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Abstract 

 

The natural hip joint in healthy people has a very low friction with very little (or no) 

wear. It works as a dynamically loaded bearing and is subjected to about 1-2 million 

cycles of loading per year. The applied load is the body weight which is tripled when 

walking and even higher during other activities such as running and jumping. 

Unfortunately these joints are not always healthy due to various causes such as fractures 

or disease leading to severe pain which necessitates joint replacement. Currently, the 

orthopaedic industries are working towards developing an ideal artificial hip joint with 

low wear, low friction, good lubrication, better fixation/stability and biocompatibility. 

Many different designs and materials have been investigated with some promising new 

implants which can be used depending on patients’ individual need (large or small 

joint), activity and age. In this work, two types of artificial hip joints were tested for 

friction and lubrication studies: Metal-on-Metal (MoM) Biomet hip resurfacing ReCaps 

with large diameters (>35-60 mm) and different diametral clearances (~ 60-350 µm), 

and Zirconia Toughened Alumina (ZTA) heads against carbon-fibre-reinforced poly-

ether-ether ketone (CFR PEEK) cups with different diameters (>35-60 mm) and 

diametral clearances (60-1860 µm). Seven serum-based lubricants with different 

viscosities were used with and without carboxy methyl cellulose (CMC) additions as 

gelling agent to increase viscosity depending on the CMC content. The maximum load 

applied was 2000 N for the stance phase with a minimum load of 100 N for the swing 

phase. A Pro-Sim friction hip simulator was used to investigate the frictional torque 

generated between the articulating surfaces so as the friction factor can be calculated. 

Stribeck analysis was then employed to assess the mode of lubrication. For the metal-
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on-metal hip resurfacing joints, the friction factors were in the range 0.03-0.151 and 

those for the ZTA ceramic heads versus CFR PEEK cups were in the range 0.006-0.32. 

Stribeck analyses showed mainly mixed lubrication for both MoM and ZTA ceramic-

on-CFR PEEK joints. The experimental results were in agreement with most of the 

theoretical calculations suggesting mixed lubricating regimes at low viscosities and 

moving on to fluid film lubrication at higher viscosities. Joints with larger-diameters, 

lower clearances and lower surface roughness exhibited a higher lambda ratio 

suggesting improved lubrication. Viscosity flow curves for the serum-based lubricants 

having viscosity ≤ 0.00524 Pas showed non-linear relationship between viscosity and 

shear rate indicating non-Newtonian flow with pseudoplastic or shear-thinning 

characteristic, i.e. viscosity decreased as shear rate increased up to shear rates of ~ 1000 

s
-1

. However, at shear rates greater than 1000 s
-1

 Newtonian flow became dominant with 

almost constant viscosity, i.e. a linear relationship between shear stress and shear rate. 

On the other hand, viscosity flow curves for the lubricants with viscosity ≥ 0.0128 Pas 

showed non-Newtonian behaviour up to a shear rate of 3000 s
-1

 with shear-thinning 

characteristic.  
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Chapter 1 

Introduction to the Present Studies 

 

This chapter summarizes the main contributions and motivation of this thesis, and 

outlines how the following chapters are organized. 

1.1 Processional Research Work 

The principle contributions of this thesis are: 

 Friction and lubrication behaviour of Co-Cr-Mo on Co-Cr-Mo ReCap Hip 

Resurfacing joints with various diameters and clearances are investigated during this 

work using a friction hip simulator and serum-based lubricants with various 

viscosities; 

 How the problem of friction in Co-Cr-Mo ReCaps can be reduced, e.g. by using 

different diameters and clearances; 

 Understanding why hip resurfacing Co-Cr-Mo implants have been used as an 

alternative to THRs and exploring its advantages and disadvantages; 

 To investigate the friction and lubrication behaviour for ZTA ceramic heads versus 

CFR PEEK cups with various diameters; this part of the study has not been 

undertaken before, at least not with this model; 

 Comparison between the friction factors and lubrication regimes for MoM ReCaps 

and newly developed ZTA ceramic-on-CFR PEEK joints; 

 This study will also include a comparison between friction of different materials, 

with various diameters, clearances, and surface roughness. The effects of lubricant 

and load on friction have also been studied. 
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1.2 Background 

Total hip replacement (THR) has been a very successful surgical procedure, but due to 

some challenging issues and recent psuedo-tumour cases associated with a particular 

product being removed from the market and other mechanical factors leading to failures 

such as joint dislocation and reduced lifetime particularly for younger patients it has 

long been considered as an inadequate solution for active patients’ needs. Initial early 

designs, such as metal-on-polyethylene THRs, failed due to high wear resulting from 

osteolysis, i.e. worn polyethylene debris causing adverse tissue reactions such as 

swelling and infection, leading to implant loosening. Earlier generation of metal-on-

metal total hip replacements were often noted to fail due to high frictional torque 

causing frictional loosening (Daniel, Pynsent and McMinn, 2004). 

The choices of material, size and clearance have all been important factors governing 

the performance of MoM bearings. Many theoretical and experimental studies have 

determined that MoM bearings are operated within a mixed lubricating regime. The 

Stribeck analysis with some theoretical predictions using the Hamrock and Dowson 

equations propose that a decrease in clearance would increase the lubrication between 

the bearings, and hence decrease friction (Afshinjavid and Youseffi, 2009; Brockett et 

al., 2008; Chan et al., 1999; Dowson and Jin, 2006; Flanagan, Jones and Birkinshaw, 

2009; Scholes et al., 2000; Scholes and Unsworth, 2000).  

Clinical cases of joints squeaking in patients with hip resurfacing joints have also been 

noted in some patients. Ebied, Journeaux and Pope (2002) have reported the incidence 

of squeaking in up to 10% of cases between six months and two years post-

implantation. Back et al. (2005) also reported that 3.9% of their study group of 230 

patients had experienced squeaking in isolated occurrences within six months of 

implantation. They suggested that the squeaking was occurring because of disrupted 

fluid film in the bearing.  
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The main aims of this study were to investigate and compare the friction and lubrication 

behaviour of MoM ReCaps and ZTA ceramic-on-CFR PEEK hip joints with different 

diameters and clearances. 

A new approach to lengthening the life of polymers as implants is to improve their wear 

resistance and mechanical properties of the polymer which can be achieved, for instance 

by producing carbon-fibre-reinforced (CFR) polymer composites with different fibre 

length and orientation. This has been the case for the newly developed CFR PEEK cups 

with good resistance against wear and tear but slightly higher friction factors have been 

reported for previous CFR PEEK cups when pure or 25% serum was used as lubricants. 

Scholes and Unsworth (2007) reported that carbon-fibre-reinforced poly (ether ether 

ketone) (CFR-PEEK) is a more wear-resistant composite than UHMWPE. They 

reported that the wear produced by CFR-PEEK against ceramic was much less than that 

produced by the more conventional Metal-on-PE and MoM combinations, and thus 

these ceramic-CFR PEEK composite bearings may perform well during joint 

articulation. Scholes et al. (2008), in their recent studies, have considered the friction 

and wear of a flexible and anatomically-shaped CFR-PEEK cup, and found clear 

indications that their new cup design will offer lower long-term component wear, and 

also concluded that a friction performance analysis should be carried out on this system 

to determine the precise lubrication regime. 

Therefore, our aim in this study was to investigate the friction and lubrication of newly 

developed CFR PEEK against Zirconia Toughened Alumina Ceramic heads with 

various diameters and clearances using a friction hip simulator, and thus to establish 

what effect, if any, diameter and clearance have on the lubrication regime acting within 

the articulating surfaces of these joints. 
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1.3 Thesis Structure 

The thesis is composed of eleven chapters. After this introduction in Chapter 1, the 

remaining chapters can be summarized as follows:  

 Chapter 2 presents a brief introduction to the natural hip joint and its anatomy, 

movement, and main lubrication properties; 

 Chapter 3 provides the background to metallic biomaterials, particularly Co-Cr-Mo 

and its main properties and manufacturing; 

 Chapter 4 gives a brief background to artificial hip joints and explores the main 

types used at the present time; 

 Chapter 5 focuses on poly ether ether ketone (PEEK) and its main properties. It 

also examines its composite, produced by adding carbon fibres, in addition to 

zirconia-toughened alumina (ZTA) ceramic and the use of ZTA ceramic head on 

PEEK cup as an artificial hip joint, a joint that has been used in the experimental 

parts in this work; 

 Chapter 6 explores hip resurfacing and its advantages, disadvantages and 

machining process, and provides a comparison between resurfacing hip joints and 

total hip joint replacements. This is the second type of joint used in this work; 

 Chapter 7 presents an overview of tribology, in particular friction and lubrication 

behaviour between two surfaces, and describes the three types of lubrication by 

explaining the Stribeck curve or Stribeck analysis which is used to explain the 

lubrication results in the experimental part (chapter 11); 

 Chapter 8  is about rheology in hip joints, including the behaviour of synovial fluid 

in natural joints, a background to liquid viscosity, and the main kinds of viscosity 

used to explain the rheology results in chapter 10 for a peri-prosthetic synovial fluid; 

 Chapter 9 gives a brief history and literature review of hip replacement joints and 

tribology, including friction results and lubrication of different hip joints; 
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 Chapter 10 explains the materials and methodology including artificial hip joints 

used in this work (metal-on-metal hip resurfacing components and zirconia-

toughened alumina ceramic-on-carbon fibre-reinforced polyether-ether-ketone).  It 

also explains the following: the friction hip simulator used in this work; the main 

preparation for joint alignment with the machine before friction testing; lubricant 

preparation and flow behaviour by explaining viscosity flow curves for the serum-

based lubricants; theoretical calculations and predictions of lubrication regime  by 

calculating minimum film thickness and λ ratio using the Hamrock and Dowson 

equation; 

 Chapter 11 presents the results and discussion for frictional torque, friction factor 

and lubrication regime including the effect of the bearing diameter, diametral 

clearance, lubricant viscosity, applied load and surface roughness, and comparison 

between Stribeck curves of different joints, in addition to using one-way ANOVA 

for statistical analyses, and selecting Post Hoc Tests to determine which pair among 

the groups under study expressed means that are statistically different;  

 Finally, overall discussion and conclusions are provided. 
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Chapter 2 

Hip Joint Anatomy 

2.1 Natural Hip Joint 

Bone tissue is a complex natural composite consisting of mainly soft matrix protein, 

collagen and hard brittle hydroxyapatite. Bone has a density of between 1.6 and 1.7 

g/cm³. Joints are located at bone junctions, where loads may be transmitted from bone 

to cause muscular action. This is generally accompanied by some relative motion of the 

bones (Callister, 2007). 

The hip joint is one of the most reliable structures in the body, providing support and 

movement without pain in healthy people for most of their lifetime. The hip’s simple 

ball and socket arrangement for healthy people, usually works well for many decades of 

a lifetime with amazingly low friction and low (or no) wear. The well-fitting surfaces of 

the femoral head and acetabular are lined with a layer of cartilage; the joint is lubricated 

by a thin film of synovial fluid. The connecting surface of each joint is coated with 

cartilage which provides an interface with a very low friction coefficient (Callister, 

2007). Friction inside a normal hip is less than 0.1, i.e. that of ice gliding on ice 

(Children’s Hospital Boston, 2009). 
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Figure 2-1 Section of natural hip joint illustrates head and cup (Merriam Webter, Inc., 

2006). 

There are two types of cartilage found in the hip joint: the Labrum, and the Articular 

cartilage.  

The labrum is a rim of fibrous cartilage which lines the outer edge of the acetabulum 

and serves to stabilize and cushion the hip joint.  

The Articular cartilage is found on the head of the femur and also lines the inner 

surface of the acetabulum (Figure 2-1) and is comprised of an extremely complex 

material, consisting of high molecular weight proteoglycans and water (75%) in a 

network of collagen fibres which binds the collagen and helps to hold the collagen 

fibres tightly. This cartilage provides a smooth contact surface which allows the femoral 

head to move smoothly within the acetabulum (Byrd, 2005). 

The human hip joint is the junction between the thigh bone (femoral head) and the 

pelvis. The femur is a ball-shaped head that fits into a cup-like cavity (the acetabulum) 

in the pelvis region (Figure 2-2). This joint is susceptible to fracture, which normally 

occurs at a thin neck region - the narrow region below the femoral head. In addition, the 

hip may become diseased, which causes pain as the head rotates in the cup 

(acetabulum). Diseased and damaged hip joints have been replaced with artificial joints 
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which is a special type of ball and socket joint where the (roughly) spherical femoral 

head is largely contained within the acetabulum and has an average radius of 25 mm. 

 

Figure 2-2 The head and cup of a natural hip joint (Byrd, 2005, p. 106). 

The hip joint (formed from portions of the pubis, ischium, and ilium) and the lunate- 

shaped articular surface of the acetabulum surrounds the fossa containing the acetabular 

attachment of the ligamentum teres and fat, are encased in synovium (Figures 2-1 and 2-

2). The diameter of the femoral neck is only 65% of the diameter of the femoral head, 

which allows for more range of motion without marginal impingement. The articular 

surface of the femoral head forms approximately 2/3 of a sphere. Medially, the 

ligamentum teres attaches at the fovea capitis.  
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Figure 2-3 Transverse and sagittal angles of acetabular inlet plane (Byrd, 2005, p. 105). 

The acetabulum is laterally and anteriorly inferiorly oriented, while the femoral neck is 

directed superiorly, anteriorly and medially. 

The transverse angle of the acetabular inlet can be determined by measuring the angle 

between a line passing from the superior to the inferior acetabular rim and the horizontal 

plane (an angle which normally measures 51° at birth and 40° in adults) and which 

affects the acetabular lateral coverage of the femoral head and several other parameters. 

The sagittal angle of the acetabular inlet measures 7° at birth and increases to 17° in 

adults (Johnson, 2009; Byrd, 2005).  

The angle between the longitudinal axes of the femoral neck and shaft (the femoral neck 

angle, i.e. (caput-collum-diaphyseal angle), normally measures approximately 126° in 

adults and 150° in the new born (Byrd, 2005), Figure 2-3. 
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2.1.1 Blood and Nerve Supply 

The hip joint is supplied with blood from the lateral circumflex femoral and medial 

circumflex femoral arteries. 

Arterial blood supply to the femoral head is achieved through an anastomosis of three 

sets of arteries (Figure 2-4). 

 

Figure 2-4 The femoral head receives arterial blood flow from an anastomosis of three 

sets of arteries (Byrd, 2005, p. 109). 

The principal vessels ascend in the synovial retinaculum, primarily from the medial 

circumflex femoral artery and, to a lesser extent, the lateral circumflex femoral artery.  

The artery of the ligamentum teres from the posterior division of the obturator artery, 

Terminal branches of the medullary artery from the shaft of the femur (Byrd, 2005). 

2.1.2 Hip Movement 

The hip muscles act on three mutually perpendicular main axes, all of which pass 

through the centre of the femoral head resulting in three pairs of principal directions and 

three degrees of freedom: adduction and abduction around a sagittal axis (backward-
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forward), flexion and extension around a transverse axis (right-left) and medial rotation 

and lateral rotation around a longitudinal axis.  

The movement of the hip joint is thus performed by a series of muscles presented in 

order of importance with the range of motion from the neutral zero-degree position 

indicated as: 

 External rotation - with knee and hip both flexed at 90° the ankle is adducted;  

 Internal rotation - with knee and hip both flexed at 90° the ankle is abducted;  

 Extension: carried out with the patient on their side. Alignment should be assessed 

by palpation of the anterior superior iliac spine (ASIS), posterior superior (PSIS) 

and greater trochanter;  

 Adduction: 20° with hip flexed, 30° with hip extended assessed whilst palpating the 

ipsilateral ASIS;  

 Abduction: 80° with hip flexed, 50° with hip extended assessed whilst palpating the 

contralateral ASIS.  

2.1.2.1 Average of Normal Range of Motion 

 Adduction - 25°  

 Abduction - 45°  

 Extension - 25°  

 Flexion - 135°  

 Internal rotation - 35°  

 External rotation - 45° (Thompson, 2011). 

2.1.3 Lubrication 

The main lubricant in natural hip joint is a synovial fluid enclosed within the synovium 

(Fam, 2010; Wooley, Grimm and Radin, 2005). The synovial fluid fills the synovial 

space that gives the joint perfect lubricating properties with articular cartilage (Roba, 
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2009). Synovial fluid is a non-Newtonian lubricant, containing of lipids, phospholipids, 

proteins and hyaluronic acid. The high content of hyaluronic acid (mucin) in synovial 

fluid is the main difference between synovial fluid and other body fluids derived from 

plasma. Articular cartilage is a connective tissue contenting 70 to 80% water and a 

network of collagen fibres containing chondrocytes and proteoglycans (Fam, 2010; 

Roba, 2009; Wooley, Grimm and Radin, 2005). More details will be provided in chapter 

seven. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

13 

Chapter 3 

Metallic Biomaterials Used for Joint Replacement 

3.1 Application 

Some medical grade metallic alloys known as biomaterials such as Co-Cr-Mo, and Ti- 

based alloys have excellent mechanical properties, biocompatibility, with different 

applications, e.g. hip and knee replacement, dental applications, bone screws and plates, 

and spinal fixation devices. In addition, metallic alloys are used for more active roles in 

devices such as cochlea implants, vascular stents, catheter guide wires, and orthodontic 

archwires (Park and Bronzino, 2002). 

3.2 Co-Based Alloys 

3.2.1 Types and Composition of Co-Based Alloys 

ASTM (American Society for Testing and Materials, 2010) lists four types of Co-based 

alloys that are recommended for surgical implant applications: 

 Cast CoCrMo alloy (F75); 

 Wrought CoCrWNi alloy (F90); 

 Wrought CoNiCrMo alloy (F562); 

 Wrought CoNiCrMoWFe alloy (F563). 

Only two of the above four alloys at the present time are used widely as implants: the 

wrought CoNiCrMo and the castable CoCrMo alloy; also, these two compositions are 

quite different from each other. 

There are essentially two types which are usually referred to as cobalt-chromium alloys: 
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 The CoNiCrMo alloy, which is usually wrought by (hot) forging. The wrought 

CoNiCrMo alloy has been used for making the stems of prostheses for heavily-

loaded joints such as the knee and hip.  

 The CoCrMo alloy is normally used as cast product and has been in use for many 

decades in dentistry and for making artificial joints (Park and Lakes, 2007). 

3.2.2 Properties of Co-Based Alloys 

The CoNiCrMo alloy is one of the most promising wrought Co-based alloys, which was 

originally called MP35N (Standard Pressed Steel Co.). Due to the presence of in vivo 

chloride ions and their aggressive, the Co-based alloys have a high corrosion resistance 

to body fluids and nature sea water. Additionally, there is difficulty in cold working for 

large implants such as hip and knee joints, so only hot forging can be used to fabricate 

these implants. 

Both the cast and wrought alloys have excellent corrosion resistance. The abrasive wear 

of the wrought Co-Ni-Cr-Mo alloy are about 0.14 mm/year in a joint simulation test 

similar to the cast CoCrMo alloy (Park and Lakes, 2007). Such a wear rate would be 

unacceptable in an actual prosthesis. However, the superior fatigue and ultimate tensile 

strength of the wrought CoNiCrMo alloy make it very suitable for applications that 

require a long service life without fracture or stress fatigue. This is also the case for the 

stems of the hip joint prostheses. This advantage is more appreciated when the implant 

has to be replaced by another one since it is quite difficult to remove the failed piece of 

implant (Park and Lakes, 2007).  

The modulus of elasticity for Co-based alloys ranges from 220-234 GPa and 

comparable to stainless steels but higher than the modulus of Ti-based alloys. Cold-

working and heat-treatment have little effect on the elastic modulus but cause 

substantial increase in toughness and strength (Park and Lakes, 2007; Cawley, 2003). 
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3.2.3 Effect of Carbides on Wear Resistance of CoCr-Based Alloys 

The microstructure of the CoCr alloy is an important factor for tribology behaviour of 

the artificial joint, particularly the carbide volume, size and distribution, which are 

affected by thermal processing of the alloy as-cast, single heat treated, and double heat 

treated. The highest wear-resistant CoCrMo conditions are generally for those with a 

higher carbide volume fraction, for both articulating surfaces (kamali, 2009; Metcalf, 

Cawley and Band, 2004). CoCrMo materials with high carbon content may become 

denuded of carbides under certain heat treatment regimes. Figure 3-1 shows scanning 

electron microscope micrographs of bearing surfaces and polished cast CoCrMo with 

7% carbide, and after heat-treatment (Metcalf, Cawley and Band, 2004). 

       

Figure 3-1 (A) Microstructure of Cast CoCrMo with 7% Carbide, (B) Microstructure of 

heat-treated CoCrMo; 1x1, 250º C for 240 minutes; carbide volume reduced to 2% 

(Metcalf, Cawley and Band, 2004). 

 

Kamali (2009) investigated the affect of carbide volume fraction on wear performance 

of CoCr alloy, by testing wear of as-cast, single and double heat treated CoCr alloy 

using pin on disk method. The carbide volume fraction in the material reduced by heat 

treatments. It can be seen from Kamali’s (2009) result in Figure 3-2 that wear increased 

after heat treated, due to decreased carbide content. Kinbrum and Unsworth also studied 

the wear performance of three samples of Co-Cr-Mo alloy (as-cast, single and double-

100 μm 100 μm  A  B 
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heat-treated). They tested the samples in a multidirectional pin-on- plate wear machine. 

They also found that the as-cast specimens showed reduction in wear rate, and that the 

reduced carbide samples had the next lowest wear rate and the specimens without 

carbides wore the most. 

 

Figure 3-2 Effect of carbide volume fraction on Wear rate of CoCr-Based Alloys 

(Kamali, 2009, p. 81). 

3.2.4 Manufacturing of Co-Based Alloys as Implants 

The alloy is cast by a lost wax method, since the normal fabrication procedure used with 

other metals cannot be used due to the fact that CoCrMo alloy is particularly susceptible 

to work-hardening and thus a lost wax method is used which involves the following 

steps (Figures 3-3 and 3-4): 

 A wax pattern of the desired component is made; 

 The pattern is coated with a refractory material, first by a thin coating with slurry 

followed by complete investing after drying in a suspension of silica solution; 

 After that the wax is melted out in a furnace (100-150º C); 

 Any gas-forming or traces of wax materials are burnt out by heating the mould to a 

high temperature; 
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 The molten alloy is poured with gravitational or centrifugal force, and the alloy 

reaches 1350-1400º C when the mould temperature is about 800-1000º C (Park and 

Lakes, 2007). 

 

Figure 3-3 Injection of wax into a brass mould (Park and Lakes, 2007, p. 108). 

 

Figure 3-4 Wax patterns assembled for a ceramic coating (Park and Lakes, 2007, p. 

108). 

3.3 Manufacture of other Biometallic Materials  

There are different ways of manufacturing biometallic materials depending on which 

material is to be manufactured, its application, shape, and cost, for example, metal 

injection moulding (MIM) is used for stainless steel and Co-based powders for medical 
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instruments and orthodontic brackets, as well as rapid manufacturing for orthopaedic 

implants. On the other hand, there is hot isostatic pressing (HIPing) to produce fully 

dense parts via powder encapsulation; hip and knee implants are produced by HIPing. 

