&
wQf Queen Mary
University of London

The impact and deformation of press-fit metal acetabular components
Hothi, Hardip Singh

The copyright of this thesis rests with the author and no quotation from it or information
derived from it may be published without the prior written consent of the author

For additional information about this publication click this link.
http://gmro.gmul.ac.uk/jspui/handle/123456789/3117

Information about this research object was correct at the time of download; we occasionally
make corrections to records, please therefore check the published record when citing. For
more information contact scholarlycommunications@gmul.ac.uk


http://qmro.qmul.ac.uk/jspui/handle/123456789/3117

Queen Mary University of London

School of Engineering and Materials Science

The Impact and Deformation of
Press-Fit Metal Acetabular

Components

By

Hardip Singh Hothi

Thesis submitted for the degree of Doctor of Philosophy
June 2012



Abstract

Early failure of some metal-on-metal (MoM) hip implants are extensively reported but
not fully explained. These arthroplasties commonly utilise large-diameter, thin-walled
acetabular cups that have the advantage of minimal removal of acetabular bone and a
reduced chance of dislocation; however they may deform during insertion which
involves impaction. The role of diametrical cup deformation as a factor to
unsatisfactory implant performance has not been widely reported. The aim of this
thesis was to investigate the extent to which deformations may occur in clinically
relevant situations and to assess the significance of a range of variables on the
deformation generated.

2D axisymmetric finite element (FE) models established a method of simulating
impaction using different momentums. Experimentally validated 3D foam models
showed that deformation is clearly influenced by the orientation of the cup, the
support of the underlying bone and the geometry of the component itself.

CT scans of the pelvis from 8 similarly sized female patients from two discrete age
populations were used to develop clinically relevant FE models. Cup deformations
were found to occur due to pinching between the iliac and ilial regions and were
significant when compared to typical minimum diametrical clearances of 80-120 um. In
young pelvis models deformations of 34—-63 um were found to be significantly greater
than in the older pelvis models, p<0.001. Surprisingly, small changes in the cup version
increased deformations by up to 40% from the surgeon identified optimal position and
were 30% greater when an eccentricity was introduced into the reamed acetabulum.
The local deformations estimated in the acetabular cups may cause localised
reductions in the fluid-film thickness, resulting in regions where boundary, rather than
mixed lubrication takes place. This may help explain why failure and high wear rates
are sometimes found in young patients with acetabular components positioned in

clinically optimal positions.
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Chapter 1

Introduction

The hip, often referred to as a ball and socket joint, is one of the largest joints in the
human body and is essential for mobility, with the average person spending
approximately 30% of their day performing movements such as running, walking and
stair climbing [Morlock et al., 2001]. The hip can become damaged for a number of
reasons such as the cartilage in the joint degrading or wearing away, resulting in bone
contact or through a fracture suffered during a fall or impact. These conditions can
result in a considerable amount of pain, severely limiting mobility. Some patients are
able to use exercise, walking aids and medication to relive pain but if this is no longer
effective, the restoration of hip function is commonly achieved by replacing the
damaged joint with an artificial one. The hip replacement procedure is one of the most
successful operations performed by orthopaedic surgeons, normally reducing pain,
increasing mobility and improving the quality of life for the patient.

The earliest attempts at replacing a damaged hip joint using a prosthetic implant dates
back to 1890 when carved ivory was used to replace the femoral head [Ratner et al.,
2004]. These initial efforts saw little success and it was not until the 1960s and 1970s
that significant advancements in the hip replacement procedure were made. Much of
these were due to the contributions by Charnley which have guided the design of
recent implants and the surgical procedure itself. Charnley’s early design comprised of
a stainless steel femoral head on a stem and a cemented polytetraflouroethelyne
(PTFE) acetabular cup. Whilst long term success was demonstrated using these designs
in some patients, there were many reports of relatively early failure largely due to
wear of the polyethylene cup, associated with osteolysis and loosening of the implant.

Metal-on-metal (MoM) implants were introduced at the same time with the
expectation that the wear rates would be reduced by using two ‘hard’ bearing surfaces
[Callaghan et al., 2006]. These 1% generation MoM implants saw poor overall
survivorship with great variability and were limited in their use. More recently, a

greater understanding of some of the reasons for failure and improvements in
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manufacturing methods resulted in an introduction of 2 generation cementless MoM
bearings which demonstrated better survival rates. Increasing life expectancies and the
treatment of younger, physically active patients that have high expectations of
regaining pain free movement placed a greater demand on implants with longer
survival rates which can withstand greater levels of activity. This led to the
introduction of the MoM resurfacing procedure which served to preserve the femoral
head by placing a larger diameter, short stemmed metal cap over the bone, allowing
for easier revision, whereas a traditional total hip replacement (THR) introduces a
metal head with a substantial stem running into the femur. The use of large diameter
MoM implants in THR and resurfacing procedures has a number of perceived
advantages such as improving the range of motion, reducing the risk of dislocations
and lowering wear rates [Haddad et al., 2011]. Whilst the short-to-mid-term clinical
data has shown excellent results, the longer term performance of these large diameter
cementless components has recently been shown to be disappointing with failure
rates approximately twice as high as when non-metal-on-metal cementless cups have
been used [National Joint Registry, 2010]. Whilst the wear rates of MoM bearings is
considerably lower than those composed of polyethylene, there have been
associations made between the type of wear debris and the occurrence of
pseudotumours and tissue necrosis.

Factors such as misalignment of the components and orientating the cup at high
abduction angles have been shown to contribute to failure and high wear rates [Hart
et al., 2008; Langton et al., 2008]. However unexplained early failure and high wear
rates are found to occur in some patients despite the implant being seemingly well
positioned and correctly seated [Hart et al., 2012a]. One suggested contributing factor
in these cases is that of the diametrical deformation of the acetabular cup following
insertion into the acetabulum. Deformations may be high enough, when compared to
clearances between the cup and femoral head, that normal articulation is disrupted
and in extreme cases contact between the cup rim and femoral head may occur
resulting in increased wear and possibly locking of the joint. Previous experimental and
finite element studies that have investigated cup deformations have largely been
limited in their approach. Whilst they have demonstrated that deformations may
occur, they have neither investigated the many factors that may influence the extent

of deformation nor if these factors are clinically relevant.
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The work of this thesis sought to identify key clinical and design factors that influence
cup deformations following insertion and determine if these may be large enough to

potentially hamper the normal function of the hip bearing.
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Chapter 2

Literature Review

2.1  Anatomical Reference Planes and Terms
The body is commonly referred to in three anatomical planes, namely the transverse,

coronal and sagittal planes [Marieb and Hoehn, 2010], Figure 2.1.

Sagittal Plane

Z Coronal Plane

Transverse Plane

Figure 2.1: Reference planes used to describe the human anatomy [NCI, 2009]

The positions of the different areas of the body are usually described relative to the
trunk of the body. Figure 2.2 illustrates the anterior, posterior, proximal, distal, medial
and lateral terms that are often used. Also shown in an example of the movement of
the hip joint which is often described as being in three degrees of freedom relative to

the three reference planes [Levangie and Norkin, 2005]:

e Flexion and extension of the hip occurs in the sagittal plane.
e Abduction and adduction occurs in the coronal plane.

e Medial and lateral rotation of the hip joint occurs in the transverse plane.
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Figure 2.2: Terms used to describe different regions of the body [Martini and Bartholomew,

2000]

2.2  Anatomy of the Hip Joint
The focus of this work is on the behaviour of acetabular cups upon insertion into the
acetabulum. As such the focus of this section will be on the pelvis rather than the

femur.

2.2.1 Function of the Hip

The main function of the hip is for weight bearing; it must be able to support the load
from the upper body in both static and dynamic situations, such as when standing and
running. It has been reported that the compressive forces at the hip joint can be as
much as the total body weight of an individual when in a normal standing position and
can increase considerably during movement. The hip joint is highly suited to
maintaining stability under these different conditions and through a large range of
motion. It is composed of a deep socket known as the acetabulum and a spherical

head attached to the femur which is known as the femoral head [Hall, 2011].
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2.2.2 The Hip Joint

The hip joint is a synovial joint which consists of the femoral head articulating in the
acetabular cavity. Both the femoral head and the acetabulum are lined with a layer of
articular cartilage which allows for smooth articulation and sliding between the two

surfaces [Tortora and Derrickson, 2006] Figure 2.3.

Synovial "'U'ﬂ\ _~Articular Cartilage
Ligament and Joint Capsule =

7 Acetabulum
Synovial Membrane —___ 4 k\\ ol

Femoral Head

\ Ligament and Joint Capsule

Figure 2.3: Key features of the hip joint [Adapted from CUMC, 2007]

Cartilage tissue is composed of a matrix embedded with cells and in the hip it helps to
distribute the loads between the acetabular cavity and femoral head. It is lubricated by
synovial fluid which serves to create a very low coefficient of friction, between
approximately 0.001 and 0.03, between the two sliding surfaces [Green and Nokes,
1988; Poitout, 2004]. Synovial fluid is secreted by the synovial membrane which is
lined by a strong fibrous capsule which surrounds the joint and also provides additional
support. The edge of the acetabular cavity is surrounded by a ring of fibro cartilage
known as the acetabular labrum. This serves to deepen the cavity, increasing the
stability of the femoral head in the cavity and leading to a very low number of

dislocations in a healthy joint [Tortora and Derrickson, 2006].
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2.2.3 Structure of the Pelvis

The pelvis is composed of three distinct regions of bone connected together at three
joints. The regions consist of two hemi-pelvises that are symmetrical about the sagittal
plane of the body and the sacrum which is located between the two hemi-pelvises

[Standring, 2004], Figure 2.4.

