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Abstract

Total hip replacement surgery is a successful orthopaedic intervention with over

90,000 procedures carried out annually; however, some implants still fail. The failure of

THRs in the first year have been related to mechanical failure, such as dislocation and/or

implant fracture. The mechanical failure of polyethylene liners has been mainly

associated with damage at the rim of liners, due to edge loading and/or impingement.

Implant failure typically leads to the revision of the implant, which is more costly and

predominately less successful for the patient; therefore, the occurrence and

consequence of impingement and dislocation are required to be understood to reduce

mechanical failure of future THRs. The aim of this project was to investigate and

characterise rim damage of polyethylene liners of THRs.

To understand the occurrence of impingement, a geometric model was

developed that incorporated THR components into a bone model and investigated

impingement during different dislocation-prone activities. The model was applied to

investigate the effect that varying the surgical positioning of the acetabular component

and the component design has on the likelihood of impingement. In terms of the

positioning of the acetabular component, increasing the inclination and anteversion of

the acetabular cup reduced the risk of impingement. Varying the design of the liner from

a neutral to a lipped liner caused more frequent impingement, and reducing the neck-

shaft angle reduced the frequency of impingement.

To understand what rim damage is caused by impingement, methods were

developed to quantitatively assess rim damage of polyethylene liners and to

experimentally replicate clinically relevant rim damage due to impingement. The method

applied motion and load inputs to simulate a clinically relevant activity, and was applied

to investigate the effect of varying the severity of impingement and medial-lateral load

has on the severity of damage. Increasing the severity of impingement was found to

increase the severity of rim damage and the amount of separation of the head.

To check the clinical relevance of the results from the developed geometric model

and the experimental method, a series of retrieved polyethylene liners of the same

design were reviewed; damage was visually assessed, rim damage quantified, and in-

vivo orientation of components were measured.

Overall the series of developed methods have been used to assess and

characterise rim damage of polyethylene liners, and the methods have the potential to

assist with the pre-operative planning of THR surgeries, pre-caution post THR surgery

and aid with the design process of future designs of implants.
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Chapter 1 – Introduction

Total hip replacement (THR) surgery is one of the most effective and successful

orthopaedic interventions of its time, with over 90,000 total hip replacement surgeries

were performed in 2017, in England, Wales and Northern Ireland (National Joint

Registry, 2018). The numbers of THR procedures are increasing year by year, and the

average age of patients that require a THR is decreasing (Mckee, 2009). The variations

in the number and ages of patients have increased the motivation to improve the

functional life of joint replacements, which in turn should reduce the frequency of revision

procedures being performed. Due to these concerns, manufacturers’ over the last few

decades have explored various geometries, materials, production methods and the

surgical delivery processes with the aim of improving the outcomes of hip arthroplasty.

1.1 – Natural hip joint

The hip joint is the largest weight-bearing joint within the human body and

supports the weight of the upper portion of the body (McGeough, 2013). The hip joint

consists of a ball and socket, which provides the smooth articulation between the femur

and pelvis. The ball is known as the femoral head, and the socket is known as the

acetabulum (Figure 1.1). The geometry of the articular surfaces, joint capsule, ligaments

and muscles, means that the hip joint is highly stable and capable of a large range of

motions (Palastanga and Soames, 2011).

Figure 1.1 – Anterior view of the natural human hip joint (without soft tissues and cartilage), with
landmarks of the hip joint labelled.
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The femoral head becomes narrower distally to create the femoral neck, joining

to the shaft of the femur. The angle of the neck and shaft of the femur or the inclination

angle of an average adult hip is approximately 125°. There is also an angular offset

between the neck and coronal plane, known as the femoral neck version angle. The

average adult hip has a neck version angle of around 10° in the anterior direction, which

is also described as anteversion. The acetabulum is commonly orientated between 30°

to 40° caudally from the sagittal plane and 15° anteriorly from the coronal plane, these

are known as the acetabular inclination and anteversion angles respectively. The

orientation of the acetabulum means the superior section of the acetabular socket covers

the top of the femoral head, which permits the efficient transmission of stresses from the

upper body. These angles can differ from person to person, which can have a significant

impact on joint stability (Kim and Dennis, 2011; Palastanga and Soames, 2011).

1.2 – Motion and loading of the hip joint

The hip permits movements across three planes, about the centre of rotation of

the hip (centre of the acetabulum and femoral head), and includes the movement of

femur and pelvis. Flexion and extension motions are the sagittal plane and account for

the largest range of motion of the hip. Range of flexion/extension can vary between

different people. Flexion typically accounts for between 90° to 150°, whereas extension

contributes to 0° to 35°, thus giving a total range of motion of 90° to 185°. Adduction and

abduction revolve within the coronal plane, with a full range of between 30° to 100°, with

abduction contributing to 15° to 55° and adduction accounting for 15° to 45°. The internal

and external rotation has a range of motion of 20° to 50° and 10° to 55° respectively and

rotates within the transverse plane (Figure 1.2). The combination of axes of motions can

result in limited range of motions, for example, the range of adduction is reduced when

the hip is extended (Roaas and Andersson, 1982; Palastanga and Soames, 2011).
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Figure 1.2 – The human hip joint (bone geometries taken from the BEL repository), demonstrating
the three axes of rotation of the hip joint. These include flexion/extension (blue),

adduction/abduction (green) and internal/external rotation (orange).

During normal gait, the forces applied to the hip joint are believed to reach up to

six times body weight. The highest forces are applied to the joint, after heel-strike and

just before toe-off during walking, and lowest during swing phase (Palastanga and

Soames, 2011) (Figure 1.3).

Figure 1.3 – Resultant contact force of a THR during normal gait. Data taken from ‘Hip98’ data
(Bergmann, 2008) and the data is the mean resultant contact force (n = 4).

1.3 – Artificial hip joint

Modern total hip replacement (THR) is generally considered a successful clinical

procedure and has been reported to be one of the most effective orthopaedic

interventions of its time, to treat painful and debilitating conditions caused by
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degenerative diseases and severe traumas (National Joint Registry, 2018). As

previously mentioned a large number of total hip replacement procedures were carried

out in 2017 in England, Wales and Northern Ireland (National Joint Registry, 2018);

however, over 8,000 (8%) of the overall procedures were revision surgeries, as the result

of the failure of the devices.

1.3.1 – Clinical need

Total hip replacement procedures are performed to alleviate pain and improve

function. Total hip replacement surgery is usually carried out as a last resort, when other

treatments have been unsuccessful, such as medication and physiotherapy.

Hip replacement surgery is most frequently carried out due to a degenerative

disease known as osteoarthritis (OA), with 90% of the total primary hip replacements

that are performed in England, Wales and Northern Ireland are the result of this (National

Joint Registry, 2018). In England 2.46 (10.9%) million adults aged over 45 years have

osteoarthritis of the hip joint (Arthritis Research UK, 2014); however, only a small

proportion of people with OA require a THR.

Osteoarthritis is the gradual breaking down of articulating cartilage at the joint

interfaces, which leads to cartilage being completely worn away and osseous tissue

being exposed. OA ultimately causes the exposed bones to articulate against each other,

resulting in severe pain and decreased mobility. OA is believed to be the outcome of

age-related deterioration, injury of the joint or irregular loading of the joint due to

deformity (Brown, 2007).

Hip replacements surgeries may also be performed as a direct outcome of

serious trauma on the hip, which causes a fracture of the femoral neck. This accounts

for around 5% of primary THR surgeries carried out in England, Wales and Northern

Ireland (National Joint Registry, 2017). A THR is usually performed when it is not

possible to repair the fracture with modern fixation techniques.

Avascular necrosis (AVN) or osteonecrosis is another reason to carry out a total

hip replacement, with about 2% of the total THR performed in England, Wales and

Northern Ireland (National Joint Registry, 2017). Avascular necrosis is the loss of blood

supply to the femoral head, causing the osseous tissues to die and eventually leading to

the collapse and/or fracture of bone (Aaron and Gray, 2007).
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A further 2% of the hip replacement procedures that are carried out are the result

of patients with deformities of the hip joint, known as hip dysplasia or congenital

dislocation of the hip (National Joint Registry, 2017). Hip dysplasia usually occurs at the

early development of the joint, causing the femoral head or acetabulum to have an

abnormal geometry and/or alignment, resulting in higher forces and abnormal wear of

the articulating cartilage and the labrum, and ultimately leading to OA (Weinstein, 2007).

1.3.2 – Construction of total hip replacement in current use

Modern THRs are typically of a modular design, with around 99% and 69% of the

primary THR surgeries performed in 2017 used modular femoral and acetabular

components respectively (National Joint Registry, 2017). Modular design THRs are

commonly constructed from a femoral stem, femoral head and acetabular liner and shell

(Figure 1.4). Modularity of components allows surgeons the flexibility to use different

sized components to best suit the patient’s anatomy and select the most appropriate

bearing material combinations to suit the activity level of the patient. The femoral stem

is usually constructed from a metallic material, this includes titanium-based alloys,

cobalt-based alloys and stainless steels. The femoral stem is inserted in the cavity within

the femur (medullary canal) and fixed with either a cemented or un-cemented technique.

The upper part of the stem narrows to form a femoral neck, on which the femoral head

is secured via a taper junction. The taper junction consists of a mating bore (tapered

hole) in the femoral head, and a conical trunnion (tapered shaft) on the stem (Black et

al., 2007). Some designs have modular femoral necks of different sizes and lengths,

allowing surgeons to successfully reconstruct the joint of patients (Affatato, 2014).
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Figure 1.4 – Typical contemporary modular total hip replacement, with labels of the different
components (3-D model based on DePuy’s Pinnacle® Corail® combination).

The femoral head is one of the articulating surfaces of a THR and is spherical in

shape. The head is manufactured from either a metallic or ceramic material, this

frequently includes cobalt-based alloys and alumina ceramics. There are various sizes

(or diameter) of the femoral heads, these normally range from 22 to over 46 millimetres

(mm) in diameter.  This allows clinicians to select the correct sized head to meet the

requirements of the patient.

The acetabular component (or cup) of the hip prosthesis is inserted into the

acetabular socket of the pelvis, and similar to the femoral stem is fixed using either

cemented or un-cemented approaches. The acetabular cup can be manufactured as

either a modular design (Figure 1.4) or a ‘monobloc’ design. A ‘monobloc’ design is

where the articulating and fixation surfaces of the component are produced from one

material/part (Black et al., 2007), and commonly produced from polyethylene. The

selection of the design is commonly influenced by the type of fixation that is used by the

surgeon; a ‘monobloc’ design is predominately used with cemented fixation, and the

modular design is commonly utilised with un-cemented fixation. Modular acetabular

components are commonly constructed of two parts; an outer shell and a liner which is

inserted inside the outer shell. The outer shell is commonly manufactured from titanium-

based alloys or stainless steel and provides mechanical stability and a fixation surface
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of the acetabular component in the acetabulum. Whereas, the acetabular liner provides

the surface in which the femoral head articulates, and is manufactured from either metal,

polymer or ceramic. Similarly, to the femoral heads, the acetabular component is also

produced in a range of different sizes, to suit a range of patient’s anatomies. The internal

diameter corresponds to the size of the articulating surface, which directly relates to the

size of the femoral head.

There are two main types of liners used by surgeons, a lipped (or hooded) or

neutral (or flush) type (Figure 1.5). Lipped liners have an elevated section of the rim,

usually positioned at the posterior-superior proportion of acetabulum. This is thought to

reduce the risk of posterior dislocation of the femoral head, as the lip is believed to

improve joint stability (Sultan et al., 2002). Lipped liners used clinically are only

manufactured from polyethylene, hence restricting material selection (Insull et al., 2014).

Whereas, neutral liners have a flat face with a uniform rim geometry and the centre of

rotation (COR) is typically concentric with the acetabular outer shell (Figure 1.5).

Figure 1.5 – Acetabular liners, demonstrating the differences in geometry between the neutral
(white) and lipped (blue) (3-D geometries based on DePuy’s Pinnacle® 28 mm polyethylene liners).

There are a number of different combinations that can be employed clinically for

the articulating surfaces of total hip replacements. From the various combinations of

materials, there are two different classifications; hard-on-soft and hard-on-hard bearing

surfaces. The hard-on-soft combination consists of either a metallic or ceramic femoral

head with a polymeric acetabular cup, whereas the hard-on-hard combination has both

components produced from either metal or ceramic. The combinations of bearing surface

materials that are currently used in total hip replacements are ceramic-on-ceramic (CoC),

ceramic-on-polyethylene (CoP), metal-on-metal (MoM) and metal-on-polyethylene

(MoP)
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1.3.3 – The current state of the art

The most frequently used bearing combination is MoP, with almost 60% of

primary THRs that were performed in 2017 (Figure 1.6) (National Joint Registry, 2018).

The CoP and CoC contribute to around 30% and 10% respectively, while MoM

contributes to less than 1% (Figure 1.6) (National Joint Registry, 2018). The use of CoP

has shown a steady increase of around 20% since 2008, and CoC has decreased by

approximately 10% since 2012 (National Joint Registry, 2018). Around 90% of the

primary THRs include a polyethylene component (typically acetabular liner or cup)

(National Joint Registry, 2018). The femoral head is frequently manufactured metallic

material, with less than 60% of the primary hip replacement surgeries performed in 2017

using a metal head (National Joint Registry, 2018).

Figure 1.6 – Bearing combinations used in primary THR surgeries performed in 2017 (National
Joint Registry, 2018).

The most frequently used diameter of the femoral head was 32 mm, with around

48% of the primary THR surgeries carried out in 2017 (Figure 1.7) (National Joint

Registry, 2018). The 28 mm and 36 mm head diameters contribute to approximately 27%

and 24% respectively, while the other head diameters contribute to around 1% (Figure

1.7) (National Joint Registry, 2018).
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Figure 1.7 – Femoral head diameters used in primary THR surgeries performed in 2017 (National
Joint Registry, 2018).

For the acetabular component, the most commonly used fixation technique was

uncemented with around 70% of primary THRs performed in 2017 (National Joint

Registry, 2018). Whereas, the femoral stem was most frequently fixed using cemented

methods, with approximately 60% of primary THRs carried out in 2017 (National Joint

Registry, 2018).

The most frequently clinically used brand of uncemented components is the

‘Pinnacle’ acetabular component and the ‘Corail’ femoral stem, both manufactured by

DePuy Synthes, with approximately 30% and 50% of the primary THRs that were carried

out in 2017, respectively (National Joint Registry, 2018). The most commonly employed

cemented brand of femoral and acetabular components of THRs, were the ‘Exeter V40’

and ‘Contemporary’ respectively, which are produced by Stryker Limited (National Joint

Registry, 2018).

1.3.4 – History of the clinical use of polyethylene

Since the 1960s ultra-high molecular weight polyethylene (UHMWPE) has been

successfully used clinically in total hip replacements (Figure 1.8), initially starting with the

work carried out by Sir John Charnley at Wrightington hospital and this bearing

combination still remains the gold standard. Since UHMWPE was first used, the material

has been through various developments and has been substantially improved, this

includes altering the functional properties of the material by changing the design and

manufacturing process (Kurtz, 2009).
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Figure 1.8 – Timeline of the use of the different types of polyethylene for THRs (HXLPE = Highly
crosslinked polyethylene). Data taken from Kurtz (2009).

Early gamma in air sterilised UHMWPE used in THRs had poor wear resistance,

which was associated with oxidative degradation of the material while in storage and in

vivo (Kurtz, 2009). In the 1990s oxidation of polyethylene was linked to the gamma in air

sterilisation process. This process caused free radicals to be generated within the

material, which made the polyethylene susceptible to oxidative degradation. The

oxidative degradation of polyethylene increases the density and crystallinity, which in

turn reduces the ductility and toughness of the material (Kurtz, 2009). Oxidation

degradation of gamma in air sterilised polyethylene was also found to be further

influenced by the type of packaging used for transportation and storage of components,

as some package types were permeable to gas, therefore allowing the polyethylene to

be exposed to oxygen when in storage (Kurtz, 2009). Consequently, manufacturers have

stopped using these methods of sterilisation and packaging, and a range of alternative

methods are used instead. These methods comprised of using gamma irradiation in an

inert gas (or vacuum), ethylene oxide (EtO) or gas plasma to sterilise the

polyethylene, combined with barrier packaging. Barrier packaging is typically filled

with an inert gas or in a vacuum and sealed with either polymer laminates or metallic

foils. However, in recent years it has been concluded that polymeric barrier

packaging without a metallic layer, were not completely successful in preventing

oxidation of the polyethylene when in storage (Costa et al., 2006).

The poor wear resistance of conventional polyethylene lead to the development

and clinical use of crosslinked polyethylene, with its superior wear resistance. Cross-

linking is a chemical process, which is commonly accomplished by subjecting

polyethylene to high-energy radiation, known as irradiation. Irradiation is commonly

accomplished by using either gamma rays or electron beams in an inert atmosphere

(Kurtz, 2009). Both experimental and clinical studies have reported that crosslinked

polyethylenes have a reduced wear rate compared to conventional polyethylene (Estok

et al., 2007; Kurtz, 2009; Pang et al., 2015; Bookman et al., 2017). The disadvantage of
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the crosslinking process, was that it caused a reduction in the mechanical properties

of the material (Bradford et al., 2004b; Birman et al., 2005; Tower et al., 2007; Schroder

et al., 2011).

The crosslinking (or irradiation) was also found to produce free radicals within the

material, due to the crosslinking process using the similar gamma irradiation method that

was used to sterilise the polyethylene, but at a larger dose (Kurtz, 2009). This led to the

development of stabilisation processes that removed the residual free radicals from the

polyethylene produced by the crosslinking process. The stabilisation is achieved using a

thermal process (such as re-melting or annealing), which further reduced the mechanical

properties (ductility and toughness) of the polyethylene, resulting in the material being

more susceptible to fatigue failure (Kurtz, 2009).

Concerns associated with the reduction in mechanical properties of crosslinked

polyethylene, led to the development of adding an antioxidant to UHMWPE, such as

adding vitamin-E. Applying antioxidant to crosslinked polyethylene has been reported to

prevent oxidation of polyethylene, without influencing the mechanical properties of the

material. This is due to antioxidant replacing the need to thermally stabilise the

polyethylene, additionally adding antioxidant does not influence the crystallinity of the

polyethylene (Oral et al., 2006; Bracco and Oral, 2011). The long term clinical

performance is currently unknown, due to the limited clinical use of vitamin-E

polyethylene in joint replacements.

1.3.5 – Failure modes of modern total hip replacement

The failure of a total hip replacement ultimately leads to severe pain and further

surgery. This surgery is known as a revision and involves removing and replacing the

failed implant. Revisions are generally less successful than primary surgeries; therefore,

the risk of failure after a revision is higher (Springer et al., 2009). In 2017 around 8,600

revisions surgeries were carried out in England, Wales and Northern Ireland, which is

less than 10% of the total number of THRs performed (National Joint Registry, 2018).
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Figure 1.9 – Revision rates after primary hip replacement by indication at <1 year, expressed as
numbers per 1,000 patient years, demonstrating the failure modes are mostly associated with the

mechanical failure of devices (dark blue) and wear-related failure (light blue) (National Joint
Registry, 2017).

The short-term (less than a year) failure of primary hip replacement has been

reported to be predominantly the result of the following failure modes, aseptic loosening,

dislocation/subluxation, infection, peri-prosthetic fracture and mal-alignment (Figure 1.9).

These short-term failure modes are mostly associated with the mechanical failure of

devices (Figure 1.9). Whereas wear-related failure, such as lysis, implant wear and

adverse reaction to particulate debris, have been suggested to be associated with the

long term failure of devices (greater than a year) (National Joint Registry, 2017).

The mechanisms that instigate the various failure modes of THRs can be

multifactorial and can be the consequence of a combination of different factors, such as

the variations in surgical positioning of the prosthesis, the design of the implant, and

anatomical characteristics of patients (Barrack, 2003; Al-Hajjar et al., 2010; Fisher, 2011;

Brown et al., 2014). These failure modes and related factors are described in Table 1.1.
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Table 1.1 – Descriptions of failure mechanisms of THRs. (as defined in National joint registry) and
the associated confounding factors.

Failure
mode Definition Confounding factors Reference

Aseptic
loosening

The loss of
fixation of
prosthetic

components
without

sepsis (or
infection).

- Osteolysis causes the reabsorption of
bone surrounding the implant, caused
by high wear rates of the implant due
to edge loading.

Al-Hajjar et al., 2010; Harris,
2012

- High torques/load applied to the
edge/rim of cup which can lead to the
failure of fixaton, caused by
impingement and/or edge loading.

Yamaguchi et al., 2000;
Brown and Callaghan, 2008

Dislocation/
subluxation

Complete/
partial loss of

contact
between the

bearing
surfaces.

- Poor positioning of components and/or
variation of pelvic tilt has been
connected to the stability of the joint.

Barrack, 2003; Nishihara et
al., 2003; Lembeck et al.,
2005; Shon et al., 2005;
Ghaffari et al., 2012

- Inadequate soft tissue tension and/or
range of motion of activities can affect
the stability of the joint.

Padgett and Warashina,
2004; Patel et al., 2007;
Elkins et al., 2011; Brown et
al., 2014; Ogawa et al.,
2018

- Low head-neck radio has been linked
to increasing the risk of impingement,
which can cause the head to be
levered out of the cup.

Alberton et al., 2002;
Crowninshield et al., 2004;
Brown and Callaghan, 2008;
Cross et al., 2012; Stroh et
al., 2013

Adverse
reaction to

particle
debris

Biological
reaction to

wear
particles

generated
from the

prosthesis.

- Inflammatory response to metal debris
(ARMD) in peri-prosthetic tissues,
which can lead to the production of
soft tissue lesions (pseudotumurs) and
severe pain.

Pandit et al., 2008

- Osteolysis is the adverse biological
reaction to wear particles that results
in reabsorption of the bone
surrounding the implant.

Harris, 1995; Ingham and
Fisher, 2000; Berry, 2003

- Hypersensitivity to metal particles
(ALVAL), leading to severe pain and
an increase in fluid in the joint.

Willert et al., 2005

Peri-
prosthetic
fracture

Fracturing of
bone

surrounding
the prosthetic
components

- Osteoporosis causes a reduction in
bone density with age, which
increases the risk of fracture

Franklin and Malchau, 2007;
Marsland and Mears, 2012

- Osteolysis can lead to reabsorption of
the bone surrounding the prosthesis,
which increases the risk of fracture

Berry, 2003; Franklin and
Malchau, 2007; Marsland
and Mears, 2012

- Trauma to the joint can lead fracture
caused by a fall or traumatic event.

Beals and Tower, 1996;
Streit et al., 2011

Implant wear

Loss of
material from

prosthetic
components

- Surgical orientation and position of
acetabular cup can cause edge
loading, resulting high wear rates of
the bearing surfaces.

Leslie et al., 2009; Al-Hajjar
et al., 2010; Hart et al., 2011

- Use of a larger femoral head has been
linked to high wear rates of metal-on-
metal bearing surfaces.

Barrack and Schmalzried,
2002; Al-Hajjar et al., 2013

Implant
fracture

Fracturing or
cracking of
prosthetic

components

- Early generation of ceramics bearing
surfaces had higher risk of fatigue
failure, due to the brittleness of the
material.

Steinhoff et al., 2015

- Material and design of the femoral
stem influence the strength of the
implant, which can impact the risk of
implant fracture.

Sadoghi et al., 2014;
Spanyer et al., 2016

- Fracturing of the rim of polyethylene
liner, due to impingement and/or edge
loading.

Birman et al., 2005; Tower
et al., 2007; Furmanski et
al., 2009
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1.3.5.1 – Aseptic loosening
Aseptic loosening of component(s) is one of the failure modes observed in total

hip replacements, the primary revision rate of this failure in less than one year is 1.11

per 1,000 patient-years and 2.31 per 1,000 patient-years for over 10 years (National Joint

Registry, 2018), which demonstrates the aseptic loosening is associated with the long

term failure of the prosthesis. Aseptic loosening is the loss of fixation of prosthetic

components without sepsis (infection) and can lead to severe pain and reduction in the

mobility of patients. This mode of failure is a multifactorial phenomenon; therefore, can

be the result of a combination of different mechanisms, this includes the biological loss

of fixation, poor initial fixation and/or the mechanical loss of fixation during operation

(Abu-Amer et al., 2007).

Wear particles are generated and released into peri-prosthetic tissues, these are

produced from articulating surfaces, modular junction, and/or other non-articulating

surfaces (rim and backside of liner) (Gilbert et al., 1993; Harris, 1995; Ingham and Fisher,

2000; Berry, 2003; Hallab et al., 2004; Willert et al., 2005; Pandit et al., 2008). These

particles can cause adverse biological reactions within peri-prosthetic tissues; however,

the type of reaction depends on the material of the wear debris.

The biological loss of fixation is predominantly the consequence of osteolysis.

Osteolysis can lead to the loss of bone surrounding the prosthesis, through bone

resorption. This leads to the fixation of devices becoming compromised, resulting in the

loosening of the prosthesis (Harris, 1995; Ingham and Fisher, 2000).

Metallic wear debris from a THR has been reported to cause two different types

of adverse reactions within the body; this includes a hypersensitivity reaction to metal

particles and a reactive response to excessive metal debris (Haddad et al., 2011). The

reaction due to metal sensitivity can vary from patient to patient. This typically is

associated with a low amount of particles (Willert et al., 2005). Whereas, metal reactivity

is believed to be a biological response to a high volume of metal debris (Pandit et al.,

2008).

Metal hypersensitivity has been reported to be categorised by a lymphocytic-

dominant immunological response or aseptic lymphocytic vasculitis-associated lesions

(ALVAL) in peri-prosthetic tissues. This response can cause the following symptoms,

localised joint pain, inflammation and joint effusions (build-up of synovial fluid in the joint

capsule), and typically requires the removal of metal bearings a revision to relieve

symptoms (Willert et al., 2005).
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Reactive metal responses have been documented to be inflammatory type

responses, to excessive metallic particles within the soft tissue and high levels of metal

ions in the blood, this reaction is commonly known as an adverse reaction to metal debris

(ARMD) (Haddad et al., 2011). ARMD can lead to the production of pseudotumours (non-

cancerous lesions), metallosis (staining of soft tissues), soft tissue necrosis (cell death)

and severe joint pain, which frequently needs a revision of the device to alleviate pain

(Pandit et al., 2008; Mahendra et al., 2009; Haddad et al., 2011).

Wear debris from the ceramic bearing surfaces have been reported to cause an

biological reaction in peri-prosthetic tissues; however, an excessive volume of wear

debris is required before a substantial adverse reaction to occur, which is not associated

with the use of ceramic bearing surfaces (Hatton et al., 2003).

Wear rates of the articulating surfaces have been reported to be influenced by

the contact stresses at the articulating interfaces. High contact stresses are caused by a

reduction in the contact area, thus leading to increased wear rates of the bearing

surfaces. High contact stresses typically occur with edge loading, edge contact and/or

impingement (Sariali et al., 2012; Liu et al., 2015). Edge loading is the loading of the

femoral head on or near the edge of the acetabular cup (Figure 1.10A). Whereas, there

are two main types of impingement that occur with a THR; prosthetic (or implant)

impingement between the prosthetic femoral neck and rim of the acetabular cup (Figure

1.10B) and bone impingement between the pelvis and femur.

Figure 1.10 – Three-dimensional model of a THR. (A) Demonstrating edge loading (with separation)
at high cup inclination (view from the coronal plane). (B) Demonstrating implant impingement of
femoral neck and acetabular rim, with 55° cup inclination and 35° combined anteversion (20° cup

and 15° stem), when high flexion was applied (view normal to the sagittal plane).

These high contact stresses are also believed to cause dissociation of liners.

Liner dissociation is one of the disadvantage using modular acetabular components and
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is commonly caused by the lock mechanism between the liner and outer shell becoming

compromised (Mesko, 2009; O’Neill et al., 2015; Yun et al., 2015). This results in the

femoral head articulating against the metal outer shell, thus leading to the production of

metal wear debris being disposed into surrounding tissues and severe damage to be

subjected to the prosthetic components. The common symptoms of liner dissociations

are hip/groin pain, audible noise from the joint, limb shortening, instability and/or an

abnormal gait (Werle et al., 2002; Mesko, 2009; Mayer et al., 2012; O’Neill et al., 2015;

Yun et al., 2015; Napier et al., 2017). Early liner dissociation is thought to be associated

with mal-seating of the liner in the shell intraoperatively, due to interfering soft tissue

and/or bone debris in the locking mechanism.

Clinical reports have suggested a greater concern with polyethylene liners

dissociating compared to metal or ceramic liners, due to the variation in the design of the

locking mechanism and mechanical properties of the liner (Werle et al., 2002; Mesko,

2009; Mayer et al., 2012; O’Neill et al., 2015; Yun et al., 2015; Napier et al., 2017). The

incidence of excessive impingement and/or edge loading combined with the reduction in

the mechanical strength of crosslinked polyethylene, could result in the increased risk of

fracturing and/or dissociation of the liner (Schroder et al., 2011).

Prosthetic impingement in THRs has been reported to be linked to damage being

observed on the rim of acetabular cups/liners (Yamaguchi et al., 2000; Barrack and

Schmalzried, 2002; Birman et al., 2005; Shon et al., 2005; Duffy et al., 2009; O’Neill et

al., 2015; Yun et al., 2015). Prosthetic impingement has also been suggested to cause

separation (or subluxation) of the femoral head from the acetabular cup, as contact

between the neck and liner rim can cause the head to be levered out of the cup, thus

reducing the stability of the joint and increasing the risk of dislocation (Pedersen et al.,

2005; Kluess et al., 2007; Elkins et al., 2012; Ghaffari et al., 2012; Ezquerra et al., 2017).

1.3.5.2 – Surgical positioning of the implant

The surgical positioning of the acetabular component has long been recognised

to be one of the factors that influences the stability of a THR (Lewinnek et al., 1978; Ali

Khan et al., 1981; McCollum and Gray, 1990). Historically, Lewinnek et al. (1978)

described a “safe-zone” for orientation of the cup to reduce the risk of dislocation of the

hip, this included the ranges of 30° to 50° inclination and 5° to 25° anteversion. However,

dislocation and impingement has been observed to occur in some cases where the

acetabular cup was orientated within the “safe-zone”, as published by Lewinnek et al.

(1978) (Yamaguchi et al., 2000; Widmer and Zurfluh, 2004; Biedermann et al., 2005;

Pedersen et al., 2005; Ghaffari et al., 2012; Abdel et al., 2016; McCarthy et al., 2016).
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This has motivated further investigations to be carried out, which in turn has led to

additional “safe-zone” being reported (Figure 1.11).

Figure 1.11 -  The recommended “safe-zones” for the orientation of the acetabular cup, to reduce
the risk of dislocation and/or impingement (Lewinnek et al., 1978; McCollum and Gray, 1990;

Barrack et al., 2001). Demonstrating the differences in the recommended “safe-zones” compared to
Lewinnek et al. (1978).

Studies by McCollum and Gray (1990) and Barrack et al. (2001) considered the

influence the orientation of the acetabular cup has on the occurrence of dislocation and

impingement. McCollum and Gray (1990) proposed the ranges of 30° to 50° inclination

and 13° to 36° anteversion of the cup (converted from the operative cup anteversion

definition using the methods detailed by Murry (1993), whereas, Barrack et al. (2001)

recommended the ranges 35° to 55° inclination and 10° to 30° anteversion (Figure 1.11).

Both studies advised a higher cup anteversion compared to Lewinnek et al. (1978), with

McCollum and Gray (1990) recommending the highest cup anteversion (Figure 1.11).

Barrack et al. (2001) proposed using a higher cup inclination compared to Lewinnek et

al. (1978), and McCollum and Gray (1990) advised the same range as Lewinnek et al.

(1978) (Figure 1.11).

Excessive inclination (or abduction) of the acetabular component (>50°) has been

reported to increase the risk of edge load (Leslie et al., 2009; Al-Hajjar et al., 2010; Hart

et al., 2011; Sariali et al., 2012; Hua et al., 2016). Whereas, the risk of prosthetic

impingement has been suggested to be increased by a low cup inclination angle (Widmer

and Zurfluh, 2004; Brown and Callaghan, 2008). Prosthetic impingement has also been

stated to be influenced by the combined anteversion angle of the femoral and acetabular,



~ 18 ~

as anteversion has been suggested to affect the range of motion until impingement

(Yamaguchi et al., 2000; Barrack and Schmalzried, 2002; Patel et al., 2010).

The orientation of the acetabular component can be further impacted by the

variation in sagittal pelvic tilt, from pelvic orientation when supine during surgery to pelvic

orientation when the patient is in a stance (or standing) position or performing activities

(Nishihara et al., 2003; DiGioia et al., 2006; Murphy et al., 2013; Pierrepont et al., 2017).

The orientation of the pelvis influences the anteversion of the acetabular cup relative to

the pelvis, for every 1° of sagittal pelvic tilt has been suggested to cause a variation of

0.7° of anteversion of the cup (Figure 1.12) (Lembeck et al., 2005). Therefore, an

increased posterior pelvic tilt would increase the anteversion of the cup; thus resulting in

a greater risk of prosthetic impingement and/or dislocation (Nishihara et al., 2003; Miki

et al., 2014).

Figure 1.12 – Three-dimensional CAD models of the pelvis with a THR acetabular component
positioned in a clinically relevant orientation (45° inclination and 20° anteversion), demonstrating

the different sagittal pelvic tilts and the influence it has on the orientation of the acetabular
component.

Translational surgical positioning of the device has been described to influence

the occurrence of edge loading, this can be caused by a medial and/or superior

translation of the centre of rotation (COR) of the cup and/or head, for example, over-

medialisation of the acetabular cup within the pelvis. This leads to a separation (or

mismatch) of COR (between head and cup), which can reduce the stability of joint and

ultimately lead to irregular loading at the articulating surfaces (Leslie et al., 2009; Al-

Hajjar et al., 2010; Fisher, 2011; Sariali et al., 2012).
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1.3.5.3 – Design of the implant

Design of the prosthesis has also been reported to affect the risk of prosthetic

impingement, this includes the size (or diameter) of femoral head, geometry of the

femoral stem, and design of the acetabular component (Sultan et al., 2002; Barrack,

2003; Shon et al., 2005; Usrey et al., 2006; Patel et al., 2010; Craven, 2011). One aspect

that has been believed to influence the risk of prosthetic impingement is the head-neck

ratio, which is defined as the ratio between the size of the head and geometry of the

femoral neck (Urquhart et al., 1998; Barrack, 2003; Usrey et al., 2006). For example, a

small head with a larger circular neck profile would be defined as having a low head-

neck ratio. A high head-neck ratio (greater than 2) has been found to increase the

possible arc range of motion until impingement (Figure 1.13) (D’Lima et al., 2000).

Clinically a head-neck ratio of less than two has been suggested to cause a higher

severity of impingement damage on retrieved acetabular components (Usrey et al.,

2006).

Figure 1.13 – Schematic diagram of a femoral head and acetabular cup with varying head-neck
ratios. Demonstrating the influence varying the head-neck ratio has on the arc range of motion till
impingement. (A) 22.25 mm diameter head with 15 mm diameter neck, (B) 32 mm diameter head

with a 12 mm diameter neck.

The design of the acetabular component has been described to influence the

occurrence of prosthetic impingement. This included the size of the chamfer on the rim

of the cup and the presence of an elevated rim or lip, especially when positioned

incorrectly (Sultan et al., 2002; Shon et al., 2005; Craven, 2011). Elevated rim liners

reduce the possible range of motion of the joint; therefore, increasing the chance of

prosthetic impingement (Shon et al., 2005). This contradicts with the benefits of using a

lipped liner, as they improve joint stability and reduce the risk of posterior dislocation.
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The neck-shaft angle of the femoral stem can also impact the chances of

impingement occurring, as it influences the length of the femur and femoral offset.

Femoral offset is defined as the distance from the centre of the head to an axis through

the shaft of the femur (Figure 1.14). The offset of the acetabular component can also be

varied by translating the COR of the acetabular cup in the medial-lateral direction, which

can be altered by using a liner with a thicker section at the pole of the bearing surface

(Figure 1.15) and/or varying the position of the acetabular cup relative to the pelvis. The

offset of the acetabular and femoral component has been reported to influence the risk

of bone impingement (contact between the pelvis and femur) (Kurtz et al., 2010).

Increasing the offset has been reported to increase the possible range of motion of the

joint before bone impingement (Kurtz et al., 2010; Shoji et al., 2016).

Figure 1.14 – Three-dimensional CAD model of the proximal femur with a femoral stem and head
(based on DePuy’s Corail), demonstrating femoral offset.

Figure 1.15 – Schematic diagram of the standard neutral acetabular liner and neutral liner with a
4mm offset, demonstrating the change in COR of the cup with the increased acetabular offset.
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1.3.5.4 – Range of motion and bone variation

Clinically the site of prosthetic impingement on the rim of the acetabular cup has

been observed on both the anterior and posterior section of the rim (Yamaguchi et al.,

2000; Shon et al., 2005; Usrey et al., 2006; Griffiths-Jones and Williams, 2014), even

when the acetabular cup is orientated in an acceptable range, as described by Lewinnek

et al. (1978) (30° to 50° inclination and 5° to 25° anteversion) (Yamaguchi et al., 2000;

Ghaffari et al., 2012; McCarthy et al., 2016). Posterior impingement has been reported

to occur more frequently than anterior impingement (Hall et al., 1998; Yamaguchi et al.,

2000; Shon et al., 2005; Griffiths-Jones and Williams, 2014). The site of prosthetic

impingement has been connected to the range of motion of different activities of daily

living, for example activities that include high flexion such as sit to stand causes anterior

impingement, whereas activities that comprised of high extension and external rotation

led to posterior impingement (Kluess et al., 2007; Ghaffari et al., 2012; Ezquerra et al.,

2017).

Similar to prosthetic impingement, the site of bone impingement was also

influenced by the range of motion of different activities. Bone impingement is believed to

occur between the anterior osseous femoral neck and anterior-inferior iliac spine when

performing activities with high flexion (Figure 1.16A) (Elkins et al., 2012), whereas bone

impingement between the posterior osseous femoral neck and ischium of the pelvis

when performing maneuverers that includes high external rotation (Figure 1.16B)  (Shoji

et al., 2017). Bone impingement has been reported to be also impacted by variation in

bone morphologies of patients (Shoji et al., 2017), as larger bone morphologies are likely

to increase the risk of bone impingement.
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Figure 1.16 – Three-dimensional CAD model of femur and pelvis with THR, demonstrating the effect
range of motion of different activities has on the location of bone impingement. The acetabular

component was positioned at 40° inclination and 35° anteversion, and femoral stem was orientated
at 15° anteversion. (A) Bone impingement between the anterior osseous femoral neck and anterior-
inferior iliac spine when performing activities with high flexion. (B) Bone impingement between the

posterior osseous femoral neck and ischium of the pelvis when performing maneuverers that
include high external rotation.

