavenagh and Fitzgerald, 1987). Thus the realisation of 

the life span of THRs is an important parameter when considering the age of potential patients, 
however, one must balance such risks with the quality of life. 

During THR surgery, the diseased head of the femur is removed and replaced with a spherical 
head and an intramedullary stem. Femoral heads are commonly manufactured from chromium 

cobalt alloy, stainless steel (316L), titanium alloy, or zirconia. The fixation of the stem usually 

requires bone cement, however, non-cemented prostheses are often used, which utilize bioactive 

ceramics to encourage the bone to grow along side the stem, thus providing a direct natural 
bond. The synovial capsule and cartilage is removed from the acetabulum, and an acetabular 

socket is inserted using bone cement or screws. The acetabular socket accommodates the 

femoral ball in the same way as the natural hip joint, Figures 2.8 (a) to 2.8 (c). The majority of 

acetabular sockets are manufactured from ultra-high molecular weight polyethylene (over 95 %) 

(Fisher, 1998), however, hard-bearing systems are also implanted, but in much lower numbers. 

Such hard-bearing systems include CoCr-on-CoCr and alumina-on-alumina, Section 2.2.2. 
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Today, THR patients start rehabilitation therapy the day after surgery, and experience less pain 

due to improved anaesthesia techniques. The patient then undertakes an extensive physical 

therapy programme, which initially includes the use of passive motion machines, and typically, 

can return home after three to six weeks, depending on the type of prosthesis implanted. The 

main risk of THR surgery is blood clots in the lower extremities, which can travel to the lungs 

causing a pulmonary embolism. Other medical risks include joint or local skin infection, 

difficulties with urination, bone fracture, loosening of the prosthesis, breakage of components, 

medical complications with anaesthesia, pneumonia, and liver toxicity. 

(a) (b) (c) 

Figure 2.8. X-ray photographs showing (a) Severe degenerative osteoarthritic joint (narrow joint spaces), 
(b) joint after hip arthroplasty (polyethylene/metal head and stem), and (c) a section through the human 
acetabulum, showing the in vivo placement of a polyethylene/metal prosthesis. Taken from (Charnley et 
at, 1968). 

Currently, there are a multitude of designs of hip prostheses, which incorporate a wide range of 

biomaterials, including ceramics, metals, plastics and carbon-fibre, Section 2.2.4. The most 

widely used implants in Europe include designs referred to as Charnley, Lubinus, Exeter 

polished, Muller, Stanmore, and Freeman. Although such joints are fundamentally similar to the 

Charnley low-friction arthroplasty, the last three decades has seen many mechanical 

advancements in fixation and load transfer. Such advancements are important. However, the 

majority of today's clinical failures are caused by periprostlietic osteolysis, a biological 

response to a large volume of submicron sized polyethylene wear particles, and not to gross 

mechanical failure of the prosthesis itself. Such biological responses cause a loss of the 

supporting bone (osteolysis), which leads to aseptic loosening and total failure due to increased 

pain (Revell et al, 1997). This understanding has led many researchers in the two last decades to 
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concentrate on reducing the total wear volume, and has resulted in the use of very high dose 

gamma irradiated polyethylenes, and also newly improved manufactured hard-bearing implants. 

2.2.2 Design Concepts and Materials 

There is no question that THR surgery has changed significantly since its genesis in 1822, and 

more currently since the introduction of UHMWPE by Sir John Charnley in 1962. Even the last 

two decades have seen a reduction in associated complications with THR surgery. However, the 

fundamental low-friction rigidly fixed arthroplasty concept has existed within the industry for 

over four decades, and is still currently the fundamental model behind every hip joint 

manufactured. 

The increasing aging population, coupled with the growing use of arthroplasty in younger and 

more active patients, has led the orthopaedic industry to focus research on improving 

mechanical fixation and wear penetration rates. Such research has resulted in improved 

biomaterials and design concepts, for example, highly crosslinked polyethylenes, modular 

stems, cushion hip joints for improved lubrication, super alloys and ceramics, resurfacing 

prostheses, press fit stems, non-cemented porous hydroxyapatite stems, collared and non- 

collared stems, to name but a few. Currently, there are a multitude of design concepts within the 

orthopaedic industry, of which many have proved to be very successful under clinical 

conditions. 

The majority of THRs used clinically today comprise of an ultra-high molecular weight 

polyethylene acetabular socket, with or without a metal back, and a cobalt-chromium- 

molybdenum or a ceramic femoral head component, Figure 2.9 (a). This combination of 

materials generates a low coefficient of friction (0.02f, ) during articulation, and produces low 

rates of wear of the softer polymeric surface (Sedel, 1997). 

ý, 
(a) (b) (c) 

Figure 2.9. Photographs showing (a) standard UHMWPE socket against a CoCrMo femoral head 
(porous coated/non-cemented), (b) porous coated non-cemented acetabular socket holders and screws, 
and (c) a metal-on-metal prosthesis. 
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The use of ceramic heads is due to a high hardness and improved joint lubrication compared to 

alloys (Clarke, 1992, Callister, 1994), causing less polyethylene wear. The acetabular socket is 

often fixed using an external metal backing, Figure 2.9 (b), however, such designs have been 

linked to increased clinical failure (Oparaugo et at, 2001). Typically, the counterface surface 

roughness Ra of the femoral component is 0.005 µm to 0.02 µm for CoCrMo, and 0.002 µm to 

0.015µm for ceramic heads. Such components when coupled with a polyethylene socket 

articulate under a boundary to mixed lubrication regime (Unsworth, 1978), and produce 

clinically wear rates of 15-180 mm3/year, Section 2.4.2. Such wear rates can produce up to 80 x 
1018 polyethylene particles over a ten-year period. 

There are two modes of fixation, cemented and non-cemented. A secure fixation between the 
implant and the musculoskeletal system is imperative for a THR to transmit body forces during 

physiological conditions. A breakdown of fixation will lead to failure, as it causes a significant 

amount of pain for the patient. Cemented THR prostheses are most commonly used, and are the 

most successful type of hip replacement for the majority of patients, providing excellent clinical 

results in older patients for up to 30 years (Wroblewski et al, 1999). Cemented THRs utilise a 

non-adhesive bone cement mantle, made from polymethylmethacrylate (PMMA), to fix both 

components to existing bone. As there is no adhesion, fixation between the cement and the bone 

is achieved by mechanical and geometrical interlocking, thus indicating the importance of the 

surgical technique on the overall success of the implant. Non-cemented or press-fit THRs utilise 

porous bioactive coatings and sintered CoCr beads to form a microscopic biological interlock 

with bone (Hedley et al, 1982). Such coatings include cobalt chrome sintered microspheres and 

calcium phosphate ceramics. Cement-less prostheses are commonly larger in size (>cross- 

section of shaft), as they have to fill the femoral cavity, and usually possess a load-bearing 

collar. Such designs are more suited for younger, more active or over-weight patients, as the 

bond produced between the implant and bone may be stronger and more durable than a cement 

mantle, and also less bone material is removed during primary surgery. 

A recent national survey of 9,376 UK orthopaedic surgeons showed that a Charnley prosthesis 
(22 mm UHMWPE/SS) was most commonly used for both older and younger patients, with the 

majority of surgeons (75 %) opting to use a cemented stem and cemented socket for patients 
below sixty (Tennent and Goddard (2000). An alternative concept for younger and more active 

patients is hard-bearing prostheses. Metal-on-metal prostheses, Figure 2.9 (c), or ceramic-on- 

ceramic components are being introduced as they can partially sustain full fluid film lubrication, 

and if high surface finishes are maintained, they can produce clinical wear rates of only 0.1-1.5 

mm3/year (Streicher, et al, 1996, Semlitsch and Willert, 1997, Goldsmith et al, 2000, Firkins et 

al, 2001). This reduced wear volume of particles compared to the use of polyethylene is one of 

the main advantages of hard-bearing concepts (McKellop et al, 1996, Anissian et al, 1999, 
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Clarke et al, 2000), however, recent studies have shown that the sizes of metal and ceramic wear 

particles are smaller compared to UHMWPE particles, and this factor may result in a greater 

number of particles, which can be transported extensively around the body, and may react with 

other cell types (Fisher, 1998). These findings suggesting that although hard-bearings have great 

potential, the overall -disadvantages of such concepts are still not completely understood. 
Current metal-on-metal joints can also fail rapidly due to high friction within up to three years 

of implantation if not well located during surgery, and ceramic-on-ceramic joints can fracture 

catastrophically under high loading due to the low fracture toughness (Clarke, 1992). The 

overall success of such hard-bearing joints may be strongly linked with surgical technique and 

reproducibility of manufacture (Fisher, 1998), thereby such joints are still only used in a few 

centres clinically. 

2.2.3 Tribology Analysis 

The tribological conditions found in polyethylene/metal THRs are highly variable (Fisher, 1994, 

Jasty et al, 1997, Sedel, 1997), and are still not completely understood. Tribology involves `a 

complex integration of the science and technology of interacting surfaces in relative motion and 

of related subjects and practices' (Hailing, 1975, Fisher, 1998). 

Hip joint mechanics can be both static and dynamic, with contact stresses of up to 20 MPa, 

which is close to the yield stress of UHMWPE. The velocity of contact can vary from 0-50 

mm/s, under a variety of lubricating conditions caused by the change in mechanics and the 

biological environment, i. e. variable composition of the periprosthetic fluid (Fisher, 1998). The 

joint itself can also become separated during the swing phase of gait, producing separations of 

up to 2 mm (Dennis et al, 2000). Such conditions coupled with the intrinsic design of 

polymeric/metal THRs, cause such joints to articulate with a mixed or boundary lubrication 

regime (Unsworth, 1978, O'Kelly et al, 1979, Fisher and Dowson, 1991, Fisher et al, 1994, 

Dowson, 1995, Jalali-Vahid et al, 2001). The fluid films generated under such circumstances are 

created by elastohydrodynamic action, and are only in the order of 250 nm thick (Fisher et al, 

1994). Fluid films of this size are not sufficient to prevent surface asperity interaction (Jagatia et 

al, 2001, Jalali-Vahid, 2001), thus wear of the polyethylene surfaces is inevitable, therefore 

boundary lubrication is the prevailing tribological mechanism. Historically, there have been 

many proposed wear mechanisms associated with polyethylene/metal hip joints, all of which 

operate under a wide range of scale. However, such mechanisms can be generally characterised 
into two classes, microscopic asperity wear and macroscopic asperity wear (Cooper et al, 1993a, 

Fisher, 1994, Wang et al, 1995a and 1995c). The term `wear' used in this thesis is defined as 

`the progressive loss of material from the surface of a body due to relative motion at that 

surface' (Fisher, 1998), and is a function of use, not time (Schmalzried et al, 1998 and 2000). 
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Microscopic asperity wear typically refers to the smallest scale of cyclic stress produced by 

microscopic asperities interaction (0.1-1 µm), leading to elastic and plastic deformation of the 

polymer surface (Fisher et al, 1994, Wang et al, 1995a and 1995c). Small particles are then 

produced by fatigue (Cooper at al, 1993a). Macroscopic asperity wear is associated with a much 

greater roughness level (1-100 µm), and again involves both elastic and plastic deformation of 

the polymer surface, leading to contact stresses higher than the yield stress, then rupture. Under 

cyclic loading,, crack propagation and delamination can occur, leading to much larger particles 

than those associated with microscopic asperity wear (Fisher et at, 1994). 

Within both microscopic and macroscopic asperity wear, the following four wear mechanisms 

can be observed occurring successively and simultaneously. 

1) Adhesive wear, or micro-asperity shearing, occurs when touching asperities adhere together, 

causing plastic shearing of the asperity junctions; this causes the tips of the softer asperities to 

break, leaving them adhered to the harder material (Stolarski, 1990, Yamamoto et al, 2001). 

Thus the interfacial shear strength becomes greater than the bulk shear strength of the softer 

material, namely UHMWPE in a metal/plastic system (Wang et al, 1996a). Under these 

conditions, interfacial friction is a key parameter (Wang et al, 1996a and 1997a). Subsequently, 

the adhered asperities can become detached, thus becoming third body particles, and 

accelerating wear. Such conditions can only occur when lubrication films breakdown (Boundary 

Lubrication), thus causing intimate asperity contact under a dry condition (Wang et al, 2001 d). 

Adhesive wear is commonly found in polyethylene components in both acetabular and tibial 

forms. 

2) Abrasive wear is damage to a component surface caused by relative motion with either a 

surface comprising of harder asperities or hard particles trapped on its surface (Stolarski, 1990). 

Material is removed by shearing of the interstitial bonds (Dowson, 1995, Wang et al, 1996a). In 

the case of ceramic/metal-on-polyethylene THRs, cutting and ploughing of the UHMWPE 

surface is directly caused by the metallic or ceramic bearing surface of the femoral component, 

or by loose third-body hard particles, for example, bone cement, bone chips, and metallic or 

ceramic debris. Increasing the material's yield stress and toughness will reduce the occurrence 

of abrasive wear. Abrasive wear is commonly found in both acetabular and tibial components. 

Such effects are directly related to the surface topography involved. 

3) Fatigue wear is strongly associated with material delamination, which is a result of 

subsurface dislocations and cracks caused by cyclic loading. Under such conditions, shear and 

bending generates voids and subsurface cracks, typically up to several millimetres below the 

surface, however, initial cracks are prevented from propagating to the surface by triaxial 

compressive stresses, which are generated immediately below the surface. Further cycling 
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causes these voids and cracks to link up to form long cracks, at an approximately constant 

length. Initiation and propagation of surface and subsurface cracks strongly depends on rate of 

loading and the geometry of contact, and can be prevented by increasing the yield strength and 

toughness of the material (Wang et al, 1996a). The stress concentration at the crack tip causes 

the crack to break through to the free surface, which results in the formation of a thin plate-like 

wear particle. Such particles are commonly observed in THR. This process is also commonly 

called `macroscopic polymer asperity wear', and is associated with the production of particles 

from 5 µm to several millimetres (Fisher, 1994, Wang et al, 1995c). Structural failure of 

UHMWPE occurs as a result of exceeding the yield stress, thus it is primarily controlled by the 

nature of cyclic loading, and not the sliding motion. Structural fatigue failure is mainly found in 

TKRs, as the contact stresses are higher (Hall et al, 1996, Jasty et al, 1997), however, it is 

strongly accepted that lower levels of fatigue occur in THRs in both macroscopically and 

microscopically forms (Brown et al, 1976, Cooper et al, 1991 and 1994). 

4) Oxidative Corrosion is the final mode of polyethylene failure. However, it is very different 

to the above three, in that it is a chemical process, rather than mechanical process. Some authors 

consider oxidation of polyethylene to be a form of corrosion, resulting in increased wear. 

Section 2.3.4 discusses oxidation in more detail. Corrosion at modular junctions has also been 

reported as a potential source of particulate debris (Jacobs et at, 1994). 

Typically, the extent of these wear mechanisms depends on a number of factors, including 

lubrication mode, friction mode, material properties, viscoelastic properties, ageing, creep, 

geometry, design, applied loads and directions, sliding speeds and distances, surface 

topography, and temperature (Sedel, 1997). Different wear mechanisms occur in other areas of 

the implant, for example fretting wear occurs between the femoral stem and cortical bone, and 

also on modular tapers, which depend on the quantity of micro-motion between the two surfaces 

(Learmonth and Cunningham, 1997). 

As most polyethylene acetabular sockets are machined prior to implantation, this process 

typically generates a rough initial articular surface finish, which in turn causes a `wearing-in' 

period, where a large number of polyethylene particles are generated due to the initial higher 

socket roughness (Wang et al, 1995c, Jasty et al, 1997, Sedel, 1997, Bowsher and Shelton, 

2001). This period ends when the two articular surfaces become adapted to each other, and then 

typically a steady-state wear rate is observed. During steady-state wear, ripples and fibrils are 

developed on the articular surface of the polyethylene socket, as a result of strain deformation or 

drawing. 
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2.2.4 Current Failure Modes of THRs 

There are six main modes of failure of total hip replacements; wear, aseptic loosening, 

periprosthetic fracture, prosthesis fracture, pelvic dislocation and infection. These failure 

mechanisms include both mechanical and biological mechanisms, and all can lead to re- 

operation of one or both components. The following section details such occurrences. 

2.2.4.1 Wear 

Although polyethylene wear is considered to be a secondary failure process, it is important to 

recognise that component loosening as a result of polyethylene wear debris (osteolysis) is the 

major cause of THR failure (Willert and Semlitsch, 1977, Livermore et al, 1990, Amstutz et al, 
1991, Harris, 1992, Fisher, 1994, Jacobs et at, 1994, Howie et al, 1993, Campbell et at, 1995, 

Brummitt et al, 1996, Hirakawa et al, 1996, Revel et al, 1997, Sedel, 1997, Learmonth and 
Cunningham, 1997, Farrar and Brain, 1997, Lewis, 1997, Dowson, 1998, Green et al, 1998, 

McGee et al, 2000, Herberts and Malchau, 2000, Ingham and Fisher, 2000), thus the production 

of wear particles is a major clinical problem. Typically, clinical polyethylene wear rates of 

polyethylene/metal joints are found to be approximately between 10-100 mm3 per year 

(Charnley and Cupic, 1973, Livermore et al, 1990, Kabo et al, 1993, Fisher and Dowson, 1991), 

and when considering that 1 mm3 of polyethylene can form lx 109 (1 µm) sized particles, it is 

clear that a reduction in the number and volume of polyethylene particles would significantly 
improve their long-term clinical performance (Fisher, 1998). A recent study by Oparaugo et al 
(2001) reported a high correlation between volumetric wear rates and the incidence of osteolysis 

and revision rate, indicating that an increase in wear causes an increase in osteolysis. 

Secondly, wear penetration of the polyethylene socket strongly leads to impingement, which 
involves a high degree of contact between the femoral neck of the implant and the rim of the 

acetabular cup (Wroblewski et al, 1986, Isaac et al, 1990, Weightman et al, 1991, Hall et al, 

1998). As with pelvic dislocation, impingement results in advanced wear of the acetabular rim 

due to an increase in stress, thus accelerating osteolysis and aseptic loosening (Wroblewski et 

al, 1986). The degree of impingement is determined by the geometry and design features of the 

implant, for example, head size, neck geometry and acetabular cup geometry. In certain cases, 

impingement will result in pelvic dislocation. 

As well as the articulating surface, there are also many other sources of wear debris production, 

which include fretting or micromotion between metallic stems against cortical bone (Amstutz et 

al, 1992), corrosion and fretting of modular heads, debris from metal beads, hydroxyapatite 

coatings and bone cement. Such processes produce hard particles that can then have a 

significant influence on wear debris production in the form third-body particles (Fisher, 1998, 

Wang and Essner, 2001). A study by Germain et al (1999) also showed that a large number of 
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polyethylene particles (both micron and submicron) are generated during intramedullary 

brushing of the femoral canal with plastic brushes prior to hip arthroplasty, and has been 

speculated to contribute to osteolysis. 

2.2.4.2 Aseptic Loosening 

Aseptic loosening refers to the failure of implant fixation, and results in the implant becoming 

physically loose in situ. A study of 92,675 polyethylene/metal implants by The Swedish 

Orthopaedic Association (Malchau et at, 1993), showed that aseptic loosening accounted for 79 

% of all failures. This result is similar to many clinical studies (Havelin et al, 1994), all 

reporting that aseptic loosening is the major cause of total hip replacement failure. The exact 

mechanisms involved in aseptic loosening are highly multi-factorial and extremely complicated. 

It is currently accepted that causes for joint loosening include: poor surgical technique, a 

biological response of the bone to stress shielding, micromotion at most interfaces between 

bone and the prosthesis, lack of initial stability, prosthesis design, patient activity, osteolysis and 
infection (Wroblewski, 1990, Ingham and Fisher, 2000). Although the extent of these factors 

can be large, osteolysis is believed to be the most dominant factor in aseptic loosening, causing 

a significant reduction in the quantity of bone surrounding the implant (Harris, 1995, Learmonth 

et al, 1997, Ingham and Fisher, 2000). Due to a mixed or boundary lubrication regime, 

polyethylene particles are generated at the articular surface, and these particles then travel 

distally into the fibrous tissue surrounding the implant via body fluids. These polyethylene 

particles then react with neighbouring bone cells, which produces a pathologic tissue response 

(phagocytosis). This response involves the release of cytokines and enzymes, which induce the 

formation of osteoclasts (Kobayashi et al, 1997a), thus resulting in bone loss and aseptic 
loosening (Ingham and Fisher, 2000), Figure 2.10 (a). Once the implant becomes loose, 

effective transmission of body forces is not achieved, which in turn increases the level of pain, 

instability, and importantly, increases the risk of bone fracture due to an increase in stress 

concentration. Osteolysis can occur with both cemented and non-cemented hip prostheses 

(Jacobs et al, 1994). Although the migration of wear particles is generally considered to be 

limited for uncemented implants due to bone-ingrowth, failure as a result of bone resorption can 

still occur. A study by Maloney et al (1990) of 474 uncemented cobalt-base and titanium-base- 

alloy implants, reported the occurrence of focal femoral osteolysis in 3 %, with other studies 

showing similar results for porous titanium-fiber-coated implants (8 %) (Martell et al, 1993). 

Recent research has shown that within areas of bone loss surrounding a prosthesis (focal- 

osteolysis), there is a significant correlation between the volume and concentration of 

polyethylene wear particles, and the amount of bone resorption and aseptic loosening (Murray et 

al, 1990, Howie, 1990, Howie et al, 1993, McGee et al, 1997, Revell, et al, 1997, Kobayashi et 

al, 1997a, Ingham and Fisher, 2000). Typically, a concentration of lxl0'0 particles/g of tissue is 
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found in areas of osteolysis (Revell et al, 1997). Such a large number of particles overloads the 

phagocytic system, causing increased macrophage migration. The size distribution of wear 

particles is also important, as many studies have demonstrated that submicron and micron-sized 

particles (0.2-10 p. m) are the most bioactive, which unfortunately matches the most typical size 

of a polyethylene particle produced (Green et at, 1998, Matthews et at, 1998, Ingham and 

Fisher, 2000). Clinical studies have reported that 95 % of all particles are submicroscopic in 

size, mostly 0.5-1 µm (Shanbhag et at, 1994, Revell et at, 1997, Kobayashi et at, 1997a, 

Kobayashi et at, 1997b), Section 2.4.4. This result implies that a new implant design which 

produces a similar mass wear rate to previous designs, but generates larger wear particles, 

would significantly last longer in vivo (Fisher, 1994). 

(a) (b) (c) (d) 

Figure 2.10. X-ray photographs showing (a) aseptic loosening, locations -X-, (b) periprosthetic fracture 
of the shaft of the femur, (c) very distal fracture of the implant stem, and (d) the extent of pelvic 
dislocation. Taken from (Wroblewski, 1990). 

The phagocytic system or `the monocyte-macrophage series' refers to the defence system of the 

human body, in which cells engulf foreign materials. Materials that are too large to be digested 

by a single macrophage are encapsulated by many macrophages or giant cells, which fuse 

together to produce multinucleate giant cells (MNGC) (Howie, 1990). This phenomenon occurs 

within the fibrous tissue, separating the implant and bone. The release of different cytokines 

(lnterleukin-l, a, P, 6, TNF-(x) and enzymes from macrophages and giant cells have been 

shown in many cases to induce the formation of osteoclasts, thus resulting in bone loss and 

aseptic loosening (Amstutz et al, 1992, Revel et al, 1997, Green et al, 1998). In order to research 

such phenomenon, many systems have been adopted, for example, culture systems, co-culture 

methods, and large and small animal models. Unfortunately, animal models have a limited 

success due to the fundamental differences in biological response to foreign materials. 
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Currently, the most effective technique for studying the event of osteolysis is using an in vitro 

culture system, and is typically used to analyse the bioactivity of in vitro or in vivo generated 

wear particles, measuring changes in cell response to particle size, quantity, mass distribution, 

species, mean diameter etc. 

2.2.4.3 Fracture of the Femur 

Periprosthetic fractures of the shaft of the femur are uncommon, but can have devastating 

consequences, Figure 2.10 (b). The main factors that influence possible fractures are type of 
implant fixation, integrity of the bone-implant interface, activity level and age of patient and the 

quality of bone surrounding the implant. Typically, distal fractures can be successfully treated 
by the use of a brace, an allograft strut or a longer prosthesis. 

2.2.4.4 Fracture of the Implant 
As well as fractures of the femur, the prosthesis itself can fracture, generating dramatic 

complications, Figure 2.10 (c). A stem fracture can be caused by a lack of proximal support, 

which increases the bending moment and stress levels in the prosthesis (Wroblewski, 1990). 

Such conditions may be caused by surgical technique or movement of the prosthesis. Other 

main factors in stem fracture are prosthesis design, manufacturing and material reproducibility, 

type of fixation, duration of implantation, patient's activity and weight (Wroblewski, 1990). 

Using more fatigue resistant and stronger materials may reduce such failures. Other types of 
implant failures are femoral head fracture and fixation failure. The use of small diameter 

alumina heads has been associated with head fractures, also caused by a non-ideal fit between 

the head and its taper. As a result of such occurrences, alumina heads are not manufactured 

under 28 mm diameter, and modular systems have been improved. Cement mantle failure can 

occur if the mantle is too thin, with studies by Joshi et al (1998), showing a high correlation 
between aseptic loosening and cement mantles less than 6 mm on the acetabular socket side, and 

less than 2 mm on the femoral stem side. 

2.2.4.5 Pelvic Dislocation 

Postoperative hip dislocation is unusual, Figure 2.10 (d), causing significant distress to a patient 

and physician. A review of 14,672 Charnley prostheses (Fraser and Wroblewski, 1981), showed 

a 0.63 % occurrence of dislocation, of which 16 cases lead to revision, however, a study by 

Malchau et at (1993), of 92,675 polyethylene/metal implants showed a higher occurrence of 2 

%. Once a joint keeps becoming dislocated, such events can significantly reduce the patient's 

confidence in their THR until they learn how such dislocations occur. Pelvic dislocations are 

possibly due to an inadequate positioning of the components during surgery or a higher than 

normal acetabulum (Wroblewski, 1990), however, dislocations are more frequent in the early 

post-operative period, as no fibrous capsule has had enough time to form. Other problems 
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associated with dislocation are large additional treatment costs, surgical approach, implant 

design, and patient factors. 

2.2.4.6 Infection 

Infections (deep sepsis) are considered to be a serious complication of total hip arthroplasty 
(Wroblewski, 1990), and can lead to loosening, revision surgery, pain and discomfort for the 

patient. A study of 92,675 polyethylene/metal implants (Malchau et al, 1993), showed that 
infection accounted for 10 % of all failures, indicating a large occurrence. However, recent 

studies are showing a general reduction in the occurrence of infection when using clean air 

operating theatres and antibiotic impregnated cements, reducing failure rates from 8-10 % to 
less than 1% (Wroblewski, 1990, Malchau et al, 1998). 

2.2.5 Contact Analysis of THRs 

In order to understand the influence of design parameters on contact mechanics of total hip 

replacements, many mathematical theorems and computer models have been developed over the 
last three decades, all of which are capable of predicting contact pressures, and ultimately the 

mode of lubrication. The constrictive design of THRs dictates that body forces are often 
transmitted through very small surface areas, thus generating large stresses, especially for more 

active patients. Due to the nature of polymeric biomaterials used in THR, such large stresses 

cause both elastic and plastic deformations, and the extent of such deformations is an important 

parameter when considering both failure mechanisms and tribological issues. The following 

simple design model of a THR, Figure 2.11, can be used to predict trends in results, thus 
indicating the influences of geometry and material changes on contact mechanics. 

E2, V2, R12 

Ei, v1, Ra2 C 

Acetabular Socket 

Femoral Head 

Figure 2.11. A simple THR design model required for Hertzian Contact Analysis. 

Hertzian Contact Analysis (ball-on plane), formulae (2.1) to (2.4), can'be used to predict the 

contact area and the maximum contact pressure for a given prosthesis. Even though a 

concentrated contact of a THR maybe lubricated, the Hertzian calculations, which are for dry 

By John Bowsher IRC in Biomedical Materials 



Chapter Two: Literature Review Page 27 

conditions, -are valuable, especially for predicting occurring trends (Jin et al, 1997). The 

equivalent radius R, may be found from the radius of the femoral head, RI, and the radius of the 

acetabular socket R2, using: 

I11 
R R, R2 

Likewise, the equivalent modulus, E', may be found using: 

E'= 
212 (2.2) 

1-v, 1-v2 

E, E2 

where subscripts 1 and 2 refer to the head and socket materials respectively, and 

vi and v2, are the Poisson's ratios for the two materials respectively. 

The contact half width, a, can be found using: 

('3 WR ''3 
a=L4E, (2.3) 

and the maximum contact pressure, Po, can be calculated using: 

1 6WE'Z '13 
Po = 

;r 3R2 (2.4) 

When using a simple design model, it can be shown that the influence of varying femoral head 

material, for example, SS, CoCr and Zr02, has a negligible effect on both contact area and the 

maximum contact pressure (Jin et al, 1997). This result is also observed when varying the 
femoral head radius. Increasing the head radius from 11 mm to 16 mm results in a decrease of 

approximately 4 MPa of the maximum contact pressure, i. e. 16 % of the yield stress. When 

considering that a large head radius generates an increased wear volume and frictional 

resistance, such a reduction in contact pressure has no beneficial factors. However, a small 

reduction in radial clearance generates a significant reduction in maximum pressure. A decrease 

in clearance will increase the contact area, thus reducing the maximum stress, Figures 2.12 (a) 

and 2.12 (b). It can also be seen from Figure 2.12 that a decrease in elastic modulus results in an 
increase of the predicted contact half width for a given radial clearance. Since the yield strength 

of UHMWPE is approximately 20 MPa, the radial clearances should be ultimately 0.05 mm, or 

a maximum of 0.2 mm to prevent gross delamination and fatigue failure. 
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Figure 2.12. Graphs showing predicted contact half width for (a) metal-on-metal hip joint replacement, 
and (b) for UHMWPE-on-stainless steel hip joint replacement, for different radial clearances. (W=2.5 kN, 
R, = 14 mm, u=0.015 m/s, r7 = 0.005 Pas, (a)Ei=230GPa, E2=230GPa, v1=0.3, v2=0.3, (b)El= 
200 GPa, E2 =1 GPa, vi = 0.3, v2 = 0.4). Taken from (Jin et al, 1997). 

2.2.6 Lubrication Analysis of THRs 

The natural synovial joint functions predominantly under fluid film lubrication during normal 

physiological conditions, however, this is not possible for metal/polyethylene total hip 

replacements. Typically, polyethylene/metal THRs operate under a boundary or mixed 

lubrication regime, which involves unavoidable asperity contact and wear (Unsworth, 1978 and 

1995, O'Kelly et al, 1979, Fisher et al, 1994, Wang et al, 1996a). Under such conditions, load 

carriage is achieved by both asperity contact (dry contact) and by hydrodynamic action of the 

small fluid film (Wang et al, 1996a, Jalali-Vahid et al, 2001), Figure 2.13. 

Surface A 

Surface B 

Boundary k&want film / 

Local contact points 

Figure 2.13. Dry asperity contact with boundary lubrication. Taken from (Wang et al, 1996a). 

These small fluid films formed in polyethylene/metal THRs are created by elastohydrodynamic 

action, and are only in the order of 250 nm thick (Fisher et al, 1994). Even though such films 

are not large enough to produce total asperity separation, they are important, and can affect both 
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the friction levels and wear process under mixed lubrication (Fisher and Dowson, 1991), 

however, the most important parameters under a mixed or boundary lubrication regime are 

surface roughness and the wetting of the articular surfaces (Wang et al, 1996a, Sychterz et al, 
1999). As UI MWPE is very difficult to wet, boundary lubrication is aided by a liquid or solid- 
like film, which is absorbed on to the surface of the hard femoral materials (Wang et al, 1996a, 

Scholes and Unsworth, 2000). Under extreme loading conditions, when lubricant films break 

down, such protein boundary lubricants may result in reducing wear (Scholes and Unsworth, 

2000), and may be an important secondary lubrication mechanism. 

In order to predict the lubrication regimes for THRs, classical soft elastohydrodynamic 
lubrication theory (ball-on-plate) for elastic-isoviscous regimes has been reported (Jin et al, 
1997). Using equations (2.1) and (2.2), Section 2.2.5, the equivalent radius, R, and equivalent 
modulus, E', can be found fora given prosthesis. The minimum film thickness, hmj., can then be 

calculated using: 

hm 
2789 

U 0.65W 1-0.21 
m 
R 

[2E'R_ 
[E. 

R2] (2.5) 

where i is the lubricant viscosity, 
U1 is the average velocity of the femoral head, and 
W is the average load. 

The parameter known as the film thickness ratio, A, may be described in terms of the film 

thickness and the surfaces roughness of the articular surfaces R&I (head) and R. 2 (socket), using: 

_ 

hmin 

[(Ret )Z + (Ra2 )2 ]o. s (2.6) 

As lubrication is a function of both film thickness and surface roughness, the type of lubricating 

regime can be simply determined by equation (2.6), whereby full fluid film lubrication occurs 

when ?>3, mixed lubrication occurs when, 1<X<3, and boundary lubrication occurs when X 

< 1, (Johnson et al, 1972, Scholes and Unsworth, 2000). 

The results obtained when using elastohydrodynamic lubrication theory are presented in Figures 

2.14 and 2.15 (Jin et al, 1997). Figure 2.14 (a) and 2.14 (b) shows the theoretical influence of 

varying radial clearance on minimum film thickness for metal-on-metal and polyethylene/metal 
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combinations respectively. It can be seen from Figure 2.14, that the predicted minimum film 

thickness increases as the radial clearance decreases for both material combinations, which is 

also similar for a ceramic-on-ceramic combination. The theoretical results also show that a 
decrease in elastic modulus increases the predicted film thickness for a given radial clearance 
(Jin et al, 1997). These results suggest that the radial clearance is an important parameter in the 
lubrication of artificial joints for both hard and soft material combinations. 
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Figure 2.14. Predicted minimum film thickness for (a) metal-on-metal hip joint replacement, and (b) for 
UHMWPE-on-stainless steel hip joint replacement, for different radial clearances. (W=2.5 kN, R, = 14 
mm, u=0.015 m/s, q=0.005 Pa s, (a) Ei = 230 GPa, E2 = 230 GPa, v, = 0.3, v2 = 0.3, (b) El = 200 GPa, 
E2 =1 GPa, v1= 0.3, v2 = 0.4). Taken from (Jin et at, 1997). 
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Figure 2.15. Predicted film thickness ratio (A) for (a) metal-on-metal hip joint replacement, and (b) for 
UHMWPE-on-stainless steel hip joint replacement, for different radial clearances. (W=2.5 kN, RI = 14 
mm, u=0.015 m/s, q=0.005 Pa s, Rat = 0.01µm, Ra2 = 0.0l µm, (a) Ei = 230 GPa, E2 = 230 GPa, vi = 
0.3, v2 = 0.3, (b) E, = 200 GPa, E2 =1 GPa, v1= 0.3, v2 = 0.4). Taken from (Jin et at, 1997). 

It can be seen from Figure 2.14 that the fluid films generated for a metal-on-metal and 

UHMWPE-on-metal combination are of a similar thickness, however, when predicting 
lubrication conditions or regimes, it is imperative to consider the ratio between the film 

thickness and the combined surface roughness of the bearing surfaces. This factor is highlighted 
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in Figure 2.15, which shows that a metal-on-metal, or a ceramic-on-ceramic combination (not 

shown), are both capable of sustaining full fluid film lubrication, where a polyethylene/metal 

combinations cannot. Full fluid film lubrication is only possible due to the combined effect of 

high surface finishes and small radial clearances. However, a recent study by Scholes and 

Unsworth (2000), showed that CoCrMo-on-CoCrMo prostheses generated a film thickness ratio 

of less than 1, therefore suggesting a mixed lubrication regime instead of full fluid film 

lubrication for metal-on-metal, thereby indicating that further research is required. Their study 

showed greater A ratios for alumina-on-alumina bearings, indicating fluid film lubrication. It can 

be also seen in Figure 2.15 (b) that full fluid film lubrication is impossible for UHMWPE-on- 

metal combination, and is a direct result of the high surface roughness and low elastic modulus 

of the polyethylene (Jin et al, 1997, Jalali-Vahid et al, 2001). 

The modes of lubrication of artificial joints can be illustrated using a Stribeck curve, Figure 

2.16, which in general represents a map of the lubricating characteristics of a bearing. At the 

point of full fluid film lubrication, there is no solid-solid contact, and thus leads to the lowest 

point of friction, as friction is the energy lost or dissipated between surfaces. However, it can be 

seen from Figure 2.16, that friction significantly increases as the joint moves into a mixed or 
boundary lubrication regime, therefore demonstrating that low Sommerfeld numbers are related 

to high energy dissipations or high friction (Lansdown and Price, 1986). Additionally, high 

Sommerfeld numbers are also related to high energy dissipation, and is due to the rise in shear 

stress in the lubricant. The Sommerfeld number can be defined by the product of the entraining 

velocity, viscosity of the lubricant, and radius of the head, divided by the load across the 

prosthesis. 

Areas of Lubrication for THRs 
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Figure 2.16. An idealised relationship between the coefficient of friction (is), and the film thickness ratio 
(A). Adapted from (Lansdown and Price, 1986, Smith and Unsworth, 2000a). 
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These theoretical results should be interpreted as trend indicators, as there are many hidden 

inaccuracies in such modelling. Since the mode of lubrication is assessed by the film thickness 

ratio, it is important that running surface roughness values are used, as UHMWPE and metallic 

surfaces can change significantly during use. 

Properties of Joint Fluid after Hip Arthroplasty 

Following hip arthroplasty, a new capsule is formed from a regenerative synovial membrane, 

and within this new capsule, a form of intra-articular fluid or periprosthetic fluid is formed 

(Delecrin et al, 1994). The properties of this new fluid are of interest, as the joint fluid strongly 

contributes towards the mode of lubrication for all forms of total hip replacements. 

Periprosthetic fluid has a higher concentration of total protein, and a much lower concentration 

of hyaluronic acid when compared to healthy synovial fluid (Delecrin et al, 1994). Delecrin et 

al, also showed that during the postoperative period, there was an increase in periprosthetic fluid 

volume, with an increase in protein content, i. e. albumin and beta globulin. 

Figures 2.17 (a) and 2.17 (b) show a comparison between normal healthy synovial fluid and 
joint fluid withdrawn from a metal-on-polymer knee prosthesis (Cooke et al, 1978). This joint 

fluid possessed non-Newtonian properties, and at high shear rates produced a viscosity similar 

to synovial fluid from rheumatoid arthritic joints, and at low shear rates, the fluid possessed 

viscosities similar to osteoarthritic joints. It is important to note that the joint fluid from this 

investigation was taken from patients who originally had osteoarthritis. 
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Figure 2.17. Viscosity as a function of shear rate for (a) normal human synovial fluid, and (b) synovial 
fluid taken from joint arthroplasty. Taken from (Cooke et al, 1978). 
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2.3 Ultra-High Molecular Weight Polyethylene 

2.3.1 Introduction 

In November 1962, Sir John Charnley introduced ultra-high molecular weight polyethylene 
(UHMWPE) into the orthopaedic industry, as a result of a multitude of severe failures of PTFE 

sockets. Ultra-high molecular weight polyethylene is today the primary polymer used for 

bearing surfaces in hip and knee arthroplasty, and can be attributed to its high biocompatibility 

as a bulk material, bio-stability in vivo, high abrasion resistance, low friction, high toughness, 

high impact strength, low density, and ease of fabrication (Lewis, 1997). It can be said that the 

success of hip arthroplasty over the past three decades is largely due to the use of this material 

as a bearing surface (Wang et al, 1997a). 

Devices utilising UHMWPE as an articulating surface can function for more than 15 years if 

well designed and well implanted (Charnley and Halley, 1975, Kavenagh et al, 1989, Harris, 

1992 Wroblewski and Siney, 1993, Semlitsch and Willert, 1997). However, UHMWPE wears 
during its use, and the biological response to polyethylene wear particles is one of the major 

causes of failure of total hip replacement (Maguire et al, 1987, Howie, 1990, Peters et al, 1992, 

Revell et al, 1997, Kobayashi et at, 1997a & b). Due to this problem, research over the past two 

decades has focused on the development of greater wear-resistant polyethylenes by increasing 

the amount of crosslinking, using both ionising irradiation and additives (Clarke et at, 1997, 

Goldman and Pruitt, 1998, McKellop et at, 1999a, Muratoglu et al, 2001). Such studies have 

reported significant advances in the wear resistance of UHMWPE, however, such studies have 

not addressed the material's bioactivity when in the form of small wear particles, and it is this 

challenge that holds the greatest potential for future hip arthroplasty devices. The inflammatory 

nature of any material in the form of large numbers of small wear particles has in itself lead to 

new concepts and device materials, for example, zirconia and metal alloy hard bearings, where 

the total wear volume generated can be significantly reduced. 

2.3.2 Manufacturing Processes 

The manufacturing process of UHMWPE for medical use has improved significantly over the 

last two decades. Such improvements have eliminated the use of additives to aid manufacture, 

thus increasing the material's wear resistance. Typically, UHMWPE acetabular cup sockets are 

fabricated using one of three techniques; compression moulding, ram extrusion, or sheet 

moulding (Li and Burstein, 1994). 

Compressing or direct moulding involves the injection of a pre-measured volume of powder 

into a mould, which is then compressed to form the final shape of the socket. During moulding, 

the powder is heated under pressure in order to consolidate the component. Direct compression 
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can cause large variations in crystalline morphologies, scattering of crystalline regions, and an 

increase in density of surface layers due to differential cooling and crystallisation. Such 

techniques can produce very high initial surface finishes. Ram extrusion is used to produce 

UHMWPE cylindrical bar stock (0 50 mm to 150 mm), but to a low quality (Lewis, 1997). 

Simultaneous heating and pressurisation is applied to the starting powder within a 

polymerisation chamber, and as the polymer forms, bars are extruded. Ram extrusion has been 

shown to create internal inconsistencies or `dead zones' within the bar (Lewis, 1997). Semi- 

continuous melting and shrinking produces voids in the polymer matrix, and can lower the 

molecular weight. After extrusion, some manufacturers anneal the bar stock in order to remove 

residual stresses. Sheet moulding techniques are also often used to form large blocks or slabs of 

UHMWPE, which are then used to form acetabular sockets (Kurtz et al, 1999). 

The final step in manufacture is to machine the inner cup periphery or the complete cup profile 

using a precision lathe to achieve an initial surface roughness R. of 0.25 pm to 2 µm on the 

articular surface. Also annealing is often carried out, especially for ram-extruded polyethylene 
bar, and relieves residual stresses. 

There has been much discussion concerning the choice of manufacturing technique of 

UHMWPE, as machined ram extruded sockets have been shown to produce significantly higher 

wear rates than compression or direct moulded sockets (Bankston et al, 1995a, James et al, 
1999), typically showing a 2-fold increase. This difference in wear performance has been shown 

to be caused by the differences in the manufacturing processes and heating conditions, which 

affect the crystallinity and physical properties of polyethylene (Li and Burstein, 1994, Lewis, 

1997). 

Calcium stearate has often been incorporated in UHMWPE to prevent oxidation, and also to 
increase its flowability during manufacture. Although calcium stearate has been shown to 

reduce oxidation, the additive significantly reduces mechanical properties, due to fusion defects, 

which lowers the fatigue strength, thus causing cracking and delamination (Li and Burstein, 

1994). 

2.3.3 Properties 

Ultra-high molecular weight polyethylene is a semi-crystalline thermoplastic addition polymer, 

containing -[CH2-CH2]- repeat units, where n is above a million, Figure 2.18 (a). This simple 

backbone arrangement is flexible, thus it is able to fold up to form very tightly packed and 

ordered crystalline regions. Polyethylene crystals are regularly shaped, thin platelets (lamellae), 

approximately 10 nm to 20 nm thick, and 10 gm long (Callister, 1994). 

UHMWPE is different to many polymers in that the molecular chains are extremely long and 

highly entangled, and this makes the material resistant to wear (Wang et at, 1998c). Within the 
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solid matrix, molecules are arranged in both ordered (crystalline) and disordered (amorphous) 

regions, Figure 2.18 (b) and 2.18 (c). Within the crystalline regions molecular chains are 

oriented perpendicular to the chain fold interface (Wang et al, 1997a), and in the amorphous 

regions, chains are randomly folded with random interconnecting mechanical entanglements, 

Figure 2.18 (d). The amorphous regions consist of tie-chain molecules, which act as connecting 

links (Callister, 1994). Chemical crosslinking occurs in both amorphous regions and crystalline 

regions, however, this phenomenon does not occur in unirradiated UHMWPE (Wang et al, 

1997a). 
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Figure 2.18. Illustrations showing (a) molecule of polyethylene showing -CH2-CH2- double carbon 
chemical bonds, (b) TEM micrograph (x6000) of etched 415 GUR polyethylene surface using 
chlorosulfonic acid, showing the lamellae, (c) a transmission photomicrograph showing the spherulite 
structure of polyethylene, and (d) overall structure of a polyethylene spherulite. ((b), (c) and (d) Taken 
from (Li and Burstein, 1994, Callister, 1994) respectively). 

The mechanical properties of UHMWPE are determined by the following four parameters, 1) 

the ratio between crystalline and amorphous regions (crystallinity), 2) the number of tie 

molecules, 3) degree of mechanical entanglements and crosslinking of molecules, and 4) the 

orientation of the crystallites (Wang et al, 1997a and 1998c). Tables 2.3 to 2.5 shows 
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mechanical and physical properties of UHMWPE, which include the three most often used 

grades, ' GUR 412,415 and 1900. UHMWPE has an extremely high molecular weight, 

approximately 2 to 6 million g/mole, which is significantly greater than HDPE (0.05 to 0.2 

million g/mole). This very high molecular weight lies at the source of the material's superior 

wear resistance, fatigue, impact and fracture properties, compared to other polymers, for 

example, HDPE or Polyacetal, as the extremely long polymer chains of UHMWPE lead to 

increased molecular entanglements, causing a higher impact strength and higher toughness 

(Goldman and Pruitt, 1998), Table 2.3. Although HDPE has a greater density and tensile yield 

strength compared to UHMWPE, such parameters do not always mean increased wear 

resistance. For example, an increase in density at the articular surface can significantly increase 

the stresses associated with wear (Li and Burstein, 1994). 

Table 2.3. Table showing the mechanical and physical properties of UHMWPE compared to HDPE. 
Taken from (Li and Burstein, 1994). 

Property UHMWPE HDPE 

Molecular weight (millions g/mole) 2-6 0.05-0.2 
Density (g/m3) 930-945 952-965 
Tensile yield (MPa) 19.3-23 26.2-33.1 
Melting point (°C) 125-135 130-137 
Elongation at break (%) 200-350 10-1200 
Izod Impact (J/m) >1070 - no break 21-210 
Shore-D hardness 60-65 66-73 

Table 2.4. Table showing product information of the most widely used UHMWPE. Taken from (Li and 
Burstein, 1994). 

Product Type of Resin Manufacturer Shape of Stock 

1900 1900 Himont Sheet, bar 
412 GUR 412 GUR Hoechst/Celanese Sheet, bar 
415 GUR 415 GUR HoechstlCelanese Sheet, bar 
Chirulen 412 GUR Hoechst Sheet 
RCH 1000 412 GUR Hoechst Sheet 
Enduron 415 GUR DePuy Bar 
1120 GUR 412 GUR Hoechst Powder 
4150 HP 415 GUR Hoechst Powder 
Arcom 1900 Biomet Final product only 
Hylamer 415 GUR DePuy Dupont Ortho. Final product only 
Hylamer M 415 GUR DePuy Dupont Ortho. Final product only 
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Table 2.5. Table showing mechanical and physical properties of the most widely used UHMWPE. Taken 
from (Li and Burstein, 1994). 

Property Unsterilised 415 GUR Hylamer 

Density (g/m) 934 955 
Crystallinity (%) 50 68 
Melting point (°C) 135 149 
Yield strength (MPa) 23.3 28.6 
Tensile strength (MPa) 33.8 40.7 
Elongation at break (%) 339 334 
Modulus (GPa) 1.39 2.52 
Creep (%) 2.3 0.9 
Izod impact (J/m) 950 1196 

As well as using high dose irradiation or additives to improve the mechanical properties of 

UHMWPE, researchers are also using very high pressures and temperatures (300 MPa, 250 `C) 

to increase the material's crystallinity (Li and Burstein, 1994). Such improved materials have 

been produced with a 30 % increase in crystallinity without degradation of the original material 

(Li and Burstein, 1994). Hylamer and Hylamer M are higher-crystalline UHMWPEs. 

2.3.4 Sterilisation and Crosslinking 

Sterilisation of polyethylene is imperative to reduce the probability of infection. However, many 

recent studies have confirmed that when applying high dosages of irradiation to ultra-high 

molecular weight polyethylene, the wear resistance against hard counterfaces can be 

significantly increased (Wroblewski et al, 1996, Clarke et al, 1997, Oonishi et al, 1998a, 

Goldman and Pruitt, 1998, Muratoglu et al, 1999, Laurent et al, 2000, Bowsher and Shelton, 

2001, Lewis, 2001). A similar result is also found when applying additives, for example, silane 

or peroxide (McKelIop et al, 1999, Muratoglu et al, 1999). 

Many hip simulator studies are currently reporting extremely low quantities of wear for highly 

crosslinked polyethylenes, typically as low as 2.0 mm3 per million cycles. A study undertaken 

by Laurent et at (2000a), reported virtually no measurable wear after twenty million cycles of 

normal walking, and highlights the potential of such materials. Radiographic measurements are 

also manifesting extremely low in vivo wear rates of highly crosslinked polyethylene, with 

recent retrieval studies undertaken by Oonishi et al (1998), showing little evidence of in vivo 

scratching and delamination on sockets irradiated at 100 Mrads, Section 2.4.1. 

By John Bowsher IRC in Biomedical Materials 



Chapter Two: Literature Review Page 38 

The following section will thus detail relevant physical and chemical changes of UHMWPE due 

to the three main techniques of sterilization, gamma sterilisation, EtO and gas plasma 

sterilisation. 

Gamma Radiation Sterilisation 

Gamma radiation has proved to be a very effective and cost effective sterilisation technique for 

polyethylene, and is currently the preferred sterilisation method (Deng and Shalaby, 2000). The 

process does not require heating, and can be quickly automated. Typically, UHMWPE 

components are irradiated in a vacuum at 2 to 10 Mrads, however, such dosages have been 

shown to be 6 to 10 times higher than necessary for successful sterilisation. Studies by Streicher 

(1988) and Masri et al (1996), have reported that a dose of only 1.8 Mrads and 0.4 Mrads of 

gamma irradiation respectively, provides 100 % sterility. 

During gamma sterilisation, components are placed near to an emitting source for a set period of 

time, and since no radiation is absorbed, components can be used immediately. Gamma 

radiation penetrates all surfaces of the component, ensuring that all surfaces, cavities and 

protective spores containing bacteria and micro-organisms can be reached, unlike surface 

sterilants, such as ethylene oxide (EtO), and autoclave. Typically, gamma rays are emitted from 

a radioactive material, for example, Cobalt 60 and Cesium 137, however, Cobalt 60 has become 

the industry standard due to its reliability, effectiveness, and that it produces no chemical 

residue on components after sterilisation. 

