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Abstract 

 

Adverse reaction to metal debris (ARMD) released from the taper-trunnion junction of 

modular total hip replacements (THRs) is an issue of contemporary concern, not only in 

metal-on-metal (MoM) but in ceramic-on-ceramic (CoC) and metal-on-cross linked 

polyethylene (MoP) THRs. Moreover, there is no consensus in the literature regarding the 

mechanisms behind material loss at the taper-trunnion junction.  

 

The aim of this research work to investigate the material loss, if any, at the taper-trunnion 

junction of modular CoC and MoP THRs under physiological walking cycles. Following 

ISO-14242, material loss from the bearing surfaces was also quantified alongside surface 

topographical and microscopic analysis.  

 

After 5 million cycles, the mean material loss from the ceramic bearing surfaces was 

0.25mm3, and from the metallic trunnions, it was 0.29mm3 in the CoC hip simulator test. The 

three-dimensional surface roughness (Sa) of the trunnions on the unworn and worn areas 

showed a statistically significant decrease from 0.558 ± 0.060 to 0.312 ± 0.028µm 

respectively (p < 0.001). In the MoP hip simulator test, the mean material loss from the 

polymeric liners, metallic tapers and trunnions were 14.28, 0.22 and 0.24mm3 respectively. 

The Sa of the femoral tapers on the unworn and worn areas showed a statistically significant 

increase from 0.510 ± 0.068 to 0.867 ± 0.233µm respectively (p < 0.001). 

 

Until this research, no long-term hip simulator tests had quantified material loss from the 

taper-trunnion junction of commercially available modular CoC and MoP THRs. Metallic 

material loss from the taper-trunnion junctions of CoC and MoP THRs may explain the 

ARMD reported in the literature for these THRs. Material loss at the taper-trunnion junction 

needs to be measured in preclinical testing using the hip simulator to avoid ARMD and 

further increase the longevity of modular THRs. Based on the results, the mechanisms 

responsible for the material loss at the metallic taper still a multivariable process. 
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Chapter 1: Introduction 
 
1.1 Overview 

 

Total hip replacement (THR), described as “The Operation of the Century” 1, is a common 

orthopaedic surgery.  With the increasing life expectancy and growing population, the 

demand for hip replacement procedures is increasing every year2-4.  More than 100,000 hip 

replacement procedures were recorded in the National Joint Registry (NJR) for England, 

Wales, Northern Ireland and the Isle of Man in 2017/18 with an increase of 3.6% from 

2016/175.  In Australia, there were 47,972 hip replacement procedures recorded by the 

Australian Orthopedic Association National Joint Replacement Registry (AOANJRR) in 

2017/18 with an increase of 1.1% from 2016/176. 

 

Metal-on-polyethylene (MoP) is the most commonly implanted bearing surface combination 

with the majority consisting of cobalt-chromium molybdenum (CoCrMo) alloy femoral head 

articulating against a polyethylene (PE), either cross-linked polyethylene (XLPE) or non-

XLPE, acetabular liner5.  The AOANJRR states, ‘XLPE is classified as UHMWPE that has 

been irradiated by high dose (≥50kGy) gamma or electron beam radiation’.  Non-cross-linked 

ultra-high-molecular-weight polyethylene (UHMWPE) has been used in the majority of 

THRs for over five decades7,8.  However, the articulation of the softer polymeric component 

against the harder metallic bearing surfaces leads to the production of numerous submicron-

sized PE wear particles which can lead to osteolysis9-11.  To reduce PE wear and therefore 

hopefully increase implant longevity, two approaches have been attempted: the improvement 

of PE wear resistance by crosslinking12,13, and the introduction of hard-on-hard bearings 

including metal-on-metal (MoM), and ceramic-on-ceramic (CoC)14,15. 

 

Despite many surgical advantages, explant studies of modular THRs have shown that 

material loss and debris production is not only restricted to bearing surfaces, it also arises 

from the taper-trunnion junction with a potential to reduce the longevity of the prosthesis16-20, 

see Figure 1.  The significance of the metal debris released from the modular junction was 

first extensively recognised with MoM hips, where the material loss from the taper-trunnion 

junction explained the higher revision rates in MoM THRs compared with hip 

resurfacings21,22.  The term “femoral taper” refers to the internal bore of the femoral head. 
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The metallic male part of the femoral stem is referred to as the “trunnion”.  Thus the head-

neck modular junction is referred to as the “taper-trunnion junction”, see Figure 1.   

 

 
Figure 1 Taper-trunnion junction of modular ceramic femoral head mounted on the 

metallic trunnion. 
 
Furthermore, the importance of adverse reaction to metal debris (ARMD) released from the 

taper-trunnion junction of large-diameter (≥36mm) MoM THRs, and implant failure is well 

established18-23.  However, the risk of revision surgery due to ARMD is not only limited to 

MoM THRs but is also shown in non-MoM [MoP, CoC and ceramic-on-polyethylene 

(CoP)]24.  Langton et al. investigated 369 MoM explants, including THRs and hip 

resurfacings from patients who had suffered ARMD25.  The relationships between total 

metallic loss and metal ion concentrations and macroscopic and histological tissue 

appearance of THR patients were compared to those in hip resurfacing patients.  Hip 

resurfacing explants (10.16 mm3/year) were found to have significantly higher (p < 0.001) 

median rates of volumetric material loss than the THRs (2.25 mm3/year).  Moreover, when 

the volumetric material loss from the femoral taper was combined with bearing surface wear 

in the THR explants this total rate of material loss (2.52 mm3/year) was still significantly less 

(p < 0.001) than in the hip resurfacing explants (10.16 mm3/year).  Despite this, the extent of 

ALVAL (aseptic lymphocyte dominated vasculitis-associated lesion) infiltration and 

macroscopic tissue destruction was found to be more significant in THR patients.  This may 

suggest that the material loss from the taper-trunnion junction may be more readily trigger a 

destructive immune cascade than the material loss from bearing surfaces26.  Therefore, it is 

recognised that metal debris released from the taper-trunnion junction of modular THRs may 

be more biologically active than wear debris released from the bearing surfaces27-29.  
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Various theories have been reported in the literature including mechanical, electrochemical or 

a combination of both for metal debris formation at the taper-trunnion junction of the 

modular THRs16-19,30-34.  Much of the data for these theories have, appropriately and sensibly, 

come from explant studies, as these are based on the truest test of all, that in the human body.  

However, explants come from individuals, each with unique attributes, including loading, 

motion, and activity.  Relatively few in vitro studies have evaluated material loss from 

modular junctions35-37.  The purpose of these in vitro studies includes mainly an assessment 

of electrochemical characteristics and metallurgy of the implant materials used for the taper-

trunnion junction.  However, these testing methodologies did not use actual hip prostheses for 

laboratory testing.  In terms of standards, American Society for Testing and Materials 

(ASTM) F1875 mentions only uniaxial dynamic loading for fretting wear and corrosion 

testing of modular THRs38,39, which utilises realistic femoral head and trunnion modular of 

THRs.  Note that employment of physiological walking motion was not included in the 

ASTM F1875.  Interestingly, explant analysis of modular THRs demonstrated a toggle effect 

of the femoral head on the trunnion, a phenomenon responsible for causing damage at the 

taper-trunnion surfaces by mechanical process and later creating the opening for ingress of 

corrosive physiological fluid18,19.  The toggling is not just superoinferior but appears to 

involve anteroposterior/posteroanterior direction too.  To the authors’ best knowledge, no 

international standard incorporated physiological walking motion for laboratory testing of the 

taper-trunnion junction of modular THRs.   

 

Hip joint simulators have been built to simulate the biomechanics of the natural hip joint and 

replicate wear rates, wear patterns and wear debris observed clinically, in controlled 

laboratory conditions using actual hip prostheses 40,41.  However, to the authors’ best 

knowledge, no hip simulator tests have quantified metal release from the taper-trunnion 

junction of modular CoC and MoP THRs.  

  

 

 

1.2 Aim and Objectives 

 



 
4 

 

1.2.1 Aim 

 

The aim of this research work to quantify the material loss, if any, at the taper-trunnion 

junction of modular CoC and MoP THRs under standard physiological walking cycle.  The 

purpose of this study was to try and inform the debate around material loss at the taper-

trunnion junction.  In order to achieve this aim, multi-station hip simulator testing of modular 

hips mounted on titanium (Ti) alloy trunnions was undertaken under standard physiological 

walking cycle, replicating the clinical scenario as closely as possible. 

 

1.2.2 Objectives 

 

The objectives of this study are as follows:  

 

• Quantification of material loss, if any, at the taper-trunnion junction and bearing 

surfaces of CoC hips mounted on Ti alloy trunnions subject to dynamic loading and 

articulating motion 

Ceramic-on-ceramic (CoC) THR have a substantially lower wear rate than MoP hips, as 

shown by hip simulator testing.  However, the revision rates of CoC (6.12%) and MoP 

(6.40%) hips are comparable5.  It was hypothesised that an explanation could be ARMD 

from the trunnion led this research to investigate the wear at both the bearing surfaces and 

the taper-trunnion interface of a contemporary CoC THR in an in vitro study.  To the 

authors’ best knowledge, no hip simulator tests have assessed and quantified material loss 

from the taper-trunnion junction of a modular CoC THR.  Therefore, to try and explain 

this discrepancy hip simulator wear test using the latest 4th generation CoC hips was 

conducted, to investigate the material loss, if any, at the taper-trunnion junction and 

bearing surfaces of CoC hips mounted on Ti alloy trunnions subject to dynamic loading 

and articulating motion.  

 

• Investigate the effect of employing dynamic loading and articulating motion vs 

dynamic loading on the material loss at the taper trunnion junction of CoC THRs 

Additionally, a CoC sample was employed in a separate dynamically loaded station, with 

no articulating motion, to investigate the material loss, if any, at the taper-trunnion 
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junction and bearing surfaces of a CoC hip-mounted on Ti alloy trunnion subject only 

dynamic loading but no articulating motion.  

 

• Investigate the effect of impaction on the taper-trunnion junction of CoC THR 

It was appreciated that both the assembly and disassembly of the femoral head from the 

trunnion could produce wear at the taper-trunnion junction. Therefore, separate impaction 

test was performed, to investigate the material loss, if any, at the taper-trunnion junction 

of ceramic femoral head mounted on Ti alloy trunnion. 

 

• Quantification of material loss, if any, at the taper-trunnion junction and bearing 

surfaces of CoC hips mounted on Ti alloy trunnions subject to dynamic loading and 

articulating motion 

Retrieval studies reported ARMD due to debris produced from the taper-trunnion junction 

of the modular MoP THRs42-45.  Interestingly, retrieval studies showed that the material 

loss arises mainly from the CoCrMo alloy femoral tapers rather than the Ti alloy 

trunnions when CoCrMo/Ti alloy combinations are used for the taper-trunnion junction. 

Therefore, a hip simulator test was performed employing dynamic loading and 

articulating motions, to assess and quantify material loss from CoCrMo femoral taper of 

MoP THRs.  To the authors’ best knowledge, no hip simulator tests assessed and 

quantified metal release from the taper-trunnion junction of contemporary MoP THRs. 

 

• Assessment of lubricant after CoC and MoP hip simulator tests 

Metal debris analysis was performed after hip simulator testing of CoC and MoP THRs, 

to examine the presence of metal debris, if any, within the lubricant.  

 

• Investigate the effect of wettability on ceramic and metallic femoral heads pre and 

post hip simulator tests 

The bearing surface research has done in-depth however little known about the wettability 

of the bearing surfaces subject to hip simulator testing.  Therefore, in order to understand 

pre and, post-test contact angle measurements were performed using the same lubricant 

used for the hip simulator testing.  
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1.2.3 Research questions 

 
The major research questions are listed below: 

• In CoC articulating components, comprised of ceramic material, where is the metal debris 

originating from? 

• Dynamic loading & articulating motion vs dynamic only loading, does the material loss at 

the taper-trunnion junction change? 

• In MoP articulating components, comprised of metal and softer polymer contact, where is 

the metal debris originating from? 

• What are the mechanisms responsible for the material loss from the taper-trunnion 

junction of modular MoP THRs, when CoCrMo/Ti alloy combinations are used for the 

taper-trunnion junction? 

 

1.3 The organisation of the thesis 

  

Following on from this introduction, this thesis contains a literature review (Chapter 2), 

materials and methods (Chapter 3), results (Chapter 4), discussion (Chapter 5) and conclusion 

and future work (Chapter 6). 

 

In Chapter 2, a comprehensive literature review was conducted to deliver and establish a 

relevant background for the chapters to follow.  This includes anatomy of the natural hip 

joint, diseases of the hip, fundamentals of tribology i.e. wear, friction and lubrication, the 

human gait cycle and in vitro hip simulator studies and retrieval studies including 

quantification of material loss from the bearing surfaces as well as the taper-trunnion 

junctions of modular THRs, mechanisms responsible for the material loss from the taper-

trunnion junctions, in vitro testing methods for assessment of the material loss and finally, the 

summary of the literature review. 

 

In Chapter 3, materials, machines and instruments used for in vitro testing of hip prostheses 

are briefly described.  Note that subsections in this chapter have been chosen so as to overlap 

with future chapters including Results and Discussion. 

 

Chapter 4 shows the experimental results obtained during the in vitro studies. 
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The results are discussed in Chapter 5.  This is followed by the limitations of the study and 

industrial applications of this research work. 

 

Finally, an overall conclusion to this research and suggestions for further work are provided 

in Chapter 6. 

 

1.4 Declaration 

 

The author performed all work presented in this thesis; apart from the metal debris analysis, 

which was performed in collaboration with: 

a. The University of Surrey conducted by Mark Minta and 

b. London Metallomics Facility, Kings College London conducted by Dr Theodora 

Stewart and Dr Caterina Dell’Aquila 

Parts of this work have been published in journal papers and conference publications as listed 

in ‘List of Publications’ and ‘List of Major Presentations’ sections respectively. 
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Chapter 2: Literature Review 
 

In this chapter, the anatomy of the natural hip joint, diseases of the hip, fundamentals of 

tribology, literature review of THR, in vitro hip simulator studies and retrieval studies 

including quantification of material loss from the bearing surfaces as well as the taper-

trunnion junctions of modular THRs are briefly described. 

 

2.1 Nomenclature for the anatomy of the hip joint 

 

This section characterises anatomical planes of the human body and the terms used to 

describe the location of structures in the human body.  The term anatomy is derived from the 

Greek word ἀνατομή, meaning dissection or to cut.  It is essential to know different 

anatomical planes and positions of the human body to describe the specific location of the 

structure.  Three principal anatomical planes of the human body are shown in Figure 2 and 

summarised in Table 1 46.  

 

 
Figure 2 Anatomical planes of the human body showing coronal/frontal plane, sagittal 

plane and transverse/axial plane. Image from Drake (2010)46. 
 



 
9 

 

Table 1 Anatomical planes and corresponding directional terms used to define the 
position of the structures46. 

Anatomical 
planes 

Orientation of 
the planes 

Body division Terms used to describe the location of 
structures 

Coronal 
/Frontal 

Vertical Anterior and 
posterior parts                   

Anterior: Towards the front of the body       

Posterior Towards the back of the body        

Sagittal  Vertical but 
right-angled to 
coronal planes  

Medial and 
lateral                      

Medial: Towards the midline of the body 

Lateral: Away from the midline of the 
body 

Transverse 
/axial 

Horizontal Superior and 
inferior parts  

Superior: Towards the top of the body 

Inferior: Towards the bottom of the body 

 
Other terminologies used to describe the location of structures relative to the body or other 

structures are proximal: the position of the structures located closer to the point of attachment 

and distal: the position of the structures located farther from the point of attachment. 

 

The natural hip joint is a ball-and-socket joint enclosed by powerful muscles, which provides 

stability to the joint as well as a wide range of motion in several anatomical planes of the 

human body.  Since the beginning of total hip arthroplasty, surgeons/engineers adapted the 

anatomy of the natural hip joint in order to design a hip prosthesis.  Therefore, to fully 

understand the causes of hip joint replacement surgery and in order to replicate significant 

features of the natural hip joint in an artificial hip prosthesis for its long-term success; it is 

essential to understand the basic anatomy, gait cycle and loads acting on the natural hip joint. 

 

2.2 The natural hip joint 

 

This section illustrates the anatomy of the natural hip joint, followed by a description of the 

human gait cycle (walking cycle) and biomechanics of the hip joint.  To understand hip 

simulator loading and motion, it is first essential to consider the gait cycle and loads acting on 

the natural hip joint.  Later diseases of the natural hip joint and need for THR surgery are 

briefly described. 
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2.2.1 Anatomy of the natural hip joint46,47 

 

The natural hip joint is formed by the articulation of the acetabular cavity of the pelvic bone 

and the head of the femur, see Figure 3.  The hip joint is a typical synovial joint in which the 

articulating surfaces, i.e. an acetabulum (socket) and head of the femur (ball) are covered 

with articular cartilage.  This assembly is covered with a synovial membrane which produces 

the synovial fluid which provides lubrication.  A capsule of ligaments finally covers the hip 

joint.  The hip joint provides stability during locomotion (walking/running) and is capable of 

supporting the entire body weight 46. 

 

 
Figure 3 The natural hip joint a) anterior view and b) posterior view. Images from Gray 

(2000)48. 
 

The fusion of the ilium (40%), ischium (40%) and pubis (20%) bones form the single 

innominate or pelvic bone by adulthood.  In childhood, the triradiate cartilage separates these 

three bones.  By the age of 14-16 years, the process of fusion is initiated and is completed by 

the age of approximately 23 years46.  The cup-shaped acetabulum or acetabular cavity is 

formed at the connection of these three bones, see Figure 4.  The acetabulum is covered with 

lunate or horseshoe-shaped hyaline cartilage, usually, 1-7mm thick49.  
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Figure 4 Acetabulum. Image from Drake (2010)46. 

 

The femur (or thigh bone) is a long bone, and the head of the femur articulates against the 

acetabulum of the pelvis at the proximal end forming hip joint, see Figure 5.  The femoral 

head, approximately 60 to 70% of the sphere, is covered with hyaline cartilage46.  The distal 

end of the femur forms the knee joint with the tibia of the shinbone.  The greater and lesser 

trochanter projections at the proximal end provide muscle attachment sites46.  

 

 
Figure 5 The normal hip joint: Cross-sectional view showing the femoral neck angle. 

Image from Byrne et al. (2010)50. 
 

The femoral neck connects the femoral head with the shaft forming an angle known as 

femoral neck angle or neck-shaft angle, see Figure 5.  The femoral neck angle facilitates an 

increased range of joint motion without impingement of the femur on the pelvis.  In the 

normal adult, the femoral neck angle is usually 125± 5°50.  If the inclination angle is less than 
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120° then it is termed coxa vara and if it is greater than 130° then it is known as coxa valga, 

see Figure 6. 

 

 
Figure 6 The femoral neck angle, a) normal, b) coxa vara and c) coxa valga. Image from 

Byrne et al. (2010)50. 
 
The synovial membrane encloses the articulating surfaces of the hip joint, see Figure 7 a), 

and also provides lubrication by secreting synovial fluid.  The natural lubricant in the human 

body is synovial fluid.  The synovial fluid is produced inside the synovium, the tissue that 

envelops the joint space.  The synovium is accountable for the synthesis of synovial fluid, 

along with the production of lubricin and hyaluronic acid51.  The synovial fluid forms a thin 

layer on the porous surface of articular cartilage and the fluid within the porous cartilage 

effectively provides a synovial fluid reserve52.  During normal walking, the synovial fluid 

retained within the articular cartilage is considered to be squeezed out between the opposing 

surfaces of the hip joint mechanically to sustain a layer of fluid on the cartilage surface53.   In 

the natural hip joint, the volume of synovial fluid is in the range of 0.2-0.4 mL54,55.  The most 

abundant protein in synovial fluid is albumin (56% of total protein content)56.  Hyaluronic 

acid is the largest molecule in synovial fluid55.  In healthy adults, the protein concentration of 

synovial fluid has been reported close to 20 g/L54,55,57,58.  The protein concentration of 

synovial fluid has been reported in the range of 30-35 g/L54,59 for patients with osteoarthritis 

whereas for patients with rheumatoid arthritis much higher concentrations with values in the 

range of 40-45 g/L54,59.  In healthy adults, synovial fluid is non-Newtonian, and so the 

viscosity drops significantly when the shear rate rises60.   
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Figure 7 a) Synovial membrane and b) fibrous membrane of the hip joint. Image from 

Drake (2010)46. 
 
Furthermore, the hip joint is covered by a strong and generally thick fibrous membrane, see 

Figure 7 b).  The iliofemoral ligament, pubofemoral ligament and ischiofemoral ligament 

surround the hip joint spirally forming the joint capsule, which limits the movement of the 

hip joint providing maximum stability see Figure 8 a) and b) respectively. 

 

 
Figure 8 Ligaments of the hip joint a) Iliofemoral and pubofemoral ligament, and b) 

ischiofemoral ligament. Image from Drake (2010)46. 
 
The natural hip joint allows movement in multiple directions. The motions at the hip joint 

include flexion-extension (FE), abduction-adduction (AA) and internal-external rotation 
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(IER), see Figure 9 a), b) and c) respectively.  These motions are accomplished by a series of 

various muscles attached to the hip joint.  

 

 
Figure 9 The motions at the hip joint a) flexion-extension (FE), b) abduction-adduction 

(AA) and c) internal-external rotation (IER). Image from Drake (2010)46. 
 
The natural hip joint is covered in a layer of articular cartilage and is lubricated with synovial 

fluid.  The articular cartilage is soft and delicate. However, the loads experienced by the 

natural hip joints are high. They can exceed several times body weight during normal day-to-

day activities e.g. walking, climbing stairs, running, standing up, sitting down etc50.  When 

the load is applied to the articular cartilage, it deforms under the applied load and acts to 

distribute the load over a broad area and consequently reduces contact stress.  The 

deformation of the articular cartilage achieves the fluid film lubrication.  The deformation of 
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articular cartilage also makes contact between the articulating surfaces of the hip more 

conforming and therefore, facilitating the fluid film lubrication between them.  Fluid film 

lubrication protects the articulating surfaces of the hip from direct contact by separating them 

with a continuous film of synovial fluid61.  

 

2.2.2 Hip joint disorders and the need for hip arthroplasty 
 

Hip disorders are disorders that affect the typical healthy hip joint causing pain and 

discomfort in a person’s life. These disorders can arise from injuries, developmental 

conditions, chronic conditions or infections. There are many possible problems which can 

arise at the hip joint and give an indication for hip replacement surgery.  
 

Osteoarthritis was responsible for 90% of the primary hip replacement surgeries as per the 

15th Annual Report of the National Joint Registry (NJR) for England, Wales, Northern 

Ireland, and the Isle of Man (2016/17)5.  In osteoarthritis, the articular cartilage of the load-

bearing joints degenerates leading to rubbing of bones against each other, causing distress 

due to pain, inflammation, swelling and reduced range of motion62 see Figure 10.   

 

 
Figure 10 X-rays (from left to right) showing the joint space narrowing (inside the red 

circle) due to osteoarthritis. Image from Altman and Gold (2007)63.  
 

Arthritis (from Greek: arthro = joint and itis = inflammation) is a common joint disorder that 

causes inflammation and pain in one or more joints, e.g. spine, hips, knees, and ankles.  There 

are over 100 different types of arthritis, but the most common type of arthritis is 

osteoarthritis64.  Approximately 9 million people in the UK are affected by osteoarthritis, 

according to the National Health Service (NHS)65.  The root cause of osteoarthritis is not 
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clear, and multiple factors such as age, gender, obesity, joint injury, and gene inheritance can 

play a role in the development of this degenerative condition66.  Osteoarthritis primarily 

affects older people (> 65 years)64.  At an early stage, painkillers (e.g. ibuprofen) or other 

non-steroidal anti-inflammatory drugs (NSAIDs) are used for the treatment of osteoarthritis, 

and if the pain is still persistent, then a viscosupplement (hyaluronic acid) can be injected into 

the joints.  Osteoarthritis degrades the quality of life of a sufferer as well as causing severe 

pain in performing daily routine activities, alongside limited mobility or immobility. In such 

cases, then hip replacement surgery may be recommended. 

 

Fractured neck of femur (see Figure 11) was responsible for 5% of the primary hip 

replacement surgeries as per the NJR.  The most common reason for the femoral neck 

fracture is osteoporosis67. Osteoporosis is an age-related disease and characterised by 

deterioration of the bone and therefore increases the fragility of the bone68. 

 

 
Figure 11 Fractured neck of femur shown in the red circle. Image from Miller et al. 

(2005)69. 
 

Since the year 2000, there were 1.6 million incidents (over 50 years age) of hip fracture 

occurred due to osteoporosis out of which 70% were women70.  Sambrook and Cooper 

estimated that the number of hip fractures worldwide would increase from 1.7 million in 

1990 to 6.3 million in 205071.  Internal fixation devices such as bone screws are typically 

used for the femoral neck fractures, see Figure 12, but more complicated fractures are treated 

with hip replacement surgery. 
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Figure 12  The CONQUEST FN™ system launched by Smith & Nephew in June 2019. 

Image from Smith & Nephew (2019)72. 
 
Avascular necrosis was responsible for 2% of the primary hip replacement surgeries as per 

the NJR.  Avascular necrosis is caused due to the death of cells in the joint tissue resulting 

from insufficient blood supply to the bone, see Figure 13.  In the natural hip joint, avascular 

necrosis mainly affects the proximal end of the femur and sometimes the femoral neck. The 

interruption of blood supply to the femoral head causes cell death (necrosis), therefore 

resulting in deterioration of the mechanical properties of the bone; eventually leading to the 

collapse of the joint. Avascular necrosis is a progressive disease caused by factors such as 

alcoholism or excessive use of corticosteroids 73.  At early stages, avascular necrosis could be 

treated with core decompression74 and the bone marrow transplantation75.  However, hip 

replacement surgery usually is essential after a few months following these procedures75,76. 

 

 
Figure 13 X-ray of a healthy femoral head (left) and collapsed femoral head (right) due 

to avascular necrosis.  Image from OrthoInfo77. 
 

Congenital dislocation/dysplasia of the hip (2%), inflammatory arthropathy (1%), chronic 

trauma (1%) were few other hip joint disorders reported by the NJR for an indication of hip 

replacement surgeries5. 
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2.3 Total hip replacement (THR) 

 

This section gives a summary of THR prostheses.  This includes the terminologies used to 

describe the prostheses followed by a brief history of THRs.  Next, the classification of THR 

is given along with types of biomaterials used for manufacturing the components used in 

THR prostheses.  Finally, various causes responsible for the failure of THR are explained. 

 

2.3.1 An introduction to THR prostheses  

 

Total hip replacement (THR) transforms the lives of millions of people who suffer from 

crippling arthritic diseases.  It is an implant to replace/repair the damaged hip joint in order to 

restore, improve and maintain patient’s functionality in day-to-day life.  In 2007, The Lancet 

glorified THR as “The Operation of the Century”1.  The life expectancy of well-performing 

THR ranges between 10 to 15 years78,79 but many THRs successfully perform for longer 

durations. 

 

Total hip replacement (THR) is a common orthopaedic surgery, see Figure 15.  With the 

increasing life expectancy and growing population, the demand for hip replacement 

procedures is increasing every year 2-4.  More than 100,000 hip replacement procedures were 

recorded in the NJR in 2017/18, an increase of 3.6% from 2016/175.  In Australia, there were 

47,972 hip replacement procedures recorded by the Australian Orthopedic Association 

National Joint Replacement Registry (AOANJRR) in 2017/18, an increase of 1.1% from 

2016/176. 

 

As per the international standard ASTM F2068-15, THR or total hip arthroplasty is defined 

as:  

“Replacement of the natural femoral head with a prosthetic femoral head held in place by an 

implant extending into the shaft of the femur and replacement of the natural acetabulum with 

a prosthetic acetabulum.  The prosthetic femoral head articulates with the bearing surface of 

the prosthetic acetabulum”80. 
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Total hip replacement surgery for the first time is known as the primary hip replacement 

surgery.  Whereas surgery performed to remove and replace one or more components of a 

THR prosthesis is termed revision hip replacement surgery.  The NJR reported 96,717 

primary and 8,589 revision hip replacement procedures in 2017/185. 

 

An alternative to THR is hip resurfacing arthroplasty (HRA), see Figure 14.  Total hip 

replacement operation requires the complete removal of the natural femoral head, drilling of 

the femoral medullary canal and insertion of the prosthetic femoral stem whereas the HRA 

operation includes reshaping of the natural femoral head and positioning a hip resurfacing 

femoral head without drilling of the femoral medullary canal.  Therefore, HRA is a bone-

conserving surgery compared to the THR, at least on the femoral side.  As per the NJR, of all 

the primary procedures performed in 2017/18, 0.6% were hip resurfacing procedures5. 

 

 
Figure 14 Total hip replacement and hip resurfacing prostheses. Image from Mattei et 

al. (2011)81. 
 

Historically, initial designs of THRs comprised of a non-modular - the monobloc femoral 

component, i.e. femoral head and stem composed of a one-piece with a single neck length 

option.  Therefore, it was difficult to adjust the leg length and offset to restore the natural 

anatomy of the leg.  Hence, the modularity of contemporary THRs was introduced in 

the1980s, and it offers various advantages to surgeons, including intraoperative flexibility to 

restore the natural anatomy of the hip joint82,83.  The modular hip component comprised more 

than one part.  The modularity can be exhibited at: 

• Head-neck junction between the femoral taper and the trunnion of the femoral stem  

• A modular acetabular device which consists of an acetabular shell and acetabular 

liner  



 
20 

 

• Neck-stem junction between the trunnion and the body of the femoral stem (modular-

neck femoral stems) (See Figure 15) 

 

 
Figure 15 Modularity at the neck-stem junction of commercially available femoral 

stems. Images from manufacturers websites respectively84,85. 
 
The most common design of modular THR has a single head-neck interface27,86.  During the 

THR operation, the femoral head is placed on the trunnion of the femoral stem.  A secure 

connection between the femoral taper and the trunnion is achieved by the impaction force 

applied on the femoral head using single or multiple impacts87.  Advantages and 

disadvantages of modularity at the taper-trunnion junction of THR are given in Table 2.  

 
Table 2 Advantages and disadvantages of the modularity at the head-neck interface of 

the THR27,82,83,86. 
Advantages Disadvantages 

Allows more straightforward revision 

surgery without removing the well-fixed 

femoral stem 

Potential site for the material loss in 

addition to the bearing surfaces 

Intraoperative flexibility  Possibility of the fluid ingress at the 

modular junction 

Taper-lock mechanism  Possibility of dislocation of the THR 

Allows use of the different material 

combination, e.g. ceramic femoral head 

mounted on metallic trunnion 

Risk of femoral neck fracture 
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A THR prosthesis is a ball and socket joint typically consisting of four components: an 

acetabular shell, acetabular liner, femoral head and femoral stem see Figure 16.  The 

definitions of the hip prostheses’ components are given in Table 3.   

 

 
Figure 16 Main components of total hip replacement prostheses showing CoC THR 

(left) and MoP THR (right). 
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Table 3 Terms and definitions for hip prosthesis components as reported in the 
international standard and NJR glossary.  

Term Definition 

Acetabular 

device 

“A modular acetabular system consisting of a minimum of two 

components, one of which includes the bearing surface and the second 

component is a modular acetabular shell intended to contain the bearing 

liner and contact bone or bone cement”88 

Acetabular 

shell 

“The metallic external, hollow structure that provides additional 

mechanical support or reinforcement for an acetabular liner and whose 

external features interface directly with the bones of the pelvic socket (for 

example, through bone cement, intimate press-fit, coatings for attachment 

to bone cement or tissue, integral screw threads, anchoring screws, pegs, 

and so forth). The acetabular shell may be solid or contain holes for 

fixation to the pelvis or attachment of instrumentation”88 

Acetabular 

liner 

“Portion of the modular acetabular device with an internal 

hemispherical socket intended to articulate with the head of a femoral 

prosthesis. The external geometry of this component interfaces with the 

acetabular shell through a locking mechanism which may be integral to 

the design of the liner and shell or may rely upon additional components 

(for example, metal ring, screws, and so forth)”88  

Femoral head “Convex spherical bearing member for articulation with the natural 

acetabulum or prosthetic acetabulum”80  

Femoral stem “The part of a modular femoral component inserted into the femur (thigh 

bone). Has a femoral head mounted on it to form the complete femoral 

component”5 

 
Throughout this study, the term ‘bearing couple’ refers to “a usually spherical ball and cup 

system intended to articulate against each other as a replacement for the articulating 

surfaces of the natural hip”88, see Figure 16.  The surfaces of the bearing couple are termed 

as the bearing surfaces.   

 

Each component can be made from a variety of materials, in a different range of sizes as per 

the patient’s requirement.  The largest manufacturers in the joint replacement market are 

Zimmer Biomet, DePuy Synthes, Smith & Nephew, and Stryker.  According to the 
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Orthopaedic Industry Annual Report®, the global hip joint replacement market increased by 

3.2% in 2018 as compared to 2017, achieving revenue of USD 7.6 billion globally with a 

projection of USD 8.9 billion by 202389.  

 

2.3.2 A brief history of hip arthroplasty 

 

Prof. Themistocles Glück made the first attempt to replace a damaged hip joint of a patient 

using an ivory ball and socket joint in Germany in 189190.  In the late 19th and early 20th 

centuries, interpositional arthroplasty was experimented by surgeons which involved placing 

various tissues (fascia lata, skin, pig bladders submucosa) between articulating surfaces of the 

damaged hip1.  In 1938, Mauris Smith-Petersen implanted a Vitallium (cobalt-chromium) cup 

as an interpositional device to cover the reshaped femoral head91.  Phillip Wiles developed 

the first prosthetic THR in 1938 using stainless steel components92.  Later many efforts at the 

replacement of damaged hip joints using implants were made; however, most of them were 

unsuccessful due to the use of inferior materials, poor design and mechanical failure1. In the 

1960s, the late Sir John Charnley revolutionised hip replacement surgery with the 

introduction of the low friction arthroplasty.  Initially Charnley used the combination of 

stainless steel against polytetrafluorethylene (PTFE)93.  Nevertheless, within a year, PTFE 

implants showed high wear causing adverse soft tissue reactions.  In search of low friction 

and low wear material combination, in 1962 Charnley implanted high-molecular-weight 

polyethylene as acetabular bearing material replacing PTFE94, see Figure 17.  This is an 

example of the MoP prosthesis as the metallic femoral head articulates against the 

polyethylene cup. The Charnley MoP implants exhibited good long-term survivorship with 

around 77-81% did not require revision 25 years after primary THR1.  Non-cross-linked 

UHMWPE has been used in the majority of THRs for over five decades 7,8.  However, the 

articulation of the softer polymeric component against the harder metallic bearing surfaces 

leads to the production of numerous submicron-sized PE wear particles which can lead to 

osteolysis9-11.  Thus, in order to improve the wear resistance and therefore reduce the number 

of PE wear particles released, cross-linking of polyethylene was introduced in 199895.  

Therefore, even after 50 years, today, MoP is a popular choice as compared to other 

combinations5.  The triumph of THR has resulted in its indications being expanded to more 

active and younger (<65 years) patients96.  Due to the high activity levels and demands in the 
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younger patients, rates of revisions are higher than those of older patients97.  Therefore, 

alternative combination of CoC THRs have been used in younger patients15.  

 

 
Figure 17 Charnley’s low friction THR a) the stainless-steel femoral component and b), 

c) and d) high-molecular-weight polyethylene acetabular component.  Image from 
Campbell and Rothman (1971)98. 

 

2.3.3 Types of THR prostheses 

 

The NJR divided hip arthroplasty in following four types based on unique characteristics of 

the prostheses: the type of hip replacement, fixation type, materials used for bearing surfaces, 

and the size of the femoral head or internal diameter of the acetabular bearing5.  