1.3.5.5 – Dislocation and subluxation

Dislocation and subluxation is another mechanism of failure that was reported

with THRs, with the highest revision rates within less than one year of 2.37 per 1,000

patient-years (Table 1.1) (National Joint Registry, 2017). Considering this and

observation of dislocation occurring in patients less than 2 years (Padgett et al., 2006;

Tanino et al., 2007; Plate et al., 2012), suggests that dislocation is a short-term failure

mechanism. Dislocation of a THR is the complete loss of contact between the bearing

surfaces, caused by instability or trauma (Dargel et al., 2014). This can lead to excessive

wear/damage of the implant, loosening of the device, reduction in the range of motion,

and severe joint pain (Padgett et al., 2006; Tanino et al., 2007; Dargel et al., 2014). The

risk of dislocations of a THR have been reported to be influenced by the design of

devices, surgical positioning of the device, biomechanical factors, and/or patient-specific

variables (Alberton et al., 2002; Crowninshield et al., 2004; Shon et al., 2005; Brown and

Callaghan, 2008; Ghaffari et al., 2012; Stroh et al., 2013).

Similar to impingement and edge loading, surgical positioning of the implant has

an impact on the stability of a THR. Excessive inclination and/or an inadequate version
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of the acetabular cup, have been reported to decrease the stability of the joint, thus

increasing the risk of dislocation or subluxation. For example, low inclination and

anteversion of the acetabular cup, improves the anterior-superior coverage of the head

and reduces the coverage of the posterior-inferior proportion, and therefore reducing the

contact area when in deep flexion. Whereas, high inclination and anteversion have the

opposite effect on head coverage. This suggests that a compromise is required for the

optimal performance of a THR to be achieved (Padgett and Warashina, 2004; Patel et

al., 2007; Dargel et al., 2014).

Stability of a THR has been reported to be influenced by the variation in the size

of the femoral head, increasing the size of the femoral head has been found to improve

the stability of the THR (Kelley et al., 1998; Amstutz et al., 2004; Crowninshield et al.,

2004; Cross et al., 2012; Plate et al., 2012; Brown et al., 2014). Larger head sizes allow

the head to sit deeper within the cup, which means a larger deviation is required (or

‘jumping distance’) before dislocation can occur (Crowninshield et al., 2004).

Soft tissues surrounding the joint can impact the risk of dislocation, these can be

influenced by the development of neuromuscular conditions (such as cerebral palsy),

surgical approach used, and/or inadequate tension of soft tissues intraoperatively

(Padgett and Warashina, 2004; Patel et al., 2007; Elkins et al., 2011; Brown et al., 2014;

Ogawa et al., 2018). To implant the prosthesis, soft tissues surrounding the joint (such

as ligament and muscles) are required to be disturbed and/or dissected, and the soft

tissues that are disturbed and/or dissected are influenced by the surgical approach

selected by the clinician. For example, the posterior approach involves detaching the

external rotators and dissecting the posterior joint capsule, which compromises the

posterior portion of the joint capsule, thus increasing the risk of posterior dislocation

(Pellicci et al., 1998; Elkins et al., 2011). The offset of the femoral and/or acetabular

components have been reported to influence the tension of the soft tissues, as

decreasing the offset can result in a reduction of tension of the soft tissues, which can

reduce joint stability (Padgett and Warashina, 2004; Ogawa et al., 2018).

To reduce the risk of dislocation post-surgery, patients are taught a series of hip

precautions. This includes not flexing beyond 90° (for example not bending down or

sitting on low seats), adducting beyond the midline of the body (for example not crossing

legs), and avoiding internal and external rotating beyond 20° from neutral (or stance)

position (for example not twisting legs when turning) (Lucas, 2008).
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1.3.5.6 – Peri-prosthetic fracture

Peri-prosthetic fracture accounted for 14% of the THR revisions carried out in

2016 (National Joint Registry, 2017). Peri-prosthetic fracture is the fracture of bone

surrounding the prosthetic device and can occur within the pelvis or femur (Berry, 2003).

Peri-prosthetic fractures have been reported to be the result of trauma to the joint due to

a fall, and/or degeneration of bone (Beals and Tower, 1996; Berry, 2003; Franklin and

Malchau, 2007; Streit et al., 2011; Marsland and Mears, 2012). Degeneration of the bone

surrounding a prosthesis compromises the structure of the bone, which can produce a

weak point within the bone, thus increasing the risk of a fracture. Peri-prosthetic fracture

due bone degeneration has been linked to degenerative diseases such as osteoporosis,

and/or an adverse biological reaction to wear debris for example osteolysis (Berry, 2003;

Franklin and Malchau, 2007; Marsland and Mears, 2012).

1.3.5.7 – Implant fracture

Implant fracture is the catastrophic failure of a THR, which almost entirely leads

to the revision of the THR. Implant fracture is relatively rare compared to other failure

mechanisms such as aseptic loosening and dislocation, with implant fracture contributing

to 3% of revision in 2016 (National Joint Registry, 2017). Implant fracture has been

observed to occur with the femoral stem, head, and acetabular cup/liner, with more than

half of implant fractures being fractures of the stem (National Joint Registry, 2017). The

fracturing of the stem has been reported to be caused by the design and/or material of

the stem, which impacts the strength of the component, thus influencing the risk of

fracturing (Sadoghi et al., 2014; Spanyer et al., 2016). The fracturing of the head and/or

liner are typically observed when a ceramic bearing surfacing is used, this is due to the

brittleness of ceramics compared to other bearing materials, and therefore the risk of

fracturing is increased (Steinhoff et al., 2015).

The fracturing of liner/cups are not only limited to ceramic bearing surfaces, but

liner fracturing/cracking have also been observed clinically with polyethylene liners

(Birman et al., 2005; Tower et al., 2007; Furmanski et al., 2009). In a retrieval study by

Tower et al. (2007), the authors stated that the use of thin highly crosslinked polyethylene

should be assessed thoroughly, due to the combination of the deceased toughness of

the material and reduced thickness; the risk of fatigue failure of the component is

increased. This mode of failure can also be influenced by a high inclination angle of the

cup, which can lead to the femoral head loading of the superior proportion of the rim;

consequently, resulting in the cracking and/or fracturing of the liner. Failure of the liner

in this study was not due to the oxidation degradation, as no oxidation was found within
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the polyethylene, therefore the failure is most likely to be the linked to the mechanical

strength of the liner. This study was carried out on highly crosslinked polyethylene liners

(Longevity; Zimmer Biomet, Warsaw, IN, USA), which were manufactured using

electron-beam irradiated at a dose of 10 Mrad with the subsequent melting process. The

finding from this study suggest that the melting process removes most of the free

radicals; however, it also suggests that the process has a greater impact on the

mechanical properties and fatigue strength of the polyethylene compared to the other

process. The melting process is believed to reduce the toughness and fatigue strength

of the material, as it decreases the crystallinity of the polymer (Tower et al., 2007; Kurtz,

2009).

Retrieval investigations on Crossfire crosslinked polyethylene acetabular liners

by Stryker Orthopaedics (Mahwah, NJ, USA), found that the crosslinked polyethylene

undergoes some oxidation degradation when in vivo, caused by residual free radicals

within the material (Wannomae et al., 2006; Currier et al., 2007). Areas of highest

oxidation degradation were found at the rim of the liner, which suggests that the femoral

head and the metal acetabular shell protect the polyethylene from being in contact with

oxidising fluids and tissues (Wannomae et al., 2006; Currier et al., 2007). The combined

mechanisms of embrittlement at the rim caused by high levels of oxidation, and the

occurrence of impingement and/or edge loading; could potentially increase the risk of

mechanical failure of the device, due to rim fracturing and/or loosening of liners.

1.4 – Computational studies investigating impingement

Numerous computational studies that have investigated impingement of THRs,

have reported that the orientation of the implant influences the possible ROM till

impingement (D’Lima et al., 2000; Widmer and Zurfluh, 2004; Pedersen et al., 2005;

Barsoum et al., 2007; Kluess et al., 2007; Patel et al., 2010; Ghaffari et al., 2012;

McCarthy et al., 2016; Ezquerra et al., 2017). Increasing the inclination (or abduction) of

the cup has be reported to increase the possible range of flexion, extension and

abduction, but decreases the range of adduction and rotation of the hip (D’Lima et al.,

2000). Increasing the anteversion of the cup and/or stem has been observed increased

the possible range of flexion and internal rotation, but reduces the possible range

extension and external rotation (D’Lima et al., 2000; Pedersen et al., 2005; Barsoum et

al., 2007; Patel et al., 2010; Ezquerra et al., 2017).

Activities that included high ranges of flexion (>90°) with internal rotation (for

example sitting down on a chair) caused prosthetic impingement when the cup was



~ 26 ~

orientated at low inclination and anteversion (Pedersen et al., 2005; Kluess et al., 2007;

Patel et al., 2010; Ghaffari et al., 2012). Whereas, activities that included high ranges of

external rotation (>20°) with extension (for example rolling over in bed) caused prosthetic

impingement when the cup was orientated at high inclination and anteversion (Pedersen

et al., 2005; Kluess et al., 2007; Patel et al., 2010; Ghaffari et al., 2012). Different

activities led to impingement at different orientations of the cup, this was due to the

varying ranges of motion of the activities; therefore, an optimal cup orientation needs to

consider the ROM of a range activities (Pedersen et al., 2005; Patel et al., 2010; Ghaffari

et al., 2012). The risk of impingement was also found to be more sensitive to cup

anteversion compared to cup inclination, as a high cup anteversion angle improved the

ROM till impingement more substantially than a high cup inclination (Ghaffari et al.,

2012).

Impingement was observed to occur when the acetabular cup was orientated

within the ‘safe zone’ as described by Lewinnek et al. (1978) (Widmer and Zurfluh, 2004;

Ghaffari et al., 2012; McCarthy et al., 2016). This implied that the orientation of the cup

should be altered to meet the ROM of the individual patients, and that a defined ‘safe

zone’ may not be appropriate for everyone (Widmer and Zurfluh, 2004; McCarthy et al.,

2016).

Range of motion till impingement has also been found to be influenced by the

size (or diameter) of the femoral head, as increasing the size of the head improved the

possible ROM till prosthetic impingement (D’Lima et al., 2000; Kluess et al., 2007; Patel

et al., 2010; Ezquerra et al., 2017). However, increasing the size of the head was

observed to have an negative effect on the risk of bone impingement, which implies that

bone impingement may be a limiting factor for ROM when a large head size is used

(Elkins et al., 2011).

Several finite element analysis (FEA) studies that have investigated

impingement, have stated that prosthetic impingement can lead to high contact stresses

at the rim of polyethylene liners (Pedersen et al., 2005; Kluess et al., 2007; Ghaffari et

al., 2012; Ezquerra et al., 2017). These high contact stresses have been found to go

above the yield strength of the polyethylene (23.56 MPa); thus leading to plastic

deformation of the liner rim (Kluess et al., 2007; Ezquerra et al., 2017). In addition to high

contact stresses at the impingement site, high contact stresses were also been observed

at the edge of the bearing surface, known as an egress site (Pedersen et al., 2005;

Kluess et al., 2007; Ghaffari et al., 2012; Ezquerra et al., 2017). The egress site has been

reported to be the result of subluxation, due to the head being levered out of the cup
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secondary to prosthetic impingement, thus leading to the head contacting the edge of

the bearing surface (Kluess et al., 2007). The levering out of the head secondary to

impingement was also observed to cause the joint to become unstable, which can lead

to the dislocation of the THR (Pedersen et al., 2005). However, increasing the size of the

head reduced the contact stresses at the egress site, and increased the resisting

moments against dislocation (Kluess et al., 2007; Ezquerra et al., 2017).

Computational studies that have been carried out to investigate both prosthetic

and bone impingement. This includes both finite element analysis (FEA) and geometric

models. The majority of the FEA studies that have investigated impingement typically

have not included bone geometries. Incorporating bone geometries increases the

complexity of the model; therefore, increasing the computational time of generating

results  (Pedersen et al., 2005; Kluess et al., 2007; Ghaffari et al., 2012; Ezquerra et al.,

2017). These studies also only consider prosthetic impingement and not bone

impingement; therefore, bone impingement could occur before prosthetic impingement,

which means the prediction from these studies might not be observed clinically.

Whereas, the majority of the studies that used geometrical models included both implant

and bone geometries (Widmer and Zurfluh, 2004; Barsoum et al., 2007; Patel et al.,

2010; McCarthy et al., 2016), which permitted the investigation of both prosthetic and

bone impingement in these studies.

In the FEA studies by Pedersen et al. (2005), Kluess et al. (2007) and Ghaffari et

al. (2012), the geometries of the implant component were generated from generic (or

simplified) geometries, as these studies were interested in the stress that is subjected to

the liner during impingement and dislocation conditions. The variation in the design of

the prosthesis has been reported to influence the risk of prosthetic impingement (Sultan

et al., 2002; Barrack, 2003; Shon et al., 2005; Usrey et al., 2006; Patel et al., 2010;

Craven, 2011); therefore, the predicted results might not be clinically relevant, as they

did not consider the design of clinically available THRs. Whereas, the FEA studies

carried out by Ezquerra et al. (2017) and Elkins et al. (2012) used implant geometries

based upon specific designs of implant, which meant the neck profile of the stem and/or

liner rim replicated clinically available designs, which increased the clinical relevance of

the prediction of impingement compared to using generic (or simplified) geometries.

Geometric models used to investigate impingement were not able to consider the

contact forces applied to the joint when performing different activities to investigate

impingement (D’Lima et al., 2000; Widmer and Zurfluh, 2004; Padgett et al., 2006;

Barsoum et al., 2007; Patel et al., 2010; Miki et al., 2014). This meant the stresses that
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are subjected to the liner when prosthetic impingement occurs could not be assessed;

therefore, the severity of the rim damage due to impingement could not be defined. To

simulate the femoral head articulating against the acetabular cup without the contact

forces of the joint, the COR of the femoral head was required to be constrained to the

COR of the acetabular cup (Widmer and Grützner, 2004; Barsoum et al., 2007; Patel et

al., 2010). However, constraining the head and cup in this manner meant subluxation of

the head and/or edge loading secondary to impingement could not be assessed;

therefore, only the initial point of prosthetic impingement can be investigated using a

geometric model.

The majority of the studies that used geometric models to assess impingement

(D’Lima et al., 2000; Widmer and Grützner, 2004; Padgett et al., 2006; Barsoum et al.,

2007; Patel et al., 2010) applied joint motion to the model, by moving the hip through one

axis of motion and fixing the other axes of motion. For example, moving the joint through

internal rotation, with flexion and adduction fixed at 90° and 10° respectively or moving

the through pure flexion. This method does not accurately simulate the joint motion of

clinically relevant activities, because all three axes of motion of the hip vary when

performing different activities of daily living (Nadzadi et al., 2003; Bergmann, 2008).

Few computational studies investigating impingement (Widmer and Grützner,

2004; Pedersen et al., 2005; Ghaffari et al., 2012) have considered acetabular cup

orientations substantially outside the acceptable range (30° to 50° inclination and 5° to

25° anteversion) (Lewinnek et al., 1978). Clinically only between 60% (Danoff et al.,

2016) and 80% (Rittmeister and Callitsis, 2006) of the acetabular cup are positioned

within the acceptable range. In a study by Danoff et al. (2016), the authors reported a

clinical range of 18° to 80° inclination and -16° (retroversion) to 48° anteversion of the

acetabular cup (Figure 1.17), which is over 10° outside of the acceptable range

(Lewinnek et al., 1978). Considering this, only investigating acetabular cup orientations

within the acceptable range does not capture the full range of orientations that are

observed clinically.
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Figure 1.17 – Ranges of acetabular cup orientation observed clinically (Rittmeister and Callitsis,
2006; Danoff et al., 2016) and the acceptable range reported by Lewinnek et al. (1978).

Demonstrating the difference between the clinically observed cup orientations compared to the
acceptable range.

Computational studies used to assess impingement have widely reported the

type of impingement at various conditions, for example, whether the impingement that

occurred is prosthetic (component-on-component) impingement or bone (bone-on-bone)

impingement. The location (or site) of prosthetic impingement on the liner rim has not

been widely reported. This meant the predictions from these studies cannot easily be

connected to the rim damage reported in retrieval studies (Yamaguchi et al., 2000; Shon

et al., 2005; Usrey et al., 2006); therefore, making it difficult to characterise the observed

rim damage to prosthetic impingement.

The effect head and/or neck diameter of the femoral component has on

impingement has been widely reported using computational models (Kluess et al., 2007;

Elkins et al., 2012; Ghaffari et al., 2012; Ezquerra et al., 2017); however, very little has

been done computationally, to investigate the influence variation in the design of the liner

(such as lipped) has on impingement. The variation in the design of the liner has been

reported clinically to affect the risk of prosthetic impingement and possible range of

motion (Sultan et al., 2002; Shon et al., 2005; Craven, 2011).

1.5 – Retrieval studies of polyethylene components

Retrieved components removed at revision surgeries have widely been used to

assess the clinical failure and performance of THR components. The information
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collected from these studies has assisted with determining the failure mechanisms of

devices and validated experimental investigations.

One of the main challenges in carrying out analysis on retrieved components is

the lack of data on the geometry of the polyethylene component before it was implanted

in-vivo; therefore, analysis approaches that are typically used to assess damage of

experimental test samples cannot be used. Experimental samples are measured before

and after testing and then the worn/deformed components can be compared to the initial

data (Bills et al., 2005). Measurement data of a retrieved sample cannot be accurately

compared to the data of another un-implanted (or unworn) sample, due to variances

between different samples, which are inherent due to the manufacturing tolerances of

components.

The difficulties of assessing retrievals are further complicated when the retrieved

components are manufactured from polyethylene. Unlike harder bearing surface (such

as ceramics) polyethylene components undergo creep and plastic deformation; in

addition, to wear when in-vivo (Barbour et al., 1999; Williams et al., 2003); therefore,

variation in the surface geometry cannot be accurately defined as deformation or wear.

Furthermore, polyethylene retrieved samples frequently are observed with damage

caused by the removal process, known as iatrogenic damage. This damage can be

challenging to distinguish from damage caused prior to removal; therefore, making it

difficult to characterise the damage.

Polyethylene retrievals have been reported to be analysed using a number of

different techniques, to quantitatively measure and categorise damage (wear and

deformation). This includes techniques to assess the severity and volume of the wear

and/or deformation of component, to methods to determine the mechanical properties

and the amount of oxidation present in the material. These techniques can be separated

into two categorises; non-destructive and destructive. Destructive techniques such as

small punch testing and Fourier transform infrared (FTIR) spectroscopy, typically results

in un-reversible damage to the component. Whereas, non-destructive such as using

optical microscopy and coordinate measuring machine (CMM), preserves the structure

and features of components. The techniques that have been used to assess wear and/or

damage of polyethylene retrievals are detailed in Table 1.2.
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Table 1.2 – Types of analysis and the associated techniques used on retrieval studies, with an
indication of whether the technique is destructive or not.

Analysis method Type of analysis Type of data Destructive Reference of studies

Optical microscopy Damage/wear Qualitative No

Birman et al., 2005;
Shon et al., 2005; Usrey
et al., 2006; Currier et
al., 2007; Kurtz et al.,
2010; Marchetti et al.,

2011; Kurtz et al., 2015
Scanning electron
microscope (SEM)

Damage &
composition Qualitative No Usrey et al., 2006;

Tower et al., 2007

Visual damage
scoring Damage/wear Semi-

quantitative No

Yamaguchi et al., 2000;
Barrack and

Schmalzried, 2002;
Birman et al., 2005;

Shon et al., 2005; Usrey
et al., 2006; Currier et
al., 2007; Tower et al.,

2007; Kurtz et al., 2010;
Marchetti et al., 2011;

Kurtz et al., 2015
Coordinate
measuring

machine (CMM)

Volumatic wear/
damage Quantitative No

Barrack and
Schmalzried, 2002; Bills

et al., 2007

Micro-computed
tomography (Micro-

CT)

Volumatic wear/
damage Quantitative No

Bowden et al., 2005;
Teeter et al., 2010b;

Pang et al., 2015; Kurtz
et al., 2015

Small punch test Mechanical
properties Quantitative Yes Kurtz et al., 2005

Tensile test Mechanical
properties Quantitative Yes Tower et al., 2007

Fourier transform
infrared

spectroscopy
(FTIR)

Oxidation index Quantitative Yes
Wannomae et al., 2006;

Currier et al., 2007;
Tower et al., 2007

In addition to directly assessing retrievals, the clinical performance of a THR can

also be assessed when the implant is still in-vivo. This is performed using medical

imaging (such as radiographs) to determine the distance between the centre of the

femoral head relative to the COR of the acetabular cup (Martell and Berdia, 1997), in

order to define the head penetration in-vivo. However, this approach does not consider

the wear or deformation at the rim of the acetabular cup.

Visual assessments are most commonly used to assess and characterise

damage of polyethylene retrievals. This is commonly performed by using various

different methods of visually scoring the damage, in order to quantitatively assess and

categorise the amount of damage (Yamaguchi et al., 2000; Barrack and Schmalzried,

2002; Birman et al., 2005; Shon et al., 2005; Usrey et al., 2006; Currier et al., 2007; Kurtz

et al., 2010, 2015; Marchetti et al., 2011). Typically optical microscopy and scanning

electron microscope (SEM) are used in combination with visual damage scoring (Birman

et al., 2005; Shon et al., 2005; Usrey et al., 2006; Currier et al., 2007; Kurtz et al., 2010;
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Marchetti et al., 2011), to allow highly detailed inspections of the surface to be carried

out. This permits micro scratches and cracks to be identified in the surface of the

material. Using the SEM over the optical microscope permits analysis of the surface at

a greater magnification; however, it requires the polyethylene surface to be coated in a

conductive material (such as gold) (Bradford et al., 2004a).

One of the earliest reported visual damage scoring methods is the Hood damage

score. This scoring approach was originally developed to categorise the surface damage

on polyethylene tibial components of total knee replacements (TKRs) (Hood et al., 1983).

This approach defines seven modes of surface damage; abrasion, burnishing,

delamination, embedded debris, plastic deformation, pitting, and scratching (Hood et al.,

1983). Tibial components were split into four quadrants and each quadrant is graded

from zero to three depending on the percentage coverage of each mode of damage

observed. This method is only able to categorise the observed damage but does not

consider the severity of each of the damage modes. The Hood method can also be

subjective; therefore, different observers may characterise the damage differently,

resulting in the damages scores not being comparable to other research groups (Childs

et al., 2016). A number of different authors have recognised the limitations of the Hood

damage scores and developed other damage scores that visually assessed the severity

and presence of the damage independently using a semi-quantitatively approach, then

combining the scores to generate overall damage score (Wasielewski et al., 1994;

Lombardi et al., 2008; Brandt et al., 2012). The method reported by Lombardi et al.

(2008) included an additional grading protocol that also measured the depth of the

damage observed on the surface of the retrieval and graded the depth from 0 to 3.

In literature there are two main types of visual damage scoring methods reported

to quantitatively assess the severity and/or categorise the rim damage of polyethylene

THR components, this includes using an adapted versions of the Hood et al. (1983)

damage scoring approach (Kurtz et al., 2005; Pang et al., 2015) and methods that grades

the severity of the rim damage by the measuring the angular width and span of the

damage (Yamaguchi et al., 2000; Birman et al., 2005; Shon et al., 2005; Usrey et al.,

2006).

The number of different methods have been used on retrieved polyethylene

acetabular components to directly measure the variation in volume due to wear and

deformation. This includes shadowgraph techniques, fluid displacement techniques,

coordinate measuring machine (CMM) techniques and micro-computed tomography

(Micro-CT) techniques. The disadvantage of using the shadowgraph and fluid
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displacement techniques to assess retrievals, is that they are time-consuming to

complete and are only suited to assess variation in volume at the bearing surface.

Furthermore, the location of the volume change cannot be identified when using the fluid

displacement method, as it only considers the overall volume change. Whereas, the

CMM and Micro-CT methods can define the location in changes in the volume of the

polyethylene components, which permits areas of high change of volume to be identified

(Bills et al., 2007). Both the CMM and Micro-CT methods typically define the variation in

volume by comparing the worn measurement data to an unworn reference. The deviation

between the worn and unworn allows a map of the volumetric variation to be generated

and total volume and location of the damage (wear and deformation) can be ascertained

(Bowden et al., 2005; Bills et al., 2007; Teeter et al., 2010b; Uddin, 2014).

The process of defining the unworn reference can vary between studies, this

variation in the process can have an influence on the accuracy of the method. In the

retrieval study by Uddin (2014) the unworn reference was defined by taking several

points on the unworn portion of the bearing surface using a CMM and generating a

nominal sphere by calculating the best-fit sphere from these points. Using this approach

the authors reported volumetric wear as low as 0.49mm3 and the maximum error of

±3.12mm3 (Uddin, 2014); therefore, would be difficult to define very low volumes

accurately. Similar was performed by Bills et al. (2007) using a CMM, were authors took

points from the unworn section of the bearing surface and applied a non-uniform rational

B-splines (NURBS) to create an unworn reference. These approaches of generating

unworn reference cannot be used on the rim profile of polyethylene acetabular

components, due to the complexity of the geometry and variation in geometry between

designs of components.

In the micro-CT method described by Bowden et al. (2005), the unworn reference

was defined by using the unworn region of the bearing surface and size of the femoral

head. This method was expressed to have maximum scanner uncertainly of 0.6% and

was found to be repeatable when an intra-observer assessment was carried out. (Teeter

et al., 2010b) reported a micro-CT technique that generates a three-dimensional map of

the volume variation due to wear (and deformation) for the bearing surface, rim and

backside of polyethylene liners, which allows analysis to be performed on the entire

acetabular component. The unworn reference geometry that was used to define the

volumetric variation was defined by measuring an unworn component of the same

design, which created uncertainty due to manufacturing tolerances of the polyethylene

component.
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 In the study by Bowden et al. (2005) and (Teeter et al., 2010b), the authors

measured a series of retrieved polyethylene acetabular components using a micro-CT

scanner, to generate a three-dimensional representation of the sample. An advantage of

using this analysis method over CMM is it allows quantitative data to be generated from

the entire acetabular component, this includes the rim and backside surface of liners.

However, the process of generating three-dimensional representation from the micro-CT

scanner can be time-consuming and requires a large amount of data storage for the data.

Some retrieval studies have used medical imaging (plain radiographs) to define

the orientation of the acetabular component in combination with the visual assessment

of rim damage, in order to determine the location of the damage when the component

was in-vivo. Yamaguchi et al. (2000) and Shon et al. (2005) reported that the orientation

of the acetabular component was determined by taking measurements of inclination and

version from anteroposterior pelvic radiographs. Inclination (or abduction) angle was

defined by measuring the angle between the acetabular teardrop line and the long axis

through the ellipse created by the edge of the metallic backing or by the wire marker

(Lewinnek et al., 1978). Version of the acetabular component was determined by taking

a series of measurements from the radiograph (Figure 1.18) and applying them to a

mathematic equation (Equation 1) (Hassan et al., 1995). Following this, a geometric

feature of the cup identifiable on the radiograph (such as wire marker or elevated rim) is

used to define the rotation angle of the component, from which the superior of the cup

can be determined. This information was then used to determine the spatial location of

the rim relative to the superior of the cup. However, this approach relies on being able to

identify geometric features on the acetabular cup that can be seen on the radiograph of

the pelvis.

= 	 /

/ / / (Equation 1)
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Figure 1.18 – Schematic diagram of the acetabular component and femoral head of a THR with
measurements that were required to calculate the version of the acetabular Component, as defined
in Equation 1. D = diameter, m = random measurement taken along D, and h = measurement taken

from a perpendicular at distance m to the edge of the acetabular cup (Diagram adapted from
Hassan et al., 1995).

1.6 – Experimental methods assess prosthetic impingement

There are very few studies that have experimentally investigated prosthetic

impingement, using various different approaches (Bader et al., 2004; Holley et al., 2005;

ASTM, 2014). Bader et al. (2004) described an experimental impingement test method

to determine the effect of varying the orientation of the acetabular cup, bearing couple

(metal-on-polyethylene and ceramic-on-polyethylene) and the geometry of the rim have

on the maximum range of motion until dislocation and the maximum resisting moment in

subluxation. This was achieved by mounting a THR (femoral stem and acetabular) in a

clinically relevant orientation and applying joint motion in internal/external rotation while

the other axes of motion (flexion/extension and adduction/abduction) were fixed.

Applying joint motion in this manner does not accurately replicate the joint motion of

activity of daily living, as each axis of joint motion varies when carrying out different

activities.

In the experimental study by Holley et al. (2005) the authors reported an

experimental impingement method to investigate the wear and damage of polyethylene

acetabular cups under severe impingement conditions and to determine whether the

amount wear and damage observed on polyethylene cup was influenced by the cross-

linking process. This method was performed by applying a Paul-type hip-load profile with

a peak load 2 kN and non-anatomical joint motion at a frequency of 1 Hz. Cups were

positioned in non-anatomical orientation and impingement occurred at the maximum

load during each cycle and the test was carried out for 5 million cycles. This study was

focused on evaluating the wear and damage behaviour of the materials under severe
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impingement conditions; therefore, did not apply clinically relevant inputs and acetabular

cup orientations.

In addition to the experimental studies by Bader et al. (2004) and Holley et al.

(2005) there is also a standard pre-clinical test method to evaluate the material and

design of acetabular components under severe prosthetic impingement conditions

(F2582 – ASTM, 2014) published by the American Society for Testing and Materials

(ASTM). This methodology is performed by applying constant load axially (or superior-

inferior direction) through the acetabular component and all three axes of joint motions

were applied through the femoral component for one million cycles. The acetabular

component is required to be positioned in a horizontal orientation (or perpendicular of

the direction to the axial load) and the femoral component is orientated at 0°

flexion/extension and internal/external rotation and abducted until impingement (or

contact) between the stem and liner rim occurs. Similar to the method detailed by Holley

et al. (2005), this methodology was focused on assessing the fatigue, deformation and

wear behaviour of the material and design of acetabular liner under severe impingement

conditions; therefore, did not use inputs and component orientations that are observed

clinically.

1.7 – Summary

 The short-term (<1 year) failure of total hip replacements are mainly associated

with mechanical failure, such as aseptic loosening, dislocation/subluxation, peri-

prosthetic fracture, implant fracture and mal-alignment (National Joint Registry, 2018).

Whereas wear-related failure, such as lysis, implant wear and adverse reaction to

particulate debris, has been suggested to be long-term failure of the prosthesis (National

Joint Registry, 2018).

Polyethylene bearing surfaces have been reported to be the most frequently

compared to ceramics and metal bearings, with around 90% of the primary total hip

replacements include a polyethylene component (typically acetabular liner or cup)

(National Joint Registry, 2018). Since the introduction of crosslinked polyethylene in the

1990s, it has been reported that using crosslinked polyethylene reduces the risk of wear

related failure of devices. This is due to the enhanced wear resistance of crosslinked

polyethylene compared to conventional polyethylene (Estok et al., 2007; Kurtz, 2009;

Pang et al., 2015; Bookman et al., 2017). However, in recent years there has been

concerns with the reduction in ductility and toughness of crosslinked polyethylene, which

has been reported to increase the risk of fatigue failure (such as fracturing or cracking)
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of the polyethylene (Bradford et al., 2004b; Birman et al., 2005; Tower et al., 2007;

Schroder et al., 2011). The fatigue failure of polyethylene has been suggested to be

initiated by damage at the liner rim, and is believed to be the result of edge loading and/or

prosthetic impingement (Birman et al., 2005; Tower et al., 2007; Duffy et al., 2009;

Schroder et al., 2011).

Prosthetic impingement has been reported to be influenced by multiple different

factors, including the surgical orientation of the implant (Widmer and Grützner, 2004;

Brown and Callaghan, 2008), the design of the components (Sultan et al., 2002; Barrack,

2003; Shon et al., 2005; Usrey et al., 2006; Patel et al., 2010; Craven, 2011) and/or

patient specific variations (Elkins et al., 2012; Shoji et al., 2017). Prosthetic impingement

has also been described to cause dislocation/subluxation of the femoral head, due to the

head being levered out of the cup secondary to impingement, which in turn reduces the

stability of the hip joint (Pedersen et al., 2005; Kluess et al., 2007; Elkins et al., 2012;

Ghaffari et al., 2012; Ezquerra et al., 2017).

In the literature, impingement of THRs have been investigated using various

approaches. This included performing computational, retrieval or experimental studies,

with most of the studies investigating impingement being retrieval studies. The

computational studies that have investigate impingement (prosthetic and bone) have

used either finite element or geometric models, with geometric models being able to

consider a wide range of variables relatively quickly compared to FEA models. Retrieval

studies investigating rim damage, predominantly used visual-based assessment

methods that qualitatively or semi-quantitatively define the observed damage, which

meant the analysis can be subjective and difficult to compare to results from other

research groups. Very few studies have experimentally investigated prosthetic

impingement on polyethylene liners, and studies that have do not consider inputs (motion

and loading) of clinically relevant activities.

1.8 – Aims and Objectives

1.8.1 – Aims

The overall aim of the study was to develop methodologies to investigate and

characterise rim damage of polyethylene acetabular liners of total hip replacements due

to prosthetic impingement. The study also aimed to develop methodologies to measure

and analyse liner rim damage, so rim damage observed on retrieved liners could be

compared to the simulator tested liners.
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1.8.2 – Objectives

The objectives of this project were:

· To develop and evaluate an automated geometric model to assess the effect a

range of variables had on the occurrence and location of impingement (prosthetic

and bone) in total hip replacement.

· Assess the influence a range of variables (such as orientation of acetabular cup,

design of the liner and stem) had on the occurrence and location of impingement

of a total hip replacement, using the developed geometric model.

· Produce and evaluate a quantitative measurement method to assess wear and

deformation of polyethylene acetabular liners, with particular emphasis on the

assessment of the wear and deformation of the rim of the liner.

· Develop and evaluate an experimental methodology to generate impingement

damage on the rim of acetabular liners, using clinically relevant inputs.

· Compare rim damage observed on retrieved polyethylene acetabular liners to

predictions from the geometric model and observed rim damage generated

experimentally.

· Identify keys areas for future studies to investigate the causes and impact

impingement has on the performance of polyethylene acetabular liners.
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Chapter 2 – Development of a three-dimensional
geometric model to investigate impingement

in THRs.

2.1 – Introduction

There have been numerous computational studies that have been performed to

investigate prosthetic and bone impingement of THRs. These studies have used two

approaches: finite element analysis (FEA) or geometric modelling methods. The studies

have that used FEA models typically did not consider bone impingement and used

generic (or simplified) implant geometries. This is because, including these geometries

would increase the complexity of the model, therefore, increasing the computational time

(Pedersen et al., 2005; Kluess et al., 2007; Ghaffari et al., 2012; Ezquerra et al., 2017).

Whereas, the majority of the studies that used geometric models included both implant

and bone geometries (Widmer and Zurfluh, 2004; Barsoum et al., 2007; Patel et al.,

2010; McCarthy et al., 2016), which permitted the investigation of both prosthetic and

bone impingement. Geometric models can also be used to assess a broad range of

variables relatively quickly and determine the initial occurrence impingement.

Studies that have used geometric models typically assessed impingement

(D’Lima et al., 2000; Widmer and Grützner, 2004; Padgett et al., 2006; Barsoum et al.,

2007; Patel et al., 2010) by applying joint motion through a single  axis of motion and

fixing the other axes of motion. For example, moving the joint through internal rotation,

with flexion and adduction fixed at 90° and 10° respectively or moving the joint through

pure flexion. This approach does not accurately simulate the joint motion of clinically

relevant activities, because all three axes of motion of the hip vary when performing

different activities of daily living (Nadzadi et al., 2003; Bergmann, 2008).

Computation studies used to assess impingement have widely described the type

of impingement at various different conditions, for example, whether the impingement

occurred is prosthetic (component-on-component) impingement or bone (bone-on-bone)

impingement. However, few studies have defined the location (or site) of prosthetic

impingement, which means the predictions from these studies cannot easily be

connected to the rim damage reported in retrievals studies (Yamaguchi et al., 2000; Shon

et al., 2005; Usrey et al., 2006).
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The aim of this study was to develop a three-dimensional (3-D) geometric model

that can predict implant and bone impingement with a THR, and the following objectives

were addressed in this study:

· Generate a three-dimensional model that includes the geometries of a pelvis and

femur with a THR orientated in a clinically relevant manner.

· Develop a method that is capable of applying all three axes of joint motion to the

model and detecting both prosthetic and bone impingement in the model.

· Produce an automated approach to apply variables to the model and to generate

results from the model.

2.2 – Materials

The 3-D geometric model of a femur and hemi-pelvis geometries with a THR

implanted in clinically relevant position was created and assembled in Solidworks 2016

(SOLIDWORKS Corporation, Massachusetts, USA). This was used to investigate the

likelihood and site of neck-rim impingement. Bone geometries were included in the

model, so that bone impingement could also be assessed.

2.2.1 – Bone geometries

Three-dimensional geometric models of a right hip joint (right hemi-pelvis and

right femur) were obtained from the BEL repository (2008). These geometries were

selected as the pelvis and femur were from the same subject, and included the full

geometry of the femur, which allowed the femur to be positioned in an anatomical

orientation. The right hip joint was from a 38-year-old male and the bone was described

as healthy at the time of death. The bone surface geometry was generated from

computed tomography (CT) scans. The pelvis (Figure 2.1A) and femur (Figure 2.1B)

were included in the model to ensure that the maximum ranges of joint motion recorded

by the model, were clinically relevant. The inclusion of bone in the model made it possible

for impingement to occur with bone and/or implant geometries, which replicates the

conditions that have been observed in vivo, and therefore the ranges of motion achieved

in the model should be clinically relevant. Positioning of the pelvis and femur was

confirmed as clinically relevant by a consultant orthopaedic surgeon (Professor Tim

Board, Wrightington Hospital, Wigan and Leigh NHS foundation trust, UK).
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Figure 2.1 – (A) Three-dimensional CAD model of the right hemi-pelvis, and (B) of the right human
femur. Both of the geometries were from a 38-year-old male that was healthy at the time of death,

and the CAD files were sourced from the BEL repository.

The origin of the coordinate system of the pelvis and femur were defined at the

centre of rotation of the acetabulum and femoral head. This was achieved by manually

fitting a sphere to the acetabulum and femoral head and setting the origin as the centre

of the sphere. A 56mm diameter sphere was utilised to determine the centre of the

acetabulum, and a 50mm diameter sphere was used to define the centre of the femoral

head.