Sacroiliac

Acetabulum : cetabulum

Symphysis
Figure 2.4: Structure of the pelvis viewed in coronal plane [Adapted from Medical Blog, 2009]

Each of the two hemi-pelvises can be defined in terms of three regions of bone; the
pubis, the illium and the Ischium, Figure 2.5. Key features of each hemi-pelvis can be

related to their position relative to the anterior and posterior columns.

Acetabulum
Anterior
Column

Posterior

= /
Column 4\:)/ /

Figure 2.5: Key bony regions of the right hemi-pelvis, viewed in sagittal plane
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The two hemi pelvises are connected posteriorly to the sacrum via the sacroiliac joints
which have one section with fibrous connective tissue where movement is limited and
another section where synovial fluid is present, allowing sliding to occur. Anteriorly the
hemi-pelvises are connected by the pubic symphysis joint. This consists of a
fibrocartilage disc together with four ligaments known as the pubic ligaments which all

help to limit movement in this region [Standring, 2004].

2.2.4 Bone Structure in the Pelvis

The bones located in the pelvis are made from two different types of bone, namely
cancellous and cortical bone. Cortical bone makes up the strong outer shell on the
pelvis whilst cancellous bone, which has variable extents of porosity and is less stiff,
forms the inner layer of the structure. The distribution of the density of the bone in the
pelvis varies depending on its location; this therefore has a direct correlation with the
stiffness of the bone in different regions [Standring, 2004].

Bone is viscoelastic in nature and this behaviour can be observed as creep, which is the
increase in strain under a constant stress, or as stress relaxation, which is the decrease
in stress of the material under a constant strain. Bone also demonstrates a load-rate
dependence on its stiffness. Deligianni et al. [1994] reported that stress relaxation in
cancellous bone reaches a steady state in approximately 24 hours whilst Pawlikowski
et al. [2008] found that experimental creep curves reach a steady state after
approximately 27 hours.

The reported values for the Young’s modulus (E) and Poisson’s ratio (v) for cortical and
cancellous bone vary considerably due to differences in the location of bone samples
tested as well as the individual subject or bone type. Table 2.1 summarises a range of
values for E and v that have been reported for cancellous and cortical bone [Dalstra et

al., 1993; Thompson et al., 2004; Turner et al., 1999]

Table 2.1: Material properties reported for cancellous and cortical bone

Bone Type E/ GPa v
Cancellous 0.001-1 0.01-0.50
Cortical 4.4-22.8 0.2-0.5
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2.3 Common Indicators for a Hip Replacement

A hip replacement is often required when an individual experiences a great amount of
pain and reduced mobility due to changes in the hip which cannot be treated non-
operatively or where this is not a sustainable long term treatment option. Causes for
the failure of the natural hip can be due to disease or accidents, which can be gender
and age related. The main reasons that a hip replacement may be required have been
previously described [Malchau et al., 2002; National Joint Registry, 2010] and are

summarised as follows.

Osteoarthritis

Osteoarthritis is a degenerative disease of (but not limited to) the hip joint that is most
often found to occur in elderly and middle aged women. Factors such as obesity can
increase of the chance of developing osteoarthritis. It occurs as a continued loss of the
function and structure of the healthy articular cartilage at the interface between the
femoral head and the acetabulum. This can result in the bones of the joint articulating
directly with each other, leading to severe pain for the patient. Osteoarthritis is the
most common reason for a hip replacement being carried out, with 94% of primary hip
operations performed annually being due to this disease [National Joint Registry,

2010].

Fracture

Fractures of the hip that may require hip replacement are those that occur in the bone
of the pelvis or the proximal femur. These hip fractures are most commonly found to
occur in elderly patients that experience a fall, who may also have weakened joints
due to osteoarthritis. If fractures of the femoral neck occur, hemiarthroplasty is
commonly used in which the only the femoral head replaced [Nagle, 2011].
Approximately 75,000 hip fractures are reported to occur annually in the UK. The
average age of a patient requiring treatment due to a hip fracture is 80 years and

approximately 80% of fractures occur in women [NICE, 2011].

Inflammatory Arthritis
Inflammatory arthritis, also referred to as rheumatoid arthritis (RA), is a disease which

results from the inflammation of the synovial joints. It can break down bone and the
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articular cartilage surrounding the joint, limiting the amount of function and increasing
considerably pain in this region. Osteoarthritis can develop as a secondary condition
due to the loss of articular cartilage [Callaghan et al., 2006]. The use of anti-
inflammatory drugs however has improved non-operative treatment techniques,

resulting in fewer hip replacements being necessary as a result of RA.

Other Causes
Other reasons that may require hip replacements include disease of the femoral head
due to a reduction or loss of the supply of blood to the region, diseases in childhood

such as dysplasia and the occurrence of tumours [Malchau et al., 2002].

24 History of Hip Arthroplasty

A hip replacement involves replacing the hip joint with a mechanical bearing system
which is comprised of a femoral component and an acetabular component. During a
hip replacement the acetabulum is reamed and the acetabular component is fitted
into the cavity and the femoral component can either be placed over a reamed
femoral head, in a procedure referred to as hip resurfacing, or positioned inside the

femoral shaft during a total hip replacement [Callaghan et al., 2006], Figure 2.6.

Figure 2.6: (a) Total hip replacement (THR) and (b) Hip resurfacing replacement [FDA, 2012]

The first recorded attempts at reducing pain and restoring mobility to the hip joints of
patients are reported as being as early as the 1820s, in which the procedure involved

simply removing the problematic acetabular or femoral bone. The period from the
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1830s to the 1880s saw crude attempts at improving this procedure by positioning
materials such as blocks made of wood or animal tissue between the acetabulum and
the femoral head. The first use of a prosthetic hip replacement is reported to have
been in 1890, in which a femoral head replacement made from carved ivory was
implanted using plaster of Paris and pumice [Ratner et al., 2004].

The use of placing a membrane between the acetabulum and the femoral head
continued into the 1920s, with the patient’s own soft tissue being a popular material
choice for the membrane. These early attempts at restoring normal hip joint function
and reducing associated pain were found to be very unsuccessful and alternative
techniques were strongly desired [Ratner et al., 2004].

1923 saw a significant step in the development of modern total hip replacements, with
the introduction by Marius Smith-Peterson of the “mold” arthroplasty, as shown in
Figure 2.7, which highlights the different total hip replacement designs that have
evolved over the years. This cup design was made of glass and was intended to be
positioned between the acetabulum and the femoral head, and being such that
articulation occurred on both surfaces. Attempts at improving the fracture resistance
of the glass mold were made by Smith-Peterson, by using early polymers such as
Formica or improved glass, such as Pyrex. However it was not until 16 years later in
1939 when a metal cobalt alloy with high corrosion resistance was used, that enough
biocompatibility and performance was observed for the total hip arthroplasty to be
considered as having the potential for success [Ratner et al., 2004].

The first total hip arthroplasty is reported to have been performed by Philip Wiles in
1938, in which he used a bolt to attach a stainless steel ball to the femur and screws to
attach a stainless steel acetabular liner into the acetabulum. The presence of high
stress concentrations and the poor corrosion resistance of the stainless steel, yielded
disappointing results [Ratner et al., 2004; Dollar, 2004]. An evolution of this design was
introduced in 1951 by G.K. McKee and J. Watson-Farrar, which was found to be
successful. They initially used a stainless steel acetabular cup with a long femoral stem,
however poor corrosion resistance of the cup component led to a change in the design
to use a cobalt-chromium alloy, which proved to be a lot more successful at reducing
the failure rate [McKee and Watson-Farrar, 1966]. The McKee-Farrar design was soon

adapted to include a fully spherical femoral head that allowed for greater mobility by
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reducing the impingement of the head on the rim of the acetabular cup, as shown in

Figure 2.8 [Ratner et al., 2004].
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Figure 2.7: The evolution of Total Hip Replacement designs [Ratner et al., 2004]

The next major point in the development of total hip replacements was the
introduction of acrylic dental bone cement, which was used first in 1950 by Sven Kiar
in the fixation of a plastic prosthesis to bone [Charnley, 1964]. In the same year PMMA
bone cement was used as a fixation method in total hip replacements and this was
found to significantly reduce the rates of loosening of the hip replacement
components [Charnley, 1960a]. As such, McKee and Watson-Farrar incorporated bone

cement into their designs [Ratner et al., 2004].

2.4.1 Total Hip Replacement

Total hip replacement (THR) in elderly patients and those with severe arthritis has
proved to be a successful procedure for alleviating pain and improving their quality of
life. The Swedish Hip Registry reports that THR performed in older patients, with a

mean age greater than 65 years, has a success rate of 90 percent at 20 years [Garellick
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et al.,, 2010]. However for younger, more active patients, particularly men younger
than 55 years of age, the survival rate of the THR drops to as low as 33 percent after 16
years [Grigoris et al., 2005]. The subsequent revision surgery that is required is often
technically challenging for the surgeon, who is usually presented with less bone stock
and weaker muscle tissue, thus leading to further risks of instability.

The high expectations and demands of young, active patients has led to the re-
emergence of hip resurfacing, a method in which the femoral bone stock is left intact
and the diameter of articulation is larger, thus reducing the risk of dislocation and
increasing the range of motion of the hip. Large diameter metal-on-metal bearings

surfaces have also been made available as modular heads in traditional THR.