Gamma radiation of UHMWPE has been hypothesised to lead to the formation of free radicals, 

especially in the presence of oxygen. Once formed, free radicals then react with available 

oxygen, either in the surrounding area or dissolved in the polymer matrix, and thus become 

oxidised (Sutula et al, 1995). This oxidation of free radicals results in the breaking of the C-C or 

C-H bonds of the polyethylene polymer chain, therefore producing shorter UHMWPE 

molecules with keto-carbonyl groups (chain scission) (Naidu et al, 1997, Goldman and Pruitt, 

1998). The shortening of the polyethylene molecules as a result of gamma irradiation allows the 

molecules to become more ordered within the polymer matrix, which in turn, increases the 

crystallinity, density and melting point (James et at, 1993, Premnath et at, 1996, Deng and 

Shalaby, 2000, Oonishi et al, 2001a). This process has been shown to be proportional to 

radiation dosage (Roe et at, 1981). The shortening of molecules also results in a reduced 

molecular weight, and in some cases can convert UHMWPE to HDPE (Naidu et al, 1996). This 

phenomenon can be observed using Fourier transform infrared spectroscopy. With continuous 

chain scission, only sixteen of the original 360,000 C-C bonds can be broken to turn UHMWPE 

into HDPE (Li et al, 1994, Naidu et at, 1997), thus emphasising the significance of low level 

chemical damage. This phenomenon is currently causing many discussions, as a significant 
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increase in crystallinity of UHMWPE results in an increase in stiffness, thus increasing wear (Li 

and Burstein, 1994). In contrast, chemically crosslinked (Peroxide) polyethylene leads to a 

reduced crystallinity and oxidation, as well as a marked improvement in wear resistance (Shen 

et al, 1996,1998, McKellop et al, 1999a). 

Gamma radiation has also been suggested to accelerate the process of oxidation (Li and 
Burstein, 1994). Oxidation of UHMWPE that has been gamma irradiated in air, has been shown 

to continue over long periods of time following the initial sterilisation, whether implanted or not 
(Shinde and Salovey, 1985, Eyerer and Ke, 1987, Li and Burstein, 1994, Li et al, 1994, Sutula et 

at, 1995, Premnath et at, 1996, Deng and Shalaby, 2000). Oxidation is a slow process, and is 

typically measured in years (Kurtz et at, 1997). This oxidation process has been shown to cause 
both physical and chemical changes to polyethylene, for example, an increase in density, 

crystallinity and wear rate (Fisher, 1994, Naidu et at, 1997, Kurtz et at, 1999). Oxidation has 

been reported to increase the modulus and brittleness of the polyethylene (Li and Burstein, 

1994), and also a reduction in tensile strength, impact strength, fatigue strength, ductility and 
Young's modulus (Pascaud et at, 1995, Goldman et at, 1995, Sutula et at, 1995, Goldman and 
Pruitt, 1998, Edidin et at, 2000b). However, a study of 128 retrieved polyethylene sockets with 

a mean implantation time of 12 years, showed no evidence of substantial oxidation degeneration 

(Jasty et at, 1997). A similar result was observed by Oonishi et at (2001a), when investigating 

two high-dose irradiated retrieved sockets, which showed no forms of oxidative degradation 

after 15 years of implantation. Such results indicate that the mechanisms behind oxidation are 

complex and variable, and a more detailed knowledge of the exact sterilisation methods are 

required to make further conclusions. Nevertheless, the occurrence of oxidation, often termed 

`ageing', has also been widely postulated to be caused by oxidants within the body, which also 

generate oxygen radicals. In order to reduce oxidation ageing, many manufacturers are currently 

packing polyethylene components in oxygen-free packages that contain an inert gas, for 

example, argon or nitrogen. Such packing systems have been suggested to avoid immediate 

chemical damage, however, currently there is no clinical evidence that the life of a polyethylene 

socket has been increased using this method. The process of oxidative aging is often simulated 

in laboratory wear tests (Besong et al, 1997). Studies by Sun et at (1996) and Edidin et at 

(2000), have reported that 10 years of natural shelf aging can be represented by heating the 

UHMWPE sockets in an oven at 80 °C for 23 days, with initial heating of 0.6 °C/min or slower. 

However, further studies are required, especially those concerned with wear characteristics. 

As well as causing oxidation and a reduction in molecular weight, gamma radiation also causes 

crosslinking of the molecules in the crystalline region, especially when irradiating in nitrogen 
(Goldman and Pruitt, 1998). Cross-linking of the lamellar crystals results in a permanent 

intermolecular network (crosslinks), Figure 2.19, which decreases the molecular mobility, and 

By John Bowsher IRC in Biomedical Materials 



Chapter Two: Literature Review Page 40 

thus reduces molecular orientation, which in turn significantly increases the materials wear 

resistance under a cross-shear motion (Wroblewski et al, 1996, Wang et al, 1996b, Clarke et al, 
1997, Goldman and Pruitt, 1998, Oonishi et al, 1997 and 2001a, McKellop et al, 1999, 

Muratoglu et al, 1999,2000,2001, Kurtz et al, 1999). 

Figure 2.19. Schematic diagram of molecules showing normal crosslinking, chain ends, and 
entanglements. Taken from (Young and Lovell, 1991). 

Although the wear resistance of UHMWPE increases with crosslinking, it is important to note 

that crosslinking also reduces the mechanical properties of polyethylene, for example, 

toughness, tensile modulus, tensile elongation, ultimate tensile strength, yield strength, and 
hardness (Muratoglu et al, 1999 and 2000, McKellop et al, 1999a, Lewis, 2001). Other 

properties reduced by increased crosslinking include, crystallinity and melting temperature 

(Lewis, 2001). Muratoglu et al (1999) concluded from their study that the wear behavior of 

crosslinked polyethylene is most dependant on the molecular weight between crosslinks, and 

not the general mechanical and physical properties of polyethylene. This relationship between 

wear resistance and crosslink density has been shown to be limited. A study by Oonishi et al 
(1997), reported that very high dosages of gamma radiation (1000 Mrads) can lead to a greater 
brittleness of polyethylene, and a recommended dose of 200 Mrads should be used to obtain 

optimum performance. 

(EtO) Ethylene Oxide, Gas Plasma Sterilisation 

Alternative sterilisation methods to gamma radiation are Ethylene oxide and Gas plasma. 
Ethylene oxide gas sterilisation is an established commercially available method, however, as 
EtO gas is highly toxic, there are many concerns for health risks, with no safe minimum dosage 

(Kurtz et al, 1999). Although EtO sterilisation provides important protection against infection, 

the method differs from gamma irradiation, in that it does not usually cause cross-linking of the 

lamellar crystals (Wang et al, 1996a), which has been shown to reduce the event of polyethylene 

wear. Gas plasma is another promising alternative to irradiation in air, however, as with EtO, 

crosslinking of the lamellae does not occur. 
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2.4 Clinical Wear of Polyethylene/Metal Implants 

2.4.1 Clinical Wear of Ultra-High Molecular Weight Polyethylene 

The mechanisms of clinical wear of UHMWPE are multi-factorial and extremely complicated. 

High clinical wear rates of polyethylene have been associated with both damaged articular 

surfaces (heavy-scratching) and with excellent polished surfaces (Wang et al, 1997a), thereby 

indicating that wear volume is simply not governed by surface topography, and involves a 

complex relationship between patient factors, i. e. age, gender, activity level, surgical technique, 

and the size and type of the prostheses used (McGee et al, 2000). Although some recent studies 

have reported a significant power relationship between the surface morphology of worn 

components and the observed wear mechanisms (Kurtz et al, 2000), such studies do not explain 

why rapid failure can occur with undamaged polished surfaces. 

Total hip replacements retrieved at revision surgery show that with time, the femoral head bores 

a cylindrically-shaped wear path into the polyethylene socket, and is typically in a 

superomedial, superior or superolateral direction. (Charnley and Halley, 1975, Wroblewski, 

1985, Gebhard et al, 1990, Kabo et al, 1993, Dowson, 1995, Hall et al, 1996,1998), Figure 2.20. 

Since the maximum compressive joint force is superomedial during normal gait, the occurrence 

of superolateral wear has historically raised many discussions. The most probable explanation 

for superolateral wear was presented by Murray and O'Connor (1998), which states that 

maximum wear occurs at the location of maximum sliding velocity, thus the direction of wear 

penetration will be perpendicular to the axis of rotation, where the maximum sliding distances 

occur, i. e. superolateral. The theory also speculates that maximum creep occurs at the location 

of maximum load, and is therefore in a superomedial direction, thus indicating that creep and 

wear occurs in different directions simultaneously, Figure 2.20, (Murray and O'Connor, 1998). 

Superior 

Creep Wear 

Max Joint Contact Force 

Axis of Rota t'/ 

Sliding Velocity 

Mean Angle 37 Degrees, (Hall et 
al, 1996,1998) 

Lateral 

Medial 

Inferior 

Figure 2.20. Direction of clinical creep and wear penetration of polyethylene acetabular sockets, 
Adapted fron, (Murray and O'Connor, 1998). 
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The conclusions made by Murray and O'Connor, match the results found clinically, as early 

socket penetrations are typically superomedial, when creep is more dominant, and that high 

penetrations are superolateral, i. e. when wear is more dominant (Murray and O'Connor, 1998). 

The average penetration angle with respect to the face of the socket has been reported to be 37 

degrees (range 0 to 87 degrees), (Kabo et at, 1993, Hall et at, 1996 and 1998), which supports 

the above conclusions. 

The wear scars from retrieved polyethylene sockets are typically highly polished, showing a 

clear difference between the worn and the original surfaces (Charnley et al, 1975, Kabo et al, 

1993, Hall et al, 1996, Jasty et al, 1997, Oonishi et al, 1998a and 1998b). However, most 

acetabular sockets show evidence of pitting and scratches caused by abrasive wear by third- 

body particles, such as bone particles, bone-cement particles, and metal particles (Atkinson et 

al, 1985, Issac et al, 1987,1992,1996, Hall et al, 1996, Jasty et al, 1994a and 1997, Sychterz et 

al, 1999), with some sockets also showing scratching caused by impingement, Figure 2.21 (a). 

(a) (h) 

Figure 2.21. Photograph of (a) a retrieved polyethylene acetabular socket after 6 years of implantation due to 
osteolysis, showing an eccentric wear pattern, the superior worn area is highly polished and is separated from 
the inferior (small arrows), also evidence of impingement anteriorly (large arrow), and (b) a retrieved 
polyethylene socket showing metal beads in the articulating surface which derived from the porous coating on 
the non-articulating surface. Taken from (tasty et al, 1997, McGee et al, 2000, respectively). 

Pitting of polyethylene sockets is also often seen, especially in unworn regions (Hall et al, 

1996), and has been also speculated to be caused by cement, bone particles or metal particles 

entering between the two articular surfaces. Retrieved metallic femoral heads also show 

scratches, pitting or indentations and burnishing, all of which are typically found to be 

multidirectional and to vary considerably in density. Studies by Jasty et al (1994a) and Puolakka 

et al (2001), reported that uncemented and hybrid (porous-coated) arthroplasties had higher 

degrees of articular surface damage compared to cemented arthroplasties, thus concluding that 

such designs which include porous coatings, metal backing and modularity, can generate more 

harmful third-body particles and higher wear conditions (Puolakka et al, 2001). Figure 2.21 (b) 

highlights that metal beads from porous coatings can travel proximally from the non-articulating 

femoral stem, and become embedded in the articular surface of the polyethylene socket, 
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(McGee et al, 2000). A study by Sychterz et al (1999), observed that the acetabular sockets with 

embedded particles showed a significantly greater wear rate than those without embedded 

particles, thus demonstrating that minimising third-body particles is essential in maintaining 
function and life of a polyethylene/metal implant. 

Detailed examinations of all worn surfaces of implanted acetabular components show that 

extensive plastic deformations have occurred (Jasty et at, 1994b, Wang et al, 1996a). The result 

of these deformations reveal that the crystalline lamellae orientate themselves in a direction that 

coincides with the direction of maximum stress, and in the case of THRs, is in the direction of 
flexion/extension. These deformations are due to repeated asperity contact causing plastic strain, 

either by an abrasive or adhesive mechanism (Wang et al, 1997a). Strain hardening in the 

flexion/extension direction is coupled with orientation softening of the material in the weaker 

traverse direction, i. e. abduction/adduction, thus increasing polyethylene wear (Wang et al, 

1997a). This mechanism implies that a reduction in molecular orientation at the wear surface 

will increase the wear resistance of UHMWPE, and can be achieved by increasing the degree of 

cross-linking of molecular chains through irradiation (Fisher, 1994, Wang et al, 1997a). Wang 

et al (1997a) also concluded that clinically retrieved sockets often show four types of surface 
features: 1) regular and irregular arrays of surface ripples and bumps; 2) oriented and non- 

oriented loose fibrils; 3) oriented fibrils with no loose ends, and 4) multi-directional scratches. 
Evidence of these features are shown in Figures 2.22 (a) and 2.22 (b). Studies by Oonishi, et al 
(1998b) also showed similar observations for conventional polyethylene articular surfaces, 
Figure 2.22 (c), reporting carpet-like conspicuous fine fibres on Charnley (22 mm) 

polyethylene/metal prostheses. Oonishi et al, also showed that this surface phenomenon had no 

correlation to clinical wear rate, and importantly, that such features reduce in scale with higher 

doses of gamma irradiation (100 Mrads), i. e. highly XLPE, Figure 2.22 (d), thus suggesting 

reduced levels of plastic strain. A similar result was recently reported by Yamamoto et al (2001) 

using 100 Mrad XLPE and hip joint simulation, with the results showing a direct relationship 

between the square root of the radiation dose and the size and shape of surface fibrils. 

Kabo et at, 1993, reported that when analysing 40 hip arthroplasty patients with an average age 

of 50 years (18 to 76), average weight 68 kg (44 to 107), and an average implantation time of 11 

years (5 to 19), there was no significant relationship between any parameter, such as wear 

volume, patient age, weight, head size, and patient activity level. However, their study did show 

a moderate correlation (r2 = 0.56), when combining patient activity and head size, with the 

results showing that high activity did increase polyethylene wear (Kabo et al, 1993). McCoy et 

al, 1988, Wroblewski, 1985, and Feller et al, 1994, have also reported similar trends of high 

wear with high patient activity. A retrieval study by Jasty et al (1997), showed that when 

examining 128 polyethylene sockets, that there was no significant relation between age, gender, 
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patients weight, side of arthroplasty, design of the prosthesis, and thickness of socket. However, 

their study did show a significant relationship with wear and the implantation time of the 

prosthesis (p < 0.05) (Jasty et al, 1997), thus demonstrating that the number of cycles and total 

sliding distances travelled may be a more important variable in clinical wear, especially under 

adhesive and abrasive wear. 

(A) 

(h) 

(c) (d) 
Figure 2.22. Pictures showing SEM micrographs of worn surfaces of retrieved UI IMWPE cups (a) after 
approximately seven years of clinical use: regions showing surface micro-cracking, (b) regions showing 
fibre formation, (C) Charnley 22 mm prosthesis showing carpet-like conspicuous fine fibres, and (d) 

articular surface of 100 Mrad gamma irradiation after 13 to 14 years implantation. Taken from (Wang et 
al, 1996a, Oonishi et al, 1998b, respectively). 
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The radial thickness of a UHMWPE socket has been shown to be a factor in predicting long- 

term clinical wear (Oonishi et at, 1998a). As the thickness of the socket decreases, the material's 

structural stiffness decreases, thus increasing stress and wear (Bartel et at, 1986). This research 
has shown that even though the modulus of elasticity remains constant, the structure stiffness 

can vary, thus influencing wear. Research has shown that a reduction from 10 mm to 7 mm 

socket width will result in doubling the clinical wear rate (Saikko et at, 1996, Oonishi et at, 

1998a). Although high wear can be seen with very small femoral head diameters, in general, 
large femoral head diameters are also associated with increased clinical wear (Jasty et at, 1997, 

Lewis, 1997, Oonishi et at, 1998c). Although a larger head diameter reduces contact pressures, 

the frictional torque levels significantly increase, thus increasing wear debris production (Ma et 

at, 1983, -Kabo et at, 1993). Lewis (1997) suggested that a . 28 mm head diameter leads to a 

minimisation of polyethylene wear in acetabular sockets. 

2.4.2 Published Clinical Wear Rates 

Table 2.6 outlines the range of mean volumetric wear rates reported for polyethylene/metal 

prostheses, and includes both radiographic measurements and direct measurements from 

retrieved specimens, either at revision or autopsy. It can be seen from Table 2.6, that the lowest 

reported clinical wear rate was 9 mm3/yr (Oonishi et al, 1998a), for 100 Mrads highly 

crosslinked UHMWPE, and is typically a 1/4 of the wear rate produced by a conventional 
Charnley prosthesis. Although the number of specimens examined was very low, this result may 

demonstrate a significant clinical improvement for highly crosslinked sockets. Mean penetration 

rates for conventional Charnley prostheses are typically between 30 to 80 mm3/yr, however, 

worse results are often observed for younger patients (Masbah and Hughes, 1996, Lewis, 1997, 

McGee et al, 2000). 

Although the published mean wear rates listed in Table 2.6 are of interest, it is important that 

one considers such ranges of wear as a general comparison only, as the wear of an implanted 

prosthesis is a function of use, and not time (Schmalzried et al, 1998 and 2000). Studies have 

also reported individual cases of excessive wear, greater than 120 mm3/yr, thereby indicating 

that high wear events do occur under non-ideal conditions for all types and designs of 

prostheses. 

Figure 2.23 (a) illustrates a general overview of clinical wear for the three main types of 

prostheses, and shows that higher penetration rates are typically generated by 

polyethylene/metal implants (Semlitsch and Willert, 1997). It can also be seen from Figure 2.23, 

that lower clinical wear rates of polyethylene are achievable when using ceramic heads, 

however, other studies have reported no differences. A lower clinical wear rate with ceramic 

heads may be due to the materials increased abrasive resistance and high surface finish. 
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The variation in clinical wear of polyethylene as a function of implantation time for 129 

Chamley acetabular sockets is shown in Figure 2.23 (b) (Hall et al, 1996). Although the data 

reported by Hall et al, showed a general increase in wear with implantation time, the results 

clearly showed no significant statistical correlation at all, and highlights that the clinical wear of 

polyethylene is highly multi-factorial, and complex, and simply not a function of time. 

Table 2.6. Clinical wear rates of ultra-high molecular weight polyethylene. 

Study Head No. of Details of Polyethylene Prostheses Mean Clinical 
Dia Hips Wear Rate 

(mm) (mm3/yr) 

Charnley & Cupic, 1973 22.25 72 Charnley hip prosthesis, UHMWPE/SS 46 
Charnley & Hailey, 1973 22.25 72 Chamley hip prosthesis, UHMWPE/SS 50 
Griffith et at, 1978 22.25 493 Chamley hip prosthesis, UHMWPE/SS 27 
Atkinson et al, 1985 22.25 25 Charnley hip prosthesis, UHMWPE/SS 55 
Wroblewski, 1985 22.25 42 Charnley hip prosthesis, HDPE/SS 80 
Wroblewski, 1986 22.25 103 Charnley hip prosthesis, UHMWPE/SS 36 
Ohashi et at, 1989 32 13 Conventional UHMWPE/SS 35 

28 106 Conventional UHMWPE/CoCr 26 
28 187 Conventional UHMWPE/Alumina 15 

Okumura et at, 1989 22 - Conventional UHMWPE/SS 53 
28 UHMWPE/Alumina 49 

Livermore et at, 1990 22.25 227 Charnley hip prosthesis, UHMWPE/SS 49 
32 60 Conventional UHMWPE/CoCr 80 

Wroblewski, 1992 22.25 1182 Charnley hip prosthesis, UHMWPE/SS 45 
Isaac et at, 1992 22.25 100 Charnley hip prosthesis, UHMWPE/SS 80 
Kabo et at, 1993 22 5 Conventional UHMWPE/SS 25.9 

26 3 Conventional UHMWPE/CoCr 63.4 
28 23 Conventional UHMWPE/CoCr 75.6 
32 9 Conventional UHMWPE/CoCr 88.7 

36-54 20 Surface Replacements 313.5 
Cates et at, 1993 28 99 Polyethylene/Titanium alloy heads 49 

28 134 Polyethylene(metal-back)/Titanium alloy 68 
heads 

Hernandez et at, 1994 28 97 Polyethylene/Titanium alloy heads (cement) 86 
28 134 Polyethylene/Titanium heads (non-cement) 135 

Bankston et at, 1995b 28 77 Polyethylene/SS 37 
28 77 Polyethylene/CoCr 31 
28 77 Polyethylene/Titanium alloy 49 

Callaghan et at, 1995 22 23 Polyethylene/SS (machined)-5-yr. Follow-up 46 
22 61 Polyethylene/SS (moulded) -5-yr. Follow-up 42 
28 20 Polyethylene/CoCr (mould. )-5-yr. Follow-up 86 
28 43 Polyethylene/CoCr (moulded/metal-backed) 68 
28 63 Polyethylene/CoCr(mach. )-5-yr. Follow-up 43 
28 20 Polyethylene/CoCr(mach. )-10-yr. Follow-up 74 
22 23 Polyethylene/SS (mach. )-15-yr. Follow-up 42 
22 61 Polyethylene/SS (mach. )-15-yr. Follow-up 34 
22 23 Polyethylene/SS (mach. )-22-yr. Follow-up 38 

Woolson and Murphy, 1995 28 80 Polyethylene/CoCr (non-cement) 86 
Hall et at, 1996 22.25 129 Charnley hip prosthesis, UHMWPE/SS 55 
Jasty et at, 1997 28 22 Polyethylene sockets, retrieved at autopsy 35 

28 84 Polyethylene sockets, retrieved at revision 62 
28 22 Polyethylene sockets (metal-back) 94 

Shaver et at, 1997 28 43 Polyethylene/CoCr 47 
Sychterz et at, 1997 32 96 Polyethylene/CoCr 137 
Oonishi et at, 1998a 22.25 16 Charnley hip prostheses, UHMWPE/SS 30 

32 7 Muller hip prostheses, UIIMWPE/CoCr 61 
28 2 SOM hip prostheses, UIIMWPE-(100 Mrad) 9 

Elfick et al, 1998 32 47 Polyethylene/CoCrMo (Porous Coated) 96 
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Figure 2.23. Published clinical wear rates showing (a) expected wear areas of the three main types of 
implants, and (b) wear volume as a function of implantation time. Taken from (Semlitsch and Willert, 
1997, Hall et al, 1996, respectively). 

2.4.3 Surface Topography of Retrieved Implants and effects of 

Historically, there have been many topography studies of retrieved polyethylene/metal implants, 

with the majority showing a similar level of roughness. Table 2.7 details the findings from ten 

retrieval studies totalling four hundred cases, and demonstrates that the femoral roughness R. of 

metallic heads does not usually exceed 0.4 µm. Although some retrieval studies have reported a 

high level of femoral roughness for stainless steel heads, Ra 4.3 µm (Tipper et al, 2000), such 

values are very severe, and do not represent the majority of retrieved implants. The median 

femoral surface roughness R. calculated from the ten studies mentioned (Table 2.7), was 0.06 

µm, and suggests that femoral roughness has generally a low value. 

Table 2.7. Summary of surface topography of retrieved metallic femoral counterfaces run against 
polyethylene sockets. 

Study No. of 
cases 

Mean implant 
time (yrs) 

Roughness range or max. Rp Range or maxima 

Wroblewski et at, 1992 4 20 R, 0.008 µm to 0.102 µm - 
Isaac et at, 1992 71 9 R, 0.013 µm to 0.4 µm 0.30 µm 
Jasty et at, 1994a 23 4.3 0.1 to 2 µm deep scratches (uncemented) 
Bauer et at, 1994 45 2.6 max R. 0.002 µm to 0.47 µm (cemented) 
Hall eta, 1996 129 10.7 R. 0.02 pm to 0.19 µm - 
Hall et al, 1997 35 12 R, 0.08 µm, R, 1.55 µm 0.40 µm to 0.69 µm 
Kusaba and Kuroki, 1997 36 9 R, 0.006 µm to 0.06 µm - 
Minakawa et al, 1998 10 14.4 - 0.05 µm to 2.3 µm 
Sychterz et at, 1999 20 8.5 R. 0.022 pm to 0.098 µm - 
Tipper et al, 2000 18 12.9 R. 0.01 pm to 4.3 µm 4.1 µm 
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Figures 2.24 (a) and 2.24 (b) show two scanning electron micrographs of retrieved CoCr 

femoral heads, and shows that multiple scratching has occurred in multi-directions in varying 

quantities and sizes (Sychterz et al, 1997 and 1999). Figure 2.24 (c) also shows an image of a 
CoCr head using a dissecting microscope, also showing very similar topographies (Jasty et al, 
1994a). 

(c) 
Figure 2.24. Scanning electron micrographs of scratched CoCr femoral head retrieved after (a) 4.5 years, 
showing severe scratching, (b) 5 years of implantation, and (c) image through a dissecting microscope 
(xl6) of a CoCr femoral head showing multiple multi-direction scratches. Taken from (Sychterz et al, 
1999, Jasty et at, 1994a, respectively). 

Although the surface topography of femoral heads is usually low, this is not often the case for 

the polyethylene acetabular sockets, which in some cases show high levels of surface abrasion 

and pitting. Figures 2.25 (a) and 2.25 (b) show the extent of high surface damage of retrieved 

polyethylene sockets (Amstutz et al, 1992), and highlights the degree of abrasive wear caused 
by third-body particles. The use of highly crosslinked polyethylenes (100 Mrads) have recently 

shown very low levels of in vivo pitting, scratching, delamination and general abrasive wear 
(Oonishi et al, 1998a), thus suggesting that the recently improved polyethylenes are more 
damage resistant than those previously reported. However, more numbers of cases with longer 

implantation times are required to make further conclusions. 

Figure 2.25. Pictures showing clinically retrieved acetabular sockets run against, (a) CoCr-alloy 
(cemented) failed after 10.5 years, and (b) porous-coated titanium surface replacement that failed after 4.8 
years. All articular surfaces are painted with India ink to highlight scratches. Taken from (Amstutz et al, 
1992). 
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Figures 2.24 (a) and 2.24 (b) show two scanning electron micrographs of retrieved CoCr 

femoral heads, and shows that multiple scratching has occurred in multi-directions in varying 

quantities and sizes (Sychterz et al, 1997 and 1999). Figure 2.24 (c) also shows an image of a 

CoCr head using a dissecting microscope, also showing very similar topographies (Jasty et al, 

1994a). 
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Figure 2.24. Scanning electron micrographs of scratched CoCr femoral head retrieved after (a) 4.5 years, 
showing severe scratching, (b) 5 years of implantation, and (c) image through a dissecting microscope 
(xl6) of a CoCr femoral head showing multiple multi-direction scratches. Taken from (Sychterz et al, 
1999, Jasty et al, I994a, respectively). 

Although the surface topography of femoral heads is usually low, this is not often the case for 

the polyethylene acetabular sockets, which in some cases show high levels of surface abrasion 

and pitting. Figures 2.25 (a) and 2.25 (b) show the extent of high surface damage of retrieved 

polyethylene sockets (Amstutz et at, 1992), and highlights the degree of abrasive wear caused 

by third-body particles. The use of highly crosslinked polyethylenes (100 Mrads) have recently 

shown very low levels of in vivo pitting, scratching, delamination and general abrasive wear 

(Oonishi et at, 1998a), thus suggesting that the recently improved polyethylenes are more 

damage resistant than those previously reported. However, more numbers of cases with longer 

implantation times are required to make further conclusions. 

(a) (b) 

Figure 2.25. Pictures showing clinically retrieved acetabular sockets run against, (a) CoCr-alloy 
(cemented) failed after 10.5 years, and (b) porous-coated titanium surface replacement that failed after 4.8 
years. All articular surfaces are painted with India ink to highlight scratches. Taken from (Amstutz et all, 
1992). 
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The Effects of Surface Tonoaraphy on Clinical Wear of UT-INIWPE 

The influence of surface topography on the clinical wear of polyethylene has historically raised 

much debate. Studies by (Atkinson et al, 1985, Isaac et al, 1992, and Sychterz et al, 1999, Elfick 

et al, 1999), have all concluded that there was no relationship between femoral head roughness 

and polyethylene wear or component duration in situ, when observing over 20 retrieved 

prostheses. However, the study undertaken by Hall et al (1996), showed a positive correlation 

between surface topography and clinical wear factor, for 129 retrieved 22 mm Charnley 

prostheses, Figure 2.26, showing that the clinical wear factor was proportional to R. raised to 

the power 0.54. Although Hall et al (1996), reported a strong correlation between the clinical 

wear factor and femoral roughness, it can be seen from their results, Figure 2.26, that a large 

scatter exists, thus implying a weak correlation. It has also been concluded by Elfick et al 
(1999), that the relationship between roughness and wear rate is uncertain, as the types of 

roughness parameters are inadequate in fully describing damaged features of articular surfaces. 
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Figure 2.26. Graph showing the variation of clinical wear factors with respect to the arithmetical mean 
roughness R, for low-friction Charnley prostheses. Taken from (Hall et al, 1996). 

2.4.4 Characterisation of Retrieved Polyethylene Wear Particles 

As the majority of total hip replacements fail due to aseptic loosening as a result of polyethylene 

wear particles (79 %) (Malchau et al, 1993), the exact nature of these particles has become a 

major clinical concern (Kobayashi et al, 1997b), and has led to many retrieval studies of 

periprosthetic tissue. The implications of retrieving and characterising clinically generated wear 

particles is now recognised to be vast, and importantly, such information can be used directly to 

aid both biological and tribological research into all failure mechanisms of THRs. 

Polyethylene particles are typically isolated from tissue by digestion using KOH or NaOH 

(Campbell et al, 1994, Shanbhag et al, 1994, McKellop et al, 1995, Campbell et al, 1994 and 

1995, Besong et al, 1998, Vamac, 1999). Using such techniques, many studies have reported 
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that polyethylene particles retrieved from periprosthetic tissue range in size from 0.1 p. m to 

several millimetres in length (Hailey, et al, 1996, Wang et al, 1996a, Tipper et al, 2000, Otto et 

al, 2000). Particles can be viewed using light microscopy. However, such techniques have been 

shown to be limited, as the majority of particles are smaller than 1µm, therefore SEM is 

generally used (Campbell et al, 1994,1995,1996, Lewis, 1997). The digital images of the wear 

particles are then analysed using image analysis techniques, similar to that reported by 

Stachowiak et al (1997). 

Most retrieval studies show six particle morphology types, namely, submicron-sized particles 

(rounded or elongated (0.05-1 µm), larger granular or elongated particles (1-5 µm), thin fibrils 

(0.2-0.3 µm diameter x 5-25 pm long), larger platelet-type particles (10-400 µm), aggregated 

larger particles, and large flake particles or shreds (20 µm to 7 mm) (Shanbhag et al, 1994, 

Savio et al, 1994, McKellop et al, 1995, Campbell et al, 1996, Hailey et al, 1996, Tipper et at, 
2000, Otto et al, 2000). These six most predominant particle types are presented in Figures 2.27 

(a) to 2.27 (i), and are typically observed in varying quantities in all samples, with the most 
dominant number of particles being submicron-sized, Figure 2.27 (a) and 2.27 (i). A study by 

Shanbhag et al (1994) showed that 92 % of polyethylene particles retrieved from tissue were 

smaller than I µm in size, with a mean particle size of 0.53 µm. This average particle size is 

similar to many retrieval studies, Table 2.8, all showing a similar percentage of sub-micron 

particles. Aggregates of wear particles are also often observed under SEM, Figure 2.27 (h), and 
has been suggested to be caused by the clumping of particles, formed during subsequent 
filtering and drying (Elfick et at, 2000). 

Table 2.8. Summary of the size range of UHMWPE wear particles retrieved from periprosthetic tissue. 

Study Mean particle size 
(µm) 

Range of Majority of 
Particles (µm) 

Largest Particles 
Observed (µm) 

Shanbhag et al, 1994 0.53 0.2-1.0 400 
Jacobs et a1,1994 - - - 
Maloney et al, 1995 0.5 0.3-1 200 
Campbell et al, 1996 0.38 µm 0.07-6.3 12 
Hailey et al, 1996 - 0.3-10 3000 
Hirakawa et al, 1996 0.8 - - 
Kobayashi et al, 1997a 0.7 0.3-1.5 - 
Kobayashi et al, 1997b 0.4 0.2-1.5 - 
Schmalzried et al, 1997 0.43 0.2-1.2 13 
Tipper et al, 2000 - 0 0.1-0.5 1000 
Iwaki et al, 2000 0.68 0.25-1.28 - 
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(a) (b) 

(c) (d) (eý 

(g) (Ii) (i) 

Figure 2.27. SEM images of retrieved polyethylene particles from total hip replacement, (a) showing a 
typical quantity of particles showing granules, beads, elongated and platelet particles, (b) a large irregular 

elongated particle and submicron particles, (c) discrete particles, (d) large fibril-type particle, (e) large 

platelet-type particle, (g) large smooth platelet particles, (h) sub-micron-sized particles, and (i) 

submicron-sized particles. Taken from (Campbell et al, 1996, Tipper et al, 2000, Hailey et al, 1996, 
Kobayashi et al, 1997a, respectively). 
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Although larger polyethylene particles are observed in small numbers, Figure 2.28 (a), they 

constitute a significant proportion to the overall mass or volume of particles generated (Tipper 

et al, 2000), Figure 2.28 (b). Such particles have been suggested to be produced by third-body 

wear (McKellop et al, 1995) and by delamination mechanisms (Fisher et al, 1993). 
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Figure 2.28. Percentage distributions of (a) the total number of retrieved PE particles as a function of 
length, and (b) mass of retrieved PE particles as a function of length. Taken from (Tipper et al, 2000). 

A study by Campbell et al (1996) reported that the size range and morphology of polyethylene 

wear particles did not change due to bearing design, fixation type, activity level, implantation 

time, and varying patient factors. This result suggests that the factors that affect polyethylene 

wear rate have little influence on particle size and morphology (Campbell et al, 1996), however, 

more independent studies are required, as it is probable that surface roughness may significantly 

influence particle size (Hailey et al, 1996, Tipper et al, 2000). Other factors which may 

influence wear particle morphology include the mechanical properties of the polyethylene itself 

(Campbell et al, 1996), for example, ultimate tensile strength and breaking elongation. 

Experimental studies undertaken by Oonishi et al (2000c), showed that the size of polyethylene 

wear particles was strongly influenced by the degree of crosslinking, with highly crosslinked 

polyethylenes generating much smaller and rounded particles. I lowever, further studies by the 

same group reported weaker trends between wear particle morphology and radiation dose 

(Yamamoto et al, 2001). 

The numbers of particles measured in wear debris studies are extremely low, typically as low as 

one hundred particles (Campbell et al, 1996, Kobayashi et al, 1997b). A study by Besong et al 

(1998), reported the findings of two thousand particles, but in relation to the tens of billions of 

particles that are produced, such numbers are still very small, and the question of whether 

sampling such small groups of particles is accurate is currently unanswered ([ifick et al, 2000). 

Novel techniques, for example, Low Angle Laser Light Scattering (LALLS), are possibly better 
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methods of analysing wear particles, as such methods can count hundred of thousands of 

particles at a time (Elfeck et al, 2000). Such techniques also do not require filtering and drying 

of all samples, thus significantly reducing the analysis time. 

2.5 Current Wear Testing Methodologies for THRs 

Currently, there are many designs of equipment and methodologies used to predict the clinical 

wear performance of THRs, all of which operate under varying degrees of motion and loading 

configurations. Over the past three decades, the difficulties involved in accurately simulating the 

in vivo environmental conditions, and the difficulties associated with measuring such small 

amounts of wear, have all limited the forms of in vitro testing of THRs (Bragdon et al, 1996a). 

However, with the recent advancements in technology, today there are many new techniques 
being made available. The following sections will describe all forms of current testing 

methodologies associated with THRs. 

2.5.1 Unidirectional Wear Machines 

There has been substantial material research undertaken using pin-on-disc, tri-pin-on-disc, pin- 

on-plate and line-contact linear screening machines, all of which have identified important 

tribological phenomenon associated with the wear of polymers, and importantly, have identified 

many material's wear coefficients that may require further investigation. The overall advantage 

of pin-on-disc based wear investigations is that they are relatively simple and inexpensive to 

perform. However, due to the fundamental design concepts of such machines, their ranges of 

possible movements are inherently limited, thus in the case of THRs, an accurate representation 

of the kinematics and contact locus during the gait cycle cannot be accurately reproduced 
(Swanson and Freeman, 1977, Bragdon et al, 1996a, Wang et al, 1998a). As a result of this 

limited motion, many research groups have demonstrated that linear reciprocating pin-on-disc 

machines generate underestimations in polyethylene wear rates by up to three orders of 

magnitude when compared to clinical wear rates of UHMWPE (McKellop and Clarke, 1985, 

Wang et al, 1998), Section 2.6.1. 

Typically, polyethylene cylindrical samples are tested on pin-on-disc machines (5-70 mm), 

with an applied load of approximately 40-1000 N for each pin, which corresponds to a nominal 

stress of 2-15 MPa. Tests are run at 1-3 Hz, with a typical stroke length of 20-40 mm (Dowson 

et al, 1985, Fisher et al, 1995, Dowson, 1996, Besong et al, 1997, Minakawa et al, 1998, Wang 

et al, 1998a, Endo et al, 1999). Figure 2.29 shows the `Leeds six head linear reciprocating wear 

machine'. 
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Figure 2.29. The ̀ Leeds six head linear reciprocating wear machine. Taken from (Dowson et al, 1985). 

Although many researchers have demonstrated that linear wear test devices can induce many 

errors, there have been many recent wear studies using biaxial pin-on-disk systems, which 

simulate cross-shear. Studies by (Bragdon et al, 1996b, Saikko, 1998, Saikko and Ahlroos, 

2000), have reported similar polyethylene factors to both hip joint simulator studies and clinical 

studies of 9.3 mg/million cycles (or 2 x10-6 mm; /N m) using a5 mm x 10 mm rectangular path 

pin-on-disk machine and a circularly translating pin-on-disc machine respectively (CTPOD). 

This study by Bragdon et al, also produced a realistic size and shape of wear particles. These 

more advanced pin-on-disk machines are currently producing very encouraging results, and 

have the potential to become more widely used than hip joint simulators for more general 

material screening, as they are inexpensive and can generate results in a short period (Bragdon 

et al, 1996b). A study by Oonishi et al (1997), using a sphere-on-flat reciprocating tribology test 

rig, also showed improved testing capabilities, with the results showing very similar failure 

mechanisms and wear particle morphologies and sizes, to hip simulator and clinical studies. 

2.5.2 Multi-directional Hip Joint Simulation 

The main aim of THR laboratory wear testing is to accurately predict the clinical performance 

of a certain prosthesis design or material. In order to achieve this objective, it is critical to 

reproduce the complex dynamics and kinematics of the tribological environment found in vivo, 

thus reproducing a similar cross-shear sliding motion at the articulating surface (Wang et al, 

1996a and 2001a, Bragdon et al, 1996b, Barbour et al, 1999, Goldsmith and Dowson, 1999b). 

Hip wear simulators have the ability and importantly the flexibility needed to reproduce the 

complex kinematics and contact mechanics found in vivo. Using actual prosthesis components 

within the joint simulator, allows the ability to accurately reproduce the in vivo placement of the 

prosthesis, and when combining with complex natural loading conditions and motions, hip wear 

simulators have been shown to generate wear rates for both polyethylene and hard bearing 

systems, which are closer to clinical wear rates than the results fron a unidirectional machine 

(Bragdon et al, 1996a, Wang et al, 1996a, Barbour et al, 1999). Hip joint simulators have also 

been shown produce similar wear debris and wear patterns to those found clinically (Wang et al, 
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1996a, Clarke et al, 1997, Biggs et al, 1998, Bowsher and Shelton, 2001). Typically, hip 

simulators have multiple stations (> 8), which importantly, allow for multivariate studies to be 

undertaken with a greater confidence than one or two stations. 

Currently, there are many types and forms of joint simulators, all of which produce wear rates 

for conventional polyethylene of 20 to 100 mm'/year, and similar particle morphology to that 

found in vivo. Figure 2.30 shows five different types of current hip joint simulators, and 

highlights the varying designs and specimen fixturing used. The pneumatic single-station BRM 

simulator (Saikko et al, 1999), Figure 2.30 (a), produces a circular force locus with a 

circumference of 27tr sin 23 °, with an applied constant force of I kN. Saikko also described a 

more complicated hip simulator, HUT-3, which processes three motion components, 46 ° (FE), 

12 ° (AA), and 12 ° (IER), and produces an elliptical force locus (Saikko et al, 1996). The Leeds 

`ProSim/DePuy', Figure 2.30 (b), has 10 rigidly linked stations, with each station having two 

rotation axes, which have a -30 ° to + 30 ° range of motion. All acetabular components are 

mounted at 35 ° to the horizontal plane, in order to reproduce the in situ inclination of the socket 

in the pelvis (Goldsmith and Dowson, 1999a & 1999b, Barbour et al, 2000, Bell et al, 2001). 

(d) (c) 

Figure 2.30. Four different types of hip joint simulators, (a) The single-station BRM simulator (b) The 
Leeds `ProSim/DePuy', (c) The Durham hip joint wear simulator, (d) one segment of Boston AMTI 12 
station hip simulator, and (e) one segment of the MTS hip simulator. Taken from (Saikko and Ahlroos, 
1999, Goldsmith and Dowson, 1999a & 1999b, Smith et al, 1999b, Bragdon et al, 1996a, Bowsher and 
Shelton, 2001, respectively). 

The Durham Mk. 1 hip simulator, Figure 2.30 (c), has two axes of motion, -15 ° to +30 ° (FE) 

and ±10 ° (1ER), and is similar to the `Leeds Mk. 11 hip simulator' (Barbour et al, 1999), with 

both simulators not including (AA) motion (Smith et at, 1999a and 1999b). The AMTI 12 

station hip simulator applies a ±23 0 (FE), ±8.5 0 (AA), and a ±10 0 (IER), Figure 2.30 (d) 

(Bragdon et al, 1996a). The MTS hip simulator, Figure 2.30 (e), represents the gait by applying 
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a 23 ° biaxial rocking motion, i. e. 46 ° in total. This articulation only simulates the flexion- 

extension and abduction-adduction movements of the femur during walking. This type of 

simulator has been previously described in detail, and successfully used in many hip wear 

studies under inverted and physiological socket configurations (McKellop and Clarke, 1985, 

Davidson et al, 1988, Wang et al, 1997a and 1997b, Wang et al, 1998, Bowsher and Shelton, 

2000a, 2000b, 2001a, 2001b, Edidin and Kurtz, 2000). This type of simulator utilises a sun and 

planetary gear system with a pressure summing junction to produce eight synchronised and 

repeatable load/loci patterns. 

Initial investigations of the wear mechanisms found in THRs using hip joint simulators clearly 

showed a large difference in the results obtained from a variety of wear testing methods 

(McKellop et al, 1995). This factor was mainly due to variances in test lubricants and socket 

geometry (McKellop et al, 1995). However, the majority of THR investigations undertaken 

today are conducted under more commonality and pre-defined parameters, and importantly, 

using a much reduced protein content bovine serum (17 mg/ml), which is more representative of 

periprosthetic fluid (Wang et al, 1999b), Section 2.5.2.1. A detailed description of the influences 

of current wear testing parameters on crosslinked and non-crosslinked polyethylene wear using 
hip joint simulation are presented in Section 2.6.2. 

2.5.2.1 Properties of Bovine Serum 

In order to accurately represent the in vivo lubricating conditions, bovine calf serum was 
introduced as a lubricant by McKellop and Clarke (1984), and since then, bovine serum is the 

most widely used lubricant in wear testing hip prostheses. Bovine serum is the fluid portion of 

the blood obtained after removing all blood cells and the fibrin clot (Stedman, 1995), and is 

typically composed of 91 % water and 7% plasma proteins, plus 1% inorganic salts, such as 

sodium chloride and bicarbonate. Plasma is straw coloured, and is a slightly alkaline fluid, with 

a pH of 7.4. The exact proteins present in bovine serum are not well documented, however, 

albumin (4.5 g/100 ml), globulin (2.7 g/100 ml), prothrombin (0.04 g/100 ml), and fibrinogen 

proteins (0.25 g/100 ml) are the most dominant (Stedman, 1995). 

The presence of proteins within this water-based lubricant has been shown to be an important 

parameter of polyethylene wear (Wang et al, 1997a, 1999a and 199b, Bell et al, 2001), however, 

their presence also leads to an unwanted laboratory artefact. Albumin and globulin both 

coagulate with increased heat, thus producing insoluble precipitates. Such precipitates have 

been postulated to lead to the formation of solid lubricants, which shield polyethylene wear 

(Wang et at, 1997a, 1999a). The total protein content of bovine serum varies with the type, 

manufacturer and most importantly, the concentration or dilution used. In order to adequately 

represent periprosthetic fluid, it has been shown by many groups that a dilution of 25 % with 
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water is necessary to produce a 17 mg/ml to 35 mg/ml protein concentration, which is the range 
of periprosthetic joint fluid (Dumbleton, 1981, Saari et al, 1993, Wang et al, 1997a). In addition, 
a study by Wang et at (1999b) highlighted that a regular undiluted serum has a protein content 

of 65 mg/ml to 75 mg/ml, and if not diluted, can drastically influence polyethylene wear. 

Typically, 0.3 % wt sodium azide is included as an antibacterial agent (McKellop and Clarke, 
1984 and 1985), and 5 micro-molar concentration of EDTA is used to bind calcium in the 
lubricant, thus preventing a calcium phosphate coating on the components. However, this can 
lead to roughening of zirconia heads (McKellop et al, 1992). Currently, there are many different 

types of serum in use, for example, foetal bovine calf serum, new born calf serum, bovine 

serum, and alpha-fraction low-calcium low-protein serum, all with varying protein contents and 
lubricating properties. Typically, the serum is replaced every half million cycles during hip 

simulation in order to maintain an optimum viscosity. 

Figure 2.31 shows viscosity as a function of shear rate for bovine synovial fluid. The viscosity 
range is significantly lower compared to healthy human synovial fluid, however, the properties 
are very similar to rheumatoid arthritic joints and periprosthetic fluid. The properties of various 
types of bovine calf serums have currently seen few investigations, and the effect of 
degeneration of the serum's viscosity is also currently unknown. 
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Figure 2.31. Viscosity as a function of shear rate for bovine synovial fluid. Graph taken from (Cooke et 
al, 1978). 

2.5.2.2 Measurements of Wear 

The most common technique for evaluating wear of prostheses is by measuring the weight 

variation of each specimen before and after testing. This gravimetric technique can be used for 

either polyethylene or metal components, and is typically conducted after every quarter or half 

million cycles of wear testing. When using gravimetric techniques, it is important to implement 
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a strict cleaning protocol in order to achieve an equilibrium socket mass after a known drying 

time. Such protocols can improve the measuring accuracy, which is important, as the amount of 

wear is typically less than 0.05 % of the mass of the socket. During measurements, each 

component is typically weighed three times, with an accuracy of 0.01 mg, and then averaged. 

When using polyethylene components, it is also important to measure subsequent changes in 

moisture content (McKellop et al, 1978, McKellop et al, 1981), as polyethylene can absorb 

small quantities of moisture due to diffusion and capillary action. Further errors are reduced 

when using polyethylene components by pre-soaking all specimens for a minimum of 30 days 

prior to wear testing, as this maximises fluid absorption. In order to quantify the moisture 

uptake during testing, it is important to include a soak control station, i. e. a test station that is 

subjected to applied force, but with no articulation (McKellop, 1981). The increase in mass of 

this control specimen is directly caused by moisture uptake only, as no wear occurs, and since 

all cups were assumed identical, this change in mass can be subtracted from the remaining 

articulating test specimens to achieve an accurate measurement of mass loss due to wear. Using 

this technique, it is imperative that the soak control stations remain at the same temperature as 

the articulating stations, thus ensuring an identical rate of moisture up-take, as this rate is 

temperature dependant. 

An alternative technique to gravimetric analysis is directly measuring the volume changes in the 

acetabular cup surface between testing periods, using either a three-dimensional coordinate 

measuring machine (CMM) or a light shadowgraph. Using CMM techniques, the volumetric 

wear is calculated by subtracting the average volume change of the creep stations, as overall 

socket penetration involves both wear and creep (Derbyshire et al, 1994). When measuring wear 

by this method, it is possible to apply a PMMA bone cement mantle to the test socket, thus 

accurately reproducing the in situ fixation (Goldsmith and Dowson, 1999a). A comparative 

study of gravimetric and volumetric techniques for wear measured was undertaken by Smith 

and Unsworth (1999), and showed no significant difference between the two methods. 

Shadowgraph techniques can also be used to accurately measure a penetration distance, which 

can then be used to calculate an overall volume change. Another method of measuring wear is 

to quantify the net volume of the wear particles produced (Rose et al, 1978), however, the 

overall accuracy of such techniques has still not been established. 

2.6 Laboratory Wear of Polyethylene/Metal Implants 

2.6.1 Polyethylene Wear Under Linear Motion 

Linear reciprocating pin-on-disc or pin-on-plate type wear testing machines have been used to 

investigate possible bearings materials for THRs for many decades. However, such screening 

machines only produce linear motion and non-physiological loading, and as a result, many 

research groups have shown that the wear rates and wear phenomena generated by such devices 
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have no correlation with clinical findings (Wang et al, 1996a, Bragden et al, 1996a, Wang et al, 
1998a, Kurtz et al, 2000), Section 2.5.1. 

Typically, linear reciprocating pin-on-disc machines generate large underestimations in 

UHMWPE wear rates when compared to clinical results (McKellop and Clarke, 1985, Wang et 

al, 1998). Wear rates of UHMWPE under linear reciprocating tests are commonly 0.4 mm3/106 

cycles for irradiated polyethylene, and 0.2 mm3/106 cycles for unirradiated polyethylene, Figure 

2.32, which are two to three orders of magnitude lower than clinical polyethylene wear rates 
(Wang et al, 1996a). These underestimations in wear have been hypothesised to be caused by 

the use of linear motion. As the crystalline structure of UHMWPE is anisotropic, i. e. having 

different properties in different directions, linear reciprocating motion can promote high 

molecular orientation, leading to strain-hardening in the direction of sliding, thus causing a 

dramatic reduction in wear compared to multi-direction tests (Wang et al, 1996a, 1996b and 

1998a). A recent study by Bragdon et al (1996a) showed that virtually zero polyethylene wear 

took place when applying linear motion with a hip joint simulator, however, once multi- 
directional motion was restored, all wear rates then increased to a similar level to that found 

clinically. 

30 

  $n. d4ad :s 
ý- " Unlmdfa. d 

ä 2.0 
0 

S 
,. a 

0. I 

00 
3$4$4 

NVMUEQ OF CYCIIS (w1411s) 

Figure 2.32. The influence of sterilisation on linear reciprocating wear of UHMWPE GUR 415. Taken 
from (Wang et al, 1996a). 