Separate sets of anatomical planes were applied to the pelvis and femur models,

so the hip joint could be orientated in the neutral position, and the orientation of the

implant components could be defined. The pelvic planes were determined by defining

the anterior pelvic plane (APP) on the pelvis (Figure 2.2A), where the APP was defined

by the anterior superior iliac and pubic tubercles of the pelvis, as described by Kubiak-

Langer et al. (2007). This approach was used instead of the alignment recommended by

the International Society of Biomechanics (ISB), as the ISB approach used anatomical

landmarks on the pelvis (anterior and posterior superior iliac spine) and this required a

full pelvis.
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Figure 2.2 – Three-dimensional CAD model of the right hemi-pelvis, (A) demonstrating how the
anterior pelvic plane (APP) was defined (lateral view), and (B) how the pelvic anatomic planes was

defined. The pelvis geometry was taken from a 38-year-old male that was healthy at the time of
death and the CAD files were sourced from the BEL repository.

The coronal plane of the pelvis was set parallel to the APP, and coincident to the

origin of the pelvis (centre of rotation of the acetabulum). The sagittal and transverse

plane were set perpendicular to the coronal plane, and coincident to the inferior-superior

axis and mediolateral axis respectively (Figure 2.2B).

Using the ‘cut’ function in the CAD software package material was removed from

the native acetabulum of the pelvis. This allowed the acetabular component to be

positioned in a clinically relevant position and prevent interference occurring between the

pelvis and acetabular component. Clinically, the acetabular component is required to be

positioned at the true floor of the acetabulum, which is defined by the acetabular fossa

(or Cotyloid fossa) (Sheth and Della Valle, 2013). This positioning was achieved by

removing material from the acetabulum, using a reference sphere that matched the outer

diameter of the outer shell (Figure 2.3). The articulating surfaces of the acetabulum were

made approximately level with the acetabular fossa (Figure 2.3), by translating the centre

of the reference sphere through the coronal plane, in an equal superior and medial

direction (4.2mm) from the centre of the native acetabulum.

A B
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Figure 2.3 – Three-dimensional CAD model of the right hemi-pelvis, with material removed from the
acetabulum and demonstrating the true floor of the acetabular. The pelvis geometry from a 38-year-

old male that was healthy at the time of death and the CAD files were sourced from the BEL
repository (lateral view).

Anatomical planes for the femur were determined by using the posterior aspects

of the femoral condyles (Figure 2.4) and femoral axis. The femoral axis was defined as

the axis between the centre of the femoral head and centre of the knee (Figure 2.5), as

described by Kubiak-Langer et al (2007). The centre of the knee was defined as the point

at the centre of the distal femoral metaphysis on the plane that goes through the femoral

condyles, as described by Murphy et al. (1987).

Figure 2.4 – Three-dimensional CAD model of the distal femur, with the posterior aspect of the
femoral condyles (medial 'M' and lateral 'L') and the axis between femoral condyles labelled.

M L
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Figure 2.5 – Three-dimensional CAD model of the right femur, with the femoral axis, the centre of
the femoral head (H) and centre of the knee (K) labelled. View normal to the coronal plane (A) and

view normal to the sagittal plane (B).

The coronal plane of the femur was set parallel to the axes defined by the

posterior aspects of the femoral condyles and coincident to the femoral axis. The sagittal

plane was set coincident to the femoral axis and perpendicular to the coronal plane. The

transverse plane was set coincident to the centre of the femoral head and perpendicular

to the coronal plane. Following this, the distal section of the femur was removed (Figure

2.6), as it was not a feature that was relevant in the study, and reduced the computational

power required to run the geometric model.
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Figure 2.6 – Three-dimensional CAD model of the superior section of a right human femur, with the
anatomic planes defined and labelled, and the distal section of the femur removed. The femur

geometry was from a 38-year-old male that was healthy at the time of death, and the CAD files were
sourced from the BEL repository.

The femoral head was removed (using the ‘cut function in the CAD software

package) at the base of the femoral neck, at 45° from the axis through the centre of the

shaft of the femur (Figure 2.7), as described in product literature provided by the

manufacturer (DePuy Synthes, 2013b). The cut at the base of the neck was set

perpendicular to the plane of femoral anteversion. The femoral anteversion plane was

set coincident to an axis through the centre of the shaft of the femur, and the axis of the

femoral neck. The anteversion angle of the femur was defined as the angle between the

anteversion plane and coronal plane of the femur; the femur used in this study had an

anteversion of approximately 13°. These parameters were used for the femoral neck cut,

so the femoral stem would be orientated within the geometry of the femur, to simulate

the conditions that occur in vivo. The geometry of the greater trochanter at the superior

of the femur was not removed, as it is not removed when a THR is performed clinically.
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Figure 2.7 – Three-dimensional CAD model of the superior section of a right human femur, with the
femoral head removed at the base of the neck, at 45° angle to the axis through the shaft of the

femur. The femur geometry was from a 38-year-old male that was healthy at the time of death, and
the CAD files were sourced from the BEL repository.

2.2.2 – Implant components

A 3-D geometric model of a complete right THR implant in a right hemi-pelvis and

superior femur was generated and assembled using Solidworks (SOLIDWORKS

Corporation, Massachusetts, USA). The femoral and acetabular components used in the

model were based on DePuy's 'Pinnacle' and 'Corail' combination (DePuy Synthes,

Leeds, UK). This THR combination is the most frequently used in clinical practice in the

UK (National Joint Registry, 2018). The geometric model included a 'Corail' cementless

femoral stem, 'Articul/eze Ultamet' (metallic) femoral head, 'Marathon' (cross-linked

polyethylene) acetabular liner and a 'Pinnacle' acetabular outer shell. The specification

and key dimensions of these components are shown in Table 2.1.

Table 2.1 – Detailed specifications and key dimensions of the components created and used in the
geometric model.

Diameter (mm) Radial
clearance

(mm)

Stem
size

Neck
angle

(Degrees)

Offset (mm)

Liner Head Outer
shell Liner Head Stem

37.1 36 56 0.5 12 135 0
(Neutral) + 1.5

38.5
(standard,
with +1.5

offset
head)
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The femoral head, acetabular liner and outer shell parts were produced from

dimensions supplied in technical drawings provided by DePuy Synthes. To reduce the

complexity and decrease the computational power required to run the model, some

features of these components were simplified and/or excluded from the model. These

exclusions were not relevant to the outcomes of this study and included the locking

mechanism on the backside of the liner (anti-rotation tabs and barb), the locking

mechanism and the screw holes through the outer shell.

The articulating surface of the femoral head was generated from a sphere, with

a flat surface where the stem is located (Figure 2.8A). The femoral head also included a

taper, to assist with the positioning and constraining of the head (Figure 2.8B).

Figure 2.8 – Three-dimensional CAD part of a 36mm diameter femoral head: – (A) Complete part,
demonstrating the flat surface and taper at the inferior of the head. (B) Cross-sectional view

through the centre of the head, illustrating the taper profile running from the inferior to the pole of
the femoral head.

The acetabular liner was generated from a hemisphere, with a series of fillet and

chamfer features to create the geometry of the rim. Rim detail was included in the model

as rim geometry was of interest in the study (Figure 2.9). A tapered surface was also

included on the external surface of the liner, to position and constrain the liner in the

outer shell.



~ 48 ~

Figure 2.9 – Three-dimensional CAD part of a 36 mm diameter acetabular liner, demonstrating the
cross-sectional profile of the liner. The geometry included the rim profile detail and a tapered
surface on the external surface of the component, and excluded the geometry of the locking

mechanisms on the external of the component. Cross-sectional view through the centre of the cup.

The acetabular outer shell was generated from a hemisphere, with defined

internal and external diameters (Figure 2.10). A taper that corresponded to the taper on

the external surface of the liner was also added to the internal surface of the shell, to

enable the liner and shell assembly to be positioned and constrained. The outer shell

was included, so the acetabular component could be constrained to replicate conditions

that are observed in vivo.

Figure 2.10 – Three-dimensional CAD part of a 56 mm diameter acetabular outer shell,
demonstrating the cross-sectional profile of the outer shell. The geometry included the tapered

surface of the internal of the component, and excluded the geometry of the locking mechanism on
the internal of the component. Cross-sectional view through the centre of the shell.

The stem geometry that was used in the study was an imported CAD file provided

by DePuy Synthes (Figure 2.11). The stem was the main focus of this study; therefore,

the neck geometry of the stem was a feature of interest. The geometry of the neck profile

of the stem did not differ between the different sizes of stem; therefore, varying the size

of the stem should not influence the predictions of impingement in the geometric model.
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Figure 2.11 – Three-dimensional CAD part of the full geometry of a size 12 cementless femoral
stem with a standard offset, the geometry was imported into Solidworks from a CAD file provided

by DePuy Synthes.

The stem used in this study had a rectangular neck profile; therefore, had a depth

and width dimension (Figure 2.12), which meant two head-neck ratios could be

determined from the implant combination used. The head-neck ratio for this implant

combination with a 36 mm diameter femoral head was 3.8 and 2.6, with the width

dimension generating a high head-neck ratio and the depth dimension producing a low

head-neck ratio.

Figure 2.12 – Graphical representation of the rectangular neck profile of a DePuy Corail® stem,
demonstrating the depth (a) and width (b) dimensions of the neck profile.

2.2.3 – Methodological overview

The CAD descriptors of the femoral (head and stem) and acetabular (liner and

outer shell) components of the THR were virtually implanted in the bone geometries in a

clinically relevant manner. Joint motions (flexion/extension, adduction/abduction,

internal/external rotation) were applied in the CAD software package, by rotating the

femur about the centre of rotation (COR) of the acetabular cup, while the pelvis remained

fixed. Impingement at the defined joint motion was detected when interference (or

overlap) occurred between geometries in the model.
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The outputs that were generated and recorded by the model were: whether

impingement occurred in the model (true or false), the joint motion at which impingement

occurred, and the site of the impingement (implant or bone impingement). The variables

that were considered in this study were the surgical positioning of the acetabular

component (inclination and anteversion), and different activities of daily living.

2.2.4 – Model inputs

Joint motion was defined by the three axes of rotation of the hip;

flexion/extension, adduction/abduction and internal/external rotation. Each axis of

rotation was expressed in degrees. Positive angles were used to simulate flexion,

adduction and internal rotation. The approach used in this study was to apply joint

motion, as this is frequently the type of data that is generated from gait studies using

motion capture. This meant that the joint motions that caused impingement in the model

could be related to everyday activities.

The joint motion (or kinematic) data that was used in the study, was a collection

of data known as 'Hip98' by Bergmann (2008). This data was collected from four patients

with THRs carrying out various everyday activities, such as walking, sitting down and

ascending stairs. This joint motion data was used because it related to patients with a

THR; therefore, it represented joint motions in a relevant cohort of patients for this study.

The data from ‘Hip98’ was generated using the combination of motion capture and the

loads and moments that were recorded from instrumented THRs. The joint motion data

that was recorded by Bergmann (2008) was taken from the hip that had the instrumented

THR implanted (mean age 60.3 years, range 49-79, three male and 1 female); therefore,

the data was taken from the left and right hips (two left and two right hips) when

performing the different activities. This data included the following activities; walking,

going up and down stairs, sitting and standing up from a chair and knee bend.

The data from Bergmann (2008) predominately included activities that involved

flexion and external rotation, with varying ranges of adduction/abduction depending on

the activity (Figure 2.13, Figure 2.14 & Figure 2.15). The maximum peak flexion and

abduction was observed with the sitting down and standing up activities, with a peak of

greater than 60° and 15°, respectively (Figure 2.13 & Figure 2.14). The highest peak

adduction and external rotation was observed when performing the walk and climbing

up-stairs activity, respectively (Figure 2.14 & Figure 2.15). The walking activity was

observed to have peak adduction of greater than 15° and climbing up-stairs activity was

found to have peak external rotation of greater than 25° (Figure 2.14 & Figure 2.15).
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Figure 2.13 – Flexion/extension of the mean joint motion data (n = 4) of the activity from Bergmann
(2008).

Figure 2.14 – Adduction/abduction of the mean joint motion data (n = 4) of the activity from
Bergmann (2008).

Figure 2.15 – Internal/external rotation of the mean joint motion data (n = 4) of the activity from
Bergmann (2008).
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In addition to 'Hip98' data, the study also considered data collected by Nadzadi

et al. (2003), because this data included activities with more extreme ranges of motion

than that of 'Hip98', therefore increasing the scope of the study. The Nadzadi et al. (2003)

data was collected using common daily activities that are considered to be prone to

posterior and anterior dislocations in THR patients, such as picking up an object from

the floor (STOOP) and rolling over in a supine position (ROLL). This data was used

because literature has suggested that dislocation can occur secondary to impingement

(Barrack, 2003; Shon et al., 2005). However, unlike the 'Hip98' data, this data was carried

out on 10 healthy middle-aged non-THR individuals (mean age 49.7 years, range 44-59;

5 male and 5 female), as it would have been unethical to allow THR patients to perform

dislocation-prone activities. Considering this, the joint motion data from Nadzadi et al.

(2003) may not be relevant to the ROM of THR patients. Nadzadi et al. (2003) recorded

the joint motion (or kinematic) data from the right leg while participants performed

different activities. The joint motion data also was defined as the position of the femur

relative to the pelvis; therefore, the data considered the motion of both the pelvis and

femur when performing the different activities.

Figure 2.16 – Visual images demonstrating the different activities within the collection by Nadzadi
et al. (2003), and illustrating the two types of activities that were included with the data collection;

posterior and anterior dislocation-prone activities.

The data by Nadzadi et al. (2003) included seven different activities, five that are

associated with posterior dislocation, and two that are associated with anterior

dislocation (Figure 2.16). The posterior dislocation-prone activities were: sit to stand from

a low (39 cm) and normal (46 cm) height seat (SSL and SSN), crossing legs while seated

(XLG), bending over at the waist to pick up an object from the floor (STOOP), and tying

shoe while seated (TIE). The anterior dislocation-prone activities were: pivoting to reach

for something behind while standing (PIVOT) and rolling over while in supine position

(ROLL) (Figure 2.16). All of the activities that were performed while in seat position (XLG

and TIE), were carried out using a normal height seat.
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The activities that were prone to posterior dislocation had high peak flexion (of

greater than 100°) with internal rotation (Figure 2.17,Figure 2.18 & Figure 2.19), and the

anterior dislocation-prone activities had high peak external rotation (of greater than 30°)

with extension (Figure 2.17,Figure 2.18 & Figure 2.19). The range of flexion/extension

reported by all activities by Nadzadi et al. (2003) was approximately 115° flexion to 15°

extension, 20° adduction to 15° abduction, and 30° internal rotation to 50° external

rotation (Figure 2.17,Figure 2.18 & Figure 2.19).

Figure 2.17 – Mean flexion/extension of the joint motion data of the activity from Nadzadi et al.
(2003) data.

Figure 2.18 – Mean adduction/abduction of the kinematics of the activity from Nadzadi et al. (2003)
data.
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Figure 2.19 – Mean internal/external rotation of the kinematics of the activity from Nadzadi et al.
(2003) data.

2.3 – Method development

Development of the methodology used in the study included investigating

methods of applying angular joint motions of different activities to the geometric model,

as well as the associated variations in the constraints of the model for the method to

function successfully. Throughout the development, the geometric model progressed

from applying the joint motions through the motion study function in Solidworks to

applying the joint motion through defining the position reference points on the femoral

component. The geometric model also evolved, from the model only including the

geometries of the implant components, to incorporating both bone and implant

component geometries.

Methods were also developed for processing the output data, including methods

for visualise and quantitatively define the location of the impingement site on the liner

rim and for producing graphical representations of the model results. The following

sections detail these developments.

2.3.1 – Solidworks motion study approach to investigate impingement

The motion application was initially developed using only the geometries of a

THR, without the bone geometries of the pelvis and femur. Joint motion data (from Hip98)

was applied to the geometric model directly in the Solidworks, using the motion study

function. This function applied the angular joint motions to the femoral component of the

geometric model, to simulate motion of the joint when performing different activities.
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2.3.1.1 – Assembly of the model

All of the implant components (Section 2.2.2) were assembled in Solidworks

together by applying various constraints (or mates) to features and/or planes of the

implant, to simulate conditions that occur in vivo. The femoral head was required to be

constrained at the superior of the stem, by applying a concentric constraint between the

circumference of the trunnion of the stem and the taper of the head. Secondly, a distance

constraint of 2.31 mm was applied between the surface at the proximal surface of the

femoral taper and the surface at the inferior surface of the head taper (Figure 2.20), to

define how far the femoral head sat on the stem taper. A distance of 2.31 mm was

defined by the theoretical femoral offset (Table 2.1) that is described in product literature

provided by the manufacturer (DePuy Synthes, 2013a).

Figure 2.20 – Cross-sectional view of 3-D CAD model of a 36mm diameter femoral head fixed on the
superior section of a size 12 cementless femoral stem, demonstrating the distance constraint of

2.31 mm that was applied between the femoral head (purple) and the trunnion of the stem (orange).

The acetabular liner was constrained inside the outer shell (Figure 2.21), so the

internal surface of the outer shell and external surface of the liner were in contact with

each other, as the polyethylene liner was designed to be dome loaded in the outer shell

(DePuy Synthes, 2013b). This was achieved by a concentric constraint being applied

between the inside edge of the outer shell and outer edge of the liner, and a concentric

constraint applied to the internal surface of the outer shell and external surface of the

liner (Figure 2.21).
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Figure 2.21 – Cross-sectional view of 3-D CAD model of a neutral acetabular liner fixed inside an
acetabular outer shell, demonstrating the constraints that were applied between the liner and outer
shell. Red = concentric constraint between the inside edge of the outer shell and outer edge of the

liner; Blue = concentric constraint between the internal surface of the outer shell and external
surface of the liner.

Murray (1993) reported that there are three distinct definitions for anteversion

and inclination of the acetabular cup, this includes anatomical, radiographic and

operative definitions. Murray (1993) also detailed methods to convert between the

different definitions. The anatomical inclination was defined as the angle between the

acetabular axis and the longitudinal axis, and the anatomical anteversion was defined

as the angle between the transverse axis and the acetabular axis projected on the

transverse plane (Murray, 1993). The radiographic definition is commonly assessed

post-operatively using radio-opaque markers from anterior-posterior radiographs, where

inclination was the angle between the longitudinal axis and acetabular axis projected on

the coronal plane, and anteversion was the angle between the acetabular axis and the

coronal plane (Murray, 1993). Operative definition is typically assessed during THR

surgery, where inclination was the angle between the acetabular axis and the sagittal

plane, and the anteversion was the angle between the longitudinal axis and the

acetabular axis projected on the sagittal plane (Murray, 1993).

In this study the orientation of the acetabular component was defined by two

reference angles: anatomical anteversion and inclination angles, as described by Murray

(1993).  The anatomical definitions were used to define the cup orientation of the model,

as the cup orientation could be easily converted to the operative and radiographic

definition; therefore, making it possible to compare the results from the model to other

studies that have used the other definitions.

In the geometric model, the anatomical anteversion of the acetabular cup was

defined as the angle between the acetabular axis that was projected on the transverse

plane and the mediolateral axis and rotates around the centre of the cup (Figure 2.22).
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Anatomical inclination of the acetabular was defined as the angle between the acetabular

axis and the inferosuperior axis and rotates about the centre of the cup (Figure 2.23).

Figure 2.22 – Three-dimensional CAD model of the acetabular liner and acetabular outer shell, with
anatomical planes and reference axes labelled, demonstrating the anatomical anteversion of the

acetabular component.

Figure 2.23 – Three-dimensional CAD model of the acetabular liner and acetabular outer shell, with
anatomical planes and reference axes labelled, demonstrating the anatomical inclination of the

acetabular component.

Orientation of the femoral component was defined by anteversion and adduction

angles, as described by ISO 14242-1 (British Standards Institute, 2014). The ISO

description was applied to the Solidworks model to define the orientation of the femoral

stem, as clinical measures use bone landmarks and axes of the femur to define the

orientation of the stem (Kubiak-Langer et al., 2007). The Solidworks model did not

include any bone geometry, therefore clinical definitions for the stem orientation could

not be used with this approach.
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The adduction angle of the stem was described as the angle between the sagittal

plane and the adduction axis that runs from the top of shoulder to the distal point of the

stem and rotates about the point where the sagittal plane and adduction axis intersect

(Figure 2.24A). The adduction angle of the stem was set at 10°, as described by ISO

14242-1 (British Standards Institute, 2014). Clinically the femoral stem would be fixed

inside the proximal femur, hence the orientation of the stem would be influenced by the

geometry of the proximal femur. No bone geometries were included in this model;

therefore, the adduction angle of the stem was defined by the ISO standard. The

anteversion angle of the stem was defined as the angle between the coronal plane and

the femoral neck axis that was projected on the transverse plane and rotates about the

centre of the femoral head (Figure 2.24B). The anteversion angle of the stem was set at

0°, so the anteversion that was applied to the acetabular cup was the combined

anteversion of the THR.

Figure 2.24 – Three-dimensional CAD model of a 36mm diameter femoral head and a size 12
cementless femoral stem: - (A) Demonstrating the adduction angle of the femoral component

(anterior/front view). (B) Demonstrating the anteversion angle of the femoral component (superior
view).

The origin of both the femoral and acetabular sub-assemblies were set at the

centre of rotation of head and cup respectively, to assist with the orientation and

positioning of components. The centres of rotation were made coincident, to combine

the sub-assemblies together (Figure 2.25A); however, this produced a clearance gap

between the head and cup in the model. Clinically the head and liner are in contact with
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each other when under load (Figure 2.25B). Following a sensitivity study, the details and

results of which are presented in 2.3.1.5, the head was constrained to the COR of the

liner for all subsequent tests.

Figure 2.25– Three-dimensional CAD model of the femoral and acetabular components of a THR: -
(A) Demonstrating the coincident constraint applied between the centre of rotation of the

acetabular liner and the centre of the femoral head (labelled with a red cross). (B) Cross-sectional
view vertically through the model, illustrating the clearance gap between the head and liner

(labelled in green).

To apply a neutral (or stance) joint position to the model (Figure 2.26), the

anatomical planes of each of the sub-assemblies were constrained parallel to each other.

For example, the coronal plane of the femoral and acetabular components were set

parallel to each other.
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Figure 2.26 – Three-dimensional CAD model of the femoral and acetabular components of a THR,
acetabular component set at 20° anatomical anteversion and 30° anatomical inclination, and the

femoral stem set at 0° anteversion and 10° adduction. Demonstrating the orientation of the model
from a different frame of reference: - (A) view normal to the coronal plane; (B) view normal to the

sagittal plane; (C) view normal to the transverse plane.

2.3.1.2  – Application of joint motion using the motion study function

The motion study function within Solidworks was used to apply joint motions to

the model. The motion inputs were applied to the femoral component in the Solidworks

model, and the acetabular component was fixed in space. To permit movement of the

femoral component, the constraints that were applied to the femoral stem were

suppressed. The joint motions were defined by angular hip joint motions and each of the

joint motions was applied to the model in degrees with respect to time (in seconds).

Ranges of motion were generated in a '.CSV' file in Microsoft Excel, as this format was

required to define motion in the model.

The joint motions were applied at the centre of the femoral head, and each of the

joint motions was set to rotate about different axes, to simulate the different axes of hip

joint motion. However, due to software limitations, the axis of rotation could only be

defined by axes that belong to the same sub-assembly, therefore, the axes that were

used to define the axis of rotation were part of the femoral component sub-assembly.
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Figure 2.27 – Three-dimensional CAD model of the femoral and acetabular components of a THR
with the anatomical planes and axes labelled. (A) Demonstrating the direction and location of the

flexion/extension joint model (shown with a red arrow). (B) Demonstrating the direction and
location of the adduction/ abduction joint model (shown with a red arrow). (C) Demonstrating the

direction and location of the internal/ external joint model (shown with a red arrow).

The joint motion of flexion and extension was set to rotate about the mediolateral

axis (Figure 2.27A). Adduction and abduction motion was set to rotate about the

anteroposterior axis (Figure 2.27B), and the internal and external rotation was set to

rotate about the inferosuperior axis (Figure 2.27C).

2.3.1.3  – Impingement detection of the model

The occurrence of implant impingement was determined as when interference

(or overlap) occurred between the femoral neck of the stem and rim of the acetabular

liner (Figure 2.28). Interference was identified by applying the 'interference detection'

function in Solidworks. Interference was used to determine the occurrence of

impingement, as solid body boundary conditions could not be applied to components

within the motion study function of Solidworks. Therefore, the components would move

through each other when contact occurred. Using this method also permitted the location

of the impingement sites on the rim of the acetabular component to be defined.
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Figure 2.28 – Three-dimensional CAD model of the complete THR assembly, demonstrating how
impingement was determined in the model. Impingement was defined when interference occurred

between the liner rim and femoral neck, as shown by the red wireframe.

2.3.1.4  – Micro script in Solidworks API

To improve the productivity of the generation of results from the Solidworks

model, an automation script was written and developed in Visual Basic for Application

(VBA) for the Solidworks application programming interface (API). The micro script

automated a number of processes in the model and generated output data. The ranges

and increments of the orientation of the acetabular component were defined in the script.

The orientation of the acetabular cup was determined by varying values of the reference

angles (anatomical inclination and version), which were described previously.
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Figure 2.29 – Flow chart detailing the processes that are carried by the micro script within
Solidworks API.

The processes carried out by micro script in Solidworks API are shown in the flow

chart in Figure 2.29. The script firstly set the initial cup orientation and started the

calculation run of the defined motion through the model. Following this, the script set the

time to the beginning of the motion (0.00 seconds), and then interference between the

liner rim and femoral neck was checked at every frame (or 0.01 seconds) until the end

of the defined motion. If interference occurred in the model during the motion, the script

stopped the motion and recorded that interference had occurred in the model

(impingement true), the cup orientation (anatomical inclination and anteversion) and the

time at which interference occurred into an output text file. If interference did not occur

by the end of the defined motion, the script recorded that interference had not occurred

in the model (impingement false) along with the same data criteria as when impingement
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does occur (Figure 2.30). Then, the script changed to the next cup orientation, and the

script was repeated until all of the defined range of cup orientation had been run and

checked.

Figure 2.30 – Example of the output data recorded from the model.

2.3.1.5  – Discussion of using the motion study approach

This approach was able to determine when impingement occurred in the model

and produced valid output data. Making the COR of the femoral head and acetabular

liner coincident to each other was proven to have little influence on predicted prosthetic

impingement when compared the more clinically relevant case (head in contact the liner).

The comparison was investigated by performing a sensitivity study between the CORs

being constrained together (head and cup) and the head being constrained to simulate

the head being in contact with the liner (Figure 2.31). The contact between the head and

liner was achieved by translating the COR of the head in equally vertically and

horizontally along the coronal plane till contact occurred.

Figure 2.31 – Cross-sectional view of a 3-D CAD model of the femoral and acetabular components
of a THR. (A) Demonstrating the clearance gap between the head and liner created by the COR of

the femoral head and acetabular liner coincident to each other. (B) Demonstrating contact between
the head and liner generated by the COR of the head vertically and horizontally along the coronal

plane till contact occurred.
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The sensitivity study showed that the two conditions were predicted to cause

prosthetic impingement at very similar acetabular cup orientation (Figure 2.32), with only

some cup orientation resulting in different predictions of impingement. Considering this,

constraining the COR of the head and liner still generates clinically relevant predictions.

Figure 2.32 – Geometric model of THR where the femoral stem was fixed at 13° anteversion, and
the acetabular cup inclination (x-axis) and anteversion (y-axis) were varied when performing the
STOOP activity (bending at the waist to pick up an object on the floor while standing). The solid
line represents impingement when the femoral head is in contact with the liner (non-concentric),

and the dashed line represents impingement when the femoral head is concentric to the liner.

During the verification of the method, the ranges of motion that were applied to

the model did not match the motion that was produced by the model. The discrepancy

was caused by the reference axes used to define the axes of motion (e.g. flexion), as

mentioned in the previous section (2.3.1.2). These reference axes move relative to the

femoral component when the motion was applied to the model, and the order in which

motion was applied to the model. The order used by the motion study was firstly the joint

motion of flexion/extension, then internal/external rotation and finally

adduction/abduction. This resulted in the discrepancies in the joint motion of

flexion/extension and adduction/abduction, and the discrepancies in flexion/extension

and adduction/abduction were greater when the model was moved in a high range of

internal/external rotation. This resulted in discrepancies in the accuracy of the joint

motion produced when using the motion study function; therefore, an alternative method

was required.
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2.3.2 – Three-dimensional co-ordinate approach to investigate
impingement

This approach comprised of defining the position of reference points in space,

with three-dimensional coordinates. The three-dimensional coordinates were generated

by converting the joint motion data from ‘Hip98’. These points are constrained to the

geometry of the femoral component of the model and were utilised to define the position

of the femoral component in space. The method of impingement detection and the

method of orientating and positioning the components remained the same as the

previous method (2.3.1).

2.3.2.1 – Assembly of model

The model was set-up as previously reported (2.3.1.1). Two additional reference

points with an axis between them and centre of the femoral head were created in the

model (Figure 2.33) and these references were constrained to the coordinate system of

the femoral assembly. Point 1 was constrained to the inferosuperior axis of the femoral

assembly and was set distally to the stem. Point 2 was constrained to the mediolateral

axis of the femoral assembly and was set laterally from the centre of the head. Point 1

was used to define the joint motion of flexion/extension and adduction/abduction,

whereas point two was used to define the joint motion of internal/external rotation.
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Figure 2.33 – Three-dimensional CAD model of the complete THR assembly in a neutral position,
demonstrating the location of the two points (red = point one and blue = point two) used to define

the position and orientation of the femoral component in relation to the acetabular component. The
femoral component was set at a neutral position (stance), and the acetabular component was set

with 0° anatomical anteversion and 40° anatomical inclination.

The parallel constraints applied between the anatomical planes of the sub-

assemblies in the previous method were removed, and replaced with constraints being

applied between the axis of the reference points and anatomical planes of the femoral

sub-assembly. The axis of point 1 was constrained to the sagittal plane of the femoral

component, and the axis of point 2 was constrained to the coronal plane of the femoral

component.

2.3.2.2  – MATLAB script to generate 3-D coordinates

A script in MATLAB (The MathWorks, Inc., Massachusetts, USA) was created

and developed to convert the kinematic (joint motion) data of activities, into 3-D

coordinates to define the position of the reference points in the Solidworks model, this

was done by using rotational matrixes. Depending on the application, there are a number

of different methods that can be used with rotation matrixes, including helical and Eular

approaches. The helical approach (or axis) was utilised to define the 3-D coordinates of
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the reference points, as this approach was not influenced by the sequence of the

rotations, unlike the Cardan and Euler approaches. Furthermore, the helical approach is

also not affected by gimbal lock (loss of one degree of freedom) which is observed when

using the other approaches, because this approach is able to apply rotation about an

instantaneous axis that is not aligned with the principal axis (anatomical axis of the

pelvis) (Hamill et al., 2004).

A rotational matrix was used to define each axis of rotation, and each axis of

rotation was applied in a set order (Figure 2.34). Flexion/extension was first applied to

the 3-D coordinates of the two reference points, which rotated the points about the

medial-lateral axis (x-axis) of the pelvis by a defined amount of the degrees. Following

this, adduction/abduction was applied; this was defined as the rotation about the axis

that is perpendicular to the medial-lateral of the pelvis and femoral axis. Finally,

internal/external rotation was applied; this was defined as the rotation about the femoral

axis. This sequence was used because, the axis of rotation for internal/external was

dependent of the rotation of flexion/extension and adduction/abduction, and the axis of

rotation for adduction/abduction was dependent of the rotation of flexion/extension. Each

of the rotational matrices was also applied to the coordinate system [x,y,z], as the

coordinate system was required to be rotated the same amount as the femoral

component, in order for the axes of rotation for adduction/abduction and internal/external

rotation to be defined. Using this method, all three axes of rotation were able to be

applied to the model simultaneously, which meant joint motion of the activities were

accurately simulated in the model.
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Figure 2.34 – Flow chart detailing the processes carried out by the Matlab script, to convert
kinematic data of activities into 3-D coordinates to define the position of the reference points in the

Solidworks model.

2.3.2.3  – Micros script in Solidworks API

The micro script that was utilised in the previous method (2.3.1.4) was developed

further, as the methodology used to define joint motion of the model was changed. The

developed script controlled joint motion by varying the position of two reference points,

instead of the motion being controlled by time that was used in the previous method.

This script also generated the same type of output data as the previous script, due to the

same principles being used. These principles included the orientation of the cup being

varied after the complete motion been applied, and that impingement was detected when

interference occurred in the model.
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The script in Solidworks API was also developed further, to include a section that

would create a new Solidworks part from the interference between the geometries in the

model (femoral and acetabular components), at the instance of impingement. This part

then could be manually matched to the liner geometry, to determine the location of the

impingement site (Figure 2.35).

Figure 2.35 – Three-dimensional CAD model of polyethylene liner, and the Solidworks part (dark
grey) associated with the interference between the femoral neck and liner rim, with the acetabular

component set at 70° anteversion and 70° inclination, and references (axis and plane) and
measured angle labelled (view normal to the face of liner).

2.3.2.4  – Discussion using the three-dimensional co-ordinate approach

Using this approach, the joint motions generated by the model were successfully

verified, as there was no discrepancy in the ranges of motion that were used as the

inputs and the positions of the components generated by the model. Similar to the

previous approach that was used, this approach was also able to successfully determine

when impingement occurred in the model and produce valid output data. This was

expected as the same principles were used in both approaches. The location of the

impingement was successfully determined using this method, however matching the

interference body to the liner geometry is a manual process and can be inefficient;

therefore, the script will be developed further to include an automated process to

determine the location of impingement.
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The results generated by applying kinematic data of walking (at normal speed)

from 'Hip98' data to the model, demonstrated that impingement occurred when the cup

was orientated with an anatomical anteversion greater than 30°, and anatomical

inclination greater than 50°  (Figure 2.36). The cup orientations that were predicted to

cause impingement agreed with the ‘safe zone’ described by Lewinnek et al. (1978), as

impingement was predicted to occur outside the ‘safe zone’. The ‘safe zone’ as described

by Lewinnek et al. (1978), is a range of acetabular cup orientations that have been

suggested to reduce the risk of dislocation in THRs. This range has been defined as

between 30° to 50° radiographic inclination, and 5° to 25° of radiographic anteversion.

However, when the ‘safe zone’ by Lewinnek et al. (1978) was converted to the

anatomical definition using the method detailed by Murray (1993), the range was

changed to 30° to 54° anatomical inclination and 7° to 43° anatomical anteversion. These

results also suggested that more extreme ranges of motion were required for

impingement to occur in more clinically acceptable cup orientations; therefore, joint

motions with extreme ranges should be investigated.

Figure 2.36 – Variation of anatomical anteversion and inclination of the acetabular cup, with the
femoral component, was orientated at 0° anteversion and 10° adduction when performing the

activity of walking (Hip98). The cup orientations that caused impingement are labelled in red and
the cup orientations that did not cause impingement are labelled in green. Cup orientations within

the bold lined box is the ‘safe zone’ as described by Lewinnek et al. (1978) (converted from
radiographic to anatomical definition using method detailed by Murray (1993)).

2.3.3 – Parametric approach to investigate impingement

A parametric approach was used because the previous approach of applying

kinematic data from ‘Hip98’ directly to the model, was not capable of investigating a

range of joint motions that were considered to be extreme (greater than 80° flexion). The

parametric approach comprised of varying the position of the femur in space, to

determine the occurrence of impingement at a wide of range joint motions. The 3-D

coordinate approach was used to define the position and orientation of the femoral

component, and at every joint position of the femoral component, impingement was

checked. The method of defining the orientation acetabular components remained the

same as the approach used previously (Section 3.3.2). The outputs from the model were
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displayed with a graphical 3-D representation, to illustrate the boundary in which caused

impingement in the model. Furthermore, bone geometries (pelvis and femur) were

incorporated into the model, in order for clinically relevant results to be generated from

the geometric model.

2.3.3.1 – Assembly of the model

The assembly of the model was developed further by inserting bone geometries

of a right-lateral section of the pelvis and a superior section of the femur (2.2.1). The

anatomical planes of the pelvis were constrained parallel to the reference planes of the

acetabular cup, and the outer surface of the cup was constrained to the true floor of the

acetabulum, in order for the acetabular cup to be in clinically relevant position within

acetabulum (Figure 2.37).

Figure 2.37 – Three-dimensional CAD model of the acetabular component and right hemi-pelvis,
demonstrating the positioning of the acetabular component in the acetabulum of the pelvis. A
cross-sectional view through the coronal plane of the pelvis. The acetabular component was

orientated at 45° radiographic inclination and 20° radiographic anteversion.

The orientation of the acetabular component was defined using a similar

approach as the previous method (2.3.1.1); however, the definition of the orientation of

the cup was amended, from anatomical to radiographic, as described by Murray (1993).

The radiographic orientation definition was used, so results generated were easily

compared to relevant literature, as most of the relevant literature, describe the

radiographic definition. Radiographic inclination was defined as the angle between the
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inferosuperior axis and the acetabular axis projected on the coronal plane (Figure 2.38A),

and radiographic anteversion was described as the angle between the acetabular axis

and the coronal plane (Figure 2.38B).

Figure 2.38 – Three-dimensional CAD model of the acetabular component and right hemi-pelvis. (A)
Demonstrating radiographic inclination of the acetabular component (view normal to the coronal
plane). (B) Demonstrating radiographic anteversion of the acetabular component (view normal to
the sagittal plane). The acetabular component was orientated at 45 ° radiographic inclination and

20° radiographic anteversion.

The femoral component was positioned and orientated, to simulate the

conditions that were observed clinically. The centre of the femoral head of the implant

was constrained to the centre of the head of the femur, and the mediolateral axis of the

femoral stem was constrained to the anteversion plane of the femur (Figure 2.39).

Constraining the femoral stem to the anteversion plane of the femur, meant that the

anteversion of the femoral component was the same anteversion of the femur, in this

case, the anteversion was 15°.
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Figure 2.39 – Three-dimensional CAD model of the superior section of the femur with femoral
component constrained inside, with the anteversion axis and mediolateral axis of femur labelled

(view from superior).

To constrain the femoral stem within the geometry of the femur, the distal point

of the stem was constrained to a reference axis, through the centre of the shaft of the

femur. This led to the femoral stem being orientated at 6° adduction and flexion (Figure

2.40). Furthermore, the section of the femoral stem that was within the bone was

removed, as the geometry of this section was complex, and therefore removing reduced

the amount of computational power required to run the model.