2.4.2 Hip Resurfacing

Based on the original idea by Smith-Petersen, the first attempt at total hip resurfacing
was carried out by John Charnley in the early 1950s, using two thin
polytetrafluoroethylene (Teflon) cups pressed over the femoral head and into the
acetabulum. Although early results were encouraging, offering substantial pain relief
and very good range of motion, the high wear rates and high sliding distance due to a
large articulation diameter meant that early failure and therefore the requirement of
revision surgery was highly likely, and the procedure was quickly abandoned [Charnley,

1960b; Ebied and Journeaux, 2002].

Figure 2.8: The Charnley press-fit Teflon-on-Teflon design [Grigoris et al., 2005]

The late 1960s and early 1970s saw a range of resurfacing designs utilised globally. In
1968 Maurice Muller introduced a cementless metal on metal articulating design with
variable neck sizes and larger heads. However the need for revision surgery in half of
the 18 cases utilising this method, caused him to abandon this technique [Callaghan et

al., 2006]. In 1970 Gerard utilised two metal cups which were such that motion was
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possible between the bone and the cups and also between the two cups themselves. 2
years later, Gerard altered his design to use a polyethylene acetabular cup and then in
1975, he changed this to a metal-backed polyethylene component [Gerard, 1978;
Callaghan et al., 2006].

In 1971, clinical trials with cemented metal-on-polyethylene resurfacing designs were
carried out in Italy by Paltrinieri and Trentani [Callaghan et al., 2006; Trentani and
Vaccarino, 1978] and in Japan by Furuya, who subsequently changed the material of
the femoral component to stainless steel [Callaghan et al., 2006; Furuya et al., 1978]. A
year later in England, Freeman utilised high-density polyethylene femoral components
articulating with metal acetabular components. Rapid polyethylene wear and high
rates of loosening caused Freeman to reverse the materials in 1974, such that the
acetabular component was composed of high-density polyethylene. In the same vyear,
Tanaka in Japan described the use of the same materials in a cementless design, whilst
Wagner started to use cemented metallic femoral components with cemented
polyethylene cups [Callaghan et al., 2006].

A cemented metal-on-polyethylene resurfacing design was introduced in 1975 by
Amstutz and a year later in Vienna, Salzar started to started to use an uncemented

ceramic design utilising pegs to fixate the acetabular component.

2.4.3 Failure of Early Hip Resurfacing Designs

By the mid-1980s, the hip resurfacing procedure was used in a limited way due to
numerous reports of high rates of failure with cemented surface replacements
[Amstutz et al., 1986; Callaghan et al., 2006]. The expectation that revision surgery
would be free from complications was not realised, mainly due to the substantial loss
of acetabular bone [Callaghan et al., 2006]. This bone loss was in part due to the high
reaming levels required to accommodate the oversized acetabular components and
the cement mantle, but more due to the wear induced osteolysis [Callaghan et al.,
2006].

The use of polyethylene cups with large articulating diameters often resulted in high
wear rates and large volumes of wear debris, resulting in bone loss, leading to implant
loosening. Wear debris, generated from liners with poor locking mechanisms and
coatings, was also a contributing factor to the failure of cementless resurfacing designs

[Callaghan et al., 2006].
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Femoral head size was found to significantly affect implant survival rates, however the
presence of polyethylene wear debris ultimately led to cup loosening and clinical
failure of the implant [Callaghan et al., 2006].

An alternative to ultra-high-molecular-weight polyethylene (UHMWPE) was strongly
desired and it was noticed that a number of the metal-on-metal articulations that had
been abandoned by surgeons, had survived for at least 20 years, showing little signs of
wear or osteolysis. The results of a 20 year study by Jacobsson et al. [1996] found that
the survival rate of the total hip replacement Charnley design was 73% and that wear
of metal-on-metal designs was heavily affected by the choice of materials, tribological
design and surface finish. Furthermore the success rate of the metal-on-metal McKee-
Farrar total hip arthroplasty was also found to have similar long term success rates of

77% [Jacobsson et al., 1996].

2.4.4 Re-Introduction of Metal-on-Metal Bearings

As well as producing disappointing long term results, another problem associated with
earlier resurfacing designs was that a lot more of the acetabulum had to be reamed
than was the case for standard total hip arthroplasty, due to the femoral head having a
larger diameter. Wear tests have demonstrated that the wear resistance of highly
cross-linked UHMWPE is significantly improved over earlier UHMWPE designs [Gordon
et al., 2006]. However, cross-linked polyethylene and ceramics had the disadvantage of
requiring comparatively thicker acetabular cup geometries, thus conserving less bone.
Metallic components became the material choice that allowed a thin shell to be
utilised which conserved a lot more bone than is possible for ceramic or cross-linked
polyethylene cups [Amstutz and Le Duff, 2005].

A high carbon cobalt-chromium alloy bearing exhibiting excellent wear characteristics
was developed by Weber in 1988. This was found to produce very encouraging early
clinical results and became a popular choice in Europe [Weber, 1996]. In 1991, based
on the success of this metal design, Heinz Wagner developed a hip resurfacing system
consisting entirely of cementless metal components [Wagner and Wagner, 1996]. At
the same time, a new cementless cobalt-chromium metal-on-metal hip resurfacing
design was developed by McMinn. Due to problems of aseptic loosening and early
failure, the design was modified and a hybrid system consisting of a cemented femoral

component and a cementless acetabular cup with a hydroxyapatite coating was
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introduced in 1994 [Grigoris et al., 2005]. Although this specific design was withdrawn
shortly afterwards, the basis of the hybrid metal-on-metal design became key to the
most recent series of designs [Grigoris et al., 2005].

2.5 Modern Hip Replacement Acetabular Components

The components used in modern hip replacements differ between manufacturers
primarily in their geometry, the materials that they are made of and the methods that
are used to ensure their long term fixation following insertion [Callaghan et al., 2006].
Whilst there are many different commercially available acetabular cup designs, they all

fall in to one of two categories: cemented or press-fit (cementless).

Cemented Acetabular Cups

When cemented cup designs are used, a PolymethylMethacrylate (PMMA) bone
cement is utilised to ensure full fixation of the cup to the bone in the reamed
acetabular cavity. This cement, which is placed between the outer surface of the cup
and the bone, is able to aid in the distribution of the surrounding loads [Bronzino,
2006]. Cement is most often used in conjunction with Ultra High Molecular Weight
Polyethylene (UHMWPE) cups however metal cups with UHMWPE liners are also used.
Due to the lower resistance to wear and the lower stiffness of UHMWPE cups, their
wall thickness is made considerably larger than when metal cups are used, resulting in
the use of small diameter femoral head components which are not representative of

the femoral head in natural bone [Ranawat and Ranawat, 2006].

Press-Fit Acetabular Cups

Uncemented cups can be used in both THR and resurfacing procedures and do not use
cement but rather rely on the growth of bone onto their outer porous surface for
fixation [Callaghan et al., 2006]. Initial stability is achieved by reaming the acetabular
cavity smaller in size than that of the cup. A larger femoral head component, closer in
size to the natural bone can be selected as cement is not used, allowing for a larger

range of motion [Peters and Miller, 2006].

2.5.1 Cup-Head Articulating Surfaces
The surfaces of the cup and head in the joint can be found in a number of

combinations:
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e Metal-on-Metal (MoM)
e Metal on UHMWPE

e Metal on ceramic

e Ceramic on UHMWPE

e Ceramic on ceramic

From a tribological perspective it is more desirable to use bearing surfaces that have a
different hardness to each other and to replace the worn surface when required
[Medley, 2008]. Practically however it is difficult to replace either component, and the
associated wear particles have been reported to lead to component loosening and
osteolysis [Howie et al., 2007]. As a consequence MoM components have been used
with clearances between the two surfaces to allow fluid-film lubrication. These
components have been reported to have lower wear rates than metal on UHMWPE
surfaces [Williams et al., 2007] however recent studies and patient experiences have
suggested that failure rates of MoM implants and the associated health risks from
metal wear debris may be much more severe than expected [Hart et al., 2009; Hart et

al., 2012b].

2.5.2 Orientation of Acetabular Cups

The orientation of the acetabular cup can be described with respect to the underlying
bone. Clinically however it is common to refer to its position in the acetabulum using
two angles, namely version and abduction (also known as inclination) [Wheeless,
2011]. The version of the cup refers to the angle between its rim and the sagittal plane
between the lateral and medial sections of the acetabulum. The abduction angle is
measured between the rim of the cup and the transverse plane between the superior

and inferior sections of the acetabulum, Figure 2.9.
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Version

Figure 2.9: (a) Angle of cup abduction and (b) cup version [Adapted from Clarke et al, 2012]

The term safe-zone was created by Lewinnek et al. [1978] to describe cup orientations
of between 5 and 25° in version and 30 and 50° in abduction which were observed to
reduce the risk of the femoral head dislocating from the cup. The safe-zone is routinely
used to guide the position of the inserted cups however the precise orientation can
vary considerably due to a range of factors such as patient anatomy and the skill or

experience of the surgeon, Figure 2.10
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Figure 2.10: Distribution of acetabular cup orientations in 105 patients with metal-on-metal

implants. Shaded region indicates safe-zone [Adapted from Matthies et al., 2012]

-32-



2.5.3 Current Cementless Designs

All the cementless acetabular cups that are currently used clinically, have a porous
covering over a hemispherical shape, and are made of pure titanium, a titanium alloy
or a chromium-cobalt alloy. The porous surface coatings most frequently used are
plasma-sprayed titanium particles, sintered cobalt-chromium beads, cancellous
structured titanium and titanium fibre metal. Generally cementless acetabular cups
are available in sizes with an outer diameter ranging from 40 mm to 80 mm, in
increments of 2 mm [Callaghan et al., 2006].