Linear machines can also lead to incorrect wear behaviour predictions, as they cause a non- 

crosslinked UHMWPE to wear less than a crosslinked UHMWPE under linear motion (Bragdon 

et al, 1996a, Wang et al, 1996a and 1997a, Besong et al, 1998, Endo et al, 1999), also Figure 

2.32. As crosslinked polyethylene chains cannot easily align themselves in the direction of 

motion due to the complex intermolecular network of crosslinks, this decreased molecular 

mobility ultimately increases the stresses in the polyethylene fibres during linear motion, thus 

wear increases. Such results highlight the importance in wear testing methodologies for 

incorporating correct physiological motion/loading conditions. Pin-on-disc machines have also 
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been reported to show little influence of varying sliding speeds, producing no significant 

changes in wear rate with velocities of 30-240 mm/s (Fisher, 1994). 

2.6.2 Polyethylene Wear Under Multi-directional Motion 

The recent use of hip joint simulators has shown a high degree of success in predicting the short 

and long-term clinical performance of all forms of THRs (McKellop and Clarke, 1985, 

McKellop et al, 1995, Wang et al, 1995c, Goldsmith and Dowson, 1999a, Barbour et al, 2000). 

The following sections detail relevant wear phenomenon of polyethylene under a variety of 

multi-directional laboratory test conditions. 

2.6.2.1 Influence of Test Lubricant on Wear 

The choice of lubricant is an important parameter, and has been shown by many wear studies to 

directly affect the mode of lubrication. As the use of synovial fluid itself would be extremely 

costly, difficult to obtain, and difficult to maintain its properties, current hip simulator tests are 

typically undertaken in water, a saline solution, or bovine serum. 

When using water, or saline, as a lubricant with CoCr/UHMWPE implants, it has been shown 

that a preferential transfer film is formed on the femoral head, thus increasingthe wear of the 

polyethylene (Cooper et at, 1993b, Derbyshire et at, 1994b, Wang et at, 1995b, 1997a, Bigsby et 

al, 1997, Besong et at, 1999). This phenomenon clearly does not occur clinically, and is purely 

an artefact of using water as a lubricant. However, a study by Saikko (1994) showed that no 

transfer film was observed when using zirconia heads and water lubrication, with the results 

also showing very low polyethylene wear. This result suggests that the overall outcome of water 

lubrication may possibly be dependant on the femoral head material. The majority of wear 

particles produced under water lubrication have been shown to be relatively large in size and 

flake-like in shape, with particles up to several millimetres in length, which bears no 

resemblance to the particles found in vivo (Saikko, 1993,1994,1996,1999, Wang et at, 1995b, 

Wang et at, 1996a, Besong et at, 1999). 

The use of bovine serum as a test lubricant significantly reduces the wear rate of UHMWPE 

compared to water (Wang et al, 1995b, 1997a, Bigsby et al, 1997, Besong et al, 1999), and in 

most cases, a polymeric transfer film is not observed. However, both the dilution percentage and 

the protein content of the bovine serum have been suggested to be significant factors in 

polyethylene wear rate, and can cause large differences in total wear (Wang et al, 1997a, Sauer 

et al, 1998, Good et al, 2000). Figure 2.33 shows the laboratory results reported by Sauer et al 

(1998), and shows approximately a 100 % increase in wear rate with a 50 % increase in serum 

dilution. This decrease in wear rate with a decrease in serum dilution has been suggested to be a 

result of increased protein precipitation, which causes the formation of boundary lubricants or 

an artificial protective layer. This protective lubricant aids in joint lubrication, thus artificially 
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shielding the polyethylene surface from wear (Lu et al, 1998). However, a recent study using a 

reciprocating friction bench undertaken by Leroy-Gallissot et al. (1998), showed no statistical 
difference on wear rate between serum dilutions of 100 % and 40 %. 
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Figure 2.33. The influence of bovine serum concentration on the wear of UHMWPE (EtO-sterilised) 
against 32mm CoCr heads, using a 12-station hip simulator. Taken from (Sauer et al, 1998). 

Figures 2.34 (a) and 2.34 (b) show the results from two independent studies measuring the 

influence of protein concentration on polyethylene wear rate (Wang et al, 1999, Good et al, 

2000). The results showed that the wear rate of UHMWPE decreased with an increase in protein 

content. These results suggest again that precipitated proteins are an effective solid boundary 

lubricant, and can shield polyethylene wear. 

The volume of serum used during testing has also been reported to be a significant factor in the 

wear of polyethylene/metal total hip replacements (Wang et al, 1999a). The results from this 

study indicated that an increase in serum volume produced an increase in wear rate, Figure 2.35, 

and also a decrease in precipitate concentration. 
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Figure 2.34. The influence of bovine serum protein concentration on the wear of GUR 4150 UHMWPE, 
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Figure 2.35. The influence of bovine serum lubricant volume on the wear of UHMWPE and precipitate 
concentration. Taken from (Wang et al, 1999a). 

When using bovine serum under multi-directional motion hip simulation, the range of 

polyethylene particles is from 0.1 µm to several millimetres, matching those observed clinically 

(Kobayashi et al, 1997a & 1997b, Wang et al, 1995b and 1997a), Section 2.6.2.9. 

2.6.2.2 Influence of Surface Topography on Wear 

The influence of femoral scratching on polyethylene wear has been widely investigated on 

various devices. Initially, linear pin-on-disc wear machines reported a significant increase in 

polyethylene wear with increased counterface roughness (Dowson et al, 1985 and 1995, Hailey 

et al, 1996, Lancaster et al, 1997, Minakawa et al, 1998), with one study showing up to a 

30-fold increase in polyethylene wear with a scratch Rp of 1.0 pm (Fisher et al, 1995). Dowson 

(1985) reported that when using pin-on-plate tests under water lubrication, the wear of 

UHMWPE can be approximated by the following expression: 

k= 4.0 x 10"5 Ra12 (2.7) 

Thus indicating that the surface topography of the hard femoral surface is a crucial factor in 

polyethylene wear. However, more recently, multi-directional simulator studies under serum 

lubrication have reported a much-reduced influence of increased femoral roughening on PE 

wear (Essner et al, 1998, Wang et al, 1998a, McKellop et al, 1999b, Endo et al, 2000, 

Muratoglu et al, 2000, Barbour et al, 2000, Bell et al, 2001). A comprehensive wear study 

undertaken by Wang et al (1998a), reported that under multi-directional motion and bovine 

serum lubrication, the wear of UHMWPE can be approximated by the following expression: 

k=7.2 x 10-6 R, °'42 (2.8) 
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This result demonstrates a reduced influence of surface roughness on polyethylene wear 

compared to linear motion. The overall relationships between wear and counterface roughness 
for reciprocating and hip simulator motion reported by Wang et al, are presented in Figures 2.36 

(a) and 2.36 (b). A similar result was observed by McKellop et at (1999b), Figure 2.37, showing 

a small increase in PE wear with roughened femoral heads, however, the study did show higher 

wear rates for both conventional and crosslinked polyethylene against very severely roughened 

heads (Re 0.9 µm). 
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Figure 2.36. Comparison of wear factors for gamma irradiated UHMWPE verses femoral head surface 
roughness for (a) hip simulator tests, and (b) for reciprocating tests and hip simulator tests log-log plot. 
Taken from (Wang et al, 1998a). 
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Figure 2.37. Comparison of wear between convention sockets and crosslinked sockets against smooth 
femoral balls (0 to 10 mc), moderately rough femoral balls (10 to 11.5 mc), and severely roughened balls 
(11.5 to 13 mc). Taken from (McKellop et al, 1999b). 
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This reduced influence of counterface roughening when using hip simulation is in good 

agreement with clinical studies (Hall et al, 1996,1997), with many retrieval investigations 

showing at best a poor relationship between roughness and polyethylene wear (k a R. 0.54, Hall 

et al, 1996). Such tests have concluded that the influence of increased roughness Ra up to 0.05 

pm has very little effect on the wear of crosslinked polyethylene (Wang et al, 1998a). When 

considering a median clinical femoral surface roughness Ra of 0.06 µm, calculated from nine 

retrieval studies totalling four hundred cases, Table 2.6 (Section 2.4.3), this suggests that the 

overall influence of femoral roughness may not be as high as initially expected, thus indicating 

that roughness alone can not explain high clinical wear (Wang et al, 1998a). 

When simulating damaged counterface conditions in laboratory wear tests, the surfaces must 

accurately represent clinically relevant topography. Table 2.9 presents a summary of the surface 

topography of previous wear tests simulating damaged conditions, and shows that the maximum 

roughness chosen has varied by an order of magnitude, with a maximum Ra of 0.9 µm. This 

maximum roughness is over twice the highest roughness reported by nine retrieval studies of 

metallic femoral heads, Table 2.7, Section 2.4.3. However, Tipper et al (2000), reported a 

maximum mean roughness Ra of 4.3 µm for stainless steel heads, which is over four times 

greater than other retrieval studies. 

Table 2.9. Summary of chosen surface topography of laboratory damaged metallic femoral counterfaces, 
used in hip joint wear tests. 

Study Test type Scratching method Roughness range or maxima 

Dowson et at, 1985 Recip. Pin-on-plt Grinding R, 0.5 µm 
Fisher et at, 1995 Pin-on-disc Diamond indenter R. 0.013 µm, R1,2.0 µm 
Fisher et at, 1995 Recip. Pin-on-plt. Diamond indenter R. 0.013 µm, Rp 2.0 µm 
Hailey et at, 1996 Tri-pin-on-disc Lapping R. 0.088 µm 
Besong et at, 1997 Tri-pin-on-disc Diamond indenter R. 0.05 to 0.1 µm 
Lancaster et at, 1997 Recip. Pin-on-ptt. (Cast, sintered) R. 0.004 to 0.099 gm 
Minakawa et at, 1998 Pin-on-plate Diamond stylus RP 0.1 to 1.0 µm 
Endo at at, 1999 Pin-on-plate Diamond stylus R, 0.046 µm, R. 0.24 

Essner et at, 1998 Hip Sim Emery paper R. 0.2 mean 
Wang et at, 1998 Hip Sim Emery paper/paste R. 0.01 to 0.85 pm 
McKellop at at, 1999 Hip Sim Emery paper R. 0.05 to 0.90 µm 
Endo et at, 2000 Hip Sim Diamond cutter Rp 4.0 µm 
Barbour et at, 2000 Hip Sim Diamond cutter R. 0.035 mean, RP 2.9 
Muratoglu et at, 2000 Hip Sim Intro. Alumina 1.0 µm R, 0.62 µm, Rmax 5.4 µm 
Muratoglu et at, 2000 Hip Sim Intro. PMMA 30 pm R. 0.11 µm, Rmax 1.0 µm 
Laurent et at, 2000b Hip Sim Intro. PMMA 250 µm R. 0.1 pm 
Laurent et at, 2000b Hip Sim Intro. Alumina 1.0 pm R, 1.1 µm 
Bell et at, 2001 Hip Sim Diamond cutter Ro 2.5µm 
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2.6.2.3 Influence of Specimen Configuration on Wear 

The positioning of the prosthetic components during wear testing is possible in two orientations, 

namely, anatomical or physiological configuration, and the inverted configuration. The 

physiological configuration positions a stationary horizontal socket superiorly, with an 
inferiorly mounted rotating femoral head, and the inverted configuration positions an inferiorly 

rotating socket with a superiorly stationary horizontal femoral head. Currently, there is little 

laboratory evidence that demonstrates the effect on wear, lubrication regimes and particle 

morphology between the two configurations, however, there are many hypothetical arguments 

that strongly recommend physiological socket positioning (Fisher, 1998). Such arguments begin 

with the effect on tribology. The anatomical configuration directly simulates the in vivo 

positioning of the device, thus producing the important tunnelling wear pattern, which is 

commonly observed on retrieved acetabular sockets. This tunnelling phenomenon indicates that 

the contact stresses are being spread over a small contact area of the cup periphery, and may 
have a significant effect on material behaviour (Fisher, 1998). The inverted position inherently 

requires the acetabular cup to move, and as a result spreads the applied load over a greater area 

of the inner cup periphery, thus producing a more uniform wear pattern than observed under 

physiological conditions (Wang et al, 1997a). The contact stresses are also distorted, as the two 

peak forces, heel-strike and toe-off, occur in different locations during the loading cycle, thus 

changing the shear stress pattern (Wang, et al, 1997a). The anatomical configuration has also 
been hypothesised to allow particles to easily vacate the area of contact, thus reducing the 

occurrence of third-body wear by polyethylene particles and degradation by-products of serum 

proteins, all of which would significantly effect the mode of lubrication. A recent study 
indicated that the inverted configuration significantly underestimates the wear rate of non- 

crosslinked UHMWPE, (Wang et al, 1997a), however, the effect on other biomaterials is 

currently unknown. 

2.6.2.4 Influence of Applied Load on Wear 

Typically, there are two main force profiles derived from the gait cycle, Paul (1966) and 

Bergmann et al (1993), Section 2.1.4.2. Both gait profiles exhibit a significant reduction in force 

during the swing phase. Many researchers have adopted such force profiles for testing THRs, 

each making individual adjustments to the maximum and minimum force. The overall influence 

of applied load on polyethylene wear is not widely reported, however, studies by Barbour et al 

(1999) and Smith and Unsworth (2000b), have both reported small differences in wear between 

complex and simplified loading profiles, thus reporting a weak correlation between the number 

of loading vectors and wear rate. A recent study by Smith and Unsworth (2001), reported 

similar wear magnitudes for polyethylene-on-zirconia components when using a simplified 6 

second (2.5 kN) loading curve, instead of the conventional one second loading cycle. However, 
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the exact influence of using such loading conditions on the distribution of polyethylene wear 

particles is currently unknown. 

2.6.2.5 Influence of Motion on Wear 

Studies conducted by Bragdon et al (1996a) and Wang et al (1996b), both showed that when 

eliminating the abduction/adduction motion of the femur, thus creating linear motion (i. e. only 

flexion/extension), the wear rate for UHMWPE reduced to virtually zero. Once full motion was 

replaced, wear rates of a similar magnitude to that found clinically were generated. This result 

strongly demonstrates that the shear stress environment, sliding velocity and sliding distance at 

the cup-head interface can strongly influence the characteristics of the wear of polyethylene 

(Ramamurti et al, 1998, Barbour et al, 1999). However, there are several types of designs of hip 

joint simulators currently being used, all producing varying degrees of motion and loading axis, 

and such differences in these testing parameters may possibly explain the large variances in 

wear data reported from different simulators. The MTS hip simulator has been shown to 

produce wear rates close to those found clinically (Wang et al, 1997a and 1997b), however, the 

motions of the simulator only simulate flexion/extension and abduction/adduction, with ±23° 

motion in all directions, thus generating a significantly increased sliding distance compared to 

other simulators, typically 1.5 times greater (Ramamurti et al, 1998). Simulators with a more 

physiological range of motions, which include internal/external socket rotation, have been 

shown to produce a more representative load/loci patterns to that of the natural hip joint, 

producing a 10 to 25 mm sliding distance per cycle. 

2.6.2.6 Influence of Sliding Velocity on Wear 

The influence of sliding speed on the wear of polyethylene under multi-directional motion has 

not been widely reported. Rotational cycle frequencies for hip simulation range from 0.5 to 2 

Hz. As high cycle speeds have been associated with increased temperature artefacts (Lu et al, 

1998), the most common cycle speed used is 1 Hz. A study by Sauer et al (1998) using 100 % 

bovine serum, reported reduced wear for an increase in rotational velocity, Figure 2.38, thus 

indicating reduced wear with increased speed. In addition, a study undertaken by Smith (1999), 

showed that an increase in sliding velocity reduced the coefficient of friction, thus suggesting 

reduced polyethylene wear, however, more independent studies are required to confirm these 

results. 
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Test Frequency: I Hz vs. 2 Hz 
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Figure 2.38. The influence of cycle frequency on the wear of UHMWPE (GUR 4150 HP, EtO-sterilised 
against 32mm CoCr heads, Bergmann curve) using a 12-station hip simulator. Taken from (Sauer et at, 
1998). 

2.6.2.7 Influence of Irradiation on Wear 

Gamma irradiation of UHMWPE results in an improved wear resistance under multi-directional 

motion, (Wroblewski et at, 1996, Wang et al, 1996a, Clarke et at, 1997, Oonishi et al, 1998a, 

Goldman and Pruitt, 1998, McKellop et al, 1999a, Yamamoto et at, 2000, Muratoglu et at, 

2000a, 2000b), Figures 2.39 (a) and 2.39 (b). This result is the opposite to that found with linear 

reciprocating investigations. This phenomenon has been associated with an increase in cross- 

linking of polymer matrix, thus reducing orientation softening and wear. Recent studies of 

chemically cross-linked polyethylenes, using peroxide and irradiation dosages up to 100 Mrads, 

have produced extremely wear resistant materials, showing wear rates of 2.5 mm3/106 cycles, 

which equates to a wear rate reduction of 93% compared to conventional sockets (McKellop et 

al, 1999a), Figure 2.39 (c). 
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Figure 2.39. Graphs showing: (a) the effect of sterilisation on multi-directional wear, and (b) the effect 
of radiation dose on wear for GUR 415UHMWPE/CoCr heads, using a MTS hip simulator (Wang et at, 
1996a), and (c) Comparison of wear from three conventional sockets (y-irradiated in air) and three 
chemically crosslinked sockets (McKellop et at, 1999a). 
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2.6.2.8 Published Laboratory Wear Rates 

Table 2.10 presents a summary of published wear rates of UHMWPE under hip joint simulation 

and bovine serum, and shows that for conventional or lightly-crossed polyethylene components, 

wear rates typically vary between 20 and 60 mm3/106 cycles. 

Table 2.10. Review of reported wear rates of ultra-high molecular weight polyethylene under normal 
multi-directional walking and bovine serum. 

Study Description of Testing Methods & Materials Mean Wear rate 
(mm3/106 cycles) 

McKellop and Clarke, 1985 UHMWPE, 2. SMrads 7-sterilised, CoCr 32mm femoral heads, anatomical, 37-114 
2464N max, Bergmann curve, 100% bovine serum. 

Wang et al, 1996a UHMWPE GUR 415,32 mm sockets, CoCr femoral heads, Phy. 
Config, Paul curve (2450 N max, 50 N min), bovine serum. 

Unirradiated 136 
Ethylene Oxide (EtO, Sterilised) 129 

Gamma Irradiated (2.5 Mrad in Air) 43 
Bragden et al, 1996 UHMWPE, y-stenlised 2.5Mrads, CoCr femoral heads, anatomical, 2464N 24.8 

may, Bergmann curve, 100% bovine serum. 
Clarke et al, 1997 415 GUR UHMWPEIA1203 (inverted, 2 kN peak) 22.25 mm 23.2 

90% bovine serum 26 mm 31.9 
28 mm 32.8 

Bigsby et al, 1997 UHMWPE 32 mm, Paul curve, The Leeds Hip Simulator 
Zirconia Heads 29.5 

Stainless Steel Heads 34.26 
Essner et al, 1998 GUR 4150 UHMWPE/ 32mm CoCr (y-irradiated in N2) 25% bovine 

serum, Paul curve 2.45 kN max, 1 Hz, 25 % bovine serum. 
(smooth) 46 

(rough) 141 
Wang, et al, 1998c UHMWPE 32 mm (non-sterilised) sockets, CoCr femoral heads, 

anatomical, Paul curve (2450 N max, 50 N min), Intermittent motion 
at 400 N for 1 minute. No Lubricant 400 

Deionised Water 1.25 
Bovine Serum 90 

Bovine Serum + Hylauronic Acid 80 
Barbour et al, 1999 UHMWPE/ 28mm (y-irradiated in air) 25% bovine serum, 5m 

cycles, Paul curve, (smooth) Phys. Config. SS 42 
CoCrMo 35 
Zirconia 30 

Goldsmith & Dowson, 1999 Zirconia ceramic/UHMWPE (7-irradiated in air) 6.28 
7.27 million cycles, 25% Bovine serum 

Smith and Unsworth, 1999 UHMWPE/ 28mm (y-irradiated in air) 25% bovine serum, 5m 
cycles, Paul curve, (smooth) Phys. Config. CoCrMo 51.4 

Zirconia 40 
McKellop et al, 1999 UHMWPE GUR 4150 28 mm, Inverted Config, 28mm, 1 Hz, Paul 

cycle2 kN max, (smooth) Conventional PE 34 
(smooth) Highly XLPE 5 

(rough) Conventional PE 108 
(rough) Highly XLPE 90 

Barbour et al, 2000 UHMWPE/ 28mm (7-irradiated in air) 25% bovine serum, Paul curve 
3kN max, (smooth) Phys. Config. (smooth) CoCrMo 37 

(smooth) Zirconia 42 
(rough) CoCrMo 115 

Edidin and Kurtz, 2000a UHMWPE GUR 1050 (non-sterilised), smooth, 28mm, 1 Hz, Paul 90 
curve 2.5 kN max, Physiological. Loading, 3 million cycles. 

Smith and Unsworth, 2000a UHMWPEJ 28mm CoCrMo (y-irradiated in air) 25% bovine 
serum, 5 million cycles. (smooth) Inverted Config. 48 

Essner et al, 2000 GUR 1050 UHMWPE/ 32mm CoCr (y-irradiated 10 Mrads, 
annealed, gas plasma) 25% bovine serum, Paul curve 2.45 kN max, I 
Hz, 25 % bovine serum. (smooth) Highly XLPE (10 Mrads) 4 

With PMMA Particles (rough) Highly XLPE (10 Mrads) 0.7 
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(smooth) Conventional PE 46 

Laurent et al, 2000a CoCrMo heads, Paul curve, Wear Rates at 20x1 cycles. 
22mm Conventional PE 60 
32mm Conventional PE 85 

22mm Highly Crosslinked PE (110 Mrads) I 
32mm Highly Crosslinked PE (110 Mrads) 1 

Good et al, 2000 UHMWPE GUR 4150, (non-sterilised), CoCrMo femoral, smooth, 
inverted Config. 22mm, 1 Hz, 2 kN physiological. Loading, 2.2m 

cycles. Serum (10 mg/ml) 44 
Serum (28 mg/ml) 36 

100% Serum (63 mg(ml) 22 
Bell et al, 2001 GUR 1120 UHMWPEI 28mm CoCr (y-irradiated in air) 25% bovine 

serum (smooth) Physiological Config. 55 
(rough) Physiological Config. 115 

Smith and Unsworth, 2001 UHMWPE/ 28mm Zirconia (y-irradiated in air) 25% bovine serum, 
5x106 cycles, 6 seconding period at 2.5kN. 

(smooth) Physiological Config. 52 

2.6.2.9 Characterisation of Laboratory Polyethylene Wear Particles 

It is imperative that laboratory experiments on polyethylene/metal hip prostheses not only 

reproduce similar tribology to that found in vivo, but also must reproduce a similar size, shape 

and distribution of wear particles to that found clinically. Currently, there have been many 

studies of laboratory produced PE particles, all using similar techniques to that initially reported 
by Campbell et al (1994). 

Polyethylene wear particles can be isolated from bovine serum using NaOH or KOH and 

centrifugation (Campbell et al, 1994, Wang et al, 1997b, Biggs et al, 1998). Using similar 

techniques, many studies have reported that polyethylene particles generated by hip joint 

simulation can range in size from 0.05 µm to several millimetres in length, however, the 

majority of particles observed are submicron (Campbell et al, 1994, Wang et al, 1995b, 1997b, 

Biggs et al, 1998). 

Figures 2.40 (a) and 2.40 (b) shows SEM micrographs of retrieved hip simulator produced wear 

particles, showing that particles are either fibrillar or equiaxed in shape (Wang et al, 1996a). 

Typically, fibrous wear particles are produced from unirradiated articulating surfaces, and are 

0.1-0.5 µm in diameter, and 1-10 tm long, however, particles retrieved from irradiated 

surfaces possess an equiaxed morphology, and are mainly submicron in size (Wang et al, 

1996a). 

Qualitative particle studies have shown that 82 % of wear particles generated by hip simulation 

are under 0.5 µm2, with an average particle size of 0.22 µm2 (Biggs et al, 1998). Biggs et al, also 

showed using the Boston AMTI hip simulator, that 97.5 % of particles were less than 1.0 µm2, 

and that gamma-irradiated surfaces generated more spherical or close to being spherical 

particles, with 73 % of particles having an aspect ratio of 0.7 to 1.9. Such results strongly agree 

with particles found in vivo (Shanbhag et al, 1994, Wang et al, 1995b, 1997b, Kobayashi et al, 

1997a), proving that in vitro simulators can be used to conduct relevant particle morphological 

studies. 
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Figure 2.40. SEM micrographs of UHMWPE wear debris retrieved from used bovine serum after hip 

simulator testing, showing (a) fibrillar wear particles generated from NO sterilised cups, and (b) wear 
particles from irradiated cups. Taken from (Wang et al, 1996a). 

2.7 Project Objectives 

The superior wear properties of crosslinked polyethylene's are becoming widely reported and 

understood. Early clinical studies are reporting significant reductions in total wear penetration 

when using XLPE's compared to conventional PE's (Oonishi et al, 1998). Many laboratory 

investigations are also showing virtually no measurable wear at all for highly XLPE's under 

normal walking with smooth femoral heads (McKeI lop et at, 1999, Muratoglu et at, 2001, 

Laurant et al, 2000). The use of such materials should greatly increase the overall success of hip 

arthroplasty (Harris, 2001), however, there are many unanswered questions on the performance 

of XLPE's. Although certain studies have reported high wear of XLPE under severely damaged 

articular conditions (Barbour et al, 2000, Wang et al, 2000), such studies have not considered 

the influence of increased gait activities, which may also generate high wear. When considering 

that patients are becoming younger and more active, there is a currently a large demand to 

represent such conditions in laboratory tests. Such research will provide a clearer picture of the 

long-term benefits of crosslinked polyethylene for younger and more active patients, knowing 

that only a small amount of wear can generate a large number of sub-micron particles. 

In order to continue advancements in this area, it is important to develop new accelerated testing 

methodologies for total hip replacements, which can be used to characterise and quantify the 

outcome of higher patient activities on advanced biomaterials. The hypothesis tör this research 

is that alternative loading conditions and sliding speeds will alter the wear performance of the 

polyethylene acetabular sockets under both rough and smooth femoral surfaces. 

The objectives of this thesis are: 
" To fully characterise the IRC's multi-station hip joint simulator, and to measure the 

influence of various standard testing methodologies on various parameters. 
" Study the influence of sliding speed under normal walking. 
" Study the influence of loading profile, including stumbling and simulated jogging. 

" Study the influence of counterface roughness under all gait activities and speeds. 

By John Bowsher IR(' in Biomedical Materials 



Chapter Three: Experimental Materials and Methods Page 71 

Chapter Three 

Experimental Materials and Methods 

3.1 Materials 

3.1.1 CoCrMo-UHMWPE Total Hip Joints 

The materials used in all wear tests were 28 mm CoCrMo femoral heads (ULT*FEM) and 

crosslinked UHMWPE acetabular sockets (ULTIMA®), ID 28 mm, OD 48 mm, (DePuy Ltd, a 

Johnson & Johnson Company). All test components were supplied ready for implantation, and 

were sealed on arrival. 

The polished CoCrMo femoral heads had a mean diameter of 27.97 mm, and an initial surface 

roughness R. of 0.007 pm ± 0.004 µm. All femoral heads were mounted using a tapered 

stainless steel stem fixture, as defined by the manufacturer. The acetabular sockets were 

machined from extruded cylindrical rods of GUR 1020 (ISO 5834, Part 1, ISO 5834, Part 2), 

approximately 100 days before the beginning of wear testing. After manufacturing, all sockets 

were cleaned and vacuum foil pouched, and then gamma irradiated approximately a week after 

initial manufacture, with a dose of 50 KGy (5 Mrads) in Nitrogen. The initial surface finish R. 

for all the machined sockets was 0.90 pm ± 0.3 gm. Surface topography of all test components 

was measured using a Mitutoyo contact profilometer, Section 3.3. 

3.1.2 Roughened Femoral Heads 

When simulating damaged femoral conditions, each head was scratched to match the higher 

level of surface roughness of retrieved metallic femoral heads (Wroblewski, 1990, Wroblewski 

et al, 1992, Isaac et al, 1992, Jasty et al, 1994a, Bauer et al, 1994, Hall et al, 1997, Sychterz et 

al, 1999). Scratching was achieved by applying 400 grit SiC paper to each head in a circular 

motion, as described in Appendix One. This scratching technique is similar to that previously 

reported by (Essner et al, 1998, Wang et al, 1998a, McKellop et al, 1999b). Following 

scratching, all heads were then thoroughly cleaned with lint-free cloths, Decon 90 and Propan- 

2-ol. 

The initial articular topography of each rough femoral head was controlled to a median surface 
finish R. and R, (± 1 SE) of 0.38-µm f 0.014 µm and 3.14 µm t 0.15 µm respectively, with a 
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maximum scratch height Rp of 3.0 µm, and a scratch width 1.0 to 30.0 pm (n=48), Figure 3.1 

(a). All scratches were located in the upper hemisphere of each head, covering the location of 

maximum sliding velocity, Figure 3.1 (c), and were multidirectional, with many forming criss- 

cross loops. 

Figures 3.1 (b) to 3.1 (e) shows a visual comparison of the initial femoral surfaces used in the 

current study and those published by Wroblewski (1990), showing a virgin and retrieved head 

respectively, and shows a reasonable likeness for both smooth and rough heads. 
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Figure 3.1. Photographs showing the femoral heads used in the current study, with it direct comparison 
to clinical heads reported by (Wroblewski, 1990), showing (a) microscope image of a scratched head used 
in the current study, (b) a polished virgin head used in the current study, (c) a roughened femoral head 

used in study, produced using SiC paper showing multi-directional scratching, (d) virgin head as 
manufactured, and (e) appearance of a femoral head at revision after 8 years implantation (Wroblewski, 
1990). 
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3.1.3 Lubricant 

All wear tests were performed using bovine calf serum as a lubricant, and was diluted to 25 % 

with 0.2 µm filtered deionised water. In order to retard bacterial degradation, 0.1 per cent w/v 

sodium azide was added, as described by McKellop and Clarke (1984,1985). With the 

exception of one test, the bovine serum used in all wear tests was from the same supplier and 
batch, (Sigma C-6278, lot 78H8409, sterile, filtered, cell-culture tested). Due to supply 

shortages, the study examining the influence of socket orientation, Section 4.2, used a different 

serum from the same supplier (Sigma S-6648, lot 55H9301). The two serums were quoted to 

have a similar protein content and dynamic viscosity (Sigma Aldrich, Poole, UK). The lubricant 

volumes used for wear testing were 300 ml, 400 ml, 500 ml and 600 ml, as described in each 

materials and methods section. 

During all investigations, the quantity of serum in each test chamber was checked for 

evaporation every 24 hours. Large quantities of serum evaporation (>75 ml) were corrected by 

adding the appropriate volume of the original test serum in order to retain a similar protein 

level, otherwise for smaller quantities of evaporation, 0.2 pm filtered deionised water was used 

to maintain lubricant levels. The test serum was changed every 0.5 x 106 cycles in order to 

preserve lubricant properties. The room temperature was maintained at 24 °C during each wear 

test to act as a datum lubricant temperature. 

3.2 Specimen Preparation 

After removing the test components from their sealed packaging, all components were carefully 
inspected for damage. All femoral heads were located on numbered stainless steel stem fixtures 

using a mallet and a protective surface. Once assembled, all femoral head fixtures were then 

carefully mounted and sealed into the respective test chambers using silicone sealant. During 

this period, all femoral surfaces were protected with a cloth hood. The acetabular sockets were 

marked and numbered to enable exact relocation after disassembly; this was achieved using a 

sharp knife and a permanent marker pen. In order to prevent each socket rotating within the 

socket fixture during testing, two flat faces were machined on the sides of each socket, as shown 
in Figure 3.2, which matched the profile of the clamping plate, thus forming a secure fit. Once 

machined, all sockets were then weighed to determine an initial mass. In order to maximise 

fluid absorption, all sockets were then soaked in deionised water at 37 °C for a minimum of 30 

days. 
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Figure 3.2. Diagram illustrating socket modifications, (a) top view, and (b) side view. 

3.3 Surface Topography Measurement 

4.00 
4.50 

Surface topography of all articular surfaces was measured before and after wear testing using a 

contact profilometer (Surftest SV-400, Mitutoyo, Japan) with a cut-off length of 0.4 nun. Four 

roughness parameters were measured, Ra, Rp, R, and R� as defined in Appendix Two. Each 

component was measured in a minimum of 20 points in four positions 90° apart. The median 

value of each surface parameter was then calculated for each component. 

3.4 The MTS 8-Station Hip Joint Simulator 

3.4.1 Simulator Description 

All wear tests were performed using an 8-station hip joint simulator (M"I'S Systenms, I JSA), 

which utilises a sun and planetary gear system with a pressure summing junction to produce 

eight synchronised and repeatable load/loci patterns. This type of'simulator has been previously 

described in detail, and successfully used in many hip wear studies under inverted and 

physiological socket configurations (McKellop and Clarke, 1985, Davidson et al, 1988, Wang et 

al, 1997a&b, Wang et al, 1998, Edidin et al, 1999, l3owsher and Shelton, 2000a, 2001 h). The 

form of the simulator and control system used during all wear tests is shown in Figures 3.3 and 

3.4. The simulator was fitted with a horizontal torque cell and a displacement transducer on 

each test station, Section 3.4.3. 

The simulator is coupled with MTS Teststar II control software, which can be used to 

accurately run any pre-defined loading cycle up to 5000 N compressive force. The simulator 

applies a single joint force in one axis, producing a similar shear stress pattern to the natural hip 

joint (Wang et at, 1997b, Ramamurti et al, 1998). The gait cycle is represented by a+ 23 ° 

biaxial rocking motion, i. e. 46 ° in total. This articulation simulates the flexion-extension and 

abduction-adduction movements of the femur during walking. Femoral rotation is not simulated. 
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The MTS simulator is controlled and constantly monitored in real time using the TestWare SX 

control system, allowing data to be stored within Excel®. Simple or highly sophisticated gait 

cycles can be stored in an Excel® spreadsheet, and can be directly used to drive the simulator's 

force actuators. 

\' 

(a) (b) 

Figure 3.3. Photographs showing (a) the MTS 8-station hip joint simulator, and (b) TestStar II control 
system. 

There are several safeguards integrated into the hip simulator to protect the prostheses if a fault 

should occur. These safeguards include torque, displacement, speed and pressure limit-switches, 

all of which will cut the power and hydraulics in the event of machine or component failure. 

Maintenance and calibration recordings for all measuring systems were checked annually. 

3.4.2 Specimen Configuration 

The two specimen configurations used during testing, termed inverted and physiological, are 

shown in Figures 3.4 (a) and 3.4 (b) respectively. The physiological configuration locates a 

stationary horizontal socket superiorly, with an inferiorly mounted rotating femoral head at an 

angle of 23 ° to the horizontal axes. By contrast, the inverted configuration locates an inferiorly 

rotating socket at an angle of 23 ° to the horizontal axes, with a superiorly stationary horizontal 

femoral head. 
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Figure 3.4. Schematic diagram of the MTS 8-station hip joint simulator showing (a) inverted 
configuration, and (b) physiological configuration. 

3.4.3 Measuring Systems 

To measure changes in joint friction, the MTS hip simulator was equipped with vertically 

mounted torque cells on each test station, Figure 3.4, which have a torque range oft 20 Nm. As 

all torque cells are self-centring during rotary motion, via a floating bearing, all cells measure 

the resistance to rotation caused by contact friction only, in the horizontal plane, and not that 

due to misalignment effects. Figure 3.5 illustrates the direction of frictional torque measured. 

All torque measurements were recorded in real time, with one measurement every 0.02 seconds 

during one recording cycle. 
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Figure 3.5. Diagram illustrating the direction of torque measured. 

Each station of the hip simulator was also fitted with a Temposonic displacement transducer, 

each having a measuring range of 120 mm. The primary use of the displacement transducers 

was to measure subsequent deformations of the polyethylene sockets during high-force testing. 

The transducers were also used to measure wear penetration during normal walking. All vertical 

displacement measurements were recorded in real time, with one measurement every 0.02 

seconds during one recording cycle. 

Lubricant temperatures were predominantly measured during wear testing using (type-K) 

thermocouples (RS 236-3820, RS Components Ltd, UK), however, for short tests, serum 

temperatures were recorded using a mercury thermometer. When used, each thermocouple was 

positioned either beneath the femoral head within the test chamber using silicone sealant, or 

located at the side of the test chamber using a plastic tie, Figure 3.6. All thermocouples were 

connected into the TestStar control system, which allowed for continuous recording. Fach 

thermocouple was checked at the beginning of each test using a beaker of ice. 

'rhl 
Po! 

Lu 

Spf 
Ch 

'Iastic Tic 

Thermocouple 
Position 02 

oCrMo Femoral Head 

"emoral Head Fixture 

I'estStar Control System 

Figure 3.6. Diagram illustrating the two locations of the thermocouple used during testing. 
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3.4.4 Wear Path Analysis 

The motion of the MTS hip simulator has been previously described by (McKellop et al, 1984, 

Wang et al, 1997b, Davidson et al, 1998, and Ramamurti et at, 1998). A recent computer 

simulation study undertaken by Wang et at (1997b), concluded that the MTS hip simulator's 

shear stress patterns are of a similar `butterfly shape' to those found in the natural hip joint at 

1.0 Hz. The study also demonstrated that the maximum shear stress occurs in the wing direction 

of the shear stress pattern, i. e. during flexion/extension, which is also similar to that of the 

natural hip joint (Wang et al, 1997b). The resultant motion is thus a cross-shear motion, which 

has been shown by Wang et at (1997b), to generate orientation softening of UHMWPE, and 
importantly, not orientation hardening, as described in Section 2.5.2. 

Figure 3.7 (a) illustrates the extent and direction of the biaxial rocking motion produced by the 

hip simulator for the physiological configuration, which represents (FE) flexion-extension and 

(AA) abduction-adduction of the femur. The motion for the inverted configuration is identical, 

with the exception of the socket moving instead of the femoral head. Figures 3.7 (b) and 3.7 (c) 

illustrate the location and variation of the contact loci produced by the hip simulator, which is 

identical for both testing configurations. For a 28 mm femoral head, the maximum wear path 

(1.225D) is 34.37 mm, with a minimum and average path length of 23.38 mm and 29.26 mm 

respectively. The contact loci begin as a complete circle (maximum) and then form into a range 

of irregular ellipses, then followed by `figure of eight' cross-loop paths (minimum), as also seen 

on the natural hip joint (Wang et al, 1997b, Ramamurti et al, 1998). The variation in component 

rotation with cycle time for the hip simulator is shown in Figure 3.7 (d) (Davidson, et al, 1988), 

indicating a uniform motion. 

The average distance travelled per cycle for the MTS simulator is 1.045D or 29.26 mm for a 28 

mm femoral head diameter. This value is significantly larger than the average distance travelled 

by the natural hip joint 0.67D, or 18.76 mm for a 28 mm femoral head diameter (Wang et al, 

1997b, Ramamurti et al, 1998). This implies that a million cycles on the MTS hip simulator 

equates to one and a half million cycles of walking for the natural hip joint in terms of total 

distance travelled. 
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figure 3.7. Diagrams illustrating (a) the 46 ° biaxial rocking motion of MTS hip simulator 
(Physiological Configuration), (b) the locations of the resultant wear paths, (c) the variation in contact 
loci over the entire articular surface, showing cross-loop paths, and (d) the variation in component motion 
with cycle time (Davidson et al, 1998). 
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3.4.5 Commissioning 

Prior to the work presented in this thesis on the MTS hip simulator (IRC), no serum studies or 

long-term fatigue wear tests had been undertaken. Thus, in order to achieve the project's 

objectives, a commissioning wear test was conducted to ascertain the simulator's validity and 

repeatability, and importantly, to establish and implement effective testing protocols using 

bovine serum as a test lubricant. 

The testing parameters and procedures adopted for this initial wear study were similar to those 

reported by McKellop et at (1998), Wang et at (1997a), and Goldsmith and Dowson (1999). 

Bovine serum, diluted with deionised water to 25 % was used, and a 2450 N maximum walking 

cycle at I Hz was applied (Paul et al, 1966). This testing model was principally chosen due to 

its reported success and wide practice, and would also aid in direct comparisons between the 

results generated in the current study and those from others. Eight standard 28 mm 

UHMWPE/CoCrMo components, as described in Section 3.1.1, were divided into two equal test 

groups, and positioned in either an inverted or physiological configuration within the hip joint 

simulator. The femoral heads were mounted on tapered stainless steel stems, and all acetabular 

sockets were secured in their fixtures using standard acrylic bone cement (Goldsmith and 

Dowson, 1999). Each cement mantle was approximately 4 to 5 mm thick, similar to that for 

clinical implantation, Figure 3.8, and was purposely unsymmetrical, to prevent socket rotation 

within each test fixture during testing. To achieve this, a pre-defined mould was used to cast a 

reproducible mantle on to each socket. Once completed, all test sockets were then soaked in 

deionised water for approximately 100 days at 37 °C to maximise fluid uptake. The sockets 

were restrained during testing using moulded polyurethane holders (ASTM Standards, 1996), 

which were fitted into each test chamber using a stainless steel collar. Wear was to be 

determined over a three million cycle testing period, with gravimetric measurements taken 

every half million cycles, as reported by Smith and Unsworth (1999). Each specimen was 

weighed until three sequential readings were within a narrow range (± 0.00005 g). All mass 

losses were converted to a volume using a density of 938 kg/m3. 

Figure 3.8. Photograph showing moulded IMMA cement mantle. 
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After 1.5 x106 cycles of wear testing, the MTS hip simulator failed due to a catastrophic failure 

of the test station bearings. This subjected each of the test components to extremely high levels 

of frictional torque, and resulted in significant surface damage to most specimens, thus 

necessitating the termination of the test. Although the targeted three millions cycles was not 

achieved, a significant amount of data was successfully recorded. 

The gravimetric wear results obtained for the first 1.5 x106 cycles of testing are shown in Table 

3.1. The results show a massive variation in wear rate for the two socket configurations, with 

many results showing a negative value. None of the results showed any similarities to 

previously published data. It was found that the quantity of moisture uptake for the PMMA 

cement mantles was significantly greater than the small mass losses due to polyethylene wear, 

thus inducing high errors. As the calculation of wear included a correction for moisture uptake, 

large errors were also introduced by unexpected mass changes of all creep control sockets, 

which showed a low level of repeatability. This unpredictable mass change for all control 

sockets may have been caused by trapped moisture between the socket and the mantle. Overall, 

all gravimetric results were found to be inaccurate, and the effectiveness of using a PMMA 

mantle when using gravimetric wear analysis was misjudged, and was decided to be avoided 

unless volumetric measuring techniques were available. The high moisture uptake for all 

PMMA mantles was also observed during the initial 100 day soaking period, where all test 

specimens gained approximately 40 times more moisture compared to those sockets without a 

cement mantle, thus demonstrating the high absorption rate of PMMA compared to 

polyethylene. 

Table 3.1. Gravimetric wear measured for each 0.5 x106 cycle period during the commissioning test. 

Gravimetric Wear (mm) 

Physiological Sockets Inverted Sockets 
No. of Cycles x 106 Socket 1 Socket 2 Socket 3 Socket 4 Socket 5 Socket 6 

0.5 -146.9 -349.6 -261.6 238.8 194.2 306.1 
1.0 -285.2 -169.1 -140.4 -85.4 85.4 -142.6 
1.5 -305.0 -424.0 -484.3 78.93 40.6 159.5 

Figure 3.9 shows a typical comparison between the requested force profile, and the force 

measured using the force transducers during one gait cycle. This result demonstrates that the 

level of gain adopted within the TestStar software was at a satisfactory value, and also that all 

measuring systems are synchronised. 
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Figure 3.9. A typical comparison between requested load and the response load for the MTS hip 
simulator. 

The results from all vertical displacement transducers over the testing period showed that the 

variation in vertical position of each test socket was consistently in-phase with applied force, 

during each gait cycle, Figure 3.10, thus confirming that vertical displacement was directly 

affected by force. Moreover, the amplitude of this vertical movement was typically 0.8 mm for 

both socket configurations, Figure 3.10, which was significantly higher than an estimated level 

of 0.1 to 0.2 mm (i. e. only accounting for test-station bending). Such large variations in vertical 

movement can be explained by the elastic properties of the polyurethane socket holders. Since 

the socket holders are highly compressible, large vertical movements under applied forces are 
inevitable. Under such large movements, it is also possible that a small percentage of the total 

movement is due to bouncing of the fixture. The occurrence of such phenomenon may possibly 
have an effect on the contact stresses at the articular surface, as movement in the opposing 

direction may reduce the applied force. The observed large movement of each socket during gait 

is non-physiological, and thus does not accurately simulate the in vivo placement of an 

acetabular socket. In order to reduce such vertical variations, the socket fixtures were 

redesigned, Section 3.4.6. Overall, the results from all displacement transducers demonstrated a 

high degree of accuracy. 

After the initial million cycles, all physiological configured sockets generated a torque level of 
0.5 Nm to 0.8 Nm, whereas the inverted sockets generated a much lower torque level, typically 

0.2 Nm to 0.4 Nm. This initial result highlighted a possible difference in the quantity of surface 

friction for the two socket configurations, however, more comprehensive wear studies were 

required to establish further speculations. 
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Figure 3.10. A typical relationship between measured vertical displacement and applied force during two 
consecutive gait cycles using polyurethane holders, for socket no. 3, of the commissioning wear test, (0 to 
0.5x106 cycles). 

As all other wear parameters up to 1.5 x106 cycles, including temperature and surface 

topography, produced a similar result to published reports, and the fact that there was no 

evidence of a polymeric transfer film on any femoral surfaces, these results suggest that using a 

25 % bovine serum lubricant under the adopted testing procedures was successful. However, the 

ultimate comparison is found by establishing the quantity of wear produced, which was not 

achieved in this commissioning study. 

3.4.6 Specimen Fixturing 

The specimen fixturing used for all wear tests is shown in Figures 3.11 (a) to 3.11 (e). In order 

to reduce the large vertical socket movements observed when using polyurethane holders, 

Section 3.4.5, all socket fixtures were redesigned, and manufactured from stainless steel. Initial 

test investigations showed that this type of rigid socket fixture reduced all vertical movements 

from 0.8-1.0 mm to a maximum of 0.4 mm. This smaller socket movement ensured that each 

socket was subjected to the maximum load. All test sockets were restrained using a stainless 

steel clamping plate and four screws, Figure 3.11 (c). To prevent socket rotation during wear 

testing, each clamping plate incorporated a rectangular groove, which matched the outer socket 

periphery, thus producing a secure fit. This location method required each socket to have 

additional machining to form two flats, Section 3.2. The two testing configurations, i. e. 

physiological and inverted, required separate specimen fixturing due to the differences in socket 

position, although the method employed for locating and fixing was the same. The detailed 

component drawings of all specimen fixtures used for all tests are shown in Appendix Three. 
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(c) 

Figure 3.11. Photographs showing the relevant specimen fixturing, (a) inverted configuration, (b) 
physiological configuration, (c) clamping plate and screws (physiological configuration), (d) fully 

constraining clamping plate, and (e) partially constraining clamping plate. 

The influence of socket clamping was investigated using either a fully constraining clamping 

plate or a partially constraining plate, as shown in Figure 3.11 (d) and (e) respectively. The 

partially constraining fixtures clamped 2.0 mm of the outer socket diameter, where as the fully 

constraining fixtures clamped across 10.0 mm of the socket diameter. Stainless steel tubing, 

Figures 3.11 (d) and 3.11 (e), was attached to all physiological fixtures to remove the air bubble 

created during assembly, via a syringe. 

3.5 Wear Testing Parameters 

3.5.1 Simulated Walking 

The loading profile used during simulated walking was based upon the data published by Paul 

(1966). This loading profile, Figure 3.12 (a), was adjusted to a maximum of 2450 N, and a 

minimum of 50 N, to match the loading ranges described by Bragdon et al (1996), and Wang et 

al (1997). 
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Figure 3.12. Force profiles for (a) normal walking, (b) simulated stumbling, and (c) simulated jogging. 

3.5.2 Simulated Stumbling 

The loading profile used to simulate gait stumbling was based upon previous data published by 

Bergmann et al (1993), and consisted of a multi-peak cycle, Figure 3.12 (b). In order to achieve 

a stumble time of 2.0 seconds, each stumble simulation consisted of two consecutive one- 

second loading cycles. Stumble cycles were integrated into standard 60 rpm walking tests, and 

were introduced at frequencies of I stumble every 6245 cycles, 3602 cycles and 360 cycles, 

which equates to a patient stumbling 3x, 5x, and 52x per week. The peak force during each 

stumble cycle was 5000 N, the force limit of the MTS hip simulator. 

3.5.3 Simulated Jogging 

The loading profile used during simulated jogging was based upon the data published by 

Bergmann et al (1993), and consisted of a half-second one-peak cycle, with a maximum force of 

4500 N, Figure 3.12 (c). Each jogging test ran for periods up to 28,800 cycles, equating to a 

maximum of 4 hours of jogging. 
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3.6 Wear Testing Protocols 

3.6.1 Test Set-up Protocol 

All experimental apparatus and laboratory equipment was cleaned using the standard cleaning 

protocol, as described in Appendix Four. All test components were weighed and cleaned, then 

the following procedure was followed: 

1. Defrost I litre of bovine calf serum. 
2. Filter 4 litres of deionised water. 

3. Dissolve 25 % serum into 75 % filtered deionised water into 4 litres, containing 0.1% w/v 

sodium azide. 
4. Assemble test socket within relevant fixturing, ensuring that the socket locating plate is 

secure, without over tightening. 

5. Wash specimen chamber with propan-2-ol, and rinse with filtered deionised water, ensuring 

that there is no residual solvent. 

6. Locate socket assembly within specimen chamber. 

7. Rinse both fixture and chamber with filtered water. 

8. Measure out test serum, to the correct volume percentage, and add to test chamber. 
9. Locate and fix a polyethylene bag to the test chambers using adhesive tape. 

10. Repeat steps 4 to 9 for all eight stations, including creep controls. 

11. Cut the top of the polyethylene bags, and locate all the test chambers on the correct station 

on the hip joint simulator. 
12. Locate socket fixture into the tooling head adapter of test rig, and secure using an Allen key. 

13. Connect thermocouple cable. 

14. Seal all polyethylene bags around the tooling head adapter using adhesive tape. 

15. Connect control heater cables 

16. Initiate heating devices for creep control stations. 

17. Open test configuration on TestStar II. 

18. Turn on hydraulics. 

19. Reset all eight torque cells on TestWare SX menu. 

20. Press run. 

21. Place soak control in oven at 37 degrees. 

22. Adjust heating for control stations over initial four hours, and then monitor daily. 

23. If required, add test medium to maintain constant level within test chamber. 
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3.6.2 Test Dismantling Protocol 

On completion of a wear test, the following procedure was followed: 

1. Close data file, and switch off heaters. 

2. Remove all test chambers from the hip joint simulator to a clean work surface. 

Repeat for each test chamber. 

1. Remove polyethylene bag and remove socket fixture. 
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2. Record volume and description of remaining test serum, then bottle serum, and freeze. 

(Ensue all bottles are clearly marked with the station number, cup reference, number of 

cycles, user's name, date, and relevant data. 

3. Dismantle socket fixture, and place test socket in a beaker of deionised water and 

Decon90 after removing all visible foreign bodies. Sockets are ready for cleaning 

protocol, Appendix Four. 