Other orthopaedic implants and bone reconstructions are made using laser and electron 

beam technologies, MIM, and emerging technologies using laser or electron beam 

methods for rapid manufacturing. Dental, laparoscopic and biopsy instruments and 

dental brackets can also be produced using laser or electron beam methods. Moreover, 

the achievement of powder metallurgy (PM) processing allowed these different 

manufacturing processes to be available. In addition PM has advantages in the 

fabrication of high-value, high-quality medical products. It also allows refined 

microstructures with homogeneous properties to be produced and enables near-net-

shape manufacturing (CustomPartNet, 2009; Murray, Kearns and Mottu, 2009).  

3.3.1 Alloy Powders for Manufacturing of Medical Products 

Alloy Powders, for example gas atomised (GA) alloy powders, are used for the 

fabrication of medical devices, such as knee and hip implants. 

Gas-atomised (GA) alloy powders are used for the fabrication of medical products by a 

variety of established and emerging processes (Murray, Kearns and Mottu, 2009).  

3.3.1.1 Gas-Atomised Powders 

Biometallic materials must have special properties such as corrosion resistance, 

biocompatibility, and good mechanical properties; therefore, specialised powder 

metallurgy processes are required for medical applications. In addition, gas-atomised 

powder parts can offer superior performance compared with cast or wrought materials.  

However, these manufacturing processes must have special parameters such as 

cleanness, good flowability and sphericality. The powders are produced by inert gas 
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atomisation and have different particle sizes which are controlled by the atomising 

process. Each kind of manufacturing process requires different grain sizes as follows: 

 MIM powders are fine and typically less than 32 µm; 

 HIPing powders are typically coarse and less than 500 µm in size; 

 Powders for rapid manufacturing are intermediate in size depending on the 

fabrication process (Murray, Kearns and Mottu, 2009).  

3.3.2 Metal Injection Moulding 

Metal injection moulding (MIM) ultimately achieves low product costs and low 

production costs; its advantages include dimensional control in shape complexity and in 

high performance materials. Mass production of medical devices is becoming a practical 

option for fabrications due to the biocompatible alloy powders (Figure 3-5). 

 

Figure 3-5 Interference screw for the fixation of cruciate ligament ruptures in the knee, 

made by injection moulding (Imgrund, 2009). 

There are three stages in the process of producing parts by MIM, which is similar to that 

in ceramic injection moulding (CIM) (Dou Yee Technologies Specialize, 2010), see 

Figures 3-6 to 3-8. 

1) Feedstock preparation, which is achieved by blending and mixing alloy powders with 

polymers and surfactants that lubricate and bond powder particles during sintering. 
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This is followed by moulding, demoulding and then debinding operations. Perhaps 

the most critical stage is that of debinding or burning off the binder at very slow rate 

to avoid cracks. 

2) Shrinkage of up to 15% occurs during sintering and thus must be taken into account. 

CIM involves injection moulding the feedstock using equipment that is similar to 

plastic injection moulding machines. Mould tooling is designed and used to create 

three-dimensional products.  

 

Figure 3-6 MIM feedstock preparation (CustomPartNet, 2009). 

 

Figure 3-7 Metal injection moulding (CustomPartNet, 2009). 

3) The most critical and final step in MIM is performed in a high temperature furnace 

where the material achieves its final properties and dimensions. A microprocessor 

controls a complex run of heating times, atmospheres, and temperatures.  A 

combination of reactive and inert gases is utilized to tailor the atmosphere to the 

special requirements of each process sequence.   
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The end of the operation may include polishing or limited machining to guarantee a 

specific product’s dimensions and tolerances. During sintering, temperatures approach 

85% of the alloy’s melting point.  Pores are eliminated from the part and the part 

shrinks as densification occurs. The shrinkage is uniform along all axes and varies 

between 15 and 25 per cent, and close tolerances can be achieved; the tooling must be 

precisely oversized and compensated to achieve the final shape/size (CustomPartNet, 

2009; Vedat, 2008; FloMet, 2003).  

 

Figure 3-8 Debinding stage for metal injection moulding (CustomPartNet, 2009). 

3.3.3 Rapid Manufacturing  

Layer manufacturing, also called rapid prototyping (RP), techniques have been in use 

for about 20 years (Santos et al., 2006). These techniques fabricate, physical models 

layer-by-layer from 3-D solid models produced in Computer-Aided Design (CAD). The 

physical inputs into the RP systems are the materials, CAD model and laser. It is a one-

step process in which tooling is eliminated, thereby reducing production time and cost. 

The process is suitable for those materials difficult to manufacture due to having 

complex parts and being difficult to process. It is also for the fabrication of prostheses 

and implants for the biomedical industry (Santos et al., 2006). The CAD data is redrawn 

by a laser in a linear pattern directly onto the surface for the material bed; this firstly 

creates a structure in 2-D. The bed then drops as an additional alloy of powder layer is 

deposited by rolling or wiping across the surface of the bed. A new surface of two-

dimensional sections is provided so the next solidification can be operated by laser. 
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Then the process is repeated until the file is translated into 3-D with each successive 

layer of powder. Moreover, porous surfaces of this type are ideal for forming the basis 

of lightweight materials for bone reconstruction and post-tumour, and thus suitable for 

bone and tissue ingrowth (Carter, 2007; Santos et al., 2006).  

One type of rapid manufacturing process is known as Selective Laser Melting (SLM), ‘a 

technique that shapes desired metal part geometry by melting metal powder layer by 

layer. Using this digital approach, the shape of complex parts can be produced in a 

single manufacturing step’ (European Medical Device Technology, 2010). ‘The SLM 

technology enables dense, high-quality parts to be built from stainless steel, titanium, 

tantalum, Inconel, and other nonferrous materials directly from CAD data’ (European 

Medical Device Technology, 2010), see Figure 3-9. In addition, the SLM technology is 

a highly controllable process performed in a partial vacuum. The Electron Beam 

Melting (EBM) operates on a coarser powder bed and thus achieves a rougher surface 

finish and lower resolution, see Figures 3-10 and 3-11. The former may be 

advantageous for bone ingrowth. The rapid manufacturing for medical applications by 

SLM technology is now in progress for orthodontic applications, in such customised 

prostheses as bridge frameworks and crowns, as well as being used in removable partial 

denture frameworks, SLM has been used in osteotomy and drilling guides. Furthermore, 

cranio-maxillo facial implants made by EBM have been successfully fitted in patients 

with severe head injuries (Gilbert, 2008; Carter, 2007; Santos et al., 2006). ‘Selective 

laser sintering has also been proposed as a novel method to produce three dimensional 

polyetheretherketone-hydroxyapatite (PEEK-HA) biocomposite scaffolds for tissue 

engineering’ (Kurtz and Devine, 2007; Tan et al., 2003) 

It is estimated that there are approximately 5000 custom made implants provided in 

Europe per year at a cost of US $ 6000-7000 each, which represents a market value of 

approximately US $30-35 million (Murray, Kearns and Mottu, 2009) 
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Figure 3-9 Air bone structure made of stainless steel using SLM technology (MCP 

technologies, cited in: Santos et al., 2006, p. 1465). 

 

Figure 3-10 Acetabular cups in titanium alloys produced using electron beam melting 

(Murray, Kearns and Mottu, 2009). 

 

Figure 3-11 Laser engineering net shaping working principle (Santos et al., 2006, p. 

1465). 
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Chapter 4 

Artificial Hip Joint Replacement 

4.1 The Basics of Total Hip Replacement Surgery 

Total hip replacement (THR) is a surgical procedure during which the natural hip joint 

is replaced by a prosthetic hip joint. This operation consists of replacing both the 

femoral head and acetabular cup. THR replaces the damaged bearing surfaces which are 

the source of pain in arthritic hip joint so as to have stability, better motion, eliminate 

pain, and minimise wear and tear (Mahkota Medical Centre, 2012; Ortotech, 2010). 

The earliest recorded attempt at hip replacement was performed in 1891 by Gluck in 

Germany using ivory, followed by many un successful hip joint replacements failed due 

to loosening, osteolysis, and infection, thus necessitating correctional operations 

(European Medical Tourist, 2010). 

The natural hip joint is subjected to high levels of mechanical stress from normal 

activity. However, after 50 years or more of cyclic mechanical stress, or because of 

degenerative or rheumatological disease, the natural joint loses its natural mobility. 

Other causes such as vascular necrosis, protrusioacetabuli, rheumatoid arthritis and 

traumatic arthritis, can lead to hip fractures. The aims of the procedure are pain relief 

and improvement in hip function. 

There are only a few number of bio-materials that can be used for hip joint prostheses 

and that they must have the required properties for THRs. This includes Ti-based alloys, 

stainless steel, special high-strength alloys, ceramics, composites, and ultra high-

molecular-weight polyethylene (UHMWPE). Replacement hip joints are implanted in 

more than 200,000 patients each year in the United States alone and ~ 50,000 in the UK 

(Ratner et al., 2004). 
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The THR operation consists of exposing the hip joint, removing the ball joint or femoral 

head without dislocating the hip (DePuy, cited in Michel, 2009).  After the femur is 

removed from the hip socket the damaged head is removed, as shown in Figure 4-1a; 

then, the damaged cartilage and the bone are removed from the hip socket or 

acetabulum as shown in Figure 4-1b (Swarm Interactive, 2010). 

      

Figure 4-1(a) Damaged or diseased femoral head is removed; (b) Removing any 

remaining articular or lumbers (DePuy, cited in Michel, 2009). 

A new socket is then inserted, with or without cement, into the acetabulum (Figure 4-2); 

in some instances, bone cement or screws are used for additional fixation. The femoral 

component is also inserted down the shaft or internal surface of the femur, and the shell 

is cleaned; fixation is achieved by using a special coating or acrylic bone cement to 

assist biological ingrowth onto the femoral shaft (Porter and Board, 2009). The thigh 

bone is hollowed out as shown in Figure 4-3 before stem implantation. A metal femoral 

implant (stem) is placed into the prepared canal of the thigh (thigh bone) (Figure 4-4). 

The implant may be pressed into place or in some cases cement may be used (Swarm 

Interactive, 2010). 

A femoral head (ball) is attached to the femoral implant (stem) to replace the original 

damaged femoral head. At the end of the procedure the new ball and socket components 

are jointed to form the new hip joint as shown in Figures 4-5 and 4-6.  

 (a)  (b) 



26 

        

Figure 4-2 Locking the metal shell into the hip socket (Swarm Interactive, 2010). 

 

 

Figure 4-3 The prepared canal of the thigh bone (Swarm Interactive, 2010). 
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Figure 4-4 A femoral head is attached to the femoral implant to replace the original 

damaged femoral head (Swarm Interactive, 2010). 

 

        

Figure 4-5 New ball and socket components are jointed to form the new hip joint 

(Swarm Interactive, 2010). 
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Figure 4-6 New ball and socket components are jointed to form the new hip (Swarm 

Interactive, 2010). 

The socket and ball can be made from a variety of different materials with different 

characteristics.  Originally and, in fact, still most commonly used is a metal femoral 

head made out of cobalt chrome or stainless steel articulating with a socket made out of 

surgical-grade UHMUPE. Other combinations include a ceramic head on a polyethylene 

socket, a metal head on a metal socket, and a ceramic head on a ceramic socket (Euxton 

Hall Hospital, 2009); in addition, a ceramic head on a PEEK cup or a horseshoe-shaped 

CFR-PEEK acetabular cup have been suggested for hip join replacement (Flanagan, 

Jones and Birkinshaw, 2009). 

For younger and more active patients, the standard polyethylene acetabular cup and 

metal head have been used for more than 40 years; however, there are problems with 

scratches on the metal ball and the wear of the polyethylene. Some studies have 

attempted to improve polyethylene liners, called highly cross-linked bearings, for 

decreased wear of the implant (Affatato et al., 2002; Barbour and Fisher, 2000). 

The ceramic hip joints have been used in Europe for more than 30 years; on the other 

hand they have only recently received the FDA’s approval for marketing in the United 

States. Furthermore, the polyethylene liner and the metal ball have been replaced by a 

high-strength ceramic bearing, due to ultra-low wear performance. 
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4.2 Costs of Hip Joint Replacement 

Hip replacements costs about 7-9,000 $ at an internationally accredited hospital but the 

same operation in the U.S. costs about 45,000 $ (Vejthani Hospital Group, 2006).  

A county in Florida, USA gave a figure of between 41,597 $ and 56,258 $ to be the 

likely total cost for cementless devices, with the US typically being among the highest-

priced markets. The lowest quoted prices were in countries such as Thailand, Argentina 

and Cuba, so it is normal for the costs of surgery to differ from country to country 

(Vejthani Hospital Group, 2006). 

4.3 Total Hip Replacement Implant Material: Metal, Ceramic, or 

Polyethylene 

Different designs and materials have been used for THR, and these designs and 

materials have been selected due to their properties and related advantages and 

limitations. One of the most common problems with replacement hips is the wear rate 

that occurs through normal use due to friction and the properties of the material. Wear 

particles are a source of infection and this leads to osteolysis as the body starts to attack 

the infection, which may result in revision surgery (replacing the implant). The surgeon 

also has the option of selecting a diameter of 28 mm, 32 mm, or more. For a very active 

young patient, the surgeon may select a ceramic-on-ceramic hip joint or a metal-on-

metal hip joint. Between 1999 and 2003 the FDA approved a larger market for MoM 

and ceramic-on-ceramic hip replacements as alternate bearings to the polyethylene liner 

(Ortotech, 2010). The best type of replacement for any given patient depends on his/her 

activity level, medical condition and age (Peak, 2009). 
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4.3.1 Metal Ball on Polyethylene Liners 

The cobalt chrome molybdenum alloy ball with a polyethylene acetabular cup is the 

oldest and most widely-recognised bearing. Moreover, polyethylene is the most used 

and recognised of all the liner materials, and it offers the surgeon a range of options to 

maintain stability in the body (Figure 4-7). 

 

Figure 4-7 Metal on Polyethylene total hip joint (Zimmer Orthopedics, 2010, cited in 

BoneSmart, 2009). 

The most important property of polyethylene is its ability to adapt and customize during 

the surgical procedure. It is also the least expensive bearing. Cobalt Chrome is an 

extremely hard metal surface which unfortunately can also scratch easily. In addition, 

the polyethylene sheds wear debris, especially for the most active patients. This leads to 

loosening of the implants, pain and disability. As a result, new wear-resistant 

polyethylene liners have been introduced, i.e. during the manufacturing process the 

plastic is treated with a short burst of radiation to help the cup resist wear. The other 

advantages of this system relate to flexibility, its intraoperative qualities, and the 

versatility of the implants themselves. Due to wear issues it is currently most suitable 
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for older patient populations and has an average life of between 12 to 15 years 

(Ortotech, 2010; Scholes and Unsworth, 2006a). 

4.3.2 Ceramic Ball and Polyethylene Cup 

The ultra-smooth surface, scratch-resistant properties and hardness of the ceramic heads 

can greatly reduce the wear rate on the polyethylene bearing.  The wear rate for this 

type of implant is lower than metal-on-polyethylene; ceramic heads are the most 

scratch-resistant implant material and they are harder than metal (Lee and Kim, 2010; 

BoneSmart, 2009; Hamadouche and Sedel, 2000). 

 

Figure 4-8 Ceramic-on-polyethylene total hip replacement (BoneSmart, 2009). 

Ceramic-on-polyethylene is more expensive than metal-on-polyethylene but less 

expensive than ceramic-on-ceramic. There have been incidents of fractures of ceramic 

heads in the past, but newer, stronger ceramics have resulted in low wear compared to 

the original brittle ceramics, in terms of fracture rates (0.01%) (BoneSmart, 2009). 

The implant is shown in Figure 4-8; it is a highly cross-linked polyethylene bearing 

material with ceramic head. Furthermore, polyethylene with ceramic implants has a 

wear rate of about 0.05 millimetres each year; this is 50% less than metal-on-
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polyethylene. In addition the newer, highly cross-linked polyethylene liners have lower 

wear rates than traditional polyethylene (as little as 0.01 millimetres each year) 

(BoneSmart, 2009).  

4.3.3 Metal-on-Metal Hip Joint Replacement 

The first metallic hip replacement surgery took place at Johns Hopkins hospital, and 

was reported to have been performed by an American surgeon, Dr. Austin T. Moore, in 

1940 (BoneSmart, 2009).  

 

Figure 4-9 Metal-on-Metal total hip replacement (Biomet, 2009). 

Furthermore, MoM components allow the largest heads from the entire range of implant 

sizes. This increases the range of motion and provides greater stability; it also 

significantly reduces the risk of hip dislocation, a crucial factor in the long-term success 

of an implant, (Figure 4-9). In 1999 the FDA approved cobalt chromium alloy (Metal-

on-Metal bearings) as it offered potentially less bone loss and less inflammation in 

addition to greatly reduced wear. However, the UK Medicines and Healthcare products 

Regulatory Agency (MHRA), in 2010, acknowledges that majority of patients 

implanted with MoM hip replacements have well functioning hips and are thought to be 
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at a low risk of developing serious problems,  MHRA recommended blood tests and 

imaging for patients with painful MoM hip implants (MHRA, 2012; McMinn, 

2012).  The disadvantage of MoM hip joints is that the wear products, which are sub-

microscopic particulates, are distributed throughout the body.  At present these are the 

only concerns to have been raised about long-term bio-compatibility. 

Because the natural femoral head is large, it makes sense to implant a large anatomic 

replacement. With the introduction of MoM implant components, liners may be 

eliminated, allowing surgeons to use large femoral heads. Furthermore, this was not 

possible in the past because smaller femoral heads were necessary for use with 

traditional polyethylene liners. Figure 4-10 illustrates the difference between the ball 

head size of a traditional implant versus the larger ball head. Although the metal-on-

metal implants were behaving well, metal-on-polyethylene articulations were still used 

because of the difficulty of manufacturing cobalt chrome when the cast cobalt chrome 

was difficult to achieve, in contrast to the manufacture of polyethylene, which was well-

established. Also, cobalt chrome is hard to cut; one needs to attempt to saw through the 

material with a hacksaw from a hardware store but the teeth on the saw soon start to 

wear away (McMinn, 2009). 

 

Figure 4-10 Metal-on-Metal large and small femoral head (BoneSmart, 2009). 
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4.3.4 Ceramic-on-Ceramic Technology 

Ceramic bearing surfaces were first utilised as hip replacements in France by Pierre 

Boutin Pau in 1970 (Peak, 2009). Ceramic-on-ceramic implants have been used in 

Europe for more than 30 years, and since 2003 in the United States (BoneSmart, 2009). 

Ceramic is second in hardness to diamonds; it is chemically inert and stable. It has twice 

the hardness of stainless steel, as well as being resistant to scratching. However, 

ceramics are brittle and may fracture, but the ceramic liner in a metal shell or ceramic 

head remains in use today; moreover, the overall fracture rate according to the literature 

is around 0.004% compared with the fracture rate of femoral stems at around 0.27% 

(Wright Medical Technology, Inc., 2010). 

By utilising a ceramic femoral head against a ceramic replacement component, particle 

debris, which can cause early implant failure, can be minimized, (Figure 4-11) 

(Ortotech, 2010). Ceramic is the hardest implant material and has the lowest wear rate 

of them all, of almost unmeasurable amounts and 1000 times lower than metal-on-

polyethylene (Al-Samarai et al., 2012; BoneSmart, 2009). The use of alumina ceramic 

in total hip replacement surgery has a long and successful clinical history (Ortotech, 

2010). An improved alumina ceramic was developed in 1995 which had increased 

strength and purity over the first-generation materials. The type of ceramic used in total 

hip replacement today is alumina (Aluminium Oxide, AL2O3) (Peak, 2009). 

Consequently, there is usually no systemic distribution of wear products, and no 

inflammation or bone loss in the body (BoneSmart, 2009). The alumina material has 

been shown to last longer than traditional metal and plastic components. Furthermore, 

new ceramics offer improved strength and more versatile sizing options (BoneSmart, 

2009; Ortotech, 2010). 
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Figure 4-11 Ceramic head on ceramic cup (Ortotech, 2010). 

Ceramics are available from a limited number of companies as the quality of this 

material is dependent on a rigorous manufacturing process.  

To reduce the risk of dislocation the larger head sizes are more likely to be used by the 

surgeon. Moreover, the biocompatibility of ceramic materials is better than MoM or 

metal-on-polyethylene surfaces. No hypersensitivity reactions or toxicity have been 

demonstrated, and there is minimal tissue reaction.   
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Chapter 5 

Zirconia Toughened Alumina Ceramic-on-CFR PEEK Hip 

Implants 

5.1 An Introduction to Poly-Ether-Ether Ketone (PEEK)  

Polyaryletherketones (PAEKs) have increasingly been used as biomaterials for 

orthopaedic, spinal, and implant trauma since the 1980s. Two PAEK polymers, used 

previously for orthopaedic and spinal implants, include poly (aryl-ether-ketone-ether-

ketone ketone) commonly abbreviated as (PEKEKK) and poly (aryl-ether-ether-ketone) 

commonly abbreviated as (PEEK), Figure 5-1. PAEK is a relatively new family of high 

temperature thermoplastic polymers, consisting of an aromatic backbone molecular 

chain, interconnected by ketone and ether functional groups (Kurtz and Devine, 2007). 

 

Figure 5-1 Illustrates the Chemical formula of PEEK, and PEKEKK (Kurtz and Devine, 

2007, p. 4846). 

The availability of polyaromatic polymers arrived when there was growing interest in 

the development of isoelastic fracture fixation plates and hip stems, with stiffness 

comparable to bone, where neat polyaromatic polymers can exhibit an elastic modulus 

ranging between 3-4 GPa. By preparing carbon fibre reinforced composites with 

varying fibre orientation and length the modulus can closely match cortical bone (18 
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GPa) or titanium alloy (110 GPa) (Kurtz and Devine, 2007). Neat form of PEEK has 

high strength, wear resistance, operational temperature and its friction coefficient μ ≥ 

0.4 in dry sliding (Burris and Sawyer, 2006). 

PEEK-OPTIMA is a polyaromatic semicrystalline thermoplastic (30-35% crystallinity) 

typically with a melting temperature about 343° C, a crystallisation peak about 160° C 

and a glass transition temperature of ~ 145° C. It can be readily melt processed by 

extrusion and injection moulding using conventional methods. Moreover there are three 

unfilled natural grades as low, medium and high viscosity variants. All are based on the 

same basic formula (-C6H4-O-C6H4-O-C6H4-CO-)n (Green and Schlegel, 2001). 

PEEK had emerged as the leading high performance thermoplastic by the late 1990s for 

replacing metal implant components, especially in trauma and orthopaedics. 

PEEK was widely used in the field of spine implant design and has had the greatest 

clinical impact, and it is now used as alternative to biometallics in the spine community 

(Kurtz and Devine, 2007). 