Figure 2.40 – Three-dimensional CAD model of the superior section of the femur (transparent) with
femoral component constrained inside, with the reference axis through the centre of the shaft of

the femur and inferosuperior axis labelled. The section of the stem that was removed is highlighted
in ‘red’. (A) Anterior/front view. (B) Medial view.
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 The femoral and acetabular components of the model were combined together

(Figure 2.41), with the same constraints that were used on the previous methods (2.3.2)

To define the position and orientation of the femur in space, two reference points were

created in the model. Similar to the previous approach (2.3.2.1), Point 1 (Figure 2.41)

was constrained to the femoral axis of the femur and was set distally from the head, and

Point 2 (Figure 2.41) was constrained to the mediolateral axis of the femur geometry and

was set laterally from the head. As described before (2.3.2.1), positions of the points

were expressed by 3-D coordinates and were defined in millimetres. The starting position

of the model was set at a neutral (stance) position, with Point 1 (Figure 2.41) set at [0; -

200; 0] and Point 2 (Figure 2.41) set at [-50; 0; 0].

Figure 2.41 – Three-dimensional CAD model of complete THR assembly with bone geometry in a
neutral (stance) position, demonstrating the location of the two points (red = point one and blue =
point two) used to define the position and orientation of the femoral component in relation to the
acetabular component. Acetabular component orientation at 45° radiographic inclination and 20°

radiographic anteversion.

2.3.3.2  – MATLAB script to generate 3-D coordinates

The MATLAB script used for this approach was required to be modified from the

script used previously (2.3.2.2), as the inputs of the script were altered from angular joint

motions related to activities, to a defined range of parametric positions. The technique of
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converting joint positions into three-dimensional coordinates remained the same as the

script used on the previous approach (2.3.2.2).

The range of joint motions that were investigated, were 120° flexion to 10°

extension, 20° adduction to 20° abduction, and 30° internal to 30° external rotation in an

interval of 5°, which meant 3160 different intervals were investigated. This range was

defined by the maximum range of motion of the posterior dislocation-prone activities

reported by Nadzadi et al. (2003). The joint motions were defined using the same

approach mentioned in the previous section (2.3.2.2).

2.3.3.3 – Micros script in Solidworks API

The micro script that was used to carry out the parametric study on the Solidworks

model, was adapted from the script used previously (2.3.2.3). This included changing the

input file and increasing the limits of the loop function within the script, due to the larger

amount of input data used for the parametric study. Furthermore, the section of the script

that automatically changed the orientation of the acetabular component after each

motion cycle was removed, due to the high amount of computational memory that was

used to run the model through the complete parametric study. As a result, the orientation

of the acetabular component was required to be varied manually in the script before it

was started. The output data recorded by the script included the joint motions at each

interval and if impingement was true or false at the defined joint position into a text file

(Figure 2.42). The impingement results were recorded using a logical operation;

therefore, impingement false was recorded as '0', and impingement true was recorded

as ‘1’. A logical operation was used for the results of impingement, as true results can

be easily extracted from the rest of the data.

Figure 2.42 – Example of output data recorded from the model, with the cup orientated at 30°
radiographic inclination and 0° radiographic anteversion.
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2.3.3.4 – MATLAB script to generate 3-D maps of the results

A further MATLAB script was created and developed to produce a three-

dimensional map of the boundary of that was likely to cause impingement, from the

output data of the model. The joint motions were used as 3-D coordinates, the x-

coordinate was used to define the flexion/extension, the y-coordinate was used to define

adduction/abduction, and the z- coordinate was used to define internal/external rotation.

The steps used by the MATLAB scripts to generate the 3-D maps are shown in Figure

2.43.

Figure 2.43 – Flow chart demonstrating the process that is performed out by the MATLAB to
generate a 3-D Maps of the boundary of impingement.

The MATLAB script firstly identified the joint motions that gave a negative (or

false) result of impingement, and the positive (or true) results were removed from the

rest of the results. The script then applied the 'alphashape' function to the joint motions

that gave a negative result. This function was used, as it generates a volume from 3-D
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coordinates, and permits the 3-D coordinates (joint motions) at the boundary of the

volume to be identified. Subsequently, the 'boundaryfacet' function was used to identify

the joint motions at the boundary of the volume, and these joint motions were utilised to

create a 3-D plot (Figure 2.44). The 3-D plot illustrated the boundary joint motions that

are likely to cause impingement, therefore joint motions outside of the boundary are likely

to result in impingement. Following this, the script inserted motion paths that relate to

activities from the kinematic data recorded by Nadzadi et al. (2003), and any of the

motions paths outside of the boundary are likely to result in impingement, when carrying

out that activity (Figure 2.44). Any points of the motion paths that were outside of the

boundary were identified and recorded by applying the 'inshape' function to the data.

Figure 2.44 – A 3-D plot of the boundary of the joint motion that is likely to cause impingement,
when the cup is orientated at 40° radiographic inclination and 30° radiographic anteversion. Motion

paths of the kinematic data of the different activities from Nadzadi et al (2003), any motion paths
outside of the boundary are predicted to cause impingement (indicated with a red circle).

2.3.3.5  – Discussion of using the parametric approach to investigate
impingement

The methodology for defining joint motion and detecting impingement of the

model was not different to the approaches used previously (2.3.2) and have been

demonstrated to be successful; therefore, were not required to be developed further. The

main difference was the parametric range of the joint motions that were applied to the

model, instead of directly applying the joint motion data. The method of generating

graphical representations of the results was also different from the previous approaches
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investigated, as 3-D plots of the impingement boundary were produced from the output

data (Figure 2.44).

The parametric approach successfully permitted a wide range of joint motions to

be investigated; however, it also generated a large amount of output data when

investigating variation in acetabular cup orientation. Considering this, a 3-D plot had to

be produced for each cup orientation that was investigated, which in turn made it difficult

to make comparisons across the series of cup orientations. The 3-D plots also do not

successfully represent the results from the model with clarity, and the location of the

impingement site cannot be clearly represented using the 3-D plot. This meant a different

method of graphically displaying the results was required.

Using a parametric range of joint motions at 5° increments, produced an

uncertainty of ± 2.5°, as impingement could occur anywhere within the 5° increment. The

uncertainty could be reduced by decreasing the increment size, which would increase

the number of increments that would be investigated and increase the computational

time to generate results; therefore, applying kinematic data directly to model was

deemed to be a more accurate and efficient approach.

Additionally, including bone geometries in the model, allowed the implant

components to be positioned in clinically relevant orientations, this included the

orientation of the femoral stem and the position of the acetabular cup within the pelvis.

This also permitted bone impingement to be investigated, which improved the clinical

relevance of the model.

2.3.4 – Application of joint motion data for different activities to
investigate impingement

This method comprised of applying the joint motion data from studies by Nadzadi

et al. (2003) and ‘Hip98’ data by Bergmann (2008) to the geometric model of THR, using

the MATLAB previously used (2.3.2.2), to convert the joint motion data to three-

dimensional coordinates. The set-up of the geometries in the model (including bone

geometries) and method of detecting impingement, were not different from the previous

approach that was used (2.3.3). The macros script in Solidworks API from 3-D co-

ordinate approach (2.3.2.3) was also developed further, to include an automated process

of defining the location of the impingement site. The results from the model were

graphically represented with a grid-type format.
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2.3.4.1 – Micros script in Solidworks API

The micros script in Solidworks API utilised to conduct this methodology, was a

developed version of that was used in the 3-D co-ordinate approach (2.3.2). This

developed script employed the same principles to define joint motion and orientation of

the acetabular cup that was applied in the previous approach (2.3.2). The developed

script included, an automated process to define the location of the impingement site, as

opposed to the inefficient manual process that was used previously (2.3.2). This process

comprised of matching the Solidworks part created by interference between geometries

to the liner geometry, so the location and type (implant or bone) of impingement could

be easily determined.

2.3.4.2  – Discussion of applying joint motion data of activities to investigate
impingement

Using the methodology of defining joint motion and detecting impingement in the

model was the same as previously used (Section 2.3.2), and applying kinematic data

from Nadzadi et al (2003) and ‘Hip98’ (Bergmann, 2008) directly to the model. This

overcame the issue of uncertainty that was observed by using the parametric approach

(Section 2.3.3). The kinematic data also comprised of fewer data points compared to the

parametric approach, this improved the efficiency of results being generated from the

model.

A grid-type graphical representation similar to that used previously (Section 2.3.2)

was adapted, as it demonstrated the results more clearly than the 3-D plots (for example

Figure 2.45). Therefore, the results from the geometric model should be displayed with

the grid-type format.

Figure 2.45 – Geometric model of THR with bone geometries, where the femoral stem was fixed at
15° anteversion, 6° of adduction and 6° of flexion and the acetabular cup inclination and
anteversion were varied when performing the TIE activity (Nadzadi et al., 2003). The cup

orientations that caused impingement are represented in red and the cup orientations that did not
cause impingement are represented in green.
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The location of the prosthetic impingement predictions on the rim of the liner was

graphically represented using the same approach as the occurrence of impingement (for

example Figure 2.46). The location of the impingement site was also displayed relative

to the geometry of the liner (for example Figure 2.47).

Figure 2.46 – Geometric model of THR with bone geometries, where the femoral stem was fixed at
15° anteversion, 6° of adduction and 6° of flexion and the acetabular cup inclination and

anteversion were varied when performing the TIE activity (Nadzadi et al., 2003). The location of the
impingement site on the rim of the liner, in degrees clockwise from the superior. The angles that
are highlighted blue indicate that impingement occurred on the anterior section of the liner rim.

Figure 2.47 – Geometric model of THR with bone geometries, where the femoral stem is fixed at 15°
anteversion, 6° of adduction and 6° of flexion and the acetabular cup was orientated at 30°

inclination and 0° anteversion. The location of the impingement site relative to the liner rim, when
carrying out activities of daily living (Nadzadi et al., 2003). The activities of daily included, erectly

seated leg crossing (XLG), sit-to-stand from a normal seat height (SSN), reaching to the floor such
as shoe tying while seated (TIE), sit-to-stand from a low seat height (SSL), bending at the waist to
pick up an object on the floor while standing (STOOP), rolling over from a supine position (ROLL),

and reaching for an object behind while standing (PIVOT).

2.4 – Verification of the geometric model

The following section details the methods that were used to verify that the inputs

applied to the geometric model were functioning as intended, and the output data

generated by the model was correct.
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2.4.1 – Verification of inputs

To investigate if the geometric model in Solidworks was functioning as intended,

a verification process was undertaken. The verification included investigating if the joint

motions and the acetabular component orientations produced by the model

corresponded to the input data. Verification of both the joint motions and the orientation

of the acetabular component were performed, by using the measurement evaluation tool

within the Solidworks software.

Verification of the joint motions was performed by measuring angles between

reference planes and axes that were associated with the axes of rotation of the hip joint

motion. Flexion/extension was defined by the angle between the femoral axis projected

on the sagittal plane of the pelvis and the coronal plane of the pelvis (Figure 2.48), and

adduction/abduction was defined by the angle between the femoral axis and the sagittal

plane of the pelvis (Figure 2.49). Internal/external rotation was defined by the angle

between the reference plane that was coincident to the femoral axis and mediolateral

axis of the pelvis, and the transverse axis of the femur (Figure 2.50). The joint motions

that were generated by the model were required to be within ±0.01° of the input data that

was applied to be acceptable for the study. This reduced the amount of error in the results

generated from the model.

Figure 2.48 – Three-dimensional CAD model of complete THR assembly with bone geometry,
demonstrating how the flexion/extension axis of motion was verified. The femur was flexed at 85°,
abducted by 10° and externally rotated by 30°, and the acetabular component was orientated at 45°

radiographic inclination and 15° radiographic anteversion (view parallel to the sagittal plane).
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Figure 2.49 – Three-dimensional CAD model of complete THR assembly with bone geometry,
demonstrating how the adduction/abduction axis of motion was verified. The femur was flexed at

85°, abducted by 10° and externally rotated by 30°, and the acetabular component was orientated at
45° radiographic inclination and 15° radiographic anteversion (view parallel to the transverse

plane).

Figure 2.50 – Three-dimensional CAD model of complete THR assembly with bone geometry,
demonstrating how the internal/external rotation axis of motion was verified. The femur was flexed
at 85°, abducted by 10° and externally rotated by 30°, and the acetabular component was orientated

at 45° radiographic inclination and 15° radiographic anteversion.

Verification for the orientation of the acetabular component was performed by

measuring angles between the reference planes and axes that were associated with the

cup orientation, as described in Section 2.3.3.1. The acetabular cup orientations

produced by the model were required to be within ±0.1° of the input data that was applied

to be acceptable for the study.
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2.4.2 – Verification of outputs

The output verification of the model was performed by visually inspecting the

geometric model when impingement was detected, to establish that the occurrence and

location of impingement in the model were correct.

2.5 – Discussion and conclusion

The developed geometric model was able to consider the occurrence and

location of both implant (contact between the femoral neck and liner rim) and bone

impingement (femur and pelvis). Considering this, both implant and bone impingement

improved the clinical relevance of the results generated from the model, because bone

impingement may occur before implant impingement.

The developed methodology was also able to apply joint motion from hip

kinematic data generated from motion capture studies, so a wide range of activities could

be applied to the model. Furthermore, using kinematic data also meant that all three axes

of motion of the hip joint could be applied to the model; therefore, accurately simulating

joint motions of activities of daily living.

The majority of the geometric models used to assess impingement (D’Lima et al.,

2000; Widmer and Majewski, 2005; Padgett et al., 2006; Patel et al., 2010), applied

motion by moving the model through one axis of joint motion and fixing the other two

axes of motion. For example, moving the hip through internal rotation, with flexion and

adduction fixed at 90° and 10° respectively, or moving the joint through pure flexion. This

approach does not accurately simulate joint motion of clinically relevant activities,

because all three axes of motion of the hip vary when performing different manoeuvers

(Nadzadi et al., 2003; Bergmann, 2008).

Using a geometric model made it possible to include bone geometries (hemi-

pelvis and femur, because including bone geometries in an FEA model would massively

increase the complexity, which in turn would increase the running time or computational

cost. For this reason, the majority of the studies that used an FEA model to investigate

impingement did not include bone geometries (Pedersen et al., 2005; Kluess et al., 2007;

Ghaffari et al., 2012; Ezquerra et al., 2017).

There are, however, some limitations of using a geometric model. Unlike a FEA

model, a geometric model does not consider the contact forces that are applied to the

joint when carrying out manoeuvres, therefore the stresses that are subjected to the liner
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cannot be assessed, and consequently, the severity of the rim damage due to

impingement cannot be accurately defined. Furthermore, due to no contact forces being

applied to the components of the geometric model, the centre of the femoral head was

required to be constrained relative to the pelvis. This meant that subluxation and/or edge

contact caused by impingement levering the head out of the cup (Pedersen et al., 2005;

Kluess et al., 2007; Elkins et al., 2012; Ghaffari et al., 2012; Ezquerra et al., 2017), could

not be investigated using this method.

The developed model used in this study, like other computational studies

investigating impingement of THRs, did not consider the soft tissues structures that

surround the hip joint. These structures are expected to reduce the maximum range of

motion of the hip until impingement, because these tissues reduce the free space

between the implant and/or bone. This means clinically impingement with soft tissue

could occur before impingement is predicted in the model.

The joint motion data applied to the geometric model was limited to a series of

seven dislocation-prone activities taken from a study by Nadzadi et al. (2003). This data

was the mean joint motion data from 10 healthy middle-aged non-THR individuals;

therefore, may not accurately represent the joint motion of activities of the THR

population.

The geometries used in this model did not consider the manufacturing tolerances

of the bearing surfaces or if the bearing surfaces were worn. This would vary the

clearance between the head and liner, which could impact the results generated from

the model (especially if the clearance is substantially greater than clearance of the CAD

models), as a variation in clearance was not considered in this study.

Despite the limitations of the developed geometric model, the methodology has

demonstrated that it was able to predict the occurrence and location of impingement of

a THR for range of difference acetabular cup orientations and activities. Following this,

the geometric model was developed further to consider additional variables, this included

the variation in design of the acetabular liner (i.e. lipped liner) and variation in design of

the femoral stem (i.e. neck-shaft angle).
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Chapter 3 – Geometric model of THR to investigate the
occurrence and location of impingement

3.1 – Introduction

Impingement in total hip replacements (THRs) can occur due to multiple factors,

and has been reported to be influenced by the surgical positioning of components, design

of the prosthesis, and/or patient variables (Yamaguchi et al., 2000; Shon et al., 2005;

Patel et al., 2007; Ghaffari et al., 2012). In a retrieval study of 111 acetabular cups,

Yamaguchi et al. (2000) reported that posterior impingement occurred more frequently

than anterior impingement. Posterior impingement was suggested to occur during

manoeuvres that cause the hip to extend, whereas anterior impingement will occur when

the hip is flexed. Ghaffari et al. (2012) found that hip manoeuvres that involved high

flexion angles, such as sit-to-stand from a low height chair, had a higher risk of causing

impingement in THRs.

Figure 3.1 – Three-dimensional CAD model of the THR components, demonstrating implant
impingement of femoral neck and acetabular rim, with 55° cup inclination and 35° combined

anteversion (20° cup and 15° stem), when high flexion was applied (view normal to the sagittal
plane).

Combined anteversion of the acetabular and femoral component has been

reported to influence the occurrence of implant impingement (Figure 3.1), as anteversion

has been said to influence the range of motion until impingement (Yamaguchi et al.,

2000; Barrack and Schmalzried, 2002; Patel et al., 2010). High combined anteversion

increases the range of flexion but decreases the range of extension. This has been

suggested to reduce the risk of anterior impingement, but increase the risk of posterior

impingement, and the opposite is believed to occur at lower anteversion angle

(Yamaguchi et al., 2000; Barrack and Schmalzried, 2002; Patel et al., 2010). Anteversion

of the acetabular cup has also been reported to be influenced by the degree of the
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patient’s pelvic tilt. An increase in posterior pelvic tilt has been suggested to cause an

increase in anteversion of the cup, thus resulting in a greater risk of posterior

impingement (Nishihara et al., 2003; Miki et al., 2014).

Following a THR, impingement can also occur between the bones of the hip

(pelvis and femur) (Figure 3.2) or between an implant component (femoral stem or liner

rim) and bone; these are collectively known as bone impingement. Bone impingement

has been reported to be affected by the offset of the acetabular and/or femoral

components (W. B. Kurtz et al., 2010). Increasing either the offset of the acetabular or

femoral component has been considered to have a positive impact on the possible range

of motion (ROM) of the joint; therefore, reducing the risk of bone impingement when

carrying out daily activities (Kurtz et al., 2010; Shoji et al., 2016). The occurrence of bone

impingement can also be influenced by variations in bone morphology of patients, as

larger bone morphology has been suggested to increase the negative impact on the

possible ROM of the joint (Shoji et al., 2013).

Figure 3.2 – Three-dimensional CAD model of the Geometric model, demonstrating bone
impingement of the anterior inferior iliac spine (AMS) of the pelvis and greater trochanter of the
femur. The acetabular cup was orientated at 60° inclination and 20° anteversion, and the femoral

stem orientated 15° anteversion.

Implant impingement in THRs has been suggested to be connected with the

mechanical failure of ultra-high modular weight polyethylene (UHMWPE) liners. This

failure has been reported to be initiated by damage at the rim and can result in cracking

of liners and/or liner dissociation (Birman et al., 2005; Duffy et al., 2009; O’Neill et al.,

2015; Yun et al., 2015). Moderate or severe impingement has been reported to be more

frequent in liners that have been in vivo for less than 5 years, which suggests that

impingement may be linked to the short term failure of THRs (Usrey et al., 2006).
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The effect head and/or neck diameter of the femoral component has on

impingement has been reported using computational models (Kluess et al., 2007; Elkins

et al., 2012; Ghaffari et al., 2012; Ezquerra et al., 2017); however, very little has been

done to investigate the influence variation in the design of the liner (such as lipped) has

impingement. When the variation in the design of the liner has been reported clinically to

affect the risk of prosthetic impingement and possible range of motion (Sultan et al.,

2002; Shon et al., 2005; Craven, 2011).

The aim of this study was to apply the geometric model methodology detailed in

Chapter 2, to investigate the influence that varying surgical orientation and design of

implant components has on the occurrence and location of both prosthetic and bone

impingement. The bone geometries (hemi-pelvis and femur) utilised throughout this

study were of one individual, as described in Section 2.2.1.  Joint motion data applied to

the model were taken from a series of seven dislocation-prone activities reported by

Nadzadi et al. (2003) (detailed in Section 2.2.4) all activities were applied to each

variation that was investigated in this study. The following variables were:-

· Surgical orientation of the acetabular component relative to the pelvis (inclination

and anteversion)

· Design and orientation of the acetabular liner (neutral vs lipped)

· Neck-shaft angle of the femoral stem (125° vs 135°)

3.2 – Effect acetabular component orientation has on
impingement

The aim of this study was to investigate the effect that orientation of the

acetabular component (liner and outer shell) relative to the pelvis has impingement.

Previous studies have suggested that implant impingement is influenced by combined

anteversion of the acetabular and femoral components (Yamaguchi et al., 2000; Barrack

and Schmalzried, 2002). The ranges of acetabular component orientations that were

investigated in this study were 30° to 70° radiographic inclination and 0° to 50°

radiographic anteversion, these ranges were selected because they have been observed

clinically (Danoff et al., 2016).

3.2.1 – Materials and method

In this study, the hip replacement design that was used were the same as

described previously in Chapter 2 (2.2.2); however, the femoral head diameter was

reduced from 36 mm to 32 mm, as a recent NJR report detailed that 32 mm was the
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most commonly used clinically in 2017 (National Joint Registry, 2018). The offset of the

head was changed to +5 mm, as a 32 mm diameter head with a +1.5 mm offset is not

produced by the manufacturer (DePuy Synthes), which meant the femoral offset

increased from 38.5 mm to 41 mm in this study (Table 3.1). The position of the femoral

component within the femur was translated to compensate for the change in femoral

offset, so the position of COR of the prosthetic head was the same as the COR head of

the femur. The orientation of the bone and prosthetic geometries in the model employed

in this study were identical to that was used in the method development detailed in

Chapter 2.

Table 3.1 – Detailed specifications and key dimensions of the components created and used in this
study.

Diameter (mm) Stem
size

Neck
angle

(Degrees)

Offset (mm) Head-neck
ratioLiner Head Outer

shell Liner Head Stem

33.1 32 56 12 135 0
(Neutral) + 5 41 2.4 – 3.5

3.2.2 – Results of the occurrence of impingement

When performing the activity of stooping to pick an object from the floor (STOOP)

impingement was observed the most number of times across all of the cup orientations

compared to the other activities that were investigated, and implant impingement

occurred when the cup was orientated between 0° to 30° anteversion and 30° to 70°

inclination (Figure 3.3A). The STOOP activity was also found to generate bone

impingement when implant impingement was not predicted.

Sit-to-stand from a low (SSL) and normal seat (SSN) were both predicted to

cause implant impingement by a series of cup orientations (Figure 3.3C and E). SSN

displayed a higher number of cup orientations compared to SSL. SSN was found to

produce implant impingement when the acetabular component was orientated within the

‘safe range’ as described by (Barrack et al., 2001), whereas, SSL did not cause implant

impingement within the ‘safe range’ (Figure 3.3C and E).

Tying shoelaces (TIE) and leg crossing (XLG) were predicted to caused implant

impingement when the acetabular component was orientated within the ‘safe range’

(Barrack et al., 2001), with TIE causing impingement at a higher number of cup

orientations than XLG (Figure 3.3B and G). When carrying out the XLG activity implant

impingement was observed between 0° to 15° anteversion and 30° to 70° inclination.

Whereas, TIE was predicted to cause impingement across the largest range of
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anteversion (0° to 25°) through the full range of inclination (30° to 70°) that was

investigated.

During roll in a supine position (ROLL) and pivoting for an object from behind

(PIVOT), implant impingement was predicted to be caused at a higher anteversion

compared to the other activities that were investigated (Figure 3.3D and F). PIVOT was

predicted to result in implant impingement with cup orientated within the ‘safe range’

(Barrack et al., 2001), and ROLL was observed to lead to bone impingement when the

acetabular component was orientated within the ‘safe range’.
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Figure 3.3 – Outputs from the geometric model for a THR with a 32 mm diameter head, neutral liner
and standard collarless stem (135° neck-shaft angle), showing the predicted impingement (implant

or bone). The femoral stem was fixed at 15° anteversion, and the acetabular cup inclination and
anteversion were varied. Red areas represent the cup orientation caused implant impingement

when carrying out an activity, green represent when impingement did not occur, and amber
represents when bone impingement occurred. (A) bending at the waist to pick up an object on the
floor while standing (STOOP), (B) reaching to the floor such as shoe tying while seated (TIE), (C)

sit-to-stand from a normal seat height (SSN), (D) rolling over from a supine position (ROLL), (E) sit-
to-stand from a low seat height (SSL), (F)  reaching for an object behind while standing (PIVOT),

and (G) erectly seated leg crossing (XLG). The cup orientations within the box delineated with bold
lines are suggested to prevent impingement and dislocation, as described from the clinical results

by Barrack et al. (2001).
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In this study, an implant impingement-free zone for all of activities applied was

identified. This ranged from 50° to 70° inclination and 15° to 25° anteversion of the

acetabular cup, and as cup inclination was increased, a lower anteversion angle was

required to prevent impingement (Figure 3.4).

Figure 3.4 – Impingement frequency predicted by the geometric model, set-up with the femoral
stem at 15° anteversion, and the acetabular cup inclination and anteversion are varied. Red

represents the highest frequency of implant impingement, and the green represents the lowest
frequency of implant impingement, across seven activities investigated as defined by Nadzadi et al.

(2002). Cup orientations within the bold box are in the ‘safe zone’ as described by Barrack et al.
(2001).

3.2.3 – Results of the location of impingement site

For the standard stem (135° neck-shaft angle) activities that demonstrated high

ranges of flexion (posterior dislocation-prone activities) impinged on the anterior portion

of the rim, this included the XLG, SSL, SSN, TIE and STOOP activities (Figure 3.5).

Whereas, activities that exhibited high ranges of external rotation impinged on the

posterior portion of the rim, this included the PIVOT and ROLL activities (Figure 3.5 and

Figure 3.6). Anterior implant impingement that was observed between approximately 20°

to 80° (where 0° was the most superior region of liner), which corresponded to the

superior-anterior quadrant of the liner (Figure 3.5 and Figure 3.6). Posterior implant

impingement was found between approximately 210° and 245°, which corresponded to

the posterior-inferior quadrants of the liner (Figure 3.5 and Figure 3.6).
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Figure 3.5 – Outputs from the geometric model for a THR with a 32 mm diameter head, neutral liner
and standard collarless stem (135° neck-shaft angle), showing predicted location of prosthetic

impingement site (degrees measured from cup superior). The femoral stem was fixed at 15°
anteversion, and the acetabular cup inclination and anteversion were varied. The angles that are

highlighted blue indicate that impingement occurred on the anterior section of the liner rim and the
angles that are highlighted red indicate that impingement occurred on the posterior section of the

liner rim. (A) bending at the waist to pick up an object on the floor while standing (STOOP), (B)
reaching to the floor such as shoe tying while seated (TIE), (C) sit-to-stand from a normal seat

height (SSN), (D) rolling over from a supine position (ROLL), (E) sit-to-stand from a low seat height
(SSL), (F)  reaching for an object behind while standing (PIVOT), and (G) erectly seated leg

crossing (XLG).
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Figure 3.6 – Geometric model for a THR with a 32 mm diameter head, neutral liner and standard
collarless stem (135° neck-shaft angle). The femoral stem was fixed at 15° anteversion, and the
acetabular cup inclination and anteversion were varied. The location of the impingement site
relative to the liner rim, when carrying out activities of daily living. Blue corresponds to the

location of anterior impingement and red corresponds to the location of posterior impingement.

Bone impingement was also predicted to occur when performing STOOP and

ROLL activities, as discussed previously (3.2.2). When performing the STOOP activity,

bone impingement was predicted to occur between the anterior section of the osseous

neck of the femur and the anterior-inferior iliac spine of the pelvis (Figure 3.7). Whereas,

when performing the ROLL activity bone impingement was predicted to occur between

the posterior section of the femoral neck and ischium of the pelvis (Figure 3.8).

Figure 3.7 – Geometric model for a THR where the femoral stem was fixed at 15° anteversion, and
the acetabular cup was orientated at 40° inclination and 30° anteversion, demonstrating bone
impingement (femur and pelvis) when performing the STOOP activity. The location of bone

impingement was illustrated by the red wireframe, and contact was between the anterior section of
the osseous neck of the femur and the anterior-inferior iliac spine of the pelvis (view from anterior).
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Figure 3.8 – Geometric model for a THR where the femoral stem was fixed at 15° anteversion, and
the acetabular cup was orientated at 40° inclination and 30° anteversion, demonstrating bone

impingement (femur and pelvis) when performing the ROLL activity. The location of bone
impingement was illustrated by the red wireframe, and contact was between the posterior section

of the femoral neck and ischium of the pelvis (view from anterior).

3.3 – Effect of using a lipped liner has on impingement

The aim of this study was to investigate the influence lipped liners (Figure 3.9)

and position of the apex of the lip had on impingement-free range of motion, compared

to a neutral liner.

Figure 3.9 – Three-dimensional CAD models of a lipped (blue) and neutral liners (white),
demonstrating the differences between the two designs of the liner.

3.3.1 – Materials and method

In this study, DePuy Pinnacle® Marathon® neutral and lipped liners were used

and the other component geometries (i.e. femoral stem and outer shell) in the model

remained the same as the previous investigation (3.2). Throughout this study, the
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acetabular component was positioned in optimally orientation in respect to the

morphology of the pelvis (45° inclination and 20° anteversion), as confirmed by a

consultant orthopaedic surgeon (Professor Tim Board, Wrightington hospital, Wigan and

Leigh NHS foundation trust, UK).

The position of the apex of the lip was varied in this study. This was achieved by

rotating the cup about the acetabular axis in a clockwise direction, from the superior in

increments of 45° (from 0° to 315°) (Figure 3.10). The range of lip apex positions that

were investigated was outside the orientations recommended clinically (whereby it is

recommended that the apex is between superior and posterior aspects of the cup), to

observe the influence a mal-positioned lip (between anterior and inferior aspects of the

cup) has on occurrence of impingement across a range of different activities of daily

living.

Figure 3.10 – Three-dimensional representation of the Geometric model set-up for the investigation
with lipped liner with bone geometries (right hemi-pelvis and femur) and a complete THA assembly

(DePuy Pinnacle® acetabular modular cup with a lipped liner; size 12 Corail® stem with 32 mm
diameter head). The acetabular component was an orientation at 45° inclination and 20°

anteversion, and the lip positioned at the superior (0°) relative to the pelvis.

3.3.2 – Results of the occurrence of impingement

When a lipped liner was used, implant (neck on the acetabular rim) impingement

was found to occur when performing SSN, XLG and PIVOT activities, whereas no

impingement occurred with a neutral liner. The presence and position of the lip reduced

the impingement-free range of motion, compared to the results of the neutral liner (3.2)

(Figure 3.11). Impingement occurred when the lip was positioned superiorly and

anteriorly when performing most of the activities that were prone to posterior dislocation,

and posteriorly, posterior-superiorly and posterior-inferiorly when performing activities

prone to anterior dislocation (Figure 3.11). During the SSN activity, no impingement
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occurred when a lipped or neutral liner was used. Bone impingement was observed when

performing the roll activity with both lipped and neutral liners (Figure 3.11).

Figure 3.11 – Incidence of impingement where the femoral stem is fixed at 15° anteversion and the
acetabular component was positioned at 45° inclination and 20° anteversion for Lipped and neutral

liner design. The position of the apex of the lip was varied by rotating the lip in a clockwise
direction (0° to 315°), and the orientations that are recommended clinically are highlighted with

‘blue’ text. Green represents no impingement, yellow represents bone impingement and red
represents implant impingement, across the seven of activities. For STOOP and TIE activities, the

reduction in the impingement-free range of motion between the lipped and neutral liner was
denoted with a faded red grid for zero or little reduction, and darker red grid for higher (Max 18°)

reduction in the range of motion.

3.4 – Effect of femoral stem neck-shaft angle on impingement

The aim of this investigation was to assess the occurrence of impingement with

variation of the neck-shaft angle of the femoral stem (135° vs 125°), when performing a

range of different activities of daily living and varying acetabular cup orientations (30° to

70° inclination and 0° to 50° anteversion).

3.4.1 – Material and method

In this study, the variation in neck-shaft angle resulted from investigating different

stem designs; a size 12 standard collared Corail® stem (135°) and a size 12 coxa vara

Corail® stem (125°) (Figure 3.12). A standard collared stem was used in this study, rather

than the collarless version used previously (3.2 and 3.3), as the coxa vara stem included

a collar. This meant any variation in the predicted impingement would not be the result

of a collar being present.
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Figure 3.12 – Three-dimensional representation of femoral components with different neck shaft
angles implanted in a femur geometry, demonstrating the difference in neck shaft angle between

the DePuy coxa vara Corail® stem (A) and the standard collared Corail® stem (B).

Between these two stem designs, as well as the neck-shaft angle; the neck length

and stem offset were different (Figure 3.13). The coxa vara stem had a greater neck

length and stem offset compared to the standard stem (Table 3.2), which meant the

distance between the COR of the head and the femur was greater with the coxa vara

stem.

Figure 3.13 – Three-dimensional representation of a femoral component of a THR, demonstrating
the neck-shaft angle (blue), neck length (purple), and offset of the femoral component.
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Table 3.2 – Key dimensions of stems that are different between the two designs of the stem, all
data displayed was taken from product literature provided by DePuy Synthes.

Type of stem Neck-shaft angle (°) Neck length (mm) Offset (mm)
Standard 135 38.5 41
Coxa vara 125 40.3 48

Both stems were position within the femur in the same orientation as detailed in

the model development in Chapter 2 (2.3.3.1). This meant the stems were positioned

within the femur at 15° anteversion and 6° adduction and flexion for this study. However,

positioning the stems in this manner, meant the COR of the head was different for the

two designs investigated. The COR of the head for the standard stem was the same as

the COR of the head of the femur, as previously detailed in Section 2.3.3.1. Whereas,

there was a difference of 8.6 mm between CORs of the head for the coxa vara stem and

standard stem and the direction of differences in COR of the heads are shown in Table

3.3. The variation in neck length and offset between the standard and coxa vara stems

should not influence the occurrence of impingement in the model, as the femur was

translated with the coxa vara stem, to allow joint motion to be applied about the COR of

the head and acetabular cup.

Table 3.3 – The directions of the difference between the head CORs of standard and coxa vara
stems.

Direction of difference Difference (mm)
Medial 7.2
Inferior 4.1
Anterior 2.3

   In this study, the acetabular component used were the same as the first

investigation detailed in Section 3.2, which comprised of a neutral Pinnacle® liner and an

outer shell with a 56 mm diameter. The orientation of the acetabular cup in the

acetabulum of the pelvis was identical to that used in previous investigations (3.2 and

3.3).

3.4.2 – Results of the occurrence of impingement

All of the activities related to posterior dislocation (STOOP, SSL, SSN, XLG and

TIE) were predicted to cause less frequent implant impingement across the range of

acetabular cup orientations when a 125° neck-shaft angle (coxa vara) stem was

assessed compared to the 135° neck-shaft angle (standard) stem (Figure 3.14 and

Figure 3.15). Whereas, the opposite was found when performing the anterior dislocation-

prone activities (ROLL and PIVOT), the 125° neck-shaft angle stem caused more

frequent implant impingement across the series of cup positions compared to the 135°

neck-shaft angle stem (Figure 3.15).
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When performing the STOOP activity implant-bone impingement (contact

between femoral component and the pelvis) was predicted at high inclination and/or

anteversion angles, for both the 135° and 125° neck-shaft angle (Figure 3.14). The 125°

neck-shaft angle stem was observed to cause less frequent bone impingement was

observed when performing the ROLL compared to the 135° neck-shaft angle stem

(Figure 3.15). Furthermore, less implant impingement was predicted when performing

the STOOP activity with the standard collared stem (Figure 3.14) compared to the

collarless version of the stem (Figure 3.3). No impingement was found when performing

the sit-to-stand from a low seat (SSL) with the 125° neck-shaft angle stem, whereas

implant impingement was predicted with 135° neck-shaft angle stem (Figure 3.14).
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Figure 3.14 – Output from the geometric model for a THR with a 32 mm diameter head, neutral liner,
showing the predicted impingement (implant or bone). The femoral stem design varied between

135° (standard collared stem) and 125° (coxa vara stem) neck-shaft angles and fixed at 15°
anteversion. The orientation of the acetabular cup inclination and anteversion were varied. Red
areas represent the cup orientation caused implant impingement when carrying out an activity,
green represent when impingement did not occur, amber represents when bone impingement

occurred, and blue represents when implant-bone impingement occurred. (STOOP) bending at the
waist to pick up an object on the floor while standing, (TIE) reaching to the floor such as shoe tying

while seated, (SSN) sit-to-stand from a normal seat height, and (SSL) sit-to-stand from a low seat
height. The cup orientations within the box delineated with bold liners are suggested to prevent

impingement and dislocation, as described from the clinical results by Barrack et al. (2001).
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Figure 3.15 – Output from the geometric model for a THR with a 32 mm diameter head, neutral liner,
showing the predicted impingement (implant or bone). The femoral stem design varied between

135° (standard collared stem) and 125° (coxa vara stem) neck-shaft angles and fixed at 15°
anteversion. The orientation of the acetabular cup inclination and anteversion were varied. Red
areas represent the cup orientation caused implant impingement when carrying out an activity,
green represent when impingement did not occur, amber represents when bone impingement

occurred, and blue represents when implant-bone impingement occurred. (XLG) erectly seated leg
crossing, (ROLL) rolling over from a supine position, and (PIVOT) reaching for an object behind
while standing. The cup orientations within the box delineated with bold liners are suggested to

prevent impingement and dislocation, as described from the clinical results by Barrack et al.
(2001).

From the prediction of impingement for the 135° and 125° neck-shaft angle

stems, an implant impingement-free zone for all of the activities investigated was

identified (Figure 3.16). For the 135° neck-shaft angle the impingement-free zone ranged

50° to 70° cup inclination and 15° to 25° cup anteversion. Whereas, the 125° neck-shaft

angle stem was found to have an impingement-free zone at 50° to 70° inclination and 5°

to 20 anteversion. Both stems were observed to have an impingement-free zone outside

of the range described by Barrack et al. (2001).
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Figure 3.16 – Impingement frequency for (A) standard (135⁰) stem and (B) coxa vara (125⁰) stem
predicted by the geometric model, set-up with the femoral stem at 15° anteversion, and the

acetabular cup inclination and anteversion are varied. Red represents the highest frequency of
implant impingement, and the green represents the lowest frequency of implant impingement,

across seven activities investigated as defined by Nadzadi et al. (2002). Cup orientations within the
bold box are in the ‘safe zone’ as described by Barrack et al. (2001).