4. Remove soak control sockets from incubator. 

5. Clean test specimens, and weigh. 

6. Clean all relevant fixturing, and hip simulator. 
7. Backup all recorded data. 

8. Measure the weights of all test sockets to quantify wear, as described in Appendix Five. 

3.7 Wear Measurement 

3.7.1 Gravimetric Technique 

In order to accurately measure the weight-loss of each polyethylene socket resulting from wear, 

all masses were corrected for fluid absorption by using a minimum of two unloaded 

temperature-maintained soak control sockets and one loaded (creep) soak control socket, as 
described by (Clarke et al, 1985, and McKellop et al, 1992, ASTM Ref. F 1714-96,1996). The 

expression used to calculate the loss of mass due to wear SMt, was based on BS 7251 (Part 8, 

1990, ISO/TR 9326: 1989), and is shown in Equation (3.1), where M, 1 = initial mass of test 

specimen, Ma= final mass of test specimen, M51= the average initial mass of all soak controls, 

and M, 2 = the average final mass of all soak controls. 

6Mt = NO - Mtz) + (Ms2 - Ms1) (3.1) 

As the absorption rate of polyethylene has been shown to substantially increase with cyclic 

loading, Saikko et al (1992), the (creep) soak control sockets were horizontally loaded within 
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the hip simulator under identical gait loading, but were not subjected to articulation. The 

lubricant temperatures of all creep stations were controlled by using electronic heating mats, 

PID controllers with dual relay outputs, and platinum probes. All heating mats were fastened to 

the outer periphery of the acrylic test chambers. During testing, the temperatures of the creep 

stations were adjusted manually to match the average temperature of the articulating stations, 

which were measured by TestStar via individual thermocouples. The remaining soak control 

sockets were submerged in identical test serum, and stored in an incubator at 37 °C for the 

duration of the test. 

All sockets were typically measured at the beginning and end of every individual wear test, 

which ranged from 0.0144 x106 cycles to 0.5 x106 cycles. This procedure required each test 

socket to be removed from its relevant fixturing, and strictly cleaned using the standard protocol 
described in Appendix Four (adapted from the ASTM Ref. F 1714-96,1996), ensuring the 

removal of any contaminants. Following cleaning, the sockets were then dried, and weighed, 

following an established method described in Appendix Five, similar to ASTM Ref. F 1714-96, 

1996. After weighing, the sockets were reassembled within the hip simulator in their original 

positions. The mass loss due to wear was then converted into a volume by dividing by 938 

kg/m3, density of GUR 1020 UHMWPE. For statistical analysis, all wear results were 

extrapolated to mm3/106 cycles. 

3.7.2 Volumetric Technique 

All volumetric measurements were conducted using a (Kemco 400) coordinate measuring 

machine (CMM) at the University of Leeds (Derbyshire et al, 1994a). Measurements were 

undertaken for one wear test only, as described in Section 4.2. To avoid inaccuracies due to 

creep deformation, volumetric measurements of all sockets were taken after the initial one 

million cycles of testing, and then at six million cycles. Before measurement, all sockets were 

given 3 days to relax and equilibrate in the CMM laboratory. Volumetric wear of the 

articulating sockets was then calculated by subtracting the average volume change of the creep 

control sockets. The direction of wear penetration, both vertical (z-axis) and horizontal, was also 

measured at Leeds University using the CMM, and was used to evaluate the extent of socket 

tunnelling. 

3.7.3 Wear Factors 

All wear factors (k) were calculated using Equation (3.2) (BS 7251, Part 8,1990, ISO/TR 

9326: 1989, Goldsmith and Dowson, 1999a), where L= load, x= sliding distance, and V= wear 

volume. In order to reduce substantial errors, the value of the integral was determined 

numerically by the products (L dx), instead of using an average load. The values of the integrals 
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for the walking and jogging force profiles at the three sliding speeds tested are presented in 

Table 3.2. 

dV= kfL dx. (3.2) 

Table 3.2. Values of the force profile integral (L dx) (Nm). 

1Hz 1.5Hz 1.75 Hz 
Normal Walking Profile 25.5 38.2 44.6 
Simulated Jogging Profile 32.7 49.1 57.3 

3.8 Wear Particle Analysis 

Samples of bovine serum were collected from all test stations after every wear test. Following 

collection, all samples were immediately stored in clean plastic bottles, labelled, and frozen to - 

25 °C. Six samples were chosen for analysis, which included normal walking at 60 rpm, for 

both inverted and physiological configured sockets, Section 4.2, and for excessive gait 

stumbling at 53 times per week, Section 5.3.2, using both fully and partially constraining 

fixtures. 

Polyethylene particles were isolated by a multistage centrifugation and digestion method, 

similar to that proposed by Campbell et al (1994) and Yamac (1999); using 5M sodium 
hydroxide (NaOH), isopropanol/deionised water gradients, 0.1 gm filtration, all following 

established protocols described in Appendix Six. After gold coating, all samples were viewed 

using scanning electron microscopy. Particle characterisation involved the size range and 

morphology classification, which was obtained from the SEM micrographs. 
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Chapter Four 

Influence of Varying Testing Methodologies 

on the Wear Performance of Crosslinked UHMWPE 
Under Standard Simulated Walking 

4.1 Introduction 

Laboratory testing of total hip replacements under simulated walking has only been possible 

since the introduction of the hip joint simulator thirty years ago (Duff-Barclay and Spillman, 

1967). However, hip joint simulation has changed significantly since these early studies, and it 

is only in the last seven to eight years that hip joint simulators have been recognised as the best 

method of representing clinical conditions (Wang et al, 1998a, Barbour et al, 2000), rather than 

other forms of wear testing devices. The ability to accurately simulate in vivo mechanics and 

kinematics of the human hip joint during walking, and the capability of testing the actual 

prosthetic components themselves, are principal advantages of using hip simulators. Overall, 

hip joint simulators offer a wide flexibility for most testing parameters, and it is this flexibility 

that has led to the comparison of artefacts between research groups, with the most common 

being the type of lubricant, and the size of prosthetic components. In many cases, such 

differences in testing methods can result in very dissimilar tribological environments, leading to 

large variations in laboratory results (Besong et al, 1999). 

As the wear of UHMWPE has become a major concern for total hip replacements, it is 

important that the influences of such varying testing methodologies are clearly understood, and 

demonstrated with reproducible results. Thus, the primary objective of this current study was to 

use the MTS hip joint simulator to explore the influence of a variety of reported testing methods 

used for simulated walking, measuring changes in wear, frictional torque, and wear particle 

morphology. The four main areas of interest are socket configuration, lubricant volume, sliding 

speed and surface topography. 
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4.2 Influence of Socket Configuration 

4.2.1 Introduction 

Socket configuration refers to the actual positioning of the polyethylene/metal THR components 

within the hip joint simulator during wear testing, and ignoring relative socket angle, there are 

only two obvious configurations, i. e. physiological, and inverted. The past two decades have 

seen many successful wear studies using both testing configurations (McKellop and Clarke, 

1985, Wang et al, 1995, Bragdon et al, 1996, Wroblewski et al, 1996), however, the exact 

influence of each configuration on polyethylene wear has seen many published theories, but 

very few laboratory studies. Studies undertaken by Wang et at (1997b) and McKellop et at 

(1999b), have highlighted that from their experience, the inverted configuration significantly 

underestimates wear compared to the physiological configuration, especially for non- 

crosslinked polyethylenes, however, no comparative data has been reported. Thus, more studies 

are required to form a more substantial hypothesis. As the overall objective of laboratory studies 

is to accurately predict the clinical performance of total hip replacements, an improved 

understanding of the influence of socket configuration would aid future comparisons between 

research results. 

Currently, the most widely used configuration is the physiological or anatomical orientation, 

which positions a stationary socket superiorly with an inferiorly mounted rotating femoral head, 

similar to the in vivo placement of THR. This configuration aligns the centre of the socket with 

the maximum contact joint force. Fixing the loading axis with respect to the socket axis has 

been identified by Fisher (1998) to be an important factor, suggesting that non-physiological 

loading and differences in wear volumes could lead to different wear mechanisms. For these 

reasons, the physiological configuration is the preferred orientation. However, to date, there is 

no comparative laboratory evidence for alternative loading situations causing different wear 

mechanisms. 

Alternatively, the inverted configuration positions an inferiorly rotating socket with a superiorly 

stationary femoral head. This orientation inherently requires the socket to rotate, and as a result, 

spreads the maximum joint compressive force around a greater area of inner socket periphery, 

thus producing a theoretical larger wear volume (Wang et al, 1997b). This also implies that the 

contact stresses are also distorted, as the two peak forces, heel-strike and toe-off, occur in 

different locations during the loading cycle, thus changing the shear stress pattern (Wang et al, 

1996b, 1997b). This type of configuration enables the use of a much smaller test chamber, and 

does not form an air pocket during component assembly. 
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There are clearly many differences between the two testing configurations, thus the primary 

research objective of this study was to investigate the influence of socket configuration on the 

overall performance of polyethylene/metal total hip replacements, and to measure any changes 

on wear particle morphology, as this is the final validation in testing methodology. 

4.2.2 Experimental Methods 

The influence of socket orientation was assessed over six million cycles of normal walking at 60 

rpm. All tests were performed using the MTS hip joint simulator, as described in Section 3.4. 

The test duration was divided into twelve individual tests of 500,000 continuous normal 

walking cycles, using the Paul (1969) curve, Section 3.5.1. Eight standard 28 mm 

CoCrMo/crosslinked UHMWPE components, Section 3.1.1, were divided into two equal 

groups, and positioned in either an inverted or physiological configuration within the hip 

simulator, including one creep control station for each configuration. All sockets were retained 

using a fully constraining clamping plate, Section 3.4.6. Prior to wear testing, all polyethylene 

sockets (including 2 soak controls) were soaked in deionised water at 37 °C for 74 days to 

stabilise fluid absorption, and then weighed using the standard measuring protocol described in 

Appendix Five. 

The wear tests were performed using 25 % bovine calf serum (Sigma S-6648), Section 3.1.3, 

and was changed every half a million cycles. The serum volumes used during testing were 600 

ml and 400 ml for the physiological and inverted configurations respectively. As the 

physiological chamber had to be larger in diameter to clear the fixturing during rotation, this 

ultimately required a larger serum volume to maintain a totally flooded condition. The serum 

temperatures were monitored during testing, and were measured using (type-K) thermocouples 

positioned close to each femoral head, Section 3.4.3. 

All other materials and methods used for the current study are similar to those previously 
described in Chapter 3. Wear rates of the acetabular sockets were measured using both 

gravimetric and volumetric techniques, thus allowing a comparison between the two methods. 
Gravimetric measurements were conducted every half a million cycles, and were corrected for 

fluid absorption by using one loaded soak control station for each socket configuration, and two 

unloaded temperature-maintained soak controls. The relative mass loss for each test socket was 

then divided by a density of 938 kg/m3 to achieve a wear volume. Appendices Three and Four 

describe these measurements in more detail, and provides the working protocols used for 

gravimetric analysis. Volumetric measurements were taken at one million cycles and then at six 

million cycles using a coordinate measuring machine (Kemco 400 CMM, Keeley Measurement 

Company, UK) at the University of Leeds (Derbyshire et al, 1994). The volumetric results were 
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corrected for creep deformation by subtracting the average deformation change of the two creep 

control stations. In order to evaluate the extent of socket tunnelling, specific 3D software was 

used to measure the direction of wear penetration relative to the socket normal and front face. 

Frictional torque, vertical displacement, and serum temperature were measured over ninety 
loading cycles per individual half million-cycle test, i. e. 18 measurement intervals consisting of 
five consecutive loading cycles. 

Between 4.5 and 5 million cycles of testing, the serum from each test station was collected, and 

was used for debris analysis. Polyethylene wear particles were isolated by a multistage 

centrifugation and digestion method, similar to that proposed by (Campbell et al, 1994); sodium 

hydroxide, isopropanol and sucrose density gradients were used, followed by 0.1 µm filtration. 

Section 3.8 and Appendix Six describe the procedure in more detail. Following filtration, the 

particles on the filters were gold coated, and then viewed using scanning electron microscopy at 

10 KV. Particle characterisation involved the size range and morphology classification only, 

with accurate particle measurements being obtained from SEM micrographs. 

Analysis of Results 

The gravimetric results for each individual half million-cycle test, excluding the initial one 

million cycles, were tested for normality using the Shapiro-Wilk test. The values of probability 

for normality were 0.087 and 0.335 for the physiological and inverted configurations 

respectively, as described in Appendix Seven. As these p-values are low, all gravimetric data 

was assumed to be non-normally distributed, and Wilcoxon Mann-Whitney tests were used to 

examine the equality of medians, and the Spearman's rank correlation tests were applied to 

assess the significance of independence. All results are presented, when not otherwise stated, as 

medians (IQR). 
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4.2.3 Experimental Results 

After the pre-soaking period, all polyethylene sockets showed a similar quantity of moisture 

absorption, producing a median percentage mass change due to water of 0.04 % over 74 days, or 

approximately 10 mg, Figure 4.1. During the soaking period, the results showed varying rates of 

moisture absorption, beginning with an initial median rate of 330 pg per day for the first 15 

days, then showing a reduced median rate of 100 µg per day for the next 50 days, followed by a 

slightly increased rate of 200 µg per day for the next 9 days. 
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Figure 4.1. The percentage mass change of all GUR 1020 UHMWPE acetabular sockets during the pre- 
test soaking period. 
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During the six million cycles of wear testing, all creep and soak control sockets continued to 

absorb moisture, with all sockets showing a similar quantity of moisture uptake at the end of 

testing. Over the 159 days of wear testing, the median percentage mass change for all control 

sockets was 0.025 %, or 6 mg. The results also indicated that the quantity of moisture 

absorption during wear testing was greater for the dynamically loaded creep control sockets 

than for the unloaded control sockets, Figure 4.2 (a). However, Figure 4.2 (b) indicates a reverse 

effect when the change in socket moisture is considered from the beginning of pre-soaking. 

During the initial one million cycles, the inverted creep control station was accidentally heated 

to 57 °C. This heat increase was most likely caused by the design of the inverted socket fixture, 

which conducted heat from the heater-mat directly to the PE socket. As a result of this 

additional heating, the absorption rate for the inverted creep control socket increased 

significantly, Figure 4.2 (b). To prevent this phenomenon from reoccurring, the heater-mat on 

the inverted control was switched off for the remainder of testing, and the rate of moisture 

absorption returned to a normal level. During a break in testing at 2 million cycles, all test 

sockets were accidentally heated during soaking to 80 to 90°C for approximately 5 days, as 
indicated in Figures 4.2 (a) and 4.2 (b). This increased heat caused a minimum of 50% increase 

in moisture uptake for all sockets. 
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Figure 4.2. The percentage mass change of all GUR 1020 UHMWPE soak and creep controls during the 
(a) wear testing period, and (b) during the complete testing period, including pre-soaking. 
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The gravimetric wear results for the six million cycles showed a biphasic wear pattern for both 

socket configurations, generating a significantly higher wear rate during the initial one million 

cycles for sockets numbers 1,2,5,6 & 9. After this initial period, both testing configurations 

produced a much reduced wear rate of a similar magnitude to each other. Overall, the wear rates 

for the two phases of wear were significantly different (p < 0.001). Figure 4.3 shows the wear 

rates for all six stations as a function of number of cycles. 
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Figure 4.3. A comparison of wear rates for the physiological and inverted configured 28mm UHMWPE 
sockets. 

Using the gravimetric results for each individual wear test, with the exception of the initial one 

million cycles, the results showed a median physiological wear rate of 23.6 (3) mm3/106 cycles, 

and a median inverted wear rate of 26.8 (7) mm3/106 cycles, indicating an overall increase of 14 

% for the inverted stations. The wear rates for the two socket configurations were significantly 

different (p < 0.005), generating a Spearman's rank correlation, p<0.0001. The corresponding 

wear factors (k) were 0.93 x 10-6 mm3/Nm for the physiological configuration, and 1.05 x 10-6 

mm3/Nm for the inverted configuration, Section 3.7.3. 

The variation in median wear rate for both socket configurations are shown in Figures 4.4, and 

indicates that the inverted configuration also had a greater initial median wear rate compared to 

the physiological configuration, however, the results showed no statistical difference. 
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Figure 4.4. A comparison of median wear rates for both testing configurations. 
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Figure 4.5. Histogram of total volumetric wear for all physiological and inverted UHMWPE test sockets, 
excluding the initial one million cycles, measured by CMM, gravimetrically, and a volume estimation 
derived from CMM penetration depths. 

A summary of the volumetric wear results measured by the coordinate measuring machine 

(CMM) are shown in Figure 4.5. The results showed that the CMM produced similar wear 

estimations for all test sockets when compared to the gravimetric results, suggesting a mean 

percentage volume difference of 6.7 % or 8.2 mm3 over five million cycles. Figure 4.5 also 

shows an additional wear volume estimation, and was calculated by converting the penetration 
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depths (P), recorded by the CMM, into a volume using the following tunnelling expression 

(Dowson, 1995): 

V (mm) =irr2 P (4.1) 

Using this method, the results showed an underestimation in wear volume for most sockets 

when compared to the gravimetric and CMM results, with a mean difference of 11.7 % or 14.5 

mm3 when compared to the gravimetric results. 

The variation in socket penetration depths measured by the vertical displacement transducers are 

illustrated in Figure 4.6, and reveal a large difference in total penetration for all test sockets after 

six million cycles, ranging from 0.32 mm to 0.62 mm. However, the results showed a 

significant correlation between total penetration depth and the total wear measured 

gravimetrically for each socket, generating a Spearman's rank correlation, p=0.156. This 

correlation between total penetration and total wear indicates that the creep deformation for all 

test sockets for both testing configurations was similar. 
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Figure 4.6. The variation in socket penetration depths measured by the vertical displacement transducers 
for both socket configurations. 

When grouping all the measured penetration data together for each configuration, the median 

penetration rate for both socket configurations as a function of million cycles was also similar to 

the gravimetric results throughout the entire testing period, Figures 4.7 (a) and 4.7 (b), 

generating wear rates of 0.04 mm/year (or 24 mm3/106 cycles) and 0.05 mm/year (or 27 
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mm3/106 cycles) for the physiological and inverted configured sockets respectively, excluding 

the initial one million cycles. These results indicate a maximum error of less than 1.0 % when 

compared to the results obtained gravimetrically, thus suggesting a high degree of accuracy 

when using displacement transducers to estimate polyethylene wear. 
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Figure 4.7. The relationship between median measured linear penetration and the number of loading 
cycles for (a) physiological, and (b) inverted configured UHMWPE sockets. Graphs also show a 
comparison of measured penetration (blue-line) to a theoretical estimation of linear wear penetration (red- 
line) calculated from the gravimetric results using the tunnelling equation. 

Figures 4.7 (a) and 4.7 (b) also show an additional theoretical wear penetration curve, which has 

been calculated by converting the median gravimetric wear results into a penetration distance 

using the tunnelling expression, described by Equation (4.1). As total penetration includes both 

wear and creep, the difference between the two curves indicates the quantity of median creep, 

and assuming zero creep-recovery, and that all creep has taken place in the initial one million 

cycles, the results show a median creep estimation of 0.09 mm and 0.12 mm for the 

physiological and inverted configured sockets respectively, thereby indicating a greater median 

creep volume for the inverted stations. 

The amplitude of vertical displacement measured during each individual gait cycle varied 

between socket configurations, with the physiological configuration producing a median vertical 

amplitude of 0.23 mm, and the inverted configuration producing an increased median amplitude 

of 0.38 mm, Figures 4.8 (a) and 4.8 (b). This result suggests a greater degree of fixture 

movement for the inverted configuration during gait motion. The results also showed that the 
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displacement amplitude for each test station remained constant over the entire testing period, 

and that the median displacement amplitude for the creep stations during testing remained less 

than 0.2 mm for both fixture types. Figures 4.8 (a) and 4.8 (b) also show a comparison between 

measured vertical displacement and applied force during one typical gait cycle for both testing 

configurations. The amplitude of vertical displacement showed to be in-phase with applied force 

for all gait cycle, for both fixture types. 
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Figure 4.8. The relationship between the measured vertical displacement and applied force during two 
consecutive gait cycles for (a) socket no. 2, physiological, and (b) socket no. 6, inverted. 

The wear scar produced from both testing configurations was localised within the superior 

quadrant of each socket, and became highly polished after the first one million cycles of testing, 

producing a mirror-like finish. Visual observations of all test components after each individual 

wear test showed no significant change in this overall mirror finish of all test sockets over the 

entire six million cycles. Although the overall socket finish remained highly polished, small 

areas of surface damage were observed on most sockets throughout testing, in the form of slight 

scratching. 

All physiological configured sockets showed an unworn-cylindrical region at the top of each 

socket, as shown schematically in Figure 4.9 (a), suggesting that the direction of wear was 

directly upwards into the socket, i. e. following the socket normal. The penetration pattern 

observed for the inverted configured sockets only showed an unworn region at the top of each 

socket on one side, generating a worn region on the other half of the socket, Figure 4.9 (b). This 

wear pattern suggests an angled wear penetration when compared to the physiological sockets. 

- Socket No. 6- Inverted 
Force Curve 
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Further examination showed that the angle of penetration for the inverted sockets, with 

reference to the unworn regions, was approximately 20 ° to 25 ° to the socket normal. This 

observed direction of penetration for the inverted sockets was confirmed by CMM, producing a 

median penetration angle, 8, of 23.4 ° to the socket normal. The results for both testing 

configurations showed that all sockets tunnelled in a superolateral direction, with the direction 

of wear penetration matching the location of the maximum sliding velocity, also see Figures 

4.19 (a) and 4.9 (b). 
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Figure 4.9. Diagrams showing the wear penetration direction observed for (a) physiological, and (b) 
inverted configured UHMWPE sockets. 
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The variation in median peak torque for all stations over the entire testing period is shown in 

Figure 4.10. The frictional torque results over the six million cycles showed a biphasal pattern 

for most sockets, generating a higher torque level during the initial one million cycles. In 

specific cases, the median torque level exceeded 1.4 Nm. After this initial wearing-in period, the 

torque levels reduced for both testing configurations, generating a median peak torque of 0.6 

(0.35) Nm and 0.39 (0.18) Nm for the physiological and inverted configured sockets 

respectively, indicating an increased torque of 54 % for the physiological stations. The frictional 

torque levels for the two socket configurations were significantly different (p < 0.01), however, 

the median torque results for each testing configuration generated a Spearman's rank 

correlation, p=0.19, indicating no independence. 
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Figure 4.10. A comparison of median peak torque for the physiological and inverted configured 28mm 
UHMWPE sockets. 

Figures 4.11 (a) and 4.11 (b) illustrate a typical variation in measured frictional torque for both 

socket configurations during high and low friction conditions. The results showed that for both 

high and low levels of friction, the peak torque occurred during maximum loading, i. e. at toe- 

off, for both testing configurations. The torque levels measured during unloaded parts of the gait 

cycle were also different for the two socket configurations, and were found to be in both cases 

proportional to peak torque. 
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Figure 4.11. Typical torque variation and applied force during two consecutive gait cycles for (a) high 
torque condition (at 0.2x106 cycles), and (b) normal torque condition (at 3.3x106 cycles). 

A comparison between median peak torque and wear rate per 0.5 million cycles is shown in 

Figure 4.12, and illustrates a moderate correlation for both testing configurations. The results 

showed that when comparing the torque values from the initial million cycles, the physiological 

configured sockets produced over three times greater torque than the inverted configuration for 

the same quantity of wear. However, ignoring the data from the initial million cycles, the results 

showed that the physiological configuration produced twice the median frictional torque 

compared to the inverted configuration for the same level of wear, thus indicating no overall 

correlation between wear and torque. A very similar trend was found for maximum torque and 

wear rate for both testing configurations. 
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Figure 4.12. The relationship between median peak torque and wear rate for all data over the entire 
testing period. 

The variation in lubricant temperature for all stations during three stages of wear testing are 

shown in Figures 4.13 (a) to 4.13 (c). The results showed that in most cases, the physiological 

configuration generated a higher lubricant temperature than the inverted configured sockets. A 

comparison between mean lubricant temperature for the two configurations as a function of 

number of cycles is shown in Figure 4.14, and suggests a constant difference in temperature of 2 

°C between the two testing configuration. All data points shown in Figure 4.14 represent the 

range of serum temperatures recorded for each socket configuration during wear testing. The 

results also showed that the mean serum temperature for both socket configurations decreased 

by 9 °C after four million cycles, leading to mean serum temperatures below 30 °C. This 

temperature variation matched the drop in frictional torque, Figure 4.10. 

The maximum lubricant temperature, recorded during each individual half million-cycle test, 

was in all cases produced by the physiological configuration. The physiological configuration 

also showed in most cases to produce a greater rate of temperature increase at the beginning of 

each testing period when compared to the inverted configuration, thus reaching a higher 

constant temperature more quickly. 
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Figure 4.13. The variation in lubricant temperature for a number of test sockets from both socket 
configurations during (a) 0.5x106 to lx106cycles, (b) 4.5x106 to 5x106 cycles, and (c) 5.5x106 to 6x106 

cycles. 
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Figure 4.14. The range of mean lubricant temperatures for all stations as a function of number of cycles. 

The bovine serum collected at 4.5 million cycles was successfully digested, and a large quantity 

of polyethylene particles were isolated from all six testing stations. Analysis of all scanning 

electron micrographs suggested an extremely wide size range and morphologies of all wear 

particles from both testing configurations, showing no measurable difference between the two 

groups. The following terminology used for describing particle morphology was based on 

previous studies (Schmalzried et al, 1994, Campbell et al, 1996). All samples from both socket 

configurations showed six consistent particle types, namely, submicron-sized particles, larger 

granular or elongated particles, fin fibrils, larger platelet-type particles, aggregated larger 

particles, and large flake particles or shreds. These six most predominant particle types were 

observed in varying quantities in all samples, with the most dominant particles being 

submicron-sized. 

Figures 4.15 (a) and 4.16 (a), show discrete submicron-sized particles generated from both 

physiological and inverted configured sockets respectively. The submicron-sized particles were 

either rounded in shape (equiaxed) or elongated. The rounded or granular particles ranged from 

0.1 to 0.6 µm in diameter, and the elongated or fibrillar-shaped particles were typically 0.1 to 

0.4 µm in diameter and 0.8 pm in length. 
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(a) (b) 

(c) 

Figure 4.16. SEM images showing polyethylene wear particles produced from inverted configured 
UHMWPE sockets, identifying (a) discrete submicron sized particles (A, B, C) and larger granular 
particles (D, E), (b) aggregated particles < 10 µm, and (c) large flake or shred particles > 10 µm. 
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Figure 4.17 shows an enlargement of the SEM image shown in Figure 4.15 (c), and highlights a 

much larger quantity of submicron-sized wear particles. It can be easily seen from Figure 4.17, 

that the submicron-sized particles represent the vast majority of particles observed, existing as 

discrete particles, and not as aggregates. 

In all samples, larger granular and platelet-type particles were observed as both discrete 

particles and as aggregates. Individual particles were no greater than 5.0 µm in length, and were 

typically smooth, Figures 4.16 (c) and Figure 4.17. The quantity of these particles was 

significantly less than the submicron-sized particles. Aggregated particles were observed to be 

no greater than 15 µm in length, and were also smooth in texture, Figures 4.15 (a & b) and 4.16 

(a & b). 

Many large flake-like particles or shreds were observed in all samples from both socket 

configurations, Figures 4.15 (c) and 4.16 (c), however, the overall quantity of these larger 

particles was significantly less than all other particle types mentioned. These larger particles 

were typically 2.0 to 30 µm wide, and 10 to 200 µm in length, and generally possessed a smooth 

surface finish. Many large particles showed irregular or jagged edges, suggesting that the 

particles have been torn from articulating surface, Figures 4.15 (c). The large flake-like particles 

were also observed in some cases to be rolled-up, thus forming smaller `fatter' sized particles. 

Visual observations of all CrCoMo femoral heads throughout the entire testing period showed 

no signs of a polyethylene transfer film formation. 
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Figure 4.17. Enlargement of SEM image (Figure 5.16. ) identifying many discrete submicron sized 

polyethylene particles with varying morphologies, including elongated or fibril-like particles (A, I3, C), 

rounded particles (D, E, F), and platelet-type particles (G, H). 

By John Bowsher /RC in Biomedical Materials 



Chapter Four: Influence of Testing Methods on Crosslinked Polyethylene Wear Page 111 

4.2.4 Discussion 

The fluid absorption rates for all polyethylene sockets during the initial pre-soaking period were 

very similar, suggesting a high level of repeatability of moisture absorption for all test 

specimens. The median absorption rate for all sockets after the initial 15 days was 

approximately 100 pg per day, and is similar to the absorption results published by Affatato et 

al (2001) (70 pg per day), for a similar gamma sterilised polyethylene and a 30 % bovine serum 

lubricant. However, both these results are much greater than a previously reported absorption 

rate for UHMWPE by McKellop and Clarke (1985), of 37 µg per day when using 100 % bovine 

serum. This result may suggest a large variation in socket absorption for different dilutions of 

bovine serum, however, as the exact differences in material properties of the two polymers are 

unknown, no further speculations can be made. All sockets gained approximately 10 mg of 

moisture after 74 days of soaking (0.045 %), and when considering a socket mass of 24 g, this 

quantity of moisture is very small, however, the results showed that pre-soaking specimens can 

improve the accuracy of gravimetric wear analysis, by increasing the overall moisture content 

prior to wear testing. 

During the wear testing period, the absorption results showed that the dynamically loaded soak 

controls gained more mass due to fluid absorption than for the unloaded soak controls, and is in 

good agreement with the results reported by Saikko et al, 1992, and Smith and Unsworth, 1999. 

The testing methods adopted for the current study are very similar to those used for these two 

investigations. In contrast however, the current study showed that when considering the 

moisture uptake from the initial mass i. e. start of pre-soaking, and not at the beginning of wear 

testing, the unloaded controls gained more than the dynamically loaded controls. This result 

suggests that when considering the overall influence of dynamically loading on all soak 

controls, it is important to take into account the overall quantities of fluid absorption prior to 

dynamically loading. This implies that the loaded sockets in the current study may have gained 

more moisture during testing as they absorbed less moisture before the beginning of 

dynamically loading compared to the unloaded control sockets. 

The accidental heating of all acetabular sockets to 90 °C for approximately 5 days caused a 

minimum increase in total moisture content of -50 %, thus demonstrating a profound affect of 

increased heat on absorption rate of ultra-high molecular weight polyethylene. This result may 

suggest that shorter periods of pre-soaking test sockets could be achieved by increasing the fluid 

temperature. 

The gravimetric wear results for both testing configurations showed that the overall volumetric 

wear for the six million cycles was similar, Figure 4.3, with the inverted configuration 
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generating an increase of 14 %. Even though many individual test results showed no difference 

in wear rate between the two socket configurations, the overall results generated a significant 

statistical difference (p < 0.001) between the two configurations, which highlights that for the 

given testing methodology, socket configuration can influence the wear of crosslinked 

polyethylene. The median wear rates for the physiological and inverted configurations were 
23.6 mm3/106 cycles and 26.8 mm3/106 cycles respectively, showing a difference in median 

wear rate of 3.2 mm3/106 cycles. The relative wear factors (k) were 0.93 x 10-6 mm3/Nm for the 

physiological configuration, and 1.05 x 10-6 mm3/Nm for the inverted configuration, showing 

only a small difference. 

The higher wear result for the inverted configuration suggests a slightly larger wear volume or 

wear scar when compared to the physiological configuration, as all other testing parameters 

remained constant throughout testing. A greater wear volume may be a result of spreading the 

maximum joint compressive force over a larger force locus in the inner socket periphery during 

socket rotation. A more complex theory for an increase in wear for the inverted configuration, is 

that the increased stress distribution caused by socket rotation, distorts the butterfly shear stress 

pattern, and causes the heel-strike and toe-off forces to occur at different locations of the socket 

surface, thus also increasing the localised stress distribution across the articular surface (Wang 

et al, 1997a). Both these hypotheses are widely accepted, however, studies undertaken by Wang 

et al, 1997a, and McKellop et al, 1999b, have showed that the inverted configuration 

significantly underestimates the wear rate of polyethylene, which is contrary to the results 

obtained in the current study. This conflicting wear result highlights the degree of variance in 

laboratory wear studies of ultra-high molecular weight polyethylene. However, as the study by 

Wang et al, 1997a, used a similar hip joint simulator and biological lubricant to that in the 

current study, the most likely cause for a variance in wear volume is the properties of the 

polyethylene itself, and the type and degree of sterilisation. Further evidence for this conclusion 
is seen in Wang's study, as they reported greater underestimations of inverted wear with non- 

crosslinked polyethylenes, i. e. EtO-sterilised (Wang et al, 1997a). 

The gravimetric results also showed that over the six million cycles, both socket configurations 

produced a biphasal wear pattern, matching the penetration curves observed by Wroblewski et 

al, 1996, Jasty et al, 1997, and Goldsmith et al, 1999: This significant increase in wear rate 
during the initial one million cycles may be caused by higher initial contact stresses, caused by 

increased roughness, Goldsmith and Dowson (1999a). However, the increased surface 

roughness of each socket produced during manufacture, and therefore at the start of the test 

procedure, may play a greater role in causing greater initial wear, than increased localised 

stresses. Overall, the gravimetric results for all eight test stations over the six million cycles 
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showed a low interquartile range, indicating excellent consistency. This result demonstrates that 

the MTS hip joint simulator has excellent repeatability for all testing stations. 

The median physiological wear rate of 23.6 mm3/106 cycles is relatively low when compared to 

the majority of other laboratory studies using 28 mm UHMWPE sockets, and a similar testing 

methodology. For example, recent physiological wear studies undertaken by Smith and 

Unsworth (1999), Barbour et al (1999,2000), Bell et al (2001), and Smith and Unsworth (2001) 

have reported mean polyethylene wear rates of 51.4,35,37,55, and 52 mm3/106 cycles 

respectively, for 28 mm.. gamma sterilised (2.5 Mrads in air) UHMWPE sockets against 

CoCrMo heads, 25 % bovine serum. This difference in wear rate becomes even greater when 

correcting the wear results in the current study for an increased sliding distance of the NITS hip 

simulator (1.4 times), compared to the natural hip joint and more accurate hip simulators (Wang 

et al, 1997b, Ramamurti et al, 1998). After accounting for the increased sliding distance, the 

median wear rate equals 15 mm3/106 cycles, and is a minimum of 60 % less wear than the 

studies mentioned above. A possible reason for this large difference in wear rate is that the 

sockets used in the current study were gamma irradiated with a larger dosage (5 Mrads) 

compared to 2.5 Mrads, causing increased crosslinking, and importantly, were irradiated in 

nitrogen, instead of air. As gamma irradiation in air has been linked with increased oxidation, 

causing increased crystallinity and wear rate (Fisher, 1994, Kurtz et al, 1999), this factor may 

have led to the large reductions in wear observed. This low polyethylene wear rate generated in 

the current study also suggests a significant improvement in the wear resistance for crosslinked 

polyethylene (100 to 150 %) compared to non-crosslinked polyethylenes. Full details of the 

sterilisation methods adopted for all the studies reported in the literature are not consistently 

available, however, this low wear rate is similar to crosslinked polyethylene studies reported by 

Wroblewski et al (1996), Clarke et al (1997), Goldman et al (1998), McKellop et at (1999), and 

Muratoglu et al (1999). 

Studies undertaken by Elfick et al (1998) have suggested that a volume of polyethylene wear 

particles over a threshold of 530 mm3, will be likely to cause problems associated with 

osteolytic loosening. Using this defined volumetric threshold, the life expectancy of the total hip 

replacements tested in the current study would be approximately 35 years. This increased 

performance highlights the improved wear resistance of crosslinked polyethylene, as a 

conventional Chamley prosthesis (non-crosslinked), with a standard wear rate of 45 mm3/year 

(Wroblewski, 1992), has a life expectancy of 12-years. A life expectancy of 35-years is 

significantly lower than a 74-year life span reported for a zirconia-UHMWPE prosthesis 

(Goldsmith and Dowson, 1999a), which demonstrates that alternative counterface materials are 

often more successful than CoCrMo. However, additional clinical studies from many more 

research groups are required to further conclusions. 
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Measuring wear volumetrically using a coordinate measuring machine produced a similar wear 

estimation for most sockets when compared to the gravimetric wear results, with a mean 

percentage volume difference of only 6.7 %, Figure 4.5. Since all volumetric measurements 

were undertaken using a well-established method (Derbyshire et al, 1994), the similarities in 

wear results for both measurement types indicate that the protocols implemented for gravimetric 

assessment are effective and consistent. Such findings show a good agreement with many 

similar previous independent studies (Wang, 1998, Smith and Unsworth, 1999). The mean 

quantity of plastic creep after the initial one million cycles was 25 mm3, and matches the results 

reported by (Derbyshire et al, 1994, Bigsby et al, 1997), who demonstrated that the majority of 

plastic creep occurs during the first million cycles of testing, and accounts for less than 30 mm3 

thereafter. 

The results from all individual tests have demonstrated that the linear vertical displacement 

transducers, positioned on each individual test station, can be used effectively to measure the 

wear and creep penetration of polyethylene sockets. The mean penetration rates recorded for 

both socket configurations showed a maximum error of only 1.1% when compared to the 

gravimetric and volumetric results, indicating a high level of accuracy, see Figure 4.7. The 
. 

penetration rates recorded were equivalent to 0.04 mm/year and 0.05 mm/year for physiological 

and inverted configurations respectively, and are very similar to the laboratory penetration rates 

reported by Saikko et at (1996), Bigsby et at (1997). Since all relative changes in vertical 
displacement ranged from only 0 to 0.1 mm, this result clearly demonstrates that the predicted 

accuracy of 1.2 mm for the transducers is a gross' overestimation. The results suggest that a 

more realistic estimation of achievable accuracy is far less than 0.1 mm. The variation in 

vertical displacement for all sockets showed a biphasal wear pattern, showing a significant 

greater penetration rate during the initial two million cycles, which again is similar to the results 

obtain gravimetrically. The final displacement values for all sockets only showed a moderate 

correlation with total wear, indicating that the extent of creep deformation was similar for all 

polyethylene sockets. 

The displacement results also showed that an accurate estimation of creep deformation could be 

achieved by subtracting the variation in measured displacement from a penetration curve 

obtained by converting the gravimetric results into a penetration distance using the tunnelling 

expression, Equation [4.1]. This method is accurate, as the penetration distance (P) is far greater 

than the radial clearance (Dowson, 1995). Comparing the results in this way suggests that the 

majority of creep occurred during the initial one and a half million cycles, and ranged from 0.1 

mm to 0.15 mm, which matches the results presented by (Bigsby et al, 1997, Smith and 

Unsworth, 1999). 
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The variation of vertical displacement during all individual gait cycles consistently varied 

between socket configurations, with a mean variation of 0.23 mm and 0.38 mm for the 

physiological and inverted configurations respectively, see Figure 4.8. A comparison between 

measured vertical displacement and applied joint force during a typical gait cycle showed that 

the variation in vertical displacement was in-phase with applied load, producing a significant 

correlation for both testing configurations. This result strongly suggests that the change in 

vertical position of all test sockets during testing was due to bending of the fixturing within the 

hip joint simulator, and that the inverted configuration bends significantly more the 

physiological configuration. This is an important result, as it possibly demonstrates the effect of 

the relative position of the loading axis with respect to the socket centre. The physiological 

configuration fixes the loading axis with respect to the socket axis, and thus produces no offset 

force vector, and as a result should produce little bending. However, the inverted configuration 

requires the socket to rotate, and as a result, it produces an offset force vector, as the loading 

axis was not in the socket centre. This offset vector may explain why the inverted configuration 

produces increased fixture bending. As all fixturing can move horizontally by the presence of 

the floating bearing, located at the top of the machine, any subsequent horizontal motion caused 

by bending will not affect the relative motion of the components being tested, thus fixture 

bending can be ignored. 

Visual observations of all articular surfaces throughout wear testing showed no significant 

changes in the highly polished finish on all components, thereby suggesting no large overall 

changes in surface topography. This result demonstrates a high level of effectiveness of all test- 

assembly and cleaning protocols from preventing any third-body contamination. Small 

quantities of articular damage were observed on many test sockets throughout testing, and 

consisted of very fine surface scratches or pits, and small areas of scuffing. As all components 

and materials were strictly cleaned and filtered in a controlled clean area, the occurrence of 

small areas of surface damage may indicate an influence of the small hard particles less than 0.2 

µm. Alternatively, the surface damage observed in the current study could be explained by the 

generation of minute metal particles generated from the femoral counterface, for example, 

surface pitting. 

The direction of wear tunnelling for both socket configurations was different, and demonstrates 

that the relative position of each test socket can influence the mechanism of penetration. This 

difference in wear pattern is in good agreement with the findings by Wang et al (1997b), Fisher 

(1998). The results showed that the physiological sockets tunnelled directly inline with the 

socket normal, i. e. 90 ° from the front face of the socket, whereby the inverted configured 

sockets tunnelled at 23 ° to the socket normal, i. e. 67 ° from the front face. In each case, the 

direction of wear tunnelling matched the location of maximum sliding velocity for both socket 
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configurations, thus indicating a significant correlation between sliding speed and wear. This 

result is similar to the theoretical mechanism of penetration reported by Murray and O'Connor, 

1998, which proposed that maximum wear occurs at the location of maximum sliding velocity, 

and that maximum creep occurs at the location of maximum joint force. This observation is 

further evidence for the theory that wear of polyethylene hip replacements is far more dependent 

on sliding velocity than load. 

Figure 4.18 illustrates a theoretical model of wear penetration for the two sockets configurations 

used on the MTS hip simulator, devised by using a combination of experimental results and the 

theory of wear penetration proposed by Murray and O'Connor, 1998. This mechanism of 

penetration assumes that negligible wear occurs under extremely low sliding velocities, i. e. the 

location of minimum sliding distance. 

Max Sliding 
Distance 

Theoretic 
Wear Patl 

46 ° Biaxial 
Rocking 

Physiological Configuration Inverted Configuration 

Figure 4.18. Diagram illustrating a theoretical mechanism of wear penetration for both sockets 
configurations using the MTS hip joint simulator. 

Retrieved acetabular sockets typically show a penetration angle of 37° with respect to the socket 

face (Hall et al, 1996,1998), which is significantly less than the penetration angles of 90° and 

67° used in the current study. This large difference in penetration angle is a direct result of 

fixing the test sockets horizontally, and not at a clinical angle of 45 °, which represents the 

general inclination of the socket in the pelvis. As the wear results in the current study are of a 

similar magnitude to those reported by other groups using a more accurate socket angle (45 °) 
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(Goldsmith and Dowson, 1999), this similar result may suggest that the influence of socket 

angle on crosslinked polyethylene wear may be small, however, this may not be the case for 

hard-bearing prostheses. 

Over the entire testing period, the variations in frictional torque showed a biphasal pattern for 

most sockets, indicating higher torque levels during the initial one million cycles, Figure 4.10. 

This friction pattern matches the variations in gravimetric wear, and demonstrates that in most 

cases, higher torque levels occur during elevated wear. The initial high torque levels may be a 

direct result of the increased surface roughness of all polyethylene sockets at the beginning of 

testing. The initial surface roughness R, of all test sockets was approximately 900 nm, and 

reduced to R8 13 to 25 nm after one million cycles of wear testing. This large change in 

topography illustrates a significant transformation in the mode of lubrication at the articular 

surfaces, as the greater initial socket roughness ultimately reduced the total contact area during 

rotation, and as a result, the contact stresses may increase, generating increased -friction and 

wear. Initial elevated torque levels may have important implications on joint fixation, as initial 

elevated friction could lead to early fixation failure of the acetabular socket or femoral stems, 

especially for non-cemented prostheses. 

After the initial million cycles of testing, the variations in frictional torque for all individual 

wear tests reduced, generating a median peak torque level below 1.0 Nm for both socket 

configurations. The overall results showed that the physiological configuration generated a 
higher peak torque of 54 % compared to the inverted configuration for all individual gait cycles. 

Importantly, the torque results for the two configurations generated a significant statistical 
difference (p < 0.0001), and a low standard error (0.03 Nm), which strongly suggests that the 

two configurations operate under dissimilar frictional conditions. 

The torque results for both configurations showed agreement with previous hip simulator 

studies, (Saikko, 1996, Davidson et al, 1988), which reported a mean running torque level of 0.2 

Nm to 1 Nm (µ of 0.015) for a polyethylene/metal combination. These results are also similar to 

the clinical models reported by (Anderson et al, 1972, Ma et al, 1983, Wroblewski et al, 1985, 

Mai et al, 1996), showing a 0.4 to 1.3 Nm friction torque for a Charnley prosthesis with a load 

of 900 N. However, the torque cells used in the current study measure frictional torque in a 

different direction to the studies mentioned. Saikko et al (1996) reported torque measurements 

in the flexion/extension axes, which has been speculated to cause the largest proportion of total 

frictional energy. This proposed axis of measurement is in the true radial direction of the swing 

phase, however, the torque measurements in the current study are likely to be similar, as the 

resistance to radial motion, measured by the MTS hip simulator, will inherently account for a 

large proportion of the frictional energy generated during rotation. As all torque cells on the 
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MTS hip simulator are able to move axially during rotation using a floating bearing, all cells are 

measuring the radial component of resistance to motion caused by contact friction only, and not 

due to misalignment effects. 

This study has identified many differences in the friction conditions of both socket 

configurations, however, the overall relationship between frictional torque and wear rate for the 

two configurations showed no general correlation, and further suggests that the two socket 

configurations articulate under different tribological conditions, and are not comparable to each 

other. This outcome is due to the fact that the physiological configuration produced twice the 

mean frictional torque when compared to the inverted configuration for the same quantity of 

wear. The increased torque level observed for the physiological configuration may be caused by 

increased conformity, as a result of the loading axis being located in the centre of each socket. 

As all contact pressures are symmetrically distributed towards the socket apex during rotation, 

the physiological sockets are far less able to deform elastically under loading compared to the 

inverted sockets, thus increasing the localised contact area and joint friction. This theory is 

highlighted by the fact that both configurations generate very different frictional responses to 

identical joint forces during individual gait cycles, thus further suggesting that changing 

localised radial clearances can influence joint friction. 

The serum temperatures generated during the initial one million cycles for both sockets 

configurations matched the lubricant temperatures reported by Lu and McKellop, 1997, for a 

CoCrMo/polyethylene combination. A similar lubricant temperature of 33 °C to 35 °C, suggests 

a reasonable level of reproducibility of the in vitro wear testing conditions used in the current 

study, as a significant difference in the frictional conditions would generate a dissimilar 

lubricant temperature. However, it is important to note that the study by Lu and McKellop 

(1997) only measured serum temperature over the initial 6 hours of wear testing, thus not 

reporting the long-term effects. 

The overall temperature results for both socket configurations showed that the serum 

temperature decreased with the number of cycles, with a drop of approximately nine degrees 

over four and a half million cycles, or 630 hours of testing. This decrease in serum temperature 

coincides with the decrease in median peak torque, suggesting a strong correlation between 

serum temperature and frictional torque, and is seen when considering the physiological 

configured sockets, which generated higher torque and produced a constant two degrees higher 

median serum temperature compared to the inverted configuration for the entire testing period. 

This overall result demonstrates that for the given test methodology, articular friction is the 

controlling factor in lubricant temperature for both testing configurations. 
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The maximum serum temperature and highest joint torque measured from each station over a 

million-cycle test was consistently produced by the physiological configuration. As Lu et al 
(1997) reported that the rate of protein precipitation strongly depends on the maximum 
temperature at the bearing surfaces during sliding, this result may suggest that the physiological 

configuration generated increased protein precipitation compared to the inverted stations. An 

increase in temperature should cause an increase in precipitation, which would directly increase 

the rate of formation of solid lubricants, thus artificially protecting the bearing surfaces from 

wear (Lu and McKellop, 1996, Wang et al, 1997a). The extent of this phenomenon is currently 

unknown, however, the physiological sockets were observed to produce less wear in the current 

study. Moreover, as no visual difference in the quantity of protein precipitation for the two 

configurations was observed, it is clear that the overall influence of precipitation for the two 

configurations was small. 

In this study, the serum temperatures were intentionally not controlled in order to measure any 

differences in frictional heating between the two socket configurations, however, serum 

temperatures should be maintained at 37 degrees when possible, in order to represent a more 

accurate in vivo environment. The overall influence of serum temperature on polyethylene wear 

rate appears to be small if any, nevertheless, serum temperatures should be maintained closely 

to body temperature to reproduce a similar environment for all plasma proteins. Since the 

majority of total hip replacement patients do not walk continually for 140 hours, in vivo surface 

temperatures at the articular surfaces are probably lower than those found in accelerated in vitro 

tests. However, the effects of this temperature change are currently unknown. 

Analysis of all SEM micrographs indicated a large size distribution of polyethylene particles 
from both socket configurations, with both groups generating a similar particle size range of 

approximately 0.1 µm to 200 µm. Characterisation of all the particles revealed that both 

configurations produced six consistent particle morphologies, which were observed in varying 

quantities in all samples, indicating no obvious difference in the wear particles examined from 

the two groups. This similarity in wear particles strongly suggests that the overall influence of 

socket configuration on particle generation is small, if any. However, a full quantitative 
investigation of the size distribution of all particles collected is necessary to accurately confirm 

this observation. A study undertaken by Fisher et at (1998), suggested that non-physiological 

wear patterns and loading conditions may produce alternative wear mechanisms, also 
highlighting that the ultimate validation of a hip simulator is full characterisation of wear 

particles produced. With this statement in mind, the considerable similarities in particles 

generated from both loading configurations further indicate that non-physiological loading and 

wear patterns do not lead to alternative wear mechanisms. The fact that socket configuration has 
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been shown in the current study to influence polyethylene wear and not wear particle 

morphology shows good agreement with the finding reported by Campbell et al (1996), 

indicating that many mechanical factors that influence polyethylene wear do not always affect 

wear particle morphology. 

Although the current particle investigation was not fully quantitative, it was very clear however, 

that the majority of particles observed on all micrographs were submicron sized, and were 

rounded or elongated in shape, Figure 4.17. This result matches the finding from many 
laboratory tests and clinical studies of periprosthetic tissue, (Shanbhag et at, 1994, Campbell et 

al, 1995, Hailey et al, 1996, Wang et al, 1996, Schmalzried et al, 1997, Kobayashi et al, 1997, 

Besong et al, 1998, Tipper et al, 2000), indicating that submicron-sized particles are by far the 

most predominant. Overall, the diversity and classification of all particles observed in the 

current study showed a great deal of similarity between debris generated in vivo, and suggests a 
high level of reproducibility for the testing methods in accurately reproducing the tribological 

conditions of artificial joints in the living body. 

Although the majority of wear particles generated in the current study were similar to those 

previously reported, a small number of differences in particle types were observed. Campbell et 

al (1996), reported the occurrence of many large fibrillar particles, with a median length of 2.3 

µm, however, no such particles were observed in the current study. All fibrillar particles found 

were no greater than 0.8 µm in length, with the majority of fibrillar particles being less than 0.5 

µm. Although this difference in particle size is small, this result may suggest a difference in 

particle generation, however such a difference in particle sizes may be due to varying material 

properties, and the extent of crosslinking. All SEM images showed that the larger particles or 

shreds were also observed in reasonable proportions. The occurrence of large flake or shred- 
type particles have not always been observed in both laboratory and clinical studies, with many 
investigations only reporting smaller sized particles (Shanbhag et al, 1994, Margevicius et al, 
1994, McKellop et al, 1995, Wang et al, 1995, Wang et al, 1996, Kobayashi et al, 1996). 