In a clinical situation, the most critical factor for ensuring that long term fixation is
maintained by fully integrated bone ingrowth, is to ensure that immediate implant
stability is achieved. In earlier designs this was achieved using supplementary fixation
whereas later designs have utilised the concept of press-fit fixation, with the option of

combining this with supplementary fixation.

2.5.4 Supplementary Fixation

Supplementary fixation can be achieved using spikes, pegs or screws [Peters and
Miller, 2006]. There have been a number of studies carried out investigating the initial
stability of acetabular fixation using these methods [Perona et al., 1992; Won et al,,

1995; Cook et al., 1992]. A number of key points can be drawn from them, as follows:

e Achieving initial acetabular cup fixation using spikes, pegs or screws allows
bone ingrowth into porous acetabular cup surfaces to occur [Cook et al., 1992].

e Although supplementary fixation appears to allow for acceptable initial stability
for bone ingrowth to occur, there is no consensus regarding the extent of the
initial stability achieved for the different methods, and how bone ingrowth is
affected [Perona et al., 1992; Won et al., 1995].

e As small tolerances exist between machining a metallic acetabular cup and the
acetabular bone into a matched shape, care is required to ensure that the
acetabulum is reamed accurately for supplementary fixation to be most

beneficial [Won et al., 1995].

Acetabular cups, such as the Harris-Galante porous cup, have shown to produce very

good results when screw fixation is used. These cup designs are referred to as line-to-
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line and are such that the outer diameter of the implanted acetabular cup is equal to
the diameter of the acetabulum [Archibeck et al., 2001]. However despite these very
encouraging medium to long term results, there are a range of risks associated with
this method. These risks include the potential for neurovascular injury occurring, the
risk of fretting between the metal cup and the screws, and the possibility of damage of
the polyethylene liner by the screws heads. Additionally the use of supplementary
fixation in the form of screws could also create a pathway for wear debris to migrate

through and this could lead to osteolysis [Callaghan et al., 2006].
2.5.5 Press-Fit Fixation

In order to overcome the problems associated with supplementary fixation with
screws, press-fit fixation has become more widely used in clinical practice, in which an
oversized acetabular cup is inserted into an under-reamed acetabulum. With a press-
fit fixation, a hemispherical acetabular cup with a porous outer surface coating, and
with an outer diameter of 1 mm to 4 mm greater than that of the reamer used to
prepare the acetabulum (referred to as the size of the interference fit), is forced into
the acetabulum via impaction. The surrounding bone is able to deform to allow the
cup to be inserted, then as a result of the elastic and viscoelastic properties the bone
partially returns to its undeformed shape applying compressive forces to the surface of
the cup, thereby generating a stable fixation [Curtis et al., 1992].

One advantage of press-fit fixation over using screws is that it eliminates that risk of
corrosion and fretting between screw heads and polyethylene liners if they are used,
and also eliminates the risk of wear debris passing through screw holes. The second
clear advantage of press-fit fixation is that it serves to maximise the area of surface
contact between cup and bone, thus encouraging greater bone ingrowth [Peters and

Miller, 2006] (Figure 2.11). Bone ingrowth is also encouraged by:

e An osteoconductive porous coating such as Hydroxyapatite with a rough,
uneven surface for bone to attach and grow onto and into.
e Osteoinduction, where primitive, undifferentiated and pluripotent cells are

stimulated into the development of new bone tissue.

The geometry of the cup and an efficient surgical technique, in terms of the accuracy

of acetabulum reaming, are two important factors influencing the stability of fixation
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in the absence of any supplementary fixation [Adler et al.,, 1992]. A crucial factor
influencing the stability of the fixation is the amount of peripheral cup/bone contact,

dependent partly on the specific size and design of the cup.

anterior

0% BW 100% BW 200% BW

Figure 2.11: Large surface area contact between cup and bone shown by dark patches on
reverse of cup lined by a pressure sensitive film after impaction into cadaveric models

[MacKenzie et al., 1994]

2.5.5.1 Incidence of Polar Gaps

The incidence of gaps occurring between the dome of the cup and the acetabular bone
in press-fit cups is more common than with other fixation techniques, such as using
screws. Polar gaps have been reported to have occurred in the cups impacted into
cadaveric models, Figure 2.11, due to the absence of dark patches indicating contact in
this region. Gaps in the polar region will often be greater when larger interferences are
employed [MacKenzie et al 1994]. In many cases these gaps are not visible when
radiographs are taken after 2 years, suggesting that bone growth occurs across this gap
(Figure 2.12). The maximum size of the gap is critical to ensure that bone growth
occurs; it was found by Sandborn et al. [1988] that for gaps up to 2 mm in size, bone
growth will occur into the porous surface coating on the cup, and for a gap size less
than or equal to 0.5 mm, the rate of bone ingrowth was notable higher. Gaps larger
than 2 mm need be avoided as bone growth is likely to be limited or very slow and

there is a risk that wear debris could start to collect in this space.
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Figure 2.12: Incidence of polar gap at (a) insertion and (b) bone growth across gap after

several years [Springer et al., 2008]

2.5.5.2 Influence of Interference Size on Fixation Stability

Interference provides a high degree of peripheral cup/bone contact that can seal and
prevent the formation of spaces between the cup and bone [MacKenzie et al., 1994].
The optimal criteria to achieve superior fit and mechanical stability of press-fit
acetabular cups with or without the addition of screws has been reported in cadaveric
models [Kwong et al., 1994; Stiehl et al., 1992; Won et al., 1995]. A 1 mm interference
with a press-fit cup, with or without the use of screws, was found to result in the
optimum balance between the fit of the component and mechanical stability with
satisfactory surface contact and minimal polar gaps between cup and bone. A 1 mm
interference has also been shown to provide better stability at the rim of the cup than
using either a cup with a larger 2 mm interference [MacKenzie et al., 1994] or a cup
diameter that is the same as that of the cavity [Stiehl et al., 1992]. An interference of 2
mm is more likely to result in an improper fit of the cup into the reamed acetabulum,
particularly in younger patients with greater bone density [Stiehl et al., 1992], which
can increase the strains in the bone surrounding the cup thus leading to a higher risk of
fracture. The use of screws with press-fit cups is not necessary as they do not result in

a notable improvement in the stability of fixation [Won et al., 1995].
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2.5.5.3 Effect of Press-Fit Fixation on Surrounding Bone

An increase in periacetabular strains have been reported whilst a cup is impacted into
the pelvis and a further increase after the cup has been fully seated [Kroeber et al.,
2002]. Acetabular strains produced when press-fit cups with a range of interferences
are fitted into the acetabulum are greatest at the periphery of the cup (Figure 2.13),
suggesting that fixation stability is increased by the compressive forces between the
cup and the lateral pelvic bone. For the same interference, larger strains will develop
in smaller acetabulum sockets than larger ones [Ries et al., 1997]. This leads to the
conclusion that a greater interference is required when impacting press-fit cups into
larger acetabulum sockets to achieve the same stability as when smaller sockets are

impacted into.

Maximum Strain (percent)
-0.06 to 0.28
0.28 to 0.62
0.62 to 0.96
4 0.96 to 1.30
B 13010 1.64

# 1.64101.98

Figure 2.13: Highest strains visible at periphery of acetabular bone [Ries et al., 1997]

An issue that the surgeon is aware of during impaction of the press-fit cup is that of
the risk of fracture of the acetabulum. The stability of the fixation is correlated to the
stresses around the periphery of the cup, which can be increased by increasing the
interference [Udofia et al., 2006]. However a balance must be obtained such that the
stresses are below the ultimate strength of the pelvic bone, and therefore does not
damage or fracture the acetabulum. It was found in a cadaveric study that in 18 out of
30 cases of press-fit cup insertion, fracture of the acetabulum occurred, and that this
was more likely to occur when cups with an interference of 4 mm were used rather
than 2 mm [Kim et al.,, 1995], highlighting the potential issues with using higher

interferences.
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2.6 Recent Metal-on-Metal Designs

A large number of hip implant systems that have been used in the past decade have
involved a metal-on-metal articulation. There is however currently great concern
surrounding their use; whilst this bearing surface was still used in up to 35% of patients
in 2009 in the USA [Smith et al., 2012], its use has declined considerably in the UK since
2008, Figure 2.14.
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Figure 2.14: Number of MoM implanted by head size [Adapted from Smith et al., 2012]

Table 2.2, adapted from a review paper by Grigoris et al. [2005] highlights a number of
metal-on-metal designs that have been used. The main differentiating factors between
the different designs are geometry of the cup, method of fixation of the acetabular
and femoral components and the processing methods of the metals, of which there is
some debate as to the most effective method [Bowsher et al., 2003; Grigoris et al.
2005]. Considering the limited ways in which an acetabular cup may differ between
manufacturers, recent designs have been fairly similar in their design. It is interesting
therefore to observe the considerable differences in their individual success rates. For
example, the Birmingham Hip Resurfacing (BHR) system has demonstrated high clinical
success with a survival rate of 93.5% at 10 years [Treacy et al., 2011] whilst the ASR
design (DePuy Orthopaedics) has fared much more poorly. The ASR was recalled by the
manufacturer in 2010, five years after its introduction due to it experiencing a higher
than normal early failure rate in that time period; one study [Langton et al., 2011]
reported that approximately 25% and 48% of patients that had been implanted with an

ASR resurfacing and THR cup respectively required revision surgery. Additionally the
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Durom cup (Zimmer) experienced a high rate of loosening and the sale of this device
was suspended [FDA, 2008].