3.4.3 – Results of the location of impingement site

The site of implant impingement that was predicted with the 135° neck-shaft

angle (standard collared) stem was identical to the locations as the collarless design of

the stem (Figure 3.5). The site of implant impingement observed with the 125° neck-shaft

angle (coxa vara) stem (Figure 3.17) was similar to the location predicted with the 135°

neck-shaft angle (Figure 3.5). Both stems observed that the posterior dislocation-prone

activities were found to cause impingement of the superior-anterior quadrants of the liner

and anterior dislocation-prone activity led to impingement on the posterior-inferior

quadrants of the liner (Figure 3.6 & Figure 3.18).
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Figure 3.17 – Outputs from the geometric model for a THR with a 32 mm diameter head, neutral
liner and coxa vara stem (125° neck-shaft angle), showing the predicted location of prosthetic
impingement site (degrees measured from cup superior). The femoral stem was fixed at 15°

anteversion, and the acetabular cup inclination and anteversion were varied. The angles that are
highlighted blue indicate that impingement occurred on the anterior section of the liner rim and the
angles that are highlighted red indicate that impingement occurred on the posterior section of the

liner rim. (A) bending at the waist to pick up an object on the floor while standing (STOOP), (B)
reaching to the floor such as shoe tying while seated (TIE), (C) sit-to-stand from a normal seat

height (SSN), (D) rolling over from a supine position (ROLL), (E) sit-to-stand from a low seat height
(SSL), (F)  reaching for an object behind while standing (PIVOT), and (G) erectly seated leg

crossing (XLG).
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Figure 3.18 – Geometric model for a THR with a 32 mm diameter head, neutral liner and coxa vara
stem (125° neck-shaft angle). The femoral stem was fixed at 15° anteversion, and the acetabular
cup inclination and anteversion were varied. The location of the impingement site relative to the
liner rim, when carrying out activities of daily living. Blue corresponds to the location of anterior

impingement and red corresponds to the location of posterior impingement.

Implant-bone impingement was predicted when performing the STOOP with the

collared stems (135° and 125° neck-shaft angles), as discussed previously (3.4.2). When

performing the STOOP impingement was observed to occur between the collar of the

femoral stem and the anterior-inferior iliac spine of the pelvis (Figure 3.19).

Figure 3.19 – Geometric model for a THR where the femoral stem was fixed at 15° anteversion, and
the acetabular cup was orientated at 40° inclination and 30° anteversion, demonstrating bone

impingement (femur and pelvis) when performing the STOOP activity. The location of implant-bone
impingement was illustrated by the red wireframe, and contact was between the collared section of

the femoral stem and the anterior-inferior iliac spine of the pelvis (view from anterior).
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3.5 – Discussion

The purpose of this study was to apply the developed Geometric model

methodology detailed in Chapter 2, to investigate the influence of different activities,

surgical orientation and design of implant components has on the occurrence and

location of both prosthetic and bone impingement.

3.5.1 – Influence of activity on likelihood of impingement

When performing sit-to-stand from a low seat (SSL), predicted impingement was

least frequent across all of the cup orientation that were investigated compared to sit-to-

stand from a normal seat (SSN). This is similar to findings by Pedersen et al. (2005).

This may be due to the external rotation in the SSL activity opposed to SSN which

included internal rotation. Therefore, resulting in the femur being rotated away from the

rim of the acetabulum and increasing the distance between the femoral neck and rim of

the acetabular liner, which reduced the risk of impingement. Whereas, surgeons

recommend patients avoid sitting on low seats post THR surgery. However, this

recommendation is based on reducing the risk of dislocation and not impingement.

In this study, XLG and SSN were predicted to cause impingement a lower number

of times across the cup orientations that were investigated, compared to the other

posterior dislocation-prone activates (STOOP and TIE). This suggests that the risk of

impingement for XLG and SSN was less than STOOP and TIE. Ghaffari et al. (2012)

reported that XLG and TIE had a lower risk of impingement then SSL and STOOP

activities; however, this study used simplified geometries (sphere with an incomplete

cone and uniform hemisphere) to represent the implant components; whereas, this study

used (modified) clinically available designs (DePuy’s Corail and Pinnacle components).

The design of the implant has been reported to affect the likelihood of impingement

(Cobb et al., 1997; Yamaguchi et al., 2000; Barrack, 2003; Usrey et al., 2006); therefore,

this difference in the results could be due to differences in geometries used in the studies.

In addition, a smaller diameter femoral head (24 mm) was used in the study by Ghaffari

et al. (2012), a 32 mm diameter head was used in this study. Impingement-free range of

motion has been reported to be influenced by the head-to-neck ratio of the THR (Usrey

et al., 2006; Patel et al., 2010); a smaller diameter head reduces the head-to-neck ratio

(assuming the neck diameter remains the constant), which reduced the impingement-

free range of motion. Considering this, the difference in the diameter of the femoral head

could also produce the variation in the results.
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From all of the posterior dislocation-prone activities (STOOP, SSN, SSL, XLG

and TIE), STOOP and TIE were predicted to cause the highest amount of prosthetic

impingement across all of the cup orientations compared to the other activities, this

implies that performing the STOOP and TIE activity has the highest risk of causing

prosthetic impingement. Pedersen et al. (2005) stated that the STOOP and SSN

activities caused implant impingement more frequently when the orientation of the

acetabular component was varied. Pedersen et al. (2005) orientated the femoral

component at 6° adduction and 3° anteversion, whereas the orientation used in this study

was 6° adduction 6° flexion, and 15° anteversion.

The STOOP activity comprised of high peak flexion (approx. 110°) combined with

the highest peak internal rotation (approx. 25°) compared to the other activities of daily

living. The high peak internal rotation caused the femur to rotate closer to the anterior

section of the rim of the acetabulum, increasing risk of impingement and this could

explain the reason for bone impingement being predicted during STOOP activity.

The TIE activity included similar high peak flexion (approx. 105°) as the STOOP,

with the highest peak adduction (approx. 18°) instead of internal rotation. The high peak

adduction of the TIE has a similar effect to the high internal rotation of the STOOP and

caused the femur to rotate closer to the anterior section of the rim of the acetabulum.

Thus, explaining why STOOP and TIE were predicted to cause the highest amount of

implant impingement across the entire range of cup orientations.

The anterior implant impingement generated from the geometric model was

connected to the activities that were prone to posterior dislocation, and these activities

comprised of high peak flexion combined with internal rotation. This was also observed

in clinical reports; however, impingement damage on the anterior proportion of the liner

rim was observed less frequently compared to posterior impingement damage (Hall et

al., 1998; Yamaguchi et al., 2000; Shon et al., 2005; Griffiths-Jones and Williams, 2014).

However, often liners in these studies had elevated rim designs, this could influence

observations relating to impingement.

The anterior dislocation-prone activities (ROLL and PIVOT) were predicted to

lead to posterior impingement, this was due to the combination of extension and external

rotation of the hip when performing these activities. This was observed in a clinical case

study by Barrack and Schmalzried (2002). Posterior impingement has also been reported

clinically to occur more frequently than anterior impingement (Hall et al., 1998;

Yamaguchi et al., 2000; Shon et al., 2005; Griffiths-Jones and Williams, 2014); however,
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these reports did include a large cohort of patients with elevated rim (or lipped) liner and

very few neutral liners; therefore, posterior impingement may be more frequent in

elevated rim liners.

Posterior impingement was predicted between 220° and 285° from the superior

of the liner (75° to 140° posterior) (Figure 3.5). The retrieval study by Yamaguchi et al.

(2000) reported posterior impingement between 40° to 102° posterior of the liner. The

position of the rim damage from Yamaguchi et al. (2000) were more inferior compared

to the predictions generated in this study; however, Yamaguchi et al. (2000) used plain

radiographs to determine the in-vivo orientation of the acetabular component relative to

the pelvis. Plain radiographs are not the most accurate medical images to define the

orientation of the cup in-vivo, because of variation in the position of the pelvis in the

radiograph effect the accuracy of measurement taken from radiographs (Lembeck et al.,

2005). This could lead to the difference between the results by Yamaguchi et al. (2000)

and this study.

When performing the ROLL activity, bone impingement was observed with some

of the orientations of the acetabular component. The ROLL comprised of a high peak

external rotation and extension combined with adduction, this caused the femur to rotate

towards the ischium of the pelvis. Whereas, the PIVOT activity incorporated less external

rotation but more extension than the ROLL, which caused the femur to rotate away from

the ischium of the pelvis, and this may be the reason why ROLL caused bone

impingement and PIVOT did not.

Clinical reports have also discussed implant impingement at two different sites,

at opposite sides of the liner (Yamaguchi et al., 2000; Shon et al., 2005; Usrey et al.,

2006). This was observed in this study when the cup was orientated at 30° inclination

and 30° anteversion when carrying out the STOOP and PIVOT activities, which resulted

in anterior impingement and posterior impingement respectively.

In a study by Elkins et al. (2012), bone impingement was reported between the

osseous section of the femoral neck and anterior-inferior iliac spine of the pelvis when

performing a deep squat after 105° of flexion. This was also observed in this study;

however, it was predicted when performing the STOOP (posterior dislocation-prone)

activity. This variation in results between the two studies could be the caused by different

bone geometries being used, variations in bone morphology of patients have been

reported to influence the occurrence of bone impingement (Shoji et al., 2017).
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In this study, bone impingement was predicted between the posterior section of

the femoral neck and ischium of the pelvis when performing the ROLL (anterior

dislocation-prone) activity. Similar was reported by Shoji et al. (2017), with bone

impingement between the ischium and the posterior aspect of the femoral neck when

the joint was moved through pure external rotation.

3.5.2 – Effect of acetabular cup orientation has on the likelihood of
impingement

The majority of the acetabular cup orientations that were predicted to cause

implant impingement were within an clinically acceptable range of acetabular cup

orientations (35° to 55° inclination and 10° to 30° anteversion) (Barrack et al., 2001).

Similar results have also been observed in both clinical reports and computational

studies (Yamaguchi et al., 2000; Ghaffari et al., 2012; McCarthy et al., 2016).

Varying anteversion of the acetabular component had a greater influence on

implant impingement when performing XLG, TIE, PIVOT and ROLL, compared to varying

cup inclination. Ghaffari et al. (2012) presented similar results and observed that the XLG

and TIE activities were more sensitive to variation in cup anteversion. This study also

found that the risk of impingement was reduced with cup anteversion greater than 20°

for XLG and greater than 30° for TIE, and this agrees with the results of this study.

For activities that generated anterior implant impingement such as TIE and XLG,

impingement was prevented by increasing the anteversion of the cup. Increasing

anteversion of the cup causes a rise in the range of motion of flexion and internal rotation,

and the opposite occurred when the cup anteversion was deceased (D’Lima et al., 2000;

Barrack and Schmalzried, 2002; Kluess et al., 2007; Patel et al., 2010; Ezquerra et al.,

2017). Similar was reported in a case study by Griffiths-Jones and Williams (2014), the

authors reported severe damage at the anterior portion of the rim when the cup was

orientated with ‘neutral’ anteversion. The results from this study, suggest that the

damage observed by Griffiths-Jones and Williams (2014), could have been caused by

an activity that included a high range of flexion and internal rotation.

Posterior implant impingement when carrying out the PIVOT and ROLL activities

was reduced when the acetabular cup was positioned at a low cup anteversion.

Decreasing the anteversion of the cup, resulted in an increased range of extension and

external rotation; however, this also decreased the range of flexion and internal rotation

that was possible before impingement (Barrack and Schmalzried, 2002; Kluess et al.,

2007; Patel et al., 2010). This was comparable to a retrieval study by Yamaguchi et al.
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(2000); where the authors observed a high frequency of posterior impingement, when

the acetabular cup was positioned at higher anteversion. The impingement damage

observed by Yamaguchi et al. (2000) may be a result of manoeuvres that included a high

range of external rotation combined with extension, such as ROLL or PIVOT.

The STOOP and SSN activities showed that varying combinations of inclination

and anteversion of the acetabular cup influenced the likelihood of impingement.

Increasing both the inclination and anteversion of the cup, reduced the occurrence of

impingement, which suggests impingement when performing the STOOP and SSN

activities, is less likely to occur at high cup inclination and anteversion. Ghaffari et al.

(2012) reported that impingement when performing the STOOP activity was less likely

to occur when the cup position at 70° inclination and 40° anteversion. In this study, the

cup position at 70° inclination and 40° anteversion were predicted to lead to

impingement, when carrying out activities with high range external rotation and extension

(ROLL and PIVOT). Ghaffari et al. (2012) only considered activities that was prone to

posterior dislocation; therefore, did not include the results for the full range of activities

that are observed clinically.

The results from this study, predicted that inclination angles of greater than 55°

of the acetabular component reduced the risk of implant impingement. High inclination

angles of the cup have been reported to undesirable tribological and mechanical

outcomes with increased risk of edge wear and deformation of polyethylene liners (Leslie

et al., 2009); therefore, this must be also considered when clinically optimising cup

position.

The results from the model have shown that varying the anteversion of the

acetabular cup had a greater effect on the occurrence of implant impingement, compared

to varying the inclination of the cup. Ghaffari et al. (2012) reported similar, with a high

cup anteversion angle improving the ROM till impingement more substantially than cup

inclination, when performing activities with a high peak flexion.

3.5.3 – Effect of a lipped liner on impingement

The predicted implant impingement with the lipped liner was found to be more

frequent compared to the neutral liner. This agrees with the findings of some clinical

studies, which have found evidence of implant impingement more frequent on retrieved

polyethylene lipped liners (Shon et al., 2005; Marchetti et al., 2011).
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When the positioning of the apex of the lip was varied, the results of implant

impingement showed that the positioning of the lip influences the possible range

impingement-free motion of the hip joint. Considering this and the improved joint stability

of using a lipped liner, a balance is required to achieve an optimal range of motion without

increasing the risk of dislocation.

 In addition, when the apex of the lip was positioned in the superior-anterior

section (between 0° and 90°) of the acetabular cup a larger reduction of impingement-

free range of motion was observed when performing the majority of the posterior

dislocation-prone activity (i.e. STOOP, SSN, TIE and XLG). Whereas, when the apex of

the lip was positioned in the inferior-posterior portion of the cup, impingement was found

when performing anterior dislocation-prone activities (i.e. ROLL and PIVOT). This

agreed with the finding of the sites of impingement that was predicted with the neutral

liner, as placing the lip in the observed regions of impingement on the liner leads to

contact between the lip geometry and femoral neck and a reduction in the range of

impingement-free motion.

3.5.4 – Influence of stem neck-shaft angles on the likelihood of
impingement.

The neck-shaft angle of the stem was found to influence on the occurrence of

implant impingement, as the 125° neck-shaft angle (coxa vara) stem was observed to

cause less frequent implant impingement across the range of cup orientation and

activities investigated, compared to the 135° neck-shaft angle (standard) stem. The 125°

neck-shaft angle reduced the amount of implant impingement when performing the

activities with high range of flexion with internal rotation (STOOP, SSL, SSN, XLG and

TIE) and caused the opposite when carrying out activities with high range of external

rotation with extension (ROLL and PIVOT). This suggests that lower neck-shaft angle

has a positive effect on the possible range of flexion till impingement and has a negative

influence on the possible range of external till impingement.

Lower inclination and anteversion angle of the acetabular cup were found to

cause the least frequent impingement when using the 125° neck-shaft angle, which

resulted in the impingement-free zone at a lower anteversion of the cup with the 125°

neck-shaft angle of the stem compared to the 135°. Considering this, clinically

acceptable cup orientations could be used with the lower neck-shaft angle without

substantially increasing the risk of prosthetic impingement.
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The locations of impingement on the liner rim were almost identical for the two

neck-shaft angles investigated in this study, as sites of impingement were found at the

anterior-superior and posterior-inferior sections of the rim. This suggests that varying the

neck-shaft angle does considerably affect the site of impingement.

The presence of collar on the femoral stem was found to cause impingement

between the collar and pelvis when performing the STOOP activities. This was due to

the collar adding additional material to the anterior section of the neck cut, which meant

contacted occurred with the collar before the anterior portion of the femur. However, the

occurrence of impingement with a collar could vary with variation in geometry of the

pelvis.

3.5.5 – Study limitation

This study was limited to the bone geometry of one patient and variation in the

geometry of the bone geometry, has been reported to affect the risk of impingement

(Patel et al., 2010; Shoji et al., 2013). The developed model also did not consider the

variation of pelvic tilt when performing different activities, as literature has reported that

the orientation of the pelvis influences the anteversion of the acetabular cup relative to

the pelvis (Nishihara et al., 2003; DiGioia et al., 2006; Murphy et al., 2013; Pierrepont et

al., 2017). Furthermore, the joint motion data applied to the geometric model was limited

to a series of seven dislocation-prone activities taken from a study by Nadzadi et al.

(2003). This data was the mean joint motion data from 10 healthy middle-aged non-THR

individuals; therefore, does not accurately represent the joint motion of activities of THR

patients.

3.6 – Conclusion

The results from this study have shown that variation in the joint motion,

positioning and design of THR components can influence the occurrence and location of

impingement of THR. The developed Geometric model has been successfully been able

to be adapted and used to investigate impingement with several different variables and

could be used in future work to investigate a wider range of variables.
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Chapter 4 – Development of a methodology to
quantitatively assess rim damage of

polyethylene acetabular liners

4.1 – Introduction

In the literature, rim damage of both retrieved and experimentally tested (in-vitro)

polyethylene acetabular liners is typically characterised and assessed using qualitative

visual-based methods, and little has been reported to quantitatively assess rim damage.

Rim damage on retrieved polyethylene liners has been predominantly performed by

either using an adapted version of the Hood damage scoring method (Kurtz et al., 2005;

Pang et al., 2015) or grading the severity of the rim damage by visually measuring the

angular width and span of the rim (Yamaguchi et al., 2000; Birman et al., 2005; Shon et

al., 2005; Usrey et al., 2006). Methods to assess rim damage observed on experimentally

tested liners have not been widely reported in the literature, due to the limited number of

experimental studies that have been performed to investigate the occurrences of rim

damage. In a study by Holley et al. (2005), rim damage due to impingement was

assessed by taking digital photographs at 10 times magnification of the rim damage and

using an image analysis software package to estimate the area of the damage. The

methods used on both the retrieved and experimentally tested liners assessed the

severity by the size/coverage of the observed rim damage; however, these methods did

not consider the penetration depth of the damage, which meant deep rim damage would

be defined as less severe if the damage covered a small area of the rim, regardless of

the depth.

Quantitative assessment methods have been typically used to determine the

geometric variation of wear and/or deformation on the bearing surface of retrieved

polyethylene liners (Bowden et al., 2005; Bills et al., 2007; Teeter et al., 2010b; Uddin,

2014).  This has been performed by using direct measurement methods, such as CMM

and micro-CT (Bowden et al., 2005; Bills et al., 2007; Teeter et al., 2010b; Uddin, 2014).

In addition to determining the geometric variation of the wear/deformation, these

methods were also able to define location of the variation on the bearing surface. One of

the disadvantages of using the micro-CT approach to assess retrievals is it can be time-

consuming and require a large amount of data storage compared to the CMM.
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The aim of this study was to develop a measurement methodology to identify and

quantitatively assess wear/deformation on the rim and articulating surface of

polyethylene acetabular liners, and the following objectives were addressed: -

· Development of an automated process for carrying out CMM measurements on

an acetabular liner that included the surfaces of the bearing and rim geometry.

· Development and verification of a method to determine the geometric variation

and location of wear and/or deformation of polyethylene acetabular liners.

· Produce an approach to estimate the unworn reference for retrieved components.

4.2 – Overview of the method development

The subsequent sections detail the methodologies that were developed to

identify and quantitatively assess rim damage of polyethylene acetabular liner and this

included the following approaches: -

1. The automated process used to generate measurement data of the surfaces of

polyethylene acetabular liners (4.3).

2. To analyse the generated measurement data to identify and quantitatively define

damage (wear and/or deformation) of the rim geometry of polyethylene liner (4.4).

3. To assess the generated measurement data to identify the main wear area of the

articulating surface of polyethylene liners (4.5).

All of the methods detailed in this study were developed to assess damage of

Pinnacle® polyethylene acetabular liners (DePuy Synthes, UK).

4.3 – Measurement method using the coordinate measuring
machine to assess the rim geometry of polyethylene liner

In this study surface measurements of polyethylene liners were taken using a

Legex 322 (Mitutoyo, Halifax, UK) CMM with the accuracy of 0.8µm. The CMM employed

a contact measurement methodology that collects data points of a surface to generate

three-dimensional representation of the measured sample.

Previous studies using a CMM to assess wear and/or deformation of acetabular

liners, have focused on the articulating surface of liners (Bills et al., 2007; Uddin, 2014);

hence the rim of liners was not measured. In this study the primary focus was to
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quantitative assess of rim damage; therefore, the measurement process was required to

include the rim and articulating surface of the liner.

A 3 mm diameter stylus was utilised for all of measurements performed using this

process, as the manufacturers recommend that the largest possible diameter stylus

should be used, to reduce the measurement error. Using a 3 mm diameter stylus oppose

to a smaller diameter stylus (i.e. 1 mm diameter stylus) also meant elevated rim liners

could be measured without the shaft of the stylus contacting the sample (Figure 4.1), as

this would lead to false surface data points being recorded in the measurement data.

Figure 4.1 – Schematic of elevated rim liners with a (A) 1 mm and (B) 3 mm CMM stylus,
demonstrating how the shaft of the 1 mm stylus contacts the liner when performing measurements

and the 3 mm stylus does not.

To measure the bearing surface and rim geometry of a liner, an automated

program was developed to control the path of the stylus. At the beginning of the

automated program, a series of manual reference points were taken from the sample

being measured, to define a coordinate system from which measurements were taken.

This involved firstly defining the centre of rotation (COR) of the cup, by determining a

sphere from five points on the bearing surface (one point at the pole and four points on

the bearing surface), as shown in Figure 4.2. The COR of the cup was set as the origin

of the coordinate system. Following this, a reference plane was defined from four points

equally across of the flat section of the rim geometry, as detailed in Figure 4.2. The xy

plane of the coordinate system was made parallel to this reference plane, to correct any

misalignment between the liner and coordinate system created by the acetabular cup

rim not being parallel to the bed of the CMM.
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Figure 4.2 – Three-dimensional CAD model of acetabular liner, demonstrating the reference points
that were required to be taken to define the coordinate system from which measurements can be
taken. The red (*) points detail the five points that were required to determine a sphere in order to

define the origin of the coordinate system. The blue (+) points detail the four points that were
required to determine a reference plane, to correct any misalignment between the liner and

coordinate system.

Once the reference point has been taken, the automated program performed a

series of traces at increments of 2.5° about the vertical axis (or z-axis). Each trace

consisted of 149 points with a pitch of 0.2 mm, starting at the pole and finishing at the

flat section of the rim of the liner (Figure 4.3). For a 32 mm diameter polyethylene

acetabular liner, 21,456 data points were taken in the form of 144 traces.

Figure 4.3 – Cross-sectional view of 3-D CAD model of acetabular liner, demonstrating the trace
paths CMM probe for the surfaces of the acetabular liner (show in red), from the pole of the bearing

surface to the flat section of the rim geometry.

In literature, factors such as the scan line (or trace) separation can have great

influence on the uncertainty of the recorded measurement data and it is suggested that

the possible uncertainty is reduced by decreasing the distance between scan lines.
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However, reducing the distance between scan lines increases the number of the

measurement points, which in turn can be more time consuming and require large

processing power, so a balance is required to consider all of these factors.

Previous work using the CMM used a trace increment of 5°; however, when an

increment of 5° used with traces that included both the bearing surface and rim of the

liner, there was a large separation between the traces at rim, which led to an increase in

the uncertainty of the measurement of the rim. As a result of this, the trace increment

was deceased to 2.5° (Figure 4.4), as this was found to provide enough resolution at the

rim geometry (where the spacing between the traces is the greatest), while still being an

acceptable measurement time.

Figure 4.4 – Three-dimensional CAD model of acetabular liner, demonstrating how the traces were
performed at 2.5° increments about the z-axis to assess the bearing surface and rim geometries of

the liner.

4.4 – Development of analysis method for the rim geometry

 To quantitatively assess and identify geometric variation from the measurement

data generated from the CMM, the data was required to be analysed to determine the

geometric variation on the liner rim from an unworn reference. The following sections

detail the method development that was carried out to quantitatively assess and identify

geometric variation on the rim. This included using the Sphere Profiler software package

(REDLUX Ltd, UK) and applying an automated script in MATLAB (The MathsWorks, Inc.,

Massachusetts, USA), to analysis the measurement data.
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4.4.1 – Analysis using Sphere Profiler

This approach involved using the Sphere Profiler (Version 3.0.0.2252) software

package (REDUX Ltd, UK) to analyse the measurement data produced from the CMM.

This software package allowed geometric variations of a surface to be determined and

visualised against an unworn reference geometry, using the process detailed in the flow

chart in Figure 4.5. The unworn reference geometry was defined by fitting a reference

geometry and was performed by applying the “cone fit” function within software package.

This fit was applied to define unworn areas of the chamfer section of the rim. This was

performed by first excluding the bearing surface and flat section of the rim manually, so

the “cone fit” was only applied to the chamfer of the rim. Once the “cone fit” was applied,

any areas of substantial variation (caused by wear and/or deformation) on the rim were

excluded, these areas were identified by the initial fit. These areas were excluded, as

areas of damage would influence the ‘cone fit’, thus generating an inaccurate prediction

of the unworn geometry. This unworn reference was used to determine variation on the

surfaces of the rim geometry and was defined in terms of size and depth (or penetration)

(Figure 4.6).

Figure 4.5 – Flow chart detailing the processes that were used to determine and visualise rim
damage of a polyethylene liner using the cone fit in REDLUX.
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Figure 4.6 – Example of visualisation from using the REDLUX approach, demonstrating the
geometric variation on the rim geometry of a polyethylene acetabular liner. The area of

impingement damage is highlight with a red circle.

4.4.2 – Analysis using MATLAB

The second measurement approach was developed using an automated script

generated in MATLAB R2015a (The MathsWorks, Inc., Massachusetts, USA), to

quantitatively define and visualise geometric variation on the rim of neutral polyethylene

liners, in terms of size and depth of the geometric variation from an unworn reference.

This also included the process of generating an estimated of the unworn reference, which

could be used on retrieved polyethylene liners.

The script firstly ascertained the individual traces within the CMM output text file.

Following this, the angle between the x-axis and for each trace was calculated. This was

performed by identifying a point on the superior section rim (furthest from the origin) and

applying the inverse tangent function to the x and y coordinates, to determine the angles

between the traces and the x-axis (Figure 4.7A). It was also necessary to convert the

calculated inverse tangent, which was in the range of -90° to 90°, to the angles from the

x-axis from 0 to 360° (Figure 4.7B). The calculated angles for each trace were then used

to apply rotational matrices to all points in each trace, to rotate all of the traces about the

z-axis (Figure 4.7C), in order to convert all of the traces into a single plane (xz plane)

(Figure 4.8).
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Figure 4.7 – Schematic diagrams demonstrating the processes that were used to convert the three-
dimensional data into two-dimensional representation of the traces. (A) Method used to define the
angle between the traces from the x-axis, using the x and y coordinates of the last point of each

trace. (B) The process used to correct the calculated angles to allow the 360° to be determined. (C)
The process of using rotational matrices to rotate each trace into a single plane.

Figure 4.8 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles, where all of the 3-D traces of the liner profile have been

projected onto the same plane.

To quantitatively define geometric variation of the liner rim, a series of

perpendicular reference lines intersecting the chamfer were created at increments of 1

mm (Figure 4.9). The section of the rim were the reference lines start and end were

defined by the user, as an automated approach would not be able accurately defined

start and end of the chamfer position of the rim, when there was damage on the edge of

the rim. The data points from each trace that intersected the reference lines were defined

and the variation (or distance) of the intersecting point from the corresponding point on

the unworn reference was calculated for each intersecting point of all the traces.
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Figure 4.9 – Example of two-dimensional representation of the CMM data from an in-vitro
impingement tested neutral polyethylene liner, following 40,000 cycles, demonstrating the process

of creating perpendicular reference lines intersecting the chamfer at increments of 1 mm.

Using the determined variations from the unworn reference, a 3-D schematic plot

of the liner rim was generated, were geometric variation was visually defined using a

range of colours (from red to blue) (Figure 4.10).

Figure 4.10 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles. A schematic plot of the liner rim, to visualise and

quantitatively define geometric variation of the surface of the rim. Blue = Geometric variation due
to penetration, Red = Geometric variation due to protrusion. The area of impingement damage is

highlight with a blue circle.
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4.4.2.1 – Generation of an unworn reference

An estimated unworn reference trace was required to be generated when unworn

surface geometry was unknown, for example in the assessment of a retrieved liners. This

was performed by the user selecting a series of unworn traces from the CMM data of a

worn and/or deformed liner, as detailed in Figure 4.11. This was completed by firstly

running the automated script (as detailed in 4.4.2) and using the mean of all of the traces

as the unworn reference. This allowed the traces with the smallest geometric variation

to be identified on the rim and these traces were assumed to be unworn; therefore, were

used to generate the unworn reference (Figure 4.12).

Figure 4.11 – Flow chart of the process used to generate an unworn reference trace from the CMM
data of worn (or tested) liner.
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Figure 4.12 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles. A schematic plot of the liner rim, to visualise and

quantitatively define geometric variation of the surface of the rim, demonstrating the traces that
were used to generate the estimated unworn reference (highlighted in red).

Following this, the automated script was re-run with the selected unworn traces

applied and the mean of the selected unworn traces was used to generate a single

unworn reference that could be used to determine the geometric variation.

4.4.3 – Discussion of rim analysis approaches

The approach that used the Sphere profiler software package, required a series

of manual steps to define geometrical variation on the rim, such as excluding area of the

surface geometry from the analysis. This introduced user variation in the data generated

from the analysis, because it was difficult to exclude the same area repeatedly; therefore,

the predicted unworn reference was different when the analysis was repeated, reducing

the repeatability of the method. Furthermore, retrieved polyethylene liners can be

substantially deformed compared to in-vitro tested polyethylene liners, increasing the

difficulty of generating a reliable unworn reference using this approach. This approach

required a geometrical reference (i.e. sphere or cone) to be fit to the measurement data,

to define the geometric variation, and meant the approach was limited to neutral liners,

as a geometrical reference could not be accurately fit to the surfaces of alternative liner

designs (such as a lipped liner), due to the complexity of the rim geometry.

The developed script in MATLAB was automated with very little manual user input

required, compared to the previous approach (4.4.1). The steps that required user input

were choosing the region of the rim that was of required to be analysed and selecting
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the traces that were used to generate unworn reference. Reducing the manual user input

in the approach, should reduce the chances user error influencing the data generated

from the analysis. In addition, the approach developed in MATLAB also did not define

the unworn reference by fitting a geometrical reference (i.e. sphere or cone); therefore,

this approach might have the potential to be developed further to consider complex

geometries such as lipped liners.

4.5 – Analysis of bearing surface

Analysis of the bearing surface was also carried out using a script developed in

MATLAB, as this allowed the analysis of both rim and bearing surface in one single

automated operation. Whereas, if the Sphere profiler software package was used to

assess the geometric variation of the rim and bearing surface it would have to be

performed as two separate operations; therefore, the analysis would be inefficient when

a large number of samples is needed to be analysed.

The process used to assess geometric variation of the bearing surface used the

2-D traces that were converted for the rim analysis, as described previously (4.4.2). Like

the approach used to assess the rim, the bearing surface analysis used intersecting

reference lines across the traces of the bearing surface, to define points on the bearing

surface that were used to determine the geometric variation. The inner (or start) and

outer (or end) diameter of the reference lines were defined by the user and were set at

increments of 1° about the origin of the coordinate system (or centre of rotation of the

liner), from the pole to the superior edge of the bearing surface (Figure 4.13). Following

this, the geometric variation of the intersecting points from corresponding points on the

unworn reference was determined by using the same method as the rim geometry

(4.4.2).



~ 125 ~

Figure 4.13 – Example of two-dimensional representation of the CMM data from an in-vitro
impingement tested neutral polyethylene liner, following 40,000 cycles, demonstrating the process

of creating reference lines intersecting the bearing surface at increments of 1°.

From the determined geometric variation from the unworn reference, a 3-D

schematic plot of the liner rim was generated (Figure 4.14).

Figure 4.14 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles. A schematic plot of the bearing surface, to visualise

and quantitatively define geometric variation of the surface of the bearing. Blue = Geometric
variation due to penetration, Red = Geometric variation due to protrusion.
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4.5.1 – Generation of an unworn reference

   The estimated unworn reference used for the bearing surface was generated

using the same process that was developed for the rim geometry, as detailed in Section

4.4.2.1. This involved the user selecting a series of unworn traces from the measurement

data of a worn and/or deformed liner (Figure 4.15), to produce an unworn reference of

the bearing surface.

Figure 4.15 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles. A schematic plot of the bearing surface, to visualise

and quantitatively define geometric variation of the surface of the bearing, demonstrating the
traces that were used to generate the estimated unworn reference (highlighted in red). Blue =

Geometric variation due to penetration, Red = Geometric variation due to protrusion.

4.6 – Geometric variation of unworn liners

The geometric variation of unworn liners was assessed to understand the

geometric variation that was the result of the manufacturing tolerances (or as-

manufactured variation) of the polyethylene liners, to identify geometric variation due to

wear/deformation from as manufactured variation. This was performed by applying

developed method to ten unworn polyethylene liners, to determine the range of

geometric variation of unworn liners. All of the unworn liners were 32 mm diameter

Marathon® (cross-linked polyethylene) neutral Pinnacle® liners with an outer diameter of

54 mm (as detailed in 5.2.2), and all liners were supplied by DePuy Synthes, UK.
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Table 4.1 – The geometric variation of 10 unworn polyethylene acetabular liners, using the
developed analysis method.

Liner
Number

Geometric variation (mm)
Rim Bearing

Max. Min. Max. Min.
1 0.035 -0.026 0.051 -0.037
2 0.041 -0.025 0.052 -0.036
3 0.047 -0.027 0.043 -0.041
4 0.039 -0.022 0.052 -0.029
5 0.032 -0.041 0.033 -0.054
6 0.035 -0.029 0.048 -0.033
7 0.027 -0.035 0.040 -0.031
8 0.036 -0.036 0.040 -0.041
9 0.039 -0.046 0.050 -0.050
10 0.031 -0.036 0.046 -0.038

Mean 0.036 -0.032 0.045 -0.039

The geometric variation of unworn liners was larger on the bearing surface than

the rim (Table 4.1), with a mean of -0.032 mm to 0.036 mm and -0.039 mm to 0.045 mm

for the rim and bearing surface respectively. Considering this, the geometric variation

was required to be greater than the as-manufactured variation to be considered as wear

and/or deformation, when using the developed method.

4.7 – Validation

To determine that the developed methodology was functioning correcting, the

method was required to be validated. Validation was carried out by comparing the

determined geometric variation of using the developed method were the unworn

reference was estimated and the geometric variation determined from the direct

comparison of the unworn and worn geometries of a liner. This was performed using the

pre and post-test surface measurement data of polyethylene liners that had

experimentally tested. This included two 32 mm diameter Marathon® neutral liners, one

with rim damage due impingement (Chapter 5) and the other with wear/deformation on

the bearing surface due edge loading (ran for two million cycles). All liners were supplied

by DePuy Synthes, UK.

4.7.1 – Analysis of the rim geometry

The developed approach was observed to define the size and location of the

impingement damage on the rim identical to geometric variation that was determined by

directly comparing the unworn and worn surface measurement data (Figure 4.16), which

demonstrates that the method can identify geometric variation due to damage on the rim.

However, when the maximum geometric variation (or penetration) of the impingement

damage was different between the developed approach and the direct comparison. The
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maximum penetration was 0.088 mm and 0.097 mm for the developed approach and the

direct comparison, respectively (Figure 4.16). This was a difference of around 0.01 mm,

which suggests that the developed method under estimated the geometric variation. In

addition, the developed method also defined the geometric variation on the rim, due to

the laser etched series numbers on the surface (Figure 4.16B and Figure 4.17).

Figure 4.16 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles. Schematic plots of the liner rim, to visualise and

quantitatively define geometric variation of the surface of the rim from an unworn reference. (A)
The unworn reference was the unworn surface geometry before the study, and (B) the unworn

reference was estimated using the developed method. The geometric variation due to impingement
is highlighted with a blue circle and the laser etched serial numbers on the rim is highlighted in

red.

Figure 4.17 – Photography of the superior face of the acetabular liner, demonstrating the laser
etched series numbers on the rim (highlighted in red).

There was also geometric variation found across the surface of the rim using the

developed method (Figure 4.16B), which was the result of the manufacturing tolerances
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(or as-manufactured variation) of the liner, as the same variation was observed on the

unworn geometry (Figure 4.18).

Figure 4.18 – Example of measurement data from an unworn (or untested) neutral polyethylene
liner. A schematic plot of the rim, to visualise and quantitatively define geometric variation of the

surface of the rim, demonstrating the geometric variation caused by the manufacturing tolerances
of the liner. Blue = Geometric variation due to penetration, Red = Geometric variation due to

protrusion.

4.7.2 – Analysis of the bearing surface

The developed method was not able to determine the geometric variation on the

bearing surface that was observed with the direct comparison of the unworn and worn

geometries of a liner (Figure 4.19). The geometric variation on the bearing surface was

not substantially greater the variation caused by the manufacturing tolerances of the liner

(Figure 4.19A and Figure 4.20). This further demonstrates that the geometric variation

of the wear/deformation was required to be substantially greater than the as-

manufactured variation to be identified using the developed analysis method.
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Figure 4.19 – Example of measurement data from an in-vitro impingement tested neutral
polyethylene liner, following 40,000 cycles. Schematic plots of the bearing surface, to visualise and

quantitatively define geometric variation of the surface of the bearing surface from an unworn
reference. (A) The unworn reference was the unworn surface geometry before the study, and (B)

the unworn reference was estimated using the developed method.

Figure 4.20 – Example of measurement data from an unworn (or untested) neutral polyethylene
liner. A schematic plot of the bearing surface, to visualise and quantitatively define geometric
variation of the surface of the bearing, demonstrating the geometric variation caused by the
manufacturing tolerances of the liner. Blue = Geometric variation due to penetration, Red =

Geometric variation due to protrusion.

The developed method was applied on an experimentally tested polyethylene

liner with wear/deformation on the edge of the bearing surface caused by edge loading

of the head. The geometric variation due the wear/deformation was able to be clearly

identified on the bearing surface (Figure 4.21B), which demonstrates that developed

method was capable to identify geometric variation on the bearing surface, when the

variation was greater than the as-manufactured variation of the liner. In addition, the

maximum penetration was 0.1 mm higher with developed approach then the direct
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comparison (Figure 4.21), which suggests the developed method over estimates the

geometric variation on the bearing surface.