5.2 PEEK Characteristics 

 Excellent mechanical properties and bone-like stiffness (Harmand and  Cougoulic, 

2009); 

 Exceptional high strength properties, wear resistance, and dynamic fatigue; 

 Excellent chemical, and hydrolysis resistance, and the chemical structure of 

polyaromatic ketones confers stability at high temperatures exceeding 300° C; 

 Resistance to radiation damage; 

 Avoidance of allergic tissue reaction to metallic ions;  

 Compatible with many reinforcing agents such as glass and attractive in industrial 

applications, such as turbine blades and aircraft; 

 Very low moisture absorption; 
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 Unaffected by continuous exposure to hot water or steam; 

 Excellent thermal and chemical resistance due to a high crystalline temperature; 

 Exhibits very low smoke and toxic gas emission when exposed to fire; 

 The ability to view tissue/bone growth and repair using x-rays; 

 Plastic processing technology and suitable joining technology and more freedom in 

design and shape (Green and Schlegel, 2001). 

 

Figure 5-2 Implant material stiffness in comparison to human femur (Green and 

Schlegel, 2001). 

It can be seen from Figure 5-2 that UHMWPE at about 3 GPa is significantly less stiff 

than bone; whereas metals and alumina ceramics are substantially stiffer than bone. On 

the other hand Carbon Fibre PEEK (CF-PEEK) displays about the same modulus as 

cortical bone with the appropriate selection of fibre type and concentration (Green, 

2006). 
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5.3 Carbon Fibre Reinforced PEEK Composites for Bone Implant 

Applications 

Carbon fibres are added to PEEK material and used as PEEK composites for bone 

implant applications and may offer other medical applications. To obtain enhanced 

mechanical properties, increased strength, increased stiffness, improved creep 

resistance, which allows thinner sections, carbon fibres are mixed with PEEK in 

different quantities. Carbon fibres may also enhance strength, low wear rate, bone like 

modulus, and imaging compatibility. In addition, carbon fibres have a history of use for 

implantable medical devices, see Figure 5-3 (Green and Schlegel, 2001). 

 

Figure 5-3 Carbon fibre/PEEK-OPTIMA spine cages (Green, 2006). 

The macroscopic behaviour of composites depends on the properties of their individual 

constituents in addition to the elastic plastic interaction between different phases, such 

as matrix and fibre. During processing of a polymer matrix composite material, the 

interaction between the surfaces of the polymer matrix and the fibres may create 

different chemical and morphological inhomogeneities, see Figures 5-4 to 5-6 (Godara, 

Raabe and Green, 2007). 
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Figure 5-4 (a) A fibre-matrix arrangement, (b) A fibre coating and a sharp interface at 

the fibre-matrix interface, and (c) A diffused interface between the matrix and the fibre 

coating (Gregory and Spearing, 2005; Hodzic et al., 2001; cited in:  Godara, Raabe and 

Green, 2007, p. 217). 

The nanoindentation tests are used to determine the properties of different 

micromechanically relevant zones, such as the interphase region, the bulk PEEK matrix, 

and the carbon fibres present in the material. The complementary experimental 

approach of using nanoscratch and nanoindentation tests by Godara, Raabe and Green 

(2007) proved very successful in investigating the influence of two sterilization 

processes on the interphase characterises of a CF-Reinforced PEEK composite (Godara, 

Raabe and Green 2007, p. 220). 

 

Figure 5-5 Schematic of the nanoindentation test protocol displaying: a nanoindentation 

pattern of 1×50 indents (Godara, Raabe and Green, 2007, p. 213). 



 

41 

 

Figure 5-6 PEEK-OPTIMA with short carbon fibres combined polymer matrix (Green, 

2006). 

Green and Schlegel (2001) have found considerably increased stiffness and strength in 

Short Carbon Fibre Reinforced PEEK-OPTIMA as compared with natural unfilled 

material, as expected in general with other fibre/polymer systems; see Table 5-1. 

Table 5-1 Basic mechanical properties of short carbon fibre reinforced PEEK-OPTIMA 

with different fibre concentrations (Green and Schlegel, 2001). 

Property 30% 25% 20% 

Flexural modulus 19 17 15 

Flexural strength 324 290 288 

Tensile strength 228 209 200 

Notched impact strength 9.5 9 11 

 

Wang et al. (1999) found that carbon fibre reinforced PEEK composites offer a far 

superior wear resistance over UHMWPE against either ceramic or metal heads in a 

conforming ball in socket contact situation as in Figure 5-7. Also they found that the 

composite materials should not be used as a tibial component for a total knee joint 

replacement because in a high-stress non-conforming contact situation, the carbon fibre 

reinforced PEEK composites compared to UHMWPE performed poorly.  
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Figure 5-7 Ball-in-socket hip simulator test result: Alumina heads and CF PEEK made 

from polyacrylonitrile (PAN-CF) composite sockets (Wang et al., 1999, p. 726). 

5.4 Crystalline Structure of PEEK 

PEEK conforms well to the conceptual model of a two phase semi-crystalline polymer, 

consisting of a crystalline phase and an amorphous phase. Like many semi-crystalline 

polymers, including UHMWPE, the crystalline content of PEEK depends upon its 

thermal processing history. However, the crystallization behaviour of UHMWPE is less 

complex than PEEK which has a glass transition temperature (Tg) between -80 to -120° 

C when the polymer is used at room and body temperature. The crystalline content of 

injection molded PEEK in implants typically ranges from 30-35%, however, a broader 

range 0-40% can be encountered with this material, depending upon its processing.  
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5.5 General Properties of PEEK 

Shape forming is easier with Amorphous PEEK vs crystalline PEEK, and tensile 

strength at 130° C for amorphous PEEK is approximately 45 MPa, and that for 

crystalline PEEK is approximately 80 MPa. Shaping the film at hot temperature of 130-

160° C is easier, and the amorphous PEEK will convert to crystalline PEEK above Tg 

(143° C), and it will not crystallise bellow Tg. The maximum rate of crystallinity 

achieved for PEEK is at 220-230° C. However, the mould stripping is easier with 

crystalline PEEK over amorphous PEEK, when temperature is below Tg (130-140° C) 

and increasing filler content. 

If PEEK is free to move while crystallisation is taking place, then shrinkage will occur, 

and also there are two options to eliminate deep draw shrinking: open press at Tg or 

lower, and complete crystalline PEEK before opening the mould which means longer 

cycle time (Percy, 2006). 

5.6 Mechanical Behaviour of PEEK 

PEEK has increasingly shown sensitivity to certain composite properties, particularly 

fracture and fatigue behaviour, and other mechanical behaviour of PEEK is 

mechanistically governed by some factors such as: 

 The micro-mechanics of the PEEK matrix and its interface with reinforcing fillers; 

 Temperature and strain rate like any semi-crystalline polymer; 

 Molecular weight, and the size and orientation of the crystalline regions.  

PEEK has significant ductility and can accommodate large plastic deformation flow in 

both compression strain curve and uniaxial tension, Figure 5-8. The yield transition in 

compression is 30-40% higher than in tension (Kurtz and Devine, 2007). 
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Figure 5-8 Effect of temperature on the 450 G PEEK stress-strain curves in (A) uniaxial 

tension (rate = 1.7x10 
-4

 s
-1

) reported by Rae, Brown and Orler (2007, cited in Kurtz and 

Devine 2007, p. 4852). 

 PEEK displays different post yield hardening characteristics in compression and 

tension as shown by Rae, Brown and Orler (2007, cited in Kurtz and Devine 2007) 

Figure 5-8 depending upon the strain rate and temperature. PEEK undergoes molecular 

alignment and localization of a neck, which complicates characterization of its true-

stress strain behaviour up to failure (Kurtz and Devine, 2007). Abu Bakar et al. (2003) 

has presented the biological and mechanical behaviour of these PEEK composite 

materials, and found that the dynamic behaviour under tension-tension fatigue revealed 

that the fatigue-life of PEEK-Hydroxyapatite composites were dependent on the applied 

load, and the HA content (Abu Bakar et al., 2003). 

5.7 Bioactivity and Biocompatibility of PEEK and PEEK Composites 

The initial research on PEEK- hydroxyapatite composites confirmed that HA did not 

interfere with the melting or crystallization processes of PEEK-HA powder mixtures. 

Injection molding has since been a common method reported in the literature to produce 

PEEK-HA composites with HA fractions of up to 40 w% (Kurtz and Devine, 2007).  In 
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vitro studies by Abu Bakar (2003) on PEEK-HA composites were developed as 

alternative materials for load-bearing orthopaedic applications. The amount of 

hydroxyapatite incorporated into the PEEK polymer matrix ranged from 5-40 v% and 

these materials were successfully fabricated by injection molding. Their study presented 

the biological responses of PEEK-HA composites carried out in vivo and verified the 

bioactive and biocompatibility nature of these composite materials (Abu Bakar et al., 

2003). 

However, in contrast with glass and carbon fibre additives, HA in particular, and 

perhaps to a lesser extent polyetheretherketone-beta-tricalcium phosphate (β-TCP), did 

not provide strong mechanical strength for the PEEK matrix (Petrovic et al., 2006). 

These researchers observed the viability and proliferation of normal human osteoblasts 

onto PEEK compounded with 5-40 w% β-TCP. Furthermore they concluded that PEEK 

possesses good biological interaction even without the addition of general bioactive 

components as enhancements. Also, they found that the HA particles completely 

debonded from the matrix of PEEK using scanning electron micrographs of the fracture 

surface of the composites of PEEK-HA. In addition, the composites of PEEK-HA 

showed distinguished promise as bioactive implants, and may involve a trade-off in the 

load-carrying capacity relative to other PEEK composites. 

Many of the biocompatibility studies have been about tissue integration of PEEK and its 

composites, and the high levels of HA into PEEK can promote bioactivity. In addition, 

PEEK and its composites have been coated with Ti alloys to improve the interface of 

bone implant. Surface modification of PEEK may also be employed by plasma 

treatment and wet chemistry to improve biocompatibility (Kurtz and Devine, 2007). 

Moreover due to difficulties faced with early metal implants as a result of corrosion, 

PEEK and its composites are used in many medical applications such as trauma 

implants, spinal implants, fracture fixation plates, as well as extruded PEEK screws as 

shown in Figures 5-9 and 5-10. Femoral stems, total hip replacement, and other total 
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joint replacement applications including finger joint replacements and total disc 

replacement, heart valves and pacemakers, dental implants for fixation of artificial teeth, 

housings for electronic devices, sensor housings, etc, are other applications of PEEK 

and its composites (Kurtz and Devine, 2007). The advantage of a plastic cage to 

metallic one is to reduce implant stiffness, which is more compatible and closer to the 

surrounding bone stiffness and reduces stress concentrations that is transferred to the 

bone. A further advantage of using PEEK is x ray translucency (Green and Schlegel, 

2001). Table 5-2 shows typical average physical properties for PEEK and CFR-PEEK, 

as compared to UHMWPE. 

 

Figure 5-9 Composite Pins and Screws (Green, 2006). 

 

Figure 5-10 Osteosynthesis Plate (Green, 2006). 
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Table 5-2 Typical average physical properties for PEEK and CFR-PEEK structural 

composite biomaterials compared with UHMWPE (Kurtz and Devine, 2007). 

Property (ISO) UHMWPE 
30% (w/w) chopped 

CFR-PEEK 

68% (v/v) continuous 

CFR-PEEK 

Poisson’s ratio 0.46 0.40 0.38 

Molecular weight (106 

g/mole) 
2-6 0.08-0.12 0.08-0.12 

Flexural modulus (GPa) 0.8-1.6 20 135 

Specific gravity 0.932-0.945 1.4 1.6 

Tensile strength (MPa) 39-48 170 42000 

Tensile elongation (%) 350-525 1-2 1 

Degree of crystallinity 

(%) 
39-75 30-35 30-35 

 

5.8 Zirconia Toughened Alumina (ZTA) Ceramics 

For higher fracture toughness, increased lifetime, wear resistance and higher mechanical 

strength composites of ceramic have been prepared including zirconia toughened 

alumina (ZTA), i.e. an alumina matrix reinforced with zirconia particles, or alumina 

toughened zirconia (ATZ), i.e. a phase-stabilized zirconia matrix reinforced with 

alumina particles, and both make tougher ceramics than the monophase ceramics 

(Morgan Crucible Company, 2009). Figure 5-11 shows a new composite and design of 

ceramic-on-ceramic hip joint (Smith, 2008). ZTA showed good toughness and 

tribological quality as compared to alumina. ZTA was followed by ZPTA (Zirconia-

Platelet Toughened Alumina) in the 1990s. These composites therefore are considered 
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as improved biomaterials as THRs (Dowson, 2008). An example of preparing the ZTA 

composite is explained by De Aza et al. (2002) as follows: 

 The formulations in the range 0-15 vol% Zirconia and unstabilized zirconia were 

processed using colloidal processing route or a conventional powder mixing-

milling processing technique;  

 The distilled water with purity > 99.9 wt% and alumina powder with a particle size 

of ≈ 0.45 mm with surface area of 10 m
2
g

-1
 was mixed by the conventional 

mixing-milling technique with monoclinic zirconia powder with purity > 99.9 wt% 

with a mean particle diameter of 0.47 mm and a surface area of 15.5 m
2
 g

-1
;  

 The mix was wet-ground in a laboratory-scale annular gap mill with high-purity 3 

mm alumina balls; 

 They were spray-dried, and a quantitative X-ray diffraction was performed to 

ensure that there was no loss of material during the spray-drying process;  

 By using laser diffraction for the final batches, particle size was measured at 

between 0.33-0.4 mm; 

 In this investigation, a major research effort was concentrated on a new colloidal 

processing route of alumina-zirconia composites; 

 Doping a stable suspension of the above mentioned alumina powder in absolute 

ethanol (99.97%) was carried out by dropwise addition of a diluted (2/3 vol% Zr 

alkoxide, 1/3 vol% ethanol absolute) zirconium alkoxide; 

 The mixture was dried by magnetic stirring at 70
o 

C; then the powders were 

thermally treated at 850
o 
C for 2 hours to remove organic residuals and were 

subsequently attrition-milled, as a suspension in alcohol, with 3 mm alumina balls 

for 1 hour; 

 The powders were dried and sieved to less than 45 mm; 

 The mixture was cold isostatically-pressed to an initial shape at 200 MPa; 
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 Final composites were sintered in air at 1550° C for 2 hours, leading to 98% 

theoretical density; 

 The samples were cut (2 by 20 by 40 mm
3
); 

 A series of diamond pastes were used to polish the samples. The average alumina 

and zirconia grain sizes were measured using SEM micrographs and image 

analyzer program.  

     

Figure 5-11 A new composite and design of ceramic-on-ceramic (Smith, 2008). 

5.9 PEEK Polymer and Zirconia Toughened Alumina Ceramic Used as 

Artificial Hip Joint 

PEEK polymer has been used in long-term medical implant applications due to its 

biocompatibility, mechanical strength, and versatility (Devine, 2006). In addition, the 

PEEK material is abrasion-resistant and tough with excellent flexural and tensile 

properties and high impact strength. It also has a low friction coefficient and resists 

attack by a wide range of inorganic and organic chemicals and solvents (Green, 2005). 

The first implantable PEEK polymer, PEEK-OPTIMA, was introduced by Invibio 

Biomaterial Solutions London, UK, in 1999. This material has been supported by the 

U.S. Food and Drug Administration (FDA), because of the history of its use and 

biocompatibility, and it is used in many approved devices in Europe, the United States 

and elsewhere (Kinbrum, 2009). 
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Examples of CF-PEEK polymer composite used for articulation against a ceramic 

femoral head are shown in Figures 5-12 and 5-13 (Flanagan, 2009; Scholes, 2008). 

Further work investigating the use of a large-diameter (54 mm) alumina femoral head 

against a CF-PEEK acetabular cup has demonstrated that such a bearing showed low 

wear, and that PEEK cups did not have the brittleness of hard-on-hard surfaces or metal 

ion release. Implantable-grade PEEK polymer has a fibre-matrix interface that is at least 

ten times stronger than carbon fibre-reinforced UHMWPE (Devine, 2006). 

 

Figure 5-12 54 mm diameter Alumina femoral head against thin-walled horseshoe-

shaped CFR-PEEK acetabular cups (Scholes et al., 2008, p. 274). 

 

Figure 5-13 Alumina femoral head on horseshoe-shaped CFR-PEEK acetabular cup 

held by UHMWPE acetabular cup holder (Flanagan et al., 2009, p. 856). 
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Chapter 6 

Hip Resurfacing (HR) 

6.1 What is Resurfacing Hip Replacement (RHR)? 

RHR comprises two components: The cup placed in the natural hip socket, and the 

metal mushroom-like cap that covers the natural head and swivels with the cup. The 

range of diameter is about 38 to 66 mm and both surfaces are made from highly 

polished MoM CoCrMo alloys (Atlantic Orthopaedic Group, 2009; McMinn, 2009). 

6.2 Hip Resurfacing Advantages 

The main purpose of the resurfacing hip joint is to stop the rubbing of the 

natural/diseased joints against each other, which causes pain for the patient, so RHR 

replaces painful joints with artificial joints (Vejthani Hospital Group, 2006). In addition, 

there are certain advantages which make Resurfacing Hip Replacement a useful 

alternative to Total Hip Replacement (THR), as follows: 

 Partial resurfacing ensures that most of the bone is kept intact within the natural 

environment, and the femoral canal will not be violated. This will make future 

revisions easier than would be the case with a total hip joint replacement 

(MFMER, 2010; McMinn, 2009; Smith, 2008); 

 There is no long stem placed down the femur so it is more like a natural hip and 

allows patients a full return to all activities; 

 Reduction in periprosthetic osteolysis; 

 It is better than THRs for patients who have a previous history of sepsis in the hip 

region (Smith, 2008); 

 Minimal bone is shaved from the femoral head; 
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 It is also worth noting that, in studies of patients with historical metal-on-metal 

devices, including those implanted for long periods, no or only few adverse 

reactions have been documented with mainly BHR devices (Smith and Nephew, 

2009); 

 It is a good option for large and heavy-framed patients (Sussex Hip Clinic, 2011); 

 With a large ball and socket the stability and range of motion will increase 

(Atlantic Orthopaedic, 2009; Claudette, 2008; McMinn, 2009). 

6.3 Hip Resurfacing Disadvantages 

 Femoral neck fractures (Carrothers et al., 2010; Eustice, 2008) within one to three 

months have been reported in 2% of females and 1% of males (Sussex Hip Clinic, 

2011), as can been seen in Figure 6-1; 

 Some complications after surgery including loosening, leg length inequality and 

dislocation; these may also occur in total hip replacements; 

 There will still be wear, which may result in metal ions being released into the 

patient’s blood and urine (Smith and Nephew, 2009); 

 The hip resurfacing operation is more difficult than THR and requires a good and 

experienced orthopaedic surgeon (McMinn, 2009; Smith, 2008); 

 This type of joint is not suitable for patients with the following conditions: obesity 

(DiGioia, 2007), when heavy loads may lead to hip failure (Atlantic Orthopaedic, 

2009); women of child-bearing age (because they could not become pregnant after 

the operation); elderly patients over 65 years (Claudette, 2008) who may have poor 

bone quality; and patients who have metal allergies, multiple cysts, kidney failure, 

or weak immune systems (Atlantic Orthopaedic, 2009); 

 As Shimmin, Bare and Back (2005) reported, RHR needs highly experienced 

surgeons and hospitals; Dr. Boses said that the worst problems with RHR occur 
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when resurfacing is badly performed, so RHR needs precision and finesse 

(Shimmin, Bare and Back, 2005);  

 RHRs require a longer incision than THRs (Shimmin, Bare and Back, 2005). 

 

Figure 6-1 Femoral neck fracture (MMG, 2006, cited in Vejthani Hospital Group, 

2006). 

6.4 Machining Process of Resurfacing Hip Replacement 

Before the surgery can commence, the natural bone of the patient must be good enough 

for resurfacing; this normally requires male patients to be no older than 55 years. It is 

also used for active patients over 65 years and for young women but, for young women 

who may go on to have children, the ceramic-on-ceramic total hip replacement is a 

better solution (Sussex Hip Clinic, 2011). If the bone is not healthy enough the total hip 

replacement will be more suitable than resurfacing. Moreover, there are a number of 

steps in hip resurfacing as follows: 

 First, pre-operative planning must be done so that the correct joint is selected; this 

may be achieved manually by using X-rays or digitally by using a PAC system, for 

example, and choosing the correct size for the cup and the cap, see Figure 6-2 

(Biomet, 2009). 
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Figure 6-2 Digital pre-operative planning (Biomet, 2008). 

 The original femoral hip must be dislocated from the socket and the pre-operative 

plan confirmed by an intra-operative. The size of the head is confirmed by using an 

open and close end head/neck-sizing gauge device; see Figure 6-3;  

   

Figure 6-3 Femoral head/neck sizing gauge (Biomet, 2008). 

 The outer cover of the femoral head must be shifted by 5 mm (Boyd, 2009) and the 

natural socket normally stays where it is; sometimes it is cleaned with a special 

machine, and replaced by a thin metal cup. The damaged bone and cartilage are 

removed from the natural socket using a special tool named a reamer. A template is 

used to check whether the cup will fit the natural socket; 
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 Some small holes must be made in the natural head and in the centre of the natural 

bone with a chamfer reamer in order to fit the artificial head, as in Figure 6-4. 

 

Figure 6-4 Chamfer reamer to complete the shaping of the femur (MMG, 2006, cited in 

Vejthani Hospital Group, 2006). 

 The artificial head is filled with ‘liquid acrylic bone cement’ which is also applied 

around the dried bone, as in Figure 6-5; 

 The metal cap is then placed over the smoothed bone and gently hammered into the 

natural bone; the metal cap is fitted using ‘a small peg’ which is fitted down into the 

bone (Biomet, 2009; Vejthani Hospital Group, 2006);  

        

Figure 6-5 The femoral cap inserted into the natural femular head (MMG, 2006, cited in 

Vejthani Hospital Group, 2006). 
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 The artificial cup must be highly polished inside, so a plastic wafer and cables are 

used to protect and hold the cup while it is being fitted into the patient socket; 

 The metal cup holds onto the socket until the bone has grown into the holes and the 

metal is attached to the bone. The cup must be tested to ensure it is a good fit before 

the plastic holder and the cables are removed;  

 The most critical step is finding a suitable neck centre, which needs high precision 

and finesse by the surgeon with good experience in this procedure. The wrong 

choice of neck centre leads to neck fracture (Carrothers et al., 2010; Shimmin, Bare 

and Back, 2005) as shown in Figure 6-6. 

 

            

Figure 6-6 (a) X-ray for perfect stem alignment into the neck (Schmitt, 2011); (b) The 

neck fractures because the stem is offset to the side of the fracture (Steffen et al., 2009). 

For more precision in determining neck centre, computer-assisted technology is used, 

(see Figure 6-7) and some surgeons use a minimally invasive technique to limit incision 

length and tissue damage. 

 (a)  (b) 
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Figure 6-7 Computer-assisted technology for neck centre determination (McMinn, 

2009, p. 329). 

6.5 Comparison between Resurfacing Hip Joint and Total Hip Joint 

Replacement 

Both THRs and RHR are used to replace painful joints with artificial ones, to enable 

more activity and pain-free joints; however, there are a number of differences between 

THR and RHR, as given in Table 6-1 and in Figure 6-8. 

Table 6-1 Comparison between resurfacing hip joint and total hip joint replacements. 

 Resurfacing hip joint Total hip joint replacement 

Femoral head The outside of the femoral head 

will be removed then covered 

with a metal cap, and less bone 

will be removed than in THR. 