Whilst the ASR design has more recently been highlighted due to its high rates of
failure, it is the case that approximately 12% of hip operation procedures that are
currently performed are done so as revision procedures [National Joint Registry, 2010].
This indicates that the issues relating to the incidence of failures may not be related to
just one design but rather be a more widespread issue that requires attention. There is
also now much concern about the issues surrounding wear of metal on metal implants.
Whilst the wear rate of these components is low, there is apprehension over the metal
ions being created in the body. There have been associations made between high
levels of metal ions in blood and the occurrence of large cysts [Hart et al., 2009] and

there have been calls by many to completely halt the use of MoM hip replacements.

Table 2.2: Modern Metal-on-Metal Hip Replacement Systems [Grigoris et al., 2005]

Bearing Acetabular Cup
System Process Heat Diameter Shape Back Surface
Treatment | Range/
mm
Conserve plus, Wright | Cast HIP and | 46 -64 Truncated Co-Cr beads,
Medical Technology SHT Hemisphere sintering + HA
BHR, Smith & Nephew | Cast None 44 - 66 Hemisphere Co-Cr beads,
castin + HA
Cormet resurfacing hip | Cast HIP and | 46 —64 Equatorial Ti, VPS + HA
system, Corin Medical SHT expansion
DUROM Zimmer* Wrought- | N/A 44 — 66 Truncated Ti, VPS
forged Hemisphere

ASR DePuy | Cast HIP 44-70 Truncated Co-Cr beads,
Orthopaedics* Hemisphere sintering + HA
ReCap, Biomet Cast None 44 — 66 Hemisphere Ti, VPS + HA
Icon Hip Resurfacing, | Cast None 44 - 66 Hemisphere Co-Cr beads,
International castin + HA
ADEPT hip system, | Cast None 44 - 66 Hemisphere Co-Cr beads,
Finsbury Orthopaedics castin + HA

HIP — Hot Isostatic Pressing; SHT — Solution Heat Treatment; HA — Hydroxyapatite

VPS — Vacuum Plasma Spraying;

*Recalled by manufacturer
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2.6.1 Causes of the Failure of Hip Replacements
There are a range of different causes that can lead to failure of the implant [Sundfeldt
et al., 2006] and a number of specific causes have been proposed [Huiskes et al., 1993;

Sundfeldt et al., 2006].

Damage Accumulation

Activities such as walking will lead to continuous dynamic loading to the implant which
could lead to mechanical damage of the components. Similarly, cracks and localised
damage in the surrounding bone could occur as a result of high stresses, possibly

leading to micromotion and eventually loosening of the implant [Huiskes et al., 1993].

Particulate Reactions

The presence of metal wear debris in the tissue surrounding the implant may lead to
tissue reactions. Macrophages phagocytose wear debris, leading to the release of
mediators such as cytokines that stimulate the resorption of bone. The creation and
destruction of bone is controlled by osteoblast and osteoclast cells respectively, which
in turn controls the amount of bone remodelling that takes place. If the balance
between the numbers of both cells present is disturbed then it is the case that either
not enough bone will be created or too much bone will be destroyed [Sundfeldt et al.,
2006]. It has been suggested that the occurrence of wear debris will lead to a greater
number of osteoclasts [Van der Vis et al., 1998], resulting in the resorption of bone
[Bauer and Schils, 1999]. The localised destruction of bone and inflammation can result
in areas of weakened bone, increasing the chance of implant failure; loosening of the
component is more likely as the interface between the component and bone is
weakened. This bone resorption is often known as osteolysis however it has been
suggested by some that this may also be caused by high fluid pressures [Aspenberg
and Van der Vis, 1998].

It was reported [Sundfeldt et al., 2006] that implant loosening could not occur solely
due to the presence of wear debris; other contributing factors including infection and
motion at the interface had to be present as well. It is not possible to directly correlate
the failure of an implant to the number of wear particles present, but rather the
particle size, the specific patient, the implant material and the process involved in its

manufacturing will all influence the inflammatory reactions due to wear debris
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[Matthews et al., 2000; McEwen et al., 2005; Sundfeldt et al., 2006]. Further factors
such as the gaps between bone and implant due to a lack of bone ingrowth or the
presence of screw holes, all create pathways for wear debris to reach the interface

between bone and the component.

Poor Bone Ingrowth

The long term stability of press-fit cups is achieved through bone growing directly onto
the outer porous surface of the cup. Whilst the forces acting on the cup from bone due
to the use of an interference fit aid with stability, poor ingrowth will substantially
increase the likelihood of cup migration. The occurrence of migration, by
approximately 0.85 mm, can often indicate that future implant failure is likely
[Karrholm et al., 1994].

Bone ingrowth is unlikely to occur if micromotion at the interface between the
component and the bone is more than 150 um; the component will instead be
surrounded by a fibrous membrane [Pilliar et al., 1986]. A fibrous membrane relating
to micromotion was reported in implants that have not achieved adequate ingrowth
[Engh et al., 1992], whilst implants that had achieved satisfactory bone ingrowth,
micromotion of the components was less than 40 um. The distribution of loads in the
implant has also been reported to influence the extent and regions of bone ingrowth
[Engh et al., 1992]. Low loading, the presence of infection and wear debris can results

in bone resorption even if initial ingrowth has been achieved.

Stress Shielding

When a component is implanted it can alter the way in which forces are transferred
through the bone. This will result in a remodelling of the local bone, resulting in a
change in the regions of stiffer and weaker bone surrounding the component. For
example, if the implanted component has a considerably higher stiffness than that of
the surrounding bone, then this bone will become progressively weaker as the large
forces that it experienced previously are transferred away from it. The occurrence of
stress shielding balances after approximately two years and few cases of implant
failure have been reported as a direct result of stress shielding [Huiskes, 1993; Laursen
et al., 2007; Shetty et al.,, 2006]. Metal press fit cups are higher in stiffness than

cemented UHMWPE cups therefore are more likely to result in stress shielding in the
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long term; a localised weakening of the bone may increase the risk of other causes of
failure such as poor ingrowth or fractures [Callaghan et al., 2006].

Wear

All bearing surfaces will generate wear debris during their use [Bronzino, 2006].There
are a range of circumstances in which this can be accelerated, leading to early failure
and other associated health problems. A number of ways in which wear of the

components can take place are commonly described [Bauer and Schils, 1999]:

e The normal articulation between the surfaces of the acetabular cup and
femoral head.

e When the femoral head is in contact with an unintended surface, such as the
metal edge of the cup, due to poor component positioning or manufacturing
design.

e When a third party particle is introduced between the two normal articulating
surfaces. These could include fragments of cement or particles from the porous
outer surface of a press-fit cup.

e When two surfaces interact with each other that are not intended to. For

example contact between the rim of the cup and the femoral neck.

High Fluid Pressure

It has been reported that the presence of high fluid pressure between the component
and the bone can result in resorption of the bone [Van der Vis et al., 1998]. However it
has also been reported by others that the main issue with high fluid pressure is that it
aids in the movement of wear particles to the interface between the bone and the

component [Sundfeldt et al., 2006].

Surgeon Technique

Poor positioning of the component or inadequate seating of the cup resulting in large
polar gaps could also contribute to early failure [Ong et al., 2009]; high abduction
angles could result in edge loading and cup impingement [De Hann et al.,, 2008].

Inaccurate reaming of the acetabular cavity could additionally create issues such as a
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change in the distribution of the loads in the implant, stress shielding and greater

deformations of the component.

2.6.2 Indicators for Revision Surgery
There are a number of possible measurable indicators of revision surgery being

necessary due to the reasons discussed previously.

Aseptic Loosening

This has previously been shown to be the most common reason for revision surgery
and there is a similar rate of the occurrence of loosening of both the cup and the
femoral stem [Havelin et al., 2000]. A good predictor of loosening can be the presence
of micromotion due to poor initial bone ingrowth, however there is not a single
contributing factor that leads to this mode of failure. Other issues such as the number
and location of wear particles, stress shielding and high fluid pressure may also

contribute to loosening.

Dislocations

Dislocation of the femoral head from the acetabular cavity may occur due to poor
positioning of the acetabular cup, the design of the component and the anatomy of
the specific patient [Kristiansen et al., 1985]. Large diameter femoral heads with large
cups increase the range of motion of the implant before the occurrence of
impingement and can reduce the risk of dislocations occurring due to an increase in
the jump distance of the femoral head, which is the amount of lateral translation of
the head that must occur before dislocation occurs [Conroy et al., 2008; Sariali et al.,

2009].

Fracture of the Bone

Fractures may occur if a patient experiences a fall; the risk of damage occurring is
increased in weaker bones and as such factors including the age and gender of the
patient are associated with a greater change of fracture. Other factors such as implant
loosening, stress shielding and diseases such as osteoporosis may also lead to fractures

requiring revision of the implanted components.
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Fracture of the Implanted Components
The occurrence of this is considerably rarer than that of the fracture of bone and is

most likely to occur as a result of a high energy trauma or fatigue.

Wear of Components

Wear between the articulating surfaces can be accounted for in a component’s design
however other factors such as impingement of the component can result in higher
wear rates. MoM hip replacements have been shown to have low wear rates. However
recent studies have shown that the failure rate of these components is higher than
was expected and the associated wear debris may be the reason for the presence of
tissue necrosis and large masses in the region of the implant for some patients [Hart et

al., 2009].

2.7 Implant Tribology

A wear rate of less than 1 mm® per million cycles has been defined in MoM
articulations as being low wear [Fisher, 2011]. At these rates the metal particles that
are created are small enough (nanometre in diameter) so that they are either relatively
easily transferred away from peri-prosthetic tissue or that they corrode rapidly,
ensuring that high levels of particles do not appear to accumulate around the implant
[Fisher, 2011].