Figure 4.21 – Example of measurement data from an in-vitro edge loaded tested neutral
polyethylene liner, following two million cycles. Schematic plots of the bearing surface, to visualise
and quantitatively define geometric variation of the surface of the bearing surface from an unworn
reference. (A) The unworn reference was the unworn surface geometry before the study, and (B)

the unworn reference was estimated using the developed method. Blue = Geometric variation due
to penetration, Red = Geometric variation due to protrusion. The geometric variation due to

wear/deformation is highlighted with a blue ellipse.

4.8 – Discussion and conclusion

The purpose of this study was to develop a measurement methodology to identify

and quantitatively assess wear/deformation on rim and bearing surface for polyethylene

acetabular liners. This included developing an automated methodology to perform

measurements using the CMM and an assessment approach to identify and quantitative

assess the geometric variation on the rim and bearing surface.

The developed automated method to carry out measurements using the CMM,

was able to capture the surfaces of both the rim and bearing of the acetabular liners, at

a high enough resolution without substantially compromising the measurement time. All

traces carried out on the surfaces of a liner were performed in a single operation;

therefore, the liner was not required to be adjusted during the measurement process.

This meant the measurement data could be analysed without requiring any other

processing, such as aligning of the traces.

The validation has demonstrated that the developed analysis method was able

to visually identify and quantitatively define the geometric variation due to wear and/or

deformation on the surfaces of the rim and bearing; however, the geometric variation

was required to be greater than the as-manufactured variation of the liner, for it identify
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on the surfaces. The method was only able to consider geometric variation (or

penetration) greater than 0.04 mm and 0.05 mm for the rim and bearing respectively;

therefore, geometric variation below the as-manufactured variation could not be

assessed using this method. Geometric variation due wear and/or deformation that was

below the as-manufactured variation, was not considered to be substantial wear and/or

deformation.

 The accuracy of the developed method was influenced by the precision of the

estimated unworn reference to the actual unworn geometry of the liner. The highest

accuracy was found when the developed method was used on the rim than when the

method was used the bearing surface, which suggests the developed approach was

more accurate at assessing the rim over the bearing surface.

Despite the accuracy of the approach, the developed MATLAB script allowed

substantial geometric variation due to wear and/or deformation to be identified and

visualised on the surface of liners. The approach was also able to quantitatively

determine geometric variation, which could be used to quantitatively define severity of

the wear and/or deformation of the polyethylene. Following this, the developed method

was used to quantitatively assess of the severity of wear and/or deformation observed

on retrieved and in-vitro tested polyethylene liners.
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Chapter 5 – Development of an in-vitro method to
investigate implant impingement of a THR.

5.1 – Introduction

Prosthetic impingement has been shown to influence the occurrence of

dislocation, because impingement between the neck and liner rim can result in the

femoral head being levered out of acetabular cup, thus reducing the stability of the joint

(Pedersen et al., 2005; Kluess et al., 2007; Elkins et al., 2012; Ghaffari et al., 2012;

Ezquerra et al., 2017). Computational studies have reported that the levering of the head

secondary to impingement causes edge loading at the opposite side of the liner

(Pedersen et al., 2005; Kluess et al., 2007; Ghaffari et al., 2012; Ezquerra et al., 2017).

This can lead to wear and/or deformation at the edge of the liner (Williams et al., 2003).

Previous studies that have investigated impingement have predominantly

focused on the assessment of damage on polyethylene retrievals and on computational

modelling; there are only a few studies investigating prosthetic impingement in-vitro

(Bader et al., 2004; Holley et al., 2005; ASTM, 2014). In a study by Bader et al. (2004);

an experimental impingement test was carried out, to determine the effect of varying the

orientation of the acetabular cup, bearing couple (metal-on-polyethylene and ceramic-

on-polyethylene) and the geometry of the rim have on the maximum range of motion

(ROM) until dislocation and the maximum resisting moment in subluxation. This was

performed by mounting a THR in a clinically relevant position and applying joint motion

in one axis (internal/external rotation) while the other axes of motion were fixed; for

example, moving through internal rotation when the femoral component was fixed at 90°

flexion and 0° adduction. Applying motion using this approach, does not accurately

simulate the joint motion of clinically relevant activities, as all three axes of motion of the

hip vary when performing different manoeuvres (Nadzadi et al., 2003; Bergmann, 2008).

The authors did not consider the fatigue type damage (cracking or fracturing of the liner)

that has been connected with repetitive prosthetic impingement, as multiple cycles of

impingement were not performed.

In the study by Holley et al. (2005); the authors reported a method to investigate

the wear and damage of polyethylene acetabular cups under severe impingement

conditions and to determine whether the amount wear and damage observed on

polyethylene cup was influenced by the cross-linking process. This method was

performed by applying a Paul-type hip-load profile with a peak load 2 kN and non-

anatomical joint motion at a frequency of 1 Hz. The acetabular components were
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positioned in non-anatomical orientation and impingement occurred at maximum load

during each cycle and the test was carried out for 5 million cycles. This study was focused

on evaluating the wear and damage behaviour of the materials under severe

impingement conditions; therefore, did not apply clinically relevant inputs and acetabular

cup orientations.

In addition to the experimental studies by Bader et al. (2004) and Holley et al.

(2005), there is also a standard pre-clinical test method to assess the effects of prosthetic

impingement has on the acetabular liner/cup (F2582 – ASTM, 2014) published by the

American Society for Testing and Materials (ASTM). The aim of this methodology is to

assess fatigue strength, deformation and wear of the acetabular component under

dynamic impingement conditions. This method is performed by applying constant load

axially (or superior-inferior direction) through the acetabular component and all three

axes of joint motions were applied through the femoral component for one million cycles.

However, when using this method, the acetabular component is required to be positioned

in a horizontal orientation (or perpendicular to the axial load) (Figure 5.1). Furthermore,

using this method also means the femoral component is orientated at 0°

flexion/extension and internal/external rotation and abducted until impingement (or

contact) between the stem and liner rim occurs (Figure 5.1). This is less clinically relevant

that the study by Bader et al. (2004), which simulates the in-vivo orientations conditions

more accurately. The ASTM impingement test standard is focused on evaluating the

fatigue, deformation and wear behaviour of the material and design of acetabular liner

under severe impingement conditions, but is not focused on generating clinically relevant

impingement damage on the acetabular liner; therefore, the input profile and component

orientation were not required to be clinically relevant.
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Figure 5.1 – Three-dimensional representation of a THR, demonstrating how the acetabular
component is orientated and how the joint load is applied when using the ASTM impingement
standard (F2583-14). The acetabular component orientated horizontally (0° inclination and 0°

anteversion) with the femoral flexed and rotated at 0° and adducted until impingement occurs. View
from the anterior and normal to the coronal plane.

The aim of this study was to develop an experimental methodology to generate

impingement damage in a THR; the following objectives were addressed in this study:

· Develop a method to include the complete assembly of a THR (i.e. a femoral

stem rather than mounting spigot) within the restrictions of the simulator.

· Generate motion inputs within the constraints of the simulator to apply a range of

joint motions of clinically relevant activities of daily living, to investigate the effect

varying severities of impingement has on the damage subjected to the liner rim.

· Produce loading inputs within the limitations of the simulator that replicate a range

of the in-vivo conditions of the joint when performing activities of daily living, to

investigate the influence of varying the joint load in the medial/lateral direction

has on rim damage.

5.2 – Materials

The bearing combination used for this study was metal-on-polyethylene

(Marathon® Pinnacle, DePuy Synthes, UK). This included a cobalt-chrome alloy femoral

head and a cross-linked polyethylene acetabular liner. To experimentally investigate

implant impingement of a total hip replacement, a single station hip simulator (SSHS,

Prosim, Simulation Solution, UK) was used to apply joint motion and load to a THR.
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5.2.1 – Single station hip simulator

A single station hip simulator was used to generate clinically relevant

impingement- related rim damage on the polyethylene liner in-vitro, and different motions

and loads were investigated. The Prosim electro-mechanical hip simulator (Simulation

Solutions Ltd, UK) was used in all of the conducted experimental studies (Figure 5.2).

This simulator was used rather than a multi-station machine, since the focus of the study

was on the development of a methodology to experimentally test implant impingement.

This simulator could apply dynamic axial and medial-lateral loading, joint motion of

flexion/extension, adduction/abduction, and internal/external rotation.

Figure 5.2 – Prosim electro-mechanical single station hip joint simulator.

5.2.2 – THR components

Testing was conducted on 32 mm diameter bearings (DePuy Synthes Pinnacle®

shell and neutral Marathon® liner; size 12 standard collarless Corail® stem with an

Articul/ese Ultamet® head). This size was the most used metal-on-polyethylene bearing

size for the Corail®/Pinnacle® combination in reported the National Joint Registry (2017).

Further specification of the components used is shown in Table 5.1.

Table 5.1 – Detailed specification of the components used in this study. All data displayed was
taken from product literature provided by DePuy Synthes.

Diameter (mm) Stem
size

Neck
angle (°)

Stem
type

Liner
type

Offset (mm)

Head Outer
shell Liner Head

32 54 12 135 Standard
collarless Neutral 0 +5
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5.3 – Method development

Development of the method used in the study included designing and producing

fixtures to mount the THR components within the constraints of the simulator, as well as

generating and developing joint motion and loading input profiles that were applied by

the simulator, to complete multiple cycles of prosthetic impingement without dislocation

occurring. The following sections details these developments.

5.3.1 – Simulator fixtures and set-up

The simulator was fitted with a six-axis load cell and a linear variable differential

transformer (LVDT) displacement sensor (in the medial/lateral direction), and The load

cell and displacement sensor were calibrated before each test, in order to make certain

data recorded by the simulator was correct and accurate.

The THR components were mounted in the simulator in an inverted orientation

(Figure 5.3). This allowed loading to be applied to the femoral head and joint motions to

be applied to the acetabular component. This permitted clinically relevant loading on the

joint at high peak flexion to be simulated, as at high flexion of the hip joint (for example

when stooped over to pick an object from the floor) the force vector relative to the

acetabular component (or pelvis) rotated posteriorly and medially (Nadzadi et al., 2003;

Bergmann, 2008). Engineering drawings of the fixtures that were used are detailed in

Appendix A.
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Figure 5.3 – Three-dimensional CAD model of the experimental set-up of the THR components in
the hip joint simulator, demonstrating how loading and joint motions were applied to the THR
within the simulator. (A) View normal to the coronal plane, and (B) view normal to the sagittal

plane. (C) View normal to the transverse plane.

The centre of rotation (COR) of both the femoral head and acetabular liner were

required to coincide with the COR of the simulator. This was achieved by using custom

fixing jigs to set the THR components within the simulator fixtures. For this study, both

femoral and acetabular components were fixed directly within bespoke stainless-steel

fixtures using polymethyl methacrylate (PMMA) bone cement.

The femoral stem was required to be sectioned at the distal end, to enable the

stem to fit within the relevant holder. The COR of the femoral head was fixed 135 mm

from the base of the holder and translated by 20 mm from the centre of the holder, for

the COR of the component to coincide with the COR of the simulator (Figure 5.4). The

component was set protruding by 50 mm from the top of the holder, for impingement to

occur between the stem neck and the liner rim, without contact occurring with the

simulator holders. The femoral stem was orientated at 10° adduction within the holder

(Figure 5.4) to simulate in-vivo conditions, as the bicondylar angle of the femur (the angle

between the long axis of the femoral shaft and a line tangent to the distal extent of both

femoral condyles) is commonly between 8° to 11° (Shefelbine et al., 2002). The stem
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was orientated with 0° version and flexion, so the load applied to the femoral component

was along the inferior-superior and medial-lateral axes (Figure 5.3), permitting clinically

relevant loading conditions to be simulated.

Figure 5.4 – Cross-sectional view of the femoral component through the coronal plane,
demonstrating how the femoral stem was fixed within the holder of the simulator.

The acetabular shell was fixed within the relevant holder, to simulate the cup

being orientated at 45° inclination and 0° anteversion. The simulator had a maximum

range of flexion/extension of +/- 60°, and the input kinematics that were applied to the

THR in this study were required to go up to 80° flexion. To enable this, the femur was

flexed by 40°, then the entire joint was rotated by 40° anteriorly, and finally the entire

joint was inverted (Figure 5.5). This resulted in the acetabular component being tilted by

60° from the inferior-superior axis and rotated by 32° about the inferior-superior axis

when mounted in the fixture of the simulator. This meant the neutral (or zero) position of

the simulator would replicate the joint flexed at 40°, and therefore a maximum flexion of

100° was possible. The COR of the acetabular cup was mounted protruding by 2 mm

from the face of the acetabular holder while maintaining the COR of the simulator (Figure

5.6). This allowed impingement to occur between the neck of the stem and liner rim,

without contact occurring between the holders of the simulator. In this study loading was

applied relative the femur (detailed in a later section), which meant the loading direction

was not required to consider the orientation of the acetabular component.
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Figure 5.5 – Flow diagram demonstrating the steps that were used to achieve the acetabular
component orientation that was used in this study (here steps shown for context only).

Figure 5.6 – Cross-sectional view of the acetabular component through the centre of the holder,
demonstrating how the acetabular cup was fixed within the holder of the simulator.

5.3.2 – Simulator joint motion inputs

The simulator is a six-axis machine; five of these axes are controlled electro-

mechanically. This includes three independently controlled axes of rotational motion

(flexion/extension, adduction/abduction, and internal/external rotation), and two force-

controlled axes in translation directions (inferior-superior and medial-lateral).

Translational movement of the anterior-posterior axis is passive and was left to freely

move when conducting this study to allow the head to translate in the anterior-posterior

direction when impingement occurred in the simulator.
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The inputs that were applied to the THR to replicate joint motion and loading in

this study, were taken from data collected by Nadzadi et al. (2003). This consisted of

loading and joint motion data of a series of activities of daily living that were associated

with dislocation, for example tying shoelaces and rolling over in bed. From this collection

of data, the activity of stooping over to pick an object from the floor was used in this

study, as this activity was observed to have the largest resultant force at high peak flexion

(Figure 5.7); therefore, it could be assumed that a high severity of rim damage would be

caused by performing this activity. The results from the developed geometrical model

(Chapter 4) found that the stoop activity cause a high frequency of prosthetic

impingement across a range of acetabular cup orientations, which suggests this activity

has a high risk of causing prosthetic impingement.

Figure 5.7 – Axes of joint motion for the stoop activity from Nadzadi el al. (2003), with the
polynomial fit curves for each axis of joint motion, labelled in the legend as Poly. along with the

relevant axis.

To successfully apply the joint motion data from Nadzadi et al. (2003) in the hip

joint simulator, the processes shown in the flow chart (Figure 5.8) were used. The motion

data was modified to generate smooth inputs with 128 data points (input format required

for the simulator), as the data are taken from Nadzadi et al. (2003) only had 47 points.

To provide this, a polynomial fit was applied to each of axes of the kinematic data (Figure

5.7), and an equation for each axis was generated (Table 5.2). The equations were then

used to resample the data into a uniform input with 128 data points. The quality of the fit

was determined by the R2 value, and R2 values of greater than 0.98 were deemed

acceptable. If the value was less than 0.98, the order of the polynomial fit was increased

until the acceptable fit was achieved.
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Figure 5.8 – Flow chart detailing the processes that were used to input profile used in this study.

Table 5.2 – Polynomial equations that were generated from the polynomial fits applied to each axis
of the joint motion data from Nadzadi et al. (2003).

Axis of the kinematic data Polynomial equation

Flexion/ extension y = -3.1454x6 + 129.43x5 - 570.64x4 + 899.13x3 - 547.52x2 +
143.44x + 32.097

Adduction/ abduction y = 64.309x5 - 302.37x4 + 493.07x3 - 322.04x2 + 86.625x -
21.113

Internal/ external rotation y = 23.803x5 - 89.07x4 + 85.202x3 + 14.649x2 - 22.368x +
8.1494

The joint simulator was also not capable of detecting when impingement occurred

between the stem neck and liner rim, and therefore the machine would continue applying

the loading and motion inputs past the point of impingement, and ultimately lead to

dislocation of the THR (and potentially cause damage to the simulator). To prevent this,

the input data was applied to the geometrical model, set-up in an identical orientation to

the in-vitro study described in this chapter, to predict the point of impingement.

From the predicted point of impingement, the severity of impingement was

increased for different simulator conditions. Simulator tests were determined by different

loads and joint motions past the point of impingement. This was conducted by increasing

the amount of flexion beyond the point of impingement in increments of 2.5° and

matching the flexion angle to the corresponding joint angle of the other axes

(adduction/abduction and internal/extension rotation) (Table 5.3). The flexion/extension

axis of joint motion was used to control the severity of impingement, as flexion/extension

was the most dominant axis of motion for the stoop activity.
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Table 5.3 – Severity limits of the joint motion inputs for the stoop activity, at varying conditions.

Degrees
beyond

impingement
Flexion/

extension
Flexion/ extension

applied to simulator
Adduction/
abduction

Internal/
external rotation

0° 73.5° 33.5° -5.0° 17.6°
2.5° 76.0° 36° -3.9° 18.5°
5.0° 78.5° 38.5° -3.2° 19.1°

The severity limits (Table 5.3) and the polynomial equations (Table 5.3) for each

axis of motion were used to create the first half of the profile. Then the profiles were

mirrored to create profiles that start and end at the same point (Figure 5.9), so multiple

cycles could be applied by the simulator. This process generated peaks (halfway through

the input) (Figure 5.9); however, due to a limitation with the control system of the

simulator, a sudden change could not be applied; therefore, the profile was required to

be smoothed. To address this, the length at the start and end of the profile were reduced

to permit the peak (or target) value to be extended to generate a constant section in the

mid-point of the profile, as no impingement occurred at the start and end of the profile;

therefore, not greatly influencing the results generated from this study. Constant sections

were also added to the beginning and end of the profile, to prevent any undesirable

vibration being applied into the system. Following this, the profile was smoothed by fitting

a further polynomial fit and then re-scaled to make certain peak values were correct

(Figure 5.9).

Figure 5.9 – Joint motion inputs for 0° of impingement of the stoop activity before and after the
smoothing process. Demonstrating the changes in the input profile before and after the profile was

modified and smoothed to remove peak (halfway through the profile) created from the mirroring
process. The profile was modified and smoothed by adding constant section at the start, end and

middle of the profile (shown by the blue shaded regions) and then smoothed and re-scale to
maintain the same peaks.
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To create input of varying severities of impingement, the modified joint motion

input for 0° of impingement (Figure 5.9) was re-scaled using the severity limits shown in

Table 5.3, in order for the peak values of the input profile to match the parametric limits,

as shown in Figure 5.10. Generating the joint motion inputs using the described process;

meant that inputs represented the joint motion of the activity more accurately compared

to using a sinusoidal waveform.

Figure 5.10 – Joint motion inputs of the stoop activity at varying severities of impingement. (A)
Flexion / extension; (B) Adduction / abduction; (C) Internal / external rotation.

Before the inputs could be applied in the simulator, the flexion/ extension was

required to be reduced by 40° (Figure 5.11), due to the acetabular component being

flexed at 40° when the simulator was at its zero position, as previously described (5.3.1).

The direction of internal/external rotation also had to be inverted to correspond with the

simulator, as the internal rotation was negative in the simulator and was positive in the

Nadzadi et al. (2003) joint motion data (Figure 5.11).
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Figure 5.11 – Joint motion input for 0° of impingement of the stoop activity, demonstrating an
example of an input profile that was applied in the hip joint simulator.

5.3.3 – Simulator desired load inputs

The load inputs applied to the simulator were taken from the joint load data from

Nadzadi et al. (2003). This load data was reported as a vector (anterior/posterior;

medial/lateral; inferior/superior) applied to the acetabulum, and in this in-vitro model the

loading was applied through the femoral component. This meant the vector was required

to be converted from being on the acetabulum relative to the pelvis to being on the

femoral head relative to the femur. This was determined mathematically using the

process shown in the flow chart in Figure 5.12, and involved using trigonometry and

rotational matrices (Figure 5.13). The rotational matrices used to replicate joint motion,

used the helical approach that was used to generate joint motion inputs for the developed

geometrical model (Chapter 3). This generated individual vectors in the XYZ directions

(X = anterior/posterior; Y = medial/lateral; Z = inferior/superior) relative to the femur

(Figure 5.14), that could be applied in the simulator. Similar to the approach used to

generate the joint motion inputs (5.3.2), a polynomial fits was applied to the joint load

data and the severity limits from the joint motion inputs (5.3.2) were used to define the

limits for the joint load data for each severity of impingement (Table 5.4).
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Figure 5.12 – Flow chart detailing the process used to convert the joint load data from Nadzadi et
al., 2003, from force vectors relative to the pelvis to relative to the femur.

Figure 5.13 – Schematic diagrams of the acetabular cup and femoral head with the mathematical
equations used to convert the force vectors from being relative to the pelvis to relative to the

femur.
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Figure 5.14 – Joint load on the femoral head relative to the femur, converted from the joint load
data on the acetabulum relative to the pelvis from Nadzadi et al. (2003).

Table 5.4 – Severity limits of the load inputs for the stoop activity, at varying conditions.

Severity of
impingement

Anterior/
posterior Medial/ lateral Inferior/

superior
0° 180 N 930 N 880 N

2.5° 120 N 1150 N 1020 N
5° 60 N 1380 N 1190 N

The process that was used to generate the joint motion input profiles (described

previously in 5.3.3, was also employed to produce the joint load input profiles at varying

severities of impingement (Figure 5.15 & Figure 5.16). An input profile for anterior/

posterior loading was not generated in this study, as the simulator was only capable of

applying load inputs in the inferior/superior and medial/lateral directions. The converted

anterior/ posterior joint load input was considerably lower than the two other directions

(Table 5.4); therefore, the load was not applied in the anterior/posterior direction, as it

should not considerably impact the results of the study.
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Figure 5.15 – Superior/inferior load input at the head relative to the femur of the stoop activity, at
varying severity of impingement.

Figure 5.16 – Medial/lateral load input at the head relative to the femur of the stoop activity at
varying severity of impingement.

5.3.4 – Simulator applied load inputs

The previous section (5.3.3) details the desired load inputs, but due to the

limitations of the joint simulator and the need to avoid dislocation. This meant that some

initial development work was carried out to determine the achievable input loads.

When high ML loads (of greater than 300 N) were applied in the simulator,

undesirable bending was observed in the system, which meant some of the recorded ML

displacement of the femoral head would include bending, thus adding additional error

into recorded data by the simulator. In addition, applying a variable ML load through the

cycle could also not be achieved, due to limitations of the control system of the simulator.

Considering these restrictions, the variable ML load input (with high peak loads) taken

from Nadzadi et al. (2003) could not be applied.
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With these restrictions, a parametric approach was used to determine the

maximum peak SI load that could be applied in the simulator without dislocation

occurring. The SI load profile converted from Nadzadi et al. (2003) (Figure 5.15) was

used, and the peak SI load was increased in increments of 100 N from 700 N. For each

increment of peak SI loads investigated, a constant 100 N ML load and the joint motion

input profile for the high severity of impingement (5° of impingement) was used. From

this investigation the peak SI load of 800 N was found to be the maximum load that could

be applied without dislocation (Figure 5.17), and this SI load profile was used in this

study.

Figure 5.17 – Joint load input at the femoral head peak superior/inferior load on 800 N and a
constant 100 medial/lateral load, demonstrating the kinetic input profile that was applied in the

simulator without dislocation occurring when performing the stoop activity at 5° of impingement.

5.3.5 – Test conditions investigated

Two severities of impingement were investigated in this study, 2.5° and 5° past

the point of impingement (Table 5.5), as very little damage would be caused at 0° of

impingement. To understand the influence the joint motion has on the severity of rim

damage, the joint load inputs remained the same for both severities of impingement. In

addition, to determine the influence the medial/lateral load had on the severity of rim

damage, the ML load was increased from 100 N to 200 N (Table 5.5). Each test condition

was run for 40,000 cycles, as prosthetic impingement has been suggested to occur when

activities with an extreme range of motion are performed (for example tying shoelaces)

(Ghaffari et al., 2012) and these are typically performed less frequently than walking. The

motion and loading inputs were applied in the simulator at the frequency of 1 Hertz. Each

of the test condition (Table 5.5) was repeated three times, to verify the results from the

study are correct and not subject to experimental error.
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Table 5.5 – Joint motion and load inputs that were varied in this study.

Test Condition Severity of impingement Medial / lateral load (N)
1 2.5° 100
2 200
3 5° 100
4 200

5.3.6 – Surface measurement of rim damage

The geometry of the polyethylene liner was measured before and after the test

to determine the severity of the rim damage. The measurement was carried out using

the coordinate measuring machine (CMM; Legex, Mitutoyo, UK) on both the bearing

surface and the complete rim geometry, to characterise rim damage caused by both

edge loading and impingement. The traces performed by the CMM probe went from the

pole of the bearing surface to the flat proportion of the rim geometry, as detailed in

Section 4.3.

The measurement process used in this study used an additional alignment

procedure that was not detailed in Section 4.3. This process used two alignment holes

(diameter and depth of 1.7 mm) drilled in the liner rim to create a reference axis through

the centres of the alignment holes (Figure 5.18). The reference axis was then used to

align the liner to the y-axis of the CMM, to allow a comparison to be made from the

measurements taken before and after the simulator test. Furthermore, the alignment

holes could not be measured with a 3 mm stylus; therefore, the measurement process

was required to be altered, so the initial reference points were taken with a 1 mm stylus

and the surface measurement taken with a 3 mm stylus.

Figure 5.18 – Three-dimensional CAD model of an acetabular liner, demonstrating the alignments
holes drilled in the liner rim and the reference axis used to align the liner to the y-axis of the CMM.
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Analysis of the CMM measurements was performed using the developed method

in MATLAB (Chapter 4), to quantitatively define the severity of the rim damage. The

severity of damage was assessed by measuring the penetration (or geometric variation)

of the rim damage due to impingement from the unworn geometry. In this study, the

unworn geometry (or reference) was not required to be estimated (4.4.2.1), as the

unworn geometry of each of the liners was measured before the test was performed;

therefore, the penetration of the rim damage was quantitatively defined by comparing

the geometry of the liner before and after the simulator test.

In addition to full acetabular liner measurement described in Chapter 4, a focused

measurement was also completed at the site of prosthetic impingement on the rim. This

was performed by taking 20 traces from the pole of the bearing to the top of the rim using

a 1 mm diameter CMM probe, as the 3 mm diameter probe under-estimated the

penetration of the geometric variation due to impingement. The increments between the

traces were also reduced from 2.5° to 1° to increase the resolution of measurement at

the rim; therefore, reducing the uncertainty of the obtained measurement. The focused

CMM measurement was analysed using the developed method in MATLAB (Chapter 4).

The unworn reference was generated from selecting a series of unworn traces from the

obtained focused measurement, as focused measurements of the unworn liner before

the simulator test were not carried out.

The mean penetration (n = 3) and 95° confidence limits were determined. One-

way ANOVA was performed, and significance taken at p < 0.05.

5.3.7 – Measurement of separation of the femoral head

During each test that was investigated in this study, any separation (or

subluxation) of the femoral head from the acetabular cup was determined by recording

the displacement of the femoral component in the medial/lateral direction (Figure 5.19).

This displacement was captured by using an analogue position sensor (linear variable

differential transformer) positioned along the medial/lateral axis of the simulator.
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Figure 5.19 – Three-dimensional representation of a THR, demonstrating the measured medial-
lateral (ML) displacement of the femoral head from the acetabular cup recorded throughput this

study. Red ‘X’ represents the COR of the head, and green ‘X’ represents the COR of the cup.

5.4 – Results

The aim of this study was to develop an experimental methodology to assess the

effect to variation in the severity of prosthetic impingement of a THR and load in the

medial/lateral direction has on the severity of damage observed on the acetabular liner

rim and the amount of separation of the head from the cup. The following results were

generated using the experimental set-up described in Section 6.3.1 and applying the

motion and loading inputs described in Sections 5.3.2 and 5.3.3.

5.4.1 – The location and severity of damage on the polyethylene liners

The location of the rim damage was on the anterior-superior section of the rim for

all of the test conditions investigated, with the rim damage at an average of 80° anti-

clockwise from the superior on the acetabular liner (Figure 5.20).
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Figure 5.20 – Schematic plot generated from the CMM measurements and MATLAB script to show
the geometric variation from the unworn reference of the chamfer section of the rim, demonstrating
the location of the rim damage due to prosthetic impingement after 40,000 cycles (highlighted with
a blue circle), for 5° of impingement and 100N ML load. The acetabular cup was positioned at 45°

and 0° anteversion and the femoral stem was orientated 10° adduction, 0° flexion and anteversion.
The areas in red illustrate the unworn/undamaged areas of the rim of the liner.

The severity of impingement and loading in the ML direction was varied, to

assess the effect these variables had on the severity of the rim damage. At the lowest

severity of impingement; 2.5° of impingement and 100N ML load, the mean penetration

of the rim was 0.073 mm (± 0.001 mm) (Figure 5.21). Increasing the ML load from 100N

to 200N caused an incease in penetration to a mean of 0.087 mm (± 0.014 mm) (Figure

5.21); however, this effect was not significant (p = 0.18). At the high severity of

impingement; 5° of impingement and 100 ML load, the mean penetration of the rim was

0.127 mm (± 0.007 mm) (Figure 5.21). Increasing the  ML load from 100N to 200N

caused a significant increase in penetration to a mean of 0.174 mm (± 0.008 mm)

( p < 0.001). Increasing the 2.5° to 5° of impingement had a significant increase on

penetration for both the 100N (p < 0.001) and 200N (p < 0.001) ML loads.
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Figure 5.21 – Mean penetration measurement depth on the rim of the liner due to impingement after
40,000 cycles, for the different test conditions (n = 3, error bars ±95% confidence limits). The

acetabular cup was positioned at 45° and 0° anteversion and the femoral stem was orientated 10°
adduction, 0° flexion and anteversion.

The lowest severity condition (2.5° of impingement and 100N ML load) was

observed to have the smallest area of damage and highest severity condition (5° of

impingement and 200N ML load) was observed to have the highest area of damage

(Figure 5.22).

Figure 5.22 – Schematic plot generated from the CMM measurements and MATLAB script to show
the geometric variation from an unworn reference of the chamfer section of the rim, demonstrating
penetration and size of the rim damage due to prosthetic impingement after 40,000 cycles, for the

different test conditions. The acetabular cup was positioned at 45° and 0° anteversion and the
femoral stem was orientated at 10° of adduction, 0° of flexion and anteversion.
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Variation of the surface geometry was also observed on the edge of the bearing

surface of liners that were tested under the 5° of impingement test condition with both

variations of ML load, and no geometric variation was observed on the edge of the

bearing surface of liners that were tested under the 2.5° of impingement test condition

for either ML loads (Figure 5.23).

Figure 5.23 – Schematic plot generated from the CMM measurements and MATLAB script to show
the geometric variation from an unworn reference of the bearing surface of the acetabular liner,

visualising geometric variation of the bearing surface due to prosthetic impingement after 40,000
cycles, for the different test conditions. The acetabular cup was positioned at 45° and 0°

anteversion and the femoral stem was orientated at 10° of adduction, 0° of flexion and anteversion.

The location of the geometric variation on the edge of the bearing surface was

observed on the posterior section of the acetabular liner, which was on an opposite

section of the liner to the location of the rim damage due to impingement (Figure 5.24).
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Figure 5.24 – Schematic plot generated from the CMM measurements and MATLAB script to show
the geometric variation of the bearing surface of the acetabular liner, visualising the location of the

geometric variation on the edge of the bearing surface (highlighted with a red ellipse) due to
prosthetic impingement after 40,000 cycles, for 5° of impingement and 100N ML load. The

acetabular cup was positioned at 45° and 0° anteversion and the femoral stem was orientated at
10° of adduction, 0° of flexion and anteversion.

5.4.2 – Separation of the femoral head

Separation of the femoral head in the medial-lateral direction was defined by

recording the medial-lateral displacement of the head for each test that was performed.

All of ML displacement of the head observed in this study was in the lateral direction.

The average ML displacement of the head for 2.5°of impingement was 0.2 mm (± SD

0.04 mm) for both variations in ML load (100N and 200N) (Figure 5.25). For 5° of

impingement, the average ML displacement was 0.6 mm (± SD 0.07 mm) for both

variations of ML load (100N and 200N) (Figure 5.25). Increasing the severity of

impingement from 2.5° to 5° of impingement caused an increase of ML separation by

three-fold; this increase in severity had a significant influence on the amount of ML

displacement of the head (p < 0.01).
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Figure 5.25 – Average medial-lateral displacement of the femoral head due to prosthetic
impingement after 40,000 cycles, for the different test conditions (n = 3, error bars ±95%

confidence limit). The acetabular cup was positioned at 45° and 0° anteversion and the femoral
stem was orientated 10° adduction, 0° flexion and anteversion.

The maximum ML displacement of the femoral head was observed to occur after

50% of the input profile was applied, this meant maximum ML displacement occurred

when a high axial load was applied to the system.

Figure 5.26 – Average medial-lateral displacement of the femoral head due to prosthetic
impingement and axial load (superior-inferior) applied during a complete cycle (e.g. at 1,000 cycle),
for the different test conditions (n = 3). Demonstrating the point of maximum ML displacement with
the axial load profile. The acetabular cup was positioned at 45° and 0° anteversion and the femoral

stem was orientated 10° adduction, 0° flexion and anteversion.

5.5 – Discussion

The focus of this study was to develop an experimental methodology to generate

impingement damage to an acetabular liner in a THR. In this study the severity of
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impingement and amount of ML load applied in the simulator was varied, and the

damage subjected to liner rim and the separation of the head was assessed.

5.5.1 – Developed method

The developed experimental method was able to apply joint motion data of an

activity of daily living within the constraints of the simulator. This included all three axes

of joint motion of the hip joint (flexion/extension, adduction/abduction and

internal/external rotation), which permitted clinically relevant joint motion to be applied;

therefore, increased the clinical relevance of the rim damage due to impingement.

The current ASTM impingement test standard (F2582 – ASTM, 2014)

recommends that a constant load of 600N is applied axially through the acetabular cup.

This does not replicate in-vivo joint reaction forces of the hip, as the magnitude and

direction of the joint reaction forces vary when performing different activities of daily living

(Nadzadi et al., 2003; Bergmann, 2008). This standard also reports that the acetabular

component should be orientated horizontally, and the femoral component was abducted

so the femoral neck was in contact with liner rim (Figure 5.1). This does not consider

clinically relevant component orientation. Whereas, the method used in this study

positioned the femoral and acetabular components in the simulator to consider clinically

relevant component orientations, to represent the clinical situation more accurately.

Furthermore, this study also applied load in the inferior-superior and medial-lateral

directions, which replicates the in-vivo loading when performing activities more

accurately then the ASTM impingement test standard (F2582 – ASTM, 2014).

The joint loading inputs used in this study were modified, to be able to apply load

within the constraints of the simulator and to prevent dislocation occurring. The load

profile in the superior-inferior direction followed the same profile as the load data of the

activity and the peak load was slighted reduced to 800N. Whereas, the load in the medial-

lateral direction was applied at a constant load throughout the cycle, instead of applying

load dynamically. Considering this, the clinical relevance of the impingement damage

subjected to the liner rim and the separation of the head could be reduced.

This study was run for 40,000 cycles, which allowed repetitive prosthetic

impingement and separation of the head (or subluxation) damage to be observed on the

liner. However, after 40,000 cycles no fatigue damage (cracking or fracturing) was

observed, which suggests that a larger number of cycles and/or higher loads were

required for fatigue damage to be observed.
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5.5.2 – The influence severity of impingement has on the quantity of
damage and amount of separation of the head

This study was focused on the effect of varying test conditions has on the severity

of damage subjected to the acetabular liner and separation of the head, to understand

the influence impingement has on rim damage and biomechanics of the hip joint.

The results from the study showed that increasing the severity of impingement

from 2.5° to 5° past the point of impingement caused a significant increase in the severity

of damage observed on the liner rim. This suggests that if impingement substantially

influences a range of motion of the patient, the amount of damage subjected to the liner

rim due to impingement is likely to be more severe.

The higher severity of impingement condition (5°) was observed to cause a

significantly higher amount of medial-lateral displacement of the head, compared to the

lowest severity condition (2.5°). Computational studies have reported that levering of the

head of the cup can occur secondary to impingement, which led to subluxation of the

head (Nadzadi et al., 2003; Kluess et al., 2007; Ghaffari et al., 2012). Considering this,

the higher severity condition caused greater levering of the head out of the cup

secondary to impingement, which led to a greater amount of subluxation of the head.

This suggests, greater severity of prosthetic impingement could cause a greater

subluxation (or separation) of the head, which could lead to a reduction in stability of the

joint and ultimately the failure of the implant due to dislocation.

In studies by Kluess et al. (2007) and Ghaffari et al. (2012), high contact stresses

were observed on the acetabular liner, one at the site of impingement and the other at

an egress site on the edge of the bearing surface. The egress site was found to be

initiated by the femoral head being levered out of the cup and leading to the head loading

on the edge of the bearing surface. Similar results were observed in this study, as

geometric variation was observed on the edge of the bearing surface when a high

severity impingement condition was applied. No geometric variation was observed on

the bearing surface when the lower severity condition was applied. This implies that the

amount separation of head from the cup, influences the occurrence of loading of the

head at the edge of the liner; therefore, leading to damage being observed on the edge

of the bearing surface. This has been reported to be caused by the contact area between

the head and liner being reduced by the contact area towards the liner rim with

subluxation of the head, thus resulting in high contact stresses between the head and

edge of the liner (Al-Hajjar et al., 2010).
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5.5.3 – The effect medial-lateral load has on the quantity of damage and
amount of separation of the head

The severity of the damage observed on the liner rim was not significantly

impacted by increasing the loading in the medial-lateral direction from 100N to 200N with

the low impingement severity condition (2.5°). However, increasing the ML load with high

impingement severity condition (5°) had a significant effect on the severity of the rim

damage. This suggests increasing the ML load only influenced the amount of damage to

the liner rim when a high impingement severity condition was applied. This could be due

to the low contact areas generated at the site of impingement (neck-rim contact) and site

of edge contact (contact between head and edge of the liner) caused by the larger

separation of the head due to the high impingement severity condition (5°). This

combined with the high resultant contact force produced by the peak axial load (800N)

and higher ML load (200N), thus resulting in high contact stresses between the neck and

liner rim; therefore, generating a greater severity of rim damage.

The amount of separation of the head was also found not to be significantly

influenced by the variation in ML load, but significantly affected by the variation in the

severity of impingement.

5.5.4 – Location of damage observed on the acetabular liner

Impingement was observed on the anterior section of the rim, which agrees with

the predictions from the geometric model when the stoop activity was applied. This is

due to the high peak flexion and internal rotation of the joint when performing the stoop

activity. Damage at the edge of the bearing surface due to subluxation of the head was

observed on the posterior section of the liner. This implies that the subluxation secondary

to anterior impingement caused the head to translate towards the posterior of the cup;

therefore, suggesting posterior dislocation would occur with more severe separation of

the head.