The total natural femoral bone 

will be removed and replaced 

with an artificial one, where 

the metal stem will be inserted 

into the bone.  

Acetabulum May not need to be replaced, but 

sometimes cleaned and a metal 

cup inserted. 

It is similar to RHR. 
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Dislocation Lower dislocation compared with 

traditional THR. 

The traditional one has more 

dislocation than RHR but the 

new THR also has larger 

diameter and less dislocation. 

Revisions of the 

femoral head 

This is the best advantage of the 

RHR as it is easier than THR. 

More difficult to revise than 

RHR. 

Revision of cup 

side 

It is the same as THR. It is no different from the 

RHR. 

Wear rate It is similar to metal-on-metal 

THR but may have less wear than 

other THRs. 

Metal-on-metal also available 

in THR. 

Bone strength  The natural femoral head must be 

strong enough to be resurfaced 

and covered by metal cap.  

It is not important to have 

strong bone; it could be 

damaged or weak bone. 

Lifestyle and 

mobility 

Patients after the operation can 

do a lot of sports, dancing, 

running, walking about 5 miles a 

day, and can also sit cross- 

legged or squat on the floor 

(Pispati, 2010). 

The patients are not allowed to 

do the same activities as in 

RHRs as they are not allowed 

to bend or pick things up from 

the floor, cross their legs, or 

squat (Pispati, 2010). 

 



 

59 

            

   (a)  A hip resurfacing                            (b) A total hip replacement 

Figure 6-8 Comparison between a hip resurfacing and total hip replacement (MMG, 

2006, cited in Vejthani Hospital Group, 2006). 

6.6 Resurfacing Hip Joint Manufacturing 

There are a number of process methods employed by McMinn (2009) for M-o-M hip 

resurfacing manufacture: 

1) As-cast CoCrMo alloy with high carbon for higher carbide content and better wear 

resistance; 

2) Single-solution heat treatment (SHT); 

3) Hot Isostatic pressing (HIPing); 

4) Both single-solution heat treatment and hot isostatic pressing. 

6.7 Hip Resurfacing Design 

There are about fifteen types of hip resurfacing in the world depending on their design. 

The most common types of hip resurfacing are Birmingham Hip Resurfacing (BHR), 

Corin Cormet, Durom Hip Resurfacing, Wright Conserve Plus, Biomet Recap Hip 

Resurfacing Prosthesis, and Dyna MoM Hip resurfacing device (Girard, 2005). 
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Birmingham Hip Resurfacing (BHR): This was the first to be approved by the FDA 

for use in the US, and was first introduced in the UK in 1997 (McMinn, 2009; Eustice, 

2008); in 2010, MHRA recommended blood tests and imaging for patients with painful 

MoM hip implants, due to soft tissue reactions to the wear debris associated with MoM 

articulations (MHRA, 2012). BHR was implanted in about 100,000 patients in ~ 27 

countries (Rector, 2010). 

Corin Cormet (Stryker Cormet 2000, US): The Cormet hip resurfacing system is 

distributed exclusively in the USA by Stryker, and it is manufactured by Corin under 

the registered trademark of Corin plc. 

Dynamom Hip Resurfacing Device: The Dyna metal-on-metal hip resurfacing was 

introduced in 2008 in France and was first implanted at Lille University hospital by J. 

Girard, MD. DynaMoM hip resurfacing cup sizes range from 44 mm to 62 mm with 2 

mm increments (Girard, 2005). 

6.7.1 Biomet ReCap Femoral Resurfacing System 

Biomet’s MoM implants go back to 1961 and were followed by the McKee Farrar total 

hip system. Biomet developed the ReCap hip resurfacing system having thin 

components with 2 mm increment size, and unique spherical femoral head. The 

acetabular is no different to others with 3 mm wall thickness and a 2 mm increment 

component sizing, to achieve optimal fixation. Biomet ReCap offers large joint 

diameter; the head is press-fitted with diameters ranging from 38 mm to 60 mm with 2 

mm increments, and 44 mm-66 mm acetabular cup with 2 mm increments. Biomet 

ReCap femoral and acetabular components are available as cemented or uncemented 

with HA (Biomet Orthopedics, Inc., 2009). 

It is manufactured by casting high carbon CoCrMo for high carbide and hence wear 

resistance (not HIPed nor heat-treated). There is also a ReCap Ks alignment device to 

align the cap with the natural femoral head, as in Figure 6-9. Sphericity was maintained 
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to less than 5 μm deviation, with surface roughness less than 0.01 μm (Biomet 

Orthopedics, Inc., 2009). More details will be provided in chapter ten (the experimental 

part).  

There are a number of main factors in RHR design including the following: jump factor, 

clearance, rugosity, spherecity or coverage angle, head diameter, the alloy process, the 

extent of cement fixation, minimisation of stress shielding, optimisation of implant 

position, geometry options, metallurgy, and examination of cup deformation.  

Figure 6-9 illustrates the alignment of the Biomet ReCap Ks with Biomet’s alignment 

device. 

 

Figure 6-9 ReCap Ks alignment device (Biomet Orthopedics, Inc., 2007). 
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6.7.2 Biomet Cup Size 

The HR’s cup size is about 44-60 mm, usually depending on the patient’s age and 

natural femoral head size (Biomet, 2008). 

6.7.3 Biomet Cup Press Fit 

The cup press fit depends on the cup size; it is about 1.5 mm for cup size 44-48 mm, 

1.75 mm for 50-56 mm and, for cup sizes larger than 56 mm, it will be about 2 mm. The 

cup press fit was equatorial on 2/3 of the cup and an exact fit for the dome area (Biomet, 

2008). 

6.7.4 Biomet Jump Factor 

The jump factor is the distance to cross before head dislocation; Table 6-2 illustrates a 

hemispherical cup design with truncated 3 mm. 

Table 6-2 An example of jump factor - a hemispherical cup design with truncated 3 mm 

(Girard, 2005). 

Head diameter size (mm) Jump factor (mm) 

38 16 

60 27 

22.22 11 

 

Dyna metal-on-metal has chosen, e.g. 61° of total clearance in the severe configuration 

of a resurfacing implant with a head-neck ratio                 of 1.6, Figure 6-10, 

whereas a Durom cup is 58°, and a Conserve blues cup is 64° (Girard, 2005). 
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Figure 6-10 Illustrating a jump factor and head-neck ratio                (Kluess et al., 

2008, p. 749). 

6.7.5 Porous Coating 

Coating the cup by hydroxyapatite enhances its design/use, with Co-Cr beads or 

titanium beads vacuum plasma sprayed with or without HA. 

6.7.6 The Alloy Process 

A forged alloy provides reduced surface roughness, better wear resistance and enhanced 

lubrication. In addition, using a forged alloy instead of a cast alloy improves the elastic 

resistance from 450 MPa to 760 MPa. This property reduces cup thickness without 

increasing the possibility of deformation. 

A high carbon level is a relevant factor (more than 0.2%) and a very precise alloy 

composition is mandatory to dramatically reduce wear with 60 wt% of Co, 30 wt% of 

Chromium and 6 wt% of Molbyden. Whilst all manufacturers now use high carbon 

CoCrMo alloys, the processing of the alloy differs (forged or cast alloy, or with post-

casting heat treatment) (Girard, 2005). 
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6.7.7 The Clearance 

The clearance is an important factor in hip resurfacing joints. A low clearance increases 

the potential for fluid film lubrication, leading to low friction and low wear. On the 

other hand, a small clearance can lead to cup clamping with a high risk of cup 

deformation under load (Kamali, 2009). Conversely, greater clearances do not generate 

fluid film lubrication, reducing the size of the contact radius, i.e. enhancing maximum 

contact pressure (more details will be provided in chapter ten in the theoretical part), 

which is dependent on the elastic deformation of the surfaces resulting in wear. The 

optimum clearance depends on the size and design of the joint device (Kamali, 2009). 
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Chapter 7 

Tribology 

7.1 Tribology: An Overview 

The word ‘tribology’ is derived from the Greek tribos and refers to the science of 

friction, lubrication and wear, while biotribology is tribology applied to the human 

body. Biotribology has a crucial part to play in the development of improved 

replacement joints (Kamali, 2009). 

The study of tribology is generally applied in bearing design but extends into many 

other aspects of modern technology. The bearing may be mixed with other types of 

motion. 

Friction, wear and lubrication are complex, interwoven subjects that may all affect the 

service life of a component or the efficient operation of a machine (Davis, 2001). While 

all three are important factors, the major emphasis in this work will be on friction and 

various methods used to reduce or prevent it, including the effect of joint diameter, 

clearance and lubricant. 

7.2 Friction 

7.2.1 An Introduction to Friction 

Friction is the resistance to movement by one body over another. The word comes to us 

from the Latin verb fricare, which means to rub. Friction plays an important role in a 

significant number of our daily activities and in most industrial processes.  

In moving machinery, friction is responsible for dissipation and loss of much energy. It 

has been estimated, for instance, that 10% of oil consumption in the US is used simply 

to overcome friction. Also, friction leads to wear on sliding surfaces; moreover, wear is 
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a very large component in the economic importance of friction (Blau, 2008; Davis, 

2001). 

Historically, the first significant inventions of friction by early man were as follows: He 

learned to use frictional heating to produce fire, and he discovered that there is less 

friction in rolling than in sliding, which means it is easier to move heavy objects if they 

are on rollers than it is to drag them along; this led to the invention of the wheel. 

The first studies on the problem of friction were conducted by Leonardo da Vinci 

(1452-1519, cited in Nano-world, 2010). Leonardo carried out experiments to measure 

friction and obtained rather simple results. He was only able to measure static friction 

and most probably was not aware of the difference between kinetic and static friction. 

He discovered two laws of friction: 

1) The friction between objects of the same weight will be of the same resistance at 

the beginning of their movement although the contact may be of different breadths 

and lengths. 

2) Friction produces twice the amount of effort if the weight is doubled. 

“Leonardo defined a friction coefficient as the ratio between the friction and the 

mass of the sliding body” (Leonardo da Vinci, 1452-1519, cited in Nano-world, 

2010), see Figure 7-1. 

 

Figure 7-1 Original sketches from Leonardo’s experiments on friction (Leonardo da 

Vinci, 1452-1519, cited in Nano-World, 2010). 



 

67 

Similar observations were made in 1779 by Charles-Augustine de Coulomb of the 

French Army (military engineer). He investigated and published some important laws of 

friction ‘(Theorie des machines simples, en ayant regard au frottement de leurs parties et 

a la roideur des cordages)’ (Coulomb, 1779, cited in Soylent Communications, 2011), 

which was followed twenty years later by a determination of fluid resistance. 

Moreover, Coulomb’s laws (1875, cited in Soylent Communications, 2011) are based 

on fundamental experiments on friction with solid bodies and are quite simple.  

7.2.2 Principles of Friction 

Friction is the resistance to movement of one body over another body. The friction may 

be due to: 

 Internal energy dissipation processes within one body (internal friction); 

 Liquid and a solid (liquid friction); 

 Gas and a solid (aerodynamic friction). 

In moving machinery, much energy is lost due to friction. On the other hand, friction 

plays an important role in a large number of industrial processes and our daily activities. 

It aids in starting the motion of a body, changing its direction, and subsequently 

stopping it. The friction may cause heat in machinery, which may lead to damage and 

may limit the conditions under which the machinery can be operated; therefore the heat 

has to be removed by cooling. Friction also leads to different deformation processes that 

result in wear of sliding surfaces, and these may necessitate the replacement of entire 

components. In addition, the wear of sliding surfaces adds another very large 

component to the economic importance of friction (Blau, 2008; Tănasă, 2005; Basse, 

1992). 
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Coulomb’s laws still form the principle for fundamental experimental laws on solid 

bodies’ friction; these laws, which built on earlier work by Leonardo, can be stated in 

very general terms: 

 Friction force is proportional to applied load; 

 Friction force is independent of contact area;

 Static friction may be greater than kinetic friction; 

 Friction is independent of sliding velocity (Dias, Coura and Costa, 2010; Dias et al., 

2007). 

Recent studies (Dias, Coura and Costa, 2010; Dias et al., 2007; Gnecco et al., 2003; Liu 

and Szlufarska, 2010) contradict the first and the third laws in the nanometer scale. 

They found that in the small scale the friction force depends on the relative sliding 

velocity and depends on the effective contact area, that is, it is a velocity-dependent 

force. It has been shown by the experimental data and simulation results (Dias, Coura 

and Costa, 2010) that in the absence of thermal fluctuations the friction force, F, has a 

power-law dependence of the form: 

           .................................................................. 7-1 

Where, F0, is a constant depends on the applied load. If thermal fluctuations are present 

the velocity dependence of the friction is drastically changed (Dias, Coura and Costa, 

2010; Gnecco et al., 2003). 

It is useful to separate the various important terms and concepts related to friction, for 

instance, the terms are defined in the context of solid friction (the movement may be by 

rolling or by sliding) such as: 

 Friction force; 

 Friction coefficient; 

 Frictional energy; 

 Frictional heating. 
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7.2.3 Friction Force 

This is the tangential force that must be overcome in order for one solid contacting body 

to slide over another. It is usually proportional to the force normal to the surfaces, Fn, 

and acts in the plane of the surfaces so that: 

F α Fn  ..................................................................... 7-2 

OR 

F= constant × Fn ….................................................. 7-3 

The proportionality constant is termed the friction coefficient which is usually 

designated μ or f. 

7.2.4 Friction Coefficient (μ) 

This is defined as the ratio between the friction force, F, and the normal force, Fn: 

   
 

  
…................................................................ 7-4 

The friction coefficient is defined as two types: 

7.2.4.1 Static Friction Coefficient, μs 

The static coefficient of friction, μs, is the friction between two surfaces and both are 

constant. It is usually greater than the kinetic friction coefficient. 
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7.2.4.2 Kinetic (or Dynamic) Friction Coefficient, μk 

The kinetic (or dynamic) friction coefficient, μk, is dependent on contact area whereas 

static friction does not depend on contact area; furthermore kinetic friction is classified 

in three types as follows:  

 Sliding friction occurs when two objects are rubbing against each other, as when 

two flat surfaces are moving against each other; 

 Rolling friction occurs when the two objects are moving relative to each other and 

one object rolls on the other; the friction coefficient of rolling friction is typically 

denoted as μr;  

 Fluid friction is the friction produced by a solid object as it moves through a gas or 

a liquid.  

A function of several factors affect the coefficient of friction between solids sliding over 

one another, or about to slide under a non-zero normal force such as: 

 Surface finish between slides; 

 Composition of  materials; 

 Nature of the lubricant, and lubricant viscosity if there is lubricant between the 

slides; 

 Surrounding environment, e.g. temperature; 

 Velocity of relative motion of slides; 

 Force applied on the slides (load), or the pressure between two objects; 

 Nature of the slides’ motion, e.g. unidirectional, steady, back and forth (Dias, 

Coura and Costa; Basse, 1992). 

A body of weight W on a flat surface will begin to move when the surface is tilted to a 

certain angle (the friction angle, θ) (Figure 7-2); the static friction coefficient is given 

by: 

μs = tan (θ) ….................................................................. 7-5 
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Figure 7-2 Schematic inclined angled surface friction. 

This represents a simple way to measure μs, but force measurements are sometimes 

generally used to measure both the static and the kinetic friction coefficients. The results 

obtained from these measurements depend on the nature and cleanliness of the surfaces. 

This dependence underscores the basic fact that the friction coefficient is not unique, 

clearly defined property of materials, as may become evident from the following brief 

discussion on the basic mechanisms of friction (Blau, 2008; Basse, 1992). 

7.2.5 Nature of Surfaces 

Frictional forces between two contacting bodies acting in their interface are determined 

by two factors besides the load: 

 The area of contact;  

 The properties of the contacting material. 

The frictional forces are usually not directly predictable because both of these factors 

depend very much on the particular conditions. If, for instance, the real surfaces are not 

smooth on an atomic scale then the real area of contact is usually much smaller than the 

apparent area of the bodies. Also, the surface material may be deformed, covered by an 

oxide layer, and so on. Because of this close dependence of friction on the properties of 

 

 

W= mg 

F (friction force) 

θ

  

m.g sinθ  

R= mg cosθ  
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the surfaces and the near-surface layers and on the surface topography (Basse, 1992), a 

brief discussion will be presented of the relevant characteristics. 

Surfaces are extremely complicated because of their topography, chemical reactivity, 

microstructure and composition which may be very different from those of the bulk 

solid. Surface properties, microstructure and composition may be very difficult to 

determine accurately (Blau, 2008; Basse, 1992). 

7.2.6 Topography 

The surface geometric shape is determined by the finishing process. There will be 

undulations of wavelengths that range from atomic dimensions to the length of the 

component. Also, peaks and valleys may be caused by local microevents, such as 

uneven deformation of hard microstructural constituents, corrosive pitting, or local 

fracture. On an atomic scale a surface will still be rough even after it has been carefully 

polished. 

Figure 7-3 shows macrodeviations, waviness, roughness and microroughness relative to 

an ideal flat surface. 

 

Figure 7-3 Schematic showing surface deviations relative to an ideal solid surface 

(Basse, 1992). 

Microroughness 

Roughness 

Ideal surface Macrodeviations Waviness 
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7.2.6.1 Macrodeviations 

Macrodeviations are errors from irregular surface departures from the design profile, 

usually caused by stiffness of the machine system or lack of accuracy (Kalin, 2011; 

Basse, 1992). 

7.2.6.2 Waviness 

Waviness is often sinusoidal in form and usually determined during machining by low-

level oscillations of the machine tool work piece system. The wavelengths range from 

1-10 mm, and wave heights from a few to several hundred micrometres. 

7.2.6.3 Roughness 

This is caused by the geometry of the cutting tool and its wear, microstructure of the 

work piece, machining conditions, vibrations in the system, and so on.  Roughness is 

the deviation from the wavy surface itself (Kalin, 2011; Dambreville, Phillipe and Ray, 

2010; Basse, 1992). 

 

Figure 7-4 The roughness of surface finish as valleys, peaks, and roughness average 

(Ashton, 2009, p. 75). 

Centreline average roughness Ra can be calculated from the following equation: 

   
∑ |    ̅|

  

   

 
  …........................................................ 7-6 
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Where n is the number of data points within the image, Zi is the height of each data 

point,  ̅ is the average of all height values in the image. 

And Root-mean-square roughness Rq is calculated as follows (Pun, 2011; Scheer, 2004; 

Hamrock, 1999) and as shown schematically in Figures 7-4 and 7-5: 

   √∑      ̅  
  

   

 
 ….................................................... 7-7 

 

Figure 7-5 Surface profile showing surface height variation relative to mean reference 

line (Hamrock, Jacobson and Schmid, 2001). 

7.2.6.4 Microroughness 

This is fine surface roughness to the near-atomic scale (Figure 7-4), and may be caused 

by non-uniform deformation of individual grains at the surface, internal imperfections 

in the material, or oxidation and corrosion processes that occur on the surface. 

 

Figure 7-6 Asperity contact between two surfaces (Zhao, 2010). 
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The peaks of surface roughness are called asperities. They are of primary concern in 

sliding friction and wear of materials (Figure 7-6). 

Microroughness may affect the forces between surfaces, but has relatively little 

influence on surface deformation. 

The asperities are assumed to have the same tip radius. The Greenwood-Williamson 

model (Mihailidis, Bakolas and Drivakos, 2001) of surface roughness is commonly used 

to analyse contact mechanics of rough surfaces. The nature of the asperity height and 

shape distribution may change significantly once the surfaces begin to move against 

each other (Mihailidis, Bakolas and Drivakos, 2001; Basse, 1992). 

Roughness Measurement 

A simple profilometer trace is often used to measure and represent surface roughness, 

when a typical surface may have more than 10
5
 peaks. The stylus of the profilometer is 

a fine diamond with a fairly sharp tip with a radius of 2 μm or less. It is drawn over the 

surface, and its vertical movement is amplified and recorded. The horizontal 

magnification is typically 100×, while the vertical magnification may vary from 500× to 

100,000×, depending on the necessary resolution (see Figure 7-7). 

Because the stylus tip has a finite sharpness, it cannot show very fine detail and tends to 

distort some shapes. For example, the peaks on the surface appear broader and the 

valley narrower than they actually are. Two slightly different measures have been used. 

The RMS (root mean square) value is the value most commonly used in the US. It is 

calculated as the square root of the mean of the squares of the deviations and represents 

the standard deviation of the height distribution. The roughness average, Ra, is the mean 

vertical deviation from the centreline (Figures 7-4 and 7-5) and is the value most often 

used in Europe. Other parameters used to measure roughness include height, Rz, 

skewness, Rsk, and bearing ratio curve (Seitavuopio, 2006; Basse, 1992). 
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Figure 7-7 (a) Roundness machines; (b) Surface contacting profilometer and optical 

interferometers (Ashton, 2009, p. 75). 

A more detailed evaluation of the profilometer traces was made possible by modern 

digitized instrumentation. It is now possible to scan a surface area by repeated but offset 

traces and to statistically evaluate the data for height distribution, asperity shape and 

angle (Basse, 1992). 

7.2.7 Friction in Lubricated Conditions 

Many sliding surfaces are lubricated to lower the friction and to protect against wear.  

As the two surfaces are brought closer together, the asperities begin to come into 

contact and the zone of so-called boundary lubrication is entered; the lubricant film is 

sufficiently thick to keep the surfaces completely apart in a fully hydrodynamic 

situation. The friction is then due to viscous dissipation within the lubricant and has 

little or nothing to do with the nature of the contacting materials. The degree of 

separation between the two surfaces can be measured by the ratio of the mean gap 

distance, h, to the composite roughness of the two opposing surfaces, Ra. The composite 

roughness is defined by: 

 

 (a)  (b) 
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   √      
       

    ............................................................. 7-8 

Where Ra1 and Ra2 represent the roughness of the two surfaces 

The lambda (λ) ratio often refers to the h/Ra ratio where h= minimum film thickness. 

Furthermore, for surfaces whose height distributions are nearly Gaussian, if λ is greater 

than 3 the lubricant produces full film hydrodynamic conditions and asperity 

interactions are rare. When λ ratio is less than 3, asperity rubbing takes place and 

friction increases as h/Ra decreases. And if λ is less than 1.0, surface deformation may 

take place and boundary lubrication (BL) conditions prevail. In this region, friction 

depends on what happens in a thin film of lubricant on the surfaces and at asperity 

contacts. The ideal film would be one that has low shear strength between molecular 

layers parallel to the surface; this would lead to low wear. It is expected that new 

additive molecules will have to be developed as ceramic triboelements become more 

common, because the bonds formed with ceramic surfaces are quite different from those 

between currently-used additives and metallic surfaces (Dowson and Jin, 2005; 

Flannery, 2010; Jagatia and Jin, 2002; Jin et al., 2006; Mattei, 2010; Udofia, 2003). 

However, for λ between 1-3, a mixed lubrication is expected with some/little contact 

between asperities and less friction and wear is expected as compared to boundary 

lubrication with λ < 1.0  

The microscopic mechanisms that are involved, to varying degrees, in generating 

friction are: 

 Adhesion; 

 Ploughing of one surface by asperities on the other; 

 Mechanical interactions of surface asperities; 

 Deformation and/or fracture of surface layers such as oxides; 

 Local and interference plastic deformation caused by third bodies, primarily 

agglomerated wear particles, trapped between the moving surfaces (see Figure 7-8). 
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 This will furthermore depend on the materials, the nature of the two surfaces, the 

environment, the application conditions, and certain characteristics of the apparatus, 

such as vibrations and specimen clamping (Basse, 1992). 