However, a few studies have reported larger particles, ranging from 1 to 7 mm in periprosthetic 
tissue (Lee at al, 1992, Hailey et al, 1996). Again, such large particles were not observed in the 

current study, as the largest particles were found to be approximately 200 µm in length. Large 

particles in the range of several millimetres may only be a result of third body wear or 
delamination wear, which would only occur in vivo, and may explain why such particles were 

not observed. The smooth surface texture of all large particles would also suggest that the 

particles were released from the articular counterface as single particulates, and not formed by 

many particles being rubbed together. 
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The large size range of all particles observed in the current study further suggests that 

polyethylene wear takes place microscopically'and macroscopically (Cooper et al, 1993), thus 

indicating very different modes of debris generation. However, further particle analysis is 

required to make further speculations. A novel technique proposed by Elfick et at (2000), uses 
low angle laser light scattering, which enables the particle size range of the entire debris sample 

to be analysed. Such techniques could be advantageous to future investigations. 

4.3 Influence of Serum Volume 

4.3.1 Introduction 

In order to represent the lubricating properties of periprosthetic fluid during hip joint simulation, 

McKellop and Clarke (1984) introduced bovine serum as a test lubricant. Since this 

introduction, bovine serum has become the most widely used lubricant in hip joint simulation to 

date (Wang et al, 1999a and 1999b, Bell et al, 2001). Under varying protein contents and 
lubricant concentrations, bovine serum has been shown by many groups to produce clinically 

relevant wear conditions, and importantly, clinically relevant size, morphology and distribution 

of polyethylene wear debris (Wang et at, 1995b and 1996a, Bigsby et at, 1997, Biggs et at, 

1998, Besong et at, 1999, Barbour et at, 1999, Bell et at, 2001). The significance of generating a 

realistic particle distribution is not just important for reproducing tribological events, but such 

information can be importantly used to determine the osteolytic potential of certain bearing 

materials (Fisher et al, 2001), which is currently the best method of predicting the life of a total 

hip replacement material. Historically, only a few test lubricants have been investigated using 

hip joint simulation, which include water, saline, and gelatin-based fluids, however, such 

lubricants have all been shown to generate non-representative particle distributions, thus 

concluding that bovine serum is the best boundary lubricant current available. However, recent 

wear studies undertaken by (Lu and McKellop, 1997, Wang, et at, 1998b, Wang et al, 1999, 

Bell et al, 2001), have all reported possible disadvantages of using bovine serum as a boundary 

lubricant. The main artefact of using serum based lubricants has been reported to be the 

formation of insoluble precipitates, which may artificially protect the articular surfaces during 

motion, thus leading to reduced wear (Wang et at, 1997a and 1998b). As the overall stability of 

testing lubricants is forever becoming more important in hip joint simulation, an improved 

understanding of the influence of the quantity of serum, and its affects on wear and friction 

would aid future studies. 

The present study was directed at investigating the influence of bovine serum volume on the 

overall performance of crosslinked polyethylene/metal total hip replacements, and importantly, 

to measure the effects of serum degradation and consequent changes in crosslinked polyethylene 

wear. 
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4.3.2 Experimental Methods 

Two separate wear tests were performed, using bovine serum volumes of 300 ml and 500 ml, 
for periods of 4.5 x106 and 2.2 x106 cycles respectively. All results were then compared to the 

results from Section 4.1, which used a serum volume of 600 ml. The details of these three wear 
tests are presented Table 4.1. All wear tests were conducted at 1 Hz, using continuous normal 

walking, Section 3.5.1, and were performed using a fixed concentration of 25 % bovine calf 

serum, as described in Section 3.1.3, which was changed every half a million cycles. The air 
bubble created during assembly for all stations was removed, and all serum temperatures were 

monitored during testing. 

Table 4.1. Wear testing parameters for all three serum volume tests, using a physiological configuration, 
with either a fully or partially constraining fixture. 

Serum Volume 300 ml 500 ml 600 ml 
(Results form Section 4.1) 

Test group No. 1 2 3 
Serum dilution 25 % 25 % 25 % 
Serum ref no. Sigma C-6278 Sigma C-6278 Sigma S-6648 
Fixture type 6x Fully 3x Fully / 4x Partial 3x Fully 
No. of creep control stations 2 1 1 
No. of soak controls 5 2 2 
No. of cycles completed 4.5 x106 Cycles 2.2 x106 Cycles 6.0 x106 Cycles 
No. of data points (excl. initial mc) 49x Fully 9x Fully / 12x Partial 30x Fully 
Temperature measurement Yes Yes Yes 
Wear particle analysis No No Yes 

Fourteen standard 28 mm CoCrMo/crosslinked UHMWPE components, Section 3.1, were 

positioned physiologically within the hip simulator, including a minimum of one creep control, 

and two soak control sockets. Test Groups I and 3 consisted entirely of fully constraining 

socket fixtures, and test group 2 consisted of four partially constraining fixtures, and three fully 

constraining fixtures, Table 4.1, as described in Section 3.4.6. The partial constraining fixtures 

(Group 2) were introduced to measure differences in wear for a set serum volume, due to a 

reduced component clamping condition. Prior to wear testing, all wear test sockets were pre- 

soaked in deionised water for 6-weeks, including the two soak control sockets. To measure the 

influence of pre-soaking time on moisture uptake during wear testing, three additional soak 

control sockets were included for Group 1, and were only subjected to a 2-week pre-soaking 

period. 
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All other materials and methods used for the current study are similar to those previously 
described in Chapter 3. Wear was measured gravimetrically, with all measurements taken every 
half a million cycles, and then corrected for fluid absorption. Volume changes were calculated 

using a density of 938 kg/m3, and all wear results were extrapolated to mm3/106 cycles, and all 

wear factors were calculated using dV =kjL dx. Frictional torque, vertical displacement, and 

serum temperature were measured over ninety loading cycles per individual half million-cycle 

test. 

Analysis of Results 

The gravimetric results for each test group, excluding the initial one million cycles, were tested 

for normality using the Shapiro-Wilk test. As the values of probability for normality were low 

(0.0092,0.087), all gravimetric data was assumed to be non-normally distributed, and Wilcoxon 

Mann-Whitney tests were used to compare medians. All results are presented, when not 

otherwise stated, as medians (IQR). 

4.3.3 Experimental Results 

During the initial (6-week) pre-soaking period, the test sockets from test groups I and 2 

generated a median percentage mass change due to water of 0.026 % (6.5 mg). This results is 

similar to that observed for test group 3 (Section 4.2.3), showing a high level of repeatability. 

Figure 4.19 shows the variation in moisture uptake for all soak and creep control sockets during 

the wear testing period for Group 1. The results showed that the two dynamically loaded soak 

control sockets consistently gained less moisture over the entire wear testing period compared to 

the unloaded soak controls, showing a final minimum difference of 0.003 %, Figure 4.19. This 

outcome indicates an opposite result compared to previous test results (Group 3), Section 4.2.3, 

where all dynamically loaded soak control sockets consistently gained more moisture than 

unloaded controls. It can also be seen from Figure 4.19, that the soak control sockets which had 

been pre-soaked for only 2-weeks, consistently gained more moisture compared to the control 

sockets which had a 6-week pre-soak. As test group 2 was only subjected to a 2.2 million cycles 

test, the long-term change of moisture uptake could not be measured, thus the relative changes 

in moisture content were not presented. 
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Figure 4.19. The percentage mass change of all GUR 1020 UHMWPE soak and creep controls during 
the wear testing period for Group 1. 

Figures 4.20 (a) and 4.20 (b) show the gravimetric wear for all rotating stations as a function of 

number of cycles for test Groups I and 2; all results were corrected using a combination of 

loaded/unloaded soak controls. The overall results showed a biphasal wear pattern for most test 

sockets, indicating a significantly higher wear rate during the initial 1.5 million cycles (p < 

0.001). This wear pattern matches previous physiological wear test results for 600 ml of serum, 

Section 4.2.3. It can also be seen from Figure 4.20 (a), that the total wear produced by each 

socket after 4.5 million cycles varied widely, ranging from 97 mm3 to 169 mm3. Figure 4.20 (b) 

also shows that the wear produced by the partially constrained sockets is similar to that for the 

fully constrained sockets, showing no significant difference overall. The wear scar for all 

sockets was localised to the superior quadrant, also matching previous test results, Section 4.2.3. 

The change in median wear for all gravimetric results for Group 1 (300ml) is shown in Figure 

4.21, and clearly illustrates a 2-fold higher wear rate during the initial 1.5 million cycles 

compared to the steady-state condition. Using all results for each individual wear test for groups 

1 to 3, with the exception of the initial 1.5 million cycles, the gravimetric results and the 

corresponding wear factors (k) for the three serum volume tests are presented in Table 4.2. The 

results showed no statistical difference in median wear rate for the three serum volumes tested 

(p = 0.8), thereby indicating that for the given testing methodology, a 50 % reduction in serum 

volume had no significant influence on the wear rate of crosslinked polyethylene. 

--o-- Physiological Load Control 1-6w eeks 
-- -- Physiological Load Control 2-6w eeks i 
-o-- Soak Control 1-6 weeks 
-x- Soak Control 2-6 weeks 
-& Soak Control 3-2 weeks 
--o- Soak Control 4-2 weeks 
+ Soak Control 5-2 weeks 
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Figure 4.20. A comparison of wear rates for all physiological configured 28 mm UHMWPE sockets, 
using serum volumes of (a) 300 ml (Group 1), and (b) 500 ml {Group 2}. [---- (pink line) = fully 
constraining fixtures, and -- (black line) = partially constraining fixtures]. 
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Figure 4.21. The variation in median wear rate for all physiological configured 28 mm UHMWPE 
sockets for Group 1. 
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Table 4.2. The gravimetric wear results, the corresponding wear factors (k), and median peak torque 
results for the three serum volumes tested, with either a fully or partially constraining fixture. 

Serum Volume Test group Median Wear Rate Wear Factor Median Peak 
No. & (IQR) (mm3/106 Cycles) (mm3INm x10-6) Torque (Nm) & 

(IQR) 

300 ml Fully Constr. 1 22.7 (11.5) 0.89 0.78 (0.3) 
500 ml Fully Constr. 2 22 (6) 0.86 1.0 (0.3) 
500 ml Partially Constr. 2 21 (2) 0.82 0.85 (0.2) 
600 ml Fully Constr. * 3 23.6 (3) 0.93 0.6 (0.35) 
*Results taken form Section 4.2.3 

The initial 1.5 million cycles of test Group 1, showed that the reduced chamber volume of 300 

ml was more susceptible to lubricant evaporation than the previously used 600 ml. To retain a 
fairly constant serum volume during a half million-cycle test, an average of 180 ml of lubricant 

was added to the initial 300 ml of serum. The significance of this finding was investigated by 

topping up varying stations with 0.2 pm filtered deionised water instead of 25 % bovine calf 

serum. The results showed that there was no correlation between the wear rate of UHMWPE 

and the lubricant top-up type (water or serum), or quantity of top-up over a half a million-cycle 
test. 

The variation in socket penetration depths measured by the vertical displacement transducers 

generated an accurate result, producing a correlation factor r2 of 0.88 between measured 

penetration depth and calculated gravimetric wear. This result is similar to that observed for the 

600 ml serum test, thus indicating a high level of repeatability. The amplitude of vertical 

displacement for all test stations for Groups 1 and 2 remained at a constant level of 0.25 mm 

over the entire testing periods, and matches the previous wear test results for Group 3. A visual 

inspection of all test components after each individual wear test showed no significant change in 

the high mirror finish, thus indicating no large changes in surface topography as a result of 

varying bovine serum volume. 

Figure 4.22 shows the variation in median peak torque for all six stations as a function of 

number of cycles for Group 1, and indicates a significant increase in peak torque for most test 

sockets during the initial half million cycles, which matches the results for 500ml and 600 ml 

physiological results. During the initial testing period, the torque level often increased above 10 

Nm, which caused an automatic test shut down. These high torque levels were not found to be 

associated with high serum evaporation. This elevated torque condition prevailed for two 
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million cycles, and was observed for all sockets with the exception of socket number 2 (Group 

1), which exhibited a constant median torque throughout the entire test, Figure 4.22. 
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Figure 4.22. A comparison of median peak torque as a function of number of cycles for all 
physiologically configured UHMWPE sockets. 

After the initial 1.5 million cycles, the peak torque levels reduced for most sockets for both Test 

Groups, generating a median peak torque of 0.78 Nm and 1.0 Nm for Group 1 and 2 

respectively, using fully constraining fixtures. These results show an approximate increase in 

median peak torque of 30 % compared to previous physiological test results using an increased 

serum volume of 600 ml. The frictional torque levels for the two serum volumes were 

significantly different (p = 0.0002), thereby suggesting that a reduction in serum volume of 50 

% may result in increased frictional torque. 
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A comparison between median peak torque and wear rate generated a strong correlation (r2 = 
0.72), Figure 4.23, although at low peak torque values there was a wide range in the wear rate, 
Figure 4.23. A similar result was observed when comparing wear rate and maximum peak 

torque. 
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Figure 4.23. The relationship between median peak torque and wear rate for all physiological data over 
the entire testing period for Group 1 (300 ml). 

For Group 1, a comparison between median and maximum peak torque and median wear rate 

over the entire testing period also illustrated similar trends for each of the parameters, Figure 

4.24, however, this pattern was not evident for socket number 2 (Group 1), which produced a 

more constant torque level. Figure 4.25 shows a comparison between the median peak torque 

and wear rate results for the 300 ml and 600 ml serum volumes. Even though the median torque 

levels in the current study were shown to be approximately 30 % higher that those generated for 

a 600 ml lubricant volume, the overall results showed that both serum volumes produced a 

similar relationship between frictional torque and wear, generating median slopes of 15.0 and 

14.0 mm3/0.5x106 cycles/Nm for the 600 ml and 300 ml serum volumes respectively. The 

observed relationship between torque and wear is exactly half the rate for the inverted 

configuration, Section 4.2.3, which reinforces the early suggestion that the physiological 

configuration produces twice the mean torque for an equivalent wear volume. 
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Figure 4.24. A comparison between median and maximum measured torque and median wear rate as a 
function of number of cycles for all physiologically configured 28mm UHMWPE sockets. 
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Figure 4.25. A comparison of median peak torque and wear rate for all physiologically configured 
28mm UHMWPE sockets using either 300 ml or 600 ml lubricant volume. 
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The variation in lubricant temperature for all stations during two stages of testing for Group I 

are shown in Figures 4.26 (a) and 4.26 (b). The overall results showed that the median serum 

temperature decreased by 10 °C after 4.5 million cycles of testing (p > 0.1), generating a final 

temperature of 26 °C. The lubricant temperatures generated over the entire testing period were 

very similar to the previous physiological test results for an increased serum volume of 600 ml, 

Section 4.2.3., thereby suggesting that as long as a submerged contact condition is maintained, 

serum volume has a weak influence on running temperature. 
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Figure 4.26. The variation in lubricant temperature for a number of physiological test sockets during (a) 
1.5x106 to 2x106cycles, and (b) 4x106 to 4.5x106 cycles. 
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Figure 4.27 shows a comparison between the range of lubricant temperatures recorded for the 

300 ml and 600 ml serum volumes over the entire testing period. All data points shown 

represent the range of serum temperature recorded for all stations. The similarities in lubricant 

temperature for the two serum volumes suggests a high level of reproducibility for the 

lubricating conditions generated in the two physiological studies, even though varying 

quantities of serum were used. The results for the 500 ml serum volume produced similar 

temperature ranges. The observed drop in serum temperature of 10 °C over the 4.5 million 

cycles also showed a moderate correlation with gravimetric wear and peak frictional torque, 

again matching previous results. 

o Physiological Configuration - 600 ml 
o Physiological Configuration - 300 rd 

40 
38 A 

me 
g 36 

34 op 
-DD ö 32 o0 

30 
a 28 00 

26 
24 

22 
20 1 

0123456 

Number of Cycles (Million) 

Figure 4.27. A comparison of mean lubricant temperatures recorded from the 300 ml and 600 ml 
lubricant volumes. 
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4.3.4 Discussion 

The dynamically loaded soak-control sockets consistently absorbed less moisture than the 

unloaded soak controls over the entire testing period for Group 1, which is the opposite result 

compared to previous tests (Group 3) using identical UHMWPE components, and also the 

findings by Saikko et al (1992), and Smith and Unsworth (1999). This result reinforces the early 

suggestion that dynamically loading soak controls has no significant influence on the moisture 

absorption rate for the given testing methods. The relative change in moisture content of all 

soak controls which had a 2-week and a 6-week pre-soaking period was also similar, and 

thereby suggests that shorter periods of pre-soaking are as equally effective as longer soaking 

periods. 

The maximum difference in moisture absorption between the unloaded and loaded soak control 

sockets for Group 1 was typically 0.002 % for an individual 0.5 million test. This percentage 

difference equates to 0.00048 g or 0.52mm3 of UHMWPE, so when considering an average 

polyethylene wear rate of 12.0 mm3/0.5x106 Cycles, this implies that the consequences of only 

using unloaded soak control sockets would produce a maximum error of only 4.0 %. This result 

suggests that dynamically loaded soak controls should be kept to a maximum of only one 

station, and should not be used at all if testing a previously used material, as a predicted value 

would suffice. Errors in fluid absorption may have been caused by using two different bovine 

serums types, however, as the two serums were similar in protein content (Sigma Aldrich, 

Poole, UK), it is unlikely that such differences in serum volume would have a significant effect 

on absorption rate. 

Reducing the serum volume from 600 ml, 500 ml to 300 ml showed no influence on the wear of 

crosslinked polyethylene. Overall, the results recorded for all serum volumes tested showed a 

similar wear magnitude, and thereby suggests a weak influence for a reduced total protein 

content on the overall performance of polyethylene/metal hip replacements. This result is 

similar to a recent hip simulator study undertaken by Furman et al (2000), reporting a poor 

correlation between wear rate and protein concentration. However, both these results are 

contrary to previous wear studies undertaken by Sauer et al (1998) and Wang et al (1999a, 

1999b), which both showed that a decrease in total protein content produced a significant 

increase in polyethylene wear rate. Possible explanations for this reduced influence of total 

protein content lies with the properties of the serums used, differences in polyethylene 

sterilisation, socket orientation and the types of plasma protein involved. 

Moreover, for a set lubricant dilution, reducing the serum volume results in an overall reduction 
in the total content of plasma proteins, and theoretically should produce an increase in 
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polyethylene wear due to a reduction in the formation of solid lubricants. The fact that no 
increase in wear rate was observed for all stations indicates that for the present testing methods, 
total protein content is not a major factor. However, it is possible that the protein concentration 

may play a more influential role in wear under much reduced levels. A reduction in the 

formation of solid lubricants should result in increased joint friction, and this was observed in 

the current study. The results showed an increase in median frictional torque of approximately 
30 % for the reduced 300 ml serum volume, and may be a result of a reduced quantity of 
boundary lubricants, however, further evidence for this theory is currently unattainable. Detailed 

analysis of the serum samples collected during testing would be required to ascertain an overall 

change in the quantity of precipitated proteins. 

The frictional torque levels generated from socket number 2 (Group 1) consistently showed a 

reduced peak torque compared to the other five sockets, especially during the initial 1.5 million 

cycles. The most likely reason for this constant lower torque level for socket 2 lies with the 

socket fixture, as all sockets were made from the same material. 

The use of a reduced serum volume significantly increased serum evaporation problems, and in 

one extreme case, led to a very short dry-running condition due to a total loss of lubricant. This 

artefact was overcome by topping up all test chambers with approximately 180 ml of additional 
lubricant over a half million-cycle test. Since lubricant topping up became an important task 

during testing, an investigation into the effect on wear rate of lubricant top-up type and quantity 

was undertaken. The results showed no measurable change in wear rate by using varying 

quantities of either the original test serum or deionised water as a lubricant top-up. This result 

shows further evidence that total protein content is not a factor in polyethylene wear for the 

given testing methods. As deionised water has been shown to increase polyethylene wear by 14 

times when compared to serum lubricants (Besong et al, 1999), it was suggested that topping up 

stations with deionised water would cause a significant increase in wear, however, this outcome 

was not observed. This result may indicate the effectiveness of the remaining proteins on 

boundary lubrication, which can aid in reducing wear (Wang et al, 1997a), and importantly, 

prevents the formation of a polymeric transfer film on all femoral components. All such 

evaporation problems were shown to have little influence on the overall serum temperatures, 

thus suggesting an unmeasurable influence of reducing the serum volume by half. 
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4.4 Influence of Sliding Speed 

4.4.1 Introduction 

A study was undertaken to investigate the influences of increased patient activity on the wear of 

crosslinked UHMWPE for total hip replacements, by introducing a series of fast walking 

sequences at varying cycle speeds using a hip joint simulator. 

During the life of a UHMWPE/metal hip prosthesis, the joint is subjected to a complex range of 

loads and sliding speeds, however, the majority of all laboratory studies of total hip 

replacements have been undertaken at a constant 1 Hz (60 rpm). This level of speed was 

initially chosen, as it is similar to the speed of normal walking. However, later simulator studies 

showed that when testing at higher speeds (2 Hz), frictional overheating occurred, causing 

testing artefacts (Lu et al, 1998, Sauer et al, 1998). As these two studies mentioned were 

undertaken with 100 % bovine serum, which has been recently suggested to contain a 

significantly increased protein content compared to periprosthetic fluid (Wang et al, 1999), it is 

possible that this factor may have lead to increased amounts of protein precipitation, and 

unrealistic boundary conditions, and may have produced an opposite result compared to a 

representative 17 mg/ml 25 % bovine serum. Thus, the overall influence of increased sliding 

speeds on the wear of crosslinked polyethylene under a representative joint lubricant is still 

currently unknown, and when considering more active patients, the influence of velocity on 

adhesive wear may increase greatly. 

4.4.2 Experimental Methods 

The influence of fast walking was assessed by two wear tests undertaken at increased sliding 

speeds of 1.5 Hz and 1.75 Hz, using the MTS hip joint simulator. Each wear test was conducted 

for a duration of 250,000 continuous normal walking cycles described by Paul (1966), Section 

3.5.1. It is important to note that in order to measure only the influence of increased sliding 

speed, the cycle time for the loading sequences remained at 1.0 second, but the speed of rotation 

of the head was increased, thus the only parameter changing in the current study was sliding 

speed. The outcome of fixing the loading cycle time and increasing the sliding speed, meant that 

the force profile was applied at varying positions of each femoral head, however, as all sockets 

were positioned physiologically, which do not rotate during gait, this means that changing the 

sliding speed does not change the location of the socket at which the force is applied. However, 

the time dependant shear stress distribution and vectors do change. 

Seven standard 28 mm CoCrMo/crosslinked UHMWPE components, Section 3.1.1, were used 
for both tests. In order to investigate the influence of socket clamping under increased sliding 

velocity, four sockets were retained using a partially constraining clamping plate, and the 
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remaining three sockets were retained using a fully constraining plate, Section 3.4.6. Stainless 

steel tubing was used on all socket fixtures to remove the air bubble created during assembly. 

Prior to wear testing, all test components had previously been subjected to 5.3 million cycles of 

normal walking, and 0.26 million cycles of simulated jogging, under smooth femoral 

conditions. After this initial testing period, all sockets and femoral heads were highly polished, 

showing very small areas of surface damage. 

All other materials and methods used for the current study are similar to those previously 

described in Chapter 3. All tests were run using 25 % bovine calf serum as a lubricant (Sigma 

C-6278), Section 3.1.3, and was maintained at a constant volume of 500 ml. The serum 

temperatures were monitored during testing. Wear was measured gravimetrically, and was 

corrected for fluid absorption by using one loaded soak control station and two unloaded 

temperature-maintained soak controls. Volume changes were calculated using a density of 938 

kg/m3, and all wear rates were converted to mm3/1x106 cycles. All wear factors were calculated 

using dV =kQL dx. Frictional torque, vertical displacement, and serum temperatures were 

measured over forty-five loading cycles per individual quarter million-cycle test. Wear rate 

comparisons to normal walking at 60 rpm were made by including previous reported data 

presented in Section 4.2.3. 

Analysis of Results 

As the two test groups were small (n =3 to 37), all data was assumed non-parametric, and 

Wilcoxon Mann-Whitney tests were used to compare medians. All results are thus presented, 

when not otherwise stated, as medians (IQR). 

4.4.3 Experimental Results 

Fast walking at 1.5 Hz generated a median wear rate of 38.3 (7) mm3/106 cycles and 37.2 (13.5) 

mm3/106 cycles for the partially and fully constraining fixtures respectively, showing no 

statistical difference (p = 0.62). The corresponding wear factor (k) for both fixture types was 

0.99 x10-6 mm3/Nm. This result showed an increase in wear rate of 74 % when compared to 

previous normal physiological walking results at 1 Hz (p < 0.0001), Figures 4.28 (a) and 4.28 

(b), illustrating a significant statistical difference. This result suggests that sliding speed is an 

important factor in polyethylene wear. Walking at 1.5 Hz produced a median peak torque of 0.3 

to 0.4 Nm for both fixture types, again showing no difference (p = 0.78). This reduced torque 

level demonstrates a reduction in frictional torque of 62 % compared to normal walking at 1 Hz 

(p < 0.001), Figures 4.29 (a) and 4.29 (b). A visual inspection of all sockets after fast walking 

showed a significant decline in the high minor-finish for four out of seven, with all sockets 

showing an increased fibrillar surface. Evidence of pitting and scuffing was also observed on 

one socket, however, no additional damage was seen on the femoral heads. 
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Figure 4.29. The influence of sliding speed on peak frictional torque during fast walking under smooth 
conditions for (a) using fully constraining fixtures, and (b) using partially constraining fixtures, also 
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Increasing the walking velocity to 1.75 Hz led to a further increase in wear for both fixture 

types, with the partially constraining fixtures generating an increased median wear rate of 52.9 

(20) mm3/106 cycles (k= 1.2 x10-6 mm3/Nm), showing a large statistical difference (p < 0.001). 

Figure 4.28 (b) illustrates that when including the normal walking data at 1 Hz for partially 

constraining fixtures, the overall relationship between wear and gait frequency (F, Hz) can be 

best described by the following power function, 

Wear Rate (mm3/106 cycles) oc 21 (F )''6 (4.1) 

with all results showing a strong correlation between wear and velocity (r2 = 0.99). However, 

the results for the fully constraining fixtures were very different, generating a 150 % increase in 

wear compared to fast walking at 1.5 Hz, generating a median wear rate of 96.0 (35) mm3/106 

cycles (p < 0.0001), Figure 4.28 (a). 

Fast walking at 1.75 Hz also showed no change in frictional torque for both fixture types, 

generated a median peak torque of 0.4 (0.2) Nm. This result illustrates an overall inverse 

relationship between frictional torque and rotational velocity for both fixture types, Figure 4.29 

(a) and 4.29 (b), as well as showing an inverse relationship between wear and friction. A visual 

inspection of all sockets after the highest speed of walking showed a significant further 

deterioration in the mirror-finish for all seven sockets, producing an extremely dull finish for 

four out of seven. Again, all socket finishes showed an increased fibrillar surface, and none of 

the femoral heads showed any additional damage, protein film or transfer film. 

Both fast-walking tests produced a significant increase in serum evaporation compared to 

previous normal walking tests, and typically required 75 to 100 ml of top-up per 24 hours of 

testing. The occurrence of increased serum evaporation appeared to have no influence on the 

overall serum temperature, with all rotating stations producing a normal median lubricant 

temperature of 30 °C after the initial 24 hours of testing. 

4.4.4 Discussion 

This study has shown that rotational velocity has a moderately large influence on the wear rate 

of crosslinked polyethylene under smooth femoral conditions, however, the amount of wear 

generated at high speed was strongly influenced by type of socket fixturing used. Fast walking 

at 1.75 Hz generated the highest wear rate for both fixture types. 

The use of partially constraining socket fixtures produced an excellent power correlation 

between wear and velocity (? =0.99). However, the results for the fully constraining socket 

fixtures were far more unpredictable, producing excessive wear at high speed. This result 
indicates that the degree of clamping of the sockets is an important factor in polyethylene wear 
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under high sliding speed conditions. As the fully constraining fixtures clamp across the majority 

of the socket's front face, subsequent material flow may ultimately lead to an overall reduction 

in radial clearance, increasing asperity contact and wear. This phenomenon would probably not 

occur in vivo as the socket is not clamped across the front face, thus the results from this study 

suggest that all test sockets should be only partially constrained, i. e. not clamped fully across 

the front face, and held only from the back periphery during testing if possible. 

The excessive wear generated for the fully constraining fixtures during walking at 1.75 Hz 

showed no influence on frictional torque, showing a similar result to that of the partially 

constraining fixtures, which produced much less wear. This result indicates a weak overall 

correlation between wear and torque, however, when using partially constraining socket 
fixtures, the relationship between torque and wear was much stronger, demonstrating an inverse 

relationship. As both fixture types generated similar torque variations and dissimilar wear, it is 

clear that wear is far more influenced by velocity than torque. 

The highest wear rate generated for the partially constraining fixtures was 52.9 mm3/106 cycles 

(k = 1.2 x10-6 mm3/Nm), and when adjusting for a reduced in vivo sliding distance (1.5 times) 

compared to the MTS hip simulator, as described by (Wang et al, 1997a, Ramamurti et al, 

1998), this wear rate is equal to 35 mm3/106 cycles. This low wear result for fast walking at 1.75 

Hz demonstrates that large periods of increased walking speeds has a relatively moderate 
influence on the overall wear of polyethylene/metal total hip replacements in vitro. 

An increase in wear with an increase in sliding velocity was evident for both fast walking tests 

in the current study, however, these results are contrary to a previous investigation undertaken 
by Sauer et al (1998) and Lu et al (1998), which both showed a reduction in wear with increased 

sliding speed. These investigations however, both adopted a 100 % bovine serum lubricant, 

which has been recently shown to contain a much greater protein content (50-70 mg/ml) 

compared to periprosthetic joint fluid (17 mg/ml) or 25 % bovine serum (Saari et al, 1993, 

Wang et al, 1999b), and this factor may have contributed to the reduced influence of rotational 

velocity observed in both studies. A possible explanation for reduced polyethylene wear with a 

greater protein concentration, is that a greater quantity of protein may lead to greater amounts of 

precipitation, which in turn may increase the formation of solid lubricants, thus shielding 

polyethylene wear (1997a). Thus, when considering the results in the current study, which 

adopted a more representative joint fluid, 25 % bovine serum (17 mg/ml), it is possible that the 

influence of increased sliding speeds on the wear of crosslinked polyethylene is far greater than 

previously ascribed, showing a significant increase in wear with increased sliding speed. 

However, more independent studies are required to confirm these results, importantly, using a 

more representative joint fluid. 

By John Bowsher IRC in Biomedical materials 



Chapter Four: Influence of Testing Methods on Crosslinked Polyethylene Wear Page 139 

Alternatively, the higher wear observed in the current study with higher sliding speeds may be 

due to the difference in material properties. The study by Sauer et at (1998) used EtO-sterilised 

UHMWPE, indicating that there may be additional differences in the wear performance of 

polyethylene with varying degrees of crosslinking. As the majority of crosslinked polyethylene 

wear occurs at positions of high sliding velocity, defined by Murray and O'Connor (1998), it is 

therefore probable that a more rigid crosslinked polymer surface would wear more then a non- 

crosslinked polymer, as a non-crosslinked polymer undergo far more plastic deformation under 

high sliding speed, thus deforming instead of wearing. 

The surface finish of all CoCrMo femoral heads showed no visible evidence of increased 

surface roughness during the two fast walking tests, demonstrating no greater scratching or 

scuffing marks compared to normal walking at I Hz. However, the results for the acetabular 

sockets were very different. As eleven tests out of fourteen showed a significant deterioration in 

the socket surface polishing during high speed walking, it is clear that in most cases, increased 

sliding velocity can have a large influence on the wear processes of crosslinked polyethylene 

during walking. Evidence for structural changes in the polyethylene lies with the observation of 

increased surface fibrillation, demonstrating that high velocities can cause increased elongation 

and rupture of the fibril polyethylene surface. 

Surprisingly there was no significant increase in the overall serum temperature variations during 

fast walking for all test stations, although increased evaporation was observed for most tests. 

The lubricant chambers used during testing were not 100 % sealed, and this may explain why 

increased lubricant temperatures were not observed as a result of increased speed. 

Ignoring concurrent effects on implant fixation and other factors, the results from this 

investigation indicate that high-speed patient activities under smooth femoral conditions do not 

lead to the tribological conditions that increase rapid failure. 
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4.5 Influence of Surface Roughness 

4.5.1 Introduction 

The overall influence of surface roughness on polyethylene wear under normal gait loading has 

been widely investigated on various testing devices over the past three decades, and has been 

shown to produce many discrepancies in results. Initially, linear pin-on-disc wear machines 

reported a significant increase in polyethylene wear with increased counterface roughness 

(Dowson et al, 1985, Lancaster et al, 1997, Minakawa et al, 1998), with one study showing up 

to a 30-fold increase in wear when introducing transverse scratches with a typical R. and Rp of 

0.013 µm and 1.0 µm respectively (Fisher et al, 1995). However, more recently, multi- 
directional hip simulator studies under serum lubrication have reported a greatly reduced 
influence of increased roughness, showing much lower wear factors with similar scratch heights 

(Essner et al, 1998, Wang et al, 1998, McKellop et al, 1999, Barbour et al, 2000, Bell et al, 

2001). This reduced influence of counterface roughening is in good agreement with many 

clinical studies (Hall et al, 1996, Kusaba et al, 1997), which at best, show a poor relationship 

between roughness and wear. Contrary to previous laboratory findings, these clinical studies 

have concluded that the overall influence of increased femoral roughness up to an Ra of 0.05 µm 

has a very small effect on polyethylene wear. Thus when considering a median clinical femoral 

roughness Re of 0.06 µm for metallic heads, calculated from nine retrieval studies totalling four 

hundred cases, as described in Section 2.4.3, this result suggests that in most cases, the overall 
influence of femoral roughness may not be as high as initially indicated. 

The purpose of this study was to use the MTS hip joint simulator to investigate the wear 

performance of crosslinked ultra-high molecular weight polyethylene under increased femoral 

roughness. This investigation was undertaken to offer new knowledge of the influence of 

surface roughness on articular friction, generated during normal patient walking. There is no 

doubt that surface roughness is an important factor in crosslinked polyethylene wear, however, a 

better understanding of the acceptable range of femoral roughness could be used to more 

accurately predict the long-term performance of polyethylene/metal hip prostheses. A recent 

retrieval study of 18 Charnley hip prostheses undertaken by Tipper et al (2000), reported a mean 

femoral roughness range Re of 0.01-4.3 µm for stainless steel heads, and importantly highlights 

that extremely high surface roughness values for metallic heads are often observed clinically. It 

is still not known today however, what the exact effects of such high roughnesses are. 
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4.5.2 Experimental Methods 

The influence of increased surface roughness was assessed by introducing six pre-roughened 

CoCrMo femoral heads into a standard walking test. The articulating surfaces of all roughened 

heads were produced by applying SiC paper, as described in Section 3.1.2, similar to that 

described by Essner et al (1998) and Wang et al (1998a). Surface topography measurements of 

all rough heads showed a median surface finish R. and Rt of 0.38 10.0 14 µm and 3.14 ± 0.15 

pm respectively, with a maximum scratch height Rp of 3.0 µm. Following extensive cleaning to 

remove all metal particles, all rough heads were then run against standard 28 mm UHMWPE 

sockets for 250,000 continuous normal loading cycles using the MTS hip joint simulator. The 

loading profile adopted in the current study was identical to that used for previous walking 

studies, and was applied at 1 Hz. All test components were positioned physiologically within 

the hip simulator, and all test sockets were retained using a partially constraining plate, as 

described in Section 3.4.3. Stainless steel tubing was used on all socket fixtures to remove the 

air bubble created during assembly. A standard polished femoral head was integrated into one 

rotating station to act as a control for all rough stations. 

Prior to wear testing, all polyethylene sockets had previously been subjected to 5.55 million 

cycles of normal walking, and 0.432 million cycles of simulated jogging, all under smooth 

femoral conditions. On completion of these initial smooth tests, all sockets were highly 

polished, and generated a median initial roughness Ra of 0.035 ± 0.03 µm. However, very small 

areas of surface damage were observed on most sockets, producing a maximum R1, of 1.4 µm. 

All surface topography measurements were recorded using a contact profilometer (Surftest SV- 

400, Mitutoyo, Japan). After testing, the surface topography of all components was re- 

measured. 

All other materials and methods used for the current study are similar to those previously 

described in Section 3.5.1. Wear was measured gravimetrically, and was corrected for fluid 

absorption by using one loaded soak control station and two unloaded temperature-maintained 

soak controls. All serum temperatures were recorded every 24 hours using a thermometer. 

Volume changes were calculated using a density of 938 kg/m3, and all wear rates were 

converted to mm3/1x106 cycles. All wear factors were calculated using dV= k0L dx. 

Analysis of Results 

As the test group was small in quantity (n = 6), all data was assumed non-parametric, and 

Wilcoxon Mann-Whitney tests were used to compare medians. All results are thus presented, 

when not otherwise stated, as medians (IQR). 
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4.5.3 Experimental Results 

Against roughened femoral heads, normal walking at I Hz generated a median wear rate of 198 

(52.3) mm3/106 cycles, (k = 7.7 x10-' mm3/Nm). This result shows an 9-fold increase in wear 

when compared to previous normal physiological walking tests with smooth heads (p < 0.001), 

Figure 4.30, and demonstrates that rougher femoral topographies can significantly increase the 

volumetric wear rate of crosslinked polyethylene. 

The variation in frictional torque generated during rough-walking showed a constant 2-fold 

increase when compared to previous smooth-walking tests, Figure 4.30, generating a median 

peak torque level of 2.0 ± (0.4) Nm (p < 0.001). This result suggests that rougher femoral 

topographies also led to higher joint friction. The differences in wear and torque between rough- 

walking and smooth-walking was further illustrated by the smooth control station, which 

produce a normal smooth-test result for all parameters measured, showing a median wear rate 

and torque level of 20 mm3/106 cycles and 0.8 (0.2) Nm respectively. 
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Figure 4.30. A comparison between median wear rate and peak torque during I Ilz normal walking 
under smooth and rough femoral conditions, using partially constraining fixtures. The error bars represent 
IQR. 

After testing, a visual inspection of all components showed a significant deterioration in the 

mirror-finish for all six sockets. All sockets possessed an extremely dull articular surface, with 

up to twenty fine scratches in the shape of the corresponding locus at that location. This 

significant reduction in surface topography is illustrated in Figure 4.31, which shows a 

photograph of socket number 5 before and after rough-walking. Surface topography 

measurements for all acetabular sockets showed an increase in median roughness R;, from 0.035 

to 0.1 16 µm (p < 0.0001), and demonstrates a considerable increase in the overall articular 

roughness as a result of femoral scratching. The surface finish of all roughened femoral heads 
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showed no overall change in surface topography, however, small polishing marks were 

observed on some heads, and were typically in the shape of the corresponding locus at that 

position. 

(a) 

(b) 

Figure 4.31. Photographs showing a comparison in surface finishes (a) before rough-walking, and (b) 

after rough-walking for socket no. 5. 

The results also showed that the median serum temperatures generated for all roughened 

stations during the initial 48 hours of testing were typically 4 °C higher (37 °C) than that 

recorded for the smooth control station (33 °C). However, after this point, and for the remainder 
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of the testing (24 hours), both rough and smooth stations generated a similar serum temperature 

of 37 °C, showing no greater temperature increase as a result of high roughness. 

4.4.4 Discussion 

Increasing the median femoral roughness Ra from to 0.016 to 0.38 µm during normal walking 

produced a 9-fold increase in volumetric wear for 5 Mrad crosslinked polyethylene. This wear 

result highlights that a significant increase in femoral roughness can lead to extremely high wear 

rates of crosslinked polyethylene, which in turn are large enough to possibly lead to rapid 

failure due to lysis and impingement or both. This high wear rate not only produces large 

quantities of polyethylene particles, but importantly delivers them in high concentrations, which 

may increase the onset of osteolysis (Ingham and Fisher, 2000). Thus for more active patients, 
i. e. 2.5 to 4.5 x106 cycles (Wallbridge et al, 1982), implant survival can be greatly increased by 

using harder and more damage resistant femoral heads, such as alumina, rather than CoCrMo. 

Even though the current study has shown a large influence of high roughness on polyethylene 

wear, a 9-fold increase in wear is significantly less than a 30-fold increase in wear observed 

using unidirectional pin-on-disc machines (Dowson et al, 1985, Fisher et al, 1996), especially 

when considering that the current study applied scratch heights three times greater. This result 

confirms previous findings by (Wang et al, 1998, McKellop et al, 1999, Barbour et al, 2000), 

that hip joint simulators generate a much reduced influence of increased surface roughness 

under multi-directional motion compared to linear pin-on-disc machines under unidirectional 

sliding. 

Introducing a high femoral roughness produced a. 2-fold increase in frictional torque, and 
indicates a significant change in tribological conditions. This increase in friction was expected, 

and further illustrates the high sensitivity of all torque cells. The mirror-finish of all sockets 

significantly reduced, producing a much greater median and minimum roughness. This rapid 

change in topography demonstrates the affects of increased abrasive wear. The results also 

showed a small influence of high roughness on serum temperature, however, the effects were 

only short-term. This may be due to varying levels of serum evaporation, and also that all 

stations were not 100 % sealed. 

The median wear rate of 198 mm3/106 cycles generated during normal walking equates to 140 

mm3/106 cycles, when adjusting for a greater sliding distance for the MTS hip joint simulator 

(1.4 times), and this wear value is of a similar magnitude to the wear rates reported by (Wang et 

al, 1998, McKellop et al, 1999), for femoral heads with a similar roughness, indicating a high 

level of reproducibility. Producing a similar wear result also provides validation for both the 

current study's testing methodology, and the quantity of femoral roughening adopted. The 
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corresponding wear factor of 7.7 x10-6 mm3/Nm fits well with the theoretical findings by Wang 
et al (1998a), reporting that the wear of crosslinked polyethylene is proportional to the square 

root of the femoral roughness, as described by the equation: 

k=7.21 x 10-6 (Ra)0.42 (mm3/Nm) (4.2) 

When substituting the values for the current study, a wear factor of 5 x10-6 mm'/Nm is 

generated, and shows good agreement with the results in the current study. The wear results in 

the current study are also similar in magnitude to those reported by (Endo et al, 2000, Barbour 

et al, 2000, Bell et al, 2001), which adopted only a couple of discrete scratches instead of an all- 

round roughening. Even though all-round criss-cross scratching is possibly more representative 

of in vivo femoral abrasion, compared to a small number of discrete scratches, it would appear 

that both methods produce similar wear failure mechanisms. The overall effectiveness of 

simulating clinical scratches by applying SiC paper is not known, and will only be answered 

with future investigations using explanted femoral heads or varying methods of simulating 

clinical damage. 
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Chapter Five 

Influence of Simulated Stumbling on the Wear Performance 
of Crosslinked Ultra-High Molecular Weight Polyethylene 

5.1 Introduction 

The quantity of patient activity simulated in laboratory wear studies for one year of use is 

typically approximated as one million normal walking cycles. Although normal walking is 

obviously only one of a multitude of loading and motion conditions to which the human hip 

joint may be subjected, many hip simulator studies adopting this level of activity have produced 

clinically relevant wear phenomenon (McKellop and Clarke, 1985, Bragdon et al, 1996, Wang 

et al, 1998a, Goldsmith and Dowson, 1999a, Saikko and Ahlroos, 1999, Barbour et al, 1999, 

Smith and Unsworth, 1999). Although lower wear rates are generally reported when using hip 

joint simulation compared to those reported clinically (Clarke et al, 1997, Bigsby et al, 1997), 

this factor has been explained by a lack of polymer degradation and abrasive wear, caused by 

roughened heads and third-body particles, and continuous smooth walking (Bigsby et al, 1997, 

Barbour et al, 1999, Smith and Unsworth, 1999). 

There is no doubt that abrasive wear and polymer degradation lead to increased clinical wear, 
however, it is speculated that such phenomena are among a multitude of factors that may cause 

greater clinical wear. Currently, there has been much interest in measuring the exact influence 

of surface topography and the effects of third-bodies on wear (Wang et al, 1998a, Laurent et al, 
2000, Muratoglu et at, 2000, Wang and Essner, 2001), yet there have been few studies 

measuring the effects of increased joint forces or alternative gait activities, which may also lead 

to higher wear, and also may alter the mechanisms of end-stage wear debris production 

(Barbour et al, 1997). Gait studies undertaken by Bergmann et at (1993), reported joint forces 

up to nine times body weight during patient stumbling, however, the overall influences of such 

loading conditions on polyethylene wear rate under multi-directional motion have not been 

published. A previous study by Barbour et al (1997) using linear reciprocating motion, showed 

that UHMWPE wear increased under a time dependent and spatially varying loading condition, 

rather than constant loading, however, as such machines are non-physiological (Wang et at, 

1998a), direct comparisons can not be made. Thus, the overall influence of alternative high-load 

testing under a realistic cross-shear condition it is still unknown, and has not been investigated 

using either a hip joint simulator or a biaxial pin-on-disk system condition. Thus, the purpose of 

this study was to introduce a series of high-loading cycles, termed simulated stumbling, using a 
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hip joint simulator, and to measure the effects on crosslinked polyethylene wear, frictional 

torque, material deformation, serum temperature, particle morphology and counterface 

roughness. 

5.2 Experimental Methods 

Fourteen standard UHMWPE/CoCrMo prostheses, Section 3.1.1, were divided into two equal 

test groups, 1 and 2, and were subjected to 4.5 x106 and 2.2 x106 cycles of normal physiological 

loading respectively, using the MTS hip joint simulator. After this initial wearing-in phase, both 

test groups were then subjected to two consecutive stumble tests, producing four tests in total. 

The loading profile used during simulated stumbling was based upon data published by 

Bergmann et al (1993), Section 3.5.2, with each stumble cycle consisting of two consecutive 

one-second loading cycles to achieve a stumble time of two seconds. Stumble cycles were 

integrated into standard 1 Hz walking tests, Section 3.5.1, and were introduced at frequencies of 

1 stumble every 6245 cycles, 3602 cycles and 360 cycles, which equates to a patient stumbling 
3x, 5x, and 52x per week. 

A detailed description of the wear testing parameters adopted for the four stumble tests is shown 

in Table 5.1. All test sockets were positioned physiologically within the hip simulator, and were 

retained using either a fully constraining or a partially constraining plate, Section 3.4.6. All 

wear tests were performed using bovine calf serum (Sigma C-6278), diluted to 25 % with 

filtered deionised water, Section 3.1.3. 

Table 5.1. Wear testing parameters for all four stumble tests. 

Stumble Test No. Test I 
4.5x106 Cycles 

Test 2 Test 3 
(, 2.2x 106 Cycles 

Test 4 

Test Group No. 1 1 2 2 
Serum Volume 300 ml 300 ml 500 ml 500 ml 
Fixture Types 6xFully 6xFully 3xFully/4xPartial 3xFully/4xPartial 
No. of Cycles Completed 0.862x106 Cycles 0.5x106 Cycles 0.5x106 Cycles 0.6x106 Cycles 
Stumble Frequency 3x/week 5x/week 3x/week 53x/week 
Temperature Measurement Yes Yes Yes Yes 
Roughness Measurement No No Yes Yes 
Wear Particle Analysis No No No Yes 

Prior to wear testing, all polyethylene sockets and femoral heads from both test groups were 

highly polished, all showing a mirror-like finish, however, extremely small areas of surface 

damage were observed on most specimens, in the form of light scratching. Surface topography 

measurements were recorded for Group 2, using a contact profilometer, Section 3.3. The median 

initial roughness of all test UHMWPE sockets for Group 2 was R. 0.016 µm (range 0.013 µm to 

0.041 µm) (n=24). The small areas of surface damage observed on most acetabular sockets 
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generated a maximum Rp and Rt of 0.2 µm and 0.44 gm respectively. The CoCrMo femoral 

heads from Group 2 had an initial median roughness R8 of 0.007 gm (range 0.004 µm to 0.113 

gm) (n=32), and also showed very small areas of surface damaged, generating a maximum 

scratch height Rp and & of 1.0 pm and 1.75 µm for all heads respectively. Following the two 

stumble tests for Group 2, the surface topography of all components was re-measured. 

After stumble test 4, for Group 2, the serum from two test chambers was collected, and was 

used for debris analysis. The two samples included one fully constraining station, and one 

partially constraining station. Polyethylene particles were isolated and prepared for scanning 

electron microscopy using the methods and materials described in Section 3.8 and Appendix 

Six. 

All other materials and methods used for the current study were the same as those described in 

Chapter 3. Wear was measured gravimetrically, and was corrected for fluid absorption by using 

a minimum of one loaded soak control station and two unloaded temperature-maintained soak 

controls. Frictional torque, vertical displacement and serum temperatures were recorded over 

ninety loading cycles per individual test. All wear rates were converted to mm3/1x106 cycles. 

Analysis of Results 

As the test groups were small (minimum 3, maximum 6), all data was assumed non-parametric, 

and Wilcoxon Mann-Whitney tests were used to compare medians. All results are thus 

presented, when not otherwise stated, as medians (IQR). 

5.3 Experimental Results 

5.3.1 Stumble Tests 1 and 2 

The gravimetric wear results for stumble tests 1 and 2 (Group 1) are presented in Figure 5.1. 

Compared to a normal walking test result, stumble test I generated an 80 % increase in 

crosslinked polyethylene wear when adding a series of simulated stumbles (3x/week), showing 

a median and maximum wear rate of 39.5 (10.9) mm3/106 cycles and 48.3 mm3/106 cycles, 

respectively (p < 0.001), for all fully constrained sockets. The results also showed a significant 

increase in peak torque for all sockets following the initial stumble, reaching a maximum torque 

level after typically 5 stumble sequences (or 30,000 cycles). During this period, the maximum 
frictional torque measured for all stations was 6.0 Nm, and occurred during the stumble cycle. 
This higher torque level is illustrated in Figures 5.2 (a) and 5.2 (b), which shows the variation in 

both walking and stumbling peak torque plotted against number of cycles for sockets no. 4 and 

no. 2, which generated the maximum and minimum wear rates respectively. The remaining 

sockets all showed a similar result. The torque level then returned to a constant level, typically 

after 19 stumble sequences (or 120,000 cycles), for the remainder of the test. 
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Figure 5.1. A comparison in median wear rate for all four stumble tests, using both fully constraining 
and partially constraining fixtures. The error bars represent IQR. 
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Figure 5.2. A comparison of peak torque and measured vertical displacement for both stumble and 
walking cycles from stumble test I (fully constraining fixtures), showing (a) socket no. 4 (maximum 
wear), and (b) socket 2 (minimum wear). 
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Excluding the initial high torque levels, the median peak torque produced during simulated 

stumbling was 64 % greater than that generated for a normal walking cycle, producing a peak 
torque level of 1.4 (03) Nm for all sockets (p < 0.001), Figure 5.2. However, the variation in 

frictional torque recorded during each type of gait cycle was of a similar shape, showing a 

relatively low response to heel-strike, and producing a maximum torque at toe-off. Overall, the 

median peak torque and maximum torque recorded for each station showed no strong 

correlations with gravimetric wear. 