 

2.3.3.1 The type of hip replacement 

 

Based on the type of the hip replacement prostheses are divided into THR and HR.  These 

two types are described previously in section 2.3.1. 

 

 

2.3.3.2 The fixation of THR 
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Based on the type of fixation used,  THRs fall into the following categories: cemented 

procedure (when both the femoral stem and acetabular component are fixed using bone 

cement), uncemented procedure (when the femoral stem and acetabular component are fixed 

without any bone cement), hybrid procedure (when only the femoral stem is fixed using bone 

cement and not the acetabular liner) and reverse hybrid procedure (when only the acetabular 

component is fixed using bone cement and not the femoral stem).  The bone cement can be 

defined as “acrylic resin cements used for fixation of implant components whether with 

radio-opaque or non-radio-opaque properties and supplied as units containing pre-measured 

amounts of sterile powder and of sterile liquid in forms suitable for mixing at the time of 

implantation”99.  In the NJR, the most commonly performed THR was an uncemented 

procedure (38%) in 2017/2018.  However, the hybrid procedure (30%) for the first time was 

more common than the cemented (28%) THRs5. 

 

2.3.3.3 The size of femoral head (or internal diameter of the acetabular bearing) 

 

Based on the femoral head diameter size (in mm) used in the surgeries the THR prostheses 

are divided into following types: 22, 26, 28, 30, 32, 34, 36, 38, 40, 42, 44, 46, 48, 50, 52 and 

54+100.  Figure 18 shows different femoral head sizes.  The most commonly implanted 

femoral head size was 32mm in 2017/18 as per the NJR100. 

 

 
Figure 18 Femoral heads with different diameters. Image from Affatato (2014)101. 

 

2.3.3.4 The bearing surfaces of the hip replacement 
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Based on materials used for the bearing surfaces, THRs can be divided into the following 

main categories: metal-on-polyethylene (MoP), ceramic-on-polyethylene (CoP), ceramic-on-

ceramic (CoC), and metal-on-metal (MoM).  Additionally, ceramic-on-metal (CoM) and 

metal-on-ceramic (MoC) have been used, but in small numbers5.  By convention, the femoral 

head bearing material is listed first, and the acetabular bearing material is second. Metal-on-

polyethylene (MoP) and CoC THRs are shown in Figure 16. 

 

Figure 19 shows the change in the hip bearing material combinations since 2009 recorded by 

the NJR.  The most commonly implanted combination is MoP, and the use of CoP bearings 

has showed a continuous increase 2.  The usage of CoC bearings rose between 2009 and 

2012; however, it has declined since then. 

 

 
Figure 19 The change in the hip bearing material combinations since 2009 recorded by 

the NJR. Image from the NJR 15th Annual Report 2017/185. 
 
Metal-on-polyethylene (MoP) is the most commonly implanted bearing surface combination 

with the majority consisting of a CoCrMo alloy femoral head articulating against a 

polyethylene, either cross-linked polyethylene (XLPE) or non-XLPE, acetabular liner5.   

 

2.3.4 Materials in THR 

 

The American National Institute of Health (NIH) defined the term biomaterial as: 
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“any substance or combination of substances, other than drugs, synthetic or natural in 

origin, which can be used for any period of time, which augments or replaces partially or 

totally any tissue, organ or function of the body, in order to maintain or improve the quality 

of life of the individual”102.  The Williams Dictionary of Biomaterials defined 

biocompatibility as “the ability of a material to perform with an appropriate host response in 

a specific application103”.  However, according to the international standard, no known 

implant biomaterial has been demonstrated to be completely free from the unfavourable host-

immune response by the human body104.  Biomaterials used to replace the damaged hip joint 

require specific properties such as biocompatible, high strength, hardness, fracture toughness, 

and excellent corrosion and wear resistance105.  Most commonly used hip implant 

biomaterials are metals (cobalt alloys, Ti alloys, and stainless steel), ceramics (alumina, 

zirconia) and polyethylene [non-cross-linked ultra-high-molecular-weight polyethylene 

(UHMWPE), cross-linked UHMWPE (XLPE)] and XLPE) due to their biocompatibility.   

 

2.3.4.1 Metals  

 

Cobalt chromium molybdenum (CoCrMo) alloys are the most frequently used biomaterials 

for femoral heads owing to their high hardness, and excellent corrosion and wear resistance 

properties5,106.  Two common types of the CoCrMo alloys are: cast CoCrMo alloy107 and 

wrought CoCrMo alloy108.  The American Society for Testing and Materials (ASTM) defined 

chemical composition for CoCrMo alloys used for surgical implants is given in Table 4. 
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Table 4 ASTM F75 CoCrMo alloy: chemical composition. 
Element Weight % 

Cobalt, Co Balance 

Chromium, Cr 27-30 

Molybdenum, Mo 5-7 

Carbon, C <0.35 

Nickel, Ni <0.5 

Iron, Fe <0.75 

Silicone, Si <1 

Manganese, Mn <1 

Tungsten, W <0.2 

Phosphorus, P <0.02 

Sulphur, S <0.01 

Nitrogen, N <0.25 

Aluminium, Al <0.1 

Titanium, Ti <0.1 

Boron, B <0.01 

 

Wrought CoCrMo alloys are available commercially in two categories, ‘high carbon’ (0.15-

0.35 wt% carbon) and ‘low carbon’ (less than 0.14 wt% carbon)108.  The increase in carbon 

content has been demonstrated to encourage the formation of the carbides109-111.  

Additionally, it has been shown that high carbon CoCrMo alloys have better wear and 

corrosion resistance properties than low carbon CoCrMo alloys112.  Furthermore, the presence 

of Cr and Mo in the CoCrMo alloy forms spontaneous oxide layer (1-4 nm thick) that provide 

excellent corrosion resistance properties to these alloys32,106. 
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One of the critical concerns of modular THRs is the selection of femoral stem material 113,114.  

If the femoral stem implant material is stronger than the bone, then the femoral stem will 

carry more of the load.  Therefore, the bone is shielded/protected from the applied stress, and 

this can lead to stress shielding followed by resorption of the bone material and implant 

failure115,116.  The Young’s modulus (E) of Ti alloys (E = 110 GPa) is much closer to that of 

the natural bone (E = 55GPA) compared to CoCrMo alloys (E = 240 GPa) and 316L stainless 

steel (E = 210 GPa)117.  Thus, the femoral stem is commonly composed of Ti alloys rather 

than stainless steel or CoCrMo alloy118,119. 

 

Furthermore, commercially pure Ti (Cp-Ti) and Ti-based alloys are known to be most 

biocompatible and corrosion-resistant of all surgical implant materials120.  This is owing to 

the spontaneous formation of TiO2 passive layer (approximately 10 nm thick) on the surface 

of both materials121.  Commercially Pure Ti (Cp-Ti) and Ti6Al4V alloy have similar 

corrosion resistance properties; however, the latter has more strength122.  Moreover, 

Titanium-12Molydenum-6Zirconium-2Iron (TMZF) beta Ti alloy (E= 80 GPa) was 

developed with lower modulus, higher toughness and tensile strength and to enhance 

osseointegration at the femoral stem-bone interface117,123.  Unfortunately, due to poor wear 

resistance property of Ti alloys compared to the CoCrMo alloys and stainless steel, they are 

not suitable as a bearing surfaces material17,119,124,125.  Thus, Ti alloys are not suitable material 

for the fabrication of the femoral taper. 

 

The most commonly implanted bearing surface combination is MoP with the femoral head 

manufactured using CoCrMo alloy 5.  Furthermore, the use of CoCrMo alloy has been used in 

the MoM bearings.  In MoM prostheses, due to the absence of polymeric components 

osteolysis caused by PE wear debris is not a concern.  However, in the mid-2000s many 

researchers, surgeons as well as joint implant registries reported high failure rate associated 

with DePuy Articular Surface Replacement ™ (ASR) hip resurfacing system and ASR™ XL 

acetabular hip system 21,126-128.  Detailed timeline in terms of the NJR monitoring of ASR™ 

hip prostheses is shown in Figure 20.   
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Figure 20 Detailed timeline in terms of the NJR monitoring of ASR™ hip prostheses129. 
(MHRA: Medicines and Healthcare products Regulatory Agency of the Department of 

Health and Social Care in the United Kingdom).  
 

However, the usage of MoM bearings almost vanished with less than 0.1% THR and 0.6% 

resurfacing procedures reported by the NJR(2017/18)100.  According to the NJR, metallic 

materials was used most commonly for the femoral head with 59%100.   

 

2.3.4.2 Ceramics 

 

Ceramic-on-ceramic THR was introduced in the early 1970s by Boutin 130, and has gained in 

popularity with increasing numbers implanted each year5.  Alumina ceramic has been used 

owing to excellent biocompatibility, high hardness and strength, inertness, corrosion, and 

wear resistance properties15.  Over the years, ceramics have been developed to today’s fourth-

generation BIOLOX®delta ceramics, each generation benefiting from enhanced material 

properties and a corresponding reduction in wear, see Figure 21 and Figure 22.  According to 

the NJR, 41% of hip replacement procedures used ceramic femoral heads 100. Interestingly, in 

2017/18, the use of ceramic modular femoral heads increased by 1% compared with the 

operations performed in 2016/17100. 
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Figure 21  Generations of alumina ceramics used in hip replacement.  Image from 

Ceramtec website. 
 

 
Figure 22  Development of alumina ceramic.  Image from Masson (2009)131. 

 
BIOLOXdelta is the latest, fourth-generation ceramic, zirconia toughened alumina (ZTA) 

and composed of 82% alumina (Al2O3), 17% tetragonal zirconia (ZrO2) particles, 0.5% 

strontium aluminate and 0.5% chromium oxide (Cr2O3)132.  The strength of BIOLOXdelta 

composite is approximately twice as that of the third generation Alumina, see Figure 22.  The 

excellent toughness of the BIOLOXdelta is mainly due to two mechanisms a) 

transformation toughening and b) platelet reinforcement, see Figure 23 a) and b) respectively 
133.  Firstly, the presence of small zirconia particles dispersed homogeneously is used to stop 

the propagation of the crack, see Figure 23 a).  Secondly, elongated platelet-like structures 

formed by strontium oxide arrest the crack propagation, see Figure 23 b).  Finally, the 
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alumina matrix is combined with a solid solution of chromium oxide for hardening131,133.  

Chromium oxide gives the pink colour to BIOLOXdelta134.  More than 3.8 million femoral 

heads and 1.5 million liners of BIOLOX®delta have been implanted worldwide since its 

launch135. 

 

 
Figure 23 Prevention mechanisms for the crack propagation (shown by the continuous 

red arrow) in BIOLOXdelta ceramic: a) transformation toughening and b) platelet 
reinforcement. 1.Alumina grain, 2. Zirconia grain and 3. Plate-like crystal.  Image from 

Zimmer134. 
 

2.3.4.3 Polymers 

 

Chemical structure of ethylene and PE is shown in Figure 24.  The following steps are 

involved in the manufacturing of non-cross-linked UHMWPE liners: polymerisation of 

ethylene gas into a resin powder, consolidation of UHMWPE resin powder into rods or sheets 

and machining of the rods into the desired shape, see Figure 25. After the production of 

UHMWPE acetabular liners, they must be sterilised, and vacuum packed for distribution.  

Initially, Charnley acetabular cups were manufactured at Wrightington hospital followed by 

chemical sterilisation. After 1967, Charnley acetabular cups were manufactured by Chas. F. 

Thackray Limited of Leeds and were irradiated by gamma (γ) radiation136. 
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Figure 24 Chemical structure of ethylene and polyethylene. Image from Kurtz (2009)137. 
 

 
Figure 25 Processing of UHMWPE acetabular liners. a) UHMWPE resin powder, b) 
semi-finished UHMWPE rods that have been consolidated from the UHMWPE resin 
powder, c) Machining of the UHMWPE rods on a lathe, and d) UHMWPE acetabular 

liners after machining.  Image from Kurtz (2009)137. 
 

Non-cross-linked UHMWPE has been used in the majority of THRs for over five decades 7,8.  

However, the articulation of the softer polymeric component against the harder metallic 

bearing surfaces leads to the production of numerous submicron-sized PE wear particles 

which can lead to osteolysis9-11.  Thus, in order to improve the wear resistance and therefore 
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reduce the number of PE wear particles released, cross-linking of polyethylene was 

introduced.  The AOANJRR states, ‘XLPE is classified as UHMWPE that has been irradiated 

by high dose (≥50kGy) gamma or electron beam radiation’ and also reported that 97.2% of 

hip procedures comprising of a PE component utilised XLPE acetabular liners in 20166. 

Furthermore, the revision rates at 16 years for XLPE (6.4%) is lower than non-XLPE (12.4%) 

hip replacement procedures6.   

 

The cross-linking applied in polymers can be defined as , “the chemical structure of 

polyethylene is fundamentally altered by cross-linking, which itself is defined as the joining of 

two independent polymer molecules by a chemical covalent bond”95.  Figure 26 shows the 

process of cross-linking of UHMWPE by γ or electron beam (Eb) radiation.  Gamma or Eb 

radiation breaks down carbon-hydrogen and carbon-carbon bonds inducing cross-linking, 

scission of chains or immediate oxidation in the presence of oxidation.  Additionally, cross-

linking creates free radicals (uncombined electrons), which may cause long-term oxidative 

degradation of PE by reacting with oxygen molecules138.  Therefore, XLPE doped with the 

antioxidant vitamin-E has been developed to prevent long-term oxidative degradation of 

XLPE, undesirable post-irradiation heat treatments, and improve oxidative stability12,139.  The 

process of cross-linking of UHMWPE, while improving the wear properties of UHMWPE 

reduces the mechanical ones, making the acetabular liners more at risk of fatigue fracture140.  

Furthermore, steep positioning of the acetabular liner that leads to stresses concentration or 

impingement is considered as a risk factor 140.  Not all XLPEs are the same, considering that 

apart from γ or EB radiation, annealing and melting technique can also influence the in vivo 

performance of XLPE liners.  XLPE liners re-melted after γ or EB radiation exhibit good 

oxidation resistance but less fatigue resistance.  On the other hand, XLPE liners annealed 

after γ or EB radiation and beneath the melting temperature usually exhibit good fatigue and 

wear resistance but poor oxidation resistance due to failure in the neutralization of all free 

radicals in this process.  
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Figure 26 Gamma (γ) or electron beam (Eb) radiation of UHMWPE. Image from 

Campbell et al. (2004)141. 
 

2.3.5 Potential causes of failure of primary THR and revision THR 

 

The failure of a THR leads to the need for revision surgery.  The most recent National 

Institute for Health and Care Excellence (NICE) guidance recommended that THR and HR 

prostheses should have revision rates 5% or less at ten years142.  Potential causes of failure of 

the primary THR can be summarised into three groups, which are shown in Table 5. 

 

Table 5 Potential causes of failure of primary THR143. 
Group Associated conditions 

Patient-related factors Poor bone quality, sickle cell anaemia, high 

body mass index 

Implant-related factors Aseptic loosening, osteolysis, metallosis, 

periprosthetic fractures, delamination of the 

porous coating 

Failures related to inadequate surgical 

technique  

Malpositioning of components 

 

Since the introduction of the NJR, aseptic loosening, dislocation (instability), adverse soft 

tissue reaction to particulate debris, pain and periprosthetic fracture are common indications 



 
36 

 

for revision surgery5.  Aseptic loosening means the loosening of the prosthesis that may result 

from wear debris or inadequate fixation during the surgery.  In 2017/18, aseptic loosening 

was recorded as the most common reason in 41% of revision surgeries5, see Figure 27.  The 

initial response to particulate debris comprises a subtle inflammatory response that becomes 

more prominent as osteolysis progresses144.  The inflammatory environment triggers a 

cellular response characterised by elevated levels of tumour necrosis factor (TNF), receptor 

activator of nuclear factor-κB (RANK)/RANK ligand (RANKL), Interleukin (IL) -6, IL-1, 

and IL-11.  Most of these cytokines directly affect the differentiation and activity of 

osteoclasts leading to enhanced osteolysis144. 

 

 
Figure 27 Aseptic loosening at the femoral stem indicated by black arrows. Image from 

Vanrusselt et al. (2015)145.  
 

Non-cross-linked UHMWPE has been used in the majority of THRs for over five decades7,8.  

However, the articulation of the softer polymeric acetabular component against the harder 

metallic femoral bearing surfaces leads to the production of numerous submicron-sized 

polyethylene wear particles which can lead to osteolysis9-11.  As these submicron-sized 

polyethylene wear particles are produced and released into the periprosthetic tissues, the 

body’s immune system attacks these particles by initiating a foreign body response.  As a 

result of a foreign body response, macrophages attempt to break down polyethylene particles. 

However, polyethylene particles are inert, and they cannot be broken down.  Therefore, a 
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complex biological cascade sequence is initiated where osteoclasts, i.e. bone-resorbing cells, 

are activated at the bone-implant interface leading to loosening of the implant.   

 

The improvement of polyethylene wear resistance by cross-linking, and the alternative 

bearing materials such as hard-on-hard bearings including MoM and CoC with lower wear 

rates were introduced to solve problems associated with polyethylene wear particle-induced 

osteolysis and therefore hopefully increase implant longevity.   

 

Clinical problems associated with higher than expected failure rates of MoM prostheses were 

collectively defined by the term, ‘Adverse reactions to metal debris (ARMD)’.  In 2010, 

Langton et al. introduced, ARMD, as an umbrella term to illustrate the painful failure of 

large-diameter MoM THR and HR prostheses with one or more of the following features: 

large sterile effusion of the hip, macroscopic tissue necrosis, aseptic lymphocyte dominated 

vasculitis associated lesion (ALVAL) and metallosis including pseudotumor21,126.  In 2008, 

Pandit et al. introduced the term ‘pseudotumor’ to describe a cystic, solid, or mixed mass 

communicating with MoM HR prostheses146.  The NJR used the ALVAL term to describe 

“the generality of adverse responses to metal debris, but in its strict sense refers to the 

delayed type-IV hypersensitivity response” 5.  Initially, ARMD related failure were reported 

for MoM bearing surfaces126,147; however, subsequently, it has been shown that this type of 

failure could also arise from the taper trunnion junction of MoM THRs19,20.  Recently, many 

studies have been reported ARMD associated with modular THRs without MoM bearing 

surfaces42-45,148,149.  

 

In 2008, the NJR introduced the term ‘adverse soft tissue reaction to particulate debris’ for an 

indication of the revision surgery5.  Furthermore, the NJR reported adverse soft tissue 

reaction to particulate debris responsible for 11% of revision surgeries in 2017/185.  

Additionally, researchers, particularly in the US, used the term ‘adverse local tissue reaction’ 

(ALTR) rather than ARMD to describe problems associated with the failure of MoM hip 

prostheses 150,151.  Furthermore, in the same term, ALTR has been used more commonly to 

describe similar clinical problems associated with conventional MoP hip prostheses148,152-154.   

 

Figure 28 shows the overall risks of revision for cemented and uncemented hip prostheses at 

14 years5.  Metal-on-metal prostheses (both THR and HR) showed a high overall risk of 
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revision, and the NJR reported minimal current usage of these prostheses5.  In cemented 

prostheses, cement mixing time and pressure required for the setting of the cement require 

skills and precision155,156.  In uncemented prostheses, the cement is not used; instead, the 

surface is coated with the hydroxyapatite for bone ingrowth.  The uncemented prostheses are 

expensive than the cemented for bone ingrowth156.  Hence, it would be cost-effective for the 

NHS (public healthcare provider) to utilise cemented rather than uncemented prostheses.  

 

The optimal method of fixation for primary THR, especially cemented or uncemented 

fixation, is still debatable155,157.   It has been hypothesized that the generation of wear debris 

either from bone cement or PE particle, may have a common route in the damage of 

periprosthetic bone155,158.  Common causes of revision in cemented and uncemented THRs 

included aseptic loosening, pain, periprosthetic fracture, implant wear, infection, dislocation, 

lysin, malalignment or adverse reaction to particulate debris5.  In a randomised control trial, 

Abdulkarim et al. reported no significant difference between cemented and uncemented 

fixation group in terms of implant survival as measured by mortality, revision rates or the 

complication rate155.  Thien et al. investigated the prevalence of periprosthetic fracture around 

the femoral component in cemented and uncemented THRs159.  They reported a rate of 0.47% 

for uncemented stems and 0.07% for cemented stems.  However, the risk of revision was very 

low. Moreover, Nayak et al. compared the incidence of acetabular osteolysis and reported 

found no significant difference in the cemented and uncemented THRs158.  The risk of 

revision in CoP bearing surfaces remained particularly low, see Figure 28 and therefore, the 

NJR reported increased use of CoP with time5.   
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Figure 28 Risk of revision in a) cemented and b) uncemented prostheses by bearing 

surface as recorded by the NJR. Images from the NJR’s 15th Annual Report 2017/185. 
 

2.4 Biotribology and in vitro wear testing of THRs 

 

This section describes the biotribology, i.e. friction, lubrication and wear of THRs.  Then, 

laboratory hip simulator wear testing methods and review of in vitro hip simulator wear 

testing of CoC and MoP bearing surfaces as well as retrieval studies are summarised.  

Additionally, an overview of the wettability of the biomaterials used for THR is provided.  

 

“God made the bulk; surfaces were invented by the devil” is one of the famous quotes from 

Nobel laureate Wolfgang Ernst Pauli160.  Even at the atomic level, the elimination of an 

electron from the surface of an atom (i.e. ionisation) alters the fundamental structure of its 

surface layer.  In THR, bearing surfaces successfully articulating against each other is one of 

the essential factors of the long-term success of a prosthesis due to the wear generated by this 

articulation.  Therefore, it is necessary to investigate friction, wear and lubrication 

phenomena, i.e. biotribology of hip prostheses.  The word “tribology” (Greek: ‘tribos’ means 
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to rub and ‘ology’ means the study of) was coined by Dr Peter Jost in 1966 and is defined as 

“the science and technology of interacting surfaces in relative motion” and includes the study 

of friction, wear, and lubrication161.  In 1970, Dowson introduced the term ‘biotribology’ as 

“those aspects of tribology concerned with biological systems”162. 

 

2.4.1 Wear 

 

The international standard, ASTM G40-17 defined ‘wear’ as “alteration of a solid surface by 

progressive loss or progressive displacement of material due to relative motion between that 

surface and a contacting substance or substances”163.  The most common wear mechanisms 

in artificial joints are abrasive wear, adhesive wear, fatigue wear and third-body wear 

suggested by Burwell and Strang164.  The definitions of common wear mechanisms as per the 

international standards are given in Table 6. 

 

Table 6 Wear mechanisms and their definitions as per the international standard 
ASTM G40-17163. 

Type of wear Definition 

Abrasive wear “wear due to hard particles or hard protuberances forced 

against and moving along a solid surface”. 

Adhesive wear  “wear due to localized bonding between contacting solid 

surfaces leading to material transfer between the two 

surfaces or loss from either surface” 

Corrosive wear “wear in which chemical or electrochemical reaction with 

the environment is significant” 

Fatigue wear “wear of a solid surface caused by fracture arising from 

material fatigue” 

 

The significance of wear is not only linked to the reduced function and replacement expense 

of a THR component but also the adverse reactions of wear particles165,166.  Such as, wear 

particles generated from hip prostheses have been shown to produce adverse local tissue 

reactions, osteolysis and loosening of the implant106,167.  Furthermore, the wear mechanisms 

from Table 6 may occur in sequence or simultaneously, e.g. wear particles generated as a 

result of adhesive wear, can cause abrasive wear by acting as a third body between contacting 
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surfaces.  ‘Three-body abrasive wear’ is defined as “a form of abrasive wear in which wear is 

produced by loose particles introduced or generated between the contacting surfaces” and 

the loose particles are considered as a “third body”163.  There are many sources of third 

bodies in hip arthroplasty, and they are: assembly/impaction chipping, bone cement, bone 

particles, burnishing from loose stems, cutting guide abrasion, fixation screw fretting, 

hydroxyapatite particles, instrument scratching, locking mechanism breakage, matte/precoat 

stem abrasion, microseparation impact, modular connection fretting, neck impingement, 

porous coating particles, radiopacifier particles, trochanteric reattachment wires168. 

 

Archard proposed the theory of sliding wear 169.  Sliding wear can be defined as “wear due to 

the relative motion in the tangential plane of contact between two solid bodies”163.  The 

Archard’s wear equation is defined below, see Equation I170: 

 

𝑄𝑄 =
𝐾𝐾𝐾𝐾
𝐻𝐻

 

Equation I 
 
Where Q is the volumetric wear per unit sliding distance, W is the normal load, H is the 

hardness of the softer surface and K is the wear coefficient or coefficient of wear.  It is 

important to note that K is dimensionless and always less than 1.  In engineering applications, 

the quantity K/H is usually incorporated together and given the symbol, k, the dimensional 

wear coefficient (mm3/Nm) 170.  The resulting wear equation is defined below, see Equation 

II171: 

 

𝑉𝑉 = 𝑘𝑘𝑘𝑘𝑘𝑘 

Equation II 
 
Where V is the volumetric wear, k is the dimensional wear coefficient, L is the applied load 

and x is the sliding distance.  This equation is called the Lancaster wear equation171.  The 

dimensional wear coefficient, k, represents the volume of material removed by wear (in mm3) 

per unit sliding distance (in metres), per unit normal load (in newtons) and is often referred to 

as the wear factor.   

 

The wear factor has been calculated in laboratory studies involving pin-on-plate or pin-on-

disc wear testing rigs.  Jin et al. reported the use of wear rates rather than wear factors for 
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comparison between different bearing surfaces because the wear factors determined from pin-

on-plate rigs may be quite different from those measured in the hip joint simulators 165.  In 

hip simulator tests, the determination of the wear rate plays a significant role in the 

assessment of THR designs172.  It allows direct comparison of bearing surface material 

combination to be used in THR prostheses. As specified in the international standard, ISO 

14242-2, Implant for surgery- Wear of total hip-joint prostheses Part 2: Methods of 

measurement, the wear behaviour is acquired after fitting a line by least square method 

throughout the cumulative mass loss data, as a function of the number of test cycles173.  The 

wear rate (in mm3/Mc) is simply calculated as the slope of the linear regression line by 

plotting the average volumetric loss (mm3) against the number of cycles (Mc).  Therefore, the 

wear factor using Equation II has not been calculated in this study.  However, the wear rates 

as per the ISO 14242-2 have been obtained throughout this study and the results were 

compared with the literature.  

 

Various types of wear tests are conducted in the laboratory to measure wear and to study the 

tribological processes in THR prostheses.  In the 1960s, the American Society for Lubrication 

Engineers recorded over 200 types of wear tests and laboratory equipment in use174.  Later, 

multi-axis wear simulation devices were employed in order to assess the wear of 

biomaterials, in clinically relevant testing conditions and motions41,175,176.  In the late 1970s, 

Wright and Scales highlighted:  

“Although it is not yet mandatory, it is inexcusable to use total hip prostheses in man that 

have not been adequately tested in the laboratory”177. 

 

2.4.2 Wear screening devices 

 

Biomaterials are initially tested in relatively uncomplicated and inexpensive wear screening 

devices such as pin-on-plate or pin-on-disk machines, see Figure 29.  These test rigs offer 

information exclusively on the intrinsic characteristics of the biomaterial under investigation.  

Wear screening tests are relatively inexpensive and require simplified specimen geometry.  

However, the actual hip prostheses are not involved in the wear screening tests.  
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Figure 29 a) and b) shows top and side views of pin-on-plate wear testing rig 

respectively and c) shows pin-on-disk rig from the Biotribology lab, Newcastle 
University. 

 
Wear screening is an essential preliminary step in assessing biomaterials for THRs.  

Following wear screening tests, further testing is necessary to evaluate the performance of the 

actual hip prostheses in simulated physiological conditions.  This is accomplished through the 

use of sophisticated machines called hip simulators, which test actual hip prostheses with 

clinically relevant loading and motion to predict some features of clinical performance of the 

prostheses under investigation166,175.  

 

2.4.3 The human gait cycle and hip joint wear simulators 

 

In the 1960s, the first hip simulators were developed as a consequence of Sir John Charnley’s 

work 178-180.  In 1970, Dowson et al. described ‘a joint simulating machine for load-bearing 

joints’ with a single station181.  However, in the early 1980s, Clarke described a multi-station 

and computer-controlled hip joint simulator182.  Clarke reported an overview of hip 

simulators to that date and also reported the benefit of having multiple stations over a single 

station in a single hip simulator test182.  Since then, hip simulator wear testing has been 

continuously upgrading to simulate actual prostheses in as close as clinically relevant 

conditions41.   
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Commercial hip simulators have been available since the 1990s.  Nowadays, the laboratories 

of almost every one of the major orthopaedic companies and several universities worldwide 

possess hip joint simulators166.  Figure 34 shows the commercially available hip simulators.  

A hip simulator can be defined as: 

“Any device which, under appropriate test conditions, causes a prosthesis to wear in a 

manner substantially equivalent to that which it would experience in typical clinical use in a 

patient. In order to accomplish this, a hip joint wear simulator will typically apply a set of 

motions and loads and a lubricant that, in combination, create tribological conditions 

comparable, but not necessarily identical, to those occurring in vivo”166. 

To understand hip joint wear simulator motion, it is first important to consider human gait 

cycle as explained in the following section. 

 

2.4.3.1 Gait cycle 

 

The systemic study of human walking is known as gait analysis.  Michael W. Whittle defined 

walking as “A method of locomotion involving the use of the two legs, alternately, to provide 

both support and propulsion” 183.  In order to differentiate walking from running, Whittle 

added: “at least one foot being in contact with the ground at all times” 183.  Also, Whittle 

defined the gait cycle as “the time interval between two successive occurrences of one of the 

repetitive events of walking” 183.  

 

The gait cycle encompasses all the events that occur between two leg movements in the 

cycle.  Many researchers use the initial contact of the right foot (leading leg), i.e. the moment 

at which right foot touches the ground, for gait analysis. Each gait cycle consists of seven 

distinct events initial contact (heel strike), opposite toe-off, heel-rise, opposite initial contact, 

toe-off, feet adjustment and tibia vertical, see Figure 30.  The seven events of the gait cycle 

are subdivided into seven distinct periods: heel strike, loading response, mid-stance, terminal 

swing, pre-swing, initial and mid-swing and terminal swing, see Figure 30.  
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Figure 30 Seven events in a Gait cycle. Image from Whittle (2014)183. 
 

The gait cycle is divided into two main phases: stance phase and swing phase183.  The stance 

phase begins at the moment the heel of one leg touches the ground (heel strike) and 

terminates at the instant that the toes of the same leg leave the ground (toe-off).  The time 

required to accomplish all the events of the stance phase contributes approximately 60% of 

the total gait cycle time. The swing phase begins as soon as the toe of one leg leaves the 

ground and terminates at the instant that heel of the same leg strikes the ground.  The time 

required to accomplish all the events of the swing phase contributes approximately 40% of 

the total gait cycle time183. 

 

If the gait cycle of the right foot begins (right initial contact) then at the same time the gait 

cycle of left foot ends (left toe-off) and at this point of time both feet come in contact with the 

ground, and this is known as double support183. During the swing phase of one leg, only the 

opposite leg is on the ground, and entire body weight is supported by this leg and is known as 

single support. Thus, each gait cycle consists of two periods of double support and two 

periods of single support183.  The human gait cycle is summarised in Figure 31184. 
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Figure 31 Normal gait cycle. Image from Rajťúková et al. (2014)184. 
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2.4.3.2 Load acting on the natural hip joint 
 
The hip joint is continuously loaded during day-to-day activities of a healthy human being. 

While standing upright on both legs, the weight of the upper body is equally distributed 

across both legs via both hip joints.  In 1966, Paul established a double peak loading profile 

during normal gait 185.  Paul measured the muscle activity during standard walking from 16 

healthy volunteers using body markers to measure movement with cinematic recording, and a 

force plate on the floor.  Paul reported a peak force value of 3.9 times body weight at the hip 

joint and low force (1.24 times bodyweight) during the swing phase.  

 

The load acting on the hip joint during different activities such as walking, running, and 

climbing stairs is significantly different from each other.  The forces acting on the hip joint in 

vivo are summarised in Table 7. It is essential to notice that all these measurements were carried 

out using instrumented femoral prostheses (i.e. an implant with a transducer in the femoral 

stem) on the patient who had undergone total hip replacement surgery50.  Instrumented femoral 

prostheses were intended for research focused on in vivo examining the biomechanics of the 

THRs186.  They have been designed to collect data, optimise the mechanical design, track the 

healing process and improve the rehabilitation processes after THR surgery186.  Furthermore, 

up to 9 years of in vivo data were obtained from instrumented femoral prostheses without 

reporting any side effects186.  

 

 
Table 7 Force acting on the hip joint measured using instrumented prostheses. Adapted 

from Byrne et al. (2010)50. 
Activity Force acting on the hip joint  × Body Weight (N) 

Slow walking 1.6 to 4.1 

Normal walking 2.1 to 3.3 

Fast walking 1.8 to 4.3 

Ascending stairs 1.5 to 5.5 

Descending stairs 1.6-5.1 

Jogging, running 4.3 to 5.0 

Standing up 1.8 to 2.2 

Sitting down 1.5 to 2.0 

Stumbling 7.2-8.7 
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2.4.3.3 Hip joint simulators 
 

Hip joint simulators have been built to simulate the biomechanics of the natural hip joint and 

replicate wear rates, wear patterns and wear debris observed clinically, in controlled 

laboratory conditions using actual hip prostheses 40,41.  The international standard ISO 14242, 

‘Implants for surgery - Wear of total hip-joint prostheses’ have been established for wear 

testing187 and wear measurement173 of THRs.  Testing condition as per the ISO 14242-1 

(“Implants for surgery -Wear of total hip-joint prostheses Part 1: Loading and displacement 

parameters for wear-testing machines and corresponding environmental conditions for test”) 

are shown in Table 8. 

 

Table 8 Testing conditions as per the ISO 14242-1187. 
Dynamic loading Minimum 0.3 kN and maximum 3.0 kN   

Applied motion Flexion/extension (FE), abduction/adduction (AA) and 

internal/external rotation (IER) 

Frequency 1 Hz ± 0.1 Hz 

Test duration 5 million cycles 

Test fluid Calf serum diluted with deionised water (a protein 30 g/L ± 2 g/L) 

Test fluid 

volume 

Capable of maintaining the contact surfaces immersed in the fluid test 

medium (at 37 °C ± 2 °C) 

 

As per the ISO 14242-1, the hip simulator test must be conducted until one of the following 

three things occurs: completion of 5 million cycles, break-up or delamination of the bearing 

surfaces, failure of the hip simulator to maintain applied loading and displacement 

parameters187. 

 

As a day-to-day activity for evaluating performance after THR, reference is generally made 

to the gait cycle or normal walking cycle.  A comparison of the normal gait cycle ( see  

Figure 31) to ISO standard is shown in Figure 32.   
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Figure 32 Comparison of the normal gait cycle with the hip simulator motion and 

forces: a)the three components of the hip force (Wx,Wy and Wz), scaled with respect to 
the body weight (BW) and corresponding hip angles taken from the ISO 14242-1 and c) 

normal gait cycle.  Image from Mattei et al. (2011)81. 
 
In most hip simulators only the vertical load [Wy, see Figure 32 a)] component and FE 

motion of the standard walking cycle are considered, see Figure 33.  The variation of vertical 

loading and FE motion along with either AA or IR or both motions could be added in the hip 

simulator depending upon the manufacturer.  The applied motion and dynamic loading in the 

hip simulators usually represent a standard gait cycle also called steady walking conditions or 

continuous level walking with double peak loading.  Figure 34 and Table 10 shows pictures 

and description of currently used hip simulators, respectively.  Hip simulators used in various 

laboratories for testing of the bearing surfaces of hip prostheses differ from each other in 

many parameters such as applied dynamic loading, applied motions, the position of the hip 

prostheses (anatomical/non-anatomical).   
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Figure 33 Vertical load (Wy) and FE angular velocity (ωx) for BW= 750N according to 

ISO 14242-1.  Image from Mattei et al. (2011)81. 
 