 

Figure 7-8 Mechanisms on a microscopic level that generate friction: (a) Adhesion, (b) 

Ploughing, (c) Deformation and fracture of oxides and (d) Trapped wear particle (Basse, 

1992). 

7.2.8 Asperity Deformation 

The friction force was divided by Bowden and Tabor (Tabor, 1959) into two 

components: an adhesion term, Fa, and a ploughing term, Fp. The ploughing term is due 

to energy dissipation in plastic deformation when the asperities interact with one 

another. If one metal is harder than the other, the hard asperities will produce visible 

grooves in the softer metal surface by a ploughing action. On the other hand, for 

polymers and rubbers, the primary energy dissipation mechanism is internal hysteresis. 

Most brittle materials can also undergo some plastic deformation in the compressive 

hydrostatic pressure region below and in front of a moving, ploughing indenter or 

asperity. Also, the energy is dissipated through micro cracking. The adhesion 

component of friction, Fa, is much more controversial, except when dealing with clean 

surfaces in a high vacuum. Under normal conditions it is difficult to find a measurable 
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force of adhesion between two normal engineering surfaces when they are pushed 

together. It has been suggested that this may be due to films of oxides which cover a 

large part of the surface, and only a few of the highest asperities are able to penetrate 

these films to form the metal-to-metal bonds needed for adhesion to occur. There is a 

large, elastically-deformed region below the very small, plastically-stressed, adhering 

volume associated with the few spots of intimate contact. The apparent area of contact 

is the total area, but the actual area of contact is limited to that between the peaks of the 

opposing asperities (Figure 7-9). When the load moves, the elastic strain release 

overwhelms the adhesive bonds and ruptures them; consequently, significant adhesion 

is not seen in any force measurements (Budinski, 1992). 

 

Figure 7-9 Schematic of surface irregularities (Avitzur, 1992). 

7.2.9 Friction of Metals Adhesion 

Adhesion is a very important component of friction and in extreme cases, it may lead to 

complete seizure of the two surfaces. In a vacuum, the friction coefficient also depends 

on the flow stress properties of the near-surface material, and this is where deformation 

most often takes place to accommodate sliding. The amount of adhesion depends on the 

nature of the surfaces, and on their affinity for each other and for any adsorbates that 

may be present.  
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The interfacial forces caused by adhesion dominate friction when the surfaces are very 

clean. The contacting surface asperities cold-weld together and form intimate atomic 

bonds across the interface. This can take place at virtually no load, and the size of the 

cold-welded area primarily depends on the smoothness of the surfaces and the closeness 

of their approach. By using atomic force microscopy and molecular dynamics, it has 

been shown (Bera, 2012; Johnson, 1997; Basse, 1992) that when two surfaces are 

brought close together at a distance of a few atomic diameters, they will attract each 

other to form interatomic bonds. In this case, the normal force can be negative - pull - 

which means that, in this situation, the concept of friction has lost its conventional 

meaning (Johnson, 1997; Basse, 1992). 

Most metals, when they are self-mated, cold-weld to each other, or clean metal surfaces 

seize when they are brought together in a vacuum and during separation bits of 

materials are usually transferred from one surface to the other, even for self-mated 

couples. When molecules that can adsorb to the surface, such as water vapour or 

oxygen, are admitted to the system, the friction drops because surface sites become 

covered with adsorbed atoms or even thin layers of oxide and, thus, the surface area 

available for cold-welding decreases. The more reactive a metal is, the more 

pronounced the effect becomes, and even materials that do not form oxides in the 

conventional sense exhibit this type of behaviour.  

The amount of adhesion is also affected by reconstruction of surface layers due to 

change in composition, segregation of solute or impurity atoms to the surface, and 

formation of compounds by mechanical or chemical action. The nature and effects of all 

these depend on the specific situation. For pure, film-free surfaces in a vacuum, the 

adhesive friction depends on the size of the adhesion, the strength of the adhesive 

bonds, and, in most cases, on the flow stress of the subsurface material, because that is 

usually where deformation takes place to accommodate the sliding (Miyoshi, 1995; 

Basse, 1992). 



 

81 

On clean and atomically flat metal surfaces for low loads (nanonewtons) very low, 

almost zero friction has been observed by Dedkov (2000) and the friction was 

independent of the applied normal load. However, friction increases sharply with the 

onset of wear .In addition clear atomic stick-slip events were observed in the non-wear 

regime with low friction (Dedkov, 2000).  

Archard (1953) has pointed out that plastic flow was assumed for the first few traversals 

of one body over another, but the same could not be assumed for machine parts that 

make millions of traversals during a lifetime because the tallest asperities in the surface 

may flow plastically at first, but the surface must reach a steady state in which the load 

is supported elastically. For very rough surfaces, some initial plastic flow would 

certainly be expected, while for very smooth surfaces, the contact may mostly be elastic 

(Basse, 1992).  

7.2.10 Friction of Polymers 

As with metals, many mechanisms cause friction in polymers. In addition to other 

mechanisms, differences in mechanical properties may affect the type of friction in 

polymers, such as strain rate sensitivity, low thermal conductivity of polymers, and 

viscoelasticity. Friction is caused by mechanical deformation and surface adhesion, as 

with metals. There are various friction mechanisms for polymers. For example, for a 

smooth, rigid sphere sliding or rolling over a viscoelastic material without surface 

adhesion the progressive changes in stress under the contact are indicated for a chosen 

volume element. Each element undergoes about three cyclic deformations through the 

passage of the indenter as shown in Figure 7-10 (Basse, 1992). 
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Figure 7-10 A smooth, rigid sphere sliding or rolling over a viscoelastic material in the 

absence of surface adhesion (Basse, 1992). 

For hard slider on rubber flat (Figure 7-11a), waves move from front to back and, for 

rubber slider on hard flat, waves move from back to front (Figure 7-11b). 

 

Figure 7-11 (a) For hard slider on rubber flat, waves move from front to back; (b) For 

rubber slider on hard flat, waves move from back to front (Basse, 1992).

7.2.10.1 Interfacial Zone Shear (Slip) for Polymers 

Slip may occur right at the interface itself; deformation takes place in a very thin 

layer (100 nm) at the interface (Figure 7-12). It is more commonly found within the 

polymer (Basse, 1992). In that case, a transfer layer forms on the other surface, 

possibly bonded adhesively via the carbon bonds or held in place mechanically by 

the surface roughness and chemically by weaker interfacial bonds. As the shear zone 

is very thin it may experience extremely high shear rates with consequent local 
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heating, exacerbated by the relatively low conductivity of the polymer matrix (Raviv, 

Tadmor and Klein, 2001; Basse, 1992). 

 

Figure 7-12 Schematic showing a model of the friction deformation and interfacial 

zones present in a polymer (Basse, 1992). 

Sliding will take place at the interface between the two materials when transfer films 

are not formed by certain polymers. This occurs primarily in highly cross-linked 

polymers and in some unlinked polymers below the glass transition temperature. 

Furthermore, most semicrystalline polymers form transfer films. In general, for 

polymers whose frictional deformation takes place in the interfacial zone shear, 

friction is controlled by the flow stress at very high strains and strain rates and at 

somewhat elevated temperatures (Raviv, Tadmor and Klein, 2001; Basse, 1992). 

7.2.11 Friction of Ceramics 

Ceramic materials might be expected to exhibit quite low friction, because the 

contributions from both deformation and adhesion are expected to be fairly low. The 

contribution from adhesion should be low compared to other materials because 

formation of primary bonds across an interface between two ceramic materials 

requires the proper registry of negative ions on one side with positive ions on the 

other side, and vice versa, a relatively rare condition (Basse, 1992). The contribution 
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from deformation must be relatively low due to the hardness being high. 

Nevertheless, ceramic materials exhibit quite high levels of friction that change 

considerably as the wear mode changes. In addition, the friction is very strongly 

affected by the formation of surface films of oxides and hydroxides, which often 

have lubricating properties (Mattei, 2011; Basse, 1992). 

7.2.12 Frictional Energy 

In the conservation of energy law, no friction energy is destroyed, though it may be 

lost to the system of concern, since heat quickly dissipates. 

When an object is pushed along a surface, the energy, E, converted to heat is given 

by: 

      ∫         ...................................................... 7-9 

         ..................................................................... 7-10 

Where Fn is the normal reaction force, μk is the coefficient of kinetic friction, x is the 

coordinate along which the object transverses, and d is the distance travelled by the 

object on the surface. 

Physical deformation is associated with friction. This can be beneficial, as in 

polishing, but it is often a problem because, as the materials are worn away, the work 

done by friction can translate into heat and deformation; the friction can, in some 

cases, cause solid materials to melt (New World Encyclopedia Contributors, 2008; 

Adamson and Gast, 1997). 

Frictional heating is the resulting energy that is lost to heat and increases the entropy 

of the system; it also represents, to an extent, the surface material deformation (Blau, 

2008; Davis, 2001). 
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7.2.13 Basic Theory of Microscopic Friction 

On a microscopic scale all machined surfaces are rough. Thus, when two bodies are 

pressed together under load, contact takes place at surface asperities (Figure 7-6) 

(Bera, 2012; Bhushan, 2003). 

Within the areas of real contact, atoms on the surface of one body are in intimate 

contact with atoms on the surface of the other body, and the resulting interatomic 

forces produce adhesive junctions. Since these junctions must be broken before the 

two bodies can slide relative to each other, the force required to produce sliding, that 

is, the frictional force, is the force required to shear the junctions (Spencer, Elsener 

and Heuberger, 2011; Baltazar, Kim and Rokhlin, 2006). 

Although this is a considerably simplified model, it explains why, in most cases, the 

frictional force between two bodies is directly proportional to load. In most metal-to-

metal contacts the localized contact stresses exceed the hardness of the metal and 

plastic deformation takes place. The deformation continues until the area of real 

contact is sufficient to support the applied load. At the limit, the area of real contact 

increases until the contact stress is equal to the hardness of the metal. The total area 

of real contact is therefore given by equation 7-11 (Baltazar, Kim and Rokhlin, 

2006): 

  
 

 
.................................................................... 7-11 

Where A is the real area of contact, L is the applied load, and H is the hardness.  

The force necessary to shear the junctions is:  

       …………………................................... 7-12 

Where s is the shear strength of the junctions; from equations 7-11 and 7-12 
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  ............................................................... 7-13 

Thus the frictional force is directly proportional to the load, and the coefficient of 

friction, µ, defined as the ratio of frictional force to load (F/L), and is independent of 

load. These relationships can be considered the first law of sliding friction. Two 

other laws, that the frictional force is independent of the area of contact and 

independent of sliding velocity, are also explained by the above analysis. Although 

the three laws are obeyed reasonably well in most cases, there are exceptions. For 

example, with polymers the frictional force is not directly proportional to load and, 

consequently, the coefficient of friction varies with load. The reason for this 

behaviour is that polymer asperities can deform sufficiently to provide the required 

real area of contact without yielding. If the deformation is completely elastic, theory 

predicts that the real area of contact is proportional to load to the power of 2/3, i.e. 

(Spencer, Elsener and Heuberger, 2011; Baltazar, Kim and Rokhlin, 2006) 

           …........................................................... 7-14 

Where b is a constant, and it follows from equation 7-12 that the frictional force is 

also proportional to load to this power, and that the coefficient of friction μ is a 

function of load. 

Experience has shown the third law (i.e. frictional force independent of velocity) to 

be only approximately true (Jinesh, 2006). The force necessary to initiate sliding is 

greater than the force necessary to maintain sliding. Experiments have also shown 

that the coefficient of friction during sliding varies with sliding speed. With metals, 

the coefficient of friction normally decreases with increasing speed, but in many 

cases, so slowly that it can be considered to be a constant over practical ranges of 

velocity. With polymers, on the other hand, the coefficient of friction generally 
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increases rapidly as the sliding speed increases and this is thought to be due to the 

viscoelastic (time-dependent) properties of polymeric materials (Rymuza, 2007). 

Since equation 7-13 does not include a term for the surface roughness of the sliding 

bodies, the model for friction predicts that this parameter has no effect on the 

frictional force. Although this is generally found to be the case over a wide range of 

surface finishes commonly used in engineering, very smooth and very rough surfaces 

can behave differently. Since the area of contact between two very smooth surfaces 

can be much greater than predicted in the above analysis, the force necessary to shear 

the junctions as the frictional force can be much greater than expected. If the two 

surfaces were perfectly smooth and congruent, the real area of contact would equal 

the apparent area of contact at all loads. With two very hard, rough surfaces the 

asperities tend to lock and an extra force must be applied in order to lift the asperities 

on the upper surface over those on the bottom surface. When a rough, hard surface 

slides over the surface of a softer material the hard asperities plough through the 

softer material and the frictional force is greater than would be expected on the basis 

of the shear strength of the junctions alone. Then, the coefficient of friction between 

sliding bodies is independent of surface roughness over a wide range. It can increase 

significantly (1) for two very smooth surfaces, (2) for two very rough hard surfaces, 

and (3) for a rough hard surface on a soft surface (Karpenko, 2001; Johnson, 1997). 

7.2.14 Laboratory Testing Methods for Solid Friction 

The basic laws and the tests used to study and measure friction, were originated by 

Leonardo da Vinci (1452-1519); Leonardo’s sketches of friction testing are shown in 

Figure 7-1. He used these devices to show that friction force is independent of the 

apparent area of contact between the two bodies, and that it is dependent on the force 

pressing two bodies together. Leonardo essentially introduced the concept of a 

friction coefficient (Tănasă, 2005). 
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The static friction coefficient was measured in the inclined plane test, and the kinetic 

coefficient was measured using one of Leonardo’s devices (Figure 7-13). 

        

Figure 7-13 Schematics of friction-measuring devices based on early work of 

Leonardo da Vinci (Budinski, 1992). 

Essentially, the same situation exists today, except that electronic force measuring 

systems may allow determination of kinetic and static friction forces on the same 

device in the same test. 

It was suggested in the early 19th century that the friction in lubricated systems 

depends more on the nature of the lubricant than on the nature of the materials in 

sliding contact. Then the Petrov equation 7-15 (Budinski, 1992) was developed as 

shown in Figure 7-14; this equation states that: 

  (
     

 
) (

  

 
)............................................................. 7-15 

Where μ is friction coefficient, R is the shaft radius, η is the viscosity of the 

lubricating fluid, l is the bushing length, h is the film thickness, u is the shaft 

velocity, and L is the normal force. 
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Figure 7-14 Petrov equation for the coefficient of friction of a lubricated tribosystem 

(Budinski, 1992). 

The Petrov equation suggests that friction in a lubricated system is a function of the 

system conditions and the nature of the lubricant. The most accepted model for 

determining the friction coefficient between two solid surfaces is probably that 

proposed by Bowden and Tabor (Budinski, 1992) (equation 7-16):  

   
 

 
  ............................................................... 7-16 

Where μk is the kinetic friction coefficient, H is the bulk hardness of the softer 

material, and s is the shear strength of asperity junctions.  

The Bowden and Tabor model (Budinski, 1992) is an extension of the asperity 

contact theory; this theory proposed that tribological interaction between two 

surfaces depends on the points in touch between the two surfaces, where asperities 

on one surface make contact with asperities on the other surface. The problem with 

this theory is that the equation assumes that the strength of the surface asperities is 

known, when the term asperity usually refers to the microtopological features of a 

u (shaft velocity) 



90 

surface, and the surface roughness is the most common surface property studied in 

conjunction with the asperity contact theory. This information is not easy to 

determine experimentally. Bikerman (1976) proposed the deformation theory of 

friction which suggests that frictional force is a function of path length and the work 

of deformation of surface asperities during relative motion: 

F = kwd  .................................................................................... 7-17 

Where F is friction force, k is a constant that depends on the mechanical properties of 

the two solids, d is the depth of disturbed material, and w is the width of disturbed 

material. This model is essentially the same as the Bowden-Tabor model, but it 

simply states that the friction force is the force required to deform materials on the 

surface of a sliding member.  

Many other models have been proposed for calculating the friction coefficient. 

7.2.14.1 Friction Testing Techniques 

The inclined plane by Leonardo remains one of the more commonly accepted 

techniques for measuring friction. Popular methods for measuring forces of friction 

are shown in Figure 7-15 to demonstrate the concept of sliding friction. 

  

Figure 7-15 Schematics of current friction-measuring concepts in the inclined plane 

test (Budinski, 1992). 

(b) (c) (a) 
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As illustrated above in Figure 7-15 (a), one surface is placed on the plane and the 

plane is tilted until the object starts to move. The static friction coefficient equals the 

tangent of this critical angle, μ= tanθ. The problem with this measuring method is 

that a single material does not have a coefficient of friction, and it does not simulate 

many real-life tribo-systems; Figure 7-15 (b) is a capstan test because it is employed 

in capstans used to hold lines under tension; Figure 7-15 (c) can be used to determine 

both kinetic friction and static friction. This system can be any system where the 

motion of one member is produced by a load cell, when pulling a block on a flat 

surface with a load sensor yields the friction force F in the basic friction equation, F 

= N. 

In wear studies, it is common practice to restrain a member with a load cell; the 

coefficient of friction is calculated from the measured force; this is probably the most 

common method of measuring friction force. Most devices use a force sensor which 

is essentially a calibrated spring; this has a spring constant that determines the 

sensitivity of the system (Budinski, 1992). 

7.2.14.2 Test Parameters 

Friction test parameters, such as load and speed, should be as close as possible to 

actual conditions. Sometimes the actual conditions’ parameters are difficult to 

simulate in a laboratory environment. The loads and speeds may be out of the range 

of the lab equipment or, sometimes, testing at actual conditions takes too long. A 

valid friction test does not require loads and speeds to be duplicated exactly. The 

coefficients of friction are relatively insensitive to loads and speed up to the point 

where these parameters affect the test surfaces’ properties (Al-Samarai, 2012; 

Budinski, 1992). 

Sliding speed for a friction test can range from 10-100 mm/s. For optimal results, test 

equipment should yield a wider range of sliding speeds. If the actual operating speed 
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is unusually low or high, unique conditions of friction may be produced that can be 

simulated only by test speeds in the range of concern. For instance, we may need a 

very low speed of less than 10 mm/s, such as a linear motion at a speed of 1.6 μm/s; 

this was used to sturdy plastic and competitive plain bearings for a compact disk 

drive scanner that has to slide. This slow speed caused many materials to display 

stick-slip behaviour. When higher speeds were used, this behaviour did not occur. 

For conditions such as these, the speed should be duplicated as closely as possible. 

The same type of reasoning should also be applied to test loads. As a rule of thumb, 

then, the highest load that does not exceed the compressive strength of either 

member in the test couple should be used if it is not possible to simulate the service 

load. This is particularly applicable to Hertzian load situations. The other important 

aspect is the value that may be reported; as previously mentioned, friction force is 

not constant throughout a test, so the most meaningful data in the test are the 

maximum, the minimum, the mean, and the standard deviations (Budinski, 1992). 

In fact, the statistical test recommended for all friction tests (Figure 7-16) is the 

simple test of differences; if error bars coinciding with plus or minus two standard 

deviations are plotted with the mean data of the test, a visual test of differences can 

be made and, as in Figure 7-16, if the error bars overlap, the test results are not 

statistically different. For example, only couple A differs whereas couples B, C and 

D have the same frictional properties (Budinski, 1992). 
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Figure 7-16 An example of graphical use of statistics to show differences in 

coefficients of friction between various material couples (Budinski, 1992). 

Most tests of friction are very repeatable within a laboratory environment. Most 

studies using a bench top friction tester can have statistical accuracy with as few as 

10 replicates per system. 

A proposed method for analysing wear problems is to look at the tribo-system and 

tabulate all of the system outputs and inputs. Friction is considered to be a system 

loss, but certain components of friction should be noted and recorded. From the 

aspect of system usability, sometimes these system losses are more important than 

the friction force. 

Stick-slip behaviour can also be found in friction tests. It is defined as a relaxation 

oscillation usually associated with a decrease in friction coefficient as the relative 

velocity increases; for example, a door creaks when it is opened slowly. Stick-slip is 

the jerky motion that sometimes results when one object is slid over another and, as 

in Figure 7-17, if a mass is being pulled by a line, the mass will stick, then rapidly 

move, then re-stick, and so on. Under such conditions, a friction-versus-time 

recording may resemble the graph below. 
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Figure 7-17 Friction force recording for a system displaying stick-slip behaviour 

(Budinski, 1992). 

7.3 Wear 

Wear is defined as removal or displacement of material, leading to damage to a solid 

surface by the mechanical action of a contacting gas, liquid or solid. 

7.3.1 Wear Classification 

Wear can be lubricated or non-lubricated and can be classified into three essential 

types based on the type of motion: 

 Sliding wear; 

 Impact wear;  

 Rolling contact wear. 

And each one can be classified as follows: 
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7.3.1.1 Sliding Wear 

Sliding wear can be classified as in Figure 7-18. 

 

Figure 7-18 Sliding wear classification (Davis, 2001). 

7.3.1.2 Impact Wear  

Impact wear is classified as in Figure 7-19: 

 

Figure 7-19 Illustrating the classification of impact wear (Davis, 2001, p. 54). 

7.3.1.3  Rolling Contact Wear 

Rolling contact wear can be classified as: 

 Rolling contact wear; 

 Pure rolling contact. 
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7.3.2 Wear Mechanisms (or Processes) 

 There are four principal wear processes (Jin et al., 2006):Adhesive wear;  

 Abrasive wear;  

 Surface fatigue;  

 Erosive; 

 Corrosive wear. 

7.3.2.1 Adhesive Wear 

Adhesive wear occurs when two solid surfaces slide over each other under pressure. 

Surface projections, or asperities, are plastically deformed and eventually welded 

together by the high local pressure. As sliding continues, these bonds are broken, 

producing cavities on the surface, with frequently, tiny, abrasive particles, all of 

which contribute to further wear of surfaces, Figure 7-20. 

High normal pressure at points of contact between metal surfaces, and because of 

penetration of surface covering layers, absorbed gases, adsorbed chemical layers, and 

oxides, plastic deformation of softer metal can cause cold welding to take place when 

contact between surfaces occurs where asperities touch (Glaeser, 2006). 

 

Figure 7-20 Schematic diagram showing adhesive wear (Gordon, 2007). 
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The total area of contact is equal to the summation of individual asperity contact 

areas, and when contact area is proportional to normal load, local plastic 

deformation may occur. 

For adhesive wear, the volume of material removed is proportional to the load across 

the contacting surfaces and the sliding distance, and inversely proportional to the 

hardness of the surface being worn. That is, in most cases adhesive wear obeys the 

following equation: 

    
   

H
 ........................................................................................ 7-18 

  = C 
   

H
 ...................................................................................... 7-19 

Where Q is volume of material removed, C is coefficient of wear, L is the load, x is 

distance traversed, and H is the hardness of the surface. 

If d is the effective diameter of the junctions, the total real area of contact (A) is 

given by equation 7-20. 

A= n. . d
2

4
   ........................................................................ 7-20 

Where n is the number of junctions. 