A much greater correlation was found between frictional torque and the variation in vertical 
displacement of each socket during testing. Figures 5.2 (a) and 5.2 (b), also shows a comparison 

of peak torque and displacement for sockets no. 4 and no. 2 during stumble test 1; all other test 

sockets showed a similar result. The displacement results showed a significant short-term 

change following the initial stumble, reaching a maximum level after typically 5 stumbles 

sequences (or 30,000 cycles), thus matching the variation in torque. The maximum variation in 

vertical displacement recorded was 0.12 mm, thereby indicating that stumbling can cause large 

deformations of crosslinked polyethylene sockets when using fully constraining fixtures, which 

in turn, leads to an increase friction. Figure 5.2 (b) shows the extent of this correlation, as the 

two large torque spikes recorded for socket no. 2 matched the change in displacement. The 

amplitude of vertical displacement recorded during individual gait cycles varied between 

normal walking cycles and stumble cycles, with the Paul cycle producing a median vertical 

variation of 0.25 mm, and the stumble cycle producing an increased median variation of 0.4 

mm, Figures 5.3 (a) and 5.3 (b) respectively. 
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Figure 5.3. A typical comparison between measured vertical displacement and applied force during two 
consecutive gait cycles for (a) simulated stumbling, and (b) normal walking, for stumble test 1. 
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The amplitude of displacement measured during the normal walking cycles of stumble tests I 

and 2 was found to be the same as previous walking tests for the physiological configuration, 

which suggests that the increased displacement amplitude observed during all stumble cycles, 

Figure 5.3, occurs as a result of a greater degree of fixture movement or bending during each 
loading cycle. 

The variations in lubricant temperature generated for stumble test I showed a normal gait test 

result, thus indicating no additional frictional heating due to the observed initial high torque 

levels caused by stumbling. All temperatures showed a steady increase from approximately 24 

°C to 31 °C after 0.862 x106 cycles. A visual inspection of the surface finish of all test sockets 

after stumble test 1, showed a significant decline in the mirror-finish for four out of seven, 

indicating an increase in surface roughness. 

The high wear and torque levels observed in stumble test 1 were not repeatable, as the 

consecutive test, stumble test 2, showed no measurable influence of additional stumbling, even 

when increasing the stumble frequency to 5 times per week, Figure 5.1. Stumble test 2 

generated a median wear rate of 22.8 (10.9) mm3/106 cycles, for all fully constrained sockets, 

showing no statistical difference to previous standard walking tests (p > 0.01). Figure 5.4 shows 

a typical variation of measured frictional torque and vertical displacement for stumble test 2, 

and was similar for all sockets. The results showed no measurable effect due to increased levels 

of stumbling (5x/week), producing a normal physiological torque level of 0.9 Nm during all 

walking cycles. The peak torque during stumbling was still elevated, Figure 5.4, and showed a 

similar gait variation to stumble test 1, showing a greater response to toe-off, rather than heel- 

strike. 
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Figure 5.4. A comparison of peak torque and measured vertical displacement for both stumble and 
walking cycles form stumble test 2 (fully constraining fixtures, socket no. 2). 
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The variations in vertical displacement also revealed no significant effects due to increased 

levels of stumbling, Figure 5.4, however, small initial elastic socket deformations of 0.03 mm 

were evident for a few sockets, which returned to a normal constant level for the remainder of 

testing. The amplitude of displacement was identical to stumble test 1, showing median 

variations of 0.25 mm and 0.40 mm during the walking and stumbling cycles respectively. The 

variations in serum temperature also generated no change when compared to a 'normal walking 

test, producing a median serum temperature of approximately 30 °C. Also, a visual inspection of 

all socket surface finishes showed no change in the mirror finish from stumble test 1, still 

showing a dull counterface for most sockets. 

5.3.2 Stumble Tests 3 and 4 

Using partially constraining socket fixtures, the gravimetric wear results for stumble tests 3 and 

4 (Group 2), showed no measurable effect of stumbling on crosslinked polyethylene wear, even 

when stumbling up to 7 times per day, Figure 5.1. The gravimetric results for all partially 

constrained sockets for stumble tests 3 and 4 were 19.6 (5.9) mm3/106 cycles and 21.3 (5.2) 

mm 3/106 cycles respectively, showing no statistical difference to previous standard walking tests 

(p > 0.01). However, the results for the fully constraining control sockets were very different, 

Figure 5.1, generating increases in wear of 11 % and 60 % for stumbling at 3x/week and 

53x/week compared to normal walking respectively (p < 0.001), with a maximum wear rate of 

38.2 mm3/106 cycles. This result further suggests that the overall outcome of simulated 

stumbling using constraining fixtures is unpredictable, and in most cases leading to increased 

polyethylene wear. As these tests were undertaken at the same time and under identical test 

conditions to that for the partially constraining fixtures, this result suggests that the overall 

influence of simulated stumbling is significantly influenced by the degree of socket clamping. 

The frictional torque results recorded from stumble tests 3 and 4 were similar for both fixture 

types, with all stations producing a similar result to that illustrated in Figure 5.4, for stumble test 

2. The results showed constant levels of torque for all walking and stumble cycles, although 

some high torque levels were observed, reaching a maximum torque of only 2.5 Nm for both 

stumble tests. As no high torque levels were observed for the high wearing fully constrained 

sockets of test 4, these results further demonstrate a weak correlation between wear and torque. 

The peak torques recorded during stumbling remained higher than observed for normal walking 

for both tests, generating a median torque of 1.4 (0.4) Nm, with all stumble cycles showing a 

greater response to toe-off, rather than heel-strike, matching previous stumble tests. The torque 

level recorded for all walking cycles from all stations was similar to all previous tests, showing 

a median level of 0.9 (0.3) Nm. 
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The displacement results for stumble test 3 and 4 also showed no measurable influence of 

simulated stumbling for both socket fixture types, showing no larger socket deformations 

greater than 0.05 mm. The variations in serum temperature for stumble tests 3 and 4 generated 

no change when compared to a normal walking test for both fixture types, showing a median 

serum temperature of 30.5 °C for all stations. 

Following stumble tests 3 and 4, all sockets remained highly polished, showing no change in 

median roughness R. (0.017 µm) for all articular surfaces. However, the roughness of the 

damaged areas of all sockets increased significantly after the two stumble tests (158-270 %), 

generating a maximum R8 and Rp of 0.152 µm and 0.5 µm, Table 5.2. All femoral heads showed 

additional scratching, although the roughness of the damaged areas of all heads decreased (60 

%), generating a maximum R. and Rp of 0.046 pm and 0.6 pm (n=22), Table 5.2, indicating that 

short periods of increased joint forces can reduce femoral scratch geometry. However, the 

overall median roughness of all heads remained similar. 

Table 5.2. Summary of changes in femoral head and socket surface topography after stumble tests 3 and 
4 under smooth conditions. 

CoCrMo Femoral heads 
Undamaged Areas Damaged Areas 

R, (nm) Rp 
m�x(nm) 

R, (nm) RP,,,,,, (nm) 

Crosslinked U}HMWPE Sockets 
Undamaged Areas Damaged Areas 

R, (nm) Rpm. x (nm) R. (nm) Rp m. x(nm, 
Initial Roughness 5-11 100 10-113 1000 13 -26 200 31-41 150 
After 1.1 x106 cycles 7 -10 50 13-46 600 14-25 100 106-152 500 
of simulated stumbling 

Analysis of all polyethylene wear debris retrieved after excessive stumbling (53x/week), 

stumble test 4, showed a negligible effect on the size range of the observed particles, with both 

fixture types generating no larger particles than those recorded for standard walking. Figures 5.5 

(a) and 5.5 (b) shows a selection of discrete submicron sized particles, and large flake-like 

particles of approximately 200 µm in length, observed for both fixture types. All SEM 

micrographs showed six consistent particle types, submicron-sized particles (rounded or 

elongated), larger granular particles, thin fibrils, larger platelet-type particles, aggregated larger 

particles, and large flake particles or shreds, similar to those described in Chapter 4.2 and 

Section 2.4.4. These six predominant particles were observed in varying quantities in all 

samples, with the most dominant particles being submicron-sized. 

Figure 5.5 (c) illustrates an enlargement of a large flake-like wear particle, and shows a series of 

linear wear grooves, approximately 0.2 µm to 1.0 µm wide and 10 µm long, cut into the particle 

face, which is evidence of surface abrasion, possibly caused by the femoral head. However, it is 
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not known whether this type of damaged was produced before or after the particle was 

generated. 

(c) 

Fik, ure 5.5. SEM images showing polyethylene wear particles produced from physiological configured 
UHMWPE sockets during simulated gait stumbling, identifying (a) discrete submicron sized particles, (b) 
large flake particle >I 0 µm, and (c) enlargement of large particle. 

Figures 5.6 (a) and 5.6 (b) show a comparison of wear rate verses median peak torque for both 

fixture types. When considering that half the stumble tests were undertaken at the same time and 

under identical conditions, the results show that the use of fully constraining fixtures often leads 

to high wear and high torque levels compared to the partially constraining fixtures. Figure 5.6 

also includes the physiological results for normal walking at II Iz (Section 4.3), and highlights 

that the high wear results generated during stumbling fier the fully constraining fixtures are 

within the same range (sculler) as that achieved for normal walking, thus further indicating that 

intermittent stumbling does not produce a dissimilar result to normal walking, although high 
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wear was often observed. The overall results for simulated stumbling and normal walking, 

Figure 5.6, show a low correlation between wear and torque for both fixture types, indicating 

that the measured rotary torque is not an important factor in polyethylene wear. 
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Figure 5.6. A comparison of wear rate verses median peak torque for all physiological configured 28 

mm UHMWPE sockets during intermittent stumbling and normal walking, using (a) fully constraining 
fixtures, and (b) partially constraining socket fixtures. 
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5.4 Discussion 

This hip simulator study has shown that the outcome of introducing simulated stumble cycles 

was, in most cases, governed by the degree of clamping of each test specimen. Using the 

partially constraining fixtures, which do not clamp across the front face of each socket, the 

occurrence of high and low frequency stumbling showed to have no measurable effect on the 

wear and frictional torque performance of crosslinked UHMWPE/CoCrMo total hip 

replacements, with all tests showing a similar wear result to normal walking (21 mini/106 

cycles). However, this was not the case when using the fully constraining fixtures, which 

clamped across 10.0 mm of each socket face. Under simulated stumbling, the use of fully 

constraining sockets fixtures, in most cases, led to excessive wear, although the outcome of high 

wear was not universally consistent, with some stations showing a normal gait result. An 

explanation for the high wear observed for most fully constrained sockets is the increased 

degree of clamping. As the fully constraining fixtures match the exact dimensions of the outer 

periphery of all sockets, subsequent material flow of the plastic sockets under high joint loading 

will be prevented from positive movement (creep), i. e. out of the socket, Figure 5.7. This solid 

boundary may inherently redirect material flow back into the socket, or to the side, Figure 5.7, 

which may ultimately lead to an overall reduction in local radial clearance, thus increasing 

friction and wear. Possible evidence for this theory was observed in stumble test 1, where a 

strong correlation was found between the vertical displacement of each socket and the peak 

frictional torque. Although the theoretical studies by Jin et al (1997) showed that when using 

classical elastohydrodynamic lubrication theory, a reduction in radial clearance increases the 

film thickness, thus improving the lubrication regime, it is speculated by the author that under a 

mixed regime and high joint loading, a reduction in radial clearance can lead to increased wear. 

Observed socket detlormation 
due to stumbling 0. I mm 

Clamping acros 
socket face 

I'ustiihIc nialcrial Ilmý 

Possible reduction 
in radial clearance 

Figure 5.7. Diagram illustrating the possible extent of using fully constraining acetabular socket fixtures. 
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The initial stumble cycles of test 1 produced significant elastic deformations of all polyethylene 

sockets, of approximately 0.05 to 0.15 mm after five stumble sequences, then returning to a 

normal level after 12 stumble sequences. This large change in vertical displacement matched the 

variation of peak frictional torque for the entire testing period for all stations, thus implying that 

relative socket movements can cause increased torque and wear. Even though the high wear 

observed in test 1 was most likely caused by the large change in vertical movement, leading to 
high torque, it is important to note that this outcome showed to be unrepeatable, as stumble test 

4 generated high wear for all fully constrained sockets without large socket deformations and 

high torque. Since the same wear test showed a normal walking test result for all partially 

constrained sockets, the degree of specimen clamping is the most likely cause of high wear. 

The large vertical displacements observed in stumble test 1, also demonstrates that large socket 

deformations are possible after the initial million cycles of testing when using fully constraining 

fixtures. Many previous wear studies have reported that all polyethylene creep occurs during the 

first million cycles (Bigsby et al, 1997, Smith and Unsworth, 1999), however, all such tests 

have only applied a maximum gait force of 2500 N. The results in the current study demonstrate 

that under greater joint forces (5000 N), large changes in socket geometry are still possible, 

even after 4.5 x106 cycles of wear testing. However, it is important to note that the degree of 

clamping of each socket during wear testing may cause different results in socket deformation. 

Such large deformations were not observed when using the partially constraining fixtures, 

however, the number of tests undertaken in the current study was small, and thereby more tests 

are required to make further conclusions. As all implanted sockets are typically not clamped 

across the front face, this factor may have affected the results, thus all polyethylene socket 

fixtures should be only partially constrained when testing at high loads, i. e. not clamped fully 

across the front face, and held only from the back periphery during testing. However, as stated 

previously, more tests are required to make further conclusions. 

Using the partially constraining fixtures, the highest wear rate recorded for all sockets during 

excessive stumbling (53x/week) was 26.9 mm3/106 cycles. As the partially constraining fixtures 

are more representative of in vivo fixation, this low wear rate under high joint loading suggests 

that short periods of increased gait forces have a relatively small influence on the overall wear 

performance of crosslinked polyethylene in vitro. With this result in mind, patient activities 

such as aerobics, tennis and other impact sports may not greatly reduce the survival of the 

implant whilst preserving polished surfaces. This result is in good agreement with previous gait 

studies (Seedhom and Wallbridge, 1985), concluding that walking is the single most important 

physical activity affecting wear in total hip implants. However, it is important to note that this 

study has not considered concurrent effects of high joint forces on implant fixation and 
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anatomy. A weak influence of simulated stumbling is also in good agreement with the finding 

by, Barbour et al (1997), showing that the wear of crosslinked polyethylene is not greatly 
influenced by load. 

It is widely recognised that wear rates from hip simulator studies using multi-directional motion 

are often much lower than that found clinically, which has been attributed to third-body wear 

and polymer degradation (Bigsby et al, 1997), and also a possible underestimation in the 

complexity of loading (McKellop et al, 1995). However, the results from this current study 

contradict McKellop's speculations. 

During simulated stumbling, the results also showed no overall correlation between wear and 
frictional torque, although stumble test I showed higher wear under higher torque. This lack of 

correlation between these two important parameters thereby suggests that the frictional torque 

measured by the NITS simulator cannot be used to accurately predict polyethylene wear. The 

torque level during stumbling was typically 50 % greater than during normal gait, indicating 

that an increase in joint force causes an increase in frictional torque. The results also showed 
that the increased force of 5000 N during stumbling increased the amplitude of vertical 
displacement from 0.25 mm to 0.4 mm, which confirms that a higher load leads to an increase 

in fixture bending within the hip simulator. 

A visual inspection of all articular surfaces after stumble tests I and 2 showed a decrease in the 

mirror finish for most sockets, indicating changes in surface roughness as a result of increased 

gait forces. However, stumble tests 3 and 4 showed no change in mirror finish for most 

specimens, thereby indicating no strong correlation between increased activity and component 

topography. Following the two consecutive stumble tests for group 2, the femoral heads showed 

no significant change in surface topography with increased levels of joint loading, except from 

producing a significant reduction in the maximum scratch height measured, showing a reduction 

from 1.0 µm to 0.6 µm after 1.1 million cycles of excessive stumbling, Table 5.2. This large 

reduction in maximum scratch height maybe possible evidence for metallic particle generation. 
However, as the exact changes in overall scratch geometry, except height, are unknown, no 
further speculations can be made. 

Excessive stumbling had a weak influence on the size range of the polyethylene wear debris, 

with the results showing no larger particles being generated than those observed for normal 

walking. However, a quantitative investigation of the exact influence of increased patient 

activity on the size distribution and morphology of wear particles is necessary to make further 

conclusions. All SEM micrographs showed six consistent particle types, submicron-sized 

particles, larger granular particles, larger platelet-type particles, thin fibrils, aggregated larger 
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particles, and large flake particles or shreds, which are similar to those previously reported for 

normal walking, Chapter 4.2. These particles are also similar to those generated by other 

research groups- using serum based hip joint simulation (Wang et al, 1996a, Hailey et al, 1996, 

Biggs et al, 1998), and importantly, they are similar to those reported clinically (Shanbhag et al, 

1994, Campbell et al, 1996, Kobayashi et al, 1997a, Tipper et al, 2000). These six predominant 

particles were observed in varying quantities in all samples, with the most dominant particles 

being submicron-sized. 

The requirement to implant prostheses in much younger and more active patients is forever 

increasing for all degenerative hip conditions, with some pedometer studies showing only a 

small difference in the activity level between rheumatoid and osteoarthritic patients 

(Schmalzried et al, 1998). This increasing group of more active patients demonstrates the 

requirement to test hip replacements under more severe conditions. The overall results from the 

current study have identified that the testing methods adopted when simulating alternative high 

gait activity will dictate the wear performance of polyethylene. However, the use of highly 

crosslinked polyethylenes under such high loading conditions may produce even less wear, 

thereby further increasing the success of hip arthroplasty, especially for those much younger and 

active patients. 
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Chapter Six 

Influence of Simulated Jogging on the Wear Performance 
of Crosslinked Ultra-High Molecular Weight Polyethylene 

6.1 Introduction 

Although most wear studies of THRs have been conducted under a normal walking condition, 

as implants are being implanted in more active patients, such approximations in patient activity 

are possibly very limiting. It is likely that under more adverse gait conditions, for example, 

stair-climbing or jogging, certain time-dependant parameters like joint force, velocity, and 

surface roughness, may play a greater role in all stages of wear debris production. Thus, the 

purpose of this hip simulator study was to continue investigating the influences of alternative 

gait activities on crosslinked polyethylene wear, by introducing a series a simulated jogging 

sequences at varying sliding speeds. 

To date, many simulator studies have demonstrated that crosslinked polyethylene possesses an 
increased wear resistance compared to non-crosslinked polyethylenes under a normal smooth- 

multi-directional walking condition (Wroblewski et al, 1996, Clarke et al, 1997, Muratoglu et 

al, 1999 and 2000). However, the precise relationship between the extent of crosslinking, 

surface roughness, and wear magnitudes under various patient activities are not well 

understood, and more studies are required to form a more substantial hypothesis. Simulator 

studies investigating high articular roughness have concluded that under a multi-directional 

walking motion, the influence of femoral head roughness is much weaker than previously 

thought, showing only 2 to 5-fold increase in wear volume for high roughness compared to 

polished heads (Essner et al, 1998, Wang et al, 1998, McKellop et al, 1999, Barbour et al, 

2000). This suggests that high roughness can not solely explain high clinical wear. The 

maximum joint forces and sliding speeds adopted in these laboratory studies were 3 kN (15 to 

20 MPa) and 1 Hz respectively. Thus when considering a more active patient, i. e. up to 2.5 to 

4.5 million loading cycles per year (Wallbridge and Dowson, 1982, Seedhom and Wallbridge, 

1985, Schmalzried et al, 1998, Zahiri et al, 1998), plus the addition of frequent jogging or 

general impact sports, such approximations of load, speed and sliding distances are possibly 

grossly underestimated, and under more adverse conditions, femoral roughness may play a more 
important role. To measure the extent of high adverse tribological conditions, the current study 
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also introduced jogging sequences under purposely-roughened femoral heads, measuring 

changes in joint wear and frictional torque. 

6.2 Experimental Methods 

The influence of simulated jogging was investigated using 20 smooth heads and 3 rough heads, 

totalling 158 individual wear results in total. Seven standard 28 mm CoCrMo/crosslinked 

UHMWPE components, as described in Section 3.1.1, were used for all jogging tests, and were 

all positioned physiologically within the MTS 8-station hip joint simulator. Prior to wear 

testing, all test components had been subjected to 2.2 million cycles of normal physiological 

loading, and 1.1 million cycles of intermittent patient stumbling, all under smooth femoral 

conditions. After this initial testing period, all test sockets and femoral heads were highly 

polished, showing only very small areas of surface damage. The median initial roughness R. of 

all polyethylene test sockets was 0.017 µm (range 0.014 tm to 0.152 µm) (n=28), with a 

maximum Rp and R, of 0.5 pm and 1.18 µm respectively. The CoCrMo femoral heads had an 

initial median R. of 0.008 µm (range 0.007 µm to 0.046 µm) (n=32), with all heads showing 

slight scratching, generating a maximum recorded scratch height R1, of 0.6 µm for all heads (ý 

max 0.8 pm). Surface topography measurements were recorded using a contact profilometer, 

Section 3.3, with measurements taken at the beginning of all jogging tests, and then after 20 

completed smooth jogging tests. 

In order to investigate the influence of socket clamping under increased joint loading and 

sliding velocity, four sockets were retained using a partially constraining clamping plate, and 

the remaining three sockets were retained using a fully constraining plate, as described in 

Section 3.4.3, Table 6.1. Stainless steel tubing was used on all socket fixtures to remove the air 

bubble created during assembly. All wear tests were run using 25 % bovine calf serum as a 

lubricant (Sigma C-6278), as described in Section 3.1.3, and was maintained at a constant 

volume of 500 ml. 

Both smooth and rough jogging tests were conducted at three sliding speeds, 1,1.5 and 1.75 Hz, 

for periods of 14,400 cycles and 28,800 cycles, equating to 2 to 4 hours of jogging respectively. 

The loading profile used during simulated jogging was based upon previous data published by 

Bergmann et al (1993), Section 3.5.3, and consisted of a half-second one-peak cycle. In order to 

keep as many variables constant as possible, the time duration of the jogging loading cycle was 

fixed to one second for all sliding speeds tested, thus the cycle was not adjusted shorter for 1.5 

and 1.75 Hz faster sliding speeds. 

A detailed description of the tests undertaken in the current study, and the corresponding testing 

parameters are presented in Table 6.1, with all tests being undertaken in the numerical sequence 
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shown. Jogging sessions were arranged in groups of four, totalling 0.3456 x106 cycles, with a 
fixed 12-hour resting period between each test. In order to measure any long-term influences of 
high joint forces on normal gait, intermediate walking tests were undertaken at 1 Hz in between 

all smooth jogging sessions, Table 6.1. 

Table 6.1. Summary of wear testing parameters for all jogging tests, conducted in numerical order, using 
both fully constraining and partially constraining fixtures. 

Test 
No. 

Test Description Number of 
Cycles 

(Million) 

Activity 
Frequency 

(Hz) 

Peak Load 
(N) 

No. of Test Stations 
used for each Socket 

Fixture Type 
(Fully) (Partially) 

1 Normal Jogging (Smooth) 0.3456 1.5 4500 12 16 
2 Intermediate Walking 0.5 1 2450 34 
3 Normal Jogging 0.3456 1.5 4500 12 16 
4 Intermediate Walking 1 1 2450 68 
5 Normal Jogging 0.3456 1.5 4500 12 16 
6 Intermediate Walking 0.25 1 2450 34 
7 Low Speed Jogging 0.3456 1 4500 12 16 
8 Intermediate Walking 0.25 1 2450 34 
9 High Speed Jogging 0.3456 1.75 4500 12 16 
10 (Rough) Low Speed Jogging 0.0144 1 4500 -6 
11 (Rough) High Speed Jogging 0.0144 1.75 4500 -6 
12 (Rough) Normal Jogging 0.0144 1.5 4500 -6 

Following all smooth jogging tests, all heads were purposely roughened with emery paper, as 
described in section 3.1.2, Appendix One. Surface topography measurements of all rough heads 

showed a median initial surface finish R. and Rt (± 1 SE) of 0.38 ± 0.014 M and 3.14 ± 0.15 

pm respectively, with a maximum recorded scratch height R. of 3.0 pm for all heads (n=48). 

Following scratching, all rough-heads were subjected to a normal walking test (2450 N max) for 

250,000 cycles at 1 Hz, then three consecutive roughened jogging tests were undertaken, Table 

6.1. All rough-tests incorporated one station with a smooth articulating femoral head, which 

acted as a control. Following the four rough jogging tests, the surface topography of all 

components was re-measured. 

Wear was measured gravimetrically, and was corrected for fluid absorption by using one loaded 

soak control station and two unloaded temperature-maintained soak controls. Volume changes 

were calculated using a density of 938 kg/m3, and all wear rates were converted to mm3/1x106 

cycles. Wear factors were calculated using dV =kfL dx, Section 3.7.3. Frictional torque, 

vertical displacement and serum temperatures were recorded over thirty loading cycles per 

jogging test, i. e. 6 measurement intervals consisting of five consecutive loading cycles. 

Additional measurements were also recorded directly from the oscilloscope displayed by the 

MTS computer system throughout testing. 

By John Bowsher IRC in Biomedical Materials 



Chapter Six: Influence of Simulated Jogging on Crosslinked Polyethylene Wear Page 163 

Analysis of Results 

As the test groups were small in quantity (minimum 6, maximum 48), all data was assumed 

non-parametric, and Wilcoxon Mann-Whitney tests were used to compare medians. All results 

are thus presented, when not otherwise stated, as medians (IQR). 

6.3 Experimental Results 

The results for all jogging tests have been considered in three different test groups, low speed 
jogging, high speed jogging, and jogging with rough heads. All results have also been compared 

to previous 1 Hz smooth normal walking results (21.5 mm3/106 cycles, or (k) = 0.8 x 10-6 

mm3/N m), presented in Chapter Four. 

6.3.1 Influence of Jogging Cycle Compared to Walking Cycle 

The gravimetric results for the four consecutive 60 rpm jogging tests (Test Ref. No. 7, Table 

6.1) are presented in Figures 6.1 (a) and 6.1 (b). Using the fully constraining socket fixtures, the 

results showed that replacing the standard Paul curve (2450 N max) with the jogging curve 

(4500 N max) at 1 Hz, generated a 38 % increase in wear, producing a median wear rate of 29.6 

(26) mm3/106 cycles. This result for the fully constraining fixtures indicates a moderate increase 

in wear rate for an 83 % increase in peak joint force, however, the results for the partially 

constraining fixtures were very different. 
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Figure 6.1. The variation in wear rate for all seven stations during the four consecutive low-speed 
jogging tests at 60 rpm for (a) fully constraining fixture, and (b) partially constraining fixtures. 

Introducing the jogging cycle at 1 Hz using partially constraining fixtures produced a 41 % 

reduction in wear compared to previous standard walking results, generating a lower median 

wear rate of 12.7 (10) mm3/106 cycles, thereby showing no influence of higher joint forces (p < 

0.00 1), Figure 6.2. The corresponding wear factor (k) = 0.4 x 10'6 mm3/N m, is significantly less 
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than 0.8 x 10-6 mm3/N m for standard walking. These results imply that short periods of 

increased joint loading under smooth conditions and slow speed have a weak influence on wear 

of crosslinked polyethylene. 
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Figure 6.2. The influence of jogging cycle on wear rate and peak torque for both partially constraining 
and fully constraining fixtures, plus showing a comparison to normal walking, all performed at 1 Hz. The 
error bars represent IQR. 

Slow jogging at 1 Hz produced a constant peak torque of 0.6 (0.25) Nm for both fixture types 

during all tests, with no statistical difference between the two test groups (p > 0.01). This result 

indicates no overall correlation between wear and torque for both fixture types, Figure 6.2. This 

lower torque level demonstrates a reduction in frictional torque of 30 % compared to normal 

walking at I Hz, showing that for similar sliding speeds, a shorter (reduced width) loading 

profile with increased force can result in reduced sliding friction. 

A visual inspection of all test components after each jogging test showed no change in the 

polished mirror-finish of all seven sockets and heads, indicating no significant overall change in 

surface topography as a result of increased joint loading. Throughout the four tests, some test 

sockets showed small areas of surface damage, i. e. scratching and scuffing. However, the 

quantity of surface damage was no greater than that observed for previous normal walking tests. 

The-four-hour jogging investigations (28,800 cycles), took the longest time to perform, as the 

hip simulator often separated jogging 'cycles by I to 2 seconds, waiting for the appropriate 

trigger. All four-hour tests typically ran for 16 hours, and produced the greatest serum 

temperature increase, which was typically double that for the two-hour jogging tests. An 8 °C 

increase in serum temperature was observed over the 16 hours of testing, compared to 4 °C 
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increase over the 8 hours. The rate of temperature increase for both two and four-hour jogging 

tests matched the rise in serum temperature for all previous normal walking tests, Chapter 4, 

demonstrating that a significant increase in joint force or a reduction in frictional torque, have 

little influence on serum temperature over short periods of patient activity. The maximum serum 

temperatures measured after all four-hour slow jogging tests were typically 30 °C, with the 

lubricant showing very little protein precipitation after the four wear tests. 

6.3.2 Influence of Sliding Speed During Simulated Jogging 

Under increased sliding speeds, the influence of simulated jogging on crosslinked polyethylene 

wear increased moderately, however, the extent of failure was shown to be dependant on the 

type of socket fixturing used, producing a similar result to slow jogging at 1 Hz. 

Figures 6.3 (a) and 6.3 (b) presents the gravimetric results for all three fast jogging tests 

performed at 1.5 Hz (Test Ref. No. 1,3,5). Using partially constraining fixtures, simulated 

jogging at 1.5 Hz produced a median wear rate of 21.8 (13) mm3/106 cycles, with all results 

showing a high level of repeatability. This rate of wear matches previous results for normal 

walking at 1 Hz, thereby indicating a weak influence of a higher sliding speeds and higher joint 

forces on the wear of crosslinked polyethylene. However, the results for the fully constraining 

fixtures were very different, generating a 67 % increase in wear rate compared to the partially 

constraining fixtures (p < 0.001), generating a median wear rate of 36.5 (25) mm3/106 cycles. 

This result again demonstrates a significant influence of the degree of socket clamping on 

polyethylene wear rate. The wear results for the fully constraining fixtures were also fairly 

unpredictable, producing varied wear rates for the same test components, Figure 6.3 (a). 
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(a) fully constraining fixture, and (b) partially constraining fixtures. 
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Jogging at 1.5 Hz produced a constant peak torque of 0.42 (0.2) Nm and 0.3 (0.1) Nm for the 

constraining and partially constraining socket fixtures respectively, showing only a small 

difference between them. This lower torque level for both fixture types is less than half that 

generated for the normal Paul curve, demonstrating reduced friction with increased sliding 

speed. 

Simulated jogging at 1.75 Hz (Test Ref. No. 9), showed a similar result to the previous two 

jogging tests. However, the results showed a far greater increase in wear for the fully 

constraining fixtures, which produced the greatest wear rate for all smooth jogging 

investigations undertaken, Figure 6.4 (a). The median wear rate generated using fully 

constraining fixtures was 120 (64) mm3/106 cycles, which equates to a 450 % increase in wear 

compared to previous normal walking tests. Using partially constraining fixtures however, 

simulated jogging at 1.75 Hz only led to an increase in wear of 40 % compared to normal 

walking at 1 Hz, generating a wear rate of 30.7 (12) mm3/106 cycles (p < 0.00 1), thus further 

indicating that short periods of increased loading under smooth condition have a weak influence 

on crosslinked polyethylene wear. 
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Figure 6.4. The variation in wear rate for all seven stations during the four consecutive jogging tests at 
1.75 Hz for (a) fully constraining fixture, and (b) partially constraining fixtures. 
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The frictional torque levels for jogging at 1.75 Hz again showed a reduction in median peak 

torque for both fixtures types, with the results showing a constant peak torque of 0.35 (0.15) Nm 

and 0.25 (0.1) Nm for the fully constraining and partially constraining socket fixtures 

respectively. 

When considering all three jogging speeds investigated, including the results for slow jogging at 

1 Hz, Section 6.3.1, the relationship between wear and gait frequency (F, Hz) for jogging with 

partially constraining fixtures, can be best described by the following power function, 

Wear Rate (mm3/106 cycles) oc 13 (F )1's (6.1. ), 

demonstrating a moderate increase in wear rate with increased speed, Figure 6.5 (b). This 

relationship also showed an excellent correlation for all results (rZ=0.98). Using the fully 

constraining fixtures however, the combined results produced a low power function of (2.1) 

(r2=0.64) between wear and gait frequency, with all results generating a much weaker 

correlation, Figure 6.5 (a). 
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Figure 6.5. The influence of sliding speed on wear rate during simulated jogging under smooth 
conditions for (a) using fully constraining fixtures, and (b) using partially constraining fixtures. The error 
bars represent IQR. 

Figure 6.6 shows a comparison of calculated wear factors produced during all smooth jogging 

tests and smooth-walking tests for the partially constraining fixtures. The results showed that 

when considering wear as a function of load, distance, dV=kQL dx (Goldsmith and Dowson, 

1999), simulated jogging consistently generated a lower wear factor compared to normal 
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walking, thus suggesting significant tribological differences between the nature of loading of the 

two force profiles. 
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Figure 6.6. A comparison of median wear factors (k), calculated for simulated jogging and normal 

walking at all speeds, when using partially constraining fixtures. 

The combined results for peak frictional torque generated during simulated jogging for both 

fixture types are presented in Figures 6.7, and shows only a small variation between them, with 

the partially constraining fixtures generating slightly less torque at higher speeds. Both sets of 

results showed similar power functions and correlations (r2=0.995) between rotational velocity 

and peak torque. 
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Figure 6.7. The influence of sliding speed on peak frictional torque during simulated jogging under 
smooth conditions, using both fully and partially constraining socket fixtures. The error bars represent 
IQR. 
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The lubricant temperature variations for all fast jogging investigations showed no measurable 

increase in serum temperature compared to previous slow jogging and walking tests at I Hz, by 

generating a normal temperature rise of approximately 0.5 °C over 1 hour of testing. The four- 

hour jogging investigations produced the greatest serum temperature increases, matching the 

results of jogging at 1 Hz, and typically showed a maximum serum temperature of 30 °C after 

10 hours of testing. These results further demonstrate a weak influence of increased joint force 

and sliding speed on serum temperature. As with the slow jogging tests, all serum showed very 

little visual evidence of protein precipitation after the four wear tests were completed. 

In between jogging sessions, all three intermediate-walking tests produced similar wear and 

friction results compared to previous normal walking investigations (p > 0.01), indicating no 

long-term influences of high joint forces. The median wear results produced for all tests were 

26.6 mm3/106 cycles and 22.1 mm3/106 cycles for the fully constraining and partially 

constraining fixtures respectively. 

Following all jogging tests, totalling 60 hours of simulated jogging, all polyethylene sockets 

remained highly polished, however, the overall median roughness R. increased from 0.017 to 

0.035 µm (n=29). The roughness of the damaged areas of all sockets further increased (20-188 

%), generating a maximum Ra and Rp of 0.438 µm and 1.4 µm, Table 6.2. The CoCrMo femoral 

heads also showed additional scratching throughout all jogging tests, however, the results 

produced no overall change in median femoral roughness for all heads (p > 0.01), showing a 

median R. of 0.008 gm. Although the results showed a significant increase in the maximum 

measured R. (0.146 µm) and maximum scratch height measured, Rp (0.8 µm), for all heads, 

Table 6.2, such increases in surface topography were no greater than those observed for 

previous normal walking tests, thereby indicating no significant increase in femoral roughness 

as a result of increased patient activity. 

Table 6.2. Summary of changes in surface topography with increased patient activity under smooth 
conditions. 

CoCrMo Femoral heads Crosslinked UIIMWPE Sockets 
Test: Smooth Heads Undamaged Areas Damaged Areas Undamaged Areas Damaged Areas 

R, (nm) Rp m, x(nm) R, (nm) Rpm.,, (nm) R. (nm) R, ..., (nm) R, (nm) Rpm.,, (nm) 
Initial Roughness 7-10 50 13 - 46 600 14-25 100 106-152 500 
After 60 hrs of jogging 5-14 100 14 -146 800 15 -72 300 127 - 438 1400 
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6.3.3 Influence of Surface Roughness During Simulated Jogging 

The results for all three consecutive rough jogging tests are presented in Figures 6.8 (a) and 6.8 

(b), and the results for the rough-walking test (1 Hz) are presented in Section 4.5. Against 

roughened femoral heads, the influence of simulated jogging increased significantly, generating 

severe wear for all three sliding speeds tested. 

The results showed that increasing the median femoral roughness R. to 0.38 µm during fast 

jogging at 1.75 Hz led to a median wear rate of 3123 (608) mm3/106 cycles (p < 0.001) for 

crosslinked polyethylene and partially constraining fixtures. This result showed a 114-fold 

increase in wear compared to the smooth control station, which produced similar results to all 

previous smooth jogging investigations for all sliding speeds. This high wear result during 

rough jogging equates to a 143-fold increase in wear compared to normal walking with smooth 

heads, thereby indicating that combined high speed, high force and high surface roughness can 

lead to extremely rapid wear. 
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Figure 6.8. The variation in (a) wear rate and (b) median peak torque, during simulated jogging under 
rough femoral conditions, using partially constraining fixtures. The error bars represent IQR. 

Jogging at 1 Hz with rough-heads produced a much lower median wear rate of 391 (63) 

mm3/106 cycles, demonstrating that extreme rapid failure conditions only occur at high sliding 

speeds. Moreover, rough jogging at 1 Hz showed a 2-fold increase in wear rate compared to 

rough-walking at 1 Hz (Section 4.5), thereby indicating a greater influence of applied force 

under high roughness. 

By John Bowsher IRC in Biomedical Materials 

1 1.5 2 

Gait Frequency (Ft{) 



Chapter Six: Influence of Simulated Jogging on Crosslinked Polyethylene Wear Page 171 

When considering all three sliding speeds tested, the relationship between wear and gait 
frequency (F, Hz) for rough jogging with partially constraining fixtures, can be best described 

by the following power function, - 

Wear Rate (mm3/106 cycles) a 395 (F )3'7 (6.2), 

demonstrating a significant rise in failure with increased speed. This relationship also showed a 

strong correlation for all results (r2=0.999). 

The variation in frictional torque produced during jogging with rough heads showed a consistent 

7-fold increase compared to jogging with smooth heads. Slow jogging at 1 Hz generated the 

highest torque level measured for all jogging tests, producing a median peak torque of 4.0 (0.6) 

Nm (p < 0.001), Figure 6.8 (b). Jogging at 1.75 Hz generated a much lower median torque of 

1.5 Nm, again indicating a large influence of sliding speed. 

Following all rough jogging tests, and the initial 0.25 million cycle walking test, analysis of 

component topography showed a decrease in median femoral roughness R. of 14 % (n=47) for 

all femoral heads (p < 0.001), showing a drop from 0.378 µm to 0.324 µm. However, the results 

showed no change in the maximum Rp and R, measured, Table 6.3. After the four roughened 

tests, it was observed that many heads showed several scratches or dull sliding marks, which in 

many cases matched the shape of the relative locus at that point on the head, Figure 6.9. The 

exact cause of such markings is unknown, however, as the majority of marks appeared as a 

locus, this would suggest that some hard particle as become embedded in the socket, and then 

proceeded to create this locus shape on the articular surface of the head. No visible particles 

could be seen embedded in the cup with the naked eye. 

Table 6.3. Summary of changes in surface topography with increased patient activity under roughened 
conditions. 

Test: Rough Heads CoCrMo Femoral heads Crosslinked UIIMWPE Sockets 

R. (nm) RD,,. (nm) Rt,,,, 
x (nm) R. (nm) Rp (nm) R, m�(nm) 

Initial Roughness 200 - 622 3000 6200 15 - 438 1400 2860 
After 0.25mc walking &6 hrs jogging 101-658 3000 6680 65 - 262 500 1680 
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Figure 6.9. Photograph showing locus-shaped scratching on a roughened femoral head. 

All polyethylene sockets showed an increase in median roughness R,, from 0.035 to 0.116 µm, 

demonstrating a significant increase in the overall roughness as a result of severe femoral 

scratching. The results also showed that the minimum R;, measured in undamaged areas of all 

sockets also increased. However, the overall surface topography in damaged areas significantly 

improved with scratched heads, as all damaged areas were worn away, "Fahle 6.3. 

The results also showed that all rough-stations, including the smooth control station, produced a 

similar lubricant temperature rise compared to previous logging and walking tests, showing no 

greater temperature increase as a result of' high roughness. I lowever, it is important to note that 

all three jogging investigations were two-hour tests (14,400 Cycles), and had a time duration of' 

only 8 hours, thus only allowing short-term temperature changes to be measured. An increase in 

protein precipitation was also not observed for all three jogging tests, and no polymeric transfer 

films were observed on any of the heads. 
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6.4 Discussion 

The results from the current hip simulator study showed that the overall outcome of simulated 

jogging was governed by the degree of socket clamping, rotational velocity and femoral 

roughness. 

Using partially constraining fixtures under smooth conditions, the overall influence of simulated 
jogging showed only a moderate increase in wear rate at higher sliding speeds, generating a 

maximum median wear rate of only 30.7 mm3/106 cycles at 1.75 Hz for crosslinked 

polyethylene. This result showed a 42 % increase in wear rate compared to normal walking at I 

Hz, however, the opposite result was found when considering the corresponding wear, factors 

(k), as all jogging wear factors were almost half of that for standard walking. This result 

indicates that when assessing wear as a function of volume, load and sliding distance, simulated 

jogging generates significantly less wear compared to walking. Although it is important to 

mention that total hip joints fail due to factors other than wear, the results in this study imply 

that whilst preserving polished surfaces, activities such as jogging, aerobics, tennis and other 

impact sports, will not greatly reduce the survival of the implant. However, this study has not 

considered subsequent effects of high joint forces on implant fixation, bone fractures etc., which 

are factors that may become more influential under increased patient activity. This result is in 

agreement with previous studies by Seedhom and Wallbridge (1985), concluding that walking is 

the single most important physical activity affecting wear in total hip implants under smooth 

femoral conditions. 

Under increased patient activity, the use of fully constraining socket fixtures showed in most 

cases to lead to excessive wear, compared to the partially constrained specimens. This result 

indicates that the degree of clamping of polyethylene sockets is an important factor in the 

overall wear performance when applying increased joint forces and sliding speeds. The greatest 

wear rate generated for the fully constraining fixtures was produced during jogging at 1.75 Hz 

(120 mm3/106 cycles), and showed no influence on frictional torque, thereby indicating a weak 

correlation between wear and torque for all activity levels. However, using partially 

constraining fixtures, there was a much stronger correlation between wear and frictional torque, 

showing an inverse relationship for all sliding speeds. As the fully constraining fixtures match 

the dimensions of the outer periphery of each socket, subsequent material flow will inherently 

be redirected back into the socket, which may ultimately lead to a reduction in local radial 

clearance, and increasing wear. This would probably not occur in vivo, thus all polyethylene 

sockets should be only partially constrained, i. e. not clamped fully across the front face, and 

held only from the back periphery during testing. Although studies by Jin et al (1997) reported 

that a reduction in radial clearance improves the lubricating conditions of polyethylene/metal 
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joints, such influences were not evident in the current study, as large increases in wear were 

observed. 

When comparing the jogging cycle to the walking cycle in terms of area under the curve, i. e. the 

function QL dx, the jogging cycle generates a constant 28 % increase in area compared to the 

walking cycle (Paul, 1966) for all sliding speeds, Section 3.7.3. However, as the jogging cycle 

generated a lower wear condition compared to normal walking in the current study, this result 

demonstrates that the wear rate of crosslinked polyethylene is not simply governed by the area 

under the force curve. A more complex explanation for the lower wear generated by the jogging 

cycle is that the duration of time under high load is significantly less than the walking cycle, 

thus reducing the stress in the cross-shear direction. This implies that the stress distribution in 

the flexion/extension direction is increased due to a higher force, and the abduction/abduction 

stress magnitude is reduced due to a reduced time interval, thus causing a less cross-shear 

condition, and producing a more linear stress condition. A more linear motion condition created 

by the jogging cycle would cause more alignment of the molecular chains, and less shear 

rupture (Wang, 2001 a), thus causing less wear. 

To date, there has been no other published multi-directional hip simulator studies measuring the 

effects of increased level of activity, or alternative gait activities, so direct comparisons can not 
be made. However, Barbour et al (1997) conducted an investigation into the influences of 

varying loading conditions using a linear reciprocating pin-on-disc machine, and observed high 

wear for time-dependant loading cycles rather than constant loading. The study concluded that 

under low levels of joint load, wear particles are more likely to be released into the serum, 

where high loading conditions, particles may just transfer from one space to another. As such 

tests were carried out using a non-physiological tester (Wang et at, 1998a), it is difficult to make 

comparisons, and as the current study showed less wear with high loading, such conflicting 

results highlights the large differences between the two testing machines. An increase in wear 

with an increase in gait frequency was evident for all jogging tests in the current study, 

demonstrating that sliding speed is a more influential parameter compared to joint force, 

especially as all results showed little change as a result of increased loading. Again, these results 

cannot be directly compared to previous data. However, they are very similar to those observed 

in the current study for normal walking, with the results producing a similar power function 

(1.5). 

Under rough femoral conditions, this hip simulator study has shown that the influence of 

femoral roughness on wear of crosslinked polyethylene becomes significantly greater under 

increased patient activity. Previous studies have confirmed that the influence of femoral 

roughness is significantly reduced when using hip joint simulation compared to reciprocating 
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wear test machines (Wang et at, 1998a, McKellop et at, 1999b, Barbour et at, 2000, Endo et at, 

2000, Bowsher and Shelton, 2001), showing a maximum 8-fold increase in wear instead of a 

30-fold increase reported by Fisher et at (1997). These reported results are in good agreement 

with clinical studies, showing that high values of roughness R. (0.2 µm) only produce a 2-fold 

increase in wear (Hall et al, 1996). However, all these experimental studies only examined 

normal walking at 1 Hz, with a maximum joint force of 2.5 W. When considering far more 

active patients, especially those involved in impact sports, such approximations in activity may 

be grossly underestimated. The results from this study have shown that increasing the joint force 

and velocity under high femoral roughness can lead to excessive wear, generating wear rates of 

the order of 3000 mm3/106 cycles for crosslinked polyethylene. This result indicates that for 

more active patients, a significant increase in femoral topography could lead to extremely rapid 

failure due to lysis, impingement or both. 

During simulated jogging with roughened heads, the wear rate was greatly influenced by the 

sliding velocity, producing a significant power relationship (3.74), thereby demonstrating that 

velocity is a major factor in two-body abrasive wear. In contrast, jogging at 1 Hz under rough 

conditions only produced a 2-fold increase in wear compared to walking at 1 Hz with rough 

heads, thus demonstrating that the rate of activity is the controlling factor in polyethylene wear 

under all conditions, rather than the magnitude of the applied load. 

The excessive wear generated during jogging with roughened heads at 1.75 Hz, strongly 

suggests that femoral roughness may be a highly influential factor when considering more 

active patients. This high wear rate not only produces large quantities of polyethylene particles, 

but importantly delivers them in high concentrations, which may influence the onset of 

osteolysis (Ingham and Fisher, 2000). Thus for more active patients, implant survival might be 

greatly increased by using harder and more damage resistant femoral heads, such as alumina, 

rather than CoCrMo. The requirement to implant prostheses in much younger and more active 

patients is forever increasing for all degenerative hip conditions, with some pedometer studies 

showing only a small difference in the activity level between rheumatoid and osteoarthritic 

patients (Schmalzried et al, 1998). This increasing group of more active patients indicates that 

resistance to femoral damage will prove to be a dominant factor in the success of polyethylene 

hip arthroplasty for many years to come. 

The assessment of patient activity levels after total hip arthroplasty has been investigated by 

many, and have typically shown a large range of activities, 0.5 to 4.5 million loading cycles per 

year, showing little or often no correlations with age, height, weight, speed of walking, length of 

stride etc. (Schmalzried et at, 1998, Zahiri et al, 1998). This result implies that a normal walking 

condition of 1.0 million cycles per year only applies to less active patients, and does not 
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accurately represent active patients. To date, all tribological studies of polyethylene total hip 

replacements have been undertaken using the simplified model of normal walking. However, 

the results in the current study highlight that when investigating certain parameters like femoral 

roughness, it is important to consider alternative activities. As the jogging cycle used in the 

current study is of a similar shape and magnitude to that reported for stair-climbing and stair- 
descending (Bergmann et al, 1995a), it is possible that such activities may generate large 

numbers of particles with very limited levels of activity. This theory may also explain why very 

few clinical studies have reported a high correlation between roughness and wear rate, as the 

difference in wear generated by varying activities under high roughness is very large, and is a 

factor that has possibly been overlooked. 

The roughened femoral heads showed no overall change in surface topography with increased 

levels of joint loading and sliding speed, apart from producing a lower minimum roughness. 

However, the amount of increased patient activity applied was relatively small, indicating that, 

with no additional third-body particles, measurable changes in femoral roughness R. of the 

order of 0.4 µm occur over much longer periods. With rough heads, the mirror-finish of all 

sockets reduced significantly, producing a much greater median and minimum roughness for the 

majority of the articular surface, demonstrating the effects of changing from an adhesive/fatigue 

mechanism to an increased abrasive wear mechanism. However, as all damaged areas of each 

socket were worn away during all rough-tests, the maximum R. and Rp reduced greatly. 

As the time duration for all jogging tests took between 8 to 16 hours, the test results showed no 

significant changes in serum temperature compared to previous normal walking results, thus 

further speculations cannot be made, only that simulated jogging showed no short-term changes 

or influences on lubricant temperature or protein degradation after 16 hours of testing. A recent 

study by Bergmann et at (2001), reported high implant temperatures of up to 43.1 °C after a 

patient walked for 1 hour, and concluded that higher patient activities, such as jogging, can 

generate much greater implant temperatures, leading to loosening by thermal induced bone 

necrosis. The factors affecting joint temperatures are complex, and involve the volume of joint 

fluid. Thus using a fixed 500 ml serum volume in the current study, may have produced the 

lower temperatures changes observed. Further laboratory tests are required to make further 

conclusions. 

There is no doubt that crosslinked polyethylenes will significantly increase the success of hip 

arthroplasty as it stands today, however, the results from many studies (including the current 

study) indicate that large wear rates are still achievable under non-ideal conditions, which may 

become more common with more active patients. 
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Chapter Seven 

Discussion 

High wear of crosslinked polyethylene has been shown to occur under two main test conditions, 

namely when exposed to high femoral roughness, and when using fully constraining socket 

fixtures under high load and speed. All other gait tests undertaken with smooth femoral heads, 

including fast walking, stumbling and simulated jogging, otherwise showed a moderate increase 

in wear (maximum 143 %), or a similar wear result compared to normal walking. This outcome 

suggests that whilst preserving polished articular surfaces, activities such as jogging, aerobics, 

tennis, and other impact sports will not greatly reduce the survival of crosslinked 

polyethylene/CoCrMo implants. Importantly, this study has shown that the influence of femoral 

roughness on the wear of crosslinked polyethylene becomes significantly greater under 

increased patient activity, generating wear rates in excess of 3000 mm3/106 cycles under a 

rough jogging combination. This result demonstrates that excessive 
. 
wear of crosslinked 

polyethylene is still possible under non-ideal conditions, and when considering younger and 

more active patients, such circumstances could easily lead to extremely rapid failure due to 

lysis, impingement or both. 