A key factor that will control the amount of wear generated is the type of lubrication
between the two articulating surfaces [Flannery et al., 2008]. In ideal situations the
lubricating film between the cup and the head will be thick enough so as to separate
the two surfaces. The minimum film thickness (hmin) is influenced by a number of
factors including fluid viscosity, the sliding velocity of the two surfaces relative to each
other, the bearing loads, the surface area of the two components and their elastic
moduli. The amount of separation between the articulating surfaces will also be
influenced by the roughness of each surface. The Ra value is defined as a mean of the
peaks and valleys above and below the surface of the cup or head, Figure 2.15. The Ra
value for a polyethylene surface can be as high as 1 um whilst for metal components

can be less than 0.015um [Dowson and Jin, 2006].
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Figure 2.15: Schematic representing a peak above the articulating surface of a component,

indicating roughness [Adapted from Khairy, 2005]

An estimation of the mean minimum fluid-film thickness in the dynamically loaded

bearing can be obtained as [Hamrock and Dowson, 1978]:

Tmin _ o g (n_u)O'GS( w )—0.21 (2.1)

R E'R EIR2

where:

hmin = minimum film thickness

R = equivalent radius

E’ = effective elastic modulus of the two bearing components
w = |load

1 = viscosity of the synovial fluid

M = entraining velocity

The lambda ratio (A) refers to the ratio of minimum fluid-film thickness (hmi,) to the

roughness of the two bearing surfaces (Ra; and Ra;) [Flannery et al., 2008]:

hmin
— JRa)? + (Ray)? (2.2)

The lambda ratio can provide an indication of which of the three types of lubrication
that will occur between the two surfaces [Khairy Flannery et al., 2008]. When lambda
values are larger than 3, this suggests that the fluid-film thickness is larger than the
height of the asperities of the rough articular surface and this signifies fluid-film

lubrication, Figure 2.16a. When lambda values are between 1 and 3, this signifies
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mixed film lubrication, Figure 2.16b, and when the lambda ratio is less than 1,
boundary lubrication is represented, Figure 2.16c. It is clear that when the roughness
of the surface is higher, such that the height of the asperities is larger, then a greater
fluid-film thickness is required, than for a smoother surface in order for fluid-film
lubrication to occur. For example, if the diametrical clearance between cup and head
was kept constant a rougher acetabular cup surface could lead to poor lubrication,
negatively affecting the performance of the bearing [Jacobs and Craig, 1998]. A larger
diameter femoral head can increase the entraining velocity of the fluid in the bearing,

potentially improving its lubrication properties [Dowson et al., 2003].

(b)

Figure 2.16: (a) Lambda value greater than 3, indicating full fluid-film lubrication, (b) lambda
values between 1 and 3, indicating mixed lubrication and (c) lambda ratio less than 1

indicating boundary lubrication [adapted from Khairy, 2005]
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In clinical situations however mixed lubrication (1< A<3) is often present at the bearing
surface [Dowson et al., 2000] with variations between clear separation of the surfaces
and periods of MoM contact occurring. The coefficient of friction between the cup and
head is approximately 0.008 to 0.02 and is a function of the type of lubrication present
[Khairy, 2005]; it is clear, for example, that boundary lubrication will result in an
increase in friction, whilst low friction will occur with low thickness full fluid film
lubrication. The Stribeck curve (Figure 2.17) plots the change in friction in relation to
increasing speed and viscosity or reducing load (horizontal axis), which are often
related together by the Sommerfeld number as:
G (Z)Z N
¢/ P
Where r is radius, c is the radial clearance, u is viscosity, N is speed and P is load

[Dowson, 2006]. Also illustrated is the relationship between friction and film thickness.
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Figure 2.17: Stribeck curve illustrating the coefficient of friction as related to the film thickness
and therefore the mode of lubrication. Increasing speed and viscosity or reducing load are on

the horizontal axis [adapted from Coles et al., 2010]

Three key factors, related to the geometry and design of the components, are known

to affect the mode of lubrication [Khairy, 2005; Liu, 2006;]:

e The diameter of the components.
e The sphericity of the components.

e The size of the clearance between the cup and head.
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Simulator tests of the hip joint using MoM components have demonstrated that
increasing the diameter of the bearing couple results in a clear change in the mode of
lubrication from boundary to mixed [Smith et al., 2001; Dowson, 2003; Dowson et al.,
2004]. For small head diameters between 16 and 22.225 mm, an increase in wear rates
has been reported as the majority of load is supported by direct contact between the
head and the cup. However for bearings with diameters greater than 28 mm, a
considerable decrease in the wear rates is observed with increasing head size as more

of the loads are carried by fluid film lubrication, Figure 2.18.

volumetric wear rate (mm noe® cycles)

16 mm 22.225 mm 28 mm (new) 28 mm (worn) 36 mm

Joint diameter

Figure 2.18: Influence of femoral head diameter on volumetric wear rates [Smith et al., 2001]

The protocol for measuring the sphericity of a metal acetabular cup has been defined
[ASTM F2033]. Using a three-dimensional measuring machine a number of points
should be measured about the circumference of three planes along the depth of the
articulating surface, namely 8 points along each plane, AA, BB and CC and a single
point at the pole, Figure 2.19. An average diameter is then determined from the data
using the least squares method, and the coordinates of the centre of a sphere is
determined from the average diameter of the cup. The sphericity of the cup is defined
by the departure from roundness and is calculated by determining the difference
between the maximum and minimum distances from the centre of the average
diameter sphere and the measured points on the articulating surface. The maximum

accepted out of roundness of a cup is stated as being 15 um [ASTM F2033].
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Pole !

Figure 2.19: Measurement of points on articulating surface of cup to determine sphericity

[ASTM F2033]

In a similar manner to measuring the sphericity, the clearance between a head and cup
can be determined by calculating the difference between the outer radius of the head
and the inner radius of the cup, Figure 2.20, measured using a coordinate measuring
machine [Jedenmalm et al., 2010]. Clearance is reported as either as radial or
diametrical (two times radial). Diametrical clearances of component pairs typically lie
between 60 and 250 um [Chang et al., 2007] and have been shown in simulator studies

to influence wear rates.

Radius -
Head

Radius -

Cup | ’ ’

Figure 2.20: Radial Clearance determined by calculating the difference between the outer

radius of the head and the inner radius of the cup [adapted from Springer et al., 2011]
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2.8 Concerns surrounding the use of Metal-on-Metal Implants

Extensive simulator testing has demonstrated that MoM bearing surfaces have very
low wear rates even with large femoral head sizes [Smith et al., 2001; Dowson, 2004;
Medley et al., 1996; Firkins et al., 2001]. Larger head sizes allow for better fluid-film
lubrication than smaller head sizes and also reduced the risk of dislocations, creating a
larger range of motion of the hip joint [De Haan et al., 2008]. For these reasons, the
use of large diameter MoM hip components had become popular amongst surgeons.
However very recently the use of MoM implants has come under very strong scrutiny,
although they do remain commercially available. There are two main concerns
surrounding the use of these components; firstly that current evidence is suggesting
that these implants have a notably higher (and earlier) failure rate than expected
[Langton et al., 2010] and secondly that the metal wear ions released into the blood
stream may have considerable toxic effects on the body [Haddad et al., 2011].

Analysis [Smith et al., 2012] of registry data from the National Joint Registry of England
and Wales concluded that MoM stemmed hip implants have a higher rate of failure
than other bearing options and should no longer be implanted in patients, particularly
in younger women with large diameter heads. It reported that the five-year revision
rate for 46 mm MoM implants (excluding the ASR) was 6.1% for younger women, and
was significantly greater than a revision rate of 1.6% for metal on polyethylene
implants with 28 mm head diameters. In contrast, a five-year revision rate of 3.3% was
observed in men aged 60 years using a ceramic-on-ceramic bearing and this was
improved with a larger diameter head of 40 mm, resulting in a revision rate of 2%. The
most frequent reasons for revision surgeries were those of implant loosening and
associated pain; it has been suggested that this may be due to poor lubrication or
trunion wear leading to the release of metal wear debris and consequently soft-tissue
reactions. It is difficult currently to identify the precise scenarios that led to this mode
of failure.

The toxicology of metal ions generated by implants in the body is currently unclear.
High levels of cobalt and chromium have been found in the blood and organs of
patients implanted with MoM components and is commonly referred to as metallosis
[Haddad et al., 2011]. Metallosis is often linked with soft-tissue reactions, necrosis,
pain and tissue swelling however it is unclear to what extent metal ions from implants

contribute to this in the body. Some studies have reported that cobalt concentrations
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in the blood can reach levels up to 600 times greater than normal physiological levels
of approximately 0.5 pg/L [Engh et al., 2009]. An increase in metal ion levels has also
been observed when using larger diameter components from a range of
manufacturers. A review was carried out by Haddad et al. [2011] which served to
discuss the clinical literature data available about the effect of metal ions released

when using MoM bearings. The following summarises the main points of this article:

Frequency of Reactions to Metal lons

Overall there is a low occurrence of soft-tissue reactions following the implantation of
MoM THR that result in adverse symptoms, however this does vary notably between
manufacturers, ranging from 0 to 18%. Adverse reactions in hip resurfacing implants
ranged from 0.3 to 3.4% after a 7.1 year follow up. Adverse reactions were often in the
form of pseudotumours and revision surgery related to this was notably higher in

women than in men.

The Importance of Implant Position

Positioning of the acetabular cup, the femoral head and the stem during a hip
replacement procedure is known to influence the success of the prosthesis [Schnurr et
al., 2009; De Hann et al., 2008]. Whilst surgeons have established methods to seat the
femoral component [Najarian et al., 2009], there is still a degree of uncertainty about
the optimum position to place an acetabular cup [Lewinnek et al., 1978; Hart et al.,
2008; Wan et al., 2009; Babisch et al., 2008]. Cup placement within the safe-zone has
been reported to minimise the risk of high wear, component loosening, impingement
and dislocation [Hart et al., 2008; Hart et al., 2009; Langton et al., 2008; Ryan et al.,
2010].