By the time the two materials have moved a distance d, the junctions have sheared. If 

the proportion of junctions which produce a wear fragment is k, and the shape of 

each fragment is hemispherical, then the volume of wear produced in sliding any 

distance d is given by equation 7-21. 

 .d = k.n. . 
 

12
 …............................................................ 7-21 

The volume of wear produced in sliding any distance x is therefore given by the 

following equations: 
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  = k.n. . 
 

12
  

 
 …............................................................. 7-22 

  = k.n. . 
 
 

12
  ….................................................................. 7-23 

And, from equations 7-11, 7-20 and 7-21, the volume of wear can be calculated as 

follows:  

  = k.L. 
 H

  ............................................................................. 7-24 

This adhesive wear equation based on a simple model is exactly the same as the 

experimentally-derived equation 7-19 except that the contact C has been replaced by 

k/3 (Spencer, Elsener and Heuberger, 2011). 

7.3.2.2 Abrasive Wear 

When material is removed by contact with hard particles, abrasive wear occurs. The 

particles may be either present at the surface of a second material or may exist as 

loose particles between two surfaces (Glaeser, 2006), Figure 6-21.  

 

 

Figure 7-21 Schematic diagram showing abrasive wear (Gordon, 2007). 

Five processes give rise to abrasive wear: Plowing, Cutting, Micro-cracking, Micro-

fatigue, and Wedge formation (Figure 7-22). 
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Figure 7-22 Schematic summary of five processes giving rise to abrasive wear 

(Tylczak, 1992). 

Plowing: Damage occurs to the near surface of the material in the form of a build-up 

of dislocations through cold work. The plowing is the process of displacing material 

from a groove to the sides, and this type of wear occurs under light loads and does 

not result in any real material loss (Tylczak, 1992).  

Micro-Fatigue: If later scratches occur on this cold-worked surface, then the 

additional work could result in loss through cold work. 

Wedge is when the ratio of shear strength of the contact interface relative to the shear 

strength of the bulk rises to a high enough level. In this case, the total amount of 

material displaced from the groove is greater than the material displaced to the sides 

(Tylczak, 1992).  

Cutting is the most severe form of wear for ductile material. During the cutting 

process, the abrasive tip removes a chip. For a sharp abrasive particle, a critical angle 

exists, for which there is a transition from plowing to cutting. This angle depends on 

the material being abraded. 

Cutting 

Micro-cracking Wedge 

Micro-fatigue Plowing 
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Micro-Fracture: This is often the predominant mode of severe wear for ceramic 

materials, and is active in materials such as white cast irons. Also, melting or other 

thermally related mechanisms of loss are possible. This occurs when forces applied 

by the abrasive grain exceed the fracture toughness of the material.  

 

   

(a) Plowing              (b) Wedge formation               (c) Cutting 

Figure 7-23 Scanning electron microscope images for 3 processes of abrasive wear  

(Tylczak, 1992). 

Figure 7-23 shows the mechanisms of cutting, wedge formation and plowing for 

ductile materials. It was found that the degree of penetration was critical to the 

transition from cutting and wedge formation to plowing, where the degree of 

penetration is defined as depth of penetration divided by the contact area. 

Abrasive Wear Rates 

Maximum volume of metal removed (V) by cutting is given by equation 7-25 

       ................................................................ 7-25  

Where A is the cross-sectional area of groove, d is the distance slid. It should be 

noted that A depends on depth of penetration, p, and shape of abrasive. 

        ….......................................................... 7-26 
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Where k1 is shape factor. On the other hand the depth of penetration p depends on 

load L, hardness H of the material, and shape of abrasive (Ekberg, 1997; Tylczak, 

1992). 

     
 

 
  …................................................................ 7-27 

Where K1, K2 are both dependent on the shape of abrasive and determine the 

possibility that plowing instead of cutting may occur. Round abrasives may roll 

instead of cut, and abrasives may break down into smaller particles. From equations 

7-25, 7-26 and 7-27, the wear volume V could be written as the following equation 

which is commonly known as Archard’s equation; this equation has been derived 

from adhesive wear and it is very useful for abrasive wear (Ekberg, 1997). 

     
   

 
  ….............................................................. 7-28 

There is another equation that is commonly used to describe whether the material has 

good wear resistance (R) or not; it is simply defined as the reciprocal of wear 

volume: 

  
 

 
  …...................................................................... 7-29 

Certain material properties have been shown to affect abrasive wear; these properties 

include elastic modulus (E), hardness (H), yield strength, melting temperature, 

composition, crystal structure and microstructure. Wear resistance sometimes 

increases with hardness, when High H/E ratio favours high elastic strains which 

absorb energy without metal removal. 



102 

The Pressure, Sliding Velocity Relationship 

Experience has shown that the rate of depth of wear in dry and boundary-lubricated 

bearings is proportional to the product of nominal pressure (P) and sliding velocity 

(v), and therefore a certain acceptable rate of depth wear is associated with a constant 

(P.v) value. In practice it is extremely difficult to compare the (P.v) values given by 

different manufacturers for different materials because the conditions under which 

they were obtained vary and are not usually stated. 

The wear relationship on which the use of (P.V) values is based is: 

          ............................................................... 7-30 

Where ht is the rate of depth wear, P is the nominal contact pressure, v is the sliding 

velocity, and k is a constant. It can be shown that this equation is merely the basic 

wear equation: 

    
   

 
  …............................................................... 7-31 

In a different form and, thus, at a certain time (t) the depth wear (h) is given by: 

           ............................................................... 7-32 

Since velocity multiplied by time (   ) equals sliding distance (x), then: 

         .................................................................. 7-33 

When P equals load (L) divided by projected area of contact (A): 

  
 

 
  ........................................................................ 7-34 

 Thus from equations 7-31, 7-32 
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           …........................................................ 7-35 

When (h.A) is equal to the volume of wear, then: 

         ………………….. ................................. 7-36 

Equation 7-36 is the basic wear equation 7-19, with the constant C/H replaced by the 

constant k (Söderberg, 2009). 

7.3.2.3 Cavitation Erosion 

Erosion is generally regarded as mass loss from the surface and, for most materials 

under most forms of cavitation, is preceded by an incubation period, during which 

the material will deform either plastically or elastically (Figure 7-24). Furthermore, it 

should be noted that, for some applications, a roughening of the surface by plastic 

deformation without actual loss of mass can render the part unusable for that 

application. Thus, cavitation damage without mass loss can be regarded as erosion 

for those applications (Gordon, 2007). 

Cavitation is the formation and collapse, within a liquid, of cavities or bubbles that 

contain vapour or gas. Normally, cavitation originates from changes in pressure in 

the liquid brought about by turbulent flow or by vibration, but can also occur from 

changes in temperature (boiling). Cavitation erosion occurs when bubbles or cavities 

collapse on or very near the eroded surface. The mechanical shock induced by 

cavitation is similar to that of liquid impingement erosion causing direct localized 

damage to the surface or by inducing fatigue (Gordon, 2007). 
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Figure 7-24 Schematic of erosion (Gordon, 2007). 

Other forms of wear include corrosive wear, brittle fracture wear, and surface fatigue 

wear. Corrosive wear occurs when materials slide against each other in a corrosive 

environment. In cases where the products of corrosion would not normally protect 

the material from further corrosion their removal by wear has little effect, and the 

rate of loss of material is essentially independent of sliding. In cases where the 

corrosion products do form protective layers the rate of loss of material depends on 

the wear resistance of these layers. If the layer is easily worn away, active corrosion 

of the base material will ensue. If, on the other hand, the protective film has a greater 

wear resistance than the parent material the corrosive environment will actually 

reduce the rate of material loss (Tylczak, 1992). 

Corrosion is an electrochemical process and can therefore only occur in metallic 

materials. Furthermore, ceramics and polymers can react chemically with their 

environment and this can produce a decrease in their mechanical properties, 

including wear resistance (Bundy, 2008). 

7.3.2.4 Corrosive wear 

A process in which chemical or electrochemical reactions with the environment 

causes as oxidative wear (Jin et al., 2006). 
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7.4 Lubrication 

7.4.1 Introduction to Lubrication 

Lubrication is introduced between two sliding solids by adding a solid, liquid, or 

gaseous lubricant at the sliding interface to reduce wear and friction, and also to 

carry away heat and debris generated during the sliding process. There are many 

factors that affect lubrication processes, such as the following: 

 Roughness and texture of the sliding surfaces;  

 Gross geometry of the contacting bodies;  

 The pressure, temperature and contacting load; 

 Environmental conditions;  

 Rolling and sliding speeds;  

 Properties of the near-surface layer; 

 Chemical and physical properties of the lubricant;  

 Material composition. 

Figure 7-25 shows the two basic geometries for lubricated surfaces: counterformal 

and conformal. The counterformal surfaces normally appear in sliding journal and 

thrust bearings, machine guideways, and seals. Furthermore, in conformal bearings 

surfaces are usually separated by a gas or thick oil film generated hydrodynamically 

by the surface velocities or hydrostatically by an externally pressurized lubricant 

(Cheng, 1992).  
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Figure 7-25 Geometry of counterformal and conformal contacts (Cheng, 1992). 

Conformal surfaces usually operate in the regime of thick film hydrostatic or 

hydrodynamic lubrication. Lubrication performance is measured by friction, pressure 

and film thickness and can be predicted readily from analyses based on the Reynolds 

equation (Cheng, 1992).  

Lubrication of counterformal contacts takes place in a small concentrated area, 

compared with conformal surfaces, known as the Hertzian conjunction. In these 

contacts, lubricant pressure is very high, and film thickness is very thin, of the same 

order of the surface roughness. Lubricant performance is affected strongly by the 

elastic deformation of the bearing surface. The elastohydrodynamic theories can be 

used to determine the lubricant film thickness and pressure and their distribution in 

the conjunction (Cheng, 1992).  

7.4.2 Lubrication Regimes 

During sliding of two surfaces in contact, the load is carried by many asperities on 

the surfaces, and the total tangential force required to shear these asperity junctions is 

usually high, causing unacceptable surface damage, friction and wear. Therefore, a 

lubricant is deliberately introduced to separate the asperities either partially or totally 

to allow easier sliding and to reduce the frictional force. The used lubricant may be 

liquid, gas or solid. The liquid and gas lubrication regimes can be divided into three 
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main types: Full fluid film lubrication, mixed lubrications and boundary lubrications. 

These three types of lubrication are normally described by the Stribeck curve, as in 

Figure 7-26, which was first recognized in 1902 by Stribeck, who observed the 

variation of the sliding friction with a lubrication parameter. 

The three types of lubrication were described by a German engineer in 1920 (Jin, 

2006).  A constant friction factor with increasing Sommerfeld number indicates 

boundary lubrication; a decreasing friction factor with increasing Sommerfeld 

number indicates mixed lubrication, and an increasing friction factor with increasing 

Sommerfeld number indicates fluid film lubrication (Figures 7-26 and 7-27) (Jin, 

2006).  

 
Figure 7-26 Stribeck curve showing lubrication regimes and their effect on friction 

coefficient (Fusaro, 1994). 

   

 

Figure 7- 27 Surface contacts in different regimes (Hamrock, 2001). 

(a) Boundary 

lubrication (BL) 

(b) Mixed 

lubrication (ML) 

 

(c) Full fluid 

lubrication (FFL) 
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The lubrication between two sliding surfaces can shift from one of the three regimes 

to another, depending on the lubricant viscosity, load, speed, surface roughness and 

contact geometry of both surfaces. 

7.4.2.1 Fluid Film Lubrication  

When the asperities of two surfaces are totally separated by a lubricant film thickness 

many times larger than the size of the lubricant molecules, the lubrication is then 

referred to as fluid film lubrication or thick film lubrication. In Figure 7-26 on the 

right-hand side, where the friction increases slightly with the lubrication parameter, it 

is known that the lubrication is in the thick film regime. The thick film could be 

hydrodynamic, hydrostatic, elastohydrodynamic or plastohydrodynamic lubrication 

(Hamrock, 2001). 

Hydrodynamic Lubrication 

The non-conformed surfaces are separated by an entrained fluid film, which is 

thicker than the roughness (asperity heights) on the surfaces (Widmer, 2002). When 

fluid lubricant is present between two sliding and/or rolling surfaces, a thick 

pressurized film can be generated by the surface velocities to reduce wear and 

friction. This type of lubrication is commonly called hydrodynamic lubrication, 

which can be generated by the normal and tangential relative motion between two 

surfaces. The effectiveness of such lubrication depends directly on lubricant viscosity 

and relative speed. 

Hydrodynamic film thickness can be formed by squeezing the lubricant out of the 

contact area with the relative normal velocity between the contacting surfaces, 

known as squeeze film action, or by wedging the lubricant through a convergent gap 

with the tangential surface velocities, known as wedging film action (Hamrock, 

2001), Figure 7-28. 
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Figure 7-28 Mechanism of pressure development for hydrodynamic lubrication: (a) 

slider bearing; (b) squeeze film bearing; (c) externally pressurized bearing (Hamrock, 

2001). 

Squeeze Film Action 

If the slider moves downward at a velocity normal to the surface, for a flat slider with 

a perfectly parallel gap, the lubricant pressure will be generated by squeezing out the 

lubricant at both edges, as a parallel film, Figure 7-29. For bearings operating under 

dynamic loads or reciprocating motion, the squeeze film action can develop along 

with wedging action (Naduvinamani and Siddangouda, 2009; Fein, 1992).  

 

Figure 7-29 Squeeze film action in a hydrodynamic slider (Fein, 1992). 

(c) (b) (a) 
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Wedging Film Action 

In a converging hydrodynamic slider, the thinner film at the exit section can transport 

less lubricant than the thicker film at the inlet section. Because the flow in an 

infinitely wide slider should be constant throughout the entire section, the lubricant 

pressure must rise at the inlet section to impede the flow and decrease at the exit 

section to enhance the flow. 

Temperature significantly affects hydrodynamic lubrication by reducing film 

thickness and lubricant viscosity. For this reason, lubricants with a high thermal 

stability are generally preferred. On the other hand determinations of lubricant film 

thickness that fully account for thermal effects require very complex analyses and 

lengthy computations (Fein, 1992). 

Hydrostatic Lubrication 

Hydrostatic lubrication is likely to be generated for very slow contacts, when a thick 

film is not likely to develop unless an externally pressurized lubricant is introduced 

into the lubricant film (Fein, 1992).  

Elastohydrodynamic Lubrication 

Local pressures are high enough to cause deformation of the surfaces and increase 

the viscosity of the lubricant (Widmer, 2002), and a thick film lubrication resulting 

from the surface-flattening effects of elastic deformation is known as 

elastohydrodynamic lubrication (EHL). For highly loaded contacts, elastic 

deformation of the surfaces can broaden and redistribute the lubricant pressure and 

contact area, thus greatly increasing the lubricant film thickness and load capacity 

compared with those generated by rigid contacts (Dowson and Jin, 2005; Flannery, 

2010; Jagatia and Jin, 2002; Jin et al., 2006; Mattei, 2010; Udofia, 2003).  
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The influence of deformation on lubrication performance becomes a significant 

parameter. Therefore EHL is extremely important in determining friction and wear in 

many mechanical components (Fein, 1992).  

Plastohydrodynamic Lubrication 

In metalworking processes, a thick lubricant film can also be formed at the interface 

between the rigid die surface and the plastically deformed surface of the work piece 

to control friction and wear. This mode of thick-film lubrication and a plastically 

deformed surface is known as plastohydrodynamic lubrication (PHL). 

7.4.2.2 Mixed Lubrication 

The mixed lubrication or thin film lubrication is generated if the asperities of two 

surfaces are only partially separated by a molecularly thin lubricant film, and part of 

the load is carried by the fluid pressure and the rest is borne by contacting asperities.  

Thin film lubrication of concentrated contacts occupies the regime between boundary 

lubrication, where asperity contacts carry the entire load, and thick film 

elastohydrodynamic lubrication, where the entire load is supported by the lubricant 

pressure. In thin film lubrication, the load is shared by the asperity contact pressure 

and the hydrodynamic (or fluid) pressure; therefore thin film lubrication is 

sometimes known as mixed lubrication, as shown in Figure 7-26 in the middle, and 

thus lubrication is in the mixed mode, or thin film regime (Dowson and Jin, 2005; 

Flannery, 2010; Jagatia and Jin, 2002; Jin et al., 2006; Mattei, 2010; Udofia, 2003). 

7.4.2.3 Boundary Lubrication 

Boundary lubrication is a form of thin film lubrication, when the entire load is 

carried by asperities lubricated by surface films of molecularly thin gases, liquids, or 

solids. 
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In Figure 7-26 at the far left, where the friction is nearly constant, lubrication is in 

the boundary regime. 

In the boundary lubrication regime, the frictional coefficient is usually insensitive to 

load, viscosity or speed. The load is totally supported by the asperity contacts. Wear 

and friction behaviour is completely governed by any film that happens to be on the 

surface, either planned or unplanned. The frictional coefficient, μ, for ferrous 

surfaces lubricated by non-reactive oils is generally between 0.1-0.15; for asperities 

partially lubricated by surface films the frictional coefficient, μ, can increase to 0.5. 

The coefficients of friction between most dry sliding iron oxides with three types of 

surface films are commonly known to be effective in boundary lubrication: 

chemically adsorbed, physically adsorbed, and chemically reacted surface films 

(Dowson and Jin, 2005; Fein, 1992; Flannery, 2010; Jagatia and Jin, 2002; Jin et al., 

2006; Mattei, 2010; Udofia, 2003;). 

7.4.2.4 Solid Lubrication 

This functions by providing a solid interfacial film of low shear strength (Widmer, 

2002).  

Table 8-1 gives typical friction factor values/range for various lubrication regimes 

encountered for various artificial joints. 

Table 8-1 Typical friction factors for different bearings of artificial hip joints in the 

presence of bovine serum (Jin, 2006). 

Lubrication regimes  Friction factor 

Fluid-film lubrication 0.001-0.01 

Mixed lubrication  0.01-0.1 

Boundary lubrication  0.1-0.7 
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Chapter 8 

Rheology and Lubrication in Hip Joint 

8.1 Introduction 

The synovial joint is an amazing body part since it has low friction and low or no 

wear in healthy people; many studies of natural joints confirm this as being an ideal 

joint. The natural joints consist of articular cartilage, i.e. layers of bearing material on 

relatively hard bones. The synovial fluid lubricant is a water-based fluid containing 

hyaluronic acid, a tacky, viscous fluid which ensures the production of fluid-film 

lubrication under most conditions in healthy joints. In addition it combines with 

protein to form a very effective boundary lubricant. Due to the use of artificial joints 

as replacements for diseased and painful joints, a joint with low friction and good 

properties is the goal for most researchers. The Stribeck curve, as illustrated before, 

is the standard way to describe the mechanism of the joint lubrication regime 

(Dowson, 1992). 

However, the lubrication regimes suggested by experiments to be prevalent in natural 

joints and confirmed by theoretical work appear to be microelasto-hydrodynamic and 

elastohydrodynamic (Blau, 1992) (see Figure 8-1). 
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Figure 8-1 Friction coefficient against Sommerfeld number for hip function using hip 

simulator studies for human hip joint of a 20-year-old (Unsworth, 1995, p. 490). 

The bearing material (articular cartilage) is elastic and porous. Human and animal 

joints such as knees, hips and ankles are expected to give minimal wear and low 

friction during articulation over the owner’s lifetime. These joints are essentially 

spherical (or cylindrical) balls which rotate on bone cups; both surfaces are covered 

by porous cartilage and all contacts are lubricated by a natural lubricant called 

synovial fluid. These joints give the owner a wide range of movements including 

jumping, walking and standing. New experiments in synovial fluid have focused on 

the development of artificial joints and the fundamental processes in natural joints. 

Lubrication remains the key factor for low friction and minimum wear. The main 

interest in most similar experiments concerns the type of lubricant film in natural 

synovial joints and artificial joints when replaced in the human body. If the 

lubrication is carefully understood, this leads to a better design of artificial joints and 

easier repair of damaged natural joints. When the rubbing surfaces are articular 

cartilage, in old age or following joint trauma and damage to the cartilage this is 
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lubricated by synovial fluid which is a protective interfacial film preventing surface 

damage. However, in the case of osteoarthritis (OA), disability and pain are the main 

reasons for joints’ replacement. The artificial cartilage and joint replacement can be 

improved by optimized mechanical properties and surface engineering. On the other 

hand, the predominant mechanisms of lubrication in artificial and natural synovial 

joints have not been clearly ascertained. Synovial fluid contains a significant 

proportion of globulin (serum protein) and albumin, and these proteins are known to 

have an effect on hip implants’ wear (Roba, 2009; Spikes, Amis and Cann, 2010). 

Spikes, Amis and Cann (2010) have demonstrated that the proteins rapidly form 

deposited surface layers 10-30 nm thick and these separate the surfaces under load at 

zero speed. Proteins in the inlet region at the sliding contact may produce a high 

viscosity of material which leads to the thicker hydrodynamic films. Also, they 

showed that films provide protection from mechanically-induced wear, but damage 

to implant surface still occurred, suggesting that corrosive wear of the surfaces plays 

a main role and that this will be affected by various synovial fluid chemistries. This 

might explain why some patients experience very high wear rates with otherwise 

well-functioning hip implants (Spikes, Amis and Cann, 2010). In general the 

understanding of tribology of joints is the key to a good design and for avoiding high 

frictions leading to high rates of wear. 

8.2 The Lubricant in Healthy Natural Joints 

The lubricant in healthy natural joints is synovial fluid and in total joint replacements 

it is periprosthetic synovial fluid, similar to that obtained from patients with 

osteoarthritis. The synovial fluid consists of blood plasma, with a long chain polymer 

known as hyaluronic acid (HA) that increases the viscosity of the lubricant; without 

HA the viscosity of the lubricant will be similar to that of water (Higginson and 
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Unsworth, 1981).  The sliding and entraining speeds arise around a horizontal axis 

associated with flexion-extension and the load component is roughly in the vertical 

direction, as shown in Figure 8-2, for speed and load applied in natural hip joints 

during the walking cycle. It can be seen from the curve in Figure 8-2 that the load 

magnitude is opposite the speed magnitude at the same point; i.e. when the load is 

highest the speed is lowest. During the swing phase the load is low at about 20 N and 

the speed is too high, while at stance phase the load rises to 2000 N when the 

velocity is too low, see Figure 8-3. 

 

 

Figure 8-2 Applied forces in hip joint and angular velocities at different parts of the 

walking cycle (Dumbleton, 1981, p. 50). 
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Figure 8-3 Vertical loads on a hip joint during one walking cycle (Unsworth, 1995, p. 

490). 

Moreover, the stress increases with time in synovial fluid during steady shear which 

is attributed to protein aggregation; this is thought to largely enhance the viscoelastic 

properties of synovial fluid (Neville et al., 2007). 

Furthermore, as shown in Figure 8-4, the decrease in viscosity with increased shear 

rate leads to shear-thinning (Neville et al., 2007), i.e. a non-Newtonian flow with 

pseudoplastic behaviour. 
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Figure 8-4 Shear-thinning properties for the samples of patient’s fluid joint 

undergoing TKA and revision TKA (Neville et al., 2007; Mazzucco et al., 2002, p. 

1159). 