Furthermore, type of lubricant and additives such as antibacterial agents, the temperature of 

the lubricant bath varies across the laboratories, which are summarised later in Table 11 for 

CoC and Table 12 for MoP hip simulator tests.   

 

The natural lubricant in the human body is synovial fluid. Therefore, it may seem appropriate 

that synovial fluid should be employed for in vitro wear testing of hip prostheses.  

Nevertheless, there are many concerns with this concept 55.  Firstly, there may be ethical 

issues with taking synovial fluid from humans as these individuals need the natural 

lubricant to allow their joints to function.  Secondly, in the natural hip joint, the volume of 

synovial fluid is in the range of 0.2-0.4 mL54,55.  It would not be possible to obtain the 

required volume of synovial fluid to carry out a hip simulator test for minimum of five 

million cycles.  Thirdly, the characteristics such as pH and protein concentration 

of natural synovial fluid differ between humans and are influenced by disease 54,59,188.  

Therefore, a variety of alternative lubricants have been used for laboratory testing of 

biomaterials in the literature, examples of commonly used lubricants are water, ringer’s, 

solution, dilute bovine serum, gelatine-based protein solutions 55.  The effectiveness of these 

alternative lubricants has been investigated based on comparison of the wear debris and wear 

rates with that seen in vivo 55.  Harsha and Joyce summarised the advantages and 

disadvantages of alternative lubricant 55 and the results are shown in Table 9 .  Therefore, 

diluted bovine serum with the protein concentration within the physiological range of the 

joint fluid is used for hip simulator wear testing187. 
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Table 9 Advantages and disadvantages of commonly used lubricants in in vitro studies55. 
Lubricant  Advantages  Disadvantages  
Water  Inexpensive and safe,  

minimal degradation or  
contamination by bacteria  

Wear rates are inconsistent due to 
transfer film. Wear debris size and 
shape are not representative of 
clinical wear debris  

Ringer’s solution  Inexpensive and safe,  
minimal degradation or  
contamination by bacteria  

Wear rates are inconsistent due to 
transfer film. Wear debris size and 
shape are not representative of 
clinical wear debris  

Dilute 
bovine serum  

Wear rates generally of 
the same order of 
magnitude  
as those seen clinically  

Relatively expensive, degrades fairly  
quickly and may be contaminated by  
bacteria   

Gelatin-based  
protein solution  
(Gelofusine)  

Wear rates are similar to  
bovine serum  

Expensive and may be contaminated 
by bacteria. Wear debris size 
is similar to that produced when water 
is the lubricant  

Gelatin-based  
protein solution  
(Plasmion)  

Synthetic serum 
with protein content of 30 
g/l  

Expensive, wear rates are similar 
to that observed when water is used 
as the lubricant. Wear debris 
produced is not representative of 
clinical wear debris  
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Figure 34 Commercially available hip simulators. Images from manufacturers websites, 

respectively.  
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Table 10 Description of the modern hip simulators. 
Hip Simulator’s 

Name 
Applied dynamic loading data Applied motions Number of test 

stations 
(A:Anatomical, 

N:Non-
anatomical) 

Type Max(kN) Min(kN) Profile f (Hz) FE AA IER 

HUT-4189      
(Figure 34 a) 

 

Pneumatic 2.000 0.400 Double-peak 1.0 ±23° ±6° - 12 or 6 (A) 

Endolab190    
(Figure 34 b) 

 

Hydraulic 3.000 0.300 Paul 1.0 +25° to -
18° 

+7° to -4° +2° to -
11° 

6 (N) 

MTS191          
(Figure 34 c) 

 

Hydraulic 2.450 0.050 Physiologic 1.0 Bi-axial rocking motion ±22.5° 12 (A) 

AMTI192        
(Figure 34 d) 

 

Hydraulic 2.870 NG Paul NG ±23° ±8.5° ±10° 12 (N) 

ProSim193-195 
(Figure 34 e) 

 

Pneumatic 3.000 0.100 Double-peak 1.0 +30° to -
15° 

- ±10° 10 (A) 

Durham Mark 
II196 

(Figure NA) 

Pneumatic 2.500 0.100 Square wave 1.0 +30° to -
15° 

- ±10° or 
±5° 

5 (A) 

Leeds Mark II197 
(Figure NA) 

Pneumatic 3.000 0.050 Double-peak 1.0 +30° to -
15° 

- ±10° 6 (A) 

Shore 
Western198,199 
(Figure NA) 

Hydraulic 2.000 0.200 Sinusoidal 1.1 Bi-axial rocking motion ±22.5° 12 (N) 

Max: Maximum, Min: Minimum, F: Frequency, FE: Flexion-Extension, AA: Abduction-Adduction, IER: Internal External Rotation, 
NG: Not given, NA: Not available
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2.4.4 Ceramic-on-ceramic (CoC) THR 

Ceramic-on-ceramic (CoC) bearing surfaces exhibit extremely low wear rates in hip 

simulator tests in the range of 0.05 – 0.1 mm3/million cycles (Mc) 196,200-202.  Various hip 

simulator wear tests (under standard gait cycle) of CoC bearing surfaces are shown in Table 

11.  This compares with MoP hips which have wear rates of 10 – 51 mm3/Mc for 

conventional PE and less than 20 mm3/Mc for crosslinked PE 203-205.  Despite over 100-fold 

differences in wear rates between CoC and conventional PE hips, revision rates at 13 years 

for uncemented CoC (5.69%) and uncemented MoP (5.90%) procedures are currently very 

similar 5.  The fact that ceramic wear particles may be fewer in number but more reactive 

than polyethylene cannot be an explanation, as ‘ceramic wear debris has shown to be less 

biologically active’206.  Furthermore, wear rates for retrieved third-generation ceramic 

bearings reported in the literature range from 0.3 – 1.9 mm3/year 207,208, so they show 

relatively good agreement with hip simulator studies. 
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Table 11  Laboratory wear rates found for different CoC hip joints under standard testing conditions. 
Authors (year) CoC materials Hip Joint 

Simulator 
Femoral head 
diameter size 

(in mm) 

Test Lubricant (protein 
concentration) 

Test Duration 
(million cycles) 

Wear rate 
(mm3/Mc) 

(Mean ± SD) 
Smith et al196  (2001) 
 

BIOLOX®forte Durham Mark II 28 25% NBCS + 0.1% SA (not 
given) 

5.0 0.097 ± 0.039 

Nevelos et al 200(2001) BIOLOX®forte Leeds 28 25% bovine serum (not 
given) 

2.0 ~ 0.05 

Nevelos et al209   (2001) 
 

BIOLOX®forte Leeds PA2 28 25% NBCS + 0.1% SA 5.0 0.09 ± 0.04 

Tipper et al210 (2001) BIOLOX®forte Leeds 28 25% NBCS + 0.1% SA (not 
given) 

5.0 0.05 ± 0.02 

Richardson et al199 

(2005) 
Alumina-on-
Alumina 

Shore Western 28 90% bovine serum+ 0.1% 
SA + 20 mmol EDTA 

14.4 < 0.01 

Essner et al201 (2005) Alumina-on-
Alumina 

MTS 32 50% diluted alpha calf 
serum 

5.0 < 0.1 

Spinelli et al 202 (2009) BIOLOX®forte Shore Western 36 25% diluted bovine calf 
serum (not given) 

2.0 < 0.02 

Al-Hajjar et al197 (2010) BIOLOX®delta Leeds Mark II 36 25% NBCS + 0.03% SA 2.0 0.05 

 
NBCS: new-born-calf serum, SA: sodium azide (antibacterial agent), EDTA: Ethylenediaminetetraacetic acid
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2.4.5 Metal-on-polyethylene (MoP) THR 

 
Following laboratory wear testing, in 1962 the late Sir John Charnley replaced PTFE with 

high-molecular-weight polyethylene as acetabular bearing material94.  This material 

combination, MoP is still the most commonly implanted bearing surface combination with 

the majority consisting of a CoCrMo alloy femoral head articulating against a polyethylene 

(PE), either cross-linked polyethylene (XLPE) or non-XLPE, acetabular liner5.   

 

 
The wear rates of MoXLPE bearing surfaces are typically less than 11 mm3/million cycles 

(Mc)191-193,195,198,205,211,212 compared to metal-on-non-XLPE, which have reported wear rates 

ranging from 10 – 51 mm3/Mc203-205.  Various hip simulator wear tests (under standard gait 

cycle) of MoXLPE bearing surfaces are shown in Table 12.  Clinical trials and mid- to long-

term follow-up studies of XLPE have shown significantly reduced wear, less osteolysis and a 

lower risk of revision than conventional non-XLPE213-216.  A further point to note is that the 

revision rates for MoXLPE appear to vary according to the size of the femoral head5,6, with 

32mm femoral heads showing the lowest wear for MoXLPE in the AOANJRR5. 
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Table 12 Laboratory wear rates found for different MoXLPE hip joints under standard testing conditions 
Authors (year) XLPE liner manufacturer 

γ or Eb in kGy 

Hip Joint 
Simulator 

Femoral head 
diameter size 

(in mm) 

Test Lubricant (protein 
concentration) 

Test 
Duration 
(million 
cycles) 

Wear rate 
(mm3/Mc) 

(Mean ± SD) 

D’Lima et al192 
(2003) 

Durasul™, Sulzer 
Orthopaedics (Eb95) 
Crossfire™, Howmedica 
Osteonics (γ75) 

AMTI 28 90% bovine serum + 2% SA 
+20-mmol EDTA (not given) 

5 -1.5 ± 1.6 
1.6 ± 1.3 

Affatato et al 211 
(2005) 

Longevity®, Zimmer, Inc 
(Eb95) 

Shore Western 28 bovine calf serum (not given) 
 

3 1 

Dumbleton et al191 
(2006) 

Trident®, Stryker 
Orthopaedics (γ 90) 

MTS 36 50% Fetal substitute 
alpha-calf serum + 20-mmol 
EDTA serum (20 g/L) 

10 3 ± 1.3 

Fisher et al194 
(2006) 

Not given (Eb100) Leeds Prosim 
 

28 and 36 25% NBCS (15 g/L) 5 ~ 5 (28mm) 
10.6 ± 11.4 

(36mm) 
Fisher et al212 

(2006) 

Durasul® Alpha, Zimmer Leeds Prosim 36 25% NBCS + 0.1% SA 
(15.45 g/L) 

7 
 

9.5 

Galvin et al195 
(2010) 

Durasul® Alpha, Zimmer  (-) Leeds Prosim 
 

36 25% NBCS + 0.1% SA 
(15.46 g/L) 

10 10.4 ± 1.6 

Affatato et al198  
(2016) 

Not given [γ 75(±10%)] IORSynthe, 
Bologna, Italy 

32 25% NBCS + 0.2% SA + 20-
mmol EDTA 

2 3.29 

Partridge et 
al193(2017) 

Marathon® DePuy Synthes   
(γ 50) 

Prosim 
 

36 25% NBCS + 0.03% SA 
(15.46 g/L) 

5 8.7 

γ: Gamma irradiation, Eb: electron beam irradiation, NBCS: new-born-calf serum, SA: sodium azide (an antibacterial agent), EDTA: 
Ethylenediaminetetraacetic acid
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2.4.6 Friction  

 

The frictional force is defined as the resistance encountered to the motion of one body 

moving tangentially over another (with no or constant lubrication)217.  It is defined by F = µ 

N, where F is the frictional force, N is the normal load and µ is the coefficient of the friction.  

For the bearing surfaces of THR, the friction factor (ƒ) is similar to the coefficient of friction 

and is defined using Equation III: 

ƒ = 𝑻𝑻
𝒓𝒓𝒓𝒓

   
Equation III 

Where T is the frictional torque, r is the femoral head radius, and L is the applied load218.  

Typical friction factor values for different bearing surfaces used for THR are shown in Table 

13 165. 

 

Table 13 Typical friction factor values for different bearing surfaces used for THR in 
the presence of diluted bovine serum165. 

Bearing surfaces Friction Factor (ƒ) 

MoP  0.06–0.08 

CoP 0.06–0.08 

MoM 0.22–0.27 

CoC 0.002–0.07 

CoM 0.002–0.07 

 

2.4.7 Lubrication 

 

A lubricant is defined as “any material interposed between two surfaces that reduces the 

friction or wear between them” 163.  Lubrication is the addition of a lubricant to the surfaces 

under relative motion usually to reduce friction and wear.  The type of lubrication between 

two surfaces under relative motion can be divided into three distinct regimes: boundary 

lubrication, mixed lubrication and fluid film lubrication, see Figure 35.   
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Figure 35  Different lubrication regimes. Image from Jin et al. 2006165. 

 
The trend of the Stribeck curve shows different lubricant regimes, see Figure 36.  The friction 

factor (ƒ or coefficient of friction) is plotted against the Sommerfield number (z), defined in 

Equation IV 

 

𝑧𝑧 =
𝜂𝜂𝜂𝜂𝜂𝜂
𝑘𝑘

 

Equation IV 
 
where η is the viscosity of the lubricant, u is the entraining velocity of the bearing surfaces, r 

is the femoral head radius, and L is the applied load218. 
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Figure 36  An Idealised Stribeck curve showing different lubrication regimes.  Image 

from Smith and Joyce (2017)41. 
 
The trend of the Stribeck curve illustrates different lubricant regimes. The initial flat line of 

the Stribeck curve, where the coefficient of friction is at its maximum, indicates the boundary 

lubrication regime.  In a boundary lubrication regime, the load over the joint supported by the 

asperity contact between the joint surfaces and wear will, therefore, lean towards a maximum.  

The decreasing trend in the Stribeck curve, where the coefficient of friction is reducing 

indicates a mixed lubrication regime.  In a mixed lubrication regime, the load over the joint is 

supported partially by the asperity contact between the joint surfaces and partially by the 

lubricant fluid. Finally, the increasing trend in the Stribeck curve indicates the fluid film 

lubrication regime.  In a fluid film lubrication regime, the load over the joint entirely 

supported by the lubricant fluid, and the asperity contact between the joint surfaces is absent.  

Therefore, wear will be at a minimum between the joint surfaces.  Additionally, the friction is 

produced by shear of the lubricant fluid in a fluid film lubrication regime. 

 
The dimensionless parameter λ gives the likely prevalent lubrication regime in an artificial 

hip joint and is calculated using Equation V 219: 

 

 λ =  
ℎ𝑚𝑚𝑚𝑚𝑚𝑚

[(𝑆𝑆𝑞𝑞1)2 +  (𝑆𝑆𝑞𝑞2)2 ]0.5 

Equation V 
 
Where Sq1 and Sq2 are the root mean squared (r.m.s) surface roughness values of the femoral 

head and acetabular liner respectively, and hmin is the minimum film thickness of the 
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lubricant.  After evaluation of the λ ratio, lubrication regimes are classified as boundary 

lubrication when λ < 1, mixed lubrication when 1 ≤ λ ≤3 and fluid film lubrication when λ > 

3219. 

 

For MoP, CoP, MoM, CoC and CoM bearing surfaces of artificial hip joints, the minimum 

film thickness (hmin) is calculated using Hamrock-Dowson equation, see Equation IV220: 

 

      
ℎ𝑚𝑚𝑚𝑚𝑚𝑚
𝑅𝑅𝑥𝑥

= 2.798 �
𝜂𝜂𝜂𝜂
𝐸𝐸′𝑅𝑅𝑥𝑥

�
0.65

�
𝑘𝑘

𝐸𝐸′𝑅𝑅𝑥𝑥2
�
−0.21

 

Equation VI 
 
Where Rx is the equivalent radius, η is the viscosity of the lubricant (Pa s), u is the entraining 

velocity (m/s), E’ is the equivalent elastic modulus (Pa) and L is the load (N).  If Rfemoral head is 

the radius of the femoral head and Racetabular liner is the radius of the acetabular liner, then the 

equivalent radius Rx is calculated using Equation VII, 

 
1
𝑅𝑅𝑥𝑥

=  
1

𝑅𝑅𝑓𝑓𝑓𝑓𝑚𝑚𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ℎ𝑓𝑓𝑓𝑓𝑒𝑒
−  

1
𝑅𝑅𝑓𝑓𝑎𝑎𝑓𝑓𝑎𝑎𝑓𝑓𝑎𝑎𝑎𝑎𝑓𝑓𝑓𝑓𝑓𝑓 𝑓𝑓𝑚𝑚𝑚𝑚𝑓𝑓𝑓𝑓

 

Equation VII 
 
Using this equation, MoP bearing surfaces operates in a mixed or boundary regime whereas 

MoM and CoC bearing surfaces can operate in a fluid film lubrication regime221.  CoC 

bearing surfaces are very hard and can be polished to an extremely fine surface finish (~ 4nm 

Sa) when compared to PE.  The enhanced manufacturing tolerances of CoC bearing surfaces 

result in a reduced radial clearance (Racetabular liner - Rfemoral head).  This reduced radial clearance 

of the CoC bearings when combined with extremely low surface roughness leads to predicted 

fluid film lubrication regime during walking61, see Figure 36.  In MoP bearing surfaces, the 

lubrication regime is mainly boundary165, Figure 36.  In MoP bearing surfaces, due to 

relatively high surface roughness of PE acetabular liner than the finely polished metal 

femoral head, the radial clearance and head diameter do not improve the lubrication 

significantly165.  The load and the speed on the hip joint fluctuate significantly during 

walking222.  In the literature, it has been shown that the predicted minimum film thickness 

(hmin) in the natural hip joint remains relatively constant during walking despite large 

fluctuations in both load and the speed223.  This is predominantly because of the combined 

effect of squeeze-film and entraining actions.  During the stance phase, see Figure 31, when 



 
62 

 

the load is high and the speed is low, squeeze-film action conserves the lubricating film 

thickness produced by entraining action during the swing phase when the load is low and 

speed is high222. 

 

2.4.8 Wettability and THR 

 

In the 16th century, Galileo identified the wettability phenomenon, and approximately two 

hundred years later, Thomas Young established scientific research related to this 

phenomenon224.  The surface wettability influences the tribological properties of the hip 

prosthesis biomaterials225.  However, a very modest amount of literature is available on the 

topic of wettability of the bearing surfaces of THRs. 

 

Similar to biotribology, wetting is also a surface characteristic of the material.  The term 

‘wettability’ refers to the ability of the fluid to spread over the solid surface and is quantified 

by measuring the contact angle (CA).  The Young equation establishes the balance between 

three interfacial forces acting on the wettability of the solid surface and the angle formed at 

the point of intersection of these forces see Equation VIII 

 

𝑌𝑌𝑠𝑠𝑠𝑠 = 𝑌𝑌𝑠𝑠𝑓𝑓 + 𝑌𝑌𝑓𝑓𝑠𝑠 cos 𝜃𝜃𝑦𝑦 

Equation VIII 
 
These three interfacial forces are: Ƴsv  [surface free energy (SFE) of the solid], Ƴlv  (surface 

tension of the liquid) and Ƴsl (interfacial tension between solid and liquid interface) whereas 

ƟY is Young’s contact angle, see Figure 37. 
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Figure 37  The Young’s contact angle (ƟY), formed at the intersection of three 
interfacial forces: Ƴsv: surface free energy of the solid, Ƴlv: surface tension of the liquid 

and Ƴsl: interfacial tension between solid and liquid interface. 
       

It is important to emphasise that ƟY is an ideal CA because Young pioneered this equation for 

an ideal solid surface that is chemically homogeneous, smooth, non-reactive, rigid and 

insoluble.  Geometrically, ƟY is the angle formed by the liquid at the intersection of solid, 

liquid and vapour phases.  It is essential to take into account that ƟY is independent of gravity 

and only dependent on the chemistry of three phases. 

 

If the CA is in the range of 150°-180° then the liquid form beads and does not wet the surface 

even partially and the surface is known as superhydrophobic, see Figure 38 a).  If the CA is 

greater than 90° when the liquid does not wet the surface, and the solid surface is termed as 

hydrophobic, see Figure 38 b).  If the CA is lower than 90° then the liquid quickly spreads 

over the surface, and the solid surface is known as hydrophilic, see Figure 38 c).  At CA less 

than 5°, the liquid thoroughly wets the solid surface, and the surface is known as 

superhydrophilic see Figure 38 d). 
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Figure 38 Schematic views of a) superhydrophobic, b) hydrophobic, c) hydrophilic and 

d) superhydrophilic surfaces. Image from Asmatulu (2016)226. 
 

Contact angle goniometry (from the Greek: gōnia = angle and metron = measure) is the study 

of the shape of the drop of liquid placed on the test material and the instrument used for CA 

measurement is called a contact angle goniometer.  Dr William Zisman227 designed the first 

contact angle goniometer and was later manufactured by ‘ramé-Hart Surface Science 

Instruments’. The basic goniometer instrument consists of a light source, sample stage, an 

image capturing device and data analysis system, see Figure 39. 

 

 
Figure 39 The basic goniometer/ contact angle measurement instrument. 

 
The sessile drop method is an extensively used technique in which a drop of test liquid is placed 

on the surface using a syringe and the angle formed at liquid-solid interface CA is measured 

using a goniometer, see Figure 39.  Two major drawbacks of this method are evaporation of 

the test liquid and dehydration of the test surface; however; they could be resolved using a 



 
65 

 

vapour tight chamber.  Nowadays, computer software is used for the drop shape analysis to 

generate consistent CA data. It is essential to mention the technique used for CA measurements 

because the above-mentioned methods may give different CA for the same test liquid.  

 

The predominant lubrication mechanism in the natural hip joint is fluid-film lubrication under 

physiological walking conditions222.  Therefore, artificial hip joints are designed so that they 

could operate under full or partial fluid-film lubrication regime222,228.  If these prostheses could 

generate fluid-film lubrication, then the pressurised fluid film could separate the bearing 

surfaces, which will then reduce friction and wear, thus giving long life to respective implants 

in-vivo.  According to the fluid-film lubrication theory, the lubricant attaches to the bearing 

surfaces and travels with identical velocity as the surfaces222. In an artificial hip joint, the 

lubricant is drawn into the surface area and generates a fluid film to carry the load.  However, 

if the bearing surfaces are hydrophobic, then it is difficult for this film to cover the surfaces. 

Therefore, it is necessary to determine the wettability of the bearing surfaces for excellent 

lubrication and low wear.  In 2005, Borruto et al. carried out wear screening tests using different 

biomaterials with different/same wettability and later published a patent describing the 

importance of wettability for hip prosthesis biomaterials228, which states the following:  

“Biocompatible materials, which will form the cotile and the femoral head can no longer be 

selected only taking low wear and low friction coefficients, geometry of the coupling and the 

mechanical characteristics into consideration. It is also necessary to use the wettability 

difference between the two materials in the coupling as the main consideration.” Furthermore, 

Borruto et al. also concluded, “The higher is the wettability difference (∆θ) between coupling 

materials, the more efficient is the lubricant condition, i.e. a stable supporting meatus is formed 

(meatus: film of water between hydrophobic and hydrophilic surfaces).”  Table 14 summaries 

wettability measurements of different biomaterials reported in the literature.  
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Table 14 Wettability measurements of different biomaterials reported in the literature 
Authors Wettability 

measurement 

technique 

Test liquid Contact Angle (in o) 

Metals Ceramics Polymers 

Kubiak 

et al225 

PG-X 
goniometer  
 

Distilled water SS-65 

Ti-68 

20-40 - 

Salehi et 

al229 

Sessile drop 
method 
 

50% bovine 

serum in water 

CoCrMo-57 

SS-63 

OxZr-44.3 

Zirconia-39 
Alumina-48 

- 

Bourruto 

et al228 

Photographic 
method 
 

Water CoCrMo-47 

SS-57 

 

 

- UHMWPE-65 

 

Gispert 

et al230 

Sessile drop 
method 

Water CoCrMo-61 

SS-64 

- UHMWPE-86 

 

 

2.5 Head-neck modularity for total hip replacement: taper-trunnion junction 

 

This section illustrates the head-neck modularity, i.e. the taper-trunnion junction of modular 

THRs in terms of different materials, designs and geometry.  Later, retrieval studies reporting 

the material loss at the taper-trunnion junctions are described. 

2.5.1 The taper-trunnion junction of the modular hip prostheses 

 
As described in 2.3.4, ceramics or CoCrMo alloys are used to manufacture femoral heads 

owing to their biocompatibility, wear and corrosion resistance and high hardness.  Therefore, 

the femoral tapers (internal tapers of the femoral heads) are commonly fabricated from 

Alumina ceramics or CoCrMo alloys. The femoral heads of modular THRs are paired with 

CoCrMo, Ti alloys or 316L stainless steel (an alloy of Iron, Chromium and generally 

Nickel105) trunnions of the femoral stems.  

 

Based on the metallic material combination used for manufacturing the femoral taper and 

trunnion, the taper-trunnion junction can be divided into two categories: mixed metal 

interface: CoCrMo/Ti alloy, CoCrMo/SS, Ti alloy/CoCrMo and similar metal interface: 

CoCrMo/CoCrMo, SS/SS.  By convention, the femoral taper material is listed first, and the 
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trunnion material is second.  For example, mixed metal combination CoCrMo/Ti alloy 

represents a CoCrMo femoral head mounted on a Ti alloy trunnion. 

 

Femoral taper sizes are described corresponding to the proximal and distal diameters 

(approximately) in mm and taper angle.  Various available femoral taper sizes are 9/11, 

10/12, 11/14 and 14/16.  Additionally, there is a range of femoral taper designs from different 

manufacturers such as C-taper (Stryker), V-40 (Stryker), Type-I, PCA (Stryker).  Figure 40 

shows a schematic of different dimensions of the femoral tapers and Table 15 shows a 

summary of different femoral taper designs.  

 

 
Figure 40 Schematic showing dimensions used for describing femoral tapers: D1= 

proximal diameter, D2= distal diameter, Ɵ= femoral taper angle Image from 
Triantafyllopoulos et al. (2015) 231. 

 
Table 15 Dimensions used for describing various femoral tapers. Adapted from 

Triantafyllopoulos et al. (2015). 
Taper 

design 

Proximal diameter 

(D1) in mm 

Distal diameter 

(D2) in mm 

Taper angle 

(Ɵ) in degrees 

Contact length 

(H) in mm 

11/13 11.2 ± 0.1 13.5 ± 0.1 9.74 ± 1.9 9.74 ± 1.9 

V40 11.3 ± 0.1 13.3 ± 0.6 8.63 ± 0.31 8.63 ± 0.31 

Type I 11.7 ± 0.9 12.7 ± 0.9 5.27 ± 0.24 10.3 ± 0.68 

PCA 12.3 ± 0.7 13.3 ± 0.5 3.65 ± 0.8 16.5 ± 1.0 

C-taper 12.4 ± 0.4 13.8 ± 0.7 7.07 ± 2.6 11.9 ± 2.6 

12/14 12.4 ± 0.4 13.7 ± 0.7 6.07 ± 1.4 11.3 ± 1.4 

 



 
68 

 

The taper-trunnion angular mismatch, also known as taper clearance, is defined as the 

difference between the femoral taper and trunnion angle232.  The mating of femoral taper and 

trunnion at a junction can result in positive, zero or negative mismatch.  The level of angular 

mismatch controls the contact area and the position of contact between the femoral taper and 

trunnion.  Thus, a positive angular mismatch also called as “Tip locked”, represents a femoral 

taper angle greater than the trunnion angle and creates a connection at the proximal end, see 

Figure 41 a).  The perfectly matched interfaces have the same femoral taper and trunnion 

angles, see Figure 41 b).  In contrast, a negative angular mismatch also called as “Base 

locked”,  represents a femoral taper angle smaller than the trunnion angle and creates a 

connection at the distal end, see Figure 41 c).   

 

 
Figure 41 Femoral taper and trunnion cone angles and associated mismatches: a) Tip 

locked, b) Matched and c) Base locked. Image adapted from Ashkanfar et al. (2017)233. 
 

Modern designs of femoral tapers feature shorter length along with smaller proximal and 

distal diameters to reduce the chance of impingement of the femoral neck against the 

acetabular device and improve the range of motion234.  Therefore, trunnion contact lengths 

have been shortened from 20 mm to ≤ 10 mm and, 12/14 and V40 tapers are more commonly 

used instead of 14/16 femoral tapers235.  Although, all 12/14 tapers are not uniform 236. The 

taper geometry (proximal and distal diameter, contact length, taper angle), as well as surface 

topography (smooth and rough) of 12/14 tapers, varies across the manufacturers 236,237.  

Based on the surface roughness (Ra), trunnions are divided into two types: smooth and rough, 

see Figure 42.  A smooth trunnion has a polished surface whereas rough trunnions have 

micro-grooved surface. 
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Figure 42 Smooth and rough trunnion with evaluation profile obtained using two-

dimensional contacting profilometer, respectively. a) Smooth trunnion (Ra = 0.520 µm) 
and b) Rough trunnion (Ra = 3.281 µm). 

 

2.5.2 Contact mechanics  

 
The femoral tapers are employed to transfer the loads applied at the femoral head, along the 

taper-trunnion axis to the femoral stem.  Figure 43 shows forces acting on a THR prosthesis: 

torsional forces, compressive forces, and bending moments238.  Bishop et al. reported that 

compressive radial stress originates from the impaction force, the radial component of the 

joint force and press-fit stresses18.  The torsional moment is arisen at the taper-trunnion 

junction due to friction at the bearing surfaces.  If the torsional moment aligned about the 

taper axis, then it can act as a removal torque where increased friction at the bearing surfaces 

induces rotational micromotion about the femoral neck axis239.   Additionally, the off-axis 

anatomy of the natural hip will induce a bending moment which will be experienced by the 

taper-trunnion junction.  The bending moments at the taper-trunnion junction are a product of 

the transverse component of the joint force and axial distance from the femoral head centre to 

the point of taper support.  Although, the bending moments may also originate from the 

friction at the bearing surfaces238.  
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Figure 43 Loading mechanics for the taper-trunnion junctions.  MB= bending moment 

due to friction at the bearing surfaces, FJ= joint force, FC= axial compressive joint force 
along taper axis, FB= bending component of the joint force, T= torsional moment due to 

friction at the bearing surfaces, x= axial distance from the femoral head center to the 
point of taper support.  Taper axes ar: A-P: anterior-posterior, and Sup-Inf: superior-

inferior.  Image adapted from Gilbert et al. (2015)238 
 
Retrieval studies reported a correlation between the flexural rigidity of the trunnion and taper 

design with the material loss at the taper trunnion junction44,240.  Short and small diameter 

trunnions are more flexible and may have a higher prevalence of material loss at the taper-

trunnion junction due to micromotions. The flexural rigidity of the trunnion is dependent on 

the material and geometry of the trunnion and is defined below241, see Equation IX 

 

𝐹𝐹𝐹𝐹𝑘𝑘𝜂𝜂𝜂𝜂𝐹𝐹𝐹𝐹 𝜂𝜂𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 = 𝐸𝐸 × 𝐼𝐼 = 𝐸𝐸 ×  �
𝜋𝜋
4
𝜂𝜂𝑎𝑎2� 

Equation IX 

 

Where E is the elastic modulus, and I is the second moment of inertia and rt
 is the radius of 

the trunnion at the distal end where the trunnion exists the femoral taper.  Various materials 

can be used with different trunnion geometries by manufacturers due to unavailability of the 

international standard describing the taper-trunnion junction specifications.  Therefore, there 

is significant variety in rt and E dimensions and thus, large variability in the flexural rigidity 

of the trunnion across the literature.  Material properties of CoCrMo, Ti6Al4V, Ti6Al7Nb, 

TMZF and ceramics are summarized in Table 16. 
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Table 16 Material properties of various materials used for the taper-trunnion junction.  
Adapted from Lundberg et al. (2015)242 

Material  Young’s modulus 

(GPa) 

Yield Stress (MPa) Poisson’s Ratio  

CoCrMo 230 450 0.33 

Ti6Al4V 115 795 0.33 

Ti6Al7Nb 105 800 0.33 

TMZF 80 1030 0.33 

Ceramic 350 NA 0.23 

 

2.5.3 Material loss from the taper-taper trunnion junction of modular hip prostheses  

 
The truest test of any implant is its performance in vivo, i.e. in the body.  Therefore, the truest 

evaluation of the material loss will come from prostheses explanted or retrieved from the 

body.  Based on retrieval studies, the importance of metal debris from the taper-trunnion 

junction in MoM hip prostheses has been widely recognized19,20,23,27,49,126.   

 
A recent retrospective observational study by Matharu et al. compared ARMD revision risk 

in different commonly implanted MoM and non-MoM (MoP, CoC and CoP) bearing surfaces 

using data from the NJR24.  Interestingly, increasing the risk of ARMD revision surgery in 

non-MoM THRs was highlighted.  Intriguingly, Matharu et al. additionally showed that CoC 

bearings were revised for ARMD 2.35 times more when compared to other non-MoM 

bearings.  Furthermore, Matharu et al. reported a higher risk of revision in 36 mm MoP THRs 

compared to ≤ 36 mm MoP THRs.  Persson et al. reported a 0.5% prevalence of revision 

surgery for ARMD after a mean follow-up of 7 years in a single-centre observational cohort 

study of MoP THRs with the same Ti6Al4V femoral stems149. Retrieval studies reported 

ARMD due to wear debris produced from the taper-trunnion junction of modular MoP 

THRs42-45.  Furthermore, several case studies reported metal release due to fretting, corrosion 

or both and associated pseudotumour formation after MoP THR42,45,148.   

 

In CoC hips, the only sources of metal (usually Ti) would be the trunnion of the femoral stem 

and the acetabular shell. Additionally, the potential sources of metal debris in MoP hips 

would be the bearing surface of the metallic femoral head (usually CoCrMo), the taper-

trunnion junction, and the acetabular shell. Out of these three sources, the head-liner bearing 
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surfaces and the acetabular shell and backside of the liner have metal against softer polymer 

contact whereas the taper-trunnion junction has a metal-on-metal contact. 

 

2.6 Mechanism responsible for the material loss released from the taper-taper 

trunnion junction of modular hip prostheses  

 

This section reports various theories for the material loss at the taper-trunnion junction 

followed by factors affecting this material loss.  Furthermore, retrieval studies reporting the 

quantification of the material loss at the taper-trunnion junction are presented. 

 

2.6.1 Various theories for the material loss from the metallic taper-trunnion junction 

reported in the literature  

 

Various theories for this material loss have been put forward, essentially from largely a wear 

process to largely a corrosion process, with synergistic mechanisms suggested too.  

Additionally, retrieval studies have shown that the material loss is predominantly from the 

metallic femoral tapers rather than trunnions18-20.  Despite this, the term ‘trunnionosis’ has 

been used to describe material loss at the femoral taper26,86,154,243,244.  Material loss from the 

taper-trunnion junction of artificial hip joints is the key issue in contemporary orthopaedics.  

 

There are various theories for the material loss from the metallic taper-trunnion junction. A 

number of historical explant studies reported ‘corrosion’ at the taper-trunnion junction of 

modular THRs16,17,245-248.  In the early 1990s, Gilbert et al. examined 148 explanted modular 

THRs of mixed (CoCrMo/Ti) and similar (CoCrMo/CoCrMo) alloys combination and 

reported ‘corrosion’ 17.  Gilbert et al. scanned 148 femoral tapers using an optical microscope 

for visible evidence of corrosion and established a ‘subjective corrosion-score ranking 

system’ to identify the severity of the corrosion17.  Scanning electron microscopy and energy 

dispersive x-ray (EDX) analysis were performed on the CoCrMo femoral tapers to identify 

several forms of corrosive attacks such as etching, pitting, fretting, the selective leaching of 

cobalt, intergranular attack in similar alloy combination only and the formation of interfacial 

layer in mixed alloy combination only17.  Gilbert et al. hypothesised that “the progression of 
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events which result in corrosive attack is a minor modification of the classic crevice 

corrosion mechanism” 17.   