There is a strong positive correlation between high abduction angles (>50°) of the
acetabular cup and the rate of revision. Edge loading at these orientations often
results in accelerated wear rates, with greater particle release. The precise effects of
cup version have been more difficult to report on, in part due to the difficulties in
measuring this orientation from traditional X-rays. However of the studies to date,
there has been little evidence relating cup version with elevated blood metal ion
levels. Optimal positioning of the acetabular cup in hip resurfacing has been suggested

as being 20° version and 45° abduction. The incidence of pseudotumours has been
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found to be four times lower when cups are positioned within 10° of this
recommended optimum. It should be noted however that this optimum will vary
between different patients and it may be more appropriate to consider the safe zone
proposed by Lewinnek et al. [1978] of a version between 5° and 25° and abduction

between 30° ad 50°.

Importance of Implant Size

There is much evidence that suggests that smaller MoM hip resurfacing components
are more susceptible to generating greater amounts of wear debris due to
comparatively poor fluid lubrication between the bearing surfaces [Smith et al., 2001;
Dowson, 2003; Dowson et al., 2004]. However there have been reports of high wear
and soft-tissue metal reactions in large diameter MoM THRs with suggestions that this
may be due to a poor connection at the junction between the shortened taper of the

stem and the femoral head [Cohen, 2012; Long, 2005].

Significance of Gender

A higher occurrence of pseudotumours has been reported in women following MoM
resurfacing procedures. These may be due to the anatomical differences between men
and women but may also be due to the differences in implant sizes between the

genders [Latteier et al., 2011].

Effect of Differences in Implant Designs

The design of resurfacing components is thought to have a significant effect on the
failure of the implant. For example, the ASR cup which had a low diametrical clearance
may have resulted in increased edge loading and wear rates. Differences between the
THR and resurfacing large diameter components are currently unclear, however it is
suggested that wear and the junction of the head and the trunion in THR could result

in higher metal ion levels [Haddad et al., 2011]

What are the accepted levels of Metal lons in the Blood?
The presence of high levels of metals ions can be used as an indicator that the implant
is not functioning properly; there is however no clearly defined cut-off level for the

number of ions that signify poor implant behaviour. Higher levels of cobalt ions have
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been reported in well functioning MoM components compared to pre-operative levels
and to some extent may be regarded as a feature of the implant and not have any
adverse effects. However it has also been shown that cobalt levels were doubled in

patients that experienced pain following implantation [Hart et al., 2011].

2.8.1 Uncertainty of the Factors Causing MoM Problems

The behaviour of MoM implants is variable. There is strong evidence that large
diameter components implanted in younger women lead to early failures. Conversely
it has also been reported that hip resurfacing can be a successful procedure when
performed in younger men with the appropriate anatomy [Treacy et al., 2011]. Whilst
failures and elevated wear rates can be explained in part by factors such as poor cup
positioning or implant design, it is sometimes the case that poorly seated cups do not
present with any problematic symptoms that require revision. On the other hand
component failures, high wear rates and soft-tissue reactions have been observed in
implants that have been well positioned; the reasons for these are not fully
understood. It is clear however that surgical technique and appropriate patient
selection do have strong influences on the success of an implant [Hart et al., 2012b;
Latteier et al., 2011; Bordini et al., 2007].

In ideal circumstances with well positioned components, wear in MoM implants is very
low however a deviation from the ideal situations can increase wear rates by up to 100
times. It has been suggested that the occurrence of contact between the femoral head
and the acetabular cup can be associated with the increased wear rates and ion levels
in MoM bearings, which can lead to an increased rate of failure [De Haan et al., 2008].
It is known that excessive cup-head contact can occur during edge loading however it
has been suggested [Jin et al., 2006] that contact between the two surfaces may also
occur as a result of the acetabular cup deforming so that it experiences a reduction in
its diameter. Cup deformations upon insertion into the acetabular cavity may be
significant enough, when compared to the cup-head clearances, that equatorial
contact occurs, changing fluid-film lubrication and therefore the wear properties, and
in extreme cases a locking of the joint all together. There have been a limited number
of experimental and finite element studies carried out that have investigated the
extent of cup deformation. These studies have had a range of associated limitations in

their design and have not reached a consensus about the true clinical relevance of the
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deformation of acetabular cups when attempting to explain its significance towards

component failure and elevated wear rates.

2.9 Deformation of Acetabular Cups

As MOM hip components are typically larger in diameter than those used in other
bearing surfaces such as ceramic, the acetabular cups are also made thinner to ensure
that bone conservation is kept to a maximum [Ebied et al., 2002]. Thinner cups are
likely to deform more, which may be beneficial to distribute load around the cup
[Ebied et al., 2002]. However, the greater deformation associated with these thinner
oversized cups could create problems with the performance of the component and this
requires full consideration. For example, the micromotion at the interface of the cup
and bone has been found to increase due to excessive cup deformation, increasing
wear and hampering bone in-growth [Ebied et al., 2002]. Diametrical clearances of
between 60 and 250 um are usually specified between the cup and femoral head
[Chang et al., 2007] and high deformations could result in the reduction of these
clearances and the deformations could ultimately have a negative effect on fluid-film
lubrication, potentially causing equatorial contact. Where deformation is very large the
joint could potentially seize [Jin et al., 2006].

There have been a number of studies that have previously attempted to investigate
the extent of cup deformation and shell deformation, from a range of manufacturers,
made of either cobalt-chromium or a titanium alloy, and with a range of diameters.
Test methods have varied from finite element simulations, to experimental studies

using foam or cadaveric models and mechanical rim loading of the component.

2.9.1 Experimental Methods

The deformation of metal acetabular cups has been investigated experimentally by
impacting them into foam cavities representing the acetabulum [Jin et al., 2006;
Schmidig et al., 2010; Ong et al., 2009; Fritsche et al., 2008], applying opposing loads to
the rim of the cup [Squire et al., 2006; Everitt et al., 2010; Springer et al., 2011] and
impacting the component into cadaveric models [Jin et al., 2006; Markel et al., 2010].
In all experimental studies, the deformation of the cups is reported as being the

maximum change in its diameter following insertion into a cavity, Table 2.3. It is clear
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that there is considerable variation in the deformations observed in the studies. This
may be due the differences in the experimental design, for example rim loading mimics
boney contact on two comparatively small localised regions of the cup whereas in a
cadaveric model, considerably more contact between the cup and underlying bone

would occur.

Table 2.3: Summary of experimental studies investigating the deformation of press-fit

acetabular CoCrMo cups and titanium shells

Cup Cup Cup / Shell | Nature of Diametrical Study
Design Material | Diameter/ | Study Change/pum
mm
DePuy CoCrMo 60 Foam 60 (thin cup) Jin et al. [2006]
ASR 30 - 50 (thick
cup)
Press-fit CoCrMo 56 Foam 8 (max) Fritsche et al. [2008]
Metal
Shell
Press-fit Titanium | 56 Foam 4 (max) Fritsche et al. [2008]
EP FIT
PLUS
Stryker Titanium | 42 -58 Foam 320-830 Schmidig et al. [2010]
Trident
Stryker Titanium | 50 Foam 450 Ong et al. [2009]
Trident
Press-fit CoCrMo 48 - 62 Rim 310-530 Everitt et al. [2010]
Cup Loading
(3000 N)
Various CoCrMo 44 - 66 Rim 15-350 Springer et al. [2011]
Designs loading
(200 -
2800 N)
DePuy Titanium | 48— 66 Rim 340 + 210 Squire et al. [2006]
Pinnacle loading
(200 -
2000 N)
DePuy CoCrMo 56 - 60 Cadaveric 25—103 (thin | Jin et al. [2006]
ASR cup)
21— 22 (thick
cup)
Press-fit Titanium | 46-50 Cadaveric 4 (max) Fritsche et al. [2008]
EP FIT
PLUS
Stryker Titanium | 50-58 Cadaveric 150 - 600 Markel et al. [2010]
Trident
DePuy Titanium | 50-60 In Vivo 160 + 160 Squire et al. [2006]
Pinnacle
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The extent of deformation of the components has been determined by measuring the
diameter of the cup or shell before and after impaction using callipers [Ong et al.,
2009], or measuring the inner surfaces of the cups using a coordinate-measuring
machine (CMM). The deformation of the cups have also been assessed using matching
femoral heads with dye smeared on them, to visually determine the area of contact
between head and cup after impaction [Jin et al., 2006]. Measurements of tangentially
arranged strain gauges have also been used to determine the change in diameter of

the cups [Fritsche et al. 2008], Figure 2.21.

Tangentially
arranged
strain gauges

Radially and
tangentially arranged
strain gauges

Figure 2.21: Distribution of strain gauges within the various acetabular cups [Fritsche et al.,

2008]

A two point pinching load on an impacted cup has been found to be present in
cadaveric models between the ilial and ischeal regions [Jin et al., 2006; Widmer et al.,
2002]. In order to replicate the pinching of the ilial and ischeal regions, reamed
spherical polyurethane foam models (Sawbones) have been used with the cavity
typically relieved on opposite sides of the foam [lin et al., 2006; Schmidig et al., 2010;
Ong et al., 2009], Figure 2.22 . These foam cavities can approximate the diametrical
deformations of CoCrMo cups that have been found to occur in cadaveric tests [Jin et
al., 2006] however it is unclear how representative of the wider patient population

they are in terms of variations in age, gender and bone health.
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(a)

Non-supported area
Ilium Region

Ischeal Region

(b)

Figure 2.22: Pinching in the pelvis simulated in experimental foam models by (a) Jin et al.