Recent wear studies have reported that the overall influence of femoral roughness on 

polyethylene wear is significantly reduced under multi-directional motion compared to linear 

motion (Wang et al, 1998a, McKellop et al, 1999b, Endo et al, 2000, Barbour et al, 2000, 

Bowsher and Shelton, 2001), showing only an approximate 2 to 8-fold increase in wear with 

increased roughness, instead of a 20 to 30-fold increase reported by Dowson et al (1985) and 

Fisher et al (1995) using a linear reciprocating wear machine. As the production of polyethylene 

wear particles has become a major clinical problem, accurate knowledge of the effects of 

surface roughness is important. A comprehensive study undertaken by Wang et al (1998), 

demonstrated that when using hip joint simulation, and normal walking at I Hz, the wear of 

crosslinked polyethylene is approximately proportional to the square root of the femoral 

roughness, as described by the equation, 

k=7.21 x 10-6 (Ra)o. 42 (mm3/N m) (7.1) 
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thus showing a weak influence between the two factors. This small influence of counterface 

roughness on wear rate is in good agreement with many clinical studies (Atkinson et al, 1985, 

Isaac et at, 1992, Sychterz et al, 1999, Elfick et al, 1999), with many retrieval investigations 

showing, at best, a poor relationship between counterface roughness and clinical wear. Such 

tests have concluded that the influence of an increased roughness R. up to 0.05 µm has very 

little effect on the wear of crosslinked polyethylene. When considering a median clinical 

femoral surface roughness Ra of 0.06 µm, calculated from nine retrieval studies totalling four 

hundred cases, Table 2.6 (Section 2.4.3), this result suggests that the overall influence of 

femoral roughness may not be as high as initially expected, thus indicating that roughness alone 

can not explain high clinical wear. A retrieval study of 129 implants. undertaken by Hall et al 

(1996), showed some degree of trend between clinical wear and femoral roughness, showing a3 

fold increase in wear with high roughness, which matches with the laboratory findings by Wang 

et at (1998), albeit with a correlation factor, r2 of just 0.14, indicating an extremely weak 

correlation. 

During normal walking (1 Hz), a reduced influence of surface roughness was observed in the 

current study. Increasing the median femoral roughness R, to 0.38 µm produced an 8-fold 

increase in median wear rate with hip joint simulation, which is significantly less than a 30-fold 

increase in wear observed using unidirectional sliding (Fisher et at, 1995), with scratch heights 

three times smaller. The median walking wear rate under rough heads was 197 mm3/106 cycles, 

and when adjusting for a reduced in vivo sliding distance (1.4 times) compared to the MTS hip 

simulator (Ramamurti et al, 1998), this wear rate is equivalent to an in vivo rate of 140 mm3/106 

cycles. This wear result agrees with the findings by Essner et al, 1998, Wang et at, 1998a, 

McKellop et al, 1999b, Barbour et at, 2000, Endo, et at, 2000, demonstrating a significantly 

reduced effect of high roughness under hip joint simulation. The corresponding wear factor was 

found to be k=7.7 x 10-6 mm3/Nm. When using the theoretical wear equation for roughness, 

defined by Wang et al (1998), (Equation 7.1), the value of k calculated using a median 

roughness of 0.38 µm, is k=5x 10-6 mm3/Nm, showing good agreement with the results in the 

current study. This similar result importantly provides validation for both the current study's 

testing methodology, and the quantity of femoral roughening adopted. The results for rough- 

walking are also similar to those reported by Barbour et at, (2000) and (Endo et al, 2000), which 

used a small number of discrete femoral scratches, typically 3, instead of a general all-round 

scratching by SiC paper. This result implies that both testing methods can produce similar wear 

magnitudes and failure mechanisms, although an all-round criss-cross scratching is probably 

more representative of in vivo femoral abrasion, compared to one or two discrete scratches, as 

the individual scratches are wider and multi-directional. 
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Although the results in the current study agree with many independent studies namely that 

under a normal walking condition (1 Hz), high femoral roughness does not lead to excessive 

wear, it is important however, to consider alternative gait activities, as the influence on wear 

rate may change significantly. Experimental evidence for this theory is presented in the current 

study, as the influence of roughness was shown to greatly increase under. more adverse 

conditions compared to normal walking. This factor may explain why no significant correlations 

are observed between clinical wear and femoral roughness, as polyethylene wear is not just 

dependant on the quantity of activity, but importantly, the type of activity undertaken. The 

current study showed that a combination of high joint forces, high sliding speeds and high 

femoral roughness, led to massive wear rates of crosslinked polyethylene. These results thereby 

demonstrate that the influence of high surface topography is dependant on the type of activity 

undertaken. Thus roughness may be a more influential factor than previously ascribed, 

especially when considering everyday activities like stair climbing and fast walking. As the 

wear rate of polyethylene increases so dramatically under increased patient activity, a patient 

only needs to undergo a small level of increased activity to generate an increased wear volume, 

under rough heads. As the exact quantity and type of activity a patient undergoes is difficult to 

accurately record and account for, a correlation between roughness and wear will always show 

large discrepancies. All laboratory studies of surface roughness to date have only been 

performed under normal continuous gait, with a maximum load of 2.7 kN (Wang et al, 1998a, 

McKellop et al, 1999b, Barbour et al, 2000). Therefore when considering more active patients, 

especially those undertaking varying degrees of impact sports, for example, tennis and aerobics, 

such approximations in patient activity may be grossly underestimated. 

Simulated jogging at 1 Hz under rough heads (R, to 0.38 µm), produced a median wear rate of 

391 mm3/106 cycles, which equates to a 98 % increase in volumetric wear when compared to 

rough-walking at 1 Hz. This result demonstrates that increasing the joint force under high 

roughness has a significant effect on the overall wear performance. However, the most 

dominant factor of all under rough heads showed to be sliding speed, with the results producing 

a significant power relationship (3.74), thereby demonstrating that the rate of activity is the 

controlling factor in crosslinked polyethylene wear, under all conditions, rather than the 

magnitude of the applied load. The excessive wear generated during jogging with roughened 

heads at 1.75 Hz (3123 mm3/106 cycles), strongly suggests that femoral roughness may be the 

most influential factor when considering more active patients. This wear rate equates to a wear 

factor (k) of 55 x 10-6 mm3/Nm, and does not agree with the theoretical data reported by Wang 

et al (1998) for normal walking. This high wear rate during rough jogging not only produced 

large quantities of polyethylene particles, but importantly delivered them in high concentrations, 

which may influence the onset of osteolysis (Ingham and Fisher, 2000). Thus for more active 
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patients, implant survival can be greatly increased by using harder and more damage resistant 
femoral heads, such as alumina, rather than CoCrMo. The requirement to implant prostheses in 

much younger and more active patients is forever increasing for all degenerative hip conditions, 

with some pedometer studies showing only a small difference in the activity level between 

rheumatoid and osteoarthritic patients (Schmalzried et al, 1998). This increasing group of more 

active patients indicates that resistance to femoral damage will prove to be a dominant factor in 

the success of polyethylene hip arthroplasty, for many years to come. 

Slow jogging and normal walking under rough femoral heads generated a significant increase in 

joint torque, which may lead to loosening of both components. The highest torque condition 

produced was during slow jogging (1 Hz) with rough heads, showing a median torque of 4.0 

Nm. A study by Phillips et at (1991), reported that loosening of femoral stems can occur with 

torsional moments in the range of 19 Nm to 53 Nm, however, the torque component measured 

in the current study is in a different direction to that reported by Philips et at, thus simple 

comparisons between the two studies cannot be made easily. However, a study by Andersson et 

at (1972), showed that a torsional moment of approximately 100 Nm was required to remove a 

well-cemented Charnley socket, and in this case, the direction of applied torque was in the same 

direction to that measured in the current study, thus the high torque levels recorded of 4.0 Nm 

are small in comparison to a 100 Nm moment to cause loosening of socket. As there have been 

some reported cases of sports men and women successfully using total hip replacements, it is 

possible that such effects are small. More research is required to make further conclusions, 

especially for more active patients. 

The roughened femoral heads showed no significant change in surface topography with 
increased levels of joint loading and sliding speed, apart from producing a lower minimum 

roughness. It is commonly thought that the surface topography of damaged areas of femoral 

heads reduce as a function of activity and time, however, no measurable change in high 

roughness was evident in the current study. As the amount of patient activity applied in the 

current study with rough heads was relatively small, this implies that large measurable changes 
in high femoral roughness R. of the order of 0.4 µm occur over much longer periods of patient 

activity, not just one third of a million cycles, assuming that no third-body particles are present, 

which could increase roughness. The exact reduction or change in high topography with patient 

activity is not well understood, and warrants further studies. However, it is difficult to simulate 

such clinical conditions accurately in the laboratory, as the majority of clinical events are 

random, for example third-body particles, plus it is impossible to measure the effects of many 

parameters interacting at once. 
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Normal walking under rough heads significantly reduced the mirror-finish of all UHMWPE 

acetabular sockets, producing a much greater median and minimum roughness for the majority 

of the articular surfaces, demonstrating the effects of increased abrasive wear, rather than 

adhesive-fatigue mechanisms. However, as all damaged areas of each socket were worn away 

during rough-walking, the maximum R8 and Rp of each sockets greatly reduced. 

Under smooth femoral conditions, the overall effect of an increase in patient activity showed a 

weak influence on polyethylene wear, generating a maximum median wear rate of only 52.9 

mm3/106 cycles for all patient activity levels. Fast walking at 1.75 Hz (105 rpm) produced the 

largest wear rate (k = 1.2 x 10'6 mm3/Nm), and was consistently greater than for jogging and 

stumbling activities, thus demonstrating that short periods of increased joint force and sliding 

speed have a relatively small effect on the overall wear of crosslinked polyethylene in vitro. 

These results suggest that whilst preserving polished surfaces, high patient activities such as 

stair climbing, jogging, aerobics, tennis and other impact sports will not greatly reduce the 

survival of a crosslinked polyethylene/metal implant. This result is in good agreement with 

previous studies, where walking was described as the single most important physical activity 

affecting wear in total hip implants (Seedhom and Wallbridge, 1985), however, this has now 

been shown by the current study to be only true for smooth femoral heads. It is important to 

note that this study has not considered concurrent effects of high joint forces on implant fixation 

and anatomy, which may lead to joint loosening. However, under all activities undertaken with 

smooth heads in the current study, increasing the sliding speed resulted in a significant 

reduction in the measured peak torque, which is possible evidence that increased patient activity 

may not always lead to high joint torque generation. 

Overall, sliding speed and the degree of socket clamping have been shown to be the major 
factors that influence wear under smooth conditions, however the power relationship between 

wear and velocity was significantly lower (1.52) than that for rough conditions (3.74), 

demonstrating that velocity has a much weaker influence under smooth femoral conditions. An 

increase in wear with an increase in velocity was evident for all activity levels in the current 

study, however, these results are contrary to previous investigations (Sauer and Salehi, 1998, Lu 

et al, 1998), showing reduced wear with increased speed with EtO-sterilised UIIMWPE. This 

result may possibly demonstrate further differences in the wear performance of polyethylene 

with varying types of sterilisation. EtO-sterilisation does not lead to crosslinking (Wang et al, 

1996a), thereby leading to a less rigid counterface compared to gamma irradiation (Li et al, 

1994). Thus, the lower wear rate observed by Sauer and Salehi (1998) at higher sliding speeds 

may be due to more plastic deformation occurring at the articular surface instead of physical 

wear. However, more details of the testing methodologies adopted in their study are required to 
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make further conclusions, as varying serum protein contents may also explain such variances in 

test results. 

The jogging cycle with smooth heads consistently produced less volumetric wear compared to 

the walking cycle for all sliding speeds investigated. This result is the opposite of that observed 

under rough femoral heads, as the jogging cycle increased wear compared to normal walking. 

Such variations in tribology demonstrates that the wear of crosslinked polyethylene is highly 

multi-factorial and complicated, showing in many cases, complete reversals of the influence of 

wear parameters under difference conditions. 

Normal walking against smooth heads typically generated a median wear rate of 22 mm3/106 

cycles (k= 0.8 x 10-6 mm3/N m), and when adjusting for a reduced in vivo sliding distance (1.4 

times) compared to the MTS hip simulator (Wang et al, 1997b, Ramamurti et al, 1998), this 

wear rate is equivalent to an in vivo wear rate of 15 mm3/106 cycles. This result is similar to 

many previous studies, showing a significant improvement in the wear resistance of crosslinked 

polyethylene (100-150 %) compared to non-crosslinked polyethylenes (Wroblewski et at, 1996, 

Clarke et at, 1997, Goldman and Pruitt, 1998, McKellop et al, 1999, Muratoglu et at, 1999). A 

study undertaken by Oonishi et al (1998a), reported a clinical penetration rate of 9 mm3/year for 

100 Mrad polyethylene. Although this dosage of irradiation is significantly higher than the 

dosages applied in the current study (5 Mrad), it is important to note that the acetabular sockets 

used for all tests in the current work were irradiated in nitrogen and not air, thereby decreasing 

oxidation affects and subsequent wear (Li and Burstein, 1994, 'Fisher, 1994). This reduced 

amount of oxidation may have been observed in the current study, as the wear results generated 

for normal walking were of a similar magnitude to those reported by Oonishi et al (10-15 

mm3/year). Although the wear results in the current study are generally lower than those 

previously reported for 28 mm sockets, which is a result of increased crosslinking in nitrogen, 

these results are also similar in magnitude to those studies using hip simulators with multiple 

loading axes and a more representative in vivo contact locus. This similarity indicates that 

simplified wear machines are capable of accurately predicting polyethylene wear performance. 

The wear debris retrieved from the bovine serum after half a million cycles of normal 

physiological walking showed many similarities to clinical retrieved wear particles. Although a 
full quantitative investigation was not undertaken, it was apparent from the SEM micrographs 

that the majority of wear particles were submicron in size. Large particles in the range of 200 

µm were also observed in the current study, which have not commonly been reported by all 

research groups (Wang et al, 1996a). This result possibly shows the effectiveness of using a 
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bovine serum has been associated with many artefacts, for example, the formation of solid 
lubricants which may shield polyethylene wear (Wang et al, 1997a), the results in the current 

study did not observe such phenomenon at a macro scale, although a degree of precipitation was 

often observed. 

Excessive stumbling did not influence the size range of the polyethylene wear debris, with the 

results showing no larger particles being generated than those observed for normal walking. 
However, a quantitative investigation of the exact influence of increased patient activity on the 

size distribution and morphology of wear particles is required to derive further conclusions. The 

results from such an investigation may shed light on the short-term effects of changing wear 

mechanisms. A study by Campbell et al (1995), reported that the size range and morphology of 

polyethylene particles retrieved at autopsy did not vary with patient activity level, design of the 

prosthesis, implantation time etc., which agrees with the findings of the current study. However, 

a comprehensive study is required to make further conclusions. 

Both walking and jogging tests showed a general reduction in frictional torque with an increase 

in sliding speed, with the jogging cycle showing a consistent reduced torque level compared to 

the walking cycle. When integrating both walking and jogging force curves with respect to 

sliding distance, (i. e. jL dx), the results show values of 25.5 Nm cycle" and 32.7 Nm cycle' 
for the walking and jogging curves respectively, thus indicating a much greater force per unit 
distance for the jogging cycle. However, this increased force per unit distance did not result in 

an increased torque level or increased wear for all simulated jogging tests, which was not 

excepted, thereby indicating that the resultant torque and wear levels are simply more complex 
than a product of sliding distance and load, and involves variations in surface energy. 

A difference in socket configuration also showed no significant influence on the wear of 

crosslinked polyethylene, although the study highlighted many differences between the two 

testing methods. The relationship between frictional torque and wear for the two socket 

configurations showed no overall correlation; the physiological configuration produced twice 

the mean peak torque for the same wear rate when compared to the inverted configuration. This 

increased torque level observed for the physiological configuration may be linked to increased 

conformity, caused by the loading axis being located in the socket centre. The influence of this 

phenomenon on wear particle morphology also showed a weak influence, with both 

configurations producing a similar particle range and morphologies. A study undertaken by 

Fisher et al (1998), suggested that non-physiological wear patterns and loading conditions may 

produce alternative wear mechanisms, also highlighting that the ultimate validation of a hip 

simulator is full characterisation of wear particles produced. With this in mind, the considerable 

similarities in particles generated from both loading configurations further indicate that non- 
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Fisher et at (1998), suggested that non-physiological wear patterns and loading conditions may 

produce alternative wear mechanisms, also highlighting that the ultimate validation of a hip 

simulator is full characterisation of wear particles produced. With this in mind, the considerable 

similarities in particles generated from both loading configurations further indicate that non- 

physiological loading and wear patterns do not lead to alternative wear mechanisms. Further 

experimental evidence for this theory is seen when considering that the direction of wear 

tunnelling for both socket configurations matched the location of maximum sliding velocity, 

which matches the mechanism of penetration proposed by (Murray and O'Connor, 1998), 

indicating a strong correlation between wear and sliding velocity, which ever configuration 

used. 

The influence of serum volume also showed a weak influence on polyethylene wear, suggesting 

a weak influence of a reduced total protein content on the overall performance of crosslinked 

polyethylene/metal hip replacements under the given testing methodology. This result is 

contrary to a previous study undertaken by Wang et al (1999a), which showed that a decrease in 

serum volume produces a significant decrease in polyethylene wear rate. However, Sauer et al 

(1998) showed that a increase in serum dilution increases wear, indicating that a decrease in 

protein content will result in an increase in wear rate. The fact that these two independent 

studies are conflicting thereby indicates that possible differences in testing methods may be 

more influential in determining wear volumes than serum volume alone. 

Under increased patient activity, the use of fully constraining socket fixtures, in most cases, led 

to excessive wear, whereas the partially constraining fixtures generated normal repeatable wear 

test results. This result indicates that the degree of clamping of polyethylene sockets is an 
important factor in the overall wear performance when applying increased joint forces and 

sliding speeds. The greatest wear rate generated for the fully constraining fixtures was produced 
during jogging at 1.75 Hz, and showed no influence on frictional torque, thereby indicating a 

weak correlation between wear and torque for all activity levels. However, using partially 

constraining fixtures, there was a much stronger correlation between wear and frictional torque, 

thereby showing an inverse relationship for all activities. During simulated stumbling, the 

results also showed no overall correlation between wear and frictional torque, although stumble 

test 1 showed higher wear under higher torque. A much greater correlation was found between 

frictional torque and vertical displacement, indicating that deformations of polyethylene sockets 

caused by high joint forces directly affect sliding friction. As the fully constraining fixtures 

match the dimensions of the outer periphery of each socket, subsequent material flow will 

inherently be redirected back into the socket, which may ultimately lead to a reduction in local 

radial clearance, thereby increasing wear. This occurrence would probably not occur in vivo, 
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thus all polyethylene sockets should be only partially constrained (i. e. not clamped fully across 

the front face), and held only from the back periphery during testing if possible. 

All normal walking tests under smooth conditions showed a gradual increase in femoral 

roughness in small areas of each head, producing a maximum measured roughness R. of 0.113 

pm after only 2.2 million cycles. This large increase in femoral topography at one location of 

the head produced no measurable effect on polyethylene wear rate, and demonstrates that the 

total area of high roughness is probably more important, rather than just referring to a maximum 

roughness measured at an isolated area of each head. This result implies that general 

comparisons between roughness parameters and wear rate may induce high errors. The 

roughening of femoral surfaces has been observed in many retrieval studies, and has been 

attributed to hard third-body particles, e. g. bone chips, porous beads, and metal particles from 

articular surfaces and modular interfaces. However, no third-body particles were purposely 

introduced in the current tests, yet femoral scratching still took place. As all components and 

materials were strictly cleaned and filtered (0.2 pm) in a controlled clean space, this result may 

indicate a much greater influence of smaller hard particles on femoral roughness. Assuming no 

larger particles passed through the filter, the source of such small particles is uncertain. The 

most likely cause is from surface abrasion of the femoral counterfaces. Possible evidence of 

femoral particle generation is seen during excessive stumbling, where the results showed a large 

reduction in the maximum measured scratch height, reducing from 1.0 pm to 0.6 pm after 1.1 

million cycles of testing, Table 5.2 (Section 5.3.2). Overall, surface topography changed during 

all activity levels, with the greatest change taking place during simulated jogging and fast 

walking for all components, indicating that significant changes in lower femoral roughness 

occur over much shorter activity periods, compared to high roughness conditions. To date, 

accurate knowledge of changing femoral roughness due to varying levels of patient activity has 

not been published, thus comparisons of this presented data to reported studies is not possible. 

However, it is generally accepted by many researchers that such changes do occur, but to an 

unknown level. 

There is no doubt that the use of crosslinked polyethylenes will significantly increase the 

success of hip arthroplasty as it stands today. However, the results from many studies (including 

the current study) indicate that large wear rates are still achievable under non-ideal conditions, 

which may become more frequent with more active patients. 
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Chapter Eight 

Conclusions and Future Work 

8.1 Conclusions 

f The influence of femoral roughness on the wear of crosslinked polyethylene becomes 

significantly greater under increased patient activity, thereby demonstrating that roughness 

may be a more influential factor than previously ascribed. 

f Under rough femoral conditions, joint force and sliding speed showed a much greater 

influence compared to smooth conditions, demonstrating that the combined effects of 

increased levels of patient activity and a median femoral roughness R. in excess of 0.38 

µm, can lead to excessive wear of polyethylene, whether crosslinked or not. 

f Against smooth femoral heads, sliding speed and the degree of socket clamping were 

shown to be the most influential factors, showing no measurable increases in wear with an 

increase in joint force and small areas of high femoral roughness (R. 0.1 µm). 

f Short periods of impact sports will not greatly increase the wear performance of 

crosslinked polyethylene implants whilst preserving smooth articular surfaces. 
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8.2 Future Work 

8.2.1 Investigate PE Wear Particles Collected in Study 

It is well accepted now within orthopaedic research that polyethylene particles can lead to 

osteolysis and failure of artificial joints. Studies by Matthews et al (1998) and Ingham and 

Fisher (2000) have highlighted that the number of particles per gram of tissue and the size range 

of these particles are the most dominant factors, with the most bioactive particles being 0.2 to 8 

µm. This understanding has recently led to many in vivo and in vitro studies of wear particles, 

all attempting to link both tribological, material properties and patient factors to wear particle 

morphology and distribution. Recent studies have investigated the effects of surface roughness 

and the degree of crosslinking on particle production (Hailey et al, 1996, Yamamoto et al, 

2001), all showing interesting results. However, such studies have ignored more simplistic 

factors, for example, load and sliding speed. It is most likely that the timing and magnitude of 

joint loads affects all stages of wear debris production (Barbour et al, 1997). However, this 

mechanism has yet to be characterised and quantified using a realistic model. 

This question of the influence of load and sliding speed on polyethylene wear particle 

morphology could be answered by examining the serum samples collected in the current study 

from all fast walking, simulated jogging and stumbling tests. The current study only examined 

three serum samples, i. e. normal walking under physiological and inverted joint loading, and 
during simulated stumbling. The results showed no significant difference in the size range of 

wear particles observed, however, the amount of activity applied in the current study was small, 

and a full quantitative study of all wear particles was not undertaken. It is possible that under a 

more comprehensive study, the distribution and morphology of particles generated in the current 

study may show more significant differences in the morphology and numbers of particles 

generated under various patient activities and articular roughnesses. 

8.2.2 Investigate the Long-Term Influence of Scratched Femoral Surfaces 

The results from the current study have shown significant changes in the wear rate of 

crosslinked polyethylene as a result of high roughness, and also that the femoral topography 

itself can significantly change due to increased patient activity. However, the amount of patient 

activity applied in the current study was relatively small, thus the long-term changes in surface 

topography and wear rate were not measured. A further wear study measuring the changes in 

high femoral roughness and wear over much greater time periods would be interesting, and 

would provide valuable information of the long-term influence of set levels of articular 

roughness. However, it is important to acknowledge that the mechanisms of in vivo wear are 

both random and continuous, thus the use of pre-defined roughened head models are limiting. 
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Nevertheless, such an investigation could be split into two femoral head groups, with one test 

group being progressively roughened with time, and the other group being severely roughened 

at the beginning of the test, thus measuring the influence of gradual femoral roughening and 

immediate high roughness. Such a tests could also include investigating the influence of both 

normal walking and prolonged periods of increased patent activity (jogging) under a medium 

roughness (0.1-0.3 µm), and high femoral roughness values (>0.3 µm), using both aged and 

non-aged crosslinked polyethylene, CoCrMo, Zr02, and Alumina femoral heads. 

8.2.3 Investigate Highly XLPEs Under Increased Patient Activity 

Recent laboratory studies have confirmed that the wear resistance of ultra-high molecular 

weight polyethylene can be significantly increased when applying additives or high dose 

irradiation, with many studies reporting extremely low quantities of XLPE wear (< 2.0 mm3/106 

cycles) when testing under a normal walking condition. This extremely low wear rate of XLPE 

immediately suggests that implant survival could be significantly increased for most patients 

(Harris, 2001), allowing a broader selection of patients to be targeted. However, such materials 

still require extensive laboratory research to ascertain the real advantages and disadvantages of 

using such materials, and importantly, should include much harsher testing conditions rather 

than smooth-normal walking. Although some studies have investigated XLPEs wear under more 

severe conditions, for example, introducing alumina and PMMA third-body particles (Laurent et 

at, 2000b, Muratoglu et at, 2000a), such studies have not considered more adverse gait 

conditions, and when considering that XLPEs could potentially improve the long-term survival 
for more active patients, it is important to test these new materials under increased activities, for 

example, stair-climbing, stumbling, jogging, running etc. There is no doubt that crosslinked 

polyethylenes will improve the success of hip arthroplasty as it stands today, however, a better 

understanding of the overall influence of a significant increase in patient activity level, under 

various gait and articular roughness conditions, will provide a clearer picture of the long-term 

benefits of highly XLPE for younger and more active patients, knowing that only a small 

amount of wear can generate a large number of sub-micron particles. 

8.2.4 Investigate Hard Bearing Prostheses Under Increased Patient Activity 

The use of highly XLPEs will significantly improve the success of polyethylene artificial joints. 

However, such materials have still been shown to produce higher wear volumes under more 

adverse conditions (Laurent et al, 2000b, Muratoglu et al, 2000a, Bowsher and Shelton, 2001a), 

which can still lead to osteolysis and aseptic loosening. Metal-on-metal or ceramic-on-ceramic 

total hip replacements are considered as alternative joint bearings to polyethylene/metal, as they 

produce significantly less volumes of wear particles (McKellop et al, 1996, Anissian et al, 
1999), albeit in greater numbers, and therefore are more suitable for highly active patients. 
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Metal-on-metal bearings are currently receiving renewed interest, as advances in machining 

technology are producing high precision bearing surfaces. Recent studies have identified many 

factors that may influence the wear of hard bearing implants, however, no studies to date have 

examined high loads and high sliding speeds. Thus, the advanced testing methodologies 

proposed in the current study should be investigated using these new hard bearing concepts. It 

has been ascribed that hard bearing joints can partially operate under full fluid film lubrication 

(Jin et al, 1997), however, the overall influence of a significant increases in load and speed on 

such modes of lubrication is unknown, and warrants further investigation. 

8.2.5 Other Investigations 

Measure Changes in Shear-Stress Distribution due to Simulated Joplin! 

Since the physiological test results in the current study showed that simulated jogging at 1.75 

Hz only generated a 40 % increase in crosslinked polyethylene wear compared to 1 Hz normal 

walking, it is possible that other gait activities may also show small increases in polyethylene 

wear under smooth conditions. In order to fully understand these affects in more detail, the next 

step is to plot the shear-stress distribution at the articular surface for all gait activities at various 

sliding speeds and loads. The results from such a study could be used to generate a tribological 

map of the influences of different activities on surface shear-stress and wear, and importantly 

may show a clear difference between a cross-shear and unidirectional-shear condition, which is 

most likely to influence wear (Wang et al, 2001d). Such data could then be used to generate 

more realistic long-term implant survival rates, especially for more active patients. 

Develop a Novel Test Serum 

The presence of plasma proteins within water-based lubricants is an important factor, however, 

their presence also leads to unwanted laboratory artefacts. Albumin and globulin both coagulate 

with increased heat, thus producing insoluble precipitates, that possibly lead to the formation of 

solid lubricants, thus shielding polyethylene wear (Wang et al, 1998b). In order to avoid all 

precipitation artefacts, it is necessary to removal all precipitating proteins, for example, albumin 

and globulin, and replace them with non-precipitating proteins in order to maintaining a 

constant protein content. The success of such a lubricant would be high, as long as a similar 

dynamic viscosity could be achieved. 

Measure the influence of Protein Concentration on Wear 

Since the physiological test results in the current study showed that a reduction in lubricant 

volume from 600 ml to 300 ml lead to no measurable differences in polyethylene wear, a further 

test using a reduced lubricant volume of only 100 ml or 50 ml would possibly produce a greater 

difference. Such a test would only require one million cycles of testing, and would conclude if 
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the lubricant volume is an important factor in the wear polyethylene for our given testing 

methodology. A study by Wang et at (1999a) reported that a reduction in lubricant volume 

decreased polyethylene wear, however, as all serum volumes tested in the current study, i. e. 

300,500 and 600 ml, all produced a similar wear rate; this result indicates that the overall 

influence of protein content was small if any, which is contrary to previous reported results, and 

warrants further investigation. 

Measure the Influence of Obesity 

In general, no significant correlations are observed between patient weight and clinical wear 

(Kabo et al, 1994). However, a recent gait study by McClung et at (1999) showed that a higher 

body- mass index (greater obesity) was correlated with a lower patient activity level, and may 

explain why many clinical studies have observed a weak influence of patient's weight. With 

respect to polyethylene wear, a greater patient's weight may counterbalance a decrease in 

ambulatory activity, thus showing no change in wear volume (McClung et al, 1999). Currently, 

there have been no hip simulator studies undertaken to quantify the exact influence of varying 

patients weight on wear performance, and such studies could potentially explain why no 

correlations are clinical observed. 

Measure the Influence of Socket Angle on Wear 

The exact influence of relative socket angle on polyethylene or metal wear is unknown, and has 

not been explored in hip simulator studies. Varying research groups use different socket angles, 

however, there has been no comparative wear studies of this important parameter. It is likely 

that a large difference in socket angle may generate differences in wear, especially for hard- 

bearing devices. 

Cell Response Studies 

As well as characterising and quantifying all wear debris generated in the current study under 

increased patient activity, the biological activity generated by these particles is also of the 

utmost importance. The influence of the smallest particles is well recognised (Green et al, 

1998), however, the precise nature and critical parameters for all particle sizes and materials are 

still not completely understood. 
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Appendices 

Appendices 1 to 6 

Appendix One: Femoral Scratching Protocol (Similar to Essner et al, (1998)) 

The following protocol was used to scratch all CoCrMo femoral heads. 

Page 212 

1. Remove all femoral heads from their protective packaging, and locate each head on a stainless steel 
head fixture. Once located, tap each head with a plastic hammer and a protective cloth to ensure a 
good fit. 

2. Place one head assembly into a bench vice, positioning the head upwards, and proceed to scratch the 

upper hemisphere of the head with 400 grit SiC paper. Scratches should not pass lower than the 
horizontal equator of the head. Apply the SiC paper in a circular motion to ensure multi-directional 
scratching over the entire upper hemisphere. Ensure that all scratches are of a similar size to the naked 
eye. 

3. Place the head and fixture into the contact profilometer, and take five measurements in the roughest 
areas to the naked eye. If the maximum Rp is greater than 3 pm ± 0.5 pm for each measurement, then 
use 300 grit SiC paper to reduce the extent of scratching, and re-measure with five reading. If the 
maximum Rp is less than 3 pm ± 0.5 pm for all readings, then use a 400 grit SiC paper again to 
increase the scratching, and re-measure with five reading. 

4. Once all five readings produce a Rp of 3 pm ± 0.5 pm, then take between 20 to 40 readings of the 
entire scratched surface of the femoral head, and calculate a median R. and R. If the median R. is 
higher or lower than 0.38 µm ± 0.5 µm for all readings, then again apply the grit SiC paper to reduce 
or increase the scratching, and re-measure to achieve a median R. 0.38 pm ± 0.5 pm for 20 to 40 
readings. 

5. Once the head is scratched to the correct roughness, remove from the contact profilometer, and clean 
thoroughly with lint-free cloths, Decon 90 and Propan-2-ol, to remove all fine metal particles. 

6. Locate the next femoral head fixture and head into the bench vice, and complete steps 2 to 5 until all 
heads are completed. 
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Appendix Two: Surface Topography Definitions (Taken from www. predev. com) 

The surface roughness parameters used in this thesis were Re, RP, R,, R, and are defined as: 

Ra, Roughness Average (also known as AA or CLA) is the area between the roughness profile and its 
mean line, or the integral of the absolute value of the roughness profile height over the evaluation length: 

L 

Ra =1LJIo 
rt_l,. 

x 

1 R. 
1' 

fi;. ý omit 

fy T 7- 7T I f T"T Iý 

R, Peak Profile Height, is the height of the highest peak in the roughness profile over the evaluation 
length. Similarly, R, is the depth of the deepest valley in the roughness profile over the evaluation length. 

Rp = Imax[r(x)], 0<x<L 

R, Maximum Total Height of the Profile, is the sum of Rp and R,,, or the vertical distance from the 
deepest valley to the highest peak. 

J. =Rp+R 
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Appendix Three: Fixturing Component Drawings 1 to 8 

Component Fixture Drawing 1 to 8 

1. Physiological Cup Fixture 
2. Physiological Cup Locating Plate 
3. Physiological Head Fixture 
4. Inverted Cup Fixture 
5. Inverted Cup Locating Plate 
6. Specimen Chamber - 300ml 
7. Inverted Head Fixture 
8. MTS Key 

4 
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1) Physiological Cup Fixture 
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2) Physiological Cup Locating Plate 
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3) Physiological Head Fixture 
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4) Inverted Cup Fixture 
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5) Inverted Cup Locating Plate 
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6) Specimen Chamber -3 00m1 
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7) Inverted Head Fixture 
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8) MTS Key and Assembly Drawing 
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Appendix Four: Standard Cleaning Protocol (developed from ASTM Standards, 1996) 

The following protocol was used for cleaning both specimens and relevant fixturing. 

1. Scrub and rinse component in Decon 90 and deionised water, removing any foreign particles. 
2. Place component within a full beaker of Decon 90 (5 %) and deionised water, and vibrate for 5 

minutes in an ultrasonic cleaner. 
3. Rinse in deionised water. 
4. Vibrate for 10 minutes in a beaker of filtered deionised water. 
5. Rinse in filtered deionised water. 
6. Vibrate for 3 minutes in a beaker of filtered deionised water. 
7. Rinse in deionised water. 
8. Submerge component in propan-2-ol for 2 minutes ±20 seconds, if not possible, then thoroughly 

wipe the component in propan-2-ol. 
9. Dry the component with a jet of nitrogen gas for 10 to 15 seconds, with a forcing pressure of 2.5 Bar, 

and the hose valve fully open. 
10. Cover the components in cellophane, and store within a controlled environment (positive air 

cabinet). 

Appendix Five: Socket Measurement Protocol (developed from ASTM Standards, 1996) 

The following protocol was used to determine the weight of all test sockets before and after wear testing. 

1. Switch on the microbalance, and leave for a minimum of 2 hours to warm up. 
2. Ensure all sockets are clean using the standard cleaning protocol, outlined in Appendix Four. 
3. Place all sockets on a lint-free cloth next to the measuring balance, and leave for a minimum of 30 

minutes to stabilise. 
4. Before taking measurements, switch off air conditioning, as draughts may cause inaccurate 

measurements. 
5. Record room temperature. 
6. Calibrate microbalance (pressing Tare). Before weighing actual specimen, exercise the balance by 

weighing a socket, and waiting for it to reach a stable reading. 
7. Take 4 weight readings of each socket, in rotation, keeping the same specimen sequence each time. 

While waiting for the balance to stabilise on each reading, record the appearance of each socket, i. e. 
number of scratches and scuff marks, plus grade the overall mirror finish. 

8. The median of the four measurements weights is to be used foe wear calculations. 
9. After weighing, store test specimens inside a controlled environment prior to test re-assembly. 
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Appendix Six: Wear Particle Retrieval Protocol 
(developed from Campbell et al (1994), and Yamac (1999). 

The following protocol was used to extract polyethylene wear particles from bovine serum. 

1. Defrost sera. 
2. Place defrosted sera into ultracentrifuge tubes to within 10 mg of each other. The tubes should be 

filled to a maximum of 5 mm space at the top. This is important as otherwise the tubes may collapse 
during ultracentrifugation. 

3. Place tubes into bucket, making sure that tubes are completely dry. 
4. Place the bucket in the ultracentrifuge swing-out rotor. 
5. Ultracentrifuge specimens for 3 hours at 25,000 rpm at 20 °C. 
6. After the initial spin, collect the top layer from each serum sample (approximately 20 ml for each 

sample), and place in clean a tube. 

Following the collection of the PE particles from the bovine serum, the serum is digested using 5M 
NaOH to aid particle separation. 

7. Add an appropriate amount of NaOH pellets to the separated sera sample in order to make up 5M 
NaOH solution, i. e. add 4g of NaOH per 20 ml of sample. 

8. Shake tubes gently until all the NaOH pellets have dissolved and leave at room temperature overnight. 

This stage separates the PE particles from the digested sera suspension in order to finally obtain a `clean' 
sample of PE on a filter to observe under SEM. 

9. Place digested sera into ultracentrifuge tubes, and dilute with dW to fill tubes, balance tubes to within 
10 mg of each other. 

10. Ultracentrifuge samples for 3 hours at 25,000 rpm at 5-15 °C. 
11. After this spin, remove the top layer and place into isopropanolldW layers with densities of 0.96 and 

0.90 gcni 3. A small sample of PE placed in the solution can act as a marker. 
12. Ultracentrifuge, as before for 2 hours at 20 °C. 
13. After the spin, remove tubes and collect the interface of the two isopropanol/dW layers, this should be 

easy to identify, as the PE marker should indicate where the interface is. 
14. Place particle suspension into clean tubes and ultrasonicate for 10-15 minutes. 
15. Filter the removed suspension onto 0.1 and 0.05 µm pore size polycarbonate filters. 
16. Coat with gold/carbon and view with SEM for image analysis. 
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The influence of socket orientation on wear and frictional torque of CoCr-UHMWPE 
total hip replacements 

John G. Bowsher and Julia C. Shelton 
IRC in Biomedical Materials, Queen Mary and Westfield College, University of London, Mile End Road, London, El 4NS, UK. 

Introduction 
There are many designs of equipment and methodologies used to 
predict the clinical wear performance of total hip replacements, all of 
which operate under varying degrees of motion and loading 
configurations. The socket configuration is normally in a physiological, 
or anatomical position, which correctly positions a stationary socket 
superiorly with an inferiorly mounted rotating femoral head. This 
aligns the centre of the socket with the maximum contact joint force. 
Fixing the loading axis with respect to the socket axis has been 
identified to be an important factor (1), suggesting that non- 
physiological loading and differences in wear volumes could lead to 
different wear mechanisms. An alternative orientation is the inverted 
configuration, which positions an inferiorly rotating socket with a 
superiorly stationary femoral head. This orientation inherently requires 
the socket to rotate, and as a result, spreads the maximum joint 
compressive force around a greater area of the socket, thus producing a 
greater predicted wear volume. This study aims to quantify any 
differences in wear and friction due to socket orientation. 
Materials and Methods 
Eight 28mm ID, 48mm OD, UHMWPE acetabular sockets were 
machined from extruded GUR 1020 circular rod, and gamma irradiated 
with a dose of 4 Mrads approximately 110 days before testing. The 
sockets were divided in to two groups, and positioned in either an 
inverted or physiological configuration within an 8-station hip joint 
simulator (MTS Systems, USA) equipped with individual horizontal 
torque cells. All sockets were then run against CoCr femoral heads for 
six million cycles under normal loading (2), 2450 N maximum and 50 
N minimum, ±23° biaxial rocking motion, 1 Hz cycle time, 25% bovine 
calf serum (Sigma S-6648) with 0.1% m/v sodium azide. The lubricant 
volumes were 600m1 and 400ml for the physiological and inverted 
configurations respectively. Wear was determined using gravimetric 
techniques every half million cycles. 
Results 
The results from both configurations showed a biphasal wear pattern, 
showing a significantly higher wear rate during the initial 1.5 million 
cycles. Regression analysis, Figure 1, showed a mean physiological 
wear rate of 23.16mm'/l06 cycles, and a mean inverted 'wear rate of 
27.6mm3/106 cycles, a mean increase of 18%. The wear scar produced 
from both testing configurations was localised to the superior quadrant 
of the socket, and showed a mean wear penetration angle, ß, of 28.1° t 
4.6° and 25.8°f 4.3° to the vertical, for the physiological and inverted 

configurations respectively. The results showed that all sockets have 
tunnelled in a superolateral direction, with the mean direction matching 
the location of the maximum sliding velocity. 
Figure 2 shows a comparison between mean peak torque and wear rate 
per 0.5 million cycles for both tests, and showed that the physiological 
configuration produced twice the mean frictional torque when 
compared to the inverted configuration for the same quantity of wear. 
Figure 3 shows a typical variation in torque during two consecutive gait 
cycles, showing that peak torque occurs during maximum load or toe- 
off for both socket positions, and that the inverted showed a greater 
initial response to heel-strike. The physiological' configuration also 
produced a consistent 2°C higher mean serum temperature, when 
compared to the inverted configuration. Both configurations showed a 
reduction in serum temperature of eight degrees over six million cycles, 
ranging from 36°C to 28°C, which matched the drop in frictional 
torque. 
Discussion and Conclusions 
This hip simulator study has identified many differences between the 
two socket configurations. However, the overall volumetric wear 
generated from both configurations over six million cycles is similar, 
with the inverted configuration showing only a small increase, 
indicating a slightly larger wear volume. The relationship between 

frictional torque and wear for the two socket configurations showed no 
overall correlation, and is due to the physiological configuration 
producing twice the mean peak torque for the same wear rate when 
compared to the inverted configuration. This increased torque level 
observed for the physiological configuration may be linked to increased 
conformity, caused by the loading axis being located in the socket 
centre. The influence of such phenomenon on wear particle 
morphology is currently under investigation. The direction of wear 
tunnelling matched the location of maximum sliding velocity for both 
socket configurations, i. e. at 23°, which matches the mechanism of 
penetration proposed by (3), indicating a strong correlation between 
wear and sliding velocity. 
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The influence of stumbling on the wear of ultra-high molecular weight polyethylene 
John G. Bowsher and Julia C. Shelton 

IRC in Biomedical Materials, Queen Mary and Westfield College, University of London, Mile End Road, London, E1 4NS, UK 

Introduction 
It is widely recognised that wear rates from hip simulator studies using 
multi-directional motion are often much lower than that found 
clinically. The aim of this study was to quantify any differences in wear 
rate and friction due to the introduction of a series of simulated 
stumbles. 
Materials and Methods 
Eight 28mm ID, 48mm OD, UHMWPE acetabular sockets were 
machined from extruded GUR 1020 circular rod, and gamma irradiated 
with a dose of 4 Mrads. The sockets were then run against CoCr 
femoral heads using an, 8-station hip joint simulator, (MTS Systems, 
USA) equipped with individual torque cells, for four and a half million 
cycles under normal physiological loading (1), 2450 N maximum and 
50 N minimum, 1 Hz cycle time, ±230 biaxial rocking motion, 300m1 
chamber volume, 25% bovine calf serum, and 0.1% m/v sodium azide. 
Two consecutive stumble investigations were then undertaken. The 
loading profile used during stumbling was based upon published data 
(2), and consisted of a three-peak cycle with a maximum compressive 
load of 5000 N. In order to achieve a stumble time of 2 seconds, each 
individual stumble consisted of two consecutive 1 second loading 
cycles. Stumble test 1 ran for 862,000 cycles with I stumble every 1.73 
hours. This stumble frequency equates to a patient stumbling 3 times a 
week. Stumble test 2 ran for 0.5 million cycles with an increased 
stumble frequency of 1 stumble every hour. 
Results 
The results from test 1 showed a 63% increase in mean wear rate over 
half million cycles when compared to standard physiological gait test 
results, Figure 1 (a). Regression analysis showed a volumetric wear rate 
between 24.0 to 48.22mm3/106 cycles, mean 37.98mm3/106 cycles. 
Figure 2 shows a typical variation in peak torque during normal gait 
and stumbling as a function of number of cycles. The results showed a 
significant increase in peak torque for all sockets after the initial 

stumble, reaching a maximum torque after typically 30,000 cycles or 
after 5 stumbles. The torque level then returned to a normal level after 
120,000 cycles or 19 stumbles for the remainder of the test. The peak 
torque during stumbling was typically 50% greater than during normal 
gait, however, the variation in torque during both types of gait cycle 
was of a similar profile. Figure 3 shows a typical variation in vertical 
displacement plotted against number of cycles, and was recorded using 
transducers located on the load actuators. The results showed a 
significant increase in vertical displacement for all sockets after the 
initial stumble, again reaching a maximum penetration after 30,000 

cycles or 5 stumbles, then returning to a normal level after 120,000 

cycles. This displacement profile or elastic deformation matches the 
variation in peak torque for all sockets. A visual inspection of the 
surface finish of all sockets after testing showed a slight reduction in 
the mirror finish, indicating an increase in surface roughness. The 

serum temperature also increased, matching the variation in torque and 
displacement for most sockets. 
Stumble test 2 showed a normal physiological gait test result, 
producing a mean wear rate of 23.8mm'/106 cycles, Figure 1 (b), thus 
showing no measurable effect on wear rate of further stumbling. This 

result also meant that the increased rate of stumbling of one stumble 
per hour produced no measurable effect. The variations in peak torque, 

vertical displacement and temperature also showed a normal gait test 
result. 
Discussion and Conclusions 
This study has demonstrated that even relatively low stumble forces 

can cause significant changes in the tribological conditions of total hip 

replacements. The initial stumbles produced a significant elastic 
deformation of the polyethylene sockets of 0.1 mm, causing a large 

increase in torque due to a decrease in localised radial clearance, thus 
increasing asperity contact and wear. However, such changes only 

continued for typically 120,000 cycles or 19 stumbles, then producing 
no measurable effect thereafter. A longer time interval between 

stumbles has been speculated to lead to further -increased wear periods. 
The effect of such phenomenon on wear particle morphology is 
currently under investigation. 
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The influence of activity level on wear, counterface roughness and frictional torque 
of CoCr-UHMWPE total hip replacements 

J. G. Bowsher and J. C. Shelton 
IRC in Biomedical Materials, Queen Mary and Westfield College, University of London, Mile End Road, London, El 4NS, UK 

Introduction 
Recent advancements in polyethylene sterilisation are currently 
producing extremely wear resistant polyethylenes [1]. If these materials 
prove to possess an acceptable biocompatibility, then the overall 
success of hip arthroplasty will increase significantly. This increased 

performance will lead to a much broader selection of patients with a 
higher activity level. The effect of increased activity on femoral 

counterface roughness, which has been shown to be one of the most 
important determinants of polyethylene wear, is important. In this 

study, a series of simulated stumbles and jogging sequences were 
undertaken, measuring the effects on polyethylene wear, frictional 

torque, particle morphology and counterface roughness. 

Materials and Methods 
Fourteen 28 mm ID, 48 mm OD, UHMWPE acetabular sockets were 

machined from extruded GUR 1020 circular rod, and gamma irradiated 

with a dose of 4 Mrads in an inert atmosphere. The sockets were worn 

against CoCr femoral heads using an 8-station hip joint simulator, 
(MTS Systems, USA) equipped with horizontal torque cells, for 2.2 & 
4.5 million cycles under normal physiological loading [2], Figure 1 (a), 

with a a23° biaxial rocking motion at 1 Hz, 500m1 chamber volume, 
25% bovine calf serum with 0.1% m/v sodium azide. Stumble tests ran 
for a minimum of 0.5 million cycles at 1 Hz, with stumble frequencies 

of 3x, 5x & 53x/week. In order to achieve a stumble time of 2 seconds 
[3], each individual stumble consisted of two consecutive one second 
loading cycles. Twelve simulated jogging tests were run for periods of 
14,400 and 28,800 cycles at 1.5 Hz, equating to 2 and 4 hours of 

jogging respectively, with 17 hours between tests. The loading profiles 

used during stumbling and jogging were based upon published data, 

[3], Figure 1 (b) and (c) respectively. 
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Fig. 1: Force profiles (a) Paul cycle (1450N max), (b) stumble cycle 
(S000N max), and (c) jogging cycle (4500N max). 

Two socket fixtures were used, both constrained around the back of the 

socket, with one fully constraining over the flat front face of the socket 
(Cons. ), and the other only partially constraining over this face (Non- 

cons. ). 

Results 
The results from all stumble tests showed no measurable effect on wear 

rate when using the partially constraining socket fixtures. However, 

using fully constrained fixtures, the wear rate increase short-term by 

60%. The mean peak torque during stumbling was typically 50% greater 

than during normal gait, with a mean peak stumble torque of 1.5 Nm. A 

visual inspection of the surface finish of all sockets after each stumble 
test showed no change in the polished mirror finish. The results from all 
jogging tests using non-constraining fixtures showed no change in 
median wear rate when compared to standard test results, Table 2, 
however, wear rate was increased by 100°/. when using fully constrained 
fixtures. The median peak torque during jogging was 50% lower than for 
a normal gait test for both fixture types. A visual inspection of the 
surface finish of all sockets after each jogging test also showed no 
apparent change in the polished mirror finish, indicating no change in 
counterface roughness. 

Walkin J in 

Cons. Non-cons. Cons. Non-cons 
Wear 

mml/mc) 
23.8 21.55 50.3 25.32 

Peak Torque 
(Nm) 0.85 0.85 0.42 0.28 

Table. 2: Comparison of median wear rate and peak torque. 