5.6 – Conclusion

  The developed experimental method was able to successful generate

impingement damage using inputs that simulate a clinically relevant activity of daily living

more accurately than other experimental studies investigated impingement. The

developed input profiles that were used in this study, were able to perform multiple cycles

within the constraints of the simulator, without causing dislocation.
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The results from this study showed that increasing the severity of impingement

(past the point of impingement) influenced the severity of rim damage and the ML

separation of the head. Whereas, increasing the ML load did not influence the severity

of rim damage and ML separation. The high separation of the head was also found to

causes edge loading damage on the posterior section of the bearing surface.
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Chapter 6 – Investigation of rim damage on retrieved
polyethylene liners

6.1 – Introduction

Retrieved components removed at revision surgeries have been used in the past

to assess the clinical failure and performance of THR components and have provided

information about the failure mechanisms of the devices and validated experimental

investigations.

Retrieved polyethylene acetabular components have been used in numerous

studies investigating rim damage and these studies have identified a trend and

correlations that have linked clinical variables (such as surgical positioning and design

of components) to observed rim damage (Yamaguchi et al., 2000; Birman et al., 2005;

Kurtz et al., 2005; Shon et al., 2005; Usrey et al., 2006; Pang et al., 2015).

The assessment of rim damage of retrievals has been predominantly performed

by visually assessing any damage observed on the surfaces of components and

categorising the surface damage using scoring criteria. The scoring criteria used differs

between studies, from scoring the surface coverage of various modes of damage to

measuring the angular width and span of surface damage; therefore, making it difficult

to make a comparison between retrieval studies. Scoring by the coverage of different

damage mode does not consider the severity of the damage and can be subjective.

Whereas, scoring through measuring the size and depth of any rim damage considers

the severity of the surface damage; however, these measurements are carried out

visually by observers (Yamaguchi et al., 2000; Birman et al., 2005; Shon et al., 2005;

Usrey et al., 2006), which can introduce observer error into the analysis.

   Some studies of retrievals have used quantitative (or direct) measurement

methods (such as shadowgraph, CMM and micro-CT approaches) to assess damage

(wear and deformation) of polyethylene retrievals (Bowden et al., 2005; Bills et al., 2007;

Teeter et al., 2010b; Uddin, 2014), as these methods can quantitatively assess variation

in the volume due to wear and deformation of a polyethylene sample.  The advantage of

using CMM or micro-CT methods is that they can define and visualise the location of the

variation in volume (due to wear and deformation), which permits areas of large changes

of volume to be identified on the polyethylene sample. One of the disadvantages of using

a micro-CT approach to assess retrievals is that it can be time-consuming and require a

large amount of data storage compared to a CMM method.
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The aim of this study was to identify and analyse rim damage observed on

retrieved polyethylene acetabular liners and to evaluate the developed assessment

methodology to measure rim damage (Chapter 4) on retrieved polyethylene liners. The

following objectives were addressed in this study:

· Characterise clinical rim damage from analysis of retrieved polyethylene

acetabular liners with the associated clinical data (patient demographic

information).

· Apply and evaluate assessment methodology developed in Chapter 4 to retrieved

polyethylene acetabular liners for rim damage.

· Determine the in-vivo orientation of the retrieved acetabular liners from the

associated medical imaging (plain radiographs).

6.2 – Retrieved acetabular liners

The retrieved samples that were used in this study were collected as part of an

ethically approved project. Ethical approval was obtained from Leeds (West) Ethical

Review Committee for the project “Wear Analysis of Explanted Orthopaedic Prostheses

09/H1307/60”. The protocol approved by the committee included procedures performed

to collect, decontaminate and store retrieved orthopaedic components and associated

tissue removed at revision surgery. To maintain patient anonymity all of the collected

retrievals were assigned a code and data associated with the retrievals were recorded

in a database. The retrievals were collected with pre and post-operative radiographs and

patient-related data. The patient-related included the following information:

· Name of hospital

· Name of surgeon

· Date of birth

· Height

· Weight

· Gender

· Type of prosthesis

· Primary or revision (1st, 2nd or

other)

· Initial diagnosis

· Reason for revision

· Operated side (left or right)

· Patient activity level (1 = inactive; 6

= highly active)

· History of dislocation?

· Evidence of impingement?

· Implant and explant date

· Other information
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6.2.1 – Retrieval selection

The retrieval collection at the Institute of Medical and Biological Engineering,

University of Leeds, included hip, knee and ankle joint replacements collected over a

period of 10 years. Twenty-one retrieved hip joints were selected from a total of 295 hip

joint replacements in the retrieval collection, using the following inclusion criterion: –

· All liners had to be Pinnacle® design and polyethylene (Marathon and Standard

GVF PE) of any head diameter and rim design.

· The retrieval must have associated pre-operative radiographs, to determine the

orientation of the acetabular component in-vivo.

· Acetabular liners must not be in multiple fragments.

Pinnacle® design liners were used in this study, as the developed geometric

model (Chapter 2 and 3) and the in-vitro impingement method (Chapter 5) used this

design; therefore, maintaining the design of the liner throughout these studies allowed

a good comparison to be made. A summary of the data associated with the selected

cohort of retrievals is described in Table 6.1.
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Table 6.1 – Summary of data associated with the selected cohort of retrievals used in this study (Retrieval code associated with the retrievals is detailed in Appendix B).

Retrieval
No. Bearing Type of Liner Type of

polyethylene
Head

diameter
Outer

diameter
Age

(years)
BMI

(kg/m2)

Time in-
vivo

(months)
Sex Side Diagnosis Reason for revision

1 CoP Neutral Standard PE GVF 28 mm 60 mm 72 27.1 100 M L OA Fall, pain, infection
2 CoP Neutral Standard PE GVF 28 mm 50 mm 73 27.4 101 F R N/K Pain, loose stem
3 MoP Neutral Standard PE GVF 28 mm 52 mm 79 42.9 85 F R OA Fall, pain, lucency
4 MoP Neutral Standard PE GVF 28 mm 56 mm 79 33.4 95 M R Pain Pain, lucency, infection
5 MoP Neutral Standard PE GVF 28 mm 54 mm 78 31.2 95 M R N/K Loosening
6 MoP Neutral Marathon 28 mm 52 mm 68 28.4 48 F L Pain Loose stem, lucency
7 MoP Neutral Marathon 32 mm 60 mm 72 36 11 M R OA Infection
8 MoP Neutral Marathon 32 mm 60 mm 70 37.7 24 M L N/K Dislocation
9 MoP Neutral Marathon 32 mm 54 mm 80 26.6 29 M R OA Dislocation

10 MoP Neutral Standard PE GVF 28 mm 56 mm 76 32.8 127 M L OA Pain, aseptic loosening
11 CoP Neutral Standard PE GVF 28 mm 52 mm 71 27.9 111 F R OA Pain
12 CoP Neutral 4 mm offset Standard PE GVF 32 mm 50 mm 70 31.4 133 F L OA Pain, loosening
13 CoP Lipped Marathon 32 mm 60 mm 63 35.1 96 M R OA Pain, metalosis
14 MoP Lipped Marathon 28 mm 50 mm 53 30 7 F R RA Dislocation
15 MoP Lipped Marathon 32 mm 52 mm 72 27 60 F R OA Pain
16 MoP Face-change Marathon 32 mm 50 mm 54 28.4 84 F R OA Dislocation
17* MoP Neutral Marathon 28 mm 50 mm 74 28.5 58 F L OA Dissociation
18* MoP Neutral Marathon 28 mm 54 mm 83 27.7 63 M R OA Dissociation
19* MoP Neutral Marathon 32 mm 58 mm 78 33..4 31 F R OA Dissociation
20* CoP Neutral Standard PE GVF 28 mm 54 mm 72 26.1 83 M R N/K Dissociation
21* MoP Neutral Marathon 28 mm 50 mm 96 28.5 98 F R Pain Dissociation

* Dissociated liner; N/K = information not known.
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For the whole collection of 21 retrievals removed from 11 female and 10 male

patients and the mean patient age was 73 years (SD = ± 9 years). The mean Body Mass

Index (BMI) was 31 kg/m2 (SD = ±4.3 kg/m2) and the meantime in-vivo for the collection

of retrievals was 73 months (SD = ± 36 months). The initial diagnosis for a THR was

osteoarthritis (OA), pain or rheumatoid arthritis (RA) of the hip joint, with the most

frequent being OA. The reasons for revision were pain, fall, loosening, lucency, infection,

metalosis, dislocation and dissociation, with pain being the most frequent reason for

revision.

From the collection of retrievals, the most common type of liner design was the

neutral liner with 16 liners, and the rest were either lipped (n = 3), 10° face-change (n

= 1) or neutral with a 4 mm offset (n = 1) liners. The retrievals included both metal-on-

polyethylene (MoP) and ceramic-on-polyethylene (CoP) bearing combinations and the

most frequent bearing combination being MoP, which accounted for 75% of retrievals. In

this collection, there were only two different types of polyethylene, including standard

polyethylene gamma in vacuum foil (GVF) and Marathon® polyethylene, with the most

common type of polyethylene being Marathon® polyethylene. Standard polyethylene

GVF is a conventional polyethylene liner that is sterilised in vacuum using gamma

radiation and packaged in vacuum-sealed with impermeable foil, and Marathon®

polyethylene liner is moderately cross-linked polyethylene. The cohort of retrievals

comprised of only 28 mm and 32 mm head diameters and the most common was the

28 mm diameter, with 13 of retrieval being a 28 mm diameter head.

6.3 – Method overview

The following sections detail the analysis that was carried out on the selected

cohort of retrievals and this included the following: -

· The components were photographed using a Canon EOS 700D with a 100 mm

macro lens (Canon (UK) Ltd, Surrey, UK) and a photography lighting rig, as

detailed in Section 6.4.

· The type of polyethylene, head and outer diameters and design of the liner (i.e.

neutral or lipped) were determined by referring the serial numbers on the liners to

product information supplied by the manufacturer.

· Visual inspection was carried out on the component, to identify damage on the

bearing surface, rim and backside of the polyethylene liners and the observed

damage were noted and recorded, as detailed in Section 6.4.
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· Coordinate measuring machine (CMM) assessments were carried out on the

retrieved components, using the approach detailed in Section 4.3.1.

· The in-vivo orientation of the acetabular liner was determined by identifying the

superior wear area on the bearing surface. This was carried out by identifying the

primary wear area of geometric variation, which was determined using the CMM

data generated from the components and the developed methodology as detailed

in Section 4.4.

· Geometric variation of rim damage was carried out on a selection of the

components, using the CMM data generated from the components and developed

methodology as detailed in Section 4.4.

· Pre-revision patient radiographs associated with the retrieved component were

inspected using ImageJ 1.51n (National Institutes of Health, USA) to determine the

in-vivo inclination and version of the acetabular component relative to the pelvis,

as detailed in Section 6.6.

The order in which the analysis was performed on the selected retrievals is

shown in Table 6.1. Throughout the analysis, the number of retrievals that were

assessed was reduced from 21 to 8 retrievals, due to being excluded. The retrievals

were excluded due to the following reasons: -

1) Liners, where the wear area on the bearing surface could not be identified,

were excluded, as the superior section of the liner could not be determined.

2) Elevated rim liners were excluded, as the developed analysis method was

not able to assess elevated rim liners.

3) Retrievals with poor quality radiographs were excluded, as the surgical

positioning of the acetabular component could not be accurately defined

from poor-quality radiographs.
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Figure 6.1 – Flow chart of the analysis process that was used to assess the selected cohort of
retrievals, and the sections where retrievals were excluded from the analysis was detailed.

6.4 – Photographs and visual inspection of components

The aim of this study was to visually capture the surfaces (bearing and rim) of

retrieved liners using photography and to visually characterise damage observed on the

surfaces of the bearing surface and rim of liners.

6.4.1 – Materials and method

The retrieved components were photographed before the visual inspection was

completed. This was carried out using a digital SLR camera with a macro lens (Canon

EOS 700D) and lighting rig, which allowed detailed visualisation of retrieved liners. The

lighting rig was used to minimise unwanted shadowing on the component and to

optimally capture the surface damage on the component.

The retrieved component was positioned with the circumference of the rim

parallel to the bed of the lighting rig (Figure 6.2 & Figure 6.3). This was achieved by using

a spirt lever placed on the face of the liner and using modelling clay to hold the

component in position. The camera was mounted directly above the component, so the

bearing surface and rim geometry could be captured (Figure 6.2 & Figure 6.3).
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Figure 6.2 – Symmetric diagram of the photography set-up. (A) Side-view and (B) top-view.

Figure 6.3 – Photography set-up that was used to photographs of the retrievals used in this study.

The aperture and exposure time of the camera were set at f/5.6 and 1/60

seconds, respectively; in order to clearly capture the surfaces of interest (bearing surface

and rim geometry). The camera shutter remote was also used to prevent the camera

from vibrating on its mount and affecting the clarity of the images.

Following photographing the components, visual inspection was carried out on

all of the retrieved acetabular liners. This involved identifying and recording surface

damage on the bearing surface and rim of liners and characterising the observed

damage in terms of damage modes associated with polyethylene components. The

modes of damage that were used in the visual investigation were adapted from the

damage scoring approach by Hood et al. (1983), which comprised of the following

damage modes:
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· Deformation – change in geometry due to plastic deformation

· Scratching – multi-directional or directional indentations in the material

· Pitting – depression in the surface of the material

· Burnishing – highly polished surface

· Embedded debris – third body particles embedded in the material

· Abrasion – increased roughness of the surface

· Delamination – a large sheet of material removed due to subsurface failure

· Cracking/fracture – small surface cracks to gross fracture of the component

The presence of the damage modes was recorded on the surfaces of the

bearing and rim of liners, but the characterised damage was not graded in this study.

This was due to visual damage scoring methods typically defining the severity by the

coverage of the damage, which does not consider the severity of the damage. In

addition, visual scoring methods can be subjective between different observers, which

can make the results incomparable.

6.4.2 – Results

The visual inspection was performed on all 21 of the selected retrieved

polyethylene acetabular lines, to identify damage on the bearing surface, rim and

backside of the polyethylene liners.

Table 6.2 – Frequency of the damage modes that were observed on the retrievals (n = 21) that were
visually inspected in this study.

Damage modes
Neutral liners Elevated rim liners Dissociated liners

Bearing Rim Bearing Rim Bearing Rim
Deformation - 6 1 4 5 5
Scratching 10 12 3 2 2 4

Pitting 5 - 1 - 2 -
Burnishing 6 - 3 - 2 -

Embedded debris 1 - - 1 1 3
Abrasion 6 - 2 - - -

Delamination 1 - - - - 2
Cracking/fracture - - - - - 3

Discolouration 4 - - - 1 -

Light to moderate scratching was observed on the bearing surface on a high

proportion of components (15/21) (Table 6.2). A hole (approximately 4 mm in diameter)

through the bearing surface (Figure 6.4) was found on approximately 60% of the

retrievals in this study (Table 6.2).
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Figure 6.4 – Photograph of a retrieved lipped acetabular liner, demonstrating the hole through the
bearing surface (highlighted with a red ellipse) that was found on approximately 60% of the liner in

this study (Retrieval 13).

Five of the liners from the collection of retrieval were observed to have yellow

discolouration on the bearing surface (Table 6.2 & Figure 6.5). The observed

discolouration was found on both types of polyethylene (standard PE GVF and

Marathon®), with three being standard PE and two being Marathon® liners.

Figure 6.5 – Photograph of a retrieved neutral acetabular liner, demonstrating discolouration that
was observed on the bearing surface (highlighted in red) (Retrieval 12)

   Burnishing (or polishing), pitting and abrasion was visually identified on the

bearing surface of 11, 7, and 8 liners respectively (Table 6.2). Black embedded debris

was also found on the bearing surface of four retrievals and delamination was only

observed on the bearing surface of one of the retrieved components (Figure 6.6). No

cracking or fracturing was visually observed on the bearing surface of all liners that were

inspected in this study.
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Figure 6.6 – Photograph of a retrieved neutral acetabular liner, demonstrating delamination that
was observed on the bearing surface (highlighted in red) (Retrieval 3)

Six of the liners were observed to have deformation of the bearing surface, this

included five neutral liners and one face-changed liner (Table 6.2). All of the neutral liners

with deformation of the bearing surface were found that deformation led to the edge of

the bearing surface to become elongated (Figure 6.7A). Whereas, on the face-change

liner, the deformation was observed as the distorted edge of the bearing surface

(Retrieval 16) (Figure 6.7B).

Figure 6.7 – Photographs of a retrieved neutral (A) and face-changed (B) acetabular liner,
demonstrating deformation of the bearing surface that was observed on retrieved liners. The blue

dashed circle represented the initial geometry of the edge of the bearing surface and red line
represented the deformation geometry of the edge of the bearing surface (A – Retrieval 17; B –

Retrieval 16).

Deformation of the rim was found on the rim of 13 liners that were visually

inspected (Table 6.2), this included nine neutral liners and four elevated (three lipped

and one face-change) rim liners (Figure 6.8). Notch-like deformation was found on the

rim of four liners, and this comprised of one neutral liner (Figure 6.8A) and three lipped

liners (Figure 6.8B). The notch-like deformation on the lipped liners was found on the

elevated portion of the rim (Figure 6.8B). Five of the neutral liners had severe

deformation had been revised due to the liner dissociating from the outer shell (Figure
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6.8C). Notch-like deformation was not observed on the rim of the face-change liner and

the deformation spanned over 90° of the liner rim (Figure 6.8D).

Figure 6.8 – Photographs of a retrieved neutral (A & C) and elevated rim (B & D) liners,
demonstrating the deformation that was observed on the liner rim (highlighted in red) (A –

Retrieval 8; B – Retrieval 13; C – Retrieval 18; D – Retrieval 16)

Moderate to deep scratching was observed on the liner rim of 18 of the selected

retrievals (Table 6.2). The scratching was typically found as multiple scratching in a

single direction (Figure 6.9A) or single scratches in multiple directions (Figure 6.9B).

Figure 6.9 – Photographs of retrieved neutral acetabular liners, demonstrating scratching
that was observed on the rim of liners (highlighted with a red ellipse) (A – Retrieval 11; (B –

Retrieval 7).
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  Embedded debris, delamination and fracture were observed on the liner rim of

3, 2 and 3 of the retrieved liner respectively (Table 6.2), all of these liners had failed due

to dissociation between the shell and liner. Both cases where delamination was found

with embedded debris and the damage was located in the area of severe deformation

damage on the rim (Figure 6.10A). Two of the three cases of fracturing were found in or

near the area of severe deformation damage on the rim (Figure 6.10A) and there was

only one case where the fracturing was not in the same location as the rest of the severe

deformation (Figure 6.10B).

Figure 6.10 – Photographs of retrieved neutral acetabular liners, demonstrating embedded debris,
delamination and fracturing damage that was observed on the rim of liners (highlighted with a red
ellipse). (A) Example of embedded debris, delamination and fracturing damage on the rim in the
same area of severe deformation damage (Retrieval 21). (B) Example of fracturing of material on

the rim without severe deformation damage in the same location (Retrieval 17).

All of the retrieved liners that failed due to dissociation of the liner were observed

to have numerous anti-rotation devices (ARD’s) missing from the locking mechanism of

the liner (Figure 6.11). The ARD’s are a series of six tabs on the external diameter of the

liner, which provides rotational stability of the liner (Figure 6.11A). Deep scratching was

also found on the backside of liners that failed as the result of liner dissociation.
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Figure 6.11 – Photographs of retrieved neutral acetabular liners, demonstrating the missing anti-
rotation devices on the liners that had failed due to dissociation. (A) Example of a liner with all of
the anti-rotation devices intact (Retrieval 6). (B) Example of a liner that had missing anti-rotation

devices and failed due dissociation of the liner (Retrieval 19).

6.5 – Assessment of liner geometry

The aim of this study was to apply the developed assessment method from

Chapter 4 to retrieved polyethylene acetabular liners, to quantitatively define the

geometric variation on the bearing and rim of liners.

6.5.1 – Materials and method

Liner geometry was assessed by collecting CMM data from the retrieved

polyethylene components using the developed methodology in MATLAB R2015a

(Mathsworks Inc, USA), as detailed in Section 4.4. The assessment was firstly carried

out on the bearing surface of the liners to identify the primary wear area, which was

defined as an area of high penetration (usually in a circular shape) (Figure 6.12).

Provided the primary wear area was identified, the primary wear area was used to define

the superior of the section of the component when in-vivo, as the primary wear area is

typically found at the superior of the liner. Retrieved liners where the primary wear area

on the bearing surface could not be identified were excluded from the study, as the

orientation of the liner in-vivo could not be defined.
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Figure 6.12 – Schematic plot generated from the CMM measurements and MATLAB script to show
the geometric variation between an estimated unworn reference surface and the retrieved

acetabular liner, demonstrating the area of high geometric variation (shown in blue) that was used
defined the superior part of the liner. Blue represents penetration in the bearing surface and red

represents protrusion in the bearing surface.

The blue area shows a high level of variation between the surface of the

reference and retrieval (Figure 6.12) and was assumed to be wear in the superior portion

of the liner. Following the damage assessment of the bearing surface, the damage (wear

and/or deformation) on the rim was analysed using the method developed in MATLAB

(Section 4.4). Using the developed approach, the damage observed on the rim of the

liners was visualised and quantitatively measured (Figure 6.13).

Figure 6.13 – Schematic plot generated from the CMM measurements and MATLAB script to show
the geometric variation from an estimated unworn reference of the rim of a retrieved acetabular
liner, demonstrating the visualisation that is generated from the rim damage assessment. Red
represents protrusion (increase in height) at the rim geometry and blue represents penetration

(reduction in height) at the rim geometry. Damage observed on the rim of the retrieved liner was
highlighted with a blue ellipse.
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The damage assessment of the rim was only carried out on the neutral liners,

due to the combination of the complex geometry of elevated rim (or lipped) liners and

the ability of polyethylene to plastically deform, increased the difficulty of generating

unworn reference of the surfaces of liners with more complex rim geometries.

6.5.2 – Results

Liner geometry assessment on the bearing surface was carried out on CMM data

collected from all 21 of the selected retrievals. The assessment of the bearing surface

was used to identify the main wear area on the bearing surface, which then was used to

define the superior of the acetabular liner when in-vivo. The main wear area was not

identifiable on six of the liners, these were excluded from any further analysis. The wear

area could not be isolated due to the severe deformation of the liner (Figure 6.14). Five

of the six liners that were excluded had been revised due to dissociating from the outer

shell and one liner had failed due dislocation.

Figure 6.14 – Photograph of a retrieved acetabular liner with associated schematic plot generated
from the CMM measurements and MATLAB script to show the geometric variation from an

estimated unworn reference, demonstrating the geometric variation of the bearing surface was the
main wear area could not be determined (Retrieval 19).

The assessment of the geometry of the rim was performed on the CMM data of

12 of the selected liners. All of these liners were neutral liners with varying internal and

external diameters, including internal diameters of 28 mm and 32 mm and external

diameters of between 50 mm to 60 mm. The limits (maximum and minimum) of the

geometric variation that was determined from the geometric rim damage assessment

from a series of the selected retrieved neutral liner (n = 12) are detailed in Figure 6.15.
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Figure 6.15 – The limits (maximum and minimum) of the geometry variation from an estimated
unworn reference at the rim of a series of retrieved neutral acetabular liners (n = 12).

In two of the liners (Retrievals 4 and 12) the geometric variation at the liner rim

were very close to the ranges of variation that were observed on the rim of unworn (or

as manufactured) liners (0.06 mm; n = 12 unworn liners); therefore, the observed

geometric variation on the rims of these liners was not considered to be damage.

Six of the liners (Retrievals 1, 2, 3, 6, 7 and 9) were found to have a high

geometric variation that was the result of deep scratching (Figure 6.16A) and gouging

damage (Figure 6.16B).
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Figure 6.16 – Photograph of a retrieved acetabular liner with associated schematic plots generated
from the CMM measurements and MATLAB script to show the geometric variation from an

estimated unworn reference. Demonstrating the observed deep scratching and gouging damage on
the liner rim (A – Retrieval 1; B – Retrieval 3)

One of the liners (Retrieval 8) was found with substantial deformation damage on

the posterior section of the liner rim, with a maximum penetration of 0.43 mm from the

estimated unworn reference (Figure 6.17). The deformation was observed on an isolated

section of the rim and spanned across 30° of the liner rim (Figure 6.17).
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Figure 6.17 – Photograph of a retrieved acetabular liner (A) with associated schematic plots
generated from the CMM measurements and MATLAB script to show the geometric variation from
an estimated unworn reference (B). Demonstrating the location and geometric variation from the
unworn reference of the observed damage on the posterior section of the liner rim (shown with a

blue ellipse) (Retrieval 8).

One of the liners (Retrieval 6) was found to have deformation damage on the

posterior section of the liner rim (Figure 6.18), with the damage spanning over 90° of the

rim. The geometric variation at the rim was the result of a protrusion on the surface from

the unworn reference and there was damage due to depression on the inner edge of the

rim (Figure 6.18B). The maximum variation from the reference for the protrusion and

depression damage was 0.12 mm and (-) 0.24 mm respectively.

Figure 6.18 – Photograph of a retrieved acetabular liner (A) with associated schematic plots
generated from the CMM measurements and MATLAB script to show the geometric variation from
an estimated unworn reference (B). Demonstration the location and geometric variation from the

unworn reference of the observed damage on the posterior edge of the rim (Retrieval 6).

Four liners (Retrieval 2, 5, 10 and 11) were found to have deformation across a

high portion of the rim, with positive geometric variation at the superior and negative

geometric variation at the inferior (Figure 6.19). The deformation on the superior was

due to the surface protruding from the unworn reference and the damage on the inferior
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was due to a depression on the surface of the rim. The maximum geometric variation

was 0.37 mm, 0.21 mm, 0.15 mm and 0.20 mm for the different liners and the minimum

variation was -0.29 mm, -0.29 mm, -0.24 mm and -0.21 mm.

Figure 6.19 – Photograph of a retrieved neural acetabular liner (A) with associated schematic plots
generated from the CMM measurements and MATLAB script to show the geometric variation from
an estimated unworn reference (B). Demonstrating the location and geometric variation from the
estimated unworn reference of the observed damage on the superior (shown in red) and inferior

(shown in blue) portions of the liner rim (Retrieval 5).

6.6 – Radiograph analysis

The aim of this study was to determine the in-vivo orientation of the retrieved

acetabular component (inclination and anteversion) from pre-revision radiographs. This

included the process of selecting the approaches that were used to determine the

orientation of the cup.

6.6.1 – Materials and method

 Pre-revision radiographs in a supine position were available for same retrievals.

This included radiographs in the coronal (or frontal) plane (also known as anterior-

posterior or AP radiograph), and a cross-table lateral radiograph which was taken with

the contralateral hip flexed and the beam directed at the operative hip parallel to coronal

plane, between 35° and 45° from the sagittal (or horizontal) plane (Figure 6.20). The

coronal radiograph was used to determine the inclination and version of the acetabular

cup, and the cross-table lateral radiograph was used to determine whether the cup was

retroverted or anteverted.
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Figure 6.20 – Three-dimensional model demonstrating how a cross-table lateral radiograph of the
hip joint are generated. A cross-table lateral radiograph is taken with the contralateral hip flexed

and the beam directed at the operative hip parallel to the coronal plane, between 35° and 45° from
the sagittal (or horizontal) plane. Here, the acetabular cup of the THR is positioned at 45°

radiographic inclination and 20° radiographic anteversion.

6.6.1.1 – Radiograph inclusion and exclusion criteria

 Retrieved components that did not have both AP and lateral radiographs were

excluded from this analysis, as a lateral radiograph was required to determine whether

the acetabular cup was retroverted or anteverted.

Coronal radiographs in which the pelvis appeared to be highly rotated relative to

the reference plane of the radiograph (i.e. rotation about the superior-inferior axis of the

body) were excluded from the study. This was because an extremely rotated pelvis can

result in a high amount of error in the measurements of the orientation of the cup

(Lembeck et al., 2005). The pelvic rotation was assessed by determining the asymmetry

of the obturator foramen of the pelvis (Figure 6.21). The areas of the foramen were

measured and any image where there was a difference of greater than 25% was

excluded.
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Figure 6.21 – Coronal radiograph of THR patient with an asymmetry of the pelvis, with the obturator
foramens of the pelvis, labelled. Such a radiograph was excluded from this study due to excessive

tilt, with a difference of area of the obturator foramen of greater than 60%.

Under-penetrated radiographs, where the rim geometry of the acetabular outer

shell could not be clearly observed were excluded from the study (e.g. Figure 6.22A)

because a sphere could not be accurately fitted to the rim of the acetabular cup when it

was not clearly visible.

Figure 6.22– (A) Example of the under-penetrated radiograph, where the rim geometry of the
acetabular component could not be clearly observed. (B) Example correctly penetrated radiograph

were the rim geometry of the acetabular component can be clearly observed.
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6.6.1.2 – Methods of determining the inclination and version acetabular
component from plain radiographs.

All of the radiographs were assessed using ImageJ to determine the orientation

of the cup relative to the pelvis, as it permitted lengths and angles to be measured on

radiographs.

The orientation of the acetabular component relative to the pelvis was defined by

using the radiographic definition, described by Murray (1993). This definition was also

used in developing the geometric model (Chapter 2) and included two reference angles;

inclination and version.

In the literature, inclination has been determined using various methods, relying

on different pelvic landmarks, which were used as reference points for determining the

position of the acetabular component. For this study, three different methods were

investigated, this included using a line through the caudal limits of the sacroiliac joints

(Method 1) (Pettersson et al., 1982), the acetabular teardrop line (Method 2) (Lewinnek

et al., 1978) and the transischial tuberosity line (Method 3) (Vanrusselt et al., 2015).

The caudal limits of the sacroiliac joint of the pelvis were defined as the most

inferior point of the sacroiliac joint, as shown in Figure 6.23. The sacroiliac joint was

described as the joint between the ilium and the sacrum of the pelvis (Figure 6.23).

Figure 6.23 – Coronal radiograph of pelvis with a THR, demonstrating how the caudal limit of the
sacroiliac joint of the pelvis was defined, shown with a red cross. The sacrum, Ilium and Sacroiliac

joint are labelled.
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The acetabular teardrops of the pelvis are ‘U’ shaped features that are seen on

anterior-posterior radiographs of the pelvis, and are produced by the medial section of

the ilium and inferior and anterior sections of the acetabular fossa (Butler et al., 2012).

In this study, the teardrop line went through the inferior edge of the teardrop, as shown

in Figure 6.24.

Figure 6.24 – Coronal radiograph of a pelvis with a THR, demonstrating how the acetabular
teardrop was defined, the inferior point of the teardrop is shown with a red cross. The acetabular

teardrop are labelled.

The transischial tuberosity was defined by the most inferior point of the pelvis

(Figure 6.25), and the transischial tuberosity line was positioned across the two most

inferior points of the pelvis.
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Figure 6.25 – Coronal radiograph of a pelvis with a THR, demonstrating how the transischial
tuberosity of the pelvis were defined, shown with two blue ellipses.

The version of the acetabular cup was determined using the method (Equation

1) described by Lewinnek et al. (1978). This included visually fitting an ellipse to the

face (or rim) of the acetabular component. The lengths of the major (D1) and minor

(D2) axis of the ellipse were automatically defined (Figure 6.26) and applied to

Equation 1.

= 	sin ( ) (Equation 1)

This method was selected, following evidence presented by Nho et al. (2012),

that concluded Lewinnek’s method was one of the most reliable and repeatable methods,

compared to other methods of measuring version from plain radiographs (Woo and

Morrey, 1982; Ackland et al., 1986; Hassan et al., 1995; Widmer, 2004; Liaw et al., 2006).

Lewinnek’s method has also been reported to have a high accuracy of measuring version

from plain radiographs, with the error of 0.1° ± 6.19° (Nho et al., 2012) and 0.55° ± 3.14°

(Lu et al., 2013) when compared to measurements from CT scans.
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Figure 6.26 – Coronal radiograph of pelvis with a THR, demonstrating the ellipse fit to the face of
the acetabular component used to determine the version of the acetabular cup, with the major (D1)

and minor (D2) axes of the ellipse labelled.

The inclination of the cup was determined by measuring the angle at the

intersection of the line through the landmark of the pelvis, and an extended line was

visually defined through the major axis of the ellipse fit to the face of the acetabular cup

(Figure 6.27).

Figure 6.27 – Coronal radiograph of pelvis with a THR, demonstrating the three methods that were
investigated to determine inclination of the right acetabular cup (in this example), this included a

line through the caudal limits of the sacroiliac joints (yellow), teardrop line (green) and transischial
tuberosity line (white). The ellipse fit to face of the cup and the line through the major axis of the

ellipse, are shown with the red ellipse and blue line respectively.
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6.6.1.3 – Method of determining anteversion or retroversion of the acetabular
component.

To determine whether the version direction of the acetabular component was

anterior (anteversion) or posterior (retroversion) (Figure 6.28), cross-table lateral

radiographs of the pelvis were assessed. This assessment included examining the angle

between the acetabular axis along the face of the acetabular component, and a

horizontal reference axis of the radiograph (Figure 6.29), as described by Woo and

Morrey (1982). If the opening of the angle between the acetabular axis and the reference

axis face anteriorly, the version of the cup was defined as anteversion, the opposite was

defined as retroversion (Figure 6.28).

Figure 6.28 – Cross-sectional view of 3-D models demonstrating how anteversion (A) and
retroversion (B) of the acetabular cup are defined on a cross-table lateral radiograph of the hip
joint. (A) Shows the acetabular cup orientation at 45° inclination and 20° anteversion, and (B)

shows the acetabular cup orientation at 45° inclination and 20° retroversion. Both figures were of a
right hip joint, and the view of the figures simulate the radiograph beam directed the hip joint at 45°

to the coronal plane.

Figure 6.29 – Cross-table lateral radiograph of pelvis with THR, demonstrating how anteversion
was defined, using the acetabular axis along the face of the acetabular component, and a

horizontal reference axis of the radiograph. This example shows a THR of the right side, and
therefore the acetabular component was anteverted.
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6.6.1.4 – Intra- and inter-observer study of the methods

Intra- and inter-observer assessment of different measurement methodologies

was performed to assess the reproducibility and repeatability of measurements by a

single observer (intra-observer) and measurements taken by different observers (inter-

observer). This was summarised by using interclass correlation coefficients (ICC), with

95% confidence interval (95% CI), the software IBM SPSS Statistics 22 (IBM Corp.,

Armonk, NY, USA) was used. The ICC of the intra- and inter-observer measurements

were assessed by using a two-way random-effects model. An ICC of 1 was defined as

perfect reliability, and an ICC of 0 was defined as poor reliability.

This study was performed on the Lewinnek’s method to determine cup version,

and all three methods of defining the inclination of the cup, as described in the previous

section (6.6.1.2). The intra-observer study was carried out on 12 of the AP radiographs,

using a single observer and repeating each measurement three times, at least one week

apart. The 12 AP radiographs included previously excluded dissociated and elevated rim

liner, to increase the size of the dataset used in the intra-observer study. The inter-

observer study was performed on five randomly selected AP radiographs and were

carried out by three different observers.

The intra-observer study suggested that using Lewinnek’s method to determine

the version of the cup was an appropriate approach when a single observer carried out

the analysis, with an ICC of 0.998 (Table 6.3). The ICC of the three different methods of

defining the inclination of the cup were very similar; however, method 2 (teardrop line)

came out as the most reliable with an ICC of 0.998 (Table 6.3).

Table 6.3 – Intra-observer reliability of measurements of version and inclination of the acetabular
cup from plain radiographs three times using the same observer. Inclination was determined using
three different methods (method 1 – sacroiliac joint line, method 2 – teardrop line and method 3 –

transischial tuberosity line), and version was determined using the Lewinnek’s method. The
reliability of measurements were assessed using the interclass correlation coefficient (ICC) with

95% confidence interval (95% CI).

Version
Inclination

Method 1 Method 2 Method 3
ICC 0.998 0.997 0.998 0.994

95% CI 0.996 to 0.999 0.990 to 0.999 0.994 to 0.999 0.985 to 0.998

The inter-observer study established that utilising the Lewinnek’s method to

ascertain the version of the cup, was reasonably reliable and repeatable when different

observers carried out the analysis, with an ICC of 0.954 (Table 6.4). However, CI was

greater than 0.1, which could possibly be due to the sample size that was used in the

study. The ICC of the three different methods of defining the inclination of the cup was
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very close to each other, with method 1 (sacroiliac joints line) being the most reliable,

having an ICC of 0.997 (Table 6.4). For the inclination measurements, the CI was low (<

0.1), this suggested a low amount of variation between observers across the sample of

five radiographs.

Table 6.4 – Inter-observer reliability of measurements of version and inclination of the acetabular
cup from plain radiographs using three different observers. Inclination was determined using three

different methods (method 1 – sacroiliac joint line, method 2 – teardrop line and method 3 –
transischial tuberosity line), and version was determined using the Lewinnek’s method. The

reliability of measurements were assessed using the interclass correlation coefficient (ICC) with
95% confidence interval (95% CI).

Version
Inclination

Method 1 Method 2 Method 3
ICC 0.954 0.997 0.990 0.995

95% CI 0.812 to 0.995 0.960 to 0.998 0.946 to 0.990 0.957 to 0.998

Table 6.5 – Inter-observer measurements of version and inclination of the acetabular cup from
plain radiographs using three different observers. Inclination was determined using three different

methods (method 1 – sacroiliac joint line, method 2 – teardrop line and method 3 – transischial
tuberosity line), and version was determined using the Lewinnek’s method.

Retrieval
Version (°)

Inclination (°)
Method 1 Method 2 Method 3

Ob1 Ob2 Ob3 Ob1 Ob2 Ob3 Ob1 Ob2 Ob3 Ob1 Ob2 Ob3
A 4.7 4.8 13.6 57.1 57.1 58.5 57.8 60.9 57.4 56.3 56.1 57.4
B 23.5 22.4 22.8 50.0 50.6 50.0 50.3 51.5 50.6 49.7 50.4 49.8
C 20.9 23.5 20.2 45.3 46.2 46.1 45.1 47.0 46.3 44.2 46.1 45.7
D 15.2 15.1 15.0 44.1 44.1 43.2 43.5 43.6 43.1 42.0 42.7 42.3
E 27.0 31.5 26.8 29.8 30.1 30.3 30.6 30.2 29.7 31.7 31.5 30.4

The inter-observer study also demonstrated that some of the measurements of

version had a variation of greater than 2° (2 out of 5 measurements), which has reflected

by the slightly lower ICC that was concluded from the inter-observer study compared to

intra-observer study (Table 6.5). This variation may be caused by the observers defining

the face or edge of the acetabular component differently, this would influence the error

of measurements of acetabular cup version, and therefore reduce the repeatability of

using the Lewinnek’s method with variation in observers.