 

Based on this hypothesis, the restricted crevice environment coupled with high cyclic loading 

that causes the repeated breakdown of the passive oxide layers, leading to an unstable 

electrochemical environment inside the crevice for CoCrMo and Ti alloy passive films.  The 

passivity of these alloys subsequently vanishes leading to active corrosion attack at the taper-

trunnion junction.  Furthermore, the repeated breakdown of the passive films would result in 

to the formation of corrosion products. This corrosion and the accumulation of particulate 

corrosion products could cause loss of  mechanical integrity of the modular THR in vivo, 

leading to particle release in the surrounding tissue and eventually third-body wear due to 

these particles17.  In this manner, based on microscopic and EDX analysis, the idea of 

‘mechanically assisted crevice corrosion’ (MACC) was introduced in the same study and 

Figure 44, explaining MACC was developed 17.  Interestingly no other chemical analysis 

[such as X-ray Photoelectron Spectroscopy (XPS)] was performed on the retrieved samples to 

establish the chemical equation.  Moreover, out of 106 mixed alloys retrieved components 

only eight components were utilised for SEM and EDX analysis.  The process of MACC is 

described in detail as follows:   

 

In the MACC process, see Figure 44, micromotion between the taper-trunnion junction 

surfaces due to cyclic loading causes the breakdown of the surface oxide layer followed by 

oxidation of the underlying bulk metal alloy (repassivation) 17,249.  As the cyclic loading and 

micromotion persist, oxide film breakdown/repassivation process continues, causing 

reduction of dissolved oxygen in the fluid present in the crevice.  This leads to the generation 

of excessive metal ions in the fluid and as a result, the accelerated migration of chloride ions 

into the crevice to maintain charge neutrality17.  The consequent electrochemical reactions 

lead to an increase in hydrogen and chloride ion concentration forming hydrochloric acid and 

leading to a drop in the pH of the crevice fluid249.  Continuation of the oxide film 

breakdown/repassivation process further lowers the pH of the crevice fluid and auto-catalyses 

the corrosion process until the stability of the oxide film reduces and therefore accelerated 

corrosion attack of the bulk metal occurs249.  In a 2003 study including two of the Gilbert et 

al. authors, Goldberg et al. suggested that the MACC process was responsible for corrosion at 

the taper-trunnion junction in a retrieval study of 231 modular THRs30. 
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In vivo environment at the taper-trunnion junction of the modular THR is same as the rest of 

the prostheses which is surrounded by pseudo-synovial fluid55.  The fluid environment 

contains inorganic as well as organic components at a pH of 7.2 to 7.4188.  However, as a 

result of infection and inflammation, the pH could become more alkaline or acidic 

respectively250.  The crevice-like geometrise which may be present at the taper-trunnion 

junction and micromotions between the taper-trunnion junction of modular THRs are the 

potential sites for fluid ingress17,249,251.  As explained in the model of MACC process (see 

Figure 44), fluid ingress at the taper-trunnion junction begins to alter the chemistry of the 

crevice solution including drop in the pH and increase in chloride concentration leading to 

acidic environment 17,249,251.  Furthermore, the passive metal oxide layer on the surface is less 

stable and thinner to reset attack eventually resulting into localised corrosion.  When the 

crevices formed at the passive oxide layer are large enough at the taper-trunnion junction, the 

fluid exchange can easily occur with the outside environment and if the oxygen ingress into 

the crevice is greater than the rate of ionic dissolution then the crevice corrosion will be 

restricted 248.   

 

 
Figure 44 Mechanically Assisted Crevice Corrosion (MACC). Image adapted from 

Gilbert and Jacobs (1997)249. 
 
In 1995, Brown et al. investigated 79 retrieved modular THRs using stereo and scanning 

electron microscopic analysis and reported that ‘fretting corrosion’ accelerates ‘crevice 
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corrosion’ using semi-quantitative scoring method252.  Many studies have been published 

evidence of ‘fretting corrosion’ at the taper-trunnion junction interfaces of explanted modular 

THRs35,36,245,252-257.  Out of these studies, few used an actual hip prosthesis for in vitro 

electrochemical analysis under dynamic loading without applying physiologically relevant 

walking motion 35,36.  Moreover, a real hip prosthesis was not used in other electrochemical 

studies for investigation of fretting corrosion253,255,256. Additionally, retrieval studies did not 

perform any electrochemical analysis; only semi-quantitative scoring was presented for the 

examination of fretting corrosion254,257.  

 

In contrast to studies which reported mainly corrosion and associated processes responsible 

for the material loss, in a 1993 study, Cook et al. noted ‘wear’ and ‘corrosion’ at the taper-

trunnion junction interfaces in a retrieval study of 108 modular THRs based on semi-

quantitative scoring method258.  In 2012,  Langton et al. quantified the material loss from 126 

explanted metallic femoral tapers and suggested that mechanical ‘wear’ was the primary 

mechanism responsible for the damage at the taper-trunnion junction19.  In a follow-up study, 

Moharrami et al. offered evidence of ‘corrosion assisted wear’ as responsible for the material 

loss from CoCrMo-Ti alloy taper-trunnion junctions32.  Separately, Bishop et al. quantified 

material loss and analysed ‘wear’ patterns microscopically from explanted metallic femoral 

tapers and also quantified taper ‘wear’18.  

 

In a 2013 study of MoM hips, Matthies et al. suggested that ‘galvanic corrosion’ was a more 

significant mechanism responsible for material loss than ‘fretting corrosion’, based on semi-

quantitative scoring and quantified material loss of 110 retrieved femoral tapers 20.  

Moreover, in a 2014 study with the same two senior authors, Hothi et al259 supported the 

theory by Matthies et al20 and proposed that ‘corrosion’ was a more significant mechanism 

than mechanical ‘wear’ after examination of 150 explanted metallic femoral tapers using the 

semi-quantitative scoring and quantification of material loss260.  Most recently, in a 2018 

study, Hall et al. examined 364 explants with the scanning electron microscope (SEM) 

coupled with energy dispersive X-ray (EDX) analysis34.  They reported that the taper-

trunnion junction of modular THRs undergoes single or overlapping damage modes driven by 

mechanical or electrochemical processes or combination of both34.  Since 2011, the 

synergistic (i.e. greater than the sum of the parts) mechanism resulting from wear and 

corrosion at the taper-trunnion junction has been termed ‘tribocorrosion’33,45,261-264.   In vitro 
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studies performed electrochemical analysis using tribometers for the investigation of 

‘tribocosrrosion’, however, actual prosthesis was not included in theses studies33,261.  

 

It has been reported that deterioration of the passive oxide layer due to fretting wear could 

leave the underlying bulk metal exposed to the physiological fluids that may lead to corrosion 
245,252,253.  Intriguingly, Hutchings noted that “the importance of oxidation in fretting wear, 

and the fact that the debris after the initial stages is predominantly oxide, has led to the use 

of the term fretting corrosion as a synonym for fretting wear, although the earliest stages of 

fretting wear do not involve appreciable chemical attack.  It is preferable to use the more 

general term fretting wear to denote all types of wear due to fretting motion, and to restrict 

the term fretting corrosion to cases where the debris is predominantly the product of a 

chemical reaction”170.  Yet, many scientific papers report ‘fretting corrosion’, as the reason 

for the material loss from the taper-trunnion junction16,35,36,38,245,252-257.  Furthermore, ‘fretting 

corrosion’ on the femoral taper can be inappropriately shortened to ‘taper corrosion’ or 

‘corrosion’31,37,42,152,259,263-265.  Moreover, ‘corrosion’ has been assessed using a visual scoring 

method (Goldberg Scoring30) on explanted THR components.  In this visual scoring 

assessment method, a discoloured surface or black debris on the surfaces of the taper-

trunnion junction was considered to be implications of ‘corrosion’30.  Langton et al. found 

extensive black debris on explanted CoCrMo femoral tapers266.  As per the Goldberg scoring 

criteria the presence of extensive black debris would contribute to increased Goldberg score.  

However, Langton et al. reported that this black debris did not represent corrosion rather 

deposition of debris266.   

 

As can be seen, there is no consensus in the literature regarding the mechanisms behind the 

material loss at the taper-trunnion junction.  Researchers need to utilise standardised 

terminologies to describe the damage mechanism at the taper-trunnion junction.  For a clear 

understanding, terminologies used in the literature to describe damage relating to corrosion, 

wear and a combination of both, for the material loss at the taper-trunnion junction of 

modular hip prostheses, as defined in international standards, are given in Table 17.  This 

thesis subsequently uses the terminologies relating to wear and corrosion as described in 

Table 17. 
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Table 17 Standard terminology relating to wear and corrosion described in American 
Society for Testing and Materials (ASTM) international standards (in alphabetical 

order) 38,163,267 
Terminology Definition 

Abrasion “The process by which relative motion between a surface and hard particles 
or protuberances on an opposing surface produces abrasive wear of that 
surface”163 

Abrasive wear “Wear due to hard particles or hard protuberances forced against and 
moving along a solid surface”163 

Corrosion “The deterioration of a material, usually a metal, that results from a 
chemical or electrochemical reaction with its environment”267 

Crevice corrosion “Localized corrosion of a metal or alloy surface at, or immediately adjacent 
to, an area that is shielded from full exposure to the environment because of 
close proximity of the metal or alloy to the surface of another material or an 
adjacent surface of the same metal or alloy”267 

Fretting “Small amplitude oscillatory motion, usually tangential, between two solid 
surfaces in contact”163 (amplitude range 1 to 100 µm)170 

Fretting corrosion “A form of fretting wear in which corrosion plays a significant role”163. 

“The deterioration at the interface between contacting surfaces as the result 
of corrosion and slight oscillatory slip between the two surfaces”38 

Fretting wear  “Wear arising as a result of fretting”163 

Galvanic 
corrosion 

“Accelerated corrosion of a metal because of an electrical contact with a 
more noble metal or non-metallic conductor in a corrosive electrolyte”267 

Sliding wear “Wear due to the relative motion in the tangential plane of contact between 
two solid bodies”163 

Tribocorrosion 

(wear-corrosion 
synergism) 

“Form of solid surface alteration that involves the joint action of relatively 
moving mechanical contact with chemical reaction in which the result may 
be different in effect than either process acting separately”163 

Wear “Alteration of a solid surface by progressive loss or progressive 
displacement of material due to relative motion between that surface and a 
contacting substance or substances”163 
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2.6.2 Factors affecting the material loss from the taper- trunnion junction of modular 

hip prostheses 

 

The exact mechanisms accountable for the material from the taper-trunnion junction are not 

entirely determined.  Furthermore, it is widely accepted that these mechanisms are 

multifactorial, and this could be implant factors, surgical factors or patient factors240,268.  

Factors affecting the material loss from the taper-trunnion junction or neck-stem junction of 

modular hip prostheses are summarised in Figure 45.   

 

 
Figure 45 Summary of Factors affecting the material loss from the taper-trunnion 
junction or neck-stem junction of modular hip prostheses. Image from Sultan et al. 

(2018)269. 
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The most common design of modular THR has a single head-neck interface, i.e. the taper-

trunnion junction27,86.  Therefore, factors affecting the material loss from the taper-trunnion 

junction of the modular hip prostheses are described in this section. 

 

2.6.2.1 Implant factors 
 

When a femoral head of 36mm diameter or greater, i.e. large-diameter is used as a bearing 

surface, it is expected that it results in fewer dislocations by allowing an increased range of 

motion and stability for the patient270,271.  Figure 46 shows an increase in the range of motion 

as the femoral head diameter size increases.  From Equation III, the frictional torque (T) is 

directly proportional to the femoral head radius (r) for given applied load (L) and the bearing 

surfaces combination.  Therefore, the increased femoral head diameter will generate higher 

frictional torque.  The increased torque at the bearing surfaces consecutively can transfer 

larger shear forces to the taper-trunnion junction surfaces leading to material loss272,273.  

Furthermore, retrieval studies reported an increased material loss in large-diameter MoM 

THRs18-20,23,126.  Also, the NJR shows higher revision rates for MoP hips ≥36mm head 

diameter5. 

 

 
Figure 46  From left to right: range of motion (in degrees) increases as the femoral head 

diameter (Ø) size (in mm) increases. Image from Altimed JSC274. 
 

Arnholt et al.254 reported no correlation between trunnion surface finish and the material loss 

or fretting corrosion damage at the taper-trunnion junction of retrieved MoP THRs. However, 

Ashkanfar et al.275 investigated the effect of the surface roughness of the trunnions (smooth 

and threaded/micro-grooved/rough) on the volumetric material loss at the taper-trunnion 

junction in a computational study using 3D finite element models of THRs with CoCrMo 

femoral heads.  The study suggested the use of trunnions with a smoother rather than micro-

grooved surface finish to reduce the material loss at the taper trunnion junction. Furthermore, 
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Brock et al.276 found significantly higher material loss at the CoCrMo femoral tapers mated 

with 12/14 threaded trunnions than 11/13 smooth trunnions of retrieved large-diameter MoM 

THRs from a single manufacturer.  Therefore, rougher trunnions are associated with an 

increased rate of material loss at the taper-trunnion junction. 

 

Additionally, modularity allows mixing and matching of different materials used for taper-

trunnion junction either mixed-metal interface (CoCrMo alloy femoral taper and Ti alloy 

trunnion) or similar-metal interface (CoCrMo alloy femoral taper and CoCrMo alloy 

trunnion) as described in 2.5.1.  Goldberg et al.30 reported more corrosion in the mixed-metal 

interface (with a 42% incidence of corrosion) than the similar-metal interface (with a 28% 

incidence of corrosion) in 231 retrieved modular hip prostheses. Also, Goldberg et al.30 

reported higher fretting and corrosion scores for the femoral tapers than the trunnions and 

identified evidence of a MACC process responsible for in vivo corrosion of prostheses.  

Furthermore, Gilbert et al.17 also reported evidence of MACC on the taper-trunnion junction 

of the mixed-metal interface as well as the similar-metal interface of the retrieved modular 

hip prostheses.  However, Kocagoz et al241, in a retrieval study of 50 MoP hips, found no 

correlation between the volumetric material loss and material combination used (mixed or 

similar metal interface) for the taper-trunnion junction.  Moreover, Langton et al. in a 

retrieval study of LD MoM hips reported a more significant material loss in similar-metal 

interface than mixed-metal-interface266. 

 

The radial clearance and lubricant film thickness may affect the wear at the taper-trunnion 

junction. The Hamrock-Dowson equation220, see Equation VI, showing the relationship of the 

variables affecting lubricant fluid entrainment at the bearing surfaces.  The minimum film 

thickness (hmin) generated is directly proportional to the equivalent radius (Rx) of the bearing 

surfaces.  From Equation VII, the equivalent radius (Rx) is calculated as the product of the 

radius of the two surfaces (Racetabular liner × Rfemoral head) in contact divided by their difference 

(Racetabular liner - Rfemoral head).  This difference between the radius of bearing surfaces (Racetabular 

liner - Rfemoral head), is called as the radial clearance.  Therefore, with reduced radial clearance 

(i.e. more sophisticated manufacturing tolerances) the Rx increases leading to an increase in 

the hmin and eventually reduced wear at the bearing surfaces61.  In this manner, the radial 

clearance plays a vital role in the tribological performance of the THR.   
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2.6.2.2 Surgical factors 

 

Many studies have reported the correlation between impaction technique force and 

cleanliness of the taper-trunnion junction surfaces with the performance of the modular 

THRs27,277-279.  Each surgeon uses a unique surgical impaction technique for fixing the 

femoral head on the trunnion of the femoral stem during the surgery280.  A minimum 

impaction force of 4 kN has been recommended on a clean taper-trunnion junction surfaces 

for locking modular THRs281.  Grosso et al. evaluated wear patterns after impaction and 

removal of the taper-trunnion junction of ceramic femoral heads mounted on Ti6Al4V 

trunnions at different impaction forces (2 kN, 4kN or 6kN) 282.  The femoral taper and 

trunnions surfaces were inspected using a CMM to calculate taper angle and surface 

deviation for assessment of the damage.  Additionally, surface roughness, Ra was measured 

on the taper-trunnion surfaces.  Grosso et al. concluded that the impaction and removal 

procedure had no significant damage to Ti6Al4V trunnions or ceramic femoral tapers282. 

 

2.6.2.3 Patient factors 

 

Various patient-related factors such as patient weight257,283, prostheses age30,86,257,283 and 

activity level257 have been identified, mainly from retrieval studies. Interestingly, Higgs et 

al283 in a retrieval study of 252 CoCrMo femoral tapers estimated that an increase of 

approximately 450 g in patient weight results in a 1% increase in propensity for the damage 

at the femoral taper.   

 

2.6.3 Quantification and evaluation of the material loss from the taper-trunnion 

junction. 

 

Historically, MACC and fretting corrosion have been assessed using a visual scoring method 

on explanted THR components30.  In 1993, Gilbert et al. established a qualitative system for 

classification of corrosion at the retrieved taper-trunnion junction and categorised the damage 

into four groups: no visible corrosion, mild corrosion, moderate corrosion and severe 

corrosion17.  In 2002, Goldberg et al. allocated numbers along with criteria to the categories 
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and developed the ‘Goldberg score’ system30, see Table 18.  Figure 47 shows an example of 

the ‘Goldberg score’ system257. 

 

Table 18 The Goldberg scoring system30. 
Severity of corrosion 

and fretting 

Score criteria 

None 1 No visible corrosion observed                                                    

No visible signs of fretting observed 

Mild 2 <30% of taper surface discoloured or dull 

Single-band or bands of fretting scars involving 3 or 

fewer machine lines on 

Moderate 3 >30% of taper surface discoloured or dull, or 

<10% of taper surface containing black debris, pits, or 

etch marks 

Several bands of fretting scars or single band involving 

more than 3 machine lines 

Severe 4 >10% of taper surface containing black debris, pits, or 

etch marks 

Several bands of fretting scars involving several adjacent 

machine lines, or flattened areas with nearby fretting 

scars 
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Figure 47 A sample image of ‘Goldberg score’ criteria. Examples of fretting and 

corrosion scores for metallic trunnions mounted on CoCrMo femoral heads. Image 
from Kurtz et al. (2013)257. 

 
The ‘Goldberg score’ system affected by the material combination.  Concerns have been 

raised regarding the use of mixed-metal interface taper-trunnion junctions due to the apparent 

elevated risk of corrosion16.  The reported incidence of corrosion at the taper-trunnion 

junction in THRs ranges from 0% to 28% for similar-metal interface (CoCrMo alloy femoral 

taper and CoCrMo alloy trunnion) and up to 50% for mixed metal CoCrMo alloy femoral 

taper and Ti alloy trunnion)266.  Goldberg et al.30 reported more corrosion in the mixed-metal 

interface (with a 42% incidence of corrosion) than the similar-metal interface (with a 28% 

incidence of corrosion) in 231 retrieved modular hip prostheses.  Furthermore, Gilbert et al.17 

also reported evidence of MACC on the taper-trunnion junction of the mixed-metal interface 

as well as the similar-metal interface of the retrieved modular hip prostheses.   

 

It is important to note that this semi-quantitative grading system is based on visual 

assessment of one or multiple observers and no quantitative results.  Furthermore, Kocagoz et 

al. (in MoP) and Hothi et al. (in MoM) found a positive correlation between the volumetric 

material loss and visual scoring analysis241,259.  However, Nassif et al. (in large-diameter 

MoM) reported no correlation between corrosion score and volumetric wear.  Furthermore, 

Langton et al. demonstrated that the use of visual scoring analysis would have resulted in a 

different conclusion in the explant study of the taper-trunnion junction of large-diameter 

MoM266.  Moreover, Langton et al. noted an apparent ceiling effect to scoring scale and 

suggested that the visual scoring analysis can be useful for identification of the damage266.  
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Only a few explant studies have quantified material loss volumetrically at the taper-trunnion 

junction19,241,244, see Table 19.  In part, this is because the measurement equipment to achieve 

this has only recently become available.  
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Table 19 Explant studies involving the quantification of material loss from the taper-trunnion junction of modular hip prostheses. 
Authors (year) Explant 

type 

Femoral Taper / Trunnion  Volumetric material loss 

Femoral taper mm3/year Trunnion mm3/year 

Langton et al19 (2012) MoM 

(n=124) 
• Articuleze (CoCrMo/ Ti6Al4V)  

• ASR XL (CoCrMo/ Ti6Al4V) 

0.13 (0.01 – 3.15) mean(range) 

0.44 (0.02 – 8.34) mean(range) 

No measurable wear 

Matthies et al20 (2013) MoM CoCrMo/ Ti6Al4V, CoCrMo/ CoCrMo 0.54 (0.00 – 4.29) mean(range) 0.08 (0.00–0.36) mean(range) 

Bishop et al18 (2013) MoM CoCrMo/ Ti6Al4V 2.04 (0.6 – 4.9) mean(range) Measured for only two stems 

(0.006 and 0.005 mm3/year) 

Nassif et al23 (2014) MoM CoCrMo/ Ti6Al4V, CoCrMo/ CoCrMo, 

Ti6Al4V / CoCrMo, Ti6Al4V / Ti6Al4V 

< 4 Not measured 

Hothi et al259 (2014) MoM CoCrMo/ not mentioned *1.52 mm3 (0.13–25.89) median 

material loss (range) 

Not measured 

Brock et al276  (2015) MoM • CoCrMo/ Ti6Al4V: S-ROM 

• CoCrMo/ Ti6Al4V: Corail 

0.37 (-) median(range) 

0.48 (-) median(range) 

*0.19 mm3(0.07–0.27) (median 

total volume loss) 

Hothi et al284 (2015) MoM • CoCrMo/ Ti6Al4V: S-ROM 

• CoCrMo/ Ti6Al4V: Corail 

0.13 (0.01–0.52) median (range) 

0.24 (0.00–2.18) median (range) 

Not measured 

Kocagoz et al241 (2016) MoP, 

CoC and 

CoP 

• CoCrMo cohort (CoCrMo/ CoCrMo and 

CoCrMo/ Ti alloy)  

• Ceramic cohort (Ceramic/ CoCrMo and 

Ceramic/Ti alloy) 

0.02 (0 – 8.67) median(range) 

 

0.00 (0 – 0.04) median(range) 

0.00 (0 – 0.32) median(range) 

 

0.00 (0–0.37) median(range) 

Langton et al266 (2017) MoM • CoCrMo/ Ti6Al4V 

• CoCrMo/ CoCrMo  

0.10 (0.01 to 2.16) mean(range) 

0.41 (0.01 to 1.65) mean(range) 

0.04 (0.01 to 0.12) mean(range)  

0.30 (0.03 to 0.53) mean(range) 
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Authors (year) Explant 

type 

Femoral Taper / Trunnion  Volumetric material loss 

Femoral taper mm3/year Trunnion mm3/year 

Hothi et al 244 (2017) MoP • CoCrMo/ CoCrMo  0.08 (0 to 0.24) median(range) Not measured 

Langton et al285 (2018) MoM and 

MoP 

• CoCrMo/ Ti6Al4V (MoM) 

• CoCrMo/ CoCrMo (MoM) 

• SS/SS (MoP) 

0.25 (0.01 to 8.34) mean(range) 

0.29 (0.01 to 3.15) mean(range) 

0.05 (0 to 3.84) mean(range) 

Not measured 

Hothi et al286 (2018) MoM and 

MoP 
• CoCrMo/ Ti6Al4V (MoM) 

• CoCrMo/ Ti6Al4V (MoP) 

0.81 (0.01-3.45) median(range) 

0.03 (0-1.07) median(range) 

Not measured 

 

*Volume wear rate not given
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2.7 What can in vitro studies tell us about what happens in vivo? 

 

This section gives an overview of current in vitro methodologies that have been used for the 

evaluation of the material loss at the taper-trunnion junction of modular hip prostheses.  

 
Various theories have been reported in the literature including mechanical, electrochemical or 

a combination of both for metal debris formation at the taper-trunnion junction of the 

modular THRs16-19,30-34.  Much of the data for these theories has, appropriately and sensibly, 

come from explant studies, as these are based on the truest test of all, that in the human body.  

However, explants come from individuals, each with unique attributes, including loading, 

motion, activity, etc.  Relatively few in-vitro studies have assessed MACC or fretting 

corrosion from the taper-trunnion junction of modular THRs35-37.  The purpose of these in 

vitro studies includes mainly an assessment of electrochemical characteristics and metallurgy 

of the implant materials used for the taper-trunnion junction.  These tests comprise of 

triboelectrochemical testing of different material combinations, i.e. similar metal, mixed 

metal or ceramic-metal, under sliding contact using pin-on-plate, ball-on-flat or pin-on-disc 

configuration under well-defined loading and displacement conditions251,253,287,288.  The most 

commonly used electrochemical measurement comprises of following methods253: 

1. Acquiring information on the rate of electrochemical reaction at the interface of the 

material combinations under investigation by monitoring corrosion currents at a fixed 

potential, and/ or  

2. Acquiring qualitative information on the tribocorrosion performance of material 

combinations under investigation by monitoring the open circuit potential 

Furthermore, the material loss due to wear and corrosion can be estimated by including wear 

volume characterisation in some in vitro tests289-291.  However, these testing methodologies 

do not use actual hip prostheses for laboratory testing.  In terms of standards, ASTM F1875 

“Standard practice for fretting corrosion testing of modular implant interfaces: hip femoral 

head-bore and cone taper interface” mentions only uniaxial dynamic loading for fretting wear 

and corrosion testing of modular THRs38,39, which utilises realistic femoral head and trunnion 

modular of THRs.  This standard highlights two types of testing methods, long-term testing 

and short-term testing38,292.  These two methods differ in their purpose, frequency, test 

duration, measurement techniques; however, mechanical loading and test fluid conditions are 

the same.  Testing conditions reported in ASTM F1875 are summarised in Table 20. 
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Table 20  Testing conditions as per the ASTM F187538. 
ASTM 1875 Long-term testing Short-term testing 

Frequency 5 Hz 1 Hz 

Test duration 10 million cycles  1 million cycles 

Specimen 

Mounting 

Anatomical Inverted 

Measurement Chemical analysis of the testing 

liquid and of the particulate 

debris 

Semi-quantitative measurement of 

corrosion rates 

Purpose To determine the amount of 

damage (quantitative measure 

of total elemental level) 

To evaluate differences in design 

during device development 

Dynamic loading Minimum 0.3 kN and maximum 3.3 kN 

Test fluid Electrolyte Solutions [0.9 % sodium chloride (NaCl) in distilled water] 

or 

Proteinaceous Solutions (10 % solution of calf serum in 0.9 % NaCl in 

distilled water) 

Test fluid 

volume 

5 to 100 mL 

 

Furthermore, ‘anatomical’ and ‘inverted’ testing methods were provided in the ASTM F1875.  

These two sample orientation methods differ from one another in terms of lubricant ingress, 

lubricant pressure and retention of wear debris at the taper-trunnion junction and may affect 

the subsequent wear and corrosion process36.  Physiologically relevant testing frequency of 1 

Hz was mentioned in the short-term testing; however, the specimen mounting was ‘inverted’ 

which is non-anatomical.  Bingley et al. compared ‘anatomical’ and ‘inverted’ testing 

methods mentioned in the ASTM F1875 and reported a higher material loss from the femoral 

tapers used in the inverted than the anatomical orientation36.  In contrast, the long-term 

testing method utilises ‘anatomical’ specimen mounting position, although the testing 

frequency was five times higher than the frequency of standard physiological walking 

conditions.  Moreover, diluted bovine serum with the protein concentration within the 

physiological range of the joint fluid is a better lubricant for in vitro testing of hip 

prostheses187.  However, both testing methods employ either electrolyte solution (with no 
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proteins) or proteinaceous solutions (with 10% calf serum), which is again not 

physiologically relevant.   

 

Note that employment of physiological walking motion is not included in the ASTM F187538.  

Interestingly, analysis of retrieved modular THRs demonstrated toggling of the femoral head 

on the trunnion18,19,34,45,293.  The toggling is not just superoinferior but appears to involve 

anteroposterior/posteroanterior direction too.  Therefore, the taper-trunnion junction of 

modular hips should be examined rigorously under clinically relevant test conditions prior to 

implantation into patients27,36,265,294,295. 

 

2.8 Summary 

 

ARMD released from the taper-trunnion junction of modular THRs is an issue of 

contemporary concern in CoC and MoP THRs24,43,45.   In CoC hips, the only sources of metal 

(usually titanium) would be the trunnion of the femoral stem and the acetabular shell.  The 

potential sources of this metal debris in MoP hips would be the bearing surface of the 

metallic femoral head (usually CoCrMo), the taper-trunnion junction, and the acetabular 

shell.  Out of these three sources, the head-liner bearing surfaces and the acetabular shell and 

backside of the liner have a metal against softer polymer contact, whereas the taper-trunnion 

junction has an MoM contact.  Of these two sources, the importance of metal debris from the 

taper-trunnion junction in MoM hip prostheses has been widely recognized18-20.  Historically, 

MACC or fretting corrosion has been evaluated using visual examination method and 

comparatively recent retrieval studies quantified material loss at this modular junction251,259.  

However, very few in vitro studies evaluated MACC or fretting corrosion from modular 

junctions289-291.  The ASTM F1875, standard for fretting corrosion testing of modular THRs 

employs only uniaxial dynamic loading38. Interestingly, analysis of retrieved modular THRs 

demonstrated toggling of the femoral head on the trunnion18,19,45.   

 

Following research questions not been answered in the literature: 

• In CoC articulating components, comprised of ceramic material, where is the metal debris 

originating from? 

• Dynamic loading & articulating motion vs dynamic only loading, does the material loss at 

the taper-trunnion junction change? 
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• In MoP articulating components, comprised of metal and softer polymer contact, where is 

the metal debris originating from? 

• What are the mechanisms responsible for the material loss from the taper-trunnion 

junction of modular MoP THRs, when CoCrMo/Ti alloy combinations are used for the 

taper-trunnion junction? 

 

To the authors’ best knowledge, no other hip simulator tests have investigated material loss 

from the taper-trunnion junction of a modular CoC and MoP THR.  Therefore, the aim of this 

thesis is to quantify the material loss, if any, at the taper-trunnion junction of modular CoC 

and MoP THRs under standard physiological walking cycle.  In order to achieve this aim and 

to find answers to the research questions, multi-station hip simulator testing of modular hips 

mounted on titanium (Ti) alloy trunnions was undertaken under standard physiological 

walking cycle, replicating the clinical scenario as closely as possible. 
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Chapter 3: Materials and Methods 
 
In this chapter, materials, machines and instruments used for in vitro testing of hip prostheses 

are briefly described. New hip prostheses were wear tested as per the international standard 

ISO 14242187 in the hip joint simulator; this includes loading and motion conditions.   

 

3.1 Hip simulator wear testing of the taper-trunnion junction and bearing surfaces of 

modular CoC hip prostheses 

 
This section illustrates the materials and the test summary of the hip simulator wear testing of 

the latest 4th generation ceramic-on-ceramic (CoC) hip prostheses focusing on material loss at 

the taper-trunnion junction and bearing surfaces. 

3.1.1 Materials  

 

 
Figure 48 a) Ceramic femoral head (BIOLOXdelta), b) ceramic acetabular liner 

(BIOLOXdelta) and c) 12/14 Ti6Al4V trunnions. 
 
For the CoC hip simulator wear test, three 36mm BIOLOXdelta, Pinnacle(DePuy Synthes, 

UK), CoC hip replacement bearings were used.  Newcastle University provided all implants. 

Each ceramic femoral head had +5.0 associated neck length (REF 1365-320, manufacturer’s 

code), see Figure 48 a).  Each ceramic acetabular liner had REF 1218-81-754, manufacturer’s 

code, see Figure 48 b).  The 12/14 Ti trunnions with a neck length of 34.5 mm, see Figure 48 

c) were manufactured by Phoenix Tribology Limited, UK based on the Corail® (DePuy 

Synthes, UK) stem , see Figure 49 which, when employed with 36mm ceramic heads, gives 

the most commonly implanted CoC hip in the UK2 .  Table 21 summarises dimensions of all 

components used in MoXLPE hip simulator wear test.   
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Table 21 Summary of CoC components used in CoC hip simulator wear test. 
Dimensions of the bearing surfaces of CoC joints 

36mm CoC joints Number of 

samples 

Radius (mm) 

(Mean±SD) 

Radial clearance (mm) 

Femoral head 3 17.9993±0.0053 0.037±0.073 

Acetabular liner 3 18.0360±0.0067 

Dimensions of the measured taper-trunnions  

12/14 tapers Proximal radius 

(mm) 

Distal radius 

(mm) 

Cone angle (o) 

Femoral taper 6.9379±0.0033 6.4373±0.0054 5.7901±0.0137 

Trunnions 6.9013±0.0280 6.4424±0.0188 5.6713±0.0042 
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Figure 49 Engineering drawing of the trunnion used in tests involving CoC THRs. 
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3.1.2 Hip simulator wear test  

 

 
Figure 50 The six-station anatomical hip joint simulator showing three CoC test 

components immersed in diluted new-born-calf serum295. 
 
Ceramic-on-ceramic (CoC) hip replacement bearings were tested in the 6-station anatomical 

hip joint simulator shown in Figure 50 189.  The kinematics used in the MoXLPE hip 

simulator test was based on Saikko (2005)189.  The walking cycle applied in the simulator 

combines sinusoidal flexion-extension and abduction-adduction motions with the excursion 

of 46˚ and 12˚ respectively, resulting in an elliptical wear path189.  The test ran for 5 million 

cycles.  A double-peak load was applied to the three articulating samples with a minimum 

value of 400 N and a maximum value 2000 N 189.  Although the hip simulator had six test 

stations, only three were used in the CoC hip simulator wear test.  Two further samples were 

required for the Dynamic loading (DL) but no articulating motion test, see section 3.2, and 

the impaction test, see section 3.3, both of which were fundamental to this investigation.  As 

these samples were all the latest fourth generation of ceramic BIOLOXdelta, obtaining such 

samples for independent testing was both challenging and expensive as this project was 

unfunded. 
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Figure 51 a) A test station from the hip simulator and b) schematic of the ceramic 

femoral head, ceramic acetabular liner, and Ti trunnion in the hip simulator wear test 
set up.  All prostheses were subject to dynamic loading and articulating motion.  

 

Each ceramic femoral head was mounted using a plastic femoral head impactor, replicating 

that used in surgery, onto a 12/14 Ti trunnion (Ti6Al4V).  When impacting, at least two firm, 

axially aligned blows to impact the femoral head onto the trunnion were employed87.  In turn, 

each trunnion was located into a femoral head carrier [See Figure 51 a) and b)].  All trunnions 

and femoral head carriers were marked prior to testing to enable correct repositioning 

following cleaning and measurement intervals.  Each ceramic acetabular liner was held in an 

aluminium 3105 alloy pelvic insert holder with 45° cup abduction angle and 15° anteversion 

angle of the simulator 189.  This is different to the clinical situation where a Ti shell would 

serve to connect the liner to the acetabulum, but it is common not to use a shell in hip 

simulators where the historical focus has been on wear testing the bearing surfaces189,196,296. 

 

New-born-calf serum (Gibco™, Life Technologies), diluted with de-ionised water to give a 

protein concentration of 21g/L, was used as the lubricant.  The lubricant was changed every 

500,000 cycles when the components were cleaned and weighed following the relevant 

international standard, ISO 14242-2 173.  In addition to this, Sidol cleaner was used to remove 

any visual marking seen at the internal taper of the femoral heads and the backside of the 
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liners, see Figure 52,  following disassembly297.  In a hip simulator study, Saikko and Pfaff 

detected metal transfer on the femoral taper and backside of the liner after the disassembly 

and found to cause slight weight gain on the components297.  Therefore, they removed the 

metal transfer using Sidol cleaner which contained clay as an abrasive.  Hence, visual 

markings were removed using Sidol cleaner to minimise the effect of metal transfer that 

would affect the gravimetric measurements. 