Discussion and Conclusions 
This hip simulator study has shown that when using non-constraining 
socket fixtures, the occurrence of jogging and excessive stumbling had a 
negligible effect on polyethylene wear rate, producing a normal gait 
result of 23 mm'/106 cycles. This result indicates that short periods of 
increased activity have very little effect on the overall in vitro 
performance of PE/CoCr total hip replacements. Using fully 
constraining socket fixtures, the opposite result occurred, in many cases 
stumbling led to a short-term 60% increase in median wear rate, and 
simulated jogging increased wear by 100% in all cases. Overall, socket 
fixturing showed a greater influence on wear rate than the loading 
profile. The relationship between frictional torque and wear showed no 
overall correlation for all activity levels. Excessive stumbling showed a 
negligible effect on the size range of PE wear particles for both fixture 
types. This negligible effect on counterface roughness may be explained 
by the high level of cleanliness, and would increase significantly with 
the addition of third-body particles. The overall repeatability of the 
results obtained over further increased levels of activity is currently 
under investigation. Using constraining socket fixtures can induce 
elastic internal socket deformations leading to a reduction in radial 
clearance, causing increased friction and wear. This may not occur in 
vivo, thus the socket should be only partially constrained, i. e. held from 
the back periphery during testing. 
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A hip simulator study of the influence of patient activity level on the wear of crosslinked 
polyethylene under smooth and roughened femoral conditions 

John G. Bowsher and Julia C. Shelton 
IRC in Biomedical Materials, Queen Mary, University of London, Mile End Road, London, El 4NS, UK 

Fax: (0044) 020-8983-1799, E-mail: mail@johnbowsher. com 

ABSTRACT 
Over the last three decades, tribological studies of polyethylene total hip replacements have been undertaken using a 
simplified model of normal walking. As hip prostheses are being implanted in younger and more active patients, 
coupled with the increased wear resistance of crosslinked polyethylene, such in vitro approximations in patient 
activity are very limiting. Using a hip joint simulator (MTS Systems, USA), the influence of a significant increase in 

patient activity was studied by applying a series of simulated walking [1], stumbling [2] and jogging sequences [2], at 
varying cycle speeds, using 28 mm crosslinked (5 Mrads, y) GUR 1020 UHMWPE-CoCrMo components, with both 

smooth and roughened femoral heads. All tests were performed using 25% bovine calf serum, and all components 
were positioned physiologically. The effects on wear, frictional torque, counterface roughness, lubricant temperature, 

material deformation and particle morphology were measured and analysed. It was found that with smooth heads and 
non-constraining socket fixtures, the occurrence of excessive gait stumbling at 1 Hz (5 kN max) had a negligible 
effect on the wear rate of polyethylene, whilst simulated jogging at 1.75 Hz (4.5 kN max) only showed a median 
increase in wear volume of 40 %. Fast walking at 1.75 Hz produced the largest wear rate, and was consistently greater 
than for simulated jogging, Fig. 1, thus suggesting that short periods of increased load and speed have a relatively 
small effect on the wear of crosslinked polyethylene. However, increasing the median femoral roughness Ra to 0.38 

µm under simulated jooging, 1.75 Hz, led to a massive increase in wear and frictional torque, generating wear rates 
greater than 3000 mm /106 cycles, Fig. 2. Surface topography, sliding speed and the type of socket fixturing were 
shown to be the most influential factors when simulating increased patient activity. 
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8 

9 Abstract 

10 Over the last three decades, tribological studies of polyethylene total hip replacements have been undertaken using a simplified model of 
11 normal walking. As hip prostheses are being implanted in younger and more active patients, coupled with the increased wear resistance of 
12 crosslinked polyethylene, such in vitro approximations in activity are very limiting. Using a hip joint simulator, the influence of a significant 
13 increase in patient activity was studied by applying a series of simulated walking, stumbling and jogging sequences, at varying cycle speeds, 
14 using crosslinked UHMWPFJCoCrMo components, with both smooth and roughened femoral heads. All tests were performed using 25% 

15 bovine calf serum, and all components were positioned physiologically. The effects on wear, frictional torque, counterface roughness, 
16 lubricant temperature, material deformation and particle morphology were measured and analysed. It was found that with smooth heads 

17 and non-constraining socket fixtures, the occurrence of excessive stumbling at 1 Hz (5 kN max) had a negligible effect on the wear rate 
18 of polyethylene, whilst simulated jogging at 1.75 Hz (4.5 kN max) only showed a median increase in wear volume of 40% compared to 

19 normal walking. Fast walking showed to produce the largest wear rate, and was consistently greater than for simulated jogging, thus, 
20 suggesting that short periods of increased load and speed have a relatively small effect on polyethylene wear. However, increasing the 
21 femoral roughness R. to 0.38 im under simulated jogging, 1.75 Hz, led to a massive increase in wear and frictional torque, generating 
22 wear rates >3000 mm3/106 cycles for crosslinked polyethylene. Surface topography, sliding speed and the type of socket fixturing were 
23 shown to be the most influential factors when simulating increased patient activity. 0 2001 Published by Elsevier Science B. V. 

24 Keywords: Jogging; Surface roughness; Crosslinked UHMWPE; Wear 

25 

26 1. Introduction studies are often found to be lower than those generated 
min vivo [8-10], and this has been explained by a lack of 

27 In laboratory hip simulation, the complex motion' and abrasive wear due to roughened heads, third-body particles 

28 loading conditions that arise in an average human hip joint and polymer degradation. Although these parameters are 

29 over 1 year have been typically approximated as one million - clearly influential in wear debris production, the influence 

30 normal walking cycles, equating to 45 min of continuous of alternative gait activities must also be considered. 

31 walking per day, or approximately 60 in sliding distance per Recent laboratory studies have confirmed that the wear re- 

32 day if applied to a 28 mm diameter head prosthesis. This sistance of ultra-high molecular weight polyethylene can be 

33 approximation is widely used, and has been shown to be significantly increased when applying additives or high dose 

34 representative of a post-operative activity for a wide range irradiation [11-16], with many studies reporting extremely 

35 of patients, aged from 22 to 85 years, with an average age low quantities of wear, typically as low as 2.0 mm3 per mil- 

3s of 60 [1,2]. Normal walking is obviously only one of a mul- lion cycles for highly crosslinked polyethylenes. A study un- 

37 titude of loading and motion conditions to which the human dertaken by Laurent et al. [16], reported virtually no measur- 

38 hip joint may be subjected, nevertheless, this factor has not able wear after twenty million cycles of normal walking, and 

39 hindered many multidirectional hip simulator studies from highlights the potential of such materials. Radiographic mea- 

40 producing similar wear magnitudes and associated phe- surements are also manifesting extremely low in vivo wear 

41 nomenon to that found clinically [3-7]. It is widely recog- rates of crosslinked polyethylene [11], with recent retrieval 

42 nised, however, that wear rates produced from hip simulator studies undertaken by Oonishi et al. [17] showing little ev- 
idence of in vivo scratching and delamination on sockets 

" ponding author. Fax: +44-20-8983-1799. irradiated at 100 Mrad. As these materials continue to main- 
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Table I 
Summary of chosen surface topography of laboratory damaged metallic femoral counterfaces, used in hip joint wear tests, and the corresponding 
percentage increase in wear rates of crosslinked polyethylene 

Study Year Test type Scratching method A Roughness range or maxima 

Dowson et at. [18] 1985 Recip. Pin-on-plt. Grinding R. 0.5 µm 
Fisher et al. [19] 1995 Pin-on-disc Diamond indenter "'R. 0.013 µm, Rp 2.0 µm 
Fisher et al. [19] 1995 Recip. Pin-on-plt. Diamond indenter 

ý q. , "., R. 0.013 µm, Rp 2.0 pm 
Halley et al. [20] 1996 Tri-pin-on-disc Lapping / R. 0.088µm 
Lancaster et al, [21] 1997 Recip. Pin-on-pit. Cast, sintered Ra 0.004-0.099 µm 
Minakawa et al. [22] 1998 Pin-on-plate Diamond stylus RP 0.1-1.0 µm 
Essner et al. [23] 1998 Hip Sim Emery paper R. 0.2 mean 
Wang et al. [24] 1998 Hip Sim Emery paper/paste R. 0.01-0.851Lm 
McKellop et al. [25] 1999 Hip Sim Emery paper R. 0.05-0.90µm 
Endo et al. [26] 2000 Hip Sim Diamond cutter y+ "ý Rp4.0 µm 
Muratoglu et al. [27] 2000 Hip Sim Introducing alumina 1.0µm R. 0.62 µm, R,,.. 5.4 µm 
Muratoglu et al. [27] 2000 Hip Sim Introducing PMMA 30 µm R. 0.11 µm, R,,,,,, 1.0 µm 
Laurent et al. [28] 2000 Hip Sim Introducing PMMA 250 µm R. 0.1 µm 
Laurent et al. [28] 2000 Hip Sim Introducing alumina I. Oµm R. 1.1 µm 

64 cess of polyethylene hip arthroplasty should greatly increase, face roughening is in good agreement with clinical studies 
65 thereby offering a highly cost-effective treatment. This im- [33,34], with many retrieval investigations showing at best a 
66 proved performance should ultimately allow a broader selec- poor relationship between roughness and polyethylene wear. 
67 tion of patients to be targeted, offering earlier treatment to Such tests have concluded that the influence of increased 
68 those at present. This change will thereby lead to an increase roughness up to an Ra of 0.05 µm has very little effect on 
69 in the expected levels of activity that a total hip arthroplasty the wear of crosslinked polyethylene. When considering a 
70 can survive. One recent hip simulator study, investigating median clinical femoral surface roughness Rg of 0.06µm, 
71 the effects of an increase in patient activity on the wear of calculated from nine retrieval studies totalling 400 cases, 
72 crosslinked polyethylene [10], showed that under smooth Table 2, this suggests that the overall influence of femoral 
73 conditions, stumbling may lead to periods of high torque, roughness 'may not be as high as initially expected, thus 
74 increased wear, and an increase in socket roughness, a pre- indicating that roughness alone can not explain high clini- 
75 cursor to accelerated failure. However, there has been very cal wear. The median patient age of these clinical studies 
76 little literature published in this area. , was 66 years, and all the laboratory studies mentioned were 
77 The influence of femoral scratching on polyethylene wear' performed under normal continuous gait, with a maximum 
78 has been widely investigated on various devices, and has re- ''" load of 2.7 kN. Thus, when considering a more active pa- 
79 suited in many discrepancies being observed. Initially, linear '"^, F, 

y tient, i. e. up to 2.54.5 million cycles per year [1], plus the 
80 pin-on-disc wear machines reported a significant increase ' addition of frequent jogging or other impact sports, such 
81 in polyethylene wear with increased counterface roughness, . . 

approximations of load and sliding distances are possibly 
82 

- showing up to a 30-fold increase in wear with a scratch , ` grossly underestimated, and under such conditions, femoral 
83 RP of 1.0 p. m [18-22], Table 1. However, more recently, roughness may play a more important role. 
84 multi-directional simulator studies under serum lubrica- The purpose of this study was to further investigate the 
85 tion have shown a less marked effect of increased femoral ` wear performance of crosslinked ultra high molecularweight 
86 roughening [23-28]. This reduced influence of counter- polyethylene by introducing a series of simulated stumbles 

Table 2 
Summary of surface topography of retrieved metallic femoral counterfaces ran against polyethylene hip joints 

Study Year No. of cases Mean implant time (years) Roughness range or maxima Rp range or maxima 

Wroblewski et al. [29] 1992 4 20 R. 0.008-0.102 µm - 
Isaac et at. [30] 1992 78 9 R. 0.013-0.4µm 0.30µm 
Jasty et at. [31] 1994 t, 23 4.3 Deep scratches (0.1-2µm) Uncemented 
Bauer et aL [32] 1994 45 2.6 max R. 0.002-0.47µm Cemented 
Hall et al. [33] 1996 129, _ ý ` 

10.7 R. 0.06-0.19 µm - 
Hall et al. [34] 1997 ," 35 ' ý 12 R. 0.08 µm, Ri 1.55 µm 0.40-0.69 µm 
Kusaba et al. [35] 1997 ' 36. 9 R. 0.006-0.06 µm - 
Minakawa et al. [22] 1998, e 10 14.4 - 0.03-0.43 µm 
Sychterz et al. [36] 1999 20 8.5 R. 0.022-0.098 µm - 
Tipper et al. [37] 2000 18 12.9 R. 0.01-4.3 µm 4.1 µm 
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»> and jogging sequences at varying cycle speeds, and under pered stainless steel stem fixtures. When' simulating dam- 163 

112 both smooth and damaged femoral head conditions. aged conditions, the roughened femoral heads had a median 164 

113 When simulating damaged counterface conditions in lab- surface finish R, and Rt (±1 S. E. ) of (0.38 ± 0.014) µm 165 
114 oratory wear tests, the surfaces must accurately represent and (3.14±0.15) p. m, respectively, with a maximum scratch 166 
115 clinically relevant topography. Table 1 presents a summary height Rp of 3.0 µm, and a scratch width 1.0-30 p. m (n = 167 
116 of the surface topography of previous wear tests simulating 48). All scratches were located in the upper hemisphere of 168 
to damaged conditions, and shows that the maximum rough- each head, covering the location of maximum sliding veloc- 169 
tta ness chosen has varied by an order of magnitude, with a ity, and were multidirectional with many forming criss-cross 170 
119 maximum R. of 0.9 µm. Table 2 shows this maximum rough- loops, characteristic of the higher level of surface roughness 171 
120 ness to be over twice the highest roughness reported by nine of retrieved metallic femoral heads, Table 2. All roughened 172 
121 retrieval studies of metallic femoral heads [29-36]. How- surfaces were produced by applying 400 grit SiC paper to 173 
122 ever, Tipper et at. [37] reported a maximum mean roughness each head, as described by previous studies [23-25]. Fol- 174 
123 Ra of 4.3 µm for stainless steel heads, which is over four lowing scratching, all heads were then thoroughly cleaned 175 
124 times greater than other retrieval studies. Such cases of high with lint-free cloths, Decon 90 and Propan-2-ol. 176 
125 roughness are clearly very severe, and occur in a very few 

126 number of cases. However, it is possible that such cases may 2.2. Experimental method 177 
127 become more frequent in the future, especially when consid- 
128 ering the combined effects of impact sports and third-body All wear tests were performed using an 8-station hip joint 178 
129 particles, particularly those from porous coatings, or fretting simulator (MTS Systems, USA), which utilises a planetary 179 
130 of modular systems. gear system and a pressure summing junction to produce 180 
131 Crosslinked polyethylenes will significantly increase the seven synchronised and repeatable load/loci patterns, and 181 
132 success of hip arthroplasty as it stands today. However, it one stationary creep station. The simulator applies a sin- 182 
133 is hoped that a better understanding of the overall influence gle joint force in one axis, producing a similar shear stress 183 
134 of a significant increase in patient activity level, under var- pattern to the natural hip joint [4]. The gait cycle is rep- 184 
135 ious gait conditions, will provide a clearer picture of the resented by a ±23° biaxial rocking motion, simulating the 185 
136 long-term benefits of highly crosslinked polyethylene for flexion-extension and abduction-adduction movements of 186 
137 younger and more active patients, knowing that only a small the femur. This type of simulator has been previously de- 187 
138 amount of wear can generate a large number of sub-micron scribed in detail, and successfully used in many hip wear 188 

139 particles. studies under inverted or physiological socket configurations 189 
[3,4,8,10,24]. To measure changes in joint friction, the hip Igo 

%. simulator was equipped with a vertically mounted torque cell 191 
140 2. Materials and methods tw � 

(±20 Nm) on each test station, as shown in Fig. Ia and e. As 192 
all torque cells are self-centring during rotary motion, via a 193 

141 2.1. CoCrMo-UHMWPE total hip joints floating bearing, all cells measure the resistance to rotation 194 
caused by contact friction only, in the horizontal plane, and 195 

142 A total of 14 acetabular sockets (28 mm) and femoral not due to misalignment effects, Fig. 1 f. The simulator is also 196 
143 heads were supplied from a major orthopaedic manufac- 

. v, ` fitted with eight temposonic vertical displacement transduc- 197 
144 turer (DePuy Ltd., a Johnson & Johnson company) (Ref ers, which were used to measure both plastic and elastic de- 198 
145 ULTIMA®), and were sealed for clinical implantation on .` formations of the polyethylene sockets during wear testing. 199 
146 arrival. The UHMWPE acetabular sockets were'-machined, In order to investigate the influence of socket clamp- 200 
147 from extruded cylindrical rods of GUR 1020 (ISO 5834, ' ing under increased joint loading, all polyethylene sockets 201 
148 Parts 1 and 2), approximately 100 days before the start of were retained using either a fully constraining clamping 202 
149 the wear testing. After machining, all sockets were cleaned plate or a partially constraining plate, as shown in Fig. Ic 203 
Iso and vacuum foil pouched, then gamma irradiated in an in- and d, respectively. The partially constraining fixtures only 204 
151 ert atmosphere, with a maximum dose of 50 KGy (5 Mrad). clamped 2.0 mm of the outer socket diameter, whereas 205 
152 Once opened, all test sockets were first weighed, and then the fully constraining fixtures clamped across 10.0 mm of 206 
153 soaked in deionised water at 37°C for a minimum of 6 weeks the cup diameter. All socket fixtures were physiologically 207 
154 prior to testing. The initial surface finish R. for all the ma- orientated, and were manufactured entirely from stainless 208 
155 chined sockets was (0.90±0.3) p. m. Surface topography of steel, Fig. lb. Stainless steel tubing was used on all socket 209 
156 all test components was measured using a contact profilome- fixtures to remove the air bubble created during assembly, 210 
157 ter (Surftest SV-400, Mitutoyo, Japan) with a cut-off length see Fig. Ic and d. 211 
158 of 0.4 mm, with each component being measured in a min- All wear tests were performed using bovine calf serum as 212 
159 imum of four positions 90° apart. ° a lubricant (Sigma C-6278, lot 78118409). This sterile, fil- 213 
160 The polished CoCrMo femoral heads had a mean diam- tered, and cell-culture tested lubricant was diluted to 25%, 214 
161 eter of 27.97 mm, and an initial surface roughness Ra of with 0.2 p. m filtered deionised water and 0.1%m/v sodium 215 
162 (0.007 ± 0.003) µm, and were mounted using standard ta- azide, to retard bacterial degradation [3]. The lubricant vol- 218 
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Fig. I. Photographs and schematics showing (a) II« hi) S h-station hip joint simulator, (h) physiological test set-up, (c) fully constraining socket fixture, 
(d) partially constraining socket fixture, (e) location of horizontal torque cells, and (f) direction of torque measured. 
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224 

urnes were maintained at 500 ml, and were changed every 
0.5 million cycles in order to maintain lubricant properties. 
The lubricant temperature was monitored during testing, 

and observed to be a median temperature of 33"C. Thermo- 

couples were located beneath each femoral head, and the 
room temperature was maintained at 24"C during each test. 
Serum evaporation was compensated for by adding filtered 
deionised water. 

The 14 test prostheses were divided into two equal test 225 
groups, I and 2, and were subjected to normal physiologi- 226 
cal loading under smooth conditions for periods as defined 227 
in Table 3. The walking profile was based on the gait data 228 
published by Paul [38], Fig. 2a, and was applied at 60 rpm. 229 
Test group I consisted entirely of fully constraining socket 230 
fixtures, and group 2 consisted of four partially constraining 231 
socket fixtures, and three fully constraining fixtures acting 232 

233 

Table 3 
Summary of wear test conditions for all patient activity levels, conducted in sequential order, using both fully constraining and partially constraining 
socket fixtures 

Test description Condition number No. of cycles (million) Activity frequency (rpm) Peak load (N) No. of data points 

Fully Partially 

Test group I (smooth) 

Normal walking I 
Stumble tests A and B 2 

Test group 2 (smooth) 
Normal walking 3 
Stumble tests C and D 4 
Normal jogging 5 
Intermediate walking 6 

Normal jogging 7 
Intermediate walking 8 
Normal jogging 9 
Intermediate walking 10 

Fast walking 
Low speed jogging 12 

Fast walking 13 
High speed jogging 14 

Test group 2 continued (rough) 
Normal walking 15 
Low speed jogging 16 

High speed jogging 17 
Normal jogging 18 

4.5 
1.362 

(O 
60 

2450 54 
SOIX) 12 

2.2 (4) 2450 15 20 
1 .1 60 50(X) 6 8 
0.3456 90 45(X) 12 16 
0.5 (4) 2450 3 4 
0.3456 90 45(X) 12 16 
1.0 (d) 2450 6 8 
0.3456 90 45(x) (2 16 
0.25 60 2450 3 4 
0.25 90 2450 3 4 
0.3456 60 45(X) 12 16 
0.25 105 2450 3 4 
0.3456 105 450) 12 16 

0.25 60 
OA 144 60 
0.0144 105 

0.0144 90 

2450 -- 6 
45(X) -6 
45(X) 6 
45(X) -6 
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Fig. 2. Force profiles (a) normal walking (2450 N max), (b) stumble cycle 
(5000 N max), and (c) jogging cycle (4500 N max). 

5 

ing dV=kfL dx. Frictional torque, vertical displacement 
and lubricant temperatures were measured over 90 loading 
cycles per test, i. e. 18 measurement intervals consisting 
of five consecutive loading cycles. As the number of data 
points were normally small (3-51), all data was assumed 
non-normally distributed, and Wilcoxon Mann-Whitney 
tests were used to compare, medians. All results are pre- 
sented, when not otherwise stated, as medians (IQR). 

Polyethylene particles were isolated by a multistage 
centrifugation and digestion method, using sodium hydrox- 
ide, isopropanol and sucrose density gradients, followed 
by 0.1 µm filtration. ; Following gold coating, all samples 

as a control. Wear performance under normal walking was were viewed using scanning electron microscopy. Particle 

assessed over these periods for both groups, excluding the characterisation involved the size range and morphology 
' first 1.0 million cycles. After the normal walking tests, both accurate particle measurements obtained classification, with 

groups were subjected to two consecutive stumble tests. The from SEM micrographs. 
loading profile used during simulated stumbling was based 

upon data published by Bergmann et al. [39], and consisted 
of a multi-peak cycle, Fig. 2b. In order to achieve a stumble 3. Experimental results 
time of 2 s, each individual stumble consisted of two con- 
secutive 1s loading cycles. For test group 1, stumble test 3.1. Normal walking (smooth conditions) 
`A' ran with a stumble frequency of 1/6245 cycles, which , 4- 
equates to a patient stumbling three times a week, and stum- During the initial walking periods of 2.2 and 4.5 mil- 
ble test 'B' ran with an increased stumble frequency of (5x lion cycles; both test groups showed a biphasal wear pat- 
per week). For group 2, stumble test ̀ C' ran with a stumble tern, generating higher wear in the opening 1 million cy- 
frequency matching test `A', and stumble test `D' ran with Iles. After this period, both groups produced a similar wear 
an increased stumble frequency of (53x per week). rate under smooth conditions of 21.5 (6) mm3/106 cycles 

Group 2 was then further subjected to 20 jogging tests and (k = 0.8 x 10-6 mm3/Nm) for both fully constraining and 
cycles of normal and fast walking, as described in Table 3. } r' partially constraining socket fixtures, showing no statistical 
The jogging tests ran at speeds of 60,90 and 105 rpm, for pe- 1 difference (P > 0.01), Fig. 3a and b. The variation in fric- 

riods equating to 2-4 h of jogging. The loading profile used 
= 
tional torque was also biphasal, showing a greater torque 

during simulated jogging was based upon data published by�r, level during the first I million cycles, with both fixture types 
Bergmann et al. [39], and consisted of a 0.5 s one-peak cy- generating a maximum torque level of 7.0 and 5.3 Nm for the 
cle, Fig. 2c. Jogging sessions were arranged in groups of fully constraining and partially constraining fixtures, respec- 
four, with a fixed 12 h resting period between each test. In"' tively. Over this initial period, the fully constraining fixtures 
between jogging sessions, walking tests were undertaken, produced 65% more torque than the partially constraining 
in order to measure any long-term influences of high joint,,., ,, -,,,,, f fixtures (P < 0.001), showing a median peak torque level 
forces on normal gait. High speed walking tests were also of 1.4 Nm. After the first million cycles, the torque level re- 
conducted. For group 2, surface topography was measured duced for both fixture types, generating a median peak torque 

D', 'and of- at 2.2 million cycles, after stumble tests ̀C' and level of 1.0 (0.3) and 0.85 (0.2) Nm for the fully constrain- 
i 

ter all jogging and high speed walking tests. On completion' ing and partially constraining fixtures, respectively, (P > 
of all smooth tests, the femoral heads were roughened with 0.01). However, the use of fully constraining socket fixtures 
SiC paper. Four consecutive roughened wear tests were the often led to short periods of elevated torque (up to 4.0 Nm), 

undertaken, including normal walking and jogging, Table 3; but this showed no significant influence on polyethylene 
all tests incorporated one smooth control station. Following wear. 
all rough tests, the surface topography of all components After the walking periods for both groups, all 14 sockets 
was re-measured. ,` were highly polished, producing a median and a maximum 

Wear was measured gravimetrically, and was corrected roughness Ra of 0.016 and 0.041 µm, respectively, for the 
for fluid absorption by using one loaded control and two entire articular surfaces. Some sockets showed small areas 

unloaded temperature-maintained soak 'controls. Volume of surface damage (0.1-2.0 mm in length), which were lo- 

changes were calculated by using a density of 938 kg/m3. cated in areas subjected to both high and low velocity. All 

The sockets were measured every 0.5 million cycles, or at femoral heads showed a small number of scratches (maxi- 
the end of each jogging session, which involved disman- mum 2.0 mm in length), producing a maximum R. of 1.0 p. m 
tling fixtures, cleaning, drying, and weighing, following an and a maximum R. of 0.113 µm after 2.2 million cycles 

established protocol. All wear results were extrapolated to (n = 16). as summarised in Table 4. The majority of femoral 
mm3/106 cycles, and all wear factors were calculated by us- damage was located at the areas of high contact velocity. 
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Fig. 3. The influence of rotational velocity on wear rate (0) and peak torque (A) during normal walking under smooth conditions, for (a) using partially 
constraining fixtures, (b) using fully constraining fixtures. The error bars represent IQR. 

Table 4 

Summary of changes in particular surface topography with increased patient activity, under both smooth and roughened conditions 

Test: smooth conditions CoCrMo femoral heads Crosslinked UHMWI'E sockets 

Undamaged areas 

R. (nm) Rp max 

Damaged areas Undamaged areas 

K, (nm) Rp max R. (nm) Rp max 
(nm) (nm) 

Damaged areas 

R. (nm) Rp max 

Initial roughness 4-10 50 - 900 _ 
After 2.2 x 106 cycles of steady walking 5-11 100 10-I 13 100 13-26 200 
After 1.1 x 106 cycles of stumbling 7-10 50 13-46 600 14-25 100 

After 60 h of simulated jogging 5-14 100 14-146 800 15-72 3(() 

Test: roughened conditions 
Initial roughness 200-fi22 3000 6200 15-438 1400 

After 0.25 million cycles 101-658 3000 6690 65-262 500 
walking and 6h jogging 

330 Analysis of wear debris retrieved at 4.5 million cycles of 

331 normal walking, showed that the majority of the polyethy- 

332 lene particles were <0.6 µm in size for both fixture types. 

333 Both groups also producing many large particles above 

334 50 µm in length (Fig. 4), matching previous studies [4,201. 

335 3.2. Normal walking (rough conditions) 

336 Increasing the median femoral roughness R� from 0.016 

337 to 0.38 µm during normal walking led to an increase in wear 

338 of 800% for the partially constraining fixtures, generating a 

339 wear rate of 198 (52.3) mm3/106 cycles (P < 0.001), Fig. 5. 

340 Under rough conditions, the peak torque also increased, pro- 

34i ducing a peak of torque level of 2.0 (0.4) Nm (P < 0.001 ). 

342 The median serum temperature for the roughened stations 

343 was 37°C, which was 4"C higher than the smooth control, 

344 which produced a normal test result for all parameters. After 

145 testing with rough heads, all socket surface finishes were ob- 

31-41 150 
106-152 S(N) 

127-A38 14(X) 

2x(, n 
1680 

Fig. 4. An SEM image showing polyethylene wear particles generated 
under normal walking (60rpm) showing both submicron sized particles 
and a larger flake particle. 
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Fig. 5. Comparison of median wear rate and peak frictional torque during 

60 rpm normal walking under smooth and rough conditions, using partially 

constraining socket fixtures. The error bars represent IQR. 

346 served to be dull, typically showing up to 20 fine scratches 

347 in the shape of the corresponding locus at that location. 

348 3.3. Fast walking (smooth conditions) 

349 Increasing the walking velocity from 60 to 90 rpm un- 

350 der smooth conditions led to a 74% increase in wear 

351 for both fixture types, generating a wear rate of 38.2 

352 (5.2) mm3/lot' cycles (P < 0.001), Fig. 3a and b. Walking at 

353 90 rpm also showed a reduction in frictional torque of 62%, 

354 generated a peak torque level of 0.35 (0.2) Nm (P < 0.001). 

355 Increasing the walking velocity to 105 rpm (1.75 Hz) led to 

356 a further increase in wear for the partially constraining fix- 

357 tures, producing a wear rate of 52.9 (20.7) mm3/10' cycles 

358 (P < 0.001) (k = I. 1 x 10-6 mm3/Nm). The relationship 

ass between wear and angular velocity (w) measured in (rpm) 

360 can be best described by the power function 

361 wear rate (mm3/ 106 cycles) =2x 10-2 (0))1.68 (I ) 

362 
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However, the results for the fully constraining fixtures were 

very different, Fig. 3b, generating a 360% increase in wear 

at 105 rpm compared to 60 rpm walking, producing a wear 

rate of 96 (34.7) mm3/106 cycles (P < 0.001). The results 

also showed no change in the frictional torque level when 
increasing the velocity to 105 rpm, as this generated a peak 

torque level of 0.4 (0.2) Nm, showing no statistical differ- 

ence. A visual inspection of all sockets after fast walking 

showed a decline in the mirror-finish for all seven sockets, 

generating a fibrillar polyethylene surface. 

3.4. Stumbling (smooth conditions) 

The wear results of the four stumble tests are presented in 

Fig. 6. Compared to a normal gait test, stumble test 'A' gen- 

erated an 80% increase in polyethylene wear when adding a 

series of simulated stumbles (3x per week), showing a me- 
dian wear rate of 39.5 (10.9) mm3/ 106 cycles (P < 0.001), 

for all fully constrained sockets. The results for test 'A' also 

showed a significant increase in peak torque for all sockets 
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ma 

40 
mV 

30 

x 20 

E 10 
E 

0. 
Test A Test B Test C 

3x/week 5x/week 3x! week 
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Pig. 6. Comparison of median wear rate under smooth conditions for 

stumble tests 1-4, using fully constraining and partially constraining 
fixtures. The error bars represent IQR. 

following the initial stumble, reaching a maximum torque 
level after typically five stumbles, or 30,000 cycles, Fig. 7. 
During this period, the maximum frictional torque measured 
for all stations was 6.0 Nm, and occurred during the stumble 
cycle. The torque then returned to a normal level, after typ- 
ically 19 stumbles, or 120,000 cycles, for the remainder of 
the test. Excluding the initial high torque levels, the median 
peak torque produced during stumbling was 64% greater 
than that during normal walking, showing a peak of torque 
level of 1.4 (0.3) Nm (P < 0.001). Overall, the median 
peak torque and maximum torque recorded for each station 
showed no strong correlation with gravimetric wear. A much 
greater correlation was found between frictional torque and 
the variation in vertical displacement of each socket during 

testing. Fig. 7 shows a typical comparison of peak torque 

and socket displacement fier test W. The displacement re- 
sults showed a significant short-term change, matching the 

variation in frictional torque for each station. The maximum 
variation in vertical displacement recorded was 0.12 mm, in- 
dicating that gait stumbling can cause large deformations of' 
crosslinked polyethylene sockets when fully constrained. A 

visual inspection of the surface finish of all the sockets af- 
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I ig. 7. Comparison of frictional torque and vertical displacement during 

stumble test I (socket no. 2), using fully constraining socket fixtures. 
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ter testing, showed decline in the mirror-finish of four out range of particles, with the two fixture types generating no 458 
of the seven. larger particles compared to normal walking. 469 

The high wear and torque levels observed in stumble test 
'A' showed to be non-repeatable, as the following consec- 3,5. Jogging (smooth conditions) 460 
utive stumble test `B', showed no measurable influence of 
additional stumbling, even when increasing the stumble fre- The results for all smooth-jogging tests are presented 461 
quency to five times per week, Fig. 6, showing a wear rate in Fig. 8a and b. Under all sliding speeds, the variations 462 
of 22.8 (10.9)mm3/106 cycles (P > 0.01). The variations in wear and frictional torque during simulated jogging 463 
in peak torque, vertical displacement, and temperature also showed a similar result to normal walking, producing an 464 
produced a normal gait test result, demonstrating that in- increase in wear and a decrease in frictional torque with 465 
creasing the rate of stumbling to 5x per week had a negli- increased velocity. The results also showed a greater wear 468 
gible effect. Also, a visual inspection of all sockets surface increase when using' fully, constraining socket fixtures, 467 
finishes showed no change in the mirror finish, still showing , especially at high speed. ' Using partially constraining fix- 46a 
a dull counterface for most sockets. tures, jogging at 105 rpm only led to an increase in wear 469 

Using partially constraining socket fixtures, the gravimet- of 40% compared to normal walking, generating a wear 470 
ric results for tests 'C' and 'D' showed no measurable effect rate of 30.7 (12.5)mm3/106 cycles (P < 0.001) (k = 471 
of stumbling on polyethylene wear rate, even when stum- 0.6 x 10-6 mm3/Nm). This result indicates that short periods 472 
bling up to seven times per day. However, the results for of increased loading and sliding speed under smooth condi- 473 
the fully constraining control stations were very different, tions, have a weak influence on polyethylene wear. Running 474 
generating increases in wear of 11 and 60%, compared to the jogging cycle at'60 rpm led to a significant decrease in 475 
normal walking, for stumbling at 3x and 53x per week, re- wear compared to normal walking (P < 0.001), produc- 476 
spectively (P < 0.001), producing a maximum wear rate ing a wear rate of 13.1 (10) mm3/106 cycles. In between 477 
of 38.2 mm3/106 cycles. This result further suggests that the jogging sessions, all intermediate-walking tests produced 478 
overall outcome of simulated stumbling using constraining normal walking results (21.5 mm3/106 cycles), indicating 479 
fixtures is unpredictable, and in most cases leading to in- no long-term influences of high joint forces. After 60 h of 480 
creased polyethylene wear. As these tests were undertaken jogging, all test sockets remained highly polished, although 4at 
under identical test conditions to that for the partially con- the median roughness R. increased from 0.017 to 0.035 µm 482 
straining fixtures, this result suggests that the overall in- averaged over the whole surfaces (n = 29). The roughness 483 
fluence of simulated stumbling is strongly influenced by <T' of the damaged areas also increased (20-188%), generating 484 
the degree of socket clamping. The frictional torque results 

' a maximum R, and Rp of 0.438 and 1.4 µm (Table 4). All 485 
showed to be similar for recorded from tests 'C' and 'D femoral heads showed additional scratching, producing an 486 

both fixture types, with all stations producing a similar result,, ' increase in roughness in some damaged areas. Nevertheless, 487 
to test `B'. As no high torque levels were observed for the ." the overall results showed no significant increase in femoral 488 
high wearing fully constrained sockets of test 'D', this result �. roughness with increased activity. 489 
further demonstrates a weak correlation between wear and 
torque. The median peak torque recorded during stumble cy- 

remained higher than that observed for normal walking,,, I . l 
j 6. Jogging (rough conditions) ,r 

490 
es I 

1.4 (0.4) Nm, with all cycles showing a greater response to 
rather than heel-strike. The displacement results also toe-off 

Against roughened heads, the overall influence of simu- 491 
, 

showed no measurable change, thereby indicating a weak 
laced jogging increased significantly, generating severe wear 492 

overall correlation between wear and displacement. for all conditions. Increasing the femoral roughness Ra to 493 

After stumble tests 'C' and 'D', all sockets remained 
0.38µm during jogging (105 rpm) led to wear rate of 3123 
(1089)mm3/l06cycles for crosslinked polyethylene (P < 

494 
495 

highly polished, showing no overall change in median 

roughness R. (0.017µm) for the whole articular surfaces. 
0.001) (k - 55 x 10-6 mm3/Nm), Fig. 8c, whilst jogging 496 

However, the roughness of isolated damaged areas of the at 60 rpm under these conditions led to a wear rate of 391 
(567) mm3/106 cycles. This result demonstrates that sliding 

497 
498 

sockets increased significantly (158-270%), generating a 

maximum Ra and Rp of 0.152 and 0.5 µm (n = 12), Table 4. speed becomes a more influential factor under rough con- 499 

All femoral heads showed additional scratching, although 
dition. The relationship between wear and angular velocity 500 

the roughness of the damaged areas of all heads decreased (w) (rpm) during jogging with rough femoral heads can be 601 

(60%), generating a maximum Ra and RP of 0.046 and 
best described by the power function 602 

0.6 µm (n = 22), Table 4, indicating that short periods of wear rate (mm3/ 106 Cycles) =9x 10-5 (co)3.74 503 
increased joint forces can reduce femoral scratch geom- 

etry. However, the overall median roughness of all heads Slow jogging with rough heads showed to generate the high- eo4 
remained similar. est torque level measured for all gait activities investigated, 505 

Polyethylene wear debris retrieved after excessive stum- producing a median torque level of 4.0 (0.3)Nm (P < 506 
bling (53x per week) showed a negligible effect on the size 0.001). Following all rough tests, analysis of component to- 507 



J. G. Bowsher, J. G Shelton/Wear 8770 (2001) 1-13 

Partially Constraining Fixtures Fully Constraining Fixtures Partially Constraining Fixtures 
Smooth Smooth Rough 

160 1.2 160 1.2 10000 
WR-9.104 

4.5 

s 140 1.0 140 1.0 
(`pm)"~ 4. D 

ý' 
b 

120 0.8 3 
a 

ý' g 
120 , n-12 0.8 

" c ö 
n-6 

1000 3.5 

X 
E 100 0.6 

0 ä E 100 0.6 
O 
Y 

X 3.0 " °Q Y 

° 
a E a-6 2.5 F 

80 0.4 
° 

80 0.4 
" 

100 
2.0 

ý 60 0.2 s i 
60 0.2 d 

>: ` "" "ý 1 5Ä n-16 

40 n-48 0.0 
m 

40 0.0 
ýýl- . 

10 Smooth 1.0 
99 

Control t-o 9 20- 20 
n-12 n-36 0.5 

WR- 0.024 (rpm)-" 
Z a 

0 0 1 0.0 

50 70 90 110 50 70 90 110 50 70 90 110 

(a) Rotational Velocity (rpm) (b) Rotational Velocity (rpm) (c) Rotational Velocity (rpm) 

lions of cycles, for all gait activities. Similar results were 521 
found for the fully constraining sockets up to 6 million cy- 522 
Iles. Against smooth femoral heads, the overall influence of 523 
repeated periods of increased patient activity on polyethy- 524 
Lene wear showed to be small, demonstrating little change 525 
in their overall performance. However, when introducing 526 
roughened femoral heads, the results were very different, 527 
showing excessive wear for all increased gait activities. 528 

Fig. 8. The influence of rotational velocity on wear rate (0) and peak torque (G) during simulated jogging, 4500 N max, for (a) partially constraining: 
smooth, (b) fully constraining fixtures: smooth, and (c) partially constraining: rough. The error bars represent IQR 
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Fig. 9. Comparison of wear for all partially constrained acetabular sockets during all gait activities, for group 2. At 6 million cycles, roughened femoral 

heads were introduced. 
A -11 

1- 

508 pography (Table 4) indicated a small decreased in the median 

509 femoral roughness Ra of 14% (n = 47), and also showed 

510 no change in Rp and Rt. All polyethylene sockets showed 

511 a significant reduction in the mirror-finish of all articular 

512 surfaces, showing an increase in median roughness R. from 

513 0.035 to 0.093 µm (n = 28). In undamaged areas, however, 

514 and the overall surface topography for all sockets showed to 

515 improved under scratched conditions, äs all damaged areas 

516 were worn away. 

511 3.7. Overall wear for all gait conditions (rough and 

518 smooth) 

519 Fig. 9 shows a comparison of all wear results for the par. 

520 tially constraining sockets in group 2, plotted against mil. 

4. Discussion 

9 

529 

This hip simulator study has shown that the influence of s3o 
femoral roughness on the wear of crosslinked polyethylene 531 
becomes significantly greater under increased patient activ- 532 
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0- 
ity. Previous studies have confirmed that the influence of using harder and more damage resistant femoral heads, such 
femoral roughness is significantly reduced when using hip as alumina, rather than CoCrMo. The re quirement to im- 
joint simulation, compared to reciprocating wear test ma- plant prostheses in much younger and more active patients is 
chines [24-26]. These results are in good agreement with forever increasing for all degenerative hip conditions, with 
clinical studies, showing that high values of roughness Ra some pedometer studies showing only a small difference in 
(0.2 p. m) only produce a two-fold increase in wear. However, the activity level between rheumatoid and osteoarthritic pa- 
all these experimental studies only examined normal walking tients [2]. This increasing group of more active patients in- 

at 60 rpm with a maximum joint force of 2.5 kN, therefore, dicates that resistance to femoral damage will prove to be a 
when considering far more active patients, especially those dominant factor in the success of polyethylene hip arthro- 
involved in impact sports, such approximations in activity plasty, for many years to come..,,, - 
may be grossly underestimated. The results from this study The roughened femoral heads showed no significant 
have shown that increasing the joint force and velocity un- change in surface topography with increased levels of joint 
der high femoral roughness can led to excessive wear, gen- loading and sliding speed, except from producing a lower 

erating wear rates of the order of 3000 mm3/106 cycles for minimum roughness. - However, the amount of increased 

crosslinked polyethylene (k = 50 x 10-6 mm3/Nm). These patient activity applied was relatively small, indicating that, 
results indicate that for more active patients, a significant in- with no additional third-body particles, measurable changes 
crease in femoral topography could lead to extremely rapid in femoral roughness Ra of the order of 0.4 p. m occur over 
failure due to lysis, impingement or both. much longer periods. With rough heads, the mirror-finish of 

During normal walking, increasing the median femoral all sockets significantly reduced, producing a much greater 
roughness Ra to 0.38 µm did not have a dramatic influ- median and minimum roughness for the majority of the 
ence on polyethylene wear, showing a median wear rate of articular, surfaces, demonstrating the effects of increased 
197 mm3/106 cycles. This result demonstrates that the over- abrasive wear. However, as all damaged areas of each socket 
all influence of femoral roughness depends on the activity were worn away, during rough-tests, the maximum R. and 
undertaken. The wear rates produced during rough walking Rp reduced greatly. 
are similar to previous investigations [23-26], which pro- Under smooth femoral conditions, the overall effect of 
vides validation of both the current study's testing method- an increase inpatient activity showed a much weaker in- 

ology, and the quantity of femoral roughening adopted. This fluence, generating a maximum median wear rate of only 
result also implies that a general all-round roughening of '52.9mm3/106 cycles for all activity levels. Fast walking 

" each femoral head using SiC paper, can produce similar at 1.75 Hz produced the largest wear rate, and was con- 
wear magnitudes to that when introducing discrete scratches sistently greater than for jogging and stumbling activities, 
[26]. Even though all-round criss-cross scratching is possi- Vii., thus, demonstrating that short periods of increased load and 
bly more representative of in vivo femoral abrasion, com-. � " speed have a relatively small effect on the overall wear of 
pared to a small number of discrete scratches, it would ap= -";, -crosslinked polyethylene in vitro. Whilst preserving pol. 
pear that both methods produce similar failure mechanisms.,, 

,. 
/ ished surfaces, activities such as jogging, aerobics, tennis 

Compared to rough jogging, walking with rough femoral °;,.. and other impact sports will not greatly reduce the survival 
heads produced an eight-fold increase in median wear rate, of the implant. This result is in good agreement with pre- 
which is significantly less than a 30-fold increase in wear, -' ""vious studies [41], concluding that walking is the single 
observed using unidirectional sliding [19], especially when most important physical activity affecting wear in total hip 

considering that the current study applied scratch heights implants, however, this has now been shown by the current 
three times greater. s$' _ .a study to be only true for smooth femoral heads. However, 

During simulated jogging with roughened heads, the wear" it is important to note that this study has not considered 
rate was greatly influenced by velocity, producing a signif. concurrent effects of high joint forces on implant fixation 
icant power relationship (3.74), thereby demonstrating that and anatomy. 

velocity is a major factor in two-body abrasive wear. A com- Overall, sliding speed and the degree of socket clamping 
parison of walking and jogging at 1 Hz under rough condi- have been shown to be the major factors that influence wear 
tions, only produced a two-fold increase in wear, demon- under smooth conditions, however, the power relationship 
strating that the rate of activity is the controlling factor in between wear and velocity was lower (1.52) than compared 
polyethylene wear, under all conditions, rather than the mag- to rough conditions. An increase in wear with an increase 

nitude of the applied load. The excessive wear generated dur- in velocity was evident for all activity levels in the cur- 
ing jogging with roughened heads at 1.75 Hz, strongly sug- rent study, however, these results are contrary to previous 
gests that femoral roughness may be a more influential factor investigations [42], showing reduced wear with increased 

when considering more active patients. This high wear rate speed with EtO-sterilised UHMWPE. This result may possi- 
not only produces large quantities of polyethylene particles, bly demonstrate further differences in the wear performance 
but importantly delivers them in high concentrations, which of polyethylene with varying types of sterilisation. 

may influence the onset of osteolysis [40]. Thus, for more Normal walking against smooth heads generated a 
active patients, implant survival can be greatly increased by median wear rate of 21.9 mm3/106 cycles (k = 0.8 x 
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645 10-6 mm3/Nm), and when adjusting for a reduced in vivo between wear and frictional torque, thereby showing an in- 701 
646 sliding distance (1.4 times) compared to the MTS hip simu- verse relationship for all activities. During simulated stum- 702 
647 lator [43], this wear rate is equal to 15 mm3/106 cycles. This bling, the *results also showed no overall correlation between 703 
648 result is similar to many previous studies, showing a sig- wear and frictional torque, although stumble test 'A' showed 704 
649 nificant improvement in the wear resistance of crosslinked higher wear under higher torque. A much greater correlation 705 
650 polyethylene (100-150%) compared to non-crosslinked was found between frictional torque and vertical displace- 706 
651 polyethylenes [11-16]. The results are also similar to those ment, indicating that deformations of polyethylene sockets 

' 
707 

652 studies using hip simulators with multiple loading axes and caused by high joint forces directly effect sliding friction. 708 
653 a more representative in vivo contact locus, thus indicating As the fully constraining fixtures match the dimensions of 709 
654 that simplified wear machines are capable of accurately the outer periphery of each socket, subsequent material flow 710 
655 predicting polyethylene wear performance. will inherently be redirected back into the socket, which may 711 
658 All walking tests under smooth conditions showed a ultimately lead to an overall reduction in radial clearance, 712 
657 gradual increase in femoral roughness in small areas of thereby increasing friction and wear. This occurrence would 713 
658 each head, producing a maximum measured roughness probably not occur in vivo, thus, all polyethylene sockets 714 
659 Ra of 0.113 p. m after only 2.2 million cycles. This large should be only partially constrained (i. e. not clamped fully 715 
660 increase in femoral topography showed no measurable ef- across the front face), and held only from the back periphery 716 
661 fect on polyethylene wear, suggesting that the total area of during testing if possible'"°' 717 
662 femoral damage is more important than isolated areas of Excessive stumbling did not influence the size range of 718 
663 high roughness. This result implies that general compar- the polyethylene' wear debris, with the results showing no 719 
664 isons between roughness and wear rate may induce high larger particles being generated than those observed for nor- 720 
665 errors. The roughening of femoral surfaces has been ob- mal walking. However, a quantitative investigation of the ex- 721 
666 served in many retrieval studies, and has been attributed act influence of increased patient activity on the size distri. 722 
667 to hard third-body particles, e. g. bone chips, porous beads, bution änd morphology of wear particles, with both smooth 723 
sss and metal particles from articular surfaces and modular in- and rough femoral heads, is currently being undertaken, with 724 
669 terfaces. However, no third-body particles were purposely particular interest in those particles ranging from 0.1-10 µm, 725 
670 introduced in the current tests, yet femoral scratching still (i. e the most bioactive). The results from this particle inves- 726 
671 took place. As all components and materials were strictly tigation may shed light on the short-term effects of changing 727 
672 cleaned and filtered (0.2 µm) in a controlled clean space, wear mechanisms. 728 
673 this result may indicate a much greater influence of smaller There is no doubt that the use of crosslinked polyethylenes 729 
674 hard particles on femoral roughness. Assuming no larger will significantly increase the success of hip arthroplasty as 730 
675 particles passed through the filter, the source of such small '... it stands today, however, the results from many studies (in- 731 
676 particles is unknown, however, the most likely cause is cluding the current study) indicate that large wear rates are 732 
677 from surface abrasion of the femoral counterfaces. Possi- '-:, still achievable under non-ideal conditions, which may be- 733 
678 ble evidence of femoral particle generation is seen during come more frequent with more active patients. Recent sim- 734 
679 excessive stumbling, where the results showed a large re- ulator studies investigating third-body wear using alumina 735 

680 duction in the maximum scratch height, reducing from 1.0 particles, have reported alarmingly elevated wear of highly 736 
681 to 0.6 p. m after 1.1 million cycles of testing, Table 4. As the -, 'crosslinked polyethylene under low loads (2.5 kN) [27,28], 737 
682 exact changes in overall scratch geometry, except height, are thus, indicating that such materials can still generating wear 738 
683 unknown, no further speculations can be made. Overall, stir- ," rates >100 mm3 per million cycles for normal walking. How- 739 
684 face topography changed during all activity levels, with the,, ever, these models are extremely severe, and may only re- 740 
685 greatest change taking place during simulated jogging and flect a small number of cases. Interestingly, these simula- 741 
686 fast walking, for all components, indicating that changes in for studies have also reported a reduction in polyethylene 742 
687 lower femoral roughness occur over much shorter activity wear with the addition of polymethylmethacrylate particles, 743 

688 periods, compared to high roughness conditions. which strongly suggests that the material hardness of the 744 
689 Under increased patient activity, the use of fully constrain- third-body particle is the dominant factor in severe failure 745 
690 ing socket fixtures, in most cases, lead to excessive wear, events. 746 
691 whereas the partially constraining fixtures generated nor- 

692 mal wear test results. This result indicates that the degree 

693 of clamping of polyethylene sockets is an important factor 5. Conclusions 747 

694 in the overall wear performance when applying increased 

695 joint forces and sliding speeds. The greatest wear rate gener- This hip simulator study has shown that the influence of 748 
696 ated for the fully constraining fixtures was produced during femoral roughness on the wear of crosslinked polyethylene, 749 
697 jogging at 105 rpm, and showed no influence on frictional becomes significantly greater under increased patient activ- 750 
698 torque, thereby indicating a weak correlation between wear ity, demonstrating that roughness may be a more influen- 751 

699 and torque for all activity levels. However, using partially tial factor than previously ascribed. Against smooth femoral 752 
700 constraining fixtures, there was a much stronger correlation heads, sliding speed and the type of socket fixturing were 753 
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shown to be the most influential factors, showing no mea- 
surable increase in wear with an increase in joint force and 
femoral roughness R. up to 0.1 p. m. Ignoring fixation and 
other factors, the results indicate that short periods of im- 

pact sports will not greatly reduce the survival of crosslinked 
polyethylene implants. However, under rough conditions, 
joint force and sliding speed showed a much greater influ- 

ence, demonstrating that the combined effects of increased 
levels of activity and a median femoral roughness R8 in ex- 
cess of 0.38 p. m, can lead to excessive wear of polyethylene, 
whether crosslinked or not. Thus, for more active patients, 
implant survival can be greatly increased by using harder 

and more damage resistant femoral heads. 
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