The measurements of inclination that had a variation of greater than 1.5°, were

taken from radiographs where the landmarks used to determine the inclination were not

clearly visible and therefore increasing the error of fitting lines across the landmarks. The

highest inter-observer variation was determined when using method 2 (teardrop line),

with one of the radiographs having a variation of 3.5°. In this case, it was observed that

the teardrop landmarks were not clearly defined (Figure 6.30).
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Figure 6.30 – Anterior-posterior radiographs of the pelvis with a THR, demonstrating the difference
of clarity of teardrop landmarks of the pelvis (shown with ‘red’ ellipses). (A) The radiograph was
the teardrop landmarks had the lowest clarity and resulted in the highest inter-observer variation
when using the teardrop approach to measure the inclination of the cup. (B) The radiograph was
the teardrop landmarks were clearly visible and resulted in a lower inter-observer variation when

using the teardrop approach to measure the inclination of the cup.

The ICC’s for both version and inclination from the intra-observer study were

higher than the ICC’s from the inter-observer study indicating that there was higher

variation in the measurements carried out by different observers than a single observer.

Considering this, it was preferable if all of the measurements are carried out by a single

observer, as it was the most repeatable approach to determine the orientation of the cup

from plain radiographs.

Method 3 (teardrop line) was marginally more reliable and repeatable, compared

to the other methods when one observer is used. Also, method 1 (sacroiliac joints line)

could not be used on radiographs that did not have the superior section of the pelvis, as

sacroiliac joints are located at the superior of the pelvis. Considering this, method 3

(teardrop line) was deemed the most repeatable method to determine the inclination of

the acetabular cup from radiographs
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6.6.2 – Results

Measurements reported in this section were taken from the measurements in the

intra-observer study, and therefore were taken by a single observer, and each

measurement was repeated three times. The acetabular teardrop method was used to

measure the inclination of the acetabular cup, as concluded from the intra-observer study

(6.6.1.4). The version of the acetabular cup was determined using the method described

by Lewinnek et al. (1978) on the AP radiograph of the pelvis (6.6.1.2), and the type of

version (retroversion or anteversion) was defined by assessing the lateral radiograph of

the pelvis (6.6.1.3).

From the series of 8 radiographs, the ranges of anteversion and inclination of the

acetabular components were 10° to 27° and 30° to 57° respectively (Table 6.6). Over

60% of the acetabular component orientations determined from the series of radiographs

were within the so-called “safe zone” (5° to 25° anteversion and 30° to 50° inclination),

as described by Lewinnek et al. (1978).

Table 6.6 – Anteversion and inclination of the acetabular component, taken from anterior-posterior
radiographs of the pelvis with a THR.

Retrieval No. Version (°) Inclination (°)

1 12 50
2 23 51
4 13 43
6 20 46
7 14 57
8 17 33

10 10 48
12 27 30

6.7 – Overview of the analysis

The compiled analysis data that was performed on the selected cohort of

retrieved polyethylene liners is shown in Table 6.7. This allowed characterisation of the

rim damage to be made from the analysis.
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Table 6.7 – Overview of the analysis data performed on the selected cohort of retrieved polyethylene liner (n = 8).

Retrieval
No. Visual analysis Rim assessment Details

1

Bearing combination: CoP
Type of liner: Neutral
Head diameter: 28 mm
Outer diameter: 60 mm
Type of polyethylene: Standard PE GVF
Time in-vivo: 100 months
Reason for revision: Fall, pain, infection
Radiographic orientation of the cup:
Inclination = 50°
Anteversion = 12°
Description of damage:
Zones 1, 2, 3 and 4 - Deep scratching on the rim, assumed to be
iatrogenic damage.
Zone 5 - Iatrogenic damage on the outer edge of the liner.
Zone 6 – Black embedded in the polyethylene, amused to be
metal debris.

2

Bearing combination: CoP
Type of liner: Neutral
Head diameter: 28 mm
Outer diameter: 50 mm
Type of polyethylene: Standard PE GVF
Time in-vivo: 101 months
Reason for revision: Pain, loose stem
Radiographic orientation of the cup:
Inclination = 51°
Anteversion = 23°
Description of damage:
Zone 1 - Two puncher marks on the external diameter of the rim,
assumed to be iatrogenic damage.
Zone 2 – Small notch-like damage on the rim, assumed to be
iatrogenic damage.
Zone 3 – Deep scratching on the rim, assumed to iatrogenic
damage.
Zone 4 - Hole through bearing surface, assume to be iatrogenic
damage.
Zone 5 – Burnishing on the bearing surface.
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4

Bearing combination: MoP
Type of liner: Neutral
Head diameter: 28 mm
Outer diameter: 56 mm
Type of polyethylene: Standard PE GVF
Time in-vivo: 95 months
Reason for revision: Pain, lucency, infection
Radiographic orientation:
Inclination = 43°
Anteversion = 13°
Description of damage:
Zone 1, 2, 3 and 4 – Deep scratching on the rim, assumed to be
iatrogenic damage.
Zone 5 – hole through the bearing surface, assumed to be
iatrogenic
Zone 6 – Area of multi-directional scratching; however, unclear
whether caused in-vivo or iatrogenic damage.

6

Bearing combination: MoP
Type of liner: Neutral
Head diameter: 28 mm
Outer diameter: 52 mm
Type of polyethylene: Marathon PE
Time in-vivo: 48 months
Reason for revision: Loose stem, lucency
Radiographic orientation:
Inclination = 46°
Anteversion = 20°
Description of damage:
Zone 1, 2, 3, 4 and 5 – Deep scratches on the rim, assumed to
be iatrogenic damage.
Zone 6 – Light deformation on the rim.
Zone 7 – Hole through bearing surface, assume to be iatrogenic
damage.
Zone 8 – Black debris embedding in the polyethylene, amused
to be metal debris.
Zone 9 – Area of abrasion on the bearing surface.
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7

Bearing combination: MoP
Type of liner: Neutral
Head diameter: 32 mm
Outer diameter: 60 mm
Type of polyethylene: Marathon PE
Time in-vivo: 11 months
Reason for revision: Infection
Radiographic orientation:
Inclination = 57°
Anteversion = 14°
Description of damage:
Zone 1, 2, 3, 4 and 5 – Deep scratching on the rim, assumed to
be iatrogenic damage.
Zone 6 – Slight dis-colouration on the bearing surface, assumed
be caused by the absorption of lipids. Abrasion and pitting were
also observed in the same area as the dis-colouration.

8

Bearing combination: MoP
Type of liner: Neutral
Head diameter: 32 mm
Outer diameter: 60 mm
Type of polyethylene: Marathon PE
Time in-vivo: 24 months
Reason for revision: Dislocation
Radiographic orientation:
Inclination = 33°
Anteversion = 17°
Description of damage:
Zone 1, 2, 3, 4 and 5 – Deep scratching on the rim, assumed to
be iatrogenic damage.
Zone 6 and 7 – Moderate notch-like deformation on the rim,
assumed to be caused by impingement.
Zone 8 – Hole through the bearing surface, assumed to be
iatrogenic damage.
Zone 9 – Burnishing and deep scratching on the bearing
surface.
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10

Bearing combination: MoP
Type of liner: Neutral
Head diameter: 28 mm
Outer diameter: 56 mm
Type of polyethylene: Standard PE GVF
Time in-vivo: 127 months
Reason for revision: Pain, aseptic loosening.
Radiographic orientation:
Inclination = 48°
Anteversion = 10°
Description of damage:
Zone 1, 2, 3 and 4 – Deep scratching on the rim, assumed to be
iatrogenic damage.
Zone 5 – Deep gouge on the edge of the rim, assumed to be
iatrogenic damage.
Zone 6 – Hole through bearing surface, assumed to be
iatrogenic damage.
Zone 7 – Area of abrasion and pitting on the bearing surface.
Zone 8 – Area of burnishing on the bearing surface.

12

Bearing combination: CoP
Type of liner: Neutral w/ +4mm offset
Head diameter: 32 mm
Outer diameter: 50 mm
Type of polyethylene: Standard PE GVF
Time in-vivo: 133 months
Reason for revision: Pain, loosening.
Radiographic orientation:
Inclination = 30°
Anteversion = 27°
Description of damage:
Zone 1, 2 and 3 – Moderate scratching on the rim, assumed to
be iatrogenic damage.
Zone 4 – Hole through the bearing surface, assumed to be
iatrogenic damage.
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6.8 – Discussion

The purpose of this study was to analyse and characterise rim damage observed

on retrieved polyethylene acetabular liners and to evaluate the developed assessment

methodology to assess rim damage (Chapter 4) on retrieved polyethylene liners.

6.8.1 – Analysis of the rim geometry

Moderate to deep scratching and gouging damage was observed on the rim of

most of the retrieved liners assessed (18/21). This damage was assumed to be

iatrogenic damage at the time of removal, due to the straight nature of the observed

damage (Figure 6.9). Considering this, scratching and gouging damage was not

considered as clinical rim damage; therefore, was ignored in this study.

Fracturing/cracking (n = 5) and delamination (n = 2) of the rim was only observed

on the retrieved liners that had been revised due to liner dissociation and was found in

the areas of severe deformation of the rim (Figure 6.10). However, this damage was

assumed to be caused when the liner was in-vivo, which was believed to be caused by

the femoral neck of the stem impinging against the liner rim after the liners had

dissociated. In addition, all three cases where black embedded debris was observed on

the rim occurred on dissociated liners. The embedded debris was observed in the same

section of the rim as the fracturing/cracking was found. The debris was presumed to be

metal debris and was thought to be generated from the femoral head articulating against

metallic outer shell after the liner had dissociated, as there was severe damage observed

on the femoral head and acetabular outer shell (Figure 6.31).
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Figure 6.31 – Photographs of an acetabular outer shell (A) and femoral head, demonstrating the
severe damage (scratching and wear) that is caused when the femoral head articulates against the

metal outer shell after the polyethylene liner has dissociated.

All of the lipped liners (n = 3) assessed in this study, were found with a notch-like

region of deformation on the elevated portion of the rim, at the posterior-inferior of the

acetabular cup (Figure 6.32). This notch-like damage was also observed on the

posterior-inferior section of one of the neutral liners (Retrieval 8) (Table 6.7), which was

found in a similar location to the deformation was found on the lipped liners. This type of

damage was assumed to be the result of impingement between the neck of the femoral

stem and liner rim, as retrieval studies have described this type of deformation on

polyethylene liners as impingement (Yamaguchi et al., 2000; Shon et al., 2005; Marchetti

et al., 2011). This study found a high frequency of impingement related damage on the

lipped liners (75%), which was also reported in retrieval studies investigating

impingement (Yamaguchi et al., 2000; Shon et al., 2005; Marchetti et al., 2011).
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Figure 6.32 – Photograph of a retrieved lipped acetabular liner, demonstrating the notch type
deformation that was observed on the elevated portion of the rim at the posterior section of the

cup (highlighted with a blue ellipse) (Retrieval 12).

Substantial deformation was also observed on the rim of a face-change liner

(Retrieval 16); however, the rim damage did not have the notch-like deformation that was

observed on the lipped liners and the deformation spanned over 90° of the liner rim. The

liner was reported to have failed due to dislocation; therefore, the damage may have

been caused by the head contacting the rim during and/or after the dislocation process.

The neutral liner (Retrieval 8) that was assumed to have impingement related rim

damage was orientated at 33° inclination and 17° anteversion (Table 6.7). This agrees

with the findings of some retrieval studies (Yamaguchi et al., 2000; Shon et al., 2005),

that described impingement related damage when the acetabular cup was orientated in

an acceptable surgical position (30° to 50° inclination and 5°  to 25° anteversion).

Furthermore, this liner was reported to have been revised due to dislocation, which

suggests impingement may have been the result of the dislocation, as literature has

described that the occurrence of dislocation could be caused by the head being levered

out of the cup secondary to impingement (Pedersen et al., 2005; Kluess et al., 2007;

Ghaffari et al., 2012).

Moderate deformation was observed on the posterior edge of the liner rim on a

neutral liner that positioned in an acceptable orientation (46° inclination and 20°

anteversion) (Retrieval 6) (Table 6.7). This damage appears to be the result of creep of

the polyethylene, may be caused by edge loading on the posterior the edge of the

bearing surface, which led to the elongation of the edge of the bearing surface and the

polyethylene at the rim to protrude.
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 Substantial deformation (> 0.15 mm of geometric variation) was found on a large

proportion of the liner rim of two neutral liners (Retrieval 2 and 10) (Table 6.7). This

deformation appears to be the result of creep of the material caused by the loading of

the femoral head at the superior of the cup, which has resulted in the polyethylene at the

rim to protrude slightly. This type of deformation was found only on conventional

polyethylene (standard PE GVF) liners and when the liners were in-vivo greater than 7

years; therefore, the deformation may be due to the combination of the material

properties of the polyethylene and the time in-vivo. In addition, the in-vivo orientation of

retrieval 2 and 10 was 51° and 48° inclination and 23° and 10° anteversion, respectively.

This suggests the slightly steep inclination of the cup may also contribute to the

deformation at the superior section of the liner rim, as the increase in inclination reduces

the superior coverage of the head, which in turn moves the contact area of the head to

the superior of the liner (Williams et al., 2008; Leslie et al., 2009; Al-Hajjar et al., 2013;

Hua et al., 2014).

The most variation that was observed on the rim of retrievals 1, 4, 7 and 12 was

less than 0.1 mm and any variation greater than 0.1 mm was due to iatrogenic damage

(scratching or gouging). The observed rim damage was not substantial; therefore, the

damage could not be characterised on these liners.

6.8.2 – Analysis of the bearing surface

The hole through the bearing surface that was observed with a high frequency

on liners of the selected retrievals (60%), which was assumed to be iatrogenic damage

and caused by the surgical instruments at the time of removal; therefore, was ignored

throughout the analysis performed in this study.

High percentage of the acetabular liners (> 70%) were observed with varying

amounts of scratching from light to deep across a large portion of the bearing surface;

however, it was challenging to determine visually whether the scratching on the surface

was caused when the liner was in-vivo or iatrogenic damage at the time of removal.

Considering that the scratching could not be comprehensively defined as either in-vivo

or iatrogenic damage and the bearing surface was not of primary interest in this study,

the observed scratching was not considered in this study.

Burnishing, pitting, abrasion, delamination and embedded debris were also visual

observed on the bearing surface of retrieved liners. All of these damage modes were

assumed to be caused when the liners were in-vivo, as previous retrieval studies have
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also observed similar damage modes and assumed it to be caused when in-vivo

(Bradford et al., 2004a; Shon et al., 2005; Currier et al., 2007; Kurtz et al., 2015).

The yellow discolouration was visually observed on the bearing surface of five of

the retrievals that were inspected in this study. Discolouration of retrieved polyethylene

liners has also been observed in some studies and was reported to be due to the

absorption of lipids by the polyethylene (Rieker et al., 2003; Schneider et al., 2004; Knahr

et al., 2007; Teeter et al., 2010a). Furthermore, the discolouration was observed on both

types of polyethylene (standard PE GVF and Marathon®) and on both bearing

combination (MoP and CoP), which suggests the absorption of lipids was not influenced

by the type of polyethylene or the bearing combination. The four of the five liners that

were observed with discolouration were in-vivo for greater than 4 years; however, one of

the liners that was found with discolouration was in-vivo for less than a year, which

suggests the discolouration was not entirely affected by the time in-vivo.

All five of the liners that had been revised due to dissociation were found to have

severe deformation of the bearing surface, which was observed as elongation of the

bearing surface (Figure 6.7). This type of deformation has also been reported in a case

study by Napier et al. (2017), which reported 8 dissociated liners of the same design as

this study (Pinnacle®; DePuy Synthes). Considering this, the deformation (or elongation)

of the bearing surface was connected to the mode of failure, as the elongation of the

bearing surface appeared to be caused by edge loading of the head secondary to

dissociation. In addition, all of the dissociated liners were neutral liners in this study.

Similar was also reported in the studies by Yun et al. (2015) and Napier et al. (2017),

which suggests that dissociation of neutral liners may be more of a concern than other

liner designs (for example lipped liner and face-change). Four of the five dissociated

liners were manufactured from cross-linked polyethylene (Marathon®). Cross-linked

polyethylene has been reported in the literature to have a reduction in mechanical

properties compared to conventional polyethylene (Bradford et al., 2004b; Birman et al.,

2005; Tower et al., 2007; Schroder et al., 2011). Considering this, the dissociation of the

liner could also be due to reduced mechanical properties of the cross-linked

polyethylene.

6.8.3 – Evaluation of the applied assessment methods

The developed liner assessment method has been able to visually identify the

wear area of the bearing surface and rim damage of retrieved polyethylene acetabular

liners. The developed method has also been capable quantitatively define the geometric

variation of rim damage to an estimated unworn reference. The results from the
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geometric assessment have also been able to detect and identify deformation on the rim

of liners that could not be observed visually, which meant damage that would have been

missed when performing visual-based damage scoring that is conventional carried out

on retrievals has been assessed in this study.

  The developed methodology used measurement data generated by a CMM with

a spherical ruby probe, which allowed measurement data to be collected relatively

quickly and without inflicting any damage on the surfaces of the retrieved component.

   The accuracy of the geometric variation of the identified rim damage was

influenced by how accurate the estimate of the unworn reference was to the true unworn

geometry of the liner before being implanted. One of the limitations of retrieval studies

was the geometry of the liner before implantation is not known; therefore, the unworn

geometry must be estimated from the geometry retrieved liner. In this case, the unworn

reference was determined by visually selecting a series of unworn traces from the

retrieved liner. However, if the liner rim was damaged/deformed across most of the rim,

the chances of selecting unworn traces were reduced due to the increased difficulty in

selecting the unworn traces. This can result in an increased error in estimated unworn

reference, which in turn can affect the accuracy of the analysis.

   The developed assessment method used in this study was not able to analyse

the rim of an elevated rim liner (for example lipped and face-change), due to the

challenge of generating an unworn reference on the complex geometry of elevated

portion of the rim; therefore, the rim damage that was visually observed on elevated

liners could not be quantitatively assessed.

The visual-based damage assessment method used in this study only

characterised whether the damage modes were present on the bearing surface and/or

rim geometry and did not score the severity of the damage, which meant the severity

was not considered in this study. Despite the subjective nature of visual-based damage

assessments, the focus of this study was to develop methodologies to measure and

analyse rim damage; therefore, the used visual damage assessment was adequate to

give an overview prior to performing more specific analysis of the liners.

The processes applied to select the radiographs associated with the retrievals

and methods used in this study, considered the error of measuring the cup orientation

from plain radiograph; therefore, poor-quality radiographs were excluded from the

analysis and intra and inter-observer studies were carried out on the measurement
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methods, in order to reduce the error of the measurements generated from this study.

Despite the error associated with using plain radiographs, the methods used in this study

were adequate to provide the approximate in-vivo orientation of retrieved acetabular

cups.

6.9 – Conclusion

This study has been able to identify and quantitatively define rim damage on

retrieved polyethylene acetabular liners. Rim damage due to impingement was identified

on four of the retrieved liner (one neutral liner and three lipped liners) and was

characterised as notch-like damage on the rim. All of the impingement damage that was

observed in this study was found on the posterior-inferior section of the rim, which was

linked to performing activities of daily living that included high peak external rotation with

extension when compared to the results from the geometric model.

The developed assessment method was able to be used to identify the main wear

area on the bearing surface and to quantitatively define the geometric variation due to

rim damage of retrieved neutral liners. The main limitation of this method was the

precision of the estimated unworn reference of the retrieved liner, as this influenced the

accuracy of the defined geometric variation. Furthermore, the developed assessment

method was limited to only neutral liners; therefore, the rim damage observed on lipped

liners could not be quantitatively assessed using the developed methodology.
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Chapter 7 – Discussion and conclusion

7.1 – Introduction

Total hip replacement surgery is a very successful orthopaedic intervention, with

over 90,000 surgeries performed annually in England and Wales; however, about 10%

of these surgeries are revision due to the failure of the implant (National Joint Registry,

2018). The short-term (< 1 year) failure of THRs has been reported to be mainly

associated with the mechanical failure, such as aseptic loosening,

dislocation/subluxation, peri-prosthetic fracture, implant fracture and mal-alignment,

whereas the long-term of implants has been connected to wear-related failure, such as

lysis, implant wear and adverse reaction to particulate debris (National Joint Registry,

2018).

In recent years with the increased use of crosslinked polyethylene as a bearing

of THRs, there has been concerns with the increased risk of fatigue failure (such as

fracturing or cracking) of the polyethylene, which is due to the reduced ductility and

toughness of crosslinked polyethylene compared to conventional polyethylene (Bradford

et al., 2004c; Birman et al., 2005; Tower et al., 2007; Schroder et al., 2011). Often this

has been initiated by damage at the liner rim and the result of edge loading and/or

prosthetic impingement (Birman et al., 2005; Tower et al., 2007; Duffy et al., 2009;

Schroder et al., 2011). Prosthetic impingement has also been reported to cause

dislocation and/or subluxation, due to the femoral head being levered out of the cup

secondary to impingement (Pedersen et al., 2005; Kluess et al., 2007; Elkins et al., 2012;

Ghaffari et al., 2012; Ezquerra et al., 2017).

Prosthetic impingement has been reported to be influenced by a combination of

multiple different factors, including the surgical orientation of the implant (Widmer and

Grützner, 2004; Brown and Callaghan, 2008), the design of the components (Sultan et

al., 2002; Barrack, 2003; Shon et al., 2005; Usrey et al., 2006; Patel et al., 2010; Craven,

2011) and/or patient specific variations (such as bone morphologies and joint motion)

(Elkins et al., 2012; Shoji et al., 2017).

Impingement of THRs have been investigated using various approaches,

including computational, retrieval and experimental studies. Retrievals studies that have

investigated damage due to prosthetic impingement have predominately used visual-

based methods that qualitatively or semi-quantitatively define the observed damage, this

analysis can be subjective and difficult to compare to results from other studies.

Computational studies that have investigated impingement (prosthetic and bone) have
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used either finite element or geometric models, with geometric models being able to

consider a wide range of variables relatively quickly compared to FEA models. Few

studies have been carried out to experimentally investigate prosthetic impingement on

polyethylene liners, and studies that have do not consider inputs (motion and loading) of

clinically relevant activities.

This project was focused on developing methodologies to investigate and

characterise rim damage of polyethylene acetabular liners of total hip replacements due

to prosthetic impingement. This included the development and evaluation of a series of

methodologies to measure and characterise rim damage of retrieved and simulator

tested acetabular liners.

7.2 – Methodology developed: advances in state of art

The following sections discuss the methodologies developed, this includes the

development of a geometric model to assess impingement, a rim measurement

methodology and the development of an in-vitro method to replicate clinical

impingement.

7.2.1 – Development of geometric model

To understand the occurrence and location of impingement of a THR, a geometric

model was developed that incorporated THR components into a bone model and

investigated impingement during a series of different dislocation-prone activities.

The developed geometric model described in Chapter 3 was able to predict the

occurrence and location of (prosthetic and bone) impingement and was able to consider

variation in orientation and design of the implant. The developed model used joint motion

from hip kinematic data generated from motion capture studies; therefore, a wide range

of activities could be applied to the model. The majority of the studies that have used

geometric models to investigate impingement, applied motion by moving the model

through one axis of joint motion and fixing the other two axes of motion (D’Lima et al.,

2000; Widmer and Majewski, 2005; Padgett et al., 2006; Patel et al., 2010). Whereas,

the developed model used all three axes of motion of the hip; therefore, simulating joint

motions of clinically relevant activities more accurately then previously used models.

Using a geometric model over a FEA model, made it possible to include bone

geometries without significantly influencing the running or computational cost; therefore,

a broad range of variables could be investigated at the same time. The majority of the
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studies that used a FEA model to investigate impingement did not include bone

geometries and typically used simplified implant geometries (Pedersen et al., 2005;

Kluess et al., 2007; Ghaffari et al., 2012; Ezquerra et al., 2017), to reduce the complexity

of the FEA model and run time to generate results.

One of the limitations of using a geometric model, it does not include the contact

forces that are applied to the joint when carrying out manoeuvres; therefore, the stresses

that are subjected to the liner rim and subluxation caused by the levering of the head

secondary to impingement could not be assessed. This also meant that severity of the

rim damage due to impingement could not be defined. Furthermore, like other

computational studies (geometric and FEA models) investigating impingement of THRs,

the developed geometric model was not able to consider the soft tissue structure that

surround the hip joint, which means clinically impingement with soft tissues could occur

before impingement is predicted with the model.

Investigations performed using the developed model was limited to the bone

geometries of one subject. Variation in the bone geometry has been demonstrated to

affect the risk of impingement (Patel et al., 2010; Shoji et al., 2013). In addition, the

developed model also did not consider the variation of pelvic tilt when performing

different activities, as studies have reported that the orientation of the pelvis influences

the anteversion of the acetabular cup relative to the pelvis (Nishihara et al., 2003; DiGioia

et al., 2006; Murphy et al., 2013; Pierrepont et al., 2017). Considering these limitations,

variation in bone geometry and pelvic tilt should be considered in future studies

investigating impingement.

The joint motion data applied to the geometric model was limited to a series of

seven dislocation-prone activities taken from a study by Nadzadi et al. (2003). This data

was the mean kinematic data from 10 healthy middle-aged non-THR individuals;

therefore, does not accurately represent the joint motion of activities performed by THR

patients. Considering this, future work should be carried out to collect joint motion data

from individual THR patients and apply it to the developed geometric model, with their

specific bone geometries and THR component positioning.

7.2.2 – Development of measurement methodology

To quantitatively assess rim damage of polyethylene liner, a methodology was

developed to measure and analyse damage of liners. This included performing

measurements using a CMM, and applying a script in MATLAB to identify and

quantitatively define rim damage, due to wear and deformation.
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The developed measurement methodology was able to visually identify and

quantitatively define geometric variation due to wear and/or deformation on the rim and

bearing surfaces of polyethylene acetabular liners. The developed method was also

capable to detect and identify wear and/or deformation on liners that could not be

observed visually, which meant damage that would have been missed when performing

visual based damage scoring that is conventionally carried out on retrievals has been

assessed in this study. In addition, the developed assessment method used an

automated script with very little manual user input required, which reduces the risk of

user error influencing the analysis.

The developed approach used data collected by a CMM, consequently the

measurement data of the liner could be generated relatively quickly and without causing

any damage on the surfaces of the retrieved components. The CMM also allowed all

measurements of the surfaces to be carried out in a single operation, which meant a

single coordinate system could be used and orientation of the liner on the CMM did not

need to be varied through the measurement process; therefore, the measurement data

could be analysed without needing any other processing, such as aligning of the traces.

The developed assessment approach could only identify geometric variation that

was greater than the as-manufactured variation of the liner to be identified (±0.04 mm);

therefore, only substantial wear and/or deformation could be assessed.

The developed method and other approaches described in literature that have

quantitatively defined damage (wear and/or deformation) on retrieved polyethylene liners

(Bowden et al., 2005; Bills et al., 2007; Teeter et al., 2010b; Uddin, 2014), have all

required the unworn reference to be estimated from the worn liner. The precision of the

estimated unworn reference from the actual unworn geometry, influences the accuracy

of the geometric variation due wear and/or deformation. In this case, the unworn

reference was determined by visually selecting a series of unworn traces from the

retrieved liner. If the liner was worn/deformed across most of the rim, which can increase

the difficulty in selecting the unworn traces; therefore, resulting in an increased error in

estimated unworn reference.

The developed assessment method was limited to analysing the rim of neutral

liners only, due to the challenge of generating an unworn reference on the complex

geometry of the elevated portion of the rim on lipped liners. The developed method was

not restricted to defining the unworn reference by fitting a geometrical reference (i.e.
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sphere or cone). Considering this, the developed approach could be developed further

to consider complex geometries such as lipped liners.

7.2.3 – Development of in-vitro method to simulator impingement

To experimentally replicate clinically relevant rim damage due to impingement,

an in-vitro simulator method was developed. This method applied motion and load inputs

to simulate the conditions of a clinically relevant activity, and was applied to investigate

the effect of varying the severity of impingement and medial-lateral load has on the

severity of damage.

  The developed in-vitro simulator method was able to apply joint motion data of

an activity of daily living within the constraints of the simulator and included all three axes

of motion of the hip joint, which in turn increased clinical relevance of the rim damage

due to impingement compared to experimental studies investigating prosthetic

impingement (Bader et al., 2004; Holley et al., 2005; ASTM, 2014).

The developed method considered a clinically relevant orientation of the femoral

and acetabular components. Whereas, other experimental studies (Holley et al., 2005;

ASTM, 2014) typically positioned the THR components in non-anatomical orientations,

in order to cause prosthetic impingement between the liner rim and femoral neck.

Considering this, the developed method represents the clinical situation more accurately

than other developed experimental methods.

Joint loading that was used with the developed method was modified, in order to

be able to be applied within the constraints of the simulator and to prevent dislocation.

The load profile in the superior-inferior direction followed the same profile as the load

data of the activity and the peak load was slighted reduced to 800N. Whereas, the load

in the medial-lateral direction was applied at a low constant load (100 N or 200 N)

throughout the cycle, instead of applying the load dynamically as is observed clinically.

The hip joint simulator that was used to develop the method could not apply load in the

anterior-posterior direction. The clinical relevance of the impingement damage and the

separation of the head that was observed could be influenced by the load input applied.

However, compared to other experimental methods (Holley et al., 2005; ASTM, 2014),

this approach considered the clinical relevant orientation of the implant and joint motion

of a activity; therefore, the results using this approach should be more clinically relevant.

The study that was performed using the developed method was run for only

40,000 cycles, which allowed repetitive prosthetic impingement and separation of the
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head (or subluxation) damage to be observed on the liner. However, after 40,000 cycles

no fatigue damage (cracking or fracturing) was observed, which suggests future work

should consider a larger number of cycles or higher loads for fatigue damage to be

observed.

Unlike other experimental studies investigating prosthetic impingement (Bader et

al., 2004; Holley et al., 2005; ASTM, 2014), this study recorded the medial-lateral

separation of the femoral head caused by the head being levered out of the cup

secondary to impingement. In addition, the simulator used for this study was limited to

only be able record the separation of the femoral head in the medial-lateral direction;

however, the head was observed to shift in the anterior-posterior direction as well as

medial-lateral direction during the study. Considering this, future studies using this

approach should consider the separation of head in both the medial-lateral and anterior-

posterior direction.

The developed approach only included implant components in the simulator,

which meant it could only consider prosthetic impingement. Clinically impingement can

occur with bones and/or components of the THR. To improve clinical relevance of the

developed method, future work should include bone geometries.

7.3 – Application to clinical cases: retrievals comparison to
computational and experimental studies

To verify and evaluate the clinical relevance of the results from the developed

geometric model and the experimental method, a series of 21 retrieved polyethylene

liners of the same design were analysed, and any identified rim damage was compared

to these results.

From the cohort of retrievals (n = 21) that were assessed in this project

(Chapter 6), wear and/or deformation of the rim that was assumed to be caused by

prosthetic impingement (three lipped and one neutral) was found on the posterior-inferior

section of the liner. Posterior-inferior impingement was predicted using the developed

geometry model (Chapter 2 and 3), when performing activities with a high peak external

rotation and extension, such as roll over while in the supine position. The geometric

model also predicted impingement on the anterior-superior section of the rim (3.3.2);

however, no wear and/or deformation due impingement was observed on the anterior

section of the liner rim. This agrees with literature, as posterior impingement has been

reported to occur more frequently than anterior impingement (Hall et al., 1998;

Yamaguchi et al., 2000; Shon et al., 2005; Griffiths-Jones and Williams, 2014) to occur
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more frequently than anterior impingement (Hall et al., 1998; Yamaguchi et al., 2000;

Shon et al., 2005; Griffiths-Jones and Williams, 2014).  The retrieval analysis was

performed on a relatively small number of liners, which could be one of the reasons why

impingement damage was not observed on the anterior section of the liner rim.

Considering this, future work should be carried out on a larger cohort of retrieved

polyethylene, as larger cohort would increase the chances of find anterior impingement

damage.

 When the determined acetabular cup orientation of a retrieved liner (Retrieval 8)

was applied to the geometric model, impingement was predicted on the anterior-superior

section of the rim and not on the posterior inferior section of the rim. The geometric model

did not consider variation in the orientation of the cup due to the change in pelvic tilt

when carrying out different activities (Nishihara et al., 2003; DiGioia et al., 2006; Murphy

et al., 2013; Pierrepont et al., 2017). This could be reason for the difference between the

observed damage on the retrieval and the prediction of the geometric model, which

suggests that the geometric model should be developed further to consider patient

specific variables, such as pelvic tilt, bone morphologies and joint motions of patients.

The study performed using the developed experimental method (Chapter 5) was

performed using the joint motion of the activity that was predicted to cause anterior

impingement, when the activity was investigated using the geometric model (Chapter 3).

This meant that the developed experimental method created impingement damage on

anterior section of the liner rim; therefore, the impingement damage from the

experimental study did not match the assumed impingement damage observed on

retrieved liners. This suggests that the joint motion of an activity that was connected to

posterior impingement damage (such as rolling over from a supine position) should also

be considered in future studies using the developed experimental method, as different

wear/damage mechanisms could be identified. Furthermore, the experimental study was

limited a single orientation of the acetabular cup (40° inclination and 0° version) and

femoral stem (0° version); however, in the literature the risk of prosthetic impingement

has been found to be influenced by the orientation of the implant (Yamaguchi et al., 2000;

Barrack and Schmalzried, 2002; Kluess et al., 2007; Patel et al., 2010; Elkins et al., 2012;

Ghaffari et al., 2012; Ezquerra et al., 2017). Considering this, further experimental

studies should investigate the variation in component orientation.

Impingement damage observed on retrieved liners covered a larger area of the

rim compared to the impingement damage that was generated using the developed

experimental method. The stem was orientation at 0° version in the experimental study,
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which meant contact occurred between the small radius of the neck profile of the stem

and the liner rim (Figure 7.1); therefore, possibly leading to the impingement damage

covering a small area of the liner rim. In addition, the experimental study was only run

for 40,000 cycles and applied a lower joint load then the original input data. These two

factors could also contribute to the smaller area of impingement damage that generated

in the experimental study. This proposes that future studies should consider variation in

stem version and should be carried out for a large number of cycles and/or higher joint

loads.

Figure 7.1 – Graphical representation of a DePuy Coral® stem, demonstrating the geometry of the
neck profile of the stem.

7.4 – Limitations of the retrieval study

The retrieval analysis was carried out on cohort of 21 polyethylene acetabular

liners; however, the complete analysis was only performed on eight retrieved liners,

which substantially reduced the number of retrievals that were investigated in the study.

The complete analysis was not carried out due to different factors, including poor quality

of the medical imaging (plain radiographs), severe (or highly) deformed liners

(dissociated liners) and the complexity of the geometry of rim (i.e. lipped). Considering

this, future retrieval studies investigating rim damage due to impingement, should be

carried out on a larger number of retrieved liner and include pre-revision CT scans of the

pelvis instead of plain radiographs of the pelvis. Using CT scans over plain radiographs

would prevent the position of the pelvis in the medical imaging effecting the measured

orientation of the cup relative to the pelvis. Using CT scans would also permit the

orientation of femoral stem relative to the femur to be determined.
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7.5 – Future work

From the studies in this project, the following points should be addressed in the

future: -

· The geometric model should be developed further to consider patient specific joint

motions, bone geometries, THR component orientation, and pelvis tilt.

· The rim assessment method should be developed further to be able to consider

liners with complex rim geometries, such as lipped liners.

· The develop in-vitro impingement method should be applied to a simulator that is

capable to applied dynamic load and measure displacement in both the medial-

lateral and anterior-posterior directions. The method should also be run for a

longer number of cycles, include bone geometries, and should consider further

variables, such as variation in THR component orientation and inputs of different

activities (motion and load).

· The size of the cohort of retrieved polyethylene liners assessed should be

increased and the medical image associated with the retrievals should be CT

scans of the pelvis.

7.6 – Wider impact of research

The series of methods that have been developed throughout this project, have

the potential to assist with the pre-operative planning of THR surgeries, hip precautions

post THR surgery and aid with the design process of future designs of implants.

The developed geometric model has the potential to consider patient specific

variables, including the patient bone morphologies of the hip, pelvic tilt and joint motion

data of activities; therefore, permitting patient specific conditions to be simulated in the

model, which in turn would allow the optimal design/size and orientation of implant to be

selected to meet the requirement for a specific patient. In addition, the geometric model

could also be used to improve the understanding of what activities THR patients should

avoid carrying out post THR surgery, in order to reduce the risk of impingement and/or

dislocation.

The combination of the developed geometric model and experimental method

could be used to assist with the design process of future implant designs. The geometric

model could be used to generate new geometries of implant to optimise the possible

ROM till prosthetic impingement of the hip joint, for example the geometry of the rim or
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neck profile of the stem. Whereas, the experimental method could be developed further

and be used as pre-clinical testing method for future designs of liners, which would allow

the performance of the new design to investigate under impingement conditions.

7.7 – Conclusion

From the studies that were performed in this project, the following conclusions

were made:

· The developed geometric model was found to be a useful tool to investigate the

occurrence and location of impingement (prosthetic and bone), and to predict the

causes of observed impingement damage on retrieved polyethylene liners.

· The occurrence and location of prosthetic impingement was found to be influenced

by the variation in activity, positioning and design of THR components.

· The developed measurement methodology was able to visualise and quantitatively

define the geometric variation due to wear and/or deformation on the liner rim of

polyethylene acetabular liners.

· The accuracy of the determined geometric variation on retrieved liners was

influenced by the precision of the estimated unworn reference from the true

unworn geometry.

· The experimental method to investigate prosthetic impingement was able to

generate rim damage due to impingement using clinically relevant inputs, within

the constraints of the simulator.

· Notch-type rim damage consistent with prosthetic impingement was found on the

posterior section of retrieved polyethylene liners, which proves that prosthetic

impingement does occur in-vivo.
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Appendix B – Retrieval codes

Table 1 – Retrieval code associated with the retrieval numbers used in Chapter 6.

Retrieval code Retrieval number
SP-BM-1401-005 1
SP-BM-1411-009 2

SP-SOH-1310-004 3
SP-SOH-1312-004 4
SP-SOH-1505-026 5
SP-SOH-1311-005 6

H-BM-1608-005 7
SP-DB-1504-003 8
SP-DB-1408-004 9
H-SOH-1609-003 10
H-SOH-1605-019 11
H-SOH-1608-015 12
SP-IB-1504-009 13

SP-SOH-1404-002 14
SP-IB-1401-012 15

SP-SOH-1411-001 16
SP-DM-1411-004 17
SP-DM-1409-011 18

SP-SOH-1309-008 19
SP-DM-1304-003 20
SP-DM-1411-026 21
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