 

 
Figure 52 Surfaces of the BIOLOX®delta ceramic liner. 

 

Table 22 summarises all the experimental variables that have been tested in CoC hip 

simulator test. 

 

Table 22 Summary of all the experimental variables for CoC hip simulator test 

Motion Standard physiological walking cycles  

Loading Double-peak load (min 400 N and max 2000 N at 1 Hz) 

Components Three 36 mm BIOLOX®delta femoral heads 

Three 36 mm BIOLOX®delta acetabular liners  

Three 12/14 Ti6Al4V trunnions 

Test duration 5 million cycles (Mc) 

Lubricant Diluted new-born-calf serum (protein concentration 21g/L) 

Wear measurement As per the ISO 14242-2173 
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3.1.3 Quantification of the material loss from the taper-trunnion junction and bearing 

surfaces 

 

 
Figure 53 Gravimetric measurement of a ceramic acetabular liner using an analytical 

balance. 
 
The material loss was measured gravimetrically using an analytical balance (TB – 215D; 

Denver Instruments, Germany) see Figure 53, with a 0.1mg sensitivity, for ceramic femoral 

heads, acetabular liners and Ti trunnions after every million cycles, with measurements taken 

in triplicate to ensure repeatability.  Although the lubricant was changed every 0.5 Mc, 

femoral heads and trunnions could not be able to disassemble by the author at the 0.5 Mc and 

1.5 Mc.  Therefore, gravimetric measurements were performed at 1Mc, 2 Mc, 2.5Mc, 3Mc, 

3.5Mc, 4Mc, 4.5Mc and 5Mc. Taking the density of the BIOLOXdelta as 0.00437 g/mm3 131 

and Ti6Al4V as 0.00443 g/mm3 298, gravimetric wear in mg was converted to volumetric 

wear in mm3.  The average volumetric loss for heads, liners, CoC joints (heads + liners) and 

trunnions was plotted against the number of cycles and the slope of the linear regression line 

taken as the wear rate in mm3/Mc, see Figure 54.   
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Figure 54 An example of a wear plot used for the wear rate calculations. 

 

Additionally, after 5 million cycles, the material loss from the ceramic femoral tapers and Ti 

trunnions was measured geometrically using a coordinate measuring machine (CMM) (Legex 

CMM; Mitutoyo, Tokyo, Japan) as described in section 3.9.  All taper wear measurements 

were carried out using previously published methodology with an accuracy of approximately 

0.2 mm3 19.  The volumetric wear rates of the tapers were calculated by dividing the average 

volume loss obtained from the geometric measurement by the total number of cycles.   

 

3.1.4 Visual and microscopic analysis of Ti trunnions 

 

At the end of the hip simulator wear test, images of trunnion surfaces were obtained using a 

Vision Measuring System Quick scope QS-L (Mitutoyo, UK).  The majority of the damaged 

area was found to be localised at the proximal-superior aspect of the trunnion.  Therefore, the 

trunnion surface was divided into two distinct areas; unworn and worn.  Scanning electron 

microscopy was performed on the trunnions from the hip simulator wear test using a TM3030 

SEM (Hitachi, Japan) to give high-resolution images (spatial resolution < 100 nm and depth 

resolution >10 nm).  Prior to the SEM analysis, the trunnions were cleaned with isopropanol.  
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3.1.5 Surface roughness measurement 

 

A two-dimensional (2D) contacting profilometer was used for the surface roughness (Ra) 

analysis of the tapers and trunnions, pre and post-test as described in section 3.10.1299. 

 

Pre-and post-wear test three-dimensional (3D) surface roughness (Sa) measurements for 

ceramic femoral heads and acetabular liners were performed using the same non-contacting 

profilometer Zygo NewView 5000 with 0.1 nm vertical resolution, as described in section 

3.10.2 

 

Furthermore, in order to get a better understanding of the trunnion topography, the same non-

contacting profilometer was used in these regions to obtain 3D surface roughness (Sa).  Prior 

to these measurements, the trunnion surface was divided into two distinct areas; unworn and 

worn.  A total of 20 measurements (10 on the unworn area and 10 on worn area) on each 

trunnion were acquired.  

 

3.2 Dynamic loading (DL) but no articulating motion testing of CoC hip prosthesis 

 

This section gives the summary of the dynamic loading (DL) but no articulating motion 

testing of the CoC prosthesis hip prostheses focusing on the material loss generated from the 

taper-trunnion junction and bearing surfaces. 

 

3.2.1 Materials  

 

A fourth 36mm BIOLOXdelta, Pinnacle(DePuy Synthes, UK), CoC hip replacement 

bearing was employed in a separate dynamically loaded (DL) station, with no articulating 

motion, to investigate the material loss, if any, at the bearing surfaces and the taper-trunnion 

junction.  

 

3.2.2 Test summary 
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The fourth CoC sample was subject to the same dynamic loading as the hip simulator wear 

test, with a minimum value 400 N and a maximum value 2000 N 23, but no articulating 

motion referred to henceforth as the DL test station.  All other testing conditions such as 

assembly-disassembly procedures, the same lubricant etc. were used as mentioned previously 

for the CoC hip simulator wear test.  It is important to note that the trunnion in the DL station 

was not loaded along its axis, but in the same way as the test samples, such that loading of the 

head was offset relative to the trunnion, replicating that seen when an artificial hip is 

implanted [(see Figure 55 a) and b)].  

 

 
Figure 55 a) A DL station and b) schematic of the ceramic femoral head, ceramic 

acetabular liner, and Ti trunnion in the DL test set up 
 
The following measurements on the DL test components were performed using the 

methodology described previously for the CoC hip simulator wear test: 

• Gravimetric wear analysis for ceramic femoral head, acetabular liner and Ti 

trunnion 

• Geometric wear analysis for ceramic femoral taper and Ti trunnion 

• Two-dimensional (2D) surface roughness (Ra) of ceramic femoral taper and Ti 

trunnion 

• Three-dimensional (3D) surface roughness (Sa) of the CoC bearing surfaces 
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3.3 Impaction test of CoC hip prosthesis 

 

This section describes the summary of the impaction test performed on the CoC prosthesis. 

 

3.3.1 Materials  

 

It was appreciated that both the assembly and disassembly of the femoral head from the 

trunnion could produce wear at the taper-trunnion junction.  Therefore, this important 

concern was investigated using a fifth CoC hip replacement bearing sample of 36mm 

BIOLOXdelta, Pinnacle(DePuy Synthes, UK). 

 

3.3.2 Test summary 

 

In order to study the potential effect of material loss due to assembling and disassembling the 

femoral heads on the trunnions, a separate impaction test was conducted.  A ceramic femoral 

head and Ti trunnion were assembled and disassembled eight times in an identical manner to 

that of the method used throughout the hip simulator test.  After each disassembly procedure, 

the cleaning and weighing procedures, detailed previously, were carried out.  Two-

dimensional (2D) surface roughness (Ra) measurements of the taper and trunnion were also 

repeated after each disassembly following the methodology described in section 3.10.1. 

 

3.4 Hip simulator wear testing of the taper-trunnion junction and bearing surfaces of 

modular metal-on-cross-linked polyethylene hip prostheses 

 
This section illustrates the materials and the test summary of the hip simulator wear testing of 

the metal-on-cross-linked-polyethylene (MoXLPE) hip prostheses focusing on the material 

loss at the taper-trunnion junction and bearing surfaces.  Explant studies showed that the 

material loss arises mainly from the CoCrMo alloy femoral tapers rather than the Ti alloy 

trunnions when CoCrMo/Ti alloy combinations are used for the taper-trunnion junction18,20. 

Therefore, this test was focused on the assessment and quantification of the material loss 

from CoCrMo femoral tapers. 
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3.4.1 Materials  

 

 
Figure 56 a) CoCrMo femoral head b) XLPE acetabular liner and c) 12/14 Ti6Al4V 

trunnion. 
 
For the MoXLPE hip simulator wear test, five 32mm JRI Orthopaedics Limited, UK, 

MoXLPE hip replacement bearings were tested in the hip joint simulator.  All specimens 

were commercially available MoXLPE joints composed of CoCrMo femoral heads 

articulating against XLPE acetabular liners (75kGy).  Newcastle University provided all 

implants. Each CoCrMo femoral head had +4.0 associated neck length (REF 47-32-30, 

manufacturer’s code), see Figure 56 a).  Each XLPE acetabular liner had REF 150-52-32, 

manufacturer’s code, see Figure 56 b).  The 12/14 Ti trunnions (Ti6Al4V) with a neck length 

30.6 mm [see Figure 56 c)] were manufactured, see Figure 57, based on the Corail® (DePuy 

Synthes, UK) femoral stem which has been implanted in 1.6 million surgeries worldwide35.  

Table 23 summarises dimensions of all components used in MoXLPE hip simulator wear test.  

The ISO 14242-1 states, “A control specimen, if polymers are the object of investigation, is 

subjected to the same time-varying force to determine the creep of the test specimen and/or 

the amount of mass change due to fluid transfer”187.  Therefore, a sixth MoXLPE joint was 

used as a loaded soak non-articulating control specimen.  
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Table 23 Summary of MoXLPE components used in MoXLPE hip simulator wear test. 
Dimensions of the bearing surfaces of MoXLPE joints  

32mm MoXLPE 

joints 

Number of 

samples 

Radius (mm) 

(Mean±SD) 

Radial clearance (mm) 

Femoral head 5 15.9753±0.0053 0.2987±0.065 

Acetabular liner 5 16.2737±0.0510 

Dimensions of the measured taper-trunnions components 

12/14 tapers Proximal radius 

(mm) 

Distal radius in 

(mm) 

Cone angle (o) 

Femoral taper 6.8116±0.0086 6.2734±0.0054 5.6807±0.0313 

Trunnions 6.7690±0.0120 5.6950±0.0201 5.7213±0.0032 



 
104 

 

 
Figure 57 Engineering drawing of the trunnion used in tests involving MoXLPE THRs. 
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3.4.2 Hip simulator wear test  

 

 
Figure 58 The six-station anatomical hip joint simulator showing five MoXLPE test 

components immersed in diluted new-born-calf serum300. 
 

The 6-station anatomical hip joint was used for in vitro wear testing of five MoXLPE joints 

mounted on Ti trunnions for 5 Mc, see Figure 58 189.  Although the hip simulator had six test 

stations, only five were used in this wear test.  The kinematics used in the MoXLPE hip 

simulator test was based on Saikko (2005)189.  All test specimens were subject to time-

varying double-peak load with a minimum load value 400 N and a maximum load value 2000 

N and relative articulating motion, generating an elliptical wear path189,295.  The articulating 

motion of the simulator comprised of sinusoidal flexion-extension and abduction-adduction 

with an excursion of 46° and 12° respectively189.  Although the hip simulator had six test 

stations, only five were used in the MoXLPE hip simulator wear test.  A sixth MoXLPE joint 

used as a dynamically loaded soak control specimen was subject to the same time-varying 

loading but no articulating motion as per the international standard for wear testing of total 

hip prostheses ISO 14242-1187. 
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Figure 59 a) A test station, b) schematic of CoCrMo femoral head, XLPE acetabular 

liner, and Ti trunnion in test and control station setup, and c) the control station. 
 
In the hip joint simulator, all prostheses were mounted anatomically.  The cup abduction 

angle and anteversion angles were 45° and 15° respectively189.  Each acetabular liner was 

held in an aluminium 3105 alloy pelvic insert holder rather than a Ti shell which is used in 

the clinical situation. However, the pelvic insert holder was designed to reproduce the 

clinically relevant support system187.  Furthermore, it is common not to use a shell in hip 

simulators as these are wear-screening devices used for characterising wear from the bearing 

surfaces of artificial hip joints189,205,211,301.  Each Ti trunnion was inserted into the femoral 

head holder with 45° neck axis angle, and then the CoCrMo femoral head was mounted on 

the trunnion with a polymeric femoral head impactor.  Fixation of the femoral head onto the 

trunnion was carried out by impacting a minimum of two firm blows in an axial direction87 in 

dry conditions, replicating surgical scenarios.  All impactions were carried out using a 

previously published methodology295.  The estimated impaction force was 4-5kN, based on 

separate measurements undertaken on CeramTec equipment.  All test and the control 

trunnions were loaded anatomically such that loading of the femoral head was offset relative 

to the trunnion, see Figure 59 a), b) and c).  The lubricant was new-born-calf serum (Gibco™ 

life-technologies) diluted with de-ionized water to give 21 g/L protein content.  The lubricant 

was replaced after every 0.5 Mc, all specimens were cleaned, and gravimetric measurements 

were performed in accordance with ISO 14242-2173.  Table 24 summarises all of the 

experimental variables that have been tested in MoXLPE hip simulator test.  
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Table 24 Summary of all the experimental variables for MoXLPE hip simulator test 

Motion  Standard physiological walking cycles  

Loading Double-peak load (min 400 N and max 2000 N at 1 Hz) 

Components Five 32 mm CoCrMo femoral heads 

Five 32 mm XLPE acetabular liners  

Five 12/14 Ti6Al4V trunnions 

Sixth MoXLPE sample as load soak control 

Test duration 5 million cycles (Mc) 

Lubricant Diluted new-born-calf serum (protein concentration 21g/L) 

Wear measurement As per the ISO 14242-2173 

 

3.4.3 Quantification of the material loss from the taper-trunnion junction and bearing 

surfaces 

 
The gravimetric wear of heads, liners and trunnions were measured using an analytical 

balance (TB-215D; Denver Instruments, Germany) with a 0.1mg sensitivity.  Each specimen 

was weighed for a minimum of three times for repeatability.  The weight loss in mg was 

subsequently converted into volume loss in mm3 using the density of CoCrMo as 0.00833 

g/mm3 302, XLPE as 0.0009355 g/mm3 (supplier’s data) and Ti6Al4V as 0.00443 g/mm3 298.  

The amount of lubricant absorption was accounted for by using the dynamically loaded 

control XLPE liner.  The wear rates in mm3/Mc were calculated from the slopes of the linear 

regression lines in the volumetric loss versus a number of cycles plot for heads, liners and 

trunnions, as described previously in the CoC hip simulator wear test, see Figure 54. 

 

Additionally, after 5 million cycles, the material loss from the CoCrMo femoral tapers was 

measured geometrically using a CMM as described in section 3.9.  Again, the volumetric 

wear rates of the CoCrMo femoral tapers were calculated by dividing the average volume 

loss obtained from the geometric measurement by the total number of cycles.   
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3.4.4 Visual and microscopic analysis of CoCrMo femoral tapers 

 

The material loss arises mainly from the CoCrMo alloy femoral tapers rather than the Ti alloy 

trunnion, when CoCrMo/Ti alloy combinations are used for the taper-trunnion junction18-20,32.  

Therefore, visual and microscopic analysis was performed on the CoCrMo femoral tapers.  

At the end of the wear test, the femoral heads were cut in half using a cut-off wheel (Rapier 

abrasive cut-off wheel Type FEM; MetPrep, UK).  Microscopic images of these tapers were 

obtained using a Vision Measuring System Quickscope QS-L (Mitutoyo, UK).  The area 

where the femoral taper made contact with the base of the trunnion was considered as the 

worn area.  Distal to this worn area (in anatomical terms), the non-contacting area of the 

femoral taper was considered as the unworn area.  In addition, high-resolution images of 

these areas on the CoCrMo femoral tapers were obtained using the same TM3030 SEM 

(Hitachi, Japan).  Scanning electron microscopic analysis of the CoCrMo femoral tapers was 

conducted using a similar methodology, as explained in section 3.1.4.   

 

Additionally, the distal end of the femoral taper from the cut femoral heads was subject to 

energy-dispersive X-ray spectroscopy (EDX) for quantification and identification of 

elemental composition.  Energy-dispersive X-ray spectroscopy measurements were 

performed using the same SEM at an accelerating voltage of 15 kV.  To investigate and 

compare elemental composition of the femoral head alloy with the damaged area, if any, the 

surface of a cut test CoCrMo femoral head was polished and an EDX measurement was taken 

on the polished surface, see Figure 60. 

 

 
Figure 60 A cut CoCrMo femoral head showing a) before polishing and b) after 

polishing the surface. 
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3.4.5 Surface roughness measurement 

 
A 2D contacting profilometer was used for the surface roughness (Ra) analysis of the 

CoCrMo femoral tapers, pre and post-test, as described in section 3.10.1 299.  For consistency 

with the bearing surface parameter, mainly Ra were used to represent pre and post-test taper-

trunnion junction surfaces.  Moreover, Rq and Rz results for the taper-trunnion surfaces are 

also presented in this thesis. 

 

Furthermore, in order to get a better understanding of the CoCrMo femoral taper topography, 

the non-contacting profilometer, Zygo NewView 5000 was used in these regions to obtain 3D 

surface roughness (Sa). On the CoCrMo femoral taper surface of each half of the cut femoral 

head, a total of 20 Sa measurements (10 on the unworn area and 10 on worn area) were 

acquired at the end of the test.  

 

Pre-and post-wear test 3D surface roughness (Sa) measurements for femoral heads and 

acetabular liners were performed using a non-contacting Zygo NewView 5000 as described 

in 3.10.2  

 

3.4.6 Microscopic inspection of the backside of the XLPE liner  

 

The backside surface of the XLPE liners was inspected using the Quickscope (QS-L 

Mitutoyo, UK). 

 

3.5 Metal debris analysis 

 

This section describes the methodology used for the metal debris analysis after CoC and 

MoXLPE hip simulator tests.   

 

Metal debris analysis after the CoC hip simulator test was performed in collaboration with the 

University of Surrey.  The lubricant samples were digested using enzymes, then centrifuged. 

The pellet was then deposited onto a substrate and left to dry prior to SEM coupled with EDX 

analysis. 
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Inductively Coupled Plasma Mass Spectrometry (ICPMS) is an extremely sensitive category 

of mass spectrometry303.  ICPMS can detect metals concentration lower than one part in 

1012303,304.  The specimen to be examined is positioned in a chamber of the ICPMS and 

pumped into the nebuliser containing argon gas to form an aerosol.  Only very fine aerosol 

droplets then pass through oxygen plasma at high temperature (8000-1000 °C) where most 

elements are dissociated, atomised and ionised.  The plasma ions are accelerated in the 

direction of electrostatic discs by a differential vacuum system that extracts the positively 

charged ions.  The positively charged ions are transported to the mass filter which selects the 

ions according to their charge and mass303.  Metal debris analysis after the MoXLPE hip 

simulator test was performed in collaboration with the London Metallomics Facility, Kings 

College London, UK.  Initially, the sample preparation was carried out, followed by ICPMS 

analysis for quantification of metal ions in the lubricant.  Lubricant sample digestion was 

carried out by adding concentrated HNO3 (400 µL, 67-69%) to a 100 µL of the lubricant 

samples and digesting at 60°C overnight.  After cooling, the samples were diluted to 14 mL 

with MilliQ water (18Ω).  Samples were analysed using an ICP-MS (PerkinElmer NexION 

350D, Massachusetts, USA).  The ICP-MS settings were: gas flow 1 L/min; auxiliary gas 

flow 1.2 L/min; plasma flow 18 L/min; RF power 1600 Watts; collision cell gas flow: He 4.2 

mL/min.  Calibration was performed by injecting the elemental standards (Co, Cr and Ti), 

dissolved in a solution of 2% HNO3, into the ICP-MS and detected as Co59, Cr52, and Ti48 

isotopes.  Five replicates of each sample were performed.   

 

3.6 Lubricant pH measurement 

 

This section gives pH measurement method for the lubricant used for testing of CoC and 

MoXLPE hip prostheses. 

 

The pH of the lubricant was measured using a pH tester (HI98103, Hanna Instruments, UK), 

with a pH range of 0.0 to 14.0 and accuracy ±0.2 pH.  The pH measurement was carried out 

on unused lubricant and after every 0.5 million cycles, at least three times to ensure 

repeatability of results for the CoC and MoXLPE hip simulator wear tests.  Before 

measurement, the pH meter was calibrated using a reference pH 7.01 buffer solution 

(supplied with the pH meter).  The electrode of the pH meter was cleaned with deionised 

water. 
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3.7 Wettability measurement 

 
This section provides a contact angle measurement method for the determination of the 

wettability of the femoral heads of the modular hip prostheses. 

 
The wettability of the 36mm BIOLOXdelta and 32mm CoCrMo femoral was examined 

using Theta Lite Optical Tensiometer (TL100, Biolin Scientific, Espoo, Finland), see Figure 

61.  The same lubricant fluid, i.e. diluted new-born-calf serum (Gibco™, Life Technologies) 

with a protein concentration 21 g/L, was used for analysing the wettability of the femoral 

heads.  The contact angle measurements were performed pre- and post-hip simulator wear 

tests.  Before measurement and whenever the camera optics had adjusted, the TL 100 was 

calibrated using a 4 mm calibration ball provided by the supplier. 

 

 
Figure 61 Contact angle measurement of BIOLOXdelta femoral head using Theta Lite 

Optical Tensiometer 
 

The TL 100 utilises a USB2 digital camera (160 frames per seconds maximum) to record the 

contact angle.  The TL 100 was operated with the OneAttension™ software (Version 2.8), 

see.  The sessile drop experiment from the software was used for the contact angle 

measurement.  Before each measurement, the femoral head was cleaned with isopropanol, 

and lint-free cloth followed by a jet of inert gas.  The one-touch dispenser was used to place 

the droplet (approximately 10 µl) of the lubricant on the femoral head.  The image recording 

was started manually at the instant the droplet touched the femoral head for 20 seconds.  
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Then the OneAttension software calculated the mean contact angle, see Figure 62.  For each 

femoral head, three measurements were taken followed by the previously mentioned cleaning 

procedure.  Additionally, as the femoral head surfaces were curved ‘Use circular baseline’ 

option was enabled in the software for the baseline correction, and all results were analysed 

using the circular baseline option. 

 

 
Figure 62 Screenshot of the OneAttension™ software window. 

 

3.8 The six-station anatomical hip simulator 

 
This section briefly illustrates the working mechanism of the hip simulator, including hip 

prostheses mounting, applied loading and motions along with the procedure used for 

assembly-disassembly of the components. 

The TE-86 (PLINT, Phoenix Tribology Limited, UK) hip simulator was used for in vitro 

wear testing of the modular hip prostheses.  The TE 86 design is based on Helsinki 

University of Technology (HUT)-4 simulator designed by Saikko189.  The hip simulator 

contains an electromechanical drive system and servo pneumatic loading system.  Figure 50 

and Figure 58 shows the TE-86 hip joint simulator.  

3.8.1 Installation of the hip prostheses on the hip simulator 
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In the hip joint simulator, all prostheses were mounted anatomically.  The femoral head is 

mounted on the femoral head holder.  Different assembly components used for carrying hip 

prosthesis are shown in Figure 63. 

 

 
Figure 63 Various components used for carrying a hip prosthesis.   

 
The femoral head holder was press-fitted into a femoral head holder casing.  The head holder 

is fixed on the positioning disc with the help of a single screw so that it remains in the same 

position, see Figure 64 a) and b).  Saikko tested the positioning by assembling and 

disassembling the femoral head holder multiple times and reported that the centre of the 

femoral head remained at the intersection of the FE and AA axes with an accuracy of 0.01 

mm189.  Additionally, the femoral head holder casing and the baseplate were marked [see 

Figure 64 c)] so that they could be relocated at the same location after multiple assembly and 

disassembly procedures.  
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Figure 64 a) A positioning disc, b) a femoral head holder fixed on the positioning discs, 

and c) markings on the femoral head carrier casing and the base plate for the exact 
location after disassembly.  

 
Each femoral head was mounted using a plastic femoral head impactor, replicating that used 

in surgery, onto a 12/14 Ti6Al4V trunnion.  Fixation of the femoral head onto the trunnion 

was carried out by impacting a minimum of two firm blows in an axial direction 87 in dry 

conditions, replicating surgical scenarios.  The estimated impaction force was 4-5kN, based 

on separate measurements undertaken on CeramTec equipment.  In turn, each trunnion was 

located into a femoral head holder with a neck inclination angle of 45°, see Figure 65 a).  All 

trunnions and femoral head carriers were marked before the test to enable correct 

repositioning following cleaning/measurement intervals, see Figure 65 b). 

 

 
Figure 65 a) Femoral head and trunnion assembly on the femoral head carrier of the 

hip simulator and b) Markings were made on the trunnion and the femoral head holder 
for exact repositioning after cleaning/measurement intervals. 

 
Each acetabular liner was stationery and press-fitted into the pelvic insert holder.  

Additionally, all acetabular liners were secured inside the pelvic insert holders by polymeric 
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rings and screws.  According to the ISO 14242-1, the cup abduction angle should be 30°187, 

which is less than the typical clinical value of 45°189.  Furthermore, the majority of the hip 

prostheses manufacturers suggested that the acetabular liner should be placed at 45°305. 

Therefore, the acetabular liner abduction and anteversion angles were 45° and 15° 

respectively 189.  A universal joint and a loading bar of the hip simulator provided dynamic 

and vertical loading via a pneumatic cylinder (bore diameter 80mm) which made the 

acetabular liner self-centring on the femoral head in such a way that any misalignment of the 

femoral head (>0.01mm) would not have affected the hip simulator wear test results 189.    

 

 
Figure 66  Schematic diagram showing the self-centring alignment of the components. 

 

3.8.2 Description of the hip simulator loading and motions 

 

The TE-86 is a 6-station anatomical hip joint simulator and simulates two-axis motion which 

consists of flexion-extension (FE) and abduction-adduction (AA) but no internal-external 

rotation (IER).  According to the international standard ISO14242-1, the hip simulator must 

simulate AA, FE and IER motions.  However, in the TE-86 design, IER is not included.  The 

FE and AA motions are made by the outer cradle and the inner cradle respectively.  The FE 

and AA movement angles are in accordance with biomechanical studies of walking, 46° and 

12° respectively189,306,307.  These electromechanical motions are applied with a specially 

developed crank mechanism driven by a variable speed gear motor.  The phase difference of 
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π/2 is present between the applied motions, see Figure 67, to produce an elliptical force track 

to represent the human gait cycle 189,308.   

 

The cycle frequency was set at 1 Hz, and one million cycles of the hip simulator were taken 

to be equivalent to 1 year in the body 309.  The double-peak load was applied in accordance 

with the biomechanical studies of walking, with a maximum load of 2.0 kN and a minimum 

load of 0.4 kN189.  It has been previously shown that the ISO 14242-1 recommended peak 

load of 3.0 kN resulted in a protuberance on the bearing surface of polymeric acetabular 

liners 310. Furthermore, the protuberance formation were not seen in the retrieved polymeric 

liners. However, they were common in the wear testing as per the international standard190.  

Therefore, for clinically relevant testing, the peak load was reduced from 3.0 kN to 2.0 kN to 

eliminate the protuberance formation189. 

 

As shown in Figure 67, at maximum flexion, the load begins to rise, the temporal distance 

between the two load peaks is one-third of the cycle time.  The force track on the femoral 

head created by the applied load and articulating motion is elliptical with an aspect ratio of 

3.8189.  With applied load and articulating motion, the force track is defined as ‘the theoretical 

track of the resultant force vector on the femoral head189. 
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Figure 67 a) Variation with time of flexion-extension (FE) and abduction-adduction 

(AA) angles, and load (L) measured in the TE-86 hip joint simulator and b) Normal gait 
cycle [Image adapted from Rajťúková et al. (2014)184] 

 
Each station of the hip simulator is loaded with a pneumatic cylinder.  A universal joint and a 

loading bar provided dynamic and vertical loading via a pneumatic cylinder (bore diameter 

80mm) which made the acetabular liner self-centring on the femoral head in such a way that 

any misalignment of the femoral head (>0.01mm) would not have affected the hip simulator 

wear test results 189.   The slider of a vertical linear guide, which is driven downwards by the 

cylinder, was attached to the universal joint, which resulted in a vertical load applied fixed 

relative to the pelvic insert holder, see Figure 68.  The pneumatic cylinders are connected to a 

common manifold.  The output pressure from the proportional pressure regulator (SMC 

ITV3050-31F4BL3 Electro-Pneumatic Regulator) is amplified pneumatically, and equal 

pressure is provided to the pneumatic cylinder in each of the six stations. 
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Figure 68 a) TE-86 hip simulator and b) Zoomed-in image of the station no. 1 showing 

the slider of a vertical linear guide.  
 
Additionally, a separate control station containing the same hip prosthesis mounting and 

loading profile as described in 3.8.2 was used, however, no articulating motion was applied 

for the DL test of the CoC prosthesis and as a soak control for the MoXLPE hip simulator 

test. 

 

3.8.3 Assembly and disassembly procedures 

 

The femoral heads and trunnions were assembled on the femoral head carriers, and the 

polymeric casing was fitted on each carrier. All assembled femoral head carriers were then 

fixed on the hip simulator.  After that, all sample fluid tubes were filled with a minimum of 

250 mL of lubricant.  The lubricant used throughout this project was new-born-calf serum 

(Gibco™, Life Technologies), diluted with de-ionised water to give a protein concentration 

of 21g/L.  

 

According to the ISO 14242-1, for the prevention of lubricant evaporation, the lubricant 

should be encapsulated.  However, lubricant removes heat generated from the friction of the 

articulation of the bearings and lowers the risk of overheating of the lubricant and the 

components as well as clears the debris 189.  Therefore, lubricant chambers are left open in the 

TE-86 hip simulator.  Additionally, as per ISO 14242-1, the temperature of the lubricant 

should be maintained at 37° ± 2° C and addition of an antimicrobial reagent.  However, 
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Saikko performed wear testing at the lower temperature (20°C) than the ISO standard 

temperature of 37°C and reported clinically relevant wear results311.  Furthermore, at the 

lower temperature, the microbial growth was reduced so that the addition of toxic 

antimicrobial reagent was avoided189,311.  Moreover, problems associated with the formation 

of the anti-wear protein precipitate layer (not seen in vivo) were avoided as at the lower 

temperature, the rate of protein degradation process was reduced312.  Therefore, all testing 

was carried out at an ambient temperature and without any additives. 

 

Finally, the pelvic insert holder fitted with the acetabular liners were immersed on the 

respective femoral head and the hip simulator wear testing was initiated.  All test and a 

control station lubricant chambers were topped up with deionised water to compensate for 

any evaporation.  The hip simulator wear test was stopped at every 500,000 cycles.  The 

lubricant was changed every 500,000 cycles when the components were cleaned and weighed 

following the relevant international standard, ISO 14242-2 173.  The used lubricant was stored 

in the freezer for future analysis.  A protocol for the cleaning and weighing procedures used 

throughout this project is presented in Appendix A. 

 

3.9 Quantification of the material loss from the taper-trunnion junction of hip 

prostheses using geometric wear measurement 

 

This section describes the geometrical wear measurement method used for quantification of 

the material loss from the internal taper of the femoral heads (femoral tapers) and trunnions. 

3.9.1 Materials  

 
Geometric wear measurements are mostly used to determine volumetric wear of the 

explanted hip prostheses19,313.  However, it can also be used to determine volumetric wear of 

the hip components subject to in vitro hip simulator testing 314.  The geometric wear 

measurement methods for the femoral taper, trunnions and bearing surface have previously 

been validated and published by our group 19,313,315.  A coordinate measuring machine (CMM, 

Legex 322, Mitutoyo, UK) in combination with a custom-designed MATLAB program 

(MathWorks) were used for geometric wear analysis of the taper-trunnion junction.  A 

0.5mm ruby probe was used throughout the project.  The resolution of the CMM is 0.8µm 
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and its accuracy for taper-trunnion surfaces is reported as 0.2mm3 19.  Besides the 

quantification of the material loss in mm3, the geometric wear analysis also produces a visual 

representation of the surface by generating a wear map. 

 

The geometric measurements performed throughout this project are shown in Table 19. 

Figure 63 a), b) and c) shows the post-test CMM measurement set-up for a BIOLOXdelta 

femoral taper used in the CoC hip simulator wear test, CoCrMo femoral taper used in the 

MoXLPE hip simulator wear test and Ti trunnion used in the CoC hip simulator wear test 

respectively.  A protocol for the geometric wear measurement used throughout this project is 

presented in Appendix B. 

 

Table 25 Geometric wear measurements on the various components. 

Tests→ 

Hip prosthesis 
component↓ 

CoC Hip 
simulator wear 

test                 
(section 3.2) 

DL test of the 
CoC hip 

prosthesis   
(section 3.3) 

Impaction test 
of the CoC hip 

prosthesis 
(section 3.4) 

MoXLPE Hip 
simulator wear 

test          
(section 3.5) 

Femoral taper 

Trunnion 

Post-test 

Post-test 

Post-test 

Post-test 

No 

No 

Post-test 

No 
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Figure 69 CMM measurement set up of a) ceramic femoral taper, b) metallic femoral 
taper and b) metallic trunnion. 

 

3.9.2 Methods  

 
The CMM uses MCOSMOS, (Mitutoyo) software for scanning of the femoral tapers and 

trunnions, with the help of customised “2016 taper scan” and “trunnions” program 

respectively.  Both programs work in the following three stages: 

Stage 1: Identification of the first coordinate system.  

Stage 2: Generation of a perfect theoretical cone representing the original perfect unworn 

surface (either femoral taper or trunnion)  

Stage 3: Measurement of the entire surface and comparison the data points with the perfect 

cone to determine any deviations, which represent volumetric wear. 

 

a. Femoral taper scan 

• Secure the femoral head using the plasticine on the CMM platform, as shown in Figure 

70. Use the spirit-level to determine the horizontal level. 
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Figure 70  Mounting of the femoral head on the CMM platform 

 
• Before starting the femoral taper scanning using customised “2016 Taper Scan” program, 

open “Taper Height” program.  The “Taper Height” program is used to identify the 

testing area and to obtain the following values for the “2016 Taper Scan” program:  

o The centre of rotation (COR) to rim value: to determine the start point to begin the 

scan by avoiding the chamfer on the rim see Figure 71 

o Depth of the taper value (scan depth): to finish the contour, see Figure 71 (The 

linear traces carried by the ruby probe of the CMM to collect points are known as 

contours.)  

 

 
Figure 71  Cross-section of an internal femoral taper showing COR to rim value and 

Depth to finish contour value. 
 

Steps involved in “Taper Height” MCOSMOS program are shown below.  

Step1: Start the “Taper Height” program   

Step2: The CMM will give COR Rim value and Depth value. 
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Step3: “Input COR to Rim value” = COR value is given by “Taper Height” – (Height 

of the chamfer at the rim + radius of the ruby probe) 

Step4: “Input depth to finish contour” = Depth value given by “Taper Height” – 

(Height of the chamfer at the rim + radius of the ruby probe + 0.5)  

 

• Steps involved in “2016 Taper Scan” MCOSMOS program are given below: 

Step1: “Input file name” = FILE_Taper (user-defined name for each scan) 

Step2: “Input COR to Rim value” = obtained from “Taper Height” 

Step3: “Input highest “z” for the perfect cone = 0 

Step4: “Input lowest “z” for the perfect cone = -6 

Step5: “Input Scan depth” = obtained from “Taper Height” 

Step6: “Input point pitch” = 0.1 [Point pitch: the distance (in mm) between each point 

in the contour] 

After completion of the “2016 Taper Scan” MCOSMOS program, the cone angle will be 

shown on the screen. Note down the CMM generated cone angle. 

 

• Steps involved in customised “WearVol”, MATLAB program for quantification of the 

volumetric wear from the femoral tapers. 