[2006] and (b) Schmidig et al. [2010]

The maximum cup deformations of 8 um observed in the study by Fritsche et al.
[2008], Table 2.3, are considerably lower than in other studies using foam cavities [Jin
et al., 2006; Ong et al., 2009; Schmidig et al., 2010], despite the fact that the perceived
force applied on the cups was found to be substantially greater than that found by
Squire et al. [2006]. This may largely be due to that fact that no artificial pinch point
was created in this study, in contrast to the other studies, highlighting the significance
of the influence of cup pinching.

The comparatively larger values for deformation reported for titanium shells [Ong et
al., 2009; Schmidig et al., 2010] compared to cobalt-chromium cups are to be expected

due in part to their lower material stiffness and also because the shells tend to have

-57 -



thinner profiles. It is of note however that the initial high shell deformations are likely
to lessen following the insertion of the liner and seating of the femoral head as a result
of the viscoelastic properties of the bone. It has been reported that the shell
deformation immediately following impaction of 450 um, was reduced to 380 um and
280 um when a liner and femoral head were seated respectively [Ong et al., 2009].
Diametrical clearances between the femoral head and the acetabular cup are generally
specified as being between 60 and 250 um, to allow for normal tribological
performance and for fluid film lubrication. With the exception of the findings by
Fritsche et al. [2008], the results from the foam studies suggest that the cup
deformation experienced may be excessive, when compared to these clearances. It
was observed [lin et al., 2006] that using a thin cup design resulted in high
deformations compared to clearances; it was suggested that cups be thickened and
lower interferences be used to prevent high deformations from occurring. Cups
deformed by 75 pum have been described as having unrestricted articulation with no
dome contact [Jin et al., 2006]. When deformations increased to 103 um, there was
again no dome contact however in this situation articulation was reported to be poor.
This suggests that the maximum allowable deformation for normal articulation to be
maintained would be in the region of 75 um and this correlates with the specifications
of the ASTM [ASTM F2033] which state that clearances between the cup and head
should be a minimum of 70 um.

It has been suggested that the viscoelastic relaxation of bone would result in a
reduction in the stresses on the inserted cup and in the long term result in a reduction
in the deformations; this however has not been fully investigated in previous work. It
has been reported [Jin et al., 2006] that neither the foam nor the cadaveric bone
models presented any significant features of time dependency and therefore were not
considered in their study. Squire et al. [2006] observed no change in the deformation
of cups inserted into patients after measurements taken 20 minutes apart during
surgery and Markel et al. [2010] also did not report any notable changes after
approximately 30 minutes in their cadaveric model. The time periods considered by
these studies however may be too short and further work is necessary to fully
appreciate the significance of time dependency on cup and shell deformation. It was
also reported that large errors were found to have occurred in the accuracy of hand

reamed cavities, resulting in interference fits lower than intended [Jin et al., 2006].
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This raises an interesting question about the influence of hand reaming errors during
the preparation of the acetabular cavity, on the deformation of the component; it is
reasonable to expect that a perfectly spherical cavity may not be achievable clinically
and its consequences to cup deformation need investigation.

Another in vitro approach to simulating the pinching observed in cadaveric models has
been to apply increasing loads to the rim of cup and shell from opposite ends along the

diameter, Figure 2.23 [Squire et al., 2006; Everitt et al., 2010; Springer et al., 2011].

Figure 2.23: Compressive loads applied to cup along diameter using custom load platens

[Squire et al., 2006]

Whilst rim loading may be a poor representation of the bony cup support in vivo the
results of these studies can provide an understanding of the behaviour of different cup
designs. For example it has been reported that the stiffness of a particular titanium
shell (DePuy Pinnacle) increases from approximately 2250 N/mm to 5000 N/mm as the
diameter is increased from 54 mm to 66 mm [Squire et al., 2006]. This is in contrast to
another report which observed a linear decrease in the stiffness of a CoCrMo cup with
increasing diameter [Everitt et al., 2010].

Another experimental study using rim loading [Springer et al., 2011] has specifically
investigated the influence of cup design on stiffness and deformation by considering
cup designs from a range of manufacturers with varying diameter, thickness at the rim,
thickness at the pole and the height. The results of this study provide an interesting
understanding of the cups developed by different manufacturers, showing that there
are notable differences in their designs. For each cup size, described by its diameter,

there are variations in the wall thickness at the pole and rim. Table 2.4 presents five
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particular designs and the dimensions that were reported for 58 mm components and
a single 44 mm cup with very similar wall thicknesses to the larger diameter design by

the same manufacturer.

Table 2.4: The measured dimensions of four commercially available 58 mm acetabular cup

designs and one 44 mm cup [Springer et al., 2012]

Wall Wall
Measured Thickness | Thickness
Diameter Depth at Rim at Pole
Cup Design /mm /mm /mm /mm
Smith and Nephew Birmingham 58.34 21.18 6.53 4.53
Wright Medical Conserve Plus 59.23 23.42 4.82 3.88
Stryker Cormet 59.78 22.61 6.35 4.21
Biomet Magnum 58.02 23.46 5.80 3.26
Biomet Magnum 44.09 16.35 5.80 3.33

It appears that some manufacturers attempt to thin the entire profile of the cup to
accommodate large head sizes whilst others vary the thickness of the rim and pole. It
has been demonstrated [Yew et al., 2006] that larger sized cups will deform more and
that wall thickness can strongly influence the deformation of the cup by stiffening the
construct. This behaviour is observed in the deformations reported by Springer et al.
[2011] when an opposing force of 1000 N was applied at the rim of each cup presented
in Table 2.4, Figure 2.24. It can be seen that the Birmingham and Cormet cups, with
similar dimensions for the wall thicknesses, experience similar deformations of
approximately 60 um. The Conserve cup however with its smaller wall thickness at
both the pole and rim experiences larger deformations of over 120 um. The 58 mm
Biomet cup also deforms by approximately 120 um but has a lower wall thickness than
the Conserve cup but also a smaller measured diameter by over 1.2 mm. The 44 mm
Biomet cup deforms considerably less than the 58 mm cup of the same design with

very similar wall thicknesses.
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Figure 2.24: Radial deformation observed by Springer et al. [2012] for different cup designs
following rim loading with a 1000 N load

It is logical that manufacturers should attempt to stiffen their designs as the diameter
of the cup is increased. However this does not always appear to be the case, Figure
2.25 [Springer et al., 2011]. In the majority of designs the stiffness of the component
actually decreases with increasing size, indicating that controlling this feature may not
have been a design consideration by manufacturers. The deformation of large
diameter cups which are comparatively lower in stiffness than smaller diameter
designs may be sufficient to impact on the performance of the implant. The
consequences of this may be important in understanding the high wear rates and
unexplained failures in some patients, and may be due to poor cup design as some

reports have eluded to.
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Figure 2.25: Calculated stiffness values for different cup sizes by various manufacturers

[Springer et al., 2011]

Only one detailed cadaveric study has been carried out to investigate acetabular shell
deformation [Markel et al., 2010], using pelvises from six donors. This concluded that
bone mineral density could be used as a predictor for the cup deformations that could
occur and is in agreement with the suggestion by Squire et al. [2006] that there may be
a trend between bone quality and cup deformation. It was also suggested that factors
such as surgical technique in reaming and component positioning may influence
deformations and require further investigation.

In addition to experimental methods, acetabular cup deformation has also been
investigated using finite element models [Yew et al., 2006; Hogg et al., 2009, Hogg et
al., 2010; Everitt et al., 2010].

2.9.2 Finite Element Modelling

The following serves as an introduction to the finite element method based on the
report by Felippa [2001]. Finite element (FE) modelling uses methods in which a
domain is characterised in terms of a number of sub-domains referred to as elements.
The behaviour of each element is readily defined and understood by numerical
equations which together allow for the behaviour of the entire body to be analysed.

Elements are connected together at nodes which have degrees of freedom that can be
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controlled, Figure 2.26. The process of creating individual elements is known as

meshing.

‘\_{__._._-—»

/ Nodes \

3-Node Triangular Element 4-Node Rectangular Element

]
[ [ |

| [ ]

3 X 4 Mesh of Rectangular Elements

Figure 2.26: Elements are connected together at nodes to form a mesh [Felippa, 2001].

There are a range of elements that are available to be selected when creating a mesh.
In their simplest form, these can be linear two dimensional triangular or rectangular
elements and in three-dimensional models elements can be tetrahedral or hexahedral
and may also be quadratic in nature, resulting in greater accuracy in complex shapes
than using similarly sized linear elements.

As the computational power required for FE modelling increases, the use of this
method has become accepted as a viable research tool to understand complex
biomechanical behaviour which may not otherwise be feasible experimentally. For
example it is an essential tool when understanding the behaviour of implants before
they reach the stage of clinical testing, or if an understanding of the effect of variations
of an existing clinical design is desired. Using the example of the acetabular cup, it is
less expensive financially and in terms of time to carry out FE simulations with many
different cup geometries than it is to manufacture and experimentally test different
incremental cup designs. This allows for design optimisation to be performed before
carrying out additional experimental and clinical tests. Another clear advantage is that
FE models allow for perfectly reproducible results to be obtained which are not

possible in cadaveric models.
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There are a range of commercially available FE packages that are used by researchers,
of which the most popular is Abaqus. This package uses a system or pre and post-
processors to solve complex numerical problems generated in the models. There are
two main types of FE analysis that exist, namely static implicit (steady state) and