8.3 Viscosity Effect on Lubrication 

Viscosity is the degree to which a fluid resists flow, and it is the most important 

property of a lubricant. Viscosity relates directly to the ability of the lubricant to 

separate bearing surfaces, and often correlates with other performance characteristics 

(Fein, 1992). Viscosity is also termed a drag force and is a measure of the frictional 

properties of the fluid. It is a function of pressure and temperature. Although it 

changes with pressure and temperature, they affect the viscosity in a different 

manner. Viscosity is generally expressed in two distinct forms: 

 Kinematic viscosity; 

 Absolute viscosity (Viswanath et al., 2007), Figure 8-5. 

Kinematic viscosity is dynamic viscosity divided by density (Fein, 1992), or in other 

words, dynamic viscosity is the tangential force per unit area required to slide one 
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layer (A) against another layer (B) Figure 8-6. The force F applies on A and B to 

slide at velocities v1 and v2, respectively (Viswanath et al., 2007). 

The rate of change with temperature depends primarily on viscosity level, and as the 

pressure increases viscosity, the effects become appreciable for mineral oils at 

pressures above the order of 10 MPa (Fein, 1992). 

 

Figure 8-5 Slider bearing illustrating absolute viscosity (Hamrock, 2001). 

 

 

Figure 8-6 Simple shear of a liquid film (Fein, 1992). 

  
            

                 
 .................................................... 8-1 

  
 

 ̇
  …...................................................................... 8-2 

  



120 

Where η is the dynamic viscosity, σ is shear stress and  ̇  = shear strain rate 

(Viswanath et al., 2007), and in general: 

 ̇  
 

 
 
  

  
  ….............................................................. 8-3 

 ̇  
 

 
  …................................................................... 8-4 

Where x is the length, t is the time, and v is the velocity which is equal to dx/dt; 

therefore, the dynamic viscosity η can be written as equation 8-5: 

    
 

 
  …................................................................ 8-5 

8.3.1 Viscosity Units 

In the SI System (System International Units) the dynamic viscosity units are N·s/m
2
, 

Pa·s or kg/m·s where N is Newton and Pa is Pascal. 

Where, 

1 Pa·s = 1 N·s/m
2
 = 1 kg/m·s 

In the CGS system (Centimeter-Gram-Second) the dynamic viscosity is usually 

expressed as g/cm·s, dyne·s/cm
2
 or poise (P) when, 

1 poise = dyne·s/cm
2
 = g/cm·s = 1/10 Pa·s 

The dynamic viscosity in the British system of units is expressed in lb/ft·s or lbf·s/ft
2
. 

However, the SI unit system is the most widely-used unit of viscosity (Viswanath et 

al., 2007). 
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8.3.2 Viscosity of Various Fluids  

The flow properties of liquids are mainly dependent on the viscosity and are 

generally divided into three categories: Time-dependent non-Newtonian, Time-

independent non-Newtonian, and Newtonian, as shown in Figure 8-7. 

 

Figure 8-7 Flow behaviour of various fluids (Viswanath et al., 2007, p. 7). 

Time-dependent non-Newtonian fluids display a change in viscosity with time under 

conditions of constant shear rate. One type of fluid is Rheopectic for which fluid 

viscosity increases with time as it is sheared at a constant shear rate (Figure 8-8a). 

The other type is Thixotropic which undergoes a decrease in viscosity over time 

(Figure 8-8b). 

For time-independent non-Newtonian fluids, when the shear rate is varied, the shear 

stress does not vary proportionally. These include pseudoplastic, dilatants and 

Bingham plastic. 

When the viscosity of a liquid remains constant and is independent of the applied 

shear stress, such a liquid is termed a Newtonian liquid. 
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Figure 8-8 Change in Viscosity of time-dependent non-Newtonian fluids (Viswanath 

et al., 2007, p. 7). 

Newtonian fluids have a linear relationship between shear stress and shear rate at a 

certain temperature and the slope is constant and independent of the shear rate. The 

magnitude of the slope is the fluid viscosity. All gases, for instance, are Newtonian. 

Also, liquids with low molecular weight and solutions of low molecular weight are 

normally Newtonian. Furthermore, liquids with high molecular weight, including 

polymer solutions and polymer melts, are often non-Newtonian. In this situation the 

slope of the shear stress against shear rate curve will not be constant and it will 

change with shear rate. 

Non-Newtonian time-independent fluids can be divided into two main types: Shear-

thinning and shear-thickening. Shear-thinning is when the viscosity decreases with 

increasing shear rate (Figure 8-9). Shear-thinning behaviour is more general than 

shear-thickening and is also called pseudoplastic. Figure 8-10 shows a typical shear 

stress versus shear rate for a shear-thinning fluid. Shear-thickening is when the 

viscosity increases by increasing shear rate (Figures 8-11 and 8-12). Many shear-

thinning fluids will display Newtonian behaviour at both very low and high shear 

rates. The regions where the apparent viscosity is approximately constant are known 

 (a)  (b) 
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as Newtonian regions. This region is known as the power-law region (Subramanian, 

2001). The Power Law model takes the form of: 

      ̇     …............................................................ 8-6 

Where n Power Law Index (or Flow Index) and K is constant. The n power is a 

determinant of non-Newtonian-ness. For instant, a fluid with Power Index equal 1 is 

a Newtonian; for a shear-thinning fluid it is between 0 and 1 and for a shear 

thickening fluid it is greater than 1 Figure 8-13 (Cunningham, 2005). 

 

Figure 8-9 Apparent viscosity versus shear rate plot for a shear-thinning fluid 

(Subramanian, 2010). 
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Figure 8-10 A typical shear stress versus shear rate plot for a shear-thinning fluid 

(Subramanian, 2010). 

 

Figure 8-11 A typical shear stress versus shear rate plot for a shear-thickening fluid 

(Subramanian, 2010). 



 

125 

 

Figure 8- 12 Apparent viscosity versus shear rate plot for a shear-thickening fluid 

(Subramanian, 2010). 

 

Figure 8-13 Illustrates how power law index and consistency values relate to the 

shape of the flow curve (Subramanian, 2010). 
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Chapter 9 

Hip Replacement and Tribology: Brief History 

9.1 Artificial Hip Joint Replacement 

The first hip replacement was probably performed in 1891 by Theodore Glück, a 

German surgeon, using a cemented ivory ball. This procedure was not successful due 

to mechanical and biological failures (Ratner et al., 2004). Between 1923 and 1937 

Smith-Petersen invented cups progressively from glass celluloid resin, which failed 

due to bone necrosis of the femur (Draggan, 2008; Haraguchi et al., 2001). A 42 mm 

femoral head made of methyl methacrylate was invented by Judet Bros during the 

period 1930-1946 but failed because of wear and implant loosening. Wiles carried 

out the first THR using stainless steel fixed with screws which failed due to 

inadequate fixation. Figure 9-1 is an original picture of different old artificial hip 

joint designs. 

 

Figure 9-1 Different hip joint replacements from 1923 to 1946 (Smith-Petersen, 

1947). 
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During the 1950s and 1960s THR was developed and pioneered by an English 

surgeon, Professor Sir John Charnley, who was working in the northwest of England. 

Before Charnley’s pioneering implant design and materials, the pain relief and 

functional results were not particularly good, and the following image in Figure 9-2 

is Charnley’s hip stem demonstrating slightly rough surface, with 22.225 mm metal 

head (Porter and Board, 2009), while Figure 9-  shows Charnley’s original design 

with different stems for various head sizes. 

 

Figure 9-2 Charnley’s hip stem, 22.225 mm metal head (Porter and Board, 2009). 

 

Figure 9-3 Design contrasts of the original Charnley’s hip stem for different head 

sizes, known as modular implants (Porter and Board, 2009). 



128 

Sir John Charnley discovered in the late 1950s that the reason for a low friction 

coefficient in natural joints is that the cartilage is bathed in synovial fluid at the 

contact surfaces and the pressurized synovial film protects the cartilage from wear. 

McKee invented the first-generation Metal-on-Metal (Co-Cr) alloys with large heads 

and acrylic cement, which were loosened because of high friction (Figure 9-4) 

(Rieker, 2003). Charnley also used Perspex cement fixation for small 7/8 inches 

diameter stainless steel heads on PTFE cup, which also failed due to excessive cup 

wear. 

       

Figure 9-4 McKee hip endoprosthesis with MoM pairing (on the left) and (on the 

right) Muller MoM hip prosthesis (Semlitsch and Willert, 1997, p. 74). 

In 1958 Charnley’s first hip joint replacement took place using a newly designed 

PTFE femoral component on a PTFE acetabular component (Rieker, 2003). These 

joints at first reduced pain in the joint, but they failed due to wear debris from PTFE, 

and needed revision two or three years after implantation. In 1959 stainless steel 

heads on UHMWPE were invented by Sir J. Charnley with good performance of up 

to ~ 10 years which meant that Charnley had developed the low friction arthroplasty 

from a cup made of UHMWPE as an alternative to PTFE, having a diameter of a 
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22.22 mm articulated against stainless steel head. It was generally used during the 

1970s.  

Figure 9-5 is the graph of wear against implantation time for Charnley’s 

polyethylene cup on 22 mm stainless steel balls, which showed values from 20 for 

500 µm per year, and more polished balls caused lower wear rates of ~ 300 µm/year 

(Semlitsch and Willert, 1997). 

The modern artificial hip joint owes much to the work of Sir John Charnley at 

Wrightington Hospital (Venu, 2008). His work in the field of tribology resulted in a 

design that had almost completely replaced the other designs by the 1970s (European 

Medical Tourist, 2010). The work on biomaterials and bearing surfaces resulted in a 

low friction hip arthroplasty.  Since then, improvements in joint replacement have 

greatly increased the effectiveness of this process. Currently, more than 193,000 total 

hip replacements are performed each year in the United States and about 50,000 in 

the United Kingdom (Venu, 2008). 
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Figure 9-5 Wear of Charnley’s polyethylene acetabular cup on 22 mm steel balls 

(Semlitsch and Willert, 1997. P. 76). 

In the 1960s, metal-on-metal prostheses were employed (McMinn, 2009; Sedel and 

Raould, 2007) and in the late 1960s the UHMWPE was also used for knee 

replacements as individual condyles of the tibia and femur. In addition, in the 1960s 

the McKee hip prosthesis was produced with zero clearance between the ball and 

thin walled cup, but the cup was distorted and then caused cup loosening (Sedel and 

Raould, 2007; Semlitsch and Willert, 1997). Charnley’s polyethylene-on-metal 

showed low friction, and thus in 196  Muller developed Charnley’s joint for the 

larger-head polyethylene-on-metal hip joints; the metal head was CoCrMoC as cast 

alloy with a diameter of 32 mm, which increased friction. Figure 9-6 illustrates the 

wear (in µm) against implantation time for Muller’s polyethylene cup cementless 
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paired on  2 mm CoCrMoC ball. Also, in 196  Ring’s Press Fit Co-Cr head on Ti 

stem was invented. 

 

Figure 9-6 Wear of Muller’s polyethylene cup paired on a cast CoCrMoC  2 mm 

diameter (Semlitsch and Willert, 1997). 

In 1965, McKee’s idea was followed by Huggler in Switzerland, using other designs 

with zero clearance (Figure 9-7). Therefore, it was difficult for the ball to move into 

the cup due to the diameter of the head being larger than the diameter of the cup by 

200 µm; later, however, using a clearance of 200 µm between the ball diameter and 

cup made it work better. 
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Figure 9-7 Huggler hip prosthesis (MoM) (left) and Weber hip prosthesis with 

UHMWPE-on-Metal (right) (Semlitsch and Willert, 1997). 

In 1966 the total metal hip replacement was further developed by Muller in 

Switzerland with a 42 mm metal cup and a diameter difference of 200 µm. In 1968 

Charnley illustrated that both ‘Charnley’s polyethylene-on-metal and McKee’s 

metal-on-metal’ were good British designs (Semlitsch and Willert, 1997). In 1971, 

Weber (Switzerland) developed a hip prosthesis with a head of 32 mm CoCrMoC 

alloy and a polyethylene cup; at the top end of the stem was a highly polished metal 

cylinder CoCrMoC alloy, which increased wear resistance. This hip replacement has 

had good results thus far, and the values of the wear ranged from 150 to 250 µm per 

year. Figure 9-8 shows the friction coefficient against Sommerfeld number for the 

McKee-Farrar hip joint replacement using hip simulator, and the results showed that 

this joint cannot be lubricated by fluid film lubrication and that the friction factor 

was very high (≈ 0.35) (Unsworth, 1995). 
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Figure 9-8 Friction coefficient against Sommerfeld number for the McKee-Farrar hip 

joint (Unsworth, 1995, p. 490). 

 

Figure 9-9 Friction coefficient against Sommerfeld number for Charnly’s hip joint 

(Unsworth, 1995, p. 491). 

Figure 9-9 shows the friction coefficient against Sommerfeld number for Charnly’s 

joint. Only Muller’s and Charnly’s joints showed very similar friction coefficients. 
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Alumina-on-alumina prostheses were also developed by the Ceraver Company in the 

1970s because of the lower friction (Sedel and Raould, 2007; Semlitsch and Willert, 

1997). This was the first ceramic component for the hip joint (Semlitsch and Willert, 

1997), but the problem was the attachment of the ball to the stem and also the 

sintering of the ceramic. These alternative bearings almost disappeared in the 1980s 

and at this time acetabular and femoral surfaces for total hip replacement grew 

steadily; larger head diameters essentially made of CoCr alloys were introduced in 

the 1980s due to the higher risk of friction arthroplasties with 22.22 mm heads 

(Rieker, 2003). A new development of alumina-on-alumina joint was achieved in the 

1990s due to producing good quality high-purity alumina, and bending fatigue 

strength also increased from 350 MP in 1975 to 550 MPa in 2000.  These resulted in 

a low ceramic wear rate at about 10 µm per year and some cups were under-sintered 

(Sedel and Raould, 2007; Semlitsch and Willert, 1997). To avoid such issues, 

polyethylene was used as an acetabular cup, as shown in Figure 9-10, with 32 mm 

ceramic balls and reduced wear. Figure 9-11 is the graph of wear (in µm) against 

implantation time for the Muller’s hip prosthesis with ceramic ball and a diameter of 

32 mm, which showed wear rates of 20 to 200 µm per year; only a few polyethylene 

cups were subjected to wear of 300 µm, which is the same wear as the polyethylene-

ceramic and only half of that for the polyethylene-metal pairing (Semlitsch and 

Willert, 1997, p. 79). 
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Figure 9-10 Muller’s hip prosthesis PE-on-Ceramic pairing (Semlitsch and Willert, 

1997, p. 79). 

 

Figure 9-11 Wear of Muller’s polyethylene hip cup on  2 mm aluminium oxide head 

(Semlitsch and Willert, 1997, p. 80). 
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On the other hand, between 1970 and 1980, hip joints were produced from 

polyethylene cups and Ti-6Al-4V stems and heads but, due to wear, osteolysis 

occurred. Winterthur solved this problem by using a head made of the Ti-6Al-7Nb 

alloy coated with titanium nitride (3 to 5 µm) with good scratch resistance. By the 

end of the 1980s, to improve scratch resistance, the oxygen diffusion hardening of 

TiAlNb took place and was subjected to clinical trials (Semlitsch and Willert, 1997). 

The latest CoCrMoC metal-on-metal was developed in 1988 with hard material 

coating of 3 to 4 μm Ti N with good adhesive properties and low wear. 

Cementless designs consisting of a polymer element fixed to the socket of the pelvis 

by a metal shell and articulating against a metal or ceramic femoral head have now 

been used for ~ 3 decades. Recently, ceramic-on-ceramic, metal-on-metal, and 

metal/ceramic-on-highly-cross-linked liner cups have significantly reduced the wear 

rates of hip joint prostheses compared to the existing gold standard UHMWPE joints. 

The most widely-used is the highly cross-linked UHMWPE as an alternative to the 

conventional UHMWPE, particularly in the USA (Kurtz, 2004). 

Although all three choices give good results, the metal-on-metal bearings are 

expected to release metal ions into the surrounding tissue and blood for a long period 

in some patients and thus may lead to pseudo-tumours with some Hip-Resurfacing 

implants such as the ASR from DePuy which has been removed from the market. In 

the case of ceramic-on-ceramic, the problem is the risk of fracture of the acetabular 

liner and the femoral head. For the highly cross-linked UHMWPE, following wide 

multi-institutional tests, researchers are unable to determine the risks relative to the 

conventional UHMWPE as prostheses, but it clearly wears more than ceramic and 

metal (Kurtz, 2004). All the three main alternatives to conventional UHMWPE are 

expected to result in a significant reduction in osteolysis. The aim of all the 

alternative bearings is to reduce the need for revision surgery (Katti, 2004; Kurtz, 

2004). 
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The experimental work on the highly cross-linked UHMWPE was therefore carried 

out as an alternative to conventional UHMWPE. The short-term scientific results for 

the three types of highly cross-linked UHMWPE were obtained by Bragdon et al. in 

2002 and Hopper et al. in 2003. The linear wear rate of the highly cross-linked 

UHMWPE, which was irradiated by a total dosage of 100 kGy and then annealed, 

has been found to be 50% lower than the conventional UHMWPE, which is gamma-

sterilized, and this was after 2 to 3 years of follow-up (Kurtz, 2004; Hopper et al., 

2003). An Australian clinical study reported an 85% reduction in wear rates in a two-

year follow-up relative to controls employing the same annealed and highly cross-

linked UHMWPE (Kurtz, 2004). In spite of these short-term results, it is presently 

not known whether the cross-linked UHMWPE shows similar results in long-term 

clinical studies or has differences in wear, so as to reduce the need for revision 

surgery due to osteolysis. 

Recently, a conventional UHMWPE liner acetabular cup on alumina femoral head 

was used as an alternative to the standard CoCr head on UHMWPE cup. Although 

many experimental advantages were recorded in laboratory testing, clinical studies 

have in general not demonstrated a considerable reduction of in vivo wear rates 

linked with changing of the femoral head material only (Kurtz, 2004). 

McMinn was the first surgeon to insert the metal-on-metal resurfacing, in February 

1991. Unknown to him, Professor Heinz Wagner had also been developing his metal-

on-metal resurfacing, and he too inserted his first model in February 1991. Heinz and 

Michael Wagner inserted two varieties of M-o-M resurfacing and reported their 

results in 1996. Michael and Heinz Wagner abandoned hip resurfacing due to 

fixation problems (McMinn, 2009, p. 18). 

Cemented femoral components solved the femoral loosening problem and that 

McMinn has not had a femoral loosening since he started the cemented femoral 

series in March 1992. However, 67% of the cemented acetabular cup fixations after 3 



138 

years had a complete radiolucent line, and these progressive radiolucent lines later 

turned into cup loosening requiring revision surgery (McMinn, 2009, p. 18). At the 

time when the early results were reported in 1996, one patient had undergone 

revision surgery for infection and three patients had undergone revision for cup 

breakout from the cement mantle. The radiology of the cemented acetabular 

components was poor; at 1 year, 11% had a complete three-zone radiolucent line at 

the cement bone interface. At 2 years, 22% had a complete radiolucent line. On May 

9 2006, the Birmingham Hip Resurfacing was given clearance for sale in the United 

States by the FDA (McMinn, 2009, p. 40) 

9.2 Friction of Total Hip Implant with Different Bearings and 

Loading Conditions 

9.2.1 Relationship between Sommerfeld Number and Friction Factor for 

Metal-on-Metal (Co-Cr-Mo) Prosthesis 

Figure 9-12 shows the relationship between Sommerfeld number and friction factor 

for a CoCrMo-on-CoCrMo, 28 mm diameter hip joint, lubricated with CMC fluid 

alone. The magnitude of friction is about 0.15, and 0.26 for the BS fluids and CMC, 

respectively, and λ ratio was < 1. Therefore, this seems to be a mixed lubrication 

(Scholes et al., 2000). 
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Figure 9-12 Relationship between Sommerfeld number and friction factor for a 

CoCrMo-on-CoCrMo, 28 mm diameter hip joint lubricated with CMC (Scholes et 

al., 2000, p. 210). 

Scholes and Unsworth (2006b) have tested the total hip joints CoCrMo-on-CoCrMo 

with diameter of 56 mm and measured the friction factor by using various lubricants; 

they found that the friction factor was as given in Table 9-1 and the Stribeck curve 

was as shown in Figure 9-13. 

Table 9-1 Friction factor for CoCrMo-on-CoCrMo joints with various lubricant 

viscosities (Scholes and Unsworth, 2006b). 

Lubricant Viscosity, Pa s Range of friction factor 

CMC without protein 0.001-0.154 0.16-0.34 

Bovine Serum  0.0029- 0.073 0.09-0.15 

Pooled human SF from patients with 

arthritis 

0.0109 0.18 
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Figure 9-13 Stribeck curve for CoCrMo-on-CoCrMo joints (Scholes and Unsworth, 

2006b, p. 689). 

9.2.2 Relationship between Sommerfeld Number and Friction Factor for 

Metal or Ceramic against UHMWPE 

Scholes et al. (2000) have investigated metal femoral heads moving against 

UHMWPE, subjected to a dynamic load between 100 N to 2000 N, and under a 

sinusoidal movement of frequency of 0.8 Hz, and amplitude 25°. The friction factor 

was 0.032 and 0.017 when the lubricant was BS and CMC fluid, respectively. Figure 

9-14 shows that the friction factor fell, signifying mixed lubrication when the 

Sommerfeld number increased. Metal-on-plastic joints were in the mixed lubrication 

mode but only because the surface of UHMWPE is rough and it is difficult to have a 

smoother surface without causing problems for the other material (Scholes et al., 

2000). 
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Figure 9-14 CoCrMo femoral head against UHMWPE acetabular cub lubricated with 

CMC (Scholes et al., 2000, p. 210). 

 

Jin et al. (2006) used CoCrMo with 28 mm diameter as the femoral head against 

UHMWPE as acetabular cup at flexion-extension load of 2.5 KN at speed of 1.5 

rad/s, and used peri-prosthetic synovial fluid with a viscosity of about 0.0025 Pa s. 

The roughness of UHMWPE-on-Metal was determined as 0.1-2.5 µm, and λ ratio 

was calculated as less than 1 (or 0.025-0.62), which indicated boundary lubrication 

(Jin et al., 2006).  

Scholes and Unsworth (2006b) tested the total hip joints CoCrMo-on-UHMWPE 

with diameter of 56 mm and measured the friction factor by using various lubricants; 

they found that the friction factors were as shown in Table 9-2 and the Stribeck plot 

was as shown in Figure 9-15. 
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Table 9-2 Friction factor of CoCrMo-on-UHMWP joints with various lubricant 

viscosities (Scholes and Unsworth, 2006b). 

Lubricant Viscosity Pa s Range of friction factor 

CMC without protein 0.001-0.154 0.01-0.07 

Bovine Serum  0.0029- 0.073 0.03-0.06 

Pooled human SF from 

patients with arthritis 

0.0109 0.05 

 

 

Figure 9-15 Stribeck curve for CoCrMo-on-UHMWPE joints (Scholes and 

Unsworth, 2006b, p. 689). 