Step1: open the “WearVol” program 

Step2: input filename “FILE_Taper.asc”, select “taper” in the dialogue box and 

number of contours = 30 

Step3: “Please enter the highest point for angle calculation” = 0 

Step4: “Please enter the lowest point for angle calculation” = -6 

Step5: “Please enter taper angle” = Enter the CMM generated cone angle from “2016 

Taper Scan.” 

 

b. Trunnions 

Secure the trunnion using the clamp on the CMM platform, as shown inFigure 72. Use the 

spirit-level to determine the horizontal level. 
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Figure 72  Mounting of the trunnion on the CMM platform  

 

• Steps involved in “Trunnion” MCOSMOS program are given below: 

Step1: “Input file name” = FILE_Trunnion” (user-defined name for each scan) 

Step2: “Input lowest “z” for the perfect cone = -6 

Step3: “Input highest “z” for the perfect cone = -2 

Step4: “Input the lowest value for a final scan “= -10 

Step5: “Input point pitch” = 0.150  

Step6: “Input number of contours” = 30 

After completion of “Trunnion” MCOSMOS program, the cone angle will be shown on 

the screen. Note down the CMM generated cone angle. 

 
• Steps involved in customised “WearVol”, MATLAB program for quantification of the 

volumetric wear from the trunnions. 

Step1: open the “WearVol” program 

Step2: input filename “FILE_Trunnion.asc”, select “trunnion” in the dialogue box and 

number of contours = 30 

Step3: “Please enter the highest point for angle calculation” = -2 

Step4: “Please enter the lowest point for angle calculation” = -6 

Step5: “Please enter cone angle” = Enter the negative value of the CMM generated 

cone angle from “Trunnion” program. 
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3.10 Surface roughness analyses 

 

This section gives the procedures used for two-and-three-dimensional (2D and 3D) surface 

roughness measurements.  In the literature, previous hip simulator studies represented the 

surface roughness of the bearing surfaces with the mean surface roughness (Ra/Sa)195,211,212.  

Therefore, for comparing the results obtained for the bearing surfaces during this research 

work with previous hip simulator studies, only Ra/Sa has been utilised in this thesis.  No 

other hip simulator study investigated the author’s best knowledge; no other hip simulator 

studies reported the surface roughness of the taper-trunnion junction surfaces.  Therefore, for 

consistency with the bearing surface parameter, mainly Ra/Sa were used to represent pre and 

post-test taper-trunnion junction surfaces.  Moreover, Rq and Rz results for the taper-trunnion 

surfaces are also presented in this thesis.  

 

Mean surface roughness (Ra/Sa) 

 

The mean surface roughness is defined as the arithmetic mean deviation of the surface height 

from the mean line through the profile.  To describe 2D surface roughness of a liner profile 

the symbol Ra is used, see Equation X 316 and to describe 3D surface roughness of an areal 

profile the symbol Sa is used, see Equation XI 317. 

 

𝑅𝑅𝑓𝑓 =
1
𝑘𝑘
� |𝑟𝑟(𝑘𝑘)|
𝐿𝐿

0
𝑟𝑟𝑘𝑘 

Equation X 
 

𝑆𝑆𝑓𝑓 =
1
𝐴𝐴
�|𝑧𝑧(𝑘𝑘,𝑟𝑟)|

 

𝐴𝐴

𝑟𝑟𝑘𝑘 𝑟𝑟𝑟𝑟 

Equation XI 
 

3.10.1 Two-dimensional (2D) surface roughness (Ra) measurements  

 

Two-dimensional (2D) surface roughness (Ra) measurements were performed using a 

contacting profilometer Surftest (SJ-210, Mitutoyo Hampshire, UK), see Figure 73 a).  In all 

tests, ten linear scans for each femoral taper and trunnion were performed with a cut off 

length of 0.8mm, giving each scan a total roughness evaluation trace length of 4.0mm318. 
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Although, for the CoC hip simulator test only six linear scan measurements each from the pre 

and post-test measurements were used for, mean Ra calculation and statistical analysis.  This 

was due to the output excel files from Surftest software were corrupted and did not open 

(showed an error message).  Additionally, 2D surface roughness (Ra) of the trunnion was not 

measured in the MoXLPE hip simulator wear test as we were guided by previous retrieval 

studies, which show that the material loss arises mainly from the CoCrMo alloy femoral 

tapers rather than the Ti alloy trunnion, when CoCrMo/Ti alloy combinations are used for the 

taper-trunnion junction. 

 

Additional roughness parameters such as Rq and Rz, pre and post-test were measured on 

following: a) ceramic femoral tapers and trunnions used in the CoC hip simulator test, and b) 

metallic femoral taper used in the MoXLPE hip simulator test.  

Root Mean Square Surface Roughness (Rq) 

The root mean square (r.m.s.) roughness is defined as the root mean square deviation of the 

profile from the mean line.  To describe 2D r.m.s. roughness of a liner profile the symbol Rq 

is used, see Equation XI 316. 

 

𝑅𝑅𝑞𝑞2 =
1
𝑘𝑘
� |𝑟𝑟(𝑘𝑘)|
𝐿𝐿

0
𝑟𝑟𝑘𝑘 

Equation XII 
 
Peak to valley height (Rz) 

 

The peak to valley height is defined as the sum of the highest peak and deepest valley of the 

profile.  To describe 2D r.m.s. roughness of a liner profile the symbol Rz is used. 
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Figure 73 a) Two-dimensional (2D) surface roughness (Ra) measurements using the 

Surftest SJ-210 profilometer on, b) femoral taper and c) trunnion. 
 

3.10.2 Three-dimensional (3D) surface roughness (Sa) measurements  

 

A non-contacting profilometer has been used throughout this project not only to look at the 

bearing surfaces of modular hip prostheses from all tests but also to assess the change on the 

damaged areas of the trunnions from the CoC hip simulator test and CoCrMo femoral tapers 

from the MoXLPE hip simulator test.  Three-dimensional (3D) surface roughness (Sa) 

measurements were performed using a non-contacting Zygo NewView 5000 white light 

interferometer319 with 0.1 nm vertical resolution.  For all measurements, a 10x objective lens 

and 2.0x manual zoom were used to give an area of view 317 x 238 µm.  For Sa 

measurements of all bearing surfaces, a “remove sphere” form filter was used.  For Sa 

measurements of all taper-trunnion surfaces, a “remove cylinder” form filter was used.  All 

other settings on the MetroPro® software were kept unchanged for pre and post-test surface 

roughness measurements of the components.  

 

In the literature13,195,196,200,202,211, most hip simulator studies reported the surface 

topographical information of the bearing surfaces of the hip prostheses in terms of mean 

surface roughness (Ra or Sa).  Therefore, pre and post-test hip simulator tests surface 

roughness measurements were acquired for all bearing surfaces.  A total of 10 measurements 

on each bearing sample were acquired on the pole and at 45°, see Figure 74.  For setting up 
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the components for Zygo measurement, two holders were used.  The first holder for getting 

point on the pole of the femoral heads and acetabular liners [see Figure 74 b) and c)] and the 

second holder was manufactured to get the points at 45°.  

 

 
Figure 74 a) Three-dimensional (3D) surface roughness (Sa) measurements using Zygo 

NewView 5000 on b) an acetabular liner at the pole, c) a femoral head at the pole and d) 
femoral head at 45° tilt. 

3.11 Statistical methods  

 
Statistical analyses were performed using Minitab® 17.1.0 statistical software.  Pre-and post-

test surface roughness measurements for femoral heads and acetabular liners were analysed 

using a paired t-test with a significance level of 0.05 in all tests after confirming the 

normality of the data.  The volumetric wear rates of CoC joints and Ti trunnions were 

analysed using a 2-Sample t-test with a significance level of 0.05 in the CoC hip wear test.  In 

the MoXLPE hip simulator wear test, for statistical comparisons of the following: 

gravimetrically measured mean wear rates of the femoral heads and trunnions; 

gravimetrically measured mean wear rates of the femoral heads and the wear rates of the 

femoral tapers obtained using the CMM; and the surface roughness measurements of the 

femoral tapers on unworn and worn areas; all were compared using a 2-Sample t-test with a 

significance level of 0.05.  Additionally, box plots were plotted of volumetric measurement 

using multiple comparison one-way ANOVA (analysis of variance) test with the Bonferroni 

post-hoc test with 95% confidence interval using GraphPad Prism 8 software for components 

used in CoC and MoXLPE hip simulator test.  
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Chapter 4: Results 
 

This chapter presents the experimental results obtained during the in vitro studies. 

 

4.1 Hip simulator wear testing of the taper-trunnion junction and bearing surfaces of 

modular CoC hip prostheses  

 

This section gives the results from the hip simulator study testing 36mm CoC THRs mounted 

on Ti alloy trunnions.  To the authors’ best knowledge, no in vitro tests have quantified 

material loss from the taper-trunnion junction of a modular CoC THRs.  Therefore, in this 

section, quantification of material loss obtained gravimetrically and geometrically from the 

taper-trunnion junction of CoC THRs will first be offered.  Then the 2D surface roughness 

(Ra) measurements on the surface of the tapers and the trunnions used in the CoC hip wear 

test are presented.  Next, 3D surface roughness measurements (Sa) on the unworn and worn 

areas of the wear test trunnions are presented.  Visual and microscopic images taken on the 

taper-trunnion junction post-test are also displayed.  Additionally, wear of the ceramic 

components obtained gravimetrically will be offered as it is the most common way that 

results have been presented in the scientific literature.  Following the wear data, results of Sa 

measurements on the bearing surfaces of CoC components are given. 

 

4.1.1 Quantification of the material loss from the taper-trunnion junction 

 

4.1.1.1 Gravimetric analysis of Ti trunnions 

 

After 5 million cycles, the volumetric wear rate (mean ± standard deviation) for the Ti 

trunnions was 0.061 ± 0.015 mm3/Mc, with a range of 0.045–0.075 mm3/Mc.  The mean 

volumetric wear rates for all Ti trunnions from the hip simulator wear test, measured 

gravimetrically, are shown in Figure 75.  The total average volumetric wear over 5 million 

cycles was 0.29 mm3 for the Ti trunnions.  Additionally, there was no statistically significant 

difference in the volume loss of  Ti Trunnion 1 and Ti trunnion 2 (with adjusted p value > 

0.0599), Ti Trunnion 2 and Ti trunnion 3 (with adjusted p value > 0.1888), see Figure 76.  
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However, there was statistically significant difference in the volume loss of Ti Trunnion 1 

and Ti trunnion 3 (with adjusted p value < 0.001) as shown in  Figure 76. 

 

 
Figure 75 Mean volumetric measurements of all titanium (Ti) trunnions from CoC hip 

simulator wear test (measured gravimetrically). 
 

 
Figure 76 Box-plot of volumetric measurement of all titanium (Ti) trunnionsfrom CoC 
hip simulator wear test (measured gravimetrically). ns: no significant difference with 

adjusted p-value >0.999 and *: adjusted p-value <0.001. 
 

4.1.1.2 Geometric analysis of the ceramic femoral tapers 
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After 5 million cycles, the volumetric wear rate (mean ± standard deviation) of the ceramic 

femoral tapers was 0.024 ± 0.040 mm3/Mc.  The total volumetric wear over 5 million cycles 

was 0.12 mm3 for the ceramic femoral tapers.  The CMM generated wear maps showed a 

minimal material loss from the ceramic femoral tapers, see Figure 77.  As can be seen from 

Figure 77, minimum wear was observed (greenish-yellow colour) on the femoral taper 

supporting the volumetric wear measurement.  The CMM measurement on the ceramic 

femoral taper was taken on the trunnion engagement length.  The proximal end of the 

trunnion engages at the bottom part of this wear map, whereas the distal end of the trunnion 

engages at the top part of this wear map. 

 

 
Figure 77 A CMM wear map of the internal taper of a test ceramic head. 

 

After 5 million cycles, the volumetric wear rate (mean ± standard deviation) obtained 

geometrically of Ti trunnions was 0.050 ± 0.012 mm3/Mc.  The total volumetric wear over 5 

million cycles was 0.25 mm3 for the Ti trunnions.  Furthermore, the mean volumetric wear 

rate of the Ti trunnions obtained geometrically (0.050 ± 0.012 mm3/Mc) was not statistically 

different (p = 0.398) to the mean volumetric wear rate obtained gravimetrically (0.061 ± 

0.015 mm3/Mc). 

 

4.1.2 Visual and microscopic inspection of the taper-trunnion junction 
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Figure 78 A femoral head and trunnion assembly showing terminologies used to 

describe the location of the material loss. 
 

The femoral head and trunnion assembly are shown in Figure 78.  On the trunnions, material 

loss (as indicated by a reduction in mass and decrease in roughness) was seen visually at the 

proximal-superior end and the distal-inferior end, as shown in Figure 79.  

 

 
Figure 79 Hip simulator wear test trunnions showing wear from the proximal-superior 

end and distal-inferior end respectively. 
 
Optical micrographs taken with 0.65× magnification at the proximal-superior end and the 

distal-inferior end are shown in Figure 80 d) and e), respectively.  Unworn and worn areas are 

clearly visible, with the original circumferential machining marks evident in the unworn 

areas.  
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Figure 80  a) A femoral head and trunnion assembly showing the different anatomical 
planes, b) and c) a test trunnion showing wear from the proximal-superior end and 

distal-inferior end respectively, d) and e) optical microscopic images of a test trunnion 
captured at 0.65× magnification showing worn and unworn areas of the proximal-

superior end and distal-inferior ends, respectively. 
 
The proximal-superior end of a test trunnion can be seen at 2.5× magnification using an 

optical microscope in Figure 81 a), and at 500× magnification with an SEM in Figure 81 b).  

Again, two distinct areas are shown in the SEM image; a worn area and an unworn area with 

the original machining marks.  
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Figure 81 a) An optical microscopic image at 2.5× magnification and b) scanning 
electron microscopy (SEM) image of the test trunnion at 500× magnification showing 

worn and unworn areas. 
 
As can be seen in Figure 82 b), at disassembly, a visual inspection of the internal taper of the 

femoral head revealed a grey coloured ring at the proximal end of all the femoral tapers.  The 

majority of the grey-coloured area was observed at the superior half of the femoral taper. 

After cleaning with Sidol, these grey coloured areas were removed. 

 

 
Figure 82 a) A femoral head and trunnion assembly showing the different terminologies 

used to describe the location of the material loss, and b) An internal taper of a test 
femoral head showing grey coloured ring. Image from Bhalekar et al. (2018)295. 

 

The visual and microscopic inspection of the Ti trunnions is summarised in Figure 83. 

 



 
135 

 

 

Figure 83 a) A femoral head and trunnion assembly showing the different anatomical planes, b) and c) a test trunnion showing wear 
from the proximal-superior end and distal-inferior end respectively, d) and e) optical microscopic images of a test trunnion captured at 
0.65× magnification showing worn and unworn areas of the proximal-superior end and distal-inferior ends, respectively.  In the SEM 
image f) shows, a worn area and an unworn area with the original machining marks at the proximal-superior end and g) shows, worn 

area at distal-inferior end of the trunnion.
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4.1.3 Two-dimensional (2D) surface roughness (Ra) of ceramic femoral tapers and Ti 

trunnions 

 
There was no statistical difference (p = 0.210), pre and post-test, for the femoral taper 

surfaces with Ra (mean ± standard deviation) values of 0.351 ± 0.142 and 0.302 ± 0.071 µm 

respectively, See Figure 84. 

  

 
Figure 84 Mean 2D surface roughness Ra (in µm), of ceramic femoral tapers measured 
pre and post-CoC hip simulator wear test. Error bars represent ± standard deviation. 

 
Furthermore, there was no statistical difference (p = 0.110), pre and post-test, for the femoral 

taper surfaces with Rz (mean ± standard deviation) values of 2.683 ± 1.122 and 2.185 ± 0.425 

µm respectively.  Additionally, there was no statistical difference (p = 0.755), pre and post-

test, for the femoral taper surfaces with Rq (mean ± standard deviation) values of 0.415 ± 

0.162 and 0.403 ± 0.082 µm respectively. 

 

However, Ra of the trunnions showed a statistically significant decrease (p < 0.001) from 

0.612 ± 0.070 to 0.527 ± 0.090 µm in pre and post-test measurements, respectively, see 

Figure 85.  Figure 86 shows an evaluation profile trace obtained over the distal-inferior end 

of a test trunnion displaying the worn area. 
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Figure 85 Mean 2D surface roughness Ra (in µm), of titanium (Ti) trunnions measured 
pre and post-CoC hip simulator wear test. Error bars represent ± standard deviation. 

 

 
 

Figure 86 An evaluation profile obtained over the distal-inferior end of a test trunnion 
(Ra = 0.321 μm). The red arrow indicates the worn area. Image from Bhalekar et al. 

(2018)295. 
Similarly, Rq of the trunnions showed a statistically significant decrease (p < 0.001) from 

0.756 ± 0.082 to 0.646 ± 0.108 µm in pre and post-test measurements, respectively.  

Moreover, Rz of the trunnions showed a statistically significant decrease (p < 0.001) from 

3.903 ± 0.412 to 3.158 ± 0.512 µm in pre and post-test measurements, respectively. 

 

4.1.4 Three-dimensional (3D) surface roughness (Sa) of Ti trunnions  

 

Figure 87 a) and b) show images acquired by the non-contacting profilometer (Zygo) on the 

a) unworn and b) worn areas at the proximal-superior end of a test trunnion respectively.  On 
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the unworn area, the original machining marks could be seen. However, they were not 

observed on the worn area.  The Sa of the trunnions on the unworn and worn areas showed a 

statistically significant decrease from 0.558 ± 0.060 to 0.312 ± 0.028 µm, respectively (p < 

0.001), see Figure 88. 

 

 
Figure 87 Surface topography images of a titanium trunnion a) unworn with machining 
marks visible (Sa = 0.565 μm) and b) worn (Sa = 0.284 μm). Image from Bhalekar et al. 

(2018)295. 
 

 
Figure 88 Mean 3D surface roughness Sa (in µm), of titanium (Ti) trunnions measured 
on unworn and worn areas after CoC hip simulator wear test. Error bars represent ± 

standard deviation. 
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4.1.5 Quantification of the material loss from the bearing surfaces 

 

4.1.5.1 Gravimetric analysis of the material loss from the bearing surfaces 
 
After 5 million cycles, the volumetric wear rate (mean ± standard deviation) for the ceramic 

femoral heads was 0.036 ± 0.005 mm3/Mc, and for the ceramic acetabular liners, it was 0.031 

± 0.002 mm3/Mc.  For the CoC joints, the mean volumetric wear rate was, therefore 0.067 ± 

0.003 mm3/Mc.  The mean volumetric wear rates for all-ceramic femoral heads, acetabular 

liners and CoC joints from the hip simulator wear test, measured gravimetrically are shown in 

Figure 89, Figure 91 and Figure 93, respectively.  The total average volumetric wear over 5 

million cycles was 0.25 mm3 for the three CoC hip joints. Additionally, there was no 

statistically significant difference in the volume loss of  all ceramic femoral heads (with 

adjusted p value > 0.999), ceramic liners (with adjusted p value > 0.999), and CoC joints 

(with adjusted p value > 0.999) as shown in Figure 90, Figure 92 and Figure 94 respectively.   

 

 
Figure 89 Mean volumetric measurements of all ceramic femoral heads from CoC hip 

simulator wear test (measured gravimetrically). 
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Figure 90 Box-plot of volumetric measurement of all ceramic heads from CoC hip 
simulator wear test (measured gravimetrically). ns: no significant difference with 

adjusted p-value >0.999. 
 
 

 
Figure 91 Mean volumetric measurements of all ceramic acetabular liners from CoC 

hip simulator wear test (measured gravimetrically). 
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Figure 92 Box-plot of volumetric measurement of all ceramic liners from CoC hip 
simulator wear test (measured gravimetrically). ns: no significant difference with 

adjusted p-value >0.999. 
 
 

 
Figure 93 Mean volumetric measurements of all CoC joints from CoC hip simulator 

wear test (measured gravimetrically). 
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Figure 94 Box-plot of volumetric measurement of all CoC joints from CoC hip 

simulator wear test (measured gravimetrically). ns: no significant difference with 
adjusted p-value >0.999. 

 
The volumetric wear rate of the CoC joints and Ti trunnions measured gravimetrically were 

not significantly different (p = 0.592).  These results are presented in Figure 95.  

 

 
Figure 95 Mean volumetric measurements of CoC joints and titanium (Ti) trunnions 
from CoC hip simulator wear test (measured gravimetrically). Error bars represent ± 

standard deviation 295. 
 

4.1.6 Three-dimensional (3D) surface roughness (Sa) of the bearing surfaces  

 
Figure 96 shows the mean 3D surface roughness (Sa), pre and post-test, for the bearing 

surfaces used in the CoC hip simulator wear test.  There was no statistically significant 
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difference in the Sa values pre and post-test for the ceramic femoral heads (p = 0.184), with 

Sa values, pre-test 0.003 ± 0.002 and post-test 0.004 ± 0.001 µm.  Similarly, there was no 

statistically significant difference in the Sa values pre and post-test for the ceramic acetabular 

liners (p = 0.184), with Sa values, pre-test test 0.005 ± 0.001 and post-test 0.005 ± 0.001 µm.  

Indicative surface topography images of the bearing surfaces of the ceramic femoral heads 

and acetabular liners obtained using the Zygo, non-contacting profilometer pre and post CoC 

hip simulator wear test, are shown in Figure 97 and Figure 98, respectively. 

 

 
Figure 96 Mean 3D surface roughness Sa (in µm), of the ceramic femoral head and 
acetabular liners measured pre and post-CoC hip simulator wear test. Error bars 

represent ± standard deviation. 
 



 
144 

 

 
Figure 97 Surface topography images of a ceramic femoral head a) pre-test (Sa = 0.003 

μm) and b) post-test (Sa = 0.003 μm). 
 

 
Figure 98 Surface topography images of a ceramic acetabular liner a) pre-test (Sa = 

0.006 μm) and b) post-test (Sa = 0.005 μm). 
 

4.2 Dynamic loading (DL) but no articulating motion testing of ceramic-on-ceramic 

(CoC) hip prosthesis 
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This section gives the wear of the ceramic components, and the Ti trunnions used in the DL 

test.  The 2D surface roughness (Ra) measurements on the surface of the taper and the 

trunnion used in the DL test are then presented.  Next, the results of 3D surface roughness 

(Sa) measurements on the bearing surfaces of the ceramic component are given.  Finally, the 

wear data of Ti trunnions from the CoC hip simulator test and the DL test are compared. 

 

4.2.1 Quantification of the material loss from ceramic femoral head, acetabular liner and 

Ti trunnion 

 

4.2.1.1 Gravimetric analysis 

 

After 5 million cycles of dynamic loading (DL) but no articulating motion, the mean 

volumetric wear rates were 0.033 mm3/Mc for the femoral head and 0.032 mm3/Mc for the 

acetabular liner, see Figure 99.  The mean volumetric wear rates for the CoC joint and Ti 

trunnion were 0.065 mm3/Mc and 0.012 mm3/Mc respectively.  The total volumetric wear 

over 5 million cycles was 0.23 mm3 for the CoC joint and 0.05 mm3 for the Ti trunnion.  

 

 
Figure 99 Mean volumetric measurements of the ceramic femoral head, ceramic 

acetabular liner and titanium (Ti) trunnion used in the DL test (measured 
gravimetrically). 
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4.2.1.2 Geometric analysis of the ceramic femoral taper used in the DL test 

 

After 5 million cycles of dynamic loading but no articulating motion, the mean volumetric 

wear rates were 0.009 mm3/Mc for the ceramic femoral taper and 0.018 mm3/Mc for the Ti 

trunnion.  The total volumetric wear over 5 million cycles was 0.04 mm3 for the ceramic 

femoral taper and 0.09 mm3 for the Ti trunnion.  

 

4.2.2 Two-dimensional (2D) surface roughness (Ra) of ceramic femoral taper and Ti 

trunnion 

There was no statistical difference (p = 0.862), pre and post-test, for the femoral taper 

surfaces with Ra (mean ± standard deviation) values of 0.365 ± 0.093 and 0.355 ± 0.055 µm 

respectively, see Figure 100.  

 

 
Figure 100 Mean 2D surface roughness Ra (in µm), of ceramic femoral taper measured 

pre and post-DL test. Error bars represent ± standard deviation. 
 
Similarly, the Ra of the trunnion did not show any statistically significant difference (p = 

0.146) with Ra values of 0.541 ± 0.040 and 0.520 ± 0.045 µm pre and post-test, respectively 

see Figure 101. 
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Figure 101 Mean 2D surface roughness Ra (in µm), of titanium (Ti) trunnions measured 

pre and post-DL test. Error bars represent ± standard deviation. 
 

4.2.3 Three-dimensional (3D) surface roughness (Sa) of the CoC bearing surfaces 

 
Figure 102 shows the mean 3D surface roughness (Sa), pre and post-test, for the bearing 

surfaces used in the DL test.  There was no statistically significant difference in the Sa values 

pre and post-test for the ceramic femoral head (p = 0.111) used in the DL test, with Sa values, 

pre-test 0.005 ± 0.001 and post-test 0.006 ± 0.001 µm.  Similarly, there was no statistically 

significant difference in the Sa values pre and post-test for the ceramic acetabular liners (p = 

0.139) used in the DL test, with Sa values, pre-test test 0.005 ± 0.001 and post-test 0.004 ± 

0.001 µm.  
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Figure 102 Mean 3D surface roughness Sa (in µm), of the ceramic femoral head and 
acetabular liner measured pre (blue) and post (red)-DL test. Error bars represent ± 

standard deviation. 
 

4.2.4 Comparison of the material loss from Ti trunnions used in CoC hip simulator wear 

test and DL test. 

 

After 5 million cycles, the mean volumetric wear rate of the DL test trunnion (0.012 

mm3/Mc) was lower than the hip simulator trunnions (0.061 mm3/Mc) as shown in Figure 

103.  Therefore, based on this measurement, the metallic material loss from the hip simulator 

wear test (i.e. dynamic loading and articulating motion) was much larger than from the DL 

test (i.e. dynamic loading but no articulating motion). 
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Figure 103  The mean volumetric measurements of titanium trunnions used in CoC hip 
simulator wear test and the DL test (measured gravimetrically). Error bars represent ± 

standard deviation295. 
 

4.3 Impaction test 

 

This section gives the results of the impaction test of CoC hip prosthesis, and its influence on 

the wear and surface roughness of the taper-trunnion junction. 

The effect of assembly and disassembly on the wear of the taper-trunnion junction was 

minimal. Figure 104 shows a graph of weight loss against a number of impactions.  If there 

were any weight changes in the trunnion due to assembly and disassembly, they were 

minimal. 
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Figure 104 Gravimetric measurement of impaction test trunnions. Error bars represent 
± standard deviation. 

 

Moreover, there was no statistically significant difference in the Ra values pre and post-test, 

for either the trunnion (p= 0.187) or the femoral taper (p= 0.193).  Table 26 shows the mean 

surface roughness (Ra) pre and post impaction test for the femoral taper and the trunnion.  

Therefore, based on gravimetric and surface roughness measurements the impaction showed 

negligible damage. 

 

Table 26 Mean surface roughness of femoral taper and trunnion used for an impaction 
test. 

Ra (in µm) Before test (Mean ± 

SD) 

After test (Mean ± 

SD) 

p value 

Femoral taper 0.324 ± 0.084 0.254 ± 0.054 0.187 

Trunnion 0.602 ± 0.068 0.598 ± 0.042 0.193 
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Additionally, a light grey discolouration was observed on the internal taper of the femoral 

head during this test; as shown in Figure 105; however, it was removed during the cleaning 

procedure. 

 
Figure 105 An internal taper of an impaction test femoral head showing discolouration 

prior to cleaning295. 
 

The impaction test showed a minimal material loss from the titanium trunnions (0.09 mm3) 

compared with the trunnions (0.25 mm3) used in the hip simulator test.  Pre-and post-test, Ra 

values did not show statistically significant change on trunnion surface (p= 0.187).  

Moreover, visual analysis of the impaction test trunnions showed very minimal damage at the 

proximal-superior end; however, no visible damage at the distal-inferior end.  Therefore, the 

impaction had minimal effect on the material loss of the titanium trunnions used in the CoC 

hip simulator test.  

 

4.4 Hip simulator wear testing of the taper-trunnion junction and bearing surfaces of 

modular metal-on-cross-linked polyethylene (MoXLPE) hip prostheses  

 
This section gives the results from the hip simulator study testing 32mm MoXLPE THRs 

mounted on Ti alloy trunnions.  To the authors’ best knowledge, no hip simulator tests have 

quantified metal release from the taper-trunnion junction of contemporary MoP THRs.  

Therefore, in this section, quantification of metallic loss from the taper-trunnion junction of 

MoXLPE THRs obtained gravimetrically and geometrically is first offered.  Then the 2D 

surface roughness (Ra) measurements on the surface of the CoCrMo femoral tapers are 
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presented.  Furthermore, 3D surface roughness measurements (Sa) on the unworn and worn 

areas of the CoCrMo femoral tapers are presented.  Visual and microscopic images taken on 

the CoCrMo femoral tapers post-test and energy dispersive X-ray spectroscopy (EDX) 

analysis are also displayed.  Additionally, wear of the CoCrMo femoral head, and XLPE 

acetabular lines from the hip simulator wear test obtained gravimetrically are offered.  

Following the wear data, results of Sa measurements on the bearing surfaces of MoXLPE 

components are given.   

 

4.4.1 Quantification of the material loss from the taper-trunnion junction 

 

4.4.1.1 Gravimetric analysis 
 
 
After 5 million cycles, the volumetric wear rate (mean ± standard deviation) for the titanium 

(Ti) trunnions was 0.044 ± 0.003 mm3/Mc, with a range of 0.039–0.047 mm3/Mc.  The mean 

volumetric wear rates for all Ti trunnions from the hip simulator wear test, measured 

gravimetrically, are shown in Figure 106.  There was no statistically significant difference in 

the volume loss of  all test trunnions with adjusted p value > 0.999, see Figure 107. The total 

average volumetric wear over 5 million cycles was 0.24 mm3 for the Ti trunnions. 

 

 
Figure 106 Mean volumetric measurements of all titanium (Ti) trunnions from 

MoXLPE hip simulator wear test (measured gravimetrically). 
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Figure 107 Box-plot of volumetric measurement of all titanium (Ti) trunnions from 

MoXLPE hip simulator wear test (measured gravimetrically). ns: no significant 
difference with adjusted p-value >0.999. 

 

4.4.1.2 Geometric wear measurement of the CoCrMo femoral tapers obtained using the 

CMM  

 

After 5 million cycles, the volumetric wear rate (mean ± standard deviation) of the ceramic 

femoral tapers was 0.045 ± 0.024 mm3/Mc.  The total volumetric wear over 5 million cycles 

was 0.22 mm3 for the CoCrMo femoral tapers.  The CMM generated wear maps showed a 

circumferential wear band at the distal end of the femoral taper, as shown in Figure 108, 

where the distal end of the trunnion made contact with the CoCrMo femoral taper.  However, 

the wear band was not present at the proximal end of the CoCrMo femoral taper.  Thus 

indicating, the CoCrMo femoral taper and titanium trunnion had base-locked condition at the 

taper-trunnion junction. 
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Figure 108 A CMM wear map showing the wear pattern of the internal taper of a test 
CoCrMo head. The circumferential red band at the distal end indicates the worn area. 

 

4.4.2 Two-dimensional (2D) surface roughness (Ra) of the CoCrMo femoral tapers 

 
There was no statistical difference (p = 0.711), pre and post-test, for the CoCrMo femoral 

taper surfaces with Ra (mean ± standard deviation) values of 0.428 ± 0.078 and 0.424 ± 0.077 

µm respectively, see Figure 109. 

 

 
Figure 109 Mean 2D surface roughness, Ra (in µm), of CoCrMo femoral tapers 

measured pre and post-MoXLPE hip simulator wear test. Error bars represent ± 
standard deviation. 

Furthermore, there was no statistical difference (p = 0.724), pre and post-test, for the femoral 

taper surfaces with Rq (mean ± standard deviation) values of 0.531 ± 0.097 and 0.526 ± 

0.100 µm respectively.  Additionally, there was no statistical difference (p = 0.755), pre and 
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post-test, for the femoral taper surfaces with Rq (mean ± standard deviation) values of 2.412 

± 0.683 and 2.408 ± 0.703 µm respectively. 

 

4.4.3 Three-dimensional (3D) surface roughness (Sa) of the CoCrMo femoral tapers 

 
The surface topography images obtained using the non-contacting profilometer on the a) 

unworn and b) worn areas of the femoral tapers post-test are shown in Figure 110 a) and b) 

respectively.  The original machining marks could be seen on the unworn area, but not on the 

worn area.  The surface roughness of the femoral tapers on the worn area showed a 

statistically significant increase (p < 0.001) compared with unworn, with Sa values of 0.510 ± 

0.068 µm and 0.867 ± 0.233 µm for unworn and worn respectively.  The Sa results were 

contradicting to Ra results which did not show statistically significant difference (p = 0.711), 

pre and post-test, as shown in section 4.4.2.  As can be seen from the CMM wear map (see 

Figure 108), the majority of the material loss occurred at the distal end of the femoral taper.  

The Ra was 2D surface roughness of a linear profile (length=4mm) taken on the femoral 

taper whereas Sa measurement was an areal profile (area =0.317 x 0.238mm) measured on 

the worn area.  Hence, there was a discrepancy between Sa and Ra measurement. 

 

 
Figure 110 Surface topography images of the internal taper of CoCr femoral heads a) 
unworn with machining marks visible (Sa = 0.482 μm) and b) worn (Sa = 0.699 μm). 
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4.4.4 Visual and microscopic inspection of the CoCrMo femoral tapers 

 
Figure 111 shows the internal taper of a test CoCrMo head. At the distal end, a localised 

worn area (as indicated by the CMM wear map) could be seen which corresponded to contact 

with the trunnion base.  Above this, there was the original unworn surface and below this, an 

imprint caused by the microgrooves of the trunnion surface.  Additionally, the distal end of a 

CoCrMo femoral taper can be seen at 0.65× magnification using an optical microscope in 

Figure 111 c), and at 150× magnification with an SEM in Figure 111 d).
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Figure 111 a) A test CoCrMo femoral head and titanium trunnion assembly, b) the internal taper of cut CoCrMo femoral head showing 
unworn area at distal end, worn area, and trunnion imprinting, and c) an optical microscopic image of a test femoral taper captured at 

0.65× magnification showing unworn area, worn area, and trunnion imprinting.
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4.4.5 Energy-dispersive X-ray spectroscopy (EDX) analysis of the CoCrMo femoral 

tapers 

 
The orientation of the cut CoCrMo head taper for SEM coupled with EDX analysis is shown 

in Figure 112 a) while Figure 112 b) shows the SEM image of the CoCrMo taper at this 

orientation.  The position of spot EDX analysis on undamaged area 1 (U1), damaged area 1 

(D1) and damaged area 2 (D2) are shown in Figure 112 c), d) and e), respectively.  ).  The 

majority of the damage was perpendicular to machining lines on the femoral taper.  The EDX 

spectra on the cut CoCrMo femoral tapers taken on three different spots are shown in Figure 

113 undamaged area (U1), Figure 114 damaged area 1 (D1), and Figure 115 damaged area 2 

(D2).  The chromium (Cr), cobalt (Co), molybdenum (Mo) and Ti peaks were comparable on 

D1 and U1.  However, D1 showed a strong presence of oxygen (O) peak and a weak presence 

of Co peak compared to the undamaged area, indicating the presence of a mixed oxide rich 

area.  The Co, Cr and Mo peaks on D2 were reduced compared to the undamaged area.  

However, D2 showed a strong presence of Ti, aluminium (Al) and vanadium (V) peaks 

compared to the undamaged area.  Indicating adhesion of Ti6Al4V from the trunnion.  
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Figure 112 a) The position of the internal taper of a cut CoCrMo femoral head in the 

SEM, b) SEM image of the same femoral taper showing the area (red circle) where spot 
EDX analysis were taken, c), d) and e) SEM images of the undamaged area (U1), 

damaged area 1 (D1) and damaged area 2 (D2), respectively. The yellow circle on each 
SEM image represent the spot used for EDX analysis. 
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Figure 113 SEM image of the same femoral taper showing the area (yellow circle) where spot EDX analysis was taken and Spot EDX 

spectrum showing undamaged area (U1). 
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Figure 114 SEM image of the same femoral taper showing the area (yellow circle) where spot EDX analysis were taken and Spot EDX 
spectrum showing damaged area (D1). The green arrow indicates an increase in Oxygen, whereas the red arrow indicates a decrease in 

Cobalt. 
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Figure 115 SEM image of the same femoral taper showing the area (yellow circle) where spot EDX analysis were taken and Spot EDX 

spectrum showing damaged area 2 (D2). Green arrows indicate an increase in the alloying elements of titanium alloy (Ti6Al4V). 
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Table 27 shows the spot EDX results for the CoCrMo femoral head taken on the polished 

surface, U1, D1, and D2 areas. The Cr/Co ratio on the polished surface, U1, D1, and D2 was 

0.39, 0.41, 1.09 and 0.42, respectively.  Area D1 showed a strong presence of O as indicated 

by EDX spectrum on D1 [see Figure 113 d)].  Furthermore, D1 showed presence of Ti but 

minimal, or no, presence of Al and V.  Area D2 showed a strong presence of Ti, Al and V [as 

indicated by EDX spectrum on D2, see Figure 113 e)] compared to the polished area and U.  

Oxygen was present on U1, D1, and D2 except for the polished area suggestive of 

considerable oxidation took place on the femoral taper.  The appearance of carbon was 

similar in all areas.  

 

Table 27 The spot EDX results showing norm. C [Wt. %] of polished CoCrMo surface 
and CoCrMo femoral taper used in the hip simulator wear test. 

Elements Polished 

CoCrMo 

surface 

CoCrMo femoral taper 

Undamaged 

area (U1) 

Damaged   

area 1 (D1) 

Damaged   

area 2 (D2) 

 Wt.% Wt.% Wt.% Wt.% 

Co K 67.4 62.5 28.5 31.1 

Cr K 26.6 25.9 31.2 13.2 

Mo L 04.8 04.3 06.7 02.4 

C K 01.6 02.7 03.8 02.9 

O K 0 01.2 26.5 06.8 

Ti K 0 03.0 02.9 39.4 

Al K 0 00.2 00.1 03.0 

V K 0 00.2 0 01.3 

 

Figure 116 shows the corresponding elemental X-ray map taken on the D1 area.  In the red 

dotted rectangle, Co was absent, and the strong presence of O compared to the outside areas 

was observed.  Additionally, Cr, Mo, C and Ti showed an even distribution on D1 suggestive 

of the occurrence of mixed oxide inside the red dotted rectangle (as indicated by the spot 
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EDX results shown in Table 27).  Furthermore, the oxidation of the lubricant used in this test 

may contribute to the presence of O in this area.  

 

 
Figure 116  The elemental X-ray map taken on the damaged area 1 of a CoCrMo 

femoral taper subject to hip simulator wear test. The red dotted rectangle shows the 
presence of mixed oxides. 

 
The elemental X-ray map acquired on the D2 area showed a strong presence of Ti, Al and V 

whereas Co, Cr and Mo showed a weak presence inside the area enclosed by a yellow dotted 

rectangle, see Figure 117.  Therefore, suggesting adhesion of the alloying elements of 

Ti6Al4V trunnions on CoCrMo femoral tapers.  On the left side of the dotted rectangle in f, 

the core elements of CoCrMo femoral tapers Co, Cr and Mo are clearly seen on the elemental 

X-ray map.  However, an absence of Ti and a very weak presence of Al and V was observed, 

representing comparatively undamaged CoCrMo surface. 
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Figure 117 The elemental X-ray map taken on the damaged area 2 of a CoCrMo 

femoral taper subject to hip simulator wear test. The yellow dotted rectangle showing a 
strong presence of alloying components of Ti6Al4V trunnion. 

  

4.4.6 Quantification of the material loss from the bearing surfaces 

 

4.4.6.1 Gravimetric analysis of the bearing surfaces 
 

After 5 million cycles, the volumetric wear rate (mean ± standard deviation) for the CoCrMo 

femoral heads was 0.057 ± 0.020 mm3/Mc, and for the XLPE acetabular liners it was 2.74 ± 

0.74 mm3/Mc.  The mean volumetric wear rates for all CoCrMo femoral heads and XLPE 

acetabular liners from the hip simulator wear test, measured gravimetrically are shown in 

Figure 118 and Figure 120, respectively.  The total volumetric wear over 5 million cycles was 

0.38 mm3 for the CoCrMo femoral heads and 14.28 mm3 for the XLPE acetabular liners. 

Additionally, there was no statistically significant difference in the volume loss of CoCrMo 

Head 1, CoCrMo Head 2, CoCrMo Head 3 and CoCrMo Head 5 with adjusted p-value 

>0.999, see Figure 119.  However, the volume loss of CoCrMo Head 5 was statistically 
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significant when compared to all other heads with adjusted p-value < 0.001.  Moreover, there 

was no statistically significant difference in the volume loss of  all test XLPE liners with 

adjusted p value > 0.999, see Figure 121. 

 

 
Figure 118 Mean volumetric measurements of all CoCrMo femoral heads from 

MoXLPE hip simulator wear test (measured gravimetrically). 
 

 
Figure 119 Box-plot of volumetric measurement of all CoCrMo heads from MoXLPE 
hip simulator wear test (measured gravimetrically). ns: no significant difference with 

adjusted p-value >0.999 and *: p<0.001. 
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Figure 120 Mean volumetric measurements of all XLPE acetabular liners from 

MoXLPE hip simulator wear test (measured gravimetrically). 
 

 
Figure 121 Box-plot of volumetric measurement of all XLPE liners from MoXLPE hip 

simulator wear test (measured gravimetrically). ns: no significant difference with 
adjusted p-value >0.999. 

 
The mean volumetric wear rate of the femoral tapers obtained geometrically using the CMM 

(0.045 ± 0.024 mm3/Mc) was not statistically different (p = 0.416) to the mean volumetric 

wear rate obtained gravimetrically for the femoral heads (0.057 ± 0.020 mm3/Mc).  

Therefore, based on these measurements, most of the metallic material loss came from the 

taper and not from the bearing surface.  Figure 122 shows the mean volumetric wear rates of 

CoCrMo femoral heads and Ti trunnions.  The volumetric wear rate of the CoCrMo heads 

was not significantly different from the Ti trunnions (p = 0.592). 
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Figure 122 Mean volumetric wear of CoCrMo femoral heads and titanium trunnions 

(measured gravimetrically). Error bars represent ± standard deviation. 
 

4.4.7 Three-dimensional (3D) surface roughness (Sa) of the bearing surfaces 

 
Figure 123 and Figure 124 shows the mean 3D surface roughness (Sa), pre and post-test, for 

the CoCrMo femoral heads and XLPE acetabular liners used in the MoXLPE hip simulator 

wear test, respectively.  There was no statistically significant difference in the Sa values pre 

and post-test for the CoCrMo femoral heads (p = 0.338), with Sa values, pre-test 0.007 ± 

0.003 and post-test 0.008 ± 0.003 µm.  However, the XLPE acetabular liners showed a 

statistically significant decrease (p < 0.001) in roughness with an associated removal of the 

original machining marks, with Sa values, pre-test 1.192 ± 0.217 and post-test 0.041 ± 0.016 

μm.  Indicative surface topography images of the bearing surfaces of the CoCrMo femoral 

heads and XLPE acetabular liners obtained using the Zygo non-contacting profilometer, pre 

and post MoXLPE hip simulator wear test, are shown in Figure 125 and Figure 126, 

respectively. 
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Figure 123 Mean 3D surface roughness Sa (in µm), of CoCrMo femoral heads measured 

pre and post-MoXLPE hip simulator wear test. Error bars represent ± standard 
deviation. 

 
 

 
Figure 124 Mean 3D surface roughness Sa (in µm), of XLPE liners, measured pre and 

post-MoXLPE hip simulator wear test. Error bars represent ± standard deviation. 
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Figure 125 Surface topography images of a CoCrMo femoral head a) pre-test (Sa = 

0.005 μm) and b) post-test (Sa = 0.006 μm). 
 

 
Figure 126. Surface topography images of an XLPE acetabular liner a) pre-test (Sa = 

1.080 μm) and b) post-test (Sa = 0.042 μm). 
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4.4.8 Microscopic inspection of the backside of the XLPE liner 

 
An optical micrograph taken with 3.5× magnification at the backside of XLPE liner is shown 

in Figure 127.  This shows minimal damage and the original machining marks, and therefore 

an absence of wear. 

 

 
Figure 127 An optical microscopic image at a 3.2× magnification of the backside of 
XLPE liner taken at the end of hip simulator testing, showing original machining 

marks, and thus an absence  of wear. 
 

4.5 Metal debris analysis  

 
This section gives the results obtained from the SEM coupled with EDX analysis of the 

metallic wear debris after CoC hip simulator test.  Then, the ICP-MS analysis on the lubricant 

samples of MoXLPE hip simulator wear test are presented. 

 

4.5.1 Ceramic-on-ceramic (CoC) hip simulator wear test 

 
Figure 128 shows SEM coupled with EDX analysis of the lubricant samples after the CoC 

hip simulator test.  As can be seen from Figure 128, EDX analysis confirmed the presence of 

Ti within the lubricant.  Thus, supporting material loss from Ti trunnion wear as indicated by 

reduction in mass and decrease in roughness.  
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Figure 128 a) and b) SEM coupled with EDX analysis of the lubricant samples showing 
the presence of titanium. Red circles on SEM images represents a spot of EDX analysis. 

Tables in a) and b) represent spot EDX analysis on the points respectively. 
 

4.5.2 Metal-on-cross-linked polyethylene (MoXLPE) hip simulator wear test 

 
Figure 129 shows Co, Cr and Ti ion concentration [in µg/L or parts per billion (ppb)] of the 

lubricant samples at different intervals of the MoXLPE hip simulator test and the unused 

lubricant sample.  As can be seen from Figure 129, Co, Cr and Ti ions from MoXLPE hip 

simulator test lubricant were elevated more than in the unused lubricant sample.  Thus, 

supporting material loss from CoCrMo femoral tapers and Ti trunnions as indicated by other 

experimental data.  
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Figure 129 Lubricant cobalt (Co), chromium (Cr) and titanium (Ti) ion concentration 
at different intervals of the MoXLPE hip simulator wear test. Dotted lines indicate Co, 
Cr and Ti ions measured from the unused lubricant. Error bar represents ± standard 

deviation.   
 

4.6 Lubricant pH measurement 

 
This section gives the results from lubricant pH measurement every 500,000 cycles of CoC 

and MoXLPE hip simulator wear tests.  The pH of the lubricant showed an increase with a 

range of 7.18-7.77 after every 0.5 Mc of CoC hip simulator wear test compared to pre-test 

lubricant (pH = 7.06 ± 0.02), see Figure 130.   
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Figure 130 pH of the lubricant measured over every 0.5Mc of the CoC hip simulator 

test.  Error bars represent ± standard deviation. 
 

In MoXLPE hip simulator test, the pH of the lubricant showed an increase with a range of 

7.49-8.15 after every 0.5 Mc compared to pre-test lubricant (pH = 7.13 ± 0.02), see Figure 

128. 

 

 
Figure 131 pH of the lubricant measured over every 0.5Mc of the MoXLPE hip 

simulator test.  Error bars represent ± standard deviation. 
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4.7 Wettability measurement 

 
This section gives the results from the contact angle measurements, pre-and post-hip 

simulator wear test of the ceramic and metallic femoral heads. 

 
Figure 132 a) and b) shows the contact angle (CA) measurement, pre and post-test, for a 

ceramic femoral head used in the CoC hip simulator wear test and for a CoCrMo femoral 

head used in the MoXLPE hip simulator wear test, respectively.  There was no statistically 

significant difference in the mean CA values pre and post-test for the ceramic femoral heads 

(p = 0.870), with CA values, pre-test (61.20 ± 5.23)˚ and post-test (61.80 ± 2.52)˚.  

Furthermore, there was no statistically significant difference in the mean CA values pre and 

post-test for the CoCrMo femoral heads (p = 0.842), with CA values, pre-test (63.00 ± 3.37)˚ 

and post-test (62.49 ± 2.56)˚. 

 

 
Figure 132 Contact angle measurement at the pole area of a) ceramic femoral head used 
in the CoC hip simulator wear test and b) CoCrMo femoral head used in the MoXLPE 

hip simulator wear test. 
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Chapter 5: Discussion 
 

In this chapter, the experimental results are discussed, and limitations of these tests are 

considered. 

 

5.1 Hip simulator wear testing of the taper-trunnion junction and bearing surfaces of 

modular CoC hip prostheses 

 

This section discusses the experimental results obtained from hip simulator wear testing of 

the taper-trunnion junction and bearing surfaces of modular CoC hip prostheses.  The 

necessity of testing both the taper-trunnion junction and bearing surfaces in a single test is 

explained. Then, the wear results and the damage pattern from the taper-trunnion junction of 

CoC hips are compared with results from retrieval studies. Next, the discrepancy in 

laboratory and clinical performance of CoC and MoP hips is described, and a possible 

explanation for ARMD in CoC hips is provided.  Finally, wear from the bearing surfaces of 

CoC hips is compared with previous CoC hip simulator studies published in the literature. 

 

This is the first long term hip simulator study to report wear generated from the taper-

trunnion junction of a contemporary CoC hip joint.  Retrieval studies of hip prostheses have 

indicated that material loss and debris formation is not only limited to the bearing surfaces 

but also arises from the taper-trunnion junction18,19,26,126,241. 

 

Some may suggest that it is not feasible to test both the taper-trunnion junction and the 

bearing surfaces in a single hip simulator test.  This thesis contends that this is not only 

possible, but it is essential.  If bearing surfaces show low wear, yet wear at the trunnion takes 

place, then this needs to be identified so that patients are protected, and surgeons are not led 

to believe in a ‘low wear’ bearing combination that causes material loss elsewhere.  However, 

these statements are founded on the test set up, reproducing the clinical situation as closely as 

possible.  It is postulated that the TE86 hip simulator does this, due to dynamic loading being 

applied to the test samples (see Figure 51) such that toggling of the femoral head on the 

trunnion, as seen on explanted hip prostheses18,19, is reproduced. 
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5.1.1 Wear at the taper-trunnion junction of CoC prostheses used in the hip simulator 

wear test: ceramic-on-metal contact. 

 

Based on the CoC hip simulator wear data, the Ti trunnions (total wear = 0.29mm3) wore at a 

similar amount to that of the CoC bearing surfaces (total wear = 0.25mm3).  Other 

experimental data also indicated Ti trunnion wear.  The Ti trunnion surfaces measured with a 

2D contacting profilometer showed a statistically significant decrease (p < 0.001)  in Ra post-

test (see Figure 86).  Moreover, the worn area of the trunnions showed a statistically 

significant decrease (p < 0.001)  in 3D surface roughness (Sa) compared to that of the unworn 

area (see Figure 87).  This decrease in surface roughness was due to an elimination of the 

original machining marks.  

 

5.1.1.1 Comparison with retrieval studies 

 

In an explant study, Langton et al. investigated the taper wear of 126 large-diameter MoM 

hips.  Analysis of the position of the femoral taper damage suggested that a toggle effect from 

the femoral head was causing the damage at the taper surface19.  In another explant study of 

modular MoM hips, Bishop et al. also suggested that the wear at the taper-trunnion junction 

was generated by the toggling of the CoCrMo femoral head on the stem18.  As a similar wear 

pattern was observed in this simulator study, it is suggested that there is a similar toggling of 

the ceramic femoral head, as shown in Figure 133.  However, in this study wear was apparent 

on the trunnion, likely due to the relative hardness of the ceramic compared to the Ti.  
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Figure 133 A test ceramic femoral head and trunnion assembly with applied load and 
applied motions, showing toggling and the material loss at two distinct areas (shown in 

red).  Image from Bhalekar et al. (2018)295. 
 
The femoral head tapers showed a statistically insignificant change (p > 0.05) in the 2D 

surface roughness (Ra) post-test indicating minimal material loss from the ceramic femoral 

tapers.  A grey coloured ring, visible at the proximal end of the ceramic femoral taper, likely 

indicated adhesive wear from the Ti trunnion onto the ceramic femoral taper.  This is in 

agreement with a retrieval study by Kocagoz et al., which detected metallic material transfer 

on the ceramic femoral taper surface of CoC and CoP retrievals241.  The same study reported 

no fretting corrosion or material loss at the ceramic tapers; again, this is in agreement with 

experimental results obtained from the present CoC hip simulator study.  The retrieval study 

also quantified the volumetric material loss from retrieved trunnions with the wear rate 

ranging from 0.0-0.37 mm3/year.  If one million cycles in the hip simulator are equivalent to 

1 year in vivo309, then the mean wear rate (0.061 mm3/year) of the Ti trunnions obtained in 

the CoC hip simulator test reported here is within the range obtained from this retrieval study.  

 

5.1.1.2 Is there a possibility that the trunnion wear in the CoC bearings is larger than that 

in the CoP? 

 

Might there be a difference in taper-trunnion wear between CoC hips and CoP hips?  To 

begin to answer this question, one should probably start by considering wear at the bearing 



 
179 

 

surfaces.  Here, one would expect far less wear from CoC hips than from CoP hips.  

However, this result is not reflected in data from the largest joint registry in the world, the 

NJR.  Here, CoP hips show lower revision rates than CoC hips.  A possible reason could be 

more considerable damage at non-bearing surfaces (i.e. the taper-trunnion) of CoC hips 

compared to CoP.  The reason being that the PE liner could act to ‘soften the blow’ of peak 

forces during gait and other activities.  An indicative engineering comparison of a CoP hip 

with a CoC hip might be a mallet in comparison with a hammer.  While both transmit loads, 

mallets are deliberately softer to lessen damage to materials.  Moreover, as a load-bearing 

surface in biological environment, the PE subjected to static as well as dynamic loading and 

may behave viscoelastically at body temperature320.  Examples of viscoelastic behaviours are 

stress relaxation, creep, fatigue, and dynamic mechanical properties.  Viscoelastic behaviours 

are intrinsic properties of a PE compared to ceramic materials.  This hypothesis should be 

explored in future work. 

 

5.1.2 A possible explanation for adverse reaction to metal debris (ARMD) in CoC hip 

implants  

 

Ceramic-on-ceramic hip joints, as an alternative to conventional MoP, have shown lower 

wear in both in vitro196,197,199-202,209,210,296 and retrieval studies207,208.   However, the overall 

risks of revision for an uncemented THR at 14 years are similar at 6.12% and 6.40% for CoC 

and MoP respectively5.  The reasons for revision are multi-factorial, including infection, 

dislocation and fracture.  However, a question that may arise is: why, particularly at longer 

follow-ups shown in established joint registries, the potential wear-related benefits of all-

ceramic articulations do not appear to be seen.  In an explant study, Milošev et al. found 

extensive wear on the Ti trunnion which was fitted into the ceramic femoral head of the failed 

prostheses321.  Furthermore, wear debris particles isolated from the periprosthetic tissue were 

shown to be the same as that of the trunnion metal alloy.  A recent clinical study by Matharu 

et al. found more ARMD in CoC hips than MoP hips24.  This is in spite of there being fewer 

metallic components in a CoC hip than a MoP hip.  The in vitro study described in this thesis 

has shown that one source of metal debris in a CoC hip is the taper-trunnion junction.  
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5.1.2.1 Influence of different head offsets on trunnion wear 

 

The modularity of femoral heads and femoral stems with different offsets potentially allows 

surgeons to restore the natural anatomy of the hip82,83.  In this wear test, the same type of CoC 

hip prosthesis with identical neck lengths was used.  In an explant study on the taper-trunnion 

junction of CoC, CoP and MoP hip prostheses, Kocagoz et al. found no correlation between 

the head offset and the material loss241.  However, Langton et al. in another explant study on 

large-diameter MoM hips found a positive correlation between the head offset and the 

material loss19.  Therefore, further investigations in this area are likely to be of value.  

 

5.1.3 Wear at the bearing surfaces of CoC joints used in the hip simulator wear test 

 

As shown in Table 28, previous CoC hip simulator studies have not reported wear from the 

taper-trunnion junction and offered only wear at the bearing surfaces 196,197,199-202,209,210,296.  

The mean wear rate of the CoC joints reported in this study, 0.067 ± 0.003 mm3/Mc, is 

comparable to wear rates found in the literature196,197,199-202,209,210,296.  The Sa of the bearing 

surfaces showed negligible change.  Pre-test values for heads and liners were 0.003 ± 0.002 

and 0.005 ± 0.001 µm respectively, while post-test they were 0.004 ± 0.001 and 0.005 ± 

0.001 µm respectively.  These values are comparable to post-test surface roughness values 

from previous simulator studies196,197,199-202,209,210,296 as seen in Table 28.  These relatively 

unchanged roughness measurements imply minimal wear of the ceramic bearing surfaces.
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Table 28 Laboratory wear rates found for different CoC hip joints under standard testing conditions compared with this study. 
Authors (year) CoC materials Head 

Size 

(in mm) 

Surface roughness (µm) 

H: Heads and L: Liners 

CoC Wear rate 

(mm3/Mc) 

(Mean ± SD) 

Trunnion wear rate 

(mm3/Mc) 

Pre-test Post-test 

Smith et al196  (2001) BIOLOX®forte 28 H: 0.001 H: 0.004 0.097 ± 0.039 Not measured 

Nevelos et al 200 

(2001) 

BIOLOX®forte 28 H+L: ~ 0.005 H+L: ~ 0.005 ~ 0.05 Not measured 

Nevelos et al209   
(2001) 

BIOLOX®forte 28 - No change detected 0.09 ± 0.04 Not measured 

Tipper et al210 

(2001) 

BIOLOX®forte 28 H: 0.005-0.008 No change detected 0.05 ± 0.02 Not measured 

Richardson et al199 

(2005) 

Alumina-on-Alumina 28 - - < 0.01 Not measured 

Essner et al201 

(2005) 

Alumina-on-Alumina 32 H+L: ~ 0.01 - < 0.1 Not measured 

Spinelli et al 202 

(2009) 

BIOLOX®forte 36 H: 0.01 

L: 0.01 

H: 0.01 

L: 0.01 

- Not measured 

Al-Hajjar et al197 

(2010) 

BIOLOX®delta 36 - H+L: ~ 0.005 0.05 Not measured 

This study BIOLOX®delta 36 H: 0.003 ± 0.002 

L: 0.005 ± 0.001 

H: 0.004 ± 0.001 

L: 0.005 ± 0.001 

0.067 ± 0.003 0.061 ± 0.015 
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5.2 Importance of the DL test 

 

This section considers the importance of the DL test and employment of articulating motion 

in the testing of the taper-trunnion junction of modular THRs. 

 

The major difference between the CoC hip simulator and DL tests described in this thesis was 

that the motion (gait) was applied to the hip simulator wear test samples while no articulating 

motion was applied to the DL test sample.  Perhaps surprisingly, there was a comparable 

amount of wear from the wear test samples (0.25mm3) as from the DL sample (0.23mm3).  A 

possible reason could be the material loss from the bearing surfaces of the DL sample may be 

due to fretting wear.  This has been reported previously for alumina rubbing against alumina 
322 but is a topic that deserves further investigation in relation to CoC hips.  Furthermore, the 

ASTM F1875 standard for fretting corrosion testing of modular THRs employs only uniaxial 

dynamic loading38.  However, employment of articulating motion showed increased wear 

from the CoC hip simulator test trunnions (0.29mm3) than from the DL test trunnion 

(0.05mm3).  Thus, indicating the importance of employing articulating motion in the testing 

of the taper-trunnion junction of modular THRs. 

 

5.3 Importance of the impaction test 

 

This section discusses the importance of the impaction test performed on a ceramic femoral 

head mounted on a Ti alloy trunnion. 

 

The impaction test was performed, in order to study the potential effect of material loss due 

to assembling and disassembling the femoral heads on the trunnions.  The experimental 

results from the impaction test confirmed that the assembling/disassembling procedure did 

not affect either the gravimetric or surface roughness measurements for either the Ti trunnion 

or the taper of the ceramic femoral head.  Based on the impaction test results, the 

assembling/disassembling procedure had no effect either the gravimetric or surface roughness 

measurements of the CoC hip simulator test as well.  This is in agreement with Grosso et al. 

impaction study, which reported the assembling/disassembling procedure had no significant 
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damage to Ti6Al4V trunnions (Stryker) or ceramic femoral tapers (32mm 

BIOLOX®delta)282.  

 

5.3.1 Metal debris analysis: CoC hip simulator wear test  

 

Titanium trunnion wear (total wear = 0.29mm3) after the CoC hip simulator wear test was 

indicated by experimental data, as shown in section 5.1.1.  Additionally, the SEM coupled 

with EDX analysis of the lubricant, showed the presence of Ti (see Figure 128).  Therefore, 

in this research study, metal debris analysis confirmed the presence of metal in the lubricant. 

 

5.4 Hip simulator wear testing of the taper-trunnion junction and bearing surfaces of 

modular MoXLPE hip prostheses 

 

This section discusses the experimental results obtained from hip simulator wear testing of 

the taper-trunnion junction and bearing surfaces of modular MoXLPE hip prostheses.  Then, 

experimental results from the taper-trunnion junction of MoXLPE hips are compared with 

retrieval studies and other laboratory studies.  Next, based on experimental results, a possible 

explanation for the material loss from the CoCrMo femoral taper is offered.  Finally, wear 

from the bearing surfaces of MoXLPE hips is compared with previous relevant hip simulator 

studies published in the literature. 

 

Cross-linked polyethylene (XLPE) acetabular liners are commonly used with metallic 

femoral heads in THR owing to their excellent laboratory and clinical performance.  

Nonetheless, many retrieval and case studies have exhibited that metal release from the taper-

trunnion junction of modular MoP THRs can cause ARMD, leading to failure of the 

prostheses42-45.  This is the first long-term hip simulator study to report material loss from the 

taper-trunnion junction of the most commonly used bearing combination in hip prostheses.  

This is essential as material loss from the taper-trunnion junction is increasingly recognised 

as a critical concern in contemporary THRs17-20,42,43,295.  It is essential to better understand the 

causes and progression of such material loss, testing to the same five million cycle duration 

as expected for bearing surfaces (ISO14242) is required.   
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Could material loss at the taper-trunnion junction of a MoM hip be expected to be the same at 

a MoP hip, given that the materials (Ti for the femoral stem and CoCrMo for the femoral 

head) are identical in both cases?  First, it is essential to recognise that head size tends to be 

greater in MoM hips than MoP hips.  Smith et al. reported that 79% of men fitted with a 

MoM THR had a cup size in the range of 46-52mm and 84% of women fitted with a MoM 

THR had a cup size in the range of 42–48mm, based on NJR data22.  In contrast, most MoP 

THRs currently implanted are of 32mm and 36mm cup size5.  Size does matter, and Smith et 

al. showed a direct link between increasing head size and increasing revision rate22.  This is 

key evidence of a toggle effect leading to increased wear at the taper-trunnion junction19.  A 

second factor is the material combination involved at the bearing surfaces.  A polymeric liner 

might serve to compliant of peak forces during gait and other activities295, compared with a 

‘hard-on-hard’ material combination such as MoM.  Thirdly, Hothi et al. found significantly 

less material loss from the taper-trunnion junctions of explanted MoP THRs compared with 

MoM THRs of the same design 286.  Across different designs, Langton et al. have shown that 

wear from the taper-trunnion junction of MoP THRs is less than from MoM THRs285.  For 

these reasons, material loss from the taper-trunnion junctions of MoM THRs cannot be used 

to predict the wear from the taper-trunnion junctions of MoP THRs. 

 

Cook et al. reported that the toggling motion might also result in pressurisation and 

entrainment of debris within the fluid in the crevice, see Figure 134 45.  The entraining fluid is 

corrosive and will additionally contain fretting debris from the proximal end of the taper-

trunnion junction and proteins.  The debris particles and proteins move inside the fluid and 

impact upon the material loss at the taper-trunnion junction allowing corrosive attack leading 

to MACC.  The resultant metal debris and metal ions released from the taper-trunnion 

junction into the surrounding tissues have resulted in ARMD, the formation of the 

pseudotumor and the necessity for the revision surgery. 
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Figure 134 Schematic describing the micromotion, toggling (rocking motion) and 

entrainment of debris into the taper.  The primary mode of damage was corrosion in 
case 1, and for case 2 it was due to MACC. Image adapted from Cook et al. (2013) 45. 

 

5.4.1 Wear of the CoCrMo femoral head: is it primarily from the bearing surface or the 

internal taper of the femoral head?   

 

The experimental data from MoXLPE hip simulator study reported in this thesis shows that 

wear of the CoCrMo femoral heads arose mainly from the internal taper. Clearly, the heads 

showed a mass loss (wear).  The mean volumetric wear rate of the CoCrMo femoral heads 

calculated using gravimetric measurements was 0.057 ± 0.020 mm3/Mc.  There was no 

statistically significant difference (p = 0.416) in the mean volumetric wear rates of the 

CoCrMo femoral tapers calculated using gravimetric measurements (0.057 ± 0.020 mm3/Mc) 

and those obtained using the CMM (0.045 ± 0.024 mm3/Mc).  Furthermore, the worn area on 

the CoCrMo femoral taper surface showed a statistically significant increase (p < 0.001) in 

the Sa compared to that of the unworn area.  The Sa of the bearing surfaces of the femoral 

heads showed negligible change.  Pre-test values for the femoral bearing surfaces were 0.007 

± 0.003 μm, and post-test values were 0.008 ± 0.003 μm.  These values are in agreement with 

the pre-and post-test roughness values reported in the literature189,195,212.  These relatively 

unchanged roughness measurements indicate minimal damage at the bearing surfaces of the 

CoCrMo femoral heads.  No other in vitro MoXLPE hip simulator studies (see Table 29) 

have reported wear from the metallic femoral taper191-193,195,198,205,211,212.  
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Table 29 Laboratory wear rates for different metal-on-cross-linked (MoXLPE) hip joints under standard testing conditions compared 
with this study. γ: Gamma irradiation, Eb: electron beam irradiation. 

Authors (year) XLPE liner 

manufacturer 

γ or Eb in kGy 

Head 

Size          

(in mm) 

Surface roughness (µm) 

H: Heads and L: Liners 

Wear rates (mm3/Mc) 

(Mean ± SD) 

Pre-test Post-test XLPE liners CoCrMo heads Taper(T)/trunnion(Tr) 

D’Lima et al192 (2003) Durasul™, (Eb95) 
Crossfire™, (γ75) 

28 - 

 

- -1.5 ± 1.6 
1.6 ± 1.3 

Not measured Not measured 

Affatato et al 211 (2005) Longevity®, 
(Eb95) 

28 H: 0.12-0.14 - 1 Not measured Not measured 

Dumbleton et al191 (2006) Trident®, (γ 90) 36 - - 3 ± 1.3 Not measured Not measured 

Fisher et al194 (2006) Not given (Eb100) 28,36 - - ~ 5 (28mm) 
10.6 ± 11.4 (36mm) 

Not measured Not measured 

Fisher et al212 (2006) Durasul® Alpha 36 H: 0.006 

L: 1.070 

H: 0.009 

L: 0.232 

9.5 Not measured Not measured 

Galvin et al195 (2010) Durasul® Alpha  36 H: 0.006 ± 0.001 

L: 1.057 ± 0.059 

H: 0.012 ± 0.005 

L: 0.100 ± 0.049 

10.4 ± 1.6 Not measured Not measured 

Affatato et al198  (2016) Not given            
[γ 75(±10%)] 

32 - - 3.29 Not measured Not measured 

Partridge et al193(2017) Marathon® (γ 50) 36 - - 8.7 Not measured Not measured 

This study Commercially 

available (γ 75) 

32 H: 0.007 ± 0.003 

L: 1.192 ± 0.217 

H: 0.008 ± 0.003 

L: 0.041 ± 0.016 

2.74 ± 0.74 0.057 ± 0.020 T: 0.045 ± 0.024 

Tr: 0.044 ± 0.003 
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5.4.2 Metal release from the taper-trunnion junction of modular MoXLPE THRs. 

 
The CoCrMo femoral tapers (0.045 ± 0.024 mm3/Mc) and Ti trunnions (0.044 ± 0.003 

mm3/Mc) showed similar volumetric wear rates in MoXLPE in vitro wear test.  If one Mc of 

the in vitro hip simulator test is equivalent to one year in vivo309 then the mean volumetric 

wear rate of the CoCrMo femoral taper (0.045 ± 0.024 mm3/year) and Ti trunnion (0.044 ± 

0.003 mm3/year) falls within the range of wear rates found in previous MoP retrieval studies 

which included some Corail® components in their respective cohorts 241,286, as shown in 

Table 30.  

 
Table 30 Wear from the taper-trunnion junction of MoP THRs (Ti: titanium alloy, 

(CoCrMo: cobalt chromium molybdenum alloy). 
 

 

 

In an explant study Hothi et al. compared the material loss at the femoral tapers of MoP 

THRs (28/32/36mm diameter) and large-diameter (≥36mm) MoM THRs from a single 

manufacturer, both with a 12/14 taper, and reported ‘clinically insignificant’ (median 

0.15mm3) material loss from the MoP taper-trunnion junction compared to that of the MoM 

THRss286.  The mean time in vivo for the MoP THRs was 4.5 years and therefore, on the 

basis that 1 Mc is equivalent to a year in vivo, of similar duration to the in vitro MoXLPE hip 

simulator study reported in this thesis.  The volumetric material loss from the CoCrMo 

femoral tapers measured in MoXLPE hip simulator test (0.22 ± 0.12 mm3) is within the range 

of MoP tapers obtained from the explant study.  Kyomoto et al. tested 28mm MoXLPE in a 

hip simulator for 5 Mc and observed a statistically significant increase (p < 0.01) in post-test 

MoP 

Study 

Trunnion Wear rate (mm3/year) Total Volume (mm3) 

 Femoral taper Trunnion Femoral taper Trunnion 

Kocagoz 

et al241 

(2016) 

Ti (n=42)  

CoCrMo 

(n=8) 

0.02 (0-8.67) 

Median (range`) 

0.00 (0-0.32) 

Median (range) 

0.04 (0-4.34) 

Median (range) 

0.00 (0-2.5) 

Median 

(range) 

Hothi et 

al286  

(2018) 

Ti6Al4V 0.03 (0-1.07) 

Median (range) 

Not measured 0.15 (0-3.80) 

Median (range) 

Not measured 

This 

Study  

Ti6Al4V 0.045 ± 0.024 

Mean ± SD 

0.044 ± 0.003  

Mean ± SD 

0.22 ± 0.12 

Mean ± SD 

0.24 ± 0.02 

Mean ± SD 
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surface roughness at the contacting region of the CoCrMo femoral tapers similar to that 

observed in this MoXLPE hip simulator study323.  In this MoXLPE hip simulator test, 

damage was noted in the form of a circumferential band at the distal end of the CoCrMo 

femoral taper where the femoral head made physical contact with the base of the Ti trunnion. 

Proximal to this circumferential band, imprinting of the trunnion was observed, similar to that 

seen in many retrieval studies of metallic femoral tapers (MoM or MoP) 18,19,244,283.  