 

Flanagan, Jones and Birkinshaw (2009) tested conventional metal-on-UHMWPE hip 

implants of 28 mm nominal diameter, and the acetabular cups were fully lubricated 

using aqueous Carboxy Methyl Cellulose (CMC) solutions with a viscosity range of 

0.001 to 0.18 Pas, with distilled water. The Stribeck plot (Figures 9-16 and 9-17) for 

metal/UHMWPE joint with CMC fluids as lubricant was indicative of a mixed 

lubrication regime (Flanagan, Jones and Birkinshaw, 2009). 
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Figure 9-16 Stribeck plots for conventional metal-on-UHMWPE hip implants of 28 

mm nominal diameter, tested with CMC fluids (Flanagan, Jones and Birkinshaw, p. 

857). 

 

Figure 9-17 Stribeck plots for a conventional metal-on-UHMWPE hip implant tested 

three times using CMC fluids only, Standard deviations are indicated (Flanagan, 

Jones and Birkinshaw, 2009, p. 858). 
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9.2.3 Relationship between Sommerfeld Number and Friction Factor for 

Ceramic-on-Ceramic Hip Joints 

The friction factor against Sommerfeld number for Alumina-on-Alumina joint of 28 

mm diameter was investigated by Scholes et al., (2000) and is given in Figure 9-18. 

The Stribeck curve shows that the friction factor is about 0.04 and 0.002 for BS and 

CMC fluids, respectively (Figure 9-19) , which are lower than the metal-on-metal 

joints as seen in Figure 9-13. At this range of friction and with a typical Stribeck 

curve, it looks very much as though fluid-film lubrication is the dominant mode. This 

is mainly due to the hardness and smoothness of the surfaces of the ceramic joints. 

 

Figure 9-18 Alumina-on-alumina with CMC fluid as lubricant (Scholes et al., 2000, 

p. 210). 

Scholes and Unsworth (2006b) have also tested other Alumina-on-Alumina joints of 

56 mm diameter and they measured the friction factor using various lubricants. They 

found that the friction factor was as given in Table 9-3 and the Stribeck curve was as 

shown in Figure 9-19. 
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Table 9-3 Friction factors for Alumina-on-Alumina joints using lubricants with 

different viscosities (Scholes and Unsworth, 2006b). 

Lubricant Viscosity, Pa s Range of friction factor 

CMC without protein 0.001-0.154 0.001-0.006 

Bovine Serum  0.0029- 0.073 0.02-0.06 

Pooled human synovial fluids 

from patients with arthritis 

0.0109 0.06 

 

 

Figure 9-19 Stribeck plot for alumina-on-alumina joint (Scholes and Unsworth, 

2006b, p. 689). 

9.2.4 Relationship between Sommerfeld Number and Friction Factor for 

Ceramic-on-Metal Hip Joints 

Williams et al. (2009) have investigated the friction factor of Alumina head against 

Co-Cr-Mo alloy cup by using different lubricant viscosities for BS and CMC fluids. 

After 5×10
6
 cycles of wear-testing, the friction factor of the prostheses when 

lubricated in CMC fluids was found to be less than when lubricated in BS. The 

shapes of the Stribeck curves in Figure 9-20 indicate that the joint is working close to 
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full fluid-film lubrication in parts of the walking cycle. In addition, a distinct 

difference could be seen between the friction factors resulting from lubrication with 

the two different fluids. The friction factor with distilled water lubrication was 0.017, 

and that with 25 per cent BS was 0.052. 

 

Figure 9-20 Stribeck curves for a 38 mm alumina head against Co-Cr-Mo alloy cup 

worn to 5x10
6
 cycles in a standard walking-cycle simulator (Williams et al., 2009, p. 

945). 

Moreover, Williams et al. (2009), found that the results of the theoretical lubrication 

modes support the experimental results; they found that the λ ratio was more than   

in addition to low wear. They found clearly visible deposits on the metallic cups and 

recorded them using a digital camera; the deposit was on the pole of the head (see 

Figure 9-21). 
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Figure 9-21 Image of the deposit on the Co-Cr-Mo alloy cup after 0.5x10
6
 cycles in a 

standard walking-cycle simulator (Williams et al., 2009, p. 946). 

9.2.5 The Effect of Head Diameter and Diametral Clearance upon 

Friction Factor and Wear of Hip Resurfacing Implants 

Farrar et al. (Tipper et al., 2005) were the first to show decreasing wear volume with 

decreasing clearance to about 80 μm for 28 mm MoM hip joints. On the other hand, 

decreasing clearances to less than  0 μm caused increase in wear significantly. This 

was thought to be due to geometrical errors (Tipper et al., 2005). 

Hip resurfacing prostheses with large diameters and hence the cap used to cover the 

femoral head can be in the region of 54 mm. Smith, Dowson and Goldsmith (2001) 

have tested various joint diameters of CoCrMo-on-CoCrMo with 16, 22.225 and 28 

mm diameter, using a friction simulator in order to consider the effect of increasing 

head diameter on the wear of MoM hip prostheses. They found that wear rate 

increased initially and then decreased with increasing joint diameter. They reported 

wear volumes of 4.85 and 6.30 mm
3
 after 10

6
 cycles for the 16 and 22.225 mm 

joints, respectively, and that the 28 mm showed a significant decrease in wear with a 

bedding-in wear of 1.6 mm
3
/10

6 
cycles. Also, the effect of head diameter on the wear 

of MoM bearings was investigated by using 28 mm and 36 mm diameter 
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conventional hip prostheses and a 54 mm hip resurfacing prosthesis, using a friction 

simulator. They found that, as the head diameter increased, the wear volume 

decreased significantly. On the other hand, the wear in UHMWPE-on-metal hip 

replacement depends on the sliding distance. Therefore, reducing the femoral head 

diameter must lead to a decrease in the volume of the wear (Smith, Dowson and 

Goldsmith, 2001). 

Dowson et al. (2004) also measured the effect of diametral clearance and found that 

clearance significantly affected the lubrication regime between the two surfaces and 

that clearance in MoM has a direct effect on the volume of the wear. Dowson et al. 

(2004) considered that, when diametral clearance increased from 36 to 54 mm 

bearings, the wear volume of the MoM components increased considerably (Tipper 

et al., 2005). 

Dowson et al. (2004) have considered a hip resurfacing joint with 54 mm diameter 

and different diametral clearances. They tested 8 components: 5 had low diametral 

clearances (83-129 μm) for 54.5 mm diameter, and 3 had higher diametral clearances 

(254-307 μm). They reported that those joints with small clearance had lower wear 

than those with larger clearances (Tipper et al., 2005). 

The Stribeck curves in Figure 9-22 show the friction factor at around 0.08 after 

1×10
6 

cycles with mixed-lubrication, for the 50 mm diameter Birmingham hip 

resurfacing prostheses, with 210 μm diametral clearance, and that the friction factor 

falling to 0.03 at the highest viscosity. At a Sommerfeld number of 1.7×10
-9

 which 

lies slightly to the left of the third point on each curve in Figure 9-22. At this 

viscosity, the friction factor within the joint was found to be 0.083 at the start of the 

curve, falling to around 0.055 at 1×10
6 

cycles (Vassiliou et al., 2006). 
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Figure 9-22 Stribeck plot showing the relationship between friction factor and 

Sommerfeld number for the 50 mm diameter Birmingham hip resurfacing prostheses, 

with 210 μm diametral clearance (Vassiliou et al., 2006, p. 271). 

 

Figure 9-23 Volume change on prostheses during wear test for the 50 mm diameter 

Birmingham hip resurfacing prostheses, with diametral clearance of 160-210 μm 

(Vassiliou et al., 2006, p. 271). 
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Vassiliou et al. (2006) have found that, after 2×10
6
 cycles and higher viscosities, the 

joint was operating with fluid-film lubrication (Figure 9-22) although the presence of 

a small amount of wear indicated a small amount of surface-to-surface contact in 

conjunction with this mostly fluid-film lubrication (Vassiliou et al., 2006).  

Vassiliou et al. (2006) have tested the Birmingham Hip Resurfacing joint for 

different diametral clearances, and the wear results are given in Table 9-4, and Figure 

9-23. They reported that the rates of the wear of the BHR joints in the simulator 

study were rather lower than the rates of the wear of conventional metal-on-metal 

THR clinical retrievals. 

Table 9-4 Summary of clearances and wear rates throughout the test for each joint 

(Vassiliou et al., 2006, p. 275). 

Joint Diametral 

clearance (μm) 

Wear rate (mm
3
 per 10

6
 cycles) 

(0-1)×10
6
 (1-3)×10

6
 (3-5)×10

6
 Overall 

1 210  2.05  1.14  0.29  0.93 

2 180  7.57  4.98  1.00  4.00 

3 160  0.68  0.42  0.10  0.33 

4 200  3.59  0.71  0.44  1.08 

5 160  0.99  0.27  0.14  0.33 

 

Brockett et al. (2007) compared the friction factors of a conventional MoM THR 

with a large-diameter hip resurfacing metal bearing, and examined the influence of 

lubricant during swing-phase load. The 28 mm bearing had a higher friction factor 

than the large-diameter bearing under all test conditions (see Figures 9-24 and 9-25). 

However, the frictional torque occurring within the large-diameter bearing was 

higher than the 28 mm bearing (see Table 9-5). It was lower than that required to 

cause frictional loosening. 
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Figure 9-24 Effect of swing phase loads and joint diameter upon friction factor of 55 

mm hip resurfacing and 28 mm conventional MoM THR (Brockett et al., 2007, p. 

395). 

 

Figure 9-25 Effect of serum concentration upon friction factor of 55 mm hip 

resurfacing and 28 mm conventional MoM THR (Brockett et al., 2007, p. 395). 
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Table 9-5 Peak frictional torque during testing in 25 per cent serum (Brockett et al., 

2007, p. 395). 

Swing-phase load (N) 
Frictional torque (Nm) 

Total hip replacement Surface hip replacement 

25 2.98 4.71 

100 3.38 5.33 

300 3.81 5.81 

 

A comparative study by Brockett et al. (2008) examined the influence of clearance 

on friction, lubrication and squeaking. They found that the hip resurfacing joint with 

the largest clearance resulted in the highest friction factor of ≈ 0.196 in 25% bovine 

serum. As shown in Figures 9-26 and 9-27 and Table 9-6, the difference between the 

small clearance bearing and the larger clearance samples was considerable in 25% 

serum. 

 

Figure 9-26 Influence of clearance on friction factor in 25% serum (Brockett et al., 

2008, p. 1576). 
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Figure 9-27 Influence of clearance on friction in 25% serum, 100 N swing phase load 

(95% confidence limits indicated) (Brockett et al., 2008, p. 1576). 

Table 9-6 Influence of clearance on peak frictional torque (25% serum, 100 N swing 

phase load conditions) (Brockett et al., 2008). 

Mean diametral clearance (µm) Peak frictional torque (Nm) 

53 6.55 

94 5.33 

194 10.51 

 

Flanagan, Jones and Birkinshaw (2009) have tested the metal-on-metal hip 

resurfacing implants, and in this case the acetabular cups were fully lubricated using 

aqueous Carboxy Methyl Cellulose (CMC) solutions with viscosities ranging from 

0.001 to 0.18 Pa s, and with distilled water. These results were presented as Stribeck 

plots (Figures 9-28 and 9-29) and the friction factors produced were relatively high, 

ranging from 0.11-0.25 with mixed lubrication regime (Flanagan, Jones and 
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Birkinshaw, 2009). It should be noted from the curve in Figure 9-28 that the friction 

factor of the bearing with 58 mm diameter is less than that of 48 mm diameter. 

The severity of direct surface-to-surface contact was evident from the visible 

scratching existing on both the acetabular cup and femoral head components, in the 

direction of motion, at the polar contact, as in Figure 9-30 (Flanagan, Jones and 

Birkinshaw, 2009). In addition Figure 9-29 shows that there was not significant 

difference between friction factors by using 25% BS and 100% BS for all tested 

MoM hip resurfacing joints.  

 

Figure 9-28 Stribeck plots for MoM hip resurfacing bearings of 58, 52, 48, 42 and 38 

mm nominal diameters, tested with CMC fluids, DW and BCS solutions (Flanagan, 

Jones and Birkinshaw, 2009, p. 858). 

 

Flanagan, Jones and Birkinshaw (2009) reported that the smaller bearings exhibited 

slightly higher friction factors, and that the friction factors in CMC fluids were about 

0.136, 0.143, 0.192, 0.214 and 0.191 for the 58, 52, 48, 42 and 38 mm diameter 

bearings, respectively. 



 

155 

 

Figure 9-29 Friction factor values with standard deviations for the MoM hip 

resurfacing systems of different diameters 58, 52, 48, 42 and 38 mm, tested with 

CMC fluids, DW and BCS solutions (Flanagan, Jones and Birkinshaw, 2009, p. 860). 

 

 

Figure 9-30 Visible scratching on a 58 mm nominal diameter of CoCr femoral head, 

with the direction of articulation indicated (Flanagan, Jones and Birkinshaw, 2009, p. 

859). 
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9.2.6 Effect of Cup Deflection and Lubricant on Friction Factor 

The cup deflection is also an important factor to be considered when fitting the cup 

due to the pressure applied to the joint, which may lead to joint deflection which, in 

turn affects the friction and wear of the joint. Kamali et al. (2008) investigated the 

effect of cup deflection on friction factor of the BHR joints with clearance of 80-306 

μm by using whole blood, clotted blood, BS + CMC and BS + CMC + HA without, 

and after deflection “by 25 to  5μm using a two-point pinching action and tested in 

clotted blood” (Kamali, 2009; Kamali et al. 2008).  The results are given in Figures 

9-31 and 9-32 which show that deflection has a significant effect on friction, 

especially at low clearance. Before deflection, the friction factor decreased by 

decreasing clearance and whereas deflection, the friction factor increased by 

decreasing clearance, but there was no significant change in friction factor before and 

after deflection. By taking the cup deformation (due to press-fitting or due to applied 

load in vivo) into account, a very low clearance may cause higher friction, leading to 

higher wear and may cause joint loosening. Their study indicated that higher 

clearance may be useful and may not cause high friction after press-fitting. It was 

therefore suggested that, in future work, the affect of the cup deflection should be 

taken into account for all types of joints, MoM ReCaps and ZTA Ceramic-on-CFR 

PEEK. 
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Figure 9-31 Effect of the clearance on friction factor of BHR joints using whole 

blood, clotted blood, BS + CMC and BS + CMC + HA as lubricant (Kamali, 2009, p. 

87). 

 

Figure 9-32 Effect of cup deflection on friction factor using BHR joints using clotted 

blood as lubricant (Kamali et al., 2008). 
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9.2.7 Friction Factor and Wear of Ceramic-on-PEEK Hip Joints 

Wang et al. (1999) have tested zirconia, alumina ceramics, and CoCr alloy 

counterfaces against CFR-PEEK formulations which were injection-moulded using 

20-30 w/w% discontinuous pitch or PAN fibres. They used the MTS hip simulator 

for friction-testing and a multi-directional cylinder on flat wear tester for testing the 

knee and all tests were performed in bovine calf serum (BCS) as lubricant. As shown 

in Figure 9-33, they found that the PEEK composites exhibited higher wear rates 

than the historical control, under higher stress using cylinder-on-flat loading 

condition. On the other hand, as shown in Figure 9-34, the PEEK composites had 

lower wear rates than the historical control, with the lowest wear observed for the 

30% pitch zirconia against CFR-PEEK at lower stress using the hip simulator test 

conditions, and the unreinforced PEEK wore at six times the rate of the control 

UHMWPE. 

 

Figure 9-33 High-stress line-contact wear test results (Wang et al., 1999, p. 726). 
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Figure 9-34 Wear performance of PEEK composites and historical gamma-air-

sterilized UHMWPE materials in a hip simulator (Kurtz and Devine, 2007, p. 4862). 

Wang et al. (1999) discovered the importance of fibre reinforcement on conforming 

contact applications at lower stress and they provided further basis for exploring the 

composite PEEK materials for THRs, in particular in combination with CoCr heads 

as opposed to ceramic. They also suggested that PEEK composites were unsuitable 

for knee applications, regardless of the fibre content of the type of counterface or the 

composite (Kurtz and Devine, 2007). 

The Stribeck curves are given in Figure 9-35 for each of the ceramic-on-horseshoe-

shaped CFR PEEK hip joint prostheses (500 N maximum load) tested by Flanagan, 

Jones and Birkinshaw (2009). The friction factors from Figures 9-35 and 9-36 were 

obtained by using CMC fluids and DW. The average friction factor was about 0.217 

for each joint. These friction factors were considerably higher than those produced 

by the all-metal resurfacing hip joints. Also, they stated that a decrease in the joint’s 

diameter resulted in higher friction factor values: 0.282, 0.296, 0.336 and 0.314 for 

the 60, 52, 42 and 38 mm nominal diameters, respectively, with diametral clearances 
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of 800, 860, 870 and 910 μm, respectively, using a 25 per cent BCS solution. In 

addition Figure 9-36 shows that there was not significant difference between friction 

factors by using 25% BS and 100% BS for all tested Ceramic-on-CFR PEEK hip 

joints (Flanagan, Jones and Birkinshaw, 2009). 

 

Figure 9-35 Stribeck plot for alumina-on-CFR PEEK hip joints of nominal diameters 

60, 52, 42 and 38 mm, tested with CMC fluids, DW and BCS solutions, with 

maximum load of 500 N (Flanagan, Jones and Birkinshaw, 2009, p. 860). 
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Figure 9-36 Friction factors for alumina-on-CFR-PEEK hip joints of nominal 

diameters 60, 52, 42 and 38 mm, tested with CMC fluids, DW and BCS solutions, 

with maximum load of 500 N (Flanagan, Jones and Birkinshaw, 2009, p. 861). 

9.3 Comparison between Friction Factors for Different Materials 

Used as Hip Joints Using Different Lubricants 

Brockett et al. (2006) have investigated the friction factors for a number of total hip 

joints with a nominal diameter of 28 mm, considering the influence of various 

material combinations and swing phase load. They found that ceramic joints have 

lower friction than either MoM or metal-on-polyethylene (MoP) bearings under all 

test conditions. MoM bearings had considerably higher friction than the other joints 

under all test conditions (see Figure 9-37). It became clear that increasing the swing 

phase load resulted in higher friction factors for all joints. Also, they found that 

protein concentration had a marked effect on the friction factor for different bearings. 

Figure 9-38 shows that increasing the protein concentration resulted in an increase in 

friction factor for all material pairs, except metal-on-metal. Furthermore, the 

behaviour of the ceramic-on-ceramic bearing most closely matched the ceramic-on-

metal material and was considerably different to the metal-on-metal hip replacement. 
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Similar results have been reported by Scholes and Unsworth (2006b), as can be seen 

from Figure 9-39.  

 

Figure 9-37 Comparison between friction factors for different materials used as hip 

joints, and swing phase load (tested in 25% bovine serum) (Brockett et al., 2006, p. 

512). 

 

Figure 9-38 Effect of protein concentration upon friction factor (tested with 100 N 

swing phase load) (Brockett et al., 2006, p. 512). 
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Figure 9-39 Friction factors for different material pairings: CoCrMo-on-UHMWPE, 

CoCrMo-on-CoCrMo, alumina-on-alumina, and CoCrMo-on-PU, with different 

lubricants (Scholes and Unsworth, 2006b, p. 691). 

Table 9-7 shows that the highest frictional torque was obtained from the MoM 

implants at 3.6 Nm tested with a swing phase load of 300 N in water. Moreover, both 

the CoM and CoC bearings had λ >  , suggesting both were capable of full fluid-film 

lubrication. Also, the MoM, CoP and MoP bearings all gave λ < 1, suggesting a 

boundary lubrication regime (Brockett et al., 2006). 

Table 9-7 Peak frictional torque and theoretical film thickness data (Brockett et al., 

2006, p. 512). 

Bearing combination Peak Frictional Torque (N m) hmin (mm) λ Ratio 

MoM 3.6 0.07 < 1 

MoP 2.3 0.14 < 1 

CoP 2.2 0.15 < 1 

CoM 1.7 0.05 > 3 

CoC 1.4 0.04 > 3 
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Table 9-8 Typical friction factors for various bearings as artificial hip joints in the 

presence of bovine serum (Jin et al., 2006, p. 36). 

The combinations Friction factor 

Ceramic-on-Ceramic  0.002-0.07 

Ceramic-on-Metal 0.002-0.07 

UHMWPE-on-Ceramic 0.06-0.08 

UHMWPE-on-Metal 0.06-0.08 

Metal-on-Metal 0.22-0.27 

 

Since friction factors differed for different materials, Table 9-8, different wear rates 

are expected for different combinations, as given in Table 9-9: 

Table 9-9 Wear rate for different material combinations used as artificial joints. 

 Combinations Wear rates (mm
3
/million cycles) 

Ceramic-on-Ceramic 0.1-0.16 (Ioakimidis, 2004) 

BHR (CoCrMo-on-CoCrMo) 0.36 (Scholes and Unsworth, 2007) 

Polyurethane-on-CoCr 3-12 

Ceramic-on-UHMWPE 25-39 

Metal-on-UHMWPE 40-60 (Ioakimidis, 2004) 

Alumina-on-CFR-PEEK 1.16 (Scholes and Unsworth, 2007) 

Zirconia-on-CFR-PEEK 0.39 (Scholes and Unsworth, 2007) 

Alumina-on-Alumina 0.04 (Scholes and Unsworth, 2007) 

Ceramic-on-Metal 0.01-0.1 (Williams et al., 2009) 
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Table 9-10 Frictional torque (Nm) and minimum film thickness (μm) for different 

artificial hip joints, of 28 mm diameter and 300 N applied load (Brockett et al., 

2006). 

Femoral 

component 

Acetabular 

component 

Mean radial 

clearance 

(mm) 

Femoral 

(Rq1) μm 

Acetabular 

(Rq2) μm 

Minimum film 

thickness (μm) 

λ 

ratio 

Frictional torque 

(Nm) in 100% 

serum 

CoCrMo CoCrMo 0.029 0.011 0.009 0.07 < 1 3.6 (in water) 

ZTA CoCrMo 0.034 0.003 0.009 0.05 > 3 1.7 

CoCrMo UHMWPE 0.132 0.010 0.752 0.14 < 1 2.3 

Alumina UHMWPE 0.123 0.004 0.752 0.015 < 1 2.2 

Alumina Alumina 0.030 0.004 0.005 0.04 > 3 1.4 

 

Table 9-10 gives the frictional torques for different head and cup combinations and, 

as expected, the Ceramic-on-Ceramic joint has given the lowest friction followed by 

ZTA-on-CoCrMo and Alumina-on-UHMWPE joints, respectively. 
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Appendices 

Appendix (A) 

Table A-1 The fourteen Bravais lattices (Carter and Norton, 2007, p.73). 
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Appendix (B) 

Table B-1 Prefix names and Submultiples in SI Unite. 

Factor by which Unit is 

Multiplied 

Prefix Symbol 

10
12

 Tera  T 

10
9
 Giga  G 

10
6
 Mega  M 

10
3
 Kilo  K 

10
2
 Hector  H 

10 Deka  Da 

10
-1

 Deci  D 

10
-2

 Centi  C 

10
-3

 Milli  M 

10
-6

 Micro  µ 

10
-9

 Nano  N 

10
-12

 Pico  P 
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