 

Explant studies reported material loss from the femoral tapers of CoCrMo femoral heads 

mounted on Ti alloy trunnions 18-20,266,276,284. Similarly, in this MoXLPE hip simulator test, 

the CoCrMo femoral tapers showed material loss.  A question that may arise is: why did wear 

arise from the harder CoCrMo alloy femoral taper when the Ti6Al4V alloy trunnion is much 

softer?  To answer this question, Moharrami et al.32, suggested that a titanium oxide surface 

layer will form on the Ti6Al4V alloy trunnion, and it has a greater hardness compared with 

the femoral taper surface.  

 

The lubricant employed in the wear test, dilute bovine serum, is used to replicate synovial 

fluid187 and as such it is known to create a corrosive environment324.  Consequently, the 

potential for corrosion within the test set up of the hip simulator was created.  Despite this, 

the results of this study, with localised loss of material in the form of a circumferential band 

at the distal end of the CoCrMo femoral taper, appear to indicate that mechanical loss (wear) 

is of greater importance than electro-chemical (corrosion) effects.   

 

In MoP THRs, metal release and associated pseudotumour formation leading to failure have 

been previously reported42,45,148.  In this in vitro test, hip simulator wear testing was 

undertaken on 32mm diameter MoXLPE hips.  There is the possibility that femoral head 

diameter size is linked to clinical performance.  The expectation is that larger head diameter 

sizes result in fewer dislocations270,271.  However, there are concerns that larger head diameter 

sizes are related to more significant damage at the taper-trunnion-junction in MoP hips.  

Kurtz et al. reported no associated increased risk of fretting corrosion damage in large-

diameter CoCrMo femoral heads compared to small-diameter (< 36mm) femoral heads using 

a semi-quantitative scoring on explanted MoXLPE THRs 325.  In contrast to this, Balso et al. 

conducted a semi-quantitative scoring study on explanted MoP THRs and reported the 

possibility of accelerated fretting damage due to increased femoral head size86.  Additionally, 
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Craig et al. reported increased serum metal ion levels in large-diameter MoP hips compared 

with small-diameter from a single manufacturer326.  Furthermore, the NJR shows higher 

revision rates for MoP hips ≥36mm head diameter5.  Therefore, pseudotumor formation in 

MoP THRs is perhaps associated with increased bearing diameter size.  Coincidently, explant 

studies also reported an increased material loss in large-diameter MoM THRs18-20,23,126. 

 

In this present study of 32mm diameter femoral heads, visual and microscopic inspection of 

the CoCrMo femoral tapers did not show the presence of toggle damage.  Cook et al. 

observed toggle damage on retrieved large-diameter (≥ 36mm) MoP hips45.  Interestingly, 

retrieval studies noted the presence of toggle damage, mainly in large-diameter MoM 

THRs18,19.  Therefore, the smaller (32mm diameter) head size could be the reason for the 

absence of the toggle damage in this present hip simulator study.  

 

5.4.3 Metal ion analysis: MoP hip simulator wear test 

 

In the MoXLPE hip simulator wear test, CoCrMo femoral tapers and Ti alloy trunnions 

showed similar volumetric wear rates, see Figure 122.  Moreover, lubricant metal ion analysis 

from the MoXLPE hip simulator test showed elevated Co, Cr and Ti ions compared with the 

unused lubricant.  Therefore, in this research study, metal debris analysis confirmed the 

presence of metal in the lubricant. 

 

5.4.4 Radial clearance and its effect on the wear 

 
It is clear from Hamrock-Dowson equation (see Equation VI), that to promote fluid-film 

lubrication it is essential to increase the radius of the femoral head (Rfemoral head ) and to reduce 

the radial clearance (Racetabular liner - Rfemoral head) 220.  The increase in wear linked with the 

higher radial clearance61.  In CoC THRs, reduced radial clearance lead to large contact areas 

and low stresses at the bearing surfaces. These combine with an extremely low surface finish 

at the bearing surfaces leads to an increase in the minimum lubricant film thickness that is 

developed when the patient walks with associated reductions in surface asperities and wear61.  

This increased lubricant film thickness at the bearing surfaces of the CoC THRs may reduce 

the stress acting at the taper-trunnion junction.  Whereas in the MoP THRs due to relatively 

high surface roughness of PE acetabular liner than the finely polished metal femoral head, the 



 
190 

 

radial clearance does not improve the lubrication significantly165.   Therefore, for 

understanding the complex tribological mechanisms in terms of friction, wear and lubrication 

at the taper-trunnion junctions are essential to optimise the design in terms of radial 

clearance.  

 

5.4.5 The SEM coupled with EDX analysis of the CoCrMo femoral tapers 

 

5.4.5.1 The present hip simulator study vs MoP explant studies 

 

The material loss from the CoCrMo femoral taper was supported by SEM coupled with EDX 

analysis on D1.  Additionally, a strong O peak and reduced Co peak present on the D1 (see 

Figure 114) support the concept of the release of Co and formation of a mixed oxide rich 

passivation layer on the damaged area.  An elemental X-ray map taken on D1 indicated the 

removal of Co from the CoCrMo surface, leaving behind a mixed oxide surface (see Figure 

116).  Arnholt et al. reported the presence of a discontinuous chromium-rich oxide layer on 

the CoCrMo femoral tapers of explanted modular MoP THRs254.  Zeng et al. characterised 

the oxide film on the CoCrMo tapers of explanted MoP THRs and confirmed the presence of 

chromium oxide327.  As similar evidence is observed in this hip simulator study, the mixed 

oxide present on the femoral tapers may be a chromium-rich oxide layer.  Furthermore, the 

presence of an O peak on the damaged area observed in this study was in agreement with an 

explant study by Hall et al. that reported accumulation of oxidised material debris on the 

CoCrMo femoral tapers34.  Hall et al. also reported adhesion of Ti6Al4V trunnion debris on 

the CoCrMo femoral taper as shown by the presence of Ti, Al and V elements on the EDX 

spectrum. These elements; Ti, Al and V (see Figure 115) were also found via EDX analysis 

in this present study alongside alloying elements on the CoCrMo femoral taper, from the 

elemental X-ray map (see Figure 117), which is suggestive of adhesion of Ti6Al4V from the 

trunnion.  

 

5.4.5.2 The present hip simulator study vs other in vitro studies  

 

Fischer et al. performed an in-vitro fretting test involving two CoCrMo alloy pins in contact 

with a Ti6Al4V alloy cylinder with diluted bovine calf serum (30g/L) as the lubricant255.  
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They reported that CoCrMo alloy predominantly wears by releasing Co into the lubricant 

while Ti6Al4V alloy mainly wears by the generation of the particles that stay in the 

“tribomaterial”.  Furthermore, Fischer et al. also observed the presence of Ti and O on the 

damaged area of CoCrMo pins and noted an increase in the Cr/Co ratio (0.89).  In this present 

hip simulator test, the elemental X-ray maps showed the absence of Co on D1 (see Figure 

116) indicating wear from CoCrMo femoral taper and the presence of Ti, Al and V on D2 

(see  Figure 117) indicating adhesive wear from the Ti6Al4V trunnion.  Furthermore, the 

numbers obtained from the spot EDX analysis showed the strong presence of O in D1 and a 

strong presence of alloying elements of Ti6Al4V trunnion present on D2 compared to U and 

polished area (see Table 27).  The release of Co from the damaged area was indicated by an 

increase in the Cr/Co ratio (1.09) compared to the polished CoCrMo surface (Cr/Co ratio 

0.39) in spot EDX data again showing CoCrMo femoral wears preferentially by releasing Co 

into the serum.  Therefore, the EDX results obtained on the CoCrMo femoral tapers used in 

this present hip simulator study were seen to be in good agreement with Fischer et al.’s in 

vitro experiment.  Similar phenomena of Co-release were observed in an in vitro study by 

Kyomoto et al. who used a hip simulator for testing 28mm MoXLPE hips for semi-

quantitative analysis involving visual scoring, wear debris analysis and the surface 

morphological characterisation but not the quantification of the material loss from the 

femoral taper323.  Their EDX results on the CoCrMo femoral taper showed the presence of 

strong O and Ti peaks at the distal end of the CoCrMo femoral taper, reporting that the Co 

concentration was over 30 times higher than the Cr concentration in the lubricant after 5Mc.  

Again, the SEM coupled with EDX analysis observed in this current hip simulator study for 

the CoCrMo femoral tapers (see Figure 114 and Figure 115) exhibits the similarity with the 

results reported by Kyomoto et al.  Although the results obtained in this research work were 

in agreement with in vitro studies performed by Fischer et al. 255 and Kyomoto et al. 323, EDX 

results are semi-quantitative results.  Therefore, the EDX results should not be taken to define 

mechanisms responsible for the material loss at the taper-trunnion junction.  Additional 

chemical analytical testing such as X-ray diffraction (XRD) and X-ray Photoelectron 

Spectroscopy (XPS)32 should be required to investigate the multivariable process responsible 

for the material loss at the taper-trunnion junction of modular THRs.   
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5.4.6 The appearance of imprint damage on the CoCrMo femoral tapers. 

 

Explant studies have reported imprinting damage on the CoCrMo femoral taper surfaces as a 

result of the micro-grooved topography of trunnions19,34,254,328.  A similar imprinting pattern 

was observed visually and microscopically on the CoCrMo femoral tapers subject to the hip 

simulator test (see Figure 111).  Therefore, again, the similarity with explant studies was 

shown.  

 

It has been suggested that the imprinting damage is the result of a mechanical (fretting)329 or 

an electrochemical328 process.  Thus, the exact mechanism of the imprinting damage is 

unclear.  Hall et al. suggested that the rougher surface topography of the micro-grooved 

trunnions and associated contact stresses can contribute to the imprinting damage34 329.  It has 

been speculated that the imprinting damage may alter the local environment by the ingress of 

joint fluid due to the widening of the crevices330.  Langton et al. speculated on the potential of 

accelerated wear on the femoral taper due to imprinting damage19.  Additionally, Hall et al. 

reported the possibility of significant material loss due to imprinting damage331. 

 

5.4.7 A possible explanation for the material loss from the CoCrMo femoral taper 

 

In this hip simulator study, MoXLPE hips were mounted anatomically, and diluted new-born-

calf serum was used to replicate synovial fluid187, which is known to produce a corrosive 

environment324.  Consequently, the potential for corrosion within all stations of the hip 

simulator was created.  Despite this corrosive environment, the results of this study, with a 

localised damaged area in the form of a circumferential band at the distal end of the CoCrMo 

femoral taper, shows that wear is more important than corrosion.   

 

When the dynamic loading and articulating motion (i.e. gait) is applied to the hip prosthesis, 

the taper-trunnion junction experiences ‘fretting’.  As a result of this ‘fretting’ motion, the 

protective oxide layers on the taper-trunnion junction interfaces can be breached due to 

‘abrasion’, leading to ‘fretting wear’.  It has been reported that damaged areas with scratching 

perpendicular to and interrupting machining marks on the femoral taper and/or wearing away 

of the machining marks were considered to be implications of fretting30,257.  In this hip 

simulator study, SEM images (see Figure 112) showed that the majority of the damage was 
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perpendicular to circumferential machining marks on the CoCrMo femoral tapers, thus 

indicating fretting.  In this hip simulator study, SEM coupled with EDX analysis showed the 

presence of metal debris from Ti6Al4V trunnions on CoCrMo femoral taper surface (see 

Figure 115 and Figure 117).  Therefore, discolouration or black debris seen visually at the 

distal end of CoCrMo femoral tapers indicated adhesion of metal debris from Ti6Al4V 

trunnions, not corrosion of the surface.  

 

Furthermore, it has been suggested that the ‘fretting corrosion’ process is a particular type of 

‘tribocorrosion’ which comprises of synergistic effects between mechanical and 

electrochemical processes leading to irreversible damage at the taper-trunnion 

junction33,263,332,333.  In the patient's body, the THR is continuously exposed to a ‘tribological 

event’ ( joint articulation) in the presence of ‘corrosive’ physiological fluid334.  This has led 

to use of the term ‘tribocorrosion’ somewhat indiscriminately to describe the material loss at 

the taper-trunnion junction.   

 

There is the possibility that femoral head size is associated with clinical performance of hip 

prostheses.  Smith et al. showed the direct link between increasing femoral head size and 

increasing revision rates in stemmed MoM THRs22.  The femoral head size of MoP THRs has 

increased over the years, but they have not reached the diameters of MoM THRs.  In the 

context of large-diameter femoral heads, the NJR reported the range of 36mm to 44mm for 

MoP whereas 36mm to 54mm for MoM hips100.  However, there are concerns reported by 

explant studies that increased femoral head sizes are associated with greater material loss at 

the taper-trunnion junction of MoP THRs45,86,335.  Moreover, the NJR demonstrated higher 

revision rates for large-diameter MoP hips.  Hence, the clinical performance of MoP THRs is 

perhaps associated with increased femoral head size.  Since the head size does matter, then 

this again implies a more mechanical (wear) process rather than an electrochemical 

(corrosion) mechanism is responsible for the damage of the taper-trunnion junction 

interfaces.  

 

Hip simulators have been used for quantification of the material loss from the bearing 

surfaces of hip prostheses due to combined movement and loading.  In this present hip 

simulator test, the material loss from CoCrMo femoral tapers was quantified along with 

quantification of the material loss from the bearing surfaces of MoXLPE joints.  However, 
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further chemical analysis is essential to evaluate the multivariable mechanism responsible for 

the material loss at the CoCrMo femoral tapers.  

 

5.4.8 Wear at the bearing surfaces of cross-linked polyethylene liners 

 

As shown in Table 29, the mean volumetric wear rate of the XLPE liners, 2.74 ± 0.74 

mm3/Mc, falls within the range of wear rates found in previous MoXLPE hip simulator 

studies191-193,195,198,205,211,212.  The surface roughness (Sa) of the bearing surface of the XLPE 

liners showed a significant decrease post-test (p < 0.001).  This finding was supported 

visually by the elimination of the original machining marks from the bearing surfaces of the 

XLPE liners (see Figure 124). The decrease in the roughness and consequent removal of the 

machining marks are consistent with previous in vitro studies which tested MoXLPE hips 

under standard (i.e. non-‘adverse’) conditions195,205,212.  

 

There is the potential of an additional source of in vitro PE wear at the backside of the 

acetabular liner and the pelvic insert holder. However, microscopic examination revealed 

minimal damage and the presence of the original circumferential machining marks (see 

Figure 127) at the backside of the XLPE liner indicating minimal, if any, wear.  This result 

fits with other studies.  Reyna et al. compared the wear on the backside of PE (non-XLPE and 

XLPE) liners used in a hip simulator test and retrieved liners using a semi-quantitative 

scoring method and reported similar wear scores for both groups336.  Furthermore, Kurtz et al. 

in 3D finite element models showed at least three orders of magnitude less volumetric wear 

rates from the backside of the liner compared to the volumetric wear rate estimates at the 

articulating bearing surface337.  

 

5.5 Metal debris analysis 

 

The significance of elevated Co and Cr ions in the body has been previously described in the 

literature28,338-340.  There is a very limited amount of literature available on the clinical 

significance of elevated Ti ions following THRs.  While it may be that CoCrMo wear 

particles are more cytotoxic than Ti alloy wear particles340, the history of hip arthroplasty 

from Charnley onwards has shown that the generation of volumes of wear debris should be 
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avoided.  Moreover, Ti wear from joint replacements has been shown to induce aneuploidy in 

vitro and in vivo341.  Dalal et al. reported that Ti particles induce less toxicity than CoCrMo 

alloy particles340.  However, in vitro animal model studies have shown that Ti particles in 

high levels are potentially carcinogenic342.  Furthermore, Haynes et al. reported that wear 

particles generated from Ti alloy implants could cause increased release of the mediator 

responsible for the bone resorption process in an animal model343.  Furthermore, the potential 

links of Ti wear debris to metallosis in children fitted with spinal implants have recently been 

described 344.  Several recent studies have reported elevated Ti ions in the body following 

implantation of different types of modular THRs345-347.  Unpublished work at the McMinn 

centre reported significant elevation in Ti ions in the patients with CoC hips mounted on 

uncemented Ti stems, see Figure135348.  However, the femoral head diameter is unknown; 

therefore, no direct comparisons can be made.   

 

 
Figure135 Box plot from an unpublished work from the McMinn centre indicating 

statistically significant elevation Ti ion concentration in the patients with CoC THRs 
mounted on Ti trunnions348. 

 
Gofton et al. reported elevated serum Ti ion levels in a short-term (2 years) follow up study 

of small diameter MoXLPE THRs with a Ti alloy modular femoral stem and neck345.  

Furthermore, Nam et al. investigated serum metal ion concentration at 5 years following 

MoXLPE, ceramic-on-XLPE and oxinium-on-XLPE modular THRs with a Ti alloy stem347.  

Analysis of metal ion concentration suggested that Ti ion levels remained consistently 
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elevated whatever the femoral head material.  Therefore, the in vitro results presented in this 

thesis, which show Ti wear, are consistent with these clinical studies which have measured 

increased Ti ion levels after THRs, which include Ti trunnions.  However, there is no 

established threshold beyond which Ti serum metal ion concentrations are known to be toxic 

in patients with a THR346.   

 

5.6 Importance of lubricant pH measurement 

 

The slight increase in the pH of the lubricant after every 0.5Mc was in agreement with the 

MoXLPE hip simulator test reported by Kyomoto et al.323.  They suggested that the release of 

carbon dioxide gas from the lubricant was responsible for the increase in the pH.  

Intrestingly, Kyomoto et al. also reported that the metal ions released from the metallic taper 

were increased at an accelerated rate compared with pH323.  It is claimed that the metal ion 

release and oxide re-passivation of the taper-trunnion surfaces can lead to localised pH drop 

and further corrosion (see section 2.6.1) 248,252.  A question that may arise is: why did the pH 

of the lubricant show a slight increase when metal ions release was increased?  Milos᷃ev et al. 

reported that the influence of metal ions released after joint replacement on the pH of the 

synovial fluid is neutralised by the buffering capacity of the human synovial fluid, which 

maintains the pH at the physiological level188.  In this current hip simulator wear test, diluted 

bovine serum (21g/L) was used as a lubricant due to its similarities in pH, salt levels and 

protein concentration to synovial fluid173,349.  Therefore, the slight increase in the pH of the 

lubricant found in this study was maybe due to the neutralisation of an acidic environment by 

the buffering capacity of the diluted lubricant.  Furthermore, Milos᷃ev et al. also concluded 

that the pH measurement in synovial fluid rather than on explanted THR component shows a 

more reliable method of collecting data188.  Hence, it is suggested that the accepted view that 

oxide re-passivation of the taper-trunnion surfaces can lead to localised pH drop in vivo and 

further corrosion at the taper-trunnion junction should be re-examined. 
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5.7 Comparison of the metallic material loss from the taper-trunnion junction of 

contemporary CoC and MoXLPE THRs subject to a controlled hip simulator tests 

 

In this thesis, total metallic material loss after five million cycles from CoC hip simulator test 

was 0.29mm3 (Ti trunnions) whereas MoXLPE hip simulator test it was 0.62mm3 [CoCrMo 

tapers (0.38mm3) + Ti trunnions (0.24 mm3)].  These results, supported findings of an explant 

study by Kurtz et al. which reported that by employing ceramic femoral heads, metal release 

from the taper-trunnion junction of CoCrMo femoral heads ‘may be mitigated but not 

eliminated’257.  Kocagoz et al. reported ten times higher material loss from the taper-trunnion 

junction of CoCrMo group (MoP THRs, n = 50) compared with the ceramic group (CoP 

THRs, n = 41 and CoC THRs, n = 9) in an explant study241.  However, the results obtained in 

this thesis suggested that the total metallic material loss from the taper-trunnion junction of 

CoCrMo heads was approximately doubled compared to ceramic heads.  In the ceramic group 

of Kocagoz et al., majority of the explants were CoP whereas in present thesis CoC THRs 

were tested in the hip simulator.  This could provide a possible explanation for the difference 

in the metallic material loss between Kocagoz et al. explant study and CoC hip simulator test 

as described in section 5.1.1.2. 

 

5.8 Importance of wettability measurement of the femoral heads  

 

Kubiak et al. reported a strong correlation between the wettability of surfaces and the surface 

roughness225.  In these hip simulator studies, the CA of ceramic (BIOLOX®delta) and 

CoCrMo femoral heads showed minimal change.  Pre-test values for the ceramic femoral 

heads were (61.20 ± 5.23)˚, and post-test values were (61.80 ± 2.52)˚.  Pre-test values for the 

CoCrMo femoral heads were (63.00 ± 3.37)˚, and post-test values were (62.49 ± 2.56)˚.  

Additionally, the Sa of ceramic femoral heads and CoCrMo femoral heads showed negligible 

change pre and post-test.  Therefore, minimal change in both CA and Sa, pre and post-test 

supports the work of Kubiak et al.  Interestingly, in the MoXLPE hip simulator test, the Sa of 

the bearing surface of the XLPE liners showed a significant decrease post-test (p < 0.001).  

However, due to the shape of the acetabular liner, CA measurement on the acetabular bearing 

surfaces could not be performed, and this is acknowledged as a limitation to this study.  

 



 
198 

 

5.9 Limitations 

These in vitro tests had a number of limitations.   

• In CoC hip simulator test, there were only three CoC bearing surfaces.  Two further 

samples were required for the DL test and the impaction test, both of which were 

fundamental to this investigation.  As these samples were all the latest fourth generation 

of ceramic BIOLOX®delta, obtaining such samples for independent testing was both 

challenging and expensive as this project was unfunded.  For this reason, there were only 

three CoC bearing surfaces. 

• The trunnions of actual Corail® (DePuy Synthes, UK) femoral stems could not be used as 

these could not be sourced and would anyway lack sufficient material from which to 

manufacture the double-ended trunnions employed in the hip simulator. Instead, titanium 

surrogates had to be manufactured.   

• In the case of ceramic components, there is potential for wear to occur at the ceramic-

metal interface on the backside of the acetabular liner and pelvic insert holder of the 

simulator.  Due to the current design of the simulator, an acetabular shell cannot be 

accommodated.  However, the simulator will be redesigned so that an acetabular shell can 

be incorporated in future tests.  

• Impaction force and number of impactions were not measured during the tests reported in 

this thesis. However, the author (RMB) undertook all impactions and employed a 

consistent technique.   

• Analysis of metal ion concentration within the lubricant used in the CoC hip simulator 

test was not undertaken.  In part, this was because the wear was so low that such an 

analysis would be challenging.  

• The visual markings observed at the ceramic femoral tapers in the CoC hip simulator test 

were removed using Sidol cleaner to minimise the effect of metal transfer that would 

affect the gravimetric measurements.  Therefore, ceramic femoral heads were not 

sectioned.  Additionally, tooling required to cut the ceramics were not available in the 

laboratory.  

• Analysis of metallic or polymeric wear particles present within the lubricant used in 

MoXLPE hip simulator test was not carried out.  However, analysis of metal ion 

concentration within the lubricant used in MoXLPE hip simulator test was performed.  To 

the authors’ best knowledge, no MoP retrieval studies have measured volume loss from 

the taper-trunnion junction and metal ion concentration in the same study.  Furthermore, 
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the volume loss reported from the taper-trunnion junction of the MoP hips used in the 

present hip simulator test are in agreement with those from previous MoP retrieval 

studies.  

• Pre and post-test CA measurements were not performed on the acetabular liners. This is 

due to the light source being blocked by the concave design of the acetabular liners.  

• The chemical analysis using the XPS and XRD on the CoCrMo femoral was not 

performed due to unavailability of the funding required to perform these expensive 

chemical analytical techniques.  

• The friction and lubrication measurements at the bearing surface of CoC and MoP THRs 

were not performed.  However, the material loss from both taper-trunnion junction and 

bearing surfaces reported for the first time by this research. The TE-86 is anatomical hip 

joint ‘wear’ simulator.  However, the simulator will be redesigned so that friction 

measurement can be incorporated in future tests.  

• Corrosion testing was not performed in this research work as it would have been 

challenging to employ electrodes and wiring to each station of the hip simulator subject to 

articulating motions, for the measurement of the corrosion currents.  In the ASTM-1875, 

applying corrosion testing methods would have been more accessible due to the absence 

of physiological walking motion38.  However, this present research has shown the 

importance of employing the articulating motion for the investigation of the material loss 

at the taper-trunnion junction. 

• Knowledge of the contact mechanics of the taper-trunnion junction is crucial for 

predicting the stability of THR and the prevention of micromotion242.  Unfortunately, due 

to limited time scale contact mechanics and related measurements were not considered in 

this research work.  However, they have been suggested for future work. 

• Lastly, the surface roughness of the trunnions used in MoXLPE hip simulator test was not 

measured as previous explant studies showed that the material loss arises mainly from the 

CoCrMo alloy femoral tapers rather than the Ti alloy trunnion, when CoCrMo/Ti alloy 

combinations are used for the taper-trunnion junction.
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Chapter 6: Conclusions and suggestions for further work 
 

6.1 Conclusions 

 

The aim of this research work to quantify the material loss, if any, at the taper trunnion 

junction of modular CoC and MoP THRs under physiological walking cycle.  In order to 

achieve this aim, multi-station hip simulator testing of modular hips mounted on titanium (Ti) 

alloy trunnions was undertaken under standard physiological walking cycle, replicating the 

clinical scenario as closely as possible.  Listed below are some key findings and answers to 

the research questions which are divided into subsections: 

 

6.1.1 The material loss at the taper-trunnion junction of contemporary CoC hips shown 

in a multistation hip simulator 

 

• In the CoC hip simulator wear test, based on the gravimetric measurements, bearing 

surface wear rates (total wear = 0.25 mm3) were similar to those of the trunnions (total 

wear = 0.29 mm3).   

• This metallic wear debris may provide an explanation for the ARMD reported in CoC 

hip arthroplasty and for the similarity in clinical performance between CoC and MoP 

hips.   

• Furthermore, based on the wear pattern observed, toggling of the ceramic femoral 

head was seen on the trunnion, which also shows good agreement with ex vivo 

studies.   

• Moreover, SEM coupled with EDX analysis of wear debris within the lubricant 

confirmed the presence of Ti.   

• Therefore, an explanation for wear-related failures in CoC THRs, despite the low 

wear arising at the bearing surfaces, may now exist; namely that Ti wear particles are 

generated from the trunnion.   

• No other long-term hip simulator studies have measured wear at the taper-trunnion 

junction of modular CoC hips 

• Research question: In CoC articulating components, comprised of purely ceramics, 

where is the metal debris coming from?  
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Answer: Based on the CoC hip simulator test, the answer to the research 

question is the material loss from titanium trunnion (ceramic-on-metal 

contact) 

 

6.1.2 The necessity of employing articulating motion for the quantification of material 

loss from the taper-trunnion junction 

 

• Employment of physiological walking motion indicated increased wear from the CoC 

hip simulator test trunnions (0.29 mm3) compared with the DL test trunnion (0.05 

mm3).   

• This result reinforces the importance of employing physiological walking motion in 

the testing of the taper-trunnion junction of modular THRs.   

• Research question: Dynamic loading and articulating motion vs dynamic only 

loading, does the material loss at the taper-trunnion junction change?  

Answer: Yes.  There was five times increase in the material loss after 

employment of dynamic loading and articulating motion.  

 

6.1.3 The material loss at the taper-trunnion junction of contemporary MoXLPE hips 

shown in a multistation hip simulator 

 

• In the MoXLPE hip simulator wear test, based on the gravimetric, volumetric, and 

surface roughness measurements, the wear of the CoCrMo femoral heads arose 

mainly from the internal taper.   

• The CoCrMo femoral tapers (0.22 mm3) and Ti trunnions (0.24 mm3) showed similar 

volumetric wear in this in vitro wear test.  The wear from the XLPE liners (14.28 

mm3) was similar to that seen in other in vitro studies.   

• Moreover, the imprinting damage seen on the CoCrMo femoral tapers also showed 

good agreement with ex vivo studies.   

• Furthermore, analysis of wear debris within the lubricant using ICPMS confirmed the 

presence of Co, Cr and Ti elements.  This metallic wear debris may provide an 

explanation for the ARMD reported in MoP hip arthroplasty.   
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• Research question: In MoP articulating components, comprised of metal and softer 

polymer contact, where is the metal debris originating from?  

Answer: Based on MoXLPE hip simulator test, the answer to the research 

question is, the material loss from the taper-trunnion junction (CoCrMo on Ti 

contact). 

 

6.1.4 Summary  

 

This research work presented the first long-term in vitro hip simulator tests to report a 

material loss from the taper-trunnion junction of contemporary CoC and MoP THRs.  The 

volumetric wear rates of Ti trunnions from the CoC hip simulator study, CoCrMo femoral 

tapers and Ti trunnions from the MoXLPE hip simulator study showed a good match with ex 

vivo studies.  Toggling of the ceramic femoral head on the trunnion, imprinting of the 

trunnion and SEM coupled with EDX analysis on the CoCrMo femoral tapers again 

demonstrated good correlations with explant studies.  Additionally, wear rates of the bearing 

surfaces of the CoC and MoP hip joints reported in this research, are comparable to wear 

rates found in the literature.  Therefore, the hip simulator tests are fundamentally valid.   

 

This research work quantified the material loss at the taper-trunnion junction of modular CoC 

and MoP THRs.  Additionally, results obtained from SEM coupled with EDX in this study 

demonstrated similarity with other in vitro and ex vivo studies.  The release of Co from the 

damaged area was indicated by an increase in the Cr/Co ratio (1.09) compared to the polished 

CoCrMo surface (Cr/Co ratio 0.39) in spot EDX data again showing the CoCrMo femoral 

taper wears preferentially by releasing Co into the serum.  However, these results were based 

on the semi-quantitative analysis.  Based on the results, the mechanisms responsible for the 

material loss at the CoCrMo femoral tapers involves a multivariable process. Further 

chemical analysis and corrosion testing will be required to understand these mechanisms. 

 

In conclusion, metallic material loss from the taper-trunnion junctions of CoC and MoP 

THRs may provide an explanation for the ARMD reported in the literature for these THRs.   

These hip simulator studies confirm the necessity of measuring taper-trunnion junction wear 

in pre-clinical testing using the hip simulator to avoid ARMD and further increase the 

longevity of modular hip prostheses.   
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6.2 Implications  

 

The taper-trunnion junction of the modular hips should be examined rigorously under 

clinically relevant test conditions prior to implanting in the patients27,36,265,294,295.  This 

research demonstrated the need for measuring taper-trunnion junction wear in pre-clinical 

testing.  There are over thirty types of taper-trunnion designs in use because each implant 

manufacturer employs its specifications for manufacturing350.  Nowadays, the laboratories of 

almost every one of the major orthopaedic companies and several universities worldwide 

possess hip joint simulators166.  Therefore, new designs of taper-trunnion junctions should be 

tested before implantation using hip simulators, as explained in this thesis.  

 

6.3 Suggestions for further work 

 

This research has established a methodology for quantification and assessment of the material 

loss from the taper-trunnion junction of modular THRs using a hip simulator.  Since no other 

long-term hip simulator studies have measured wear at the taper-trunnion junction of non-

MoM THRs, there is potential for far more hip simulator testing.  Such as using different 

head sizes, different bearing surfaces material combinations, trunnions with different metals 

(CoCrMo or SS), dimensions (see Table 15) and surface finish (smooth or micro-grooved).  

A few suggested hip simulator tests using the methodology presented in this thesis are as 

follows: 

1. Hip simulator study using 36mm CoP mounted on Ti alloy trunnions should be conducted 

and the results compared to determine the difference, if any, in taper-trunnion wear 

between CoC and CoP hips 

 

2. Since the wear performance of MoP THRs is associated with increased femoral head size, 

a hip simulator study using ≥36mm MoP mounted on Ti alloy trunnions should be 

undertaken and the result compared with those in this thesis. 

 

3. Hip simulator studies using CoCrMo alloy instead of Ti alloy trunnions as it would be 

interesting to know how much trunnion wear occurs with a CoCrMo v CoCrMo alloy 

combination 
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4. For the understanding of the chemical analysis on the CoCrMo femoral tapers subject to 

hip simulator test, XRD and XPS analysis should be performed.  The results obtained 

using these chemical analyses should be utilised along with the wear, surface roughness, 

EDX measurements techniques to investigate the multivariable process responsible for 

the material loss at the CoCrMo femoral taper.  

 

5. Finite element model should be created of the taper-trunnion assembly replicating the 

same prostheses properties, applied dynamic loading and articulating motion used in the 

hip simulator to investigate the local topography, contact pressure and plastic strain as 

reported by Lundberg et al242. The results obtained using the finite element and hip 

simulator tests will be compared for the understanding of the contact mechanics at the 

taper-trunnion junction. 

 

6. Friction and lubrication measurement at the bearing surfaces should be performed to 

investigate the effect of lubrication regime, if any, on the material loss at the taper-

trunnion junction of the modular THRs  

 

In addition to the above-mentioned testing, the current hip simulator should be redesigned so 

that an acetabular shell can be incorporated to investigate material loss at the acetabular shell 

and backside of the acetabular liner interface.  
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Appendix A 
 

Protocol for the cleaning and weighing procedures 
 
Disassemble all THR samples from the hip simulator.  Following steps should be followed 
for gravimetric measurement procedure. 
 
1. Wear blue nitrile gloves from here 

i) Vibrate for 10 min in deionised water; 
ii) Rinse in deionised water; 
iii) Vibrate for 10 min in 100 mL of ultrasonic cleaner and 500 mL of deionised 

water; 
iv) Rinse in deionised water; 
v) Vibrate for 10 min in deionised water; 
vi) Rinse in deionised water; 
vii) Vibrate for 3 min in deionised water; 
viii) Rinse in deionised water. 

Note:  
• If ceramic samples are used for hip simulator testing, then use Sidol cleaner (as 

per CeramTec instructions) to remove any visual marking seen at the ceramic 
femoral tapers and the backside of the ceramic liners before above-mentioned 
steps.  

 
2. Wear indigo nitrile gloves from here 

i) Dry all samples carefully using lint-free tissue; 
ii) Dry all samples with a jet of filtered inert gas; 
iii) Soak isopropanol for 5 min ± 15 sec; 
iv) Dry all samples carefully using lint-free tissue; 
v) Dry all samples with a jet of filtered inert gas; 
vi) Air dry all samples for 30 mins; 
vii) Dry all samples with a jet of filtered inert gas; 
viii) Weigh all samples in order, taking a minimum of 3 readings for each sample, 

blast with a jet of filtered inert gas before placing in balance. 
 

3. Lubricant bath and hip simulator components cleaning 
i) Wash all hip simulator components and polymeric casings in tap water with 

detergent. Items can be scrubbed gently with cloth or plastic bristle brush; 
ii) Rinse in tap water, ensuring the detergent is removed completely; 
iii) Rinse in deionised water; 
iv) Allow to dry. 
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Appendix B 
 

A protocol for the geometric wear measurement of the femoral tapers and trunnions 

using the coordinate measuring machine 

 

A coordinate measuring machine (CMM, Legex 322, Mitutoyo, UK) in combination with a 

custom-designed MATLAB program (MathWorks) were used for geometric wear analysis of 

the taper-trunnion junction.  A 0.5mm ruby probe was used throughout the project.  The 

CMM uses MCOSMOS, (Mitutoyo) software for scanning of the femoral tapers and 

trunnions, with the help of customised “2016 Taper scan” and “Trunnions” program 

respectively.  Each specimen was scanned for a minimum of three times for repeatability. 

Both programs work in the following three stages: 

Stage 1: Identification of the first coordinate system.  

Stage 2: Generation of a perfect theoretical cone representing the original perfect unworn 

surface (either femoral taper or trunnion)  

Stage 3: Measurement of the entire surface and comparison the data points with the perfect 

cone to determine any deviations, which represent volumetric wear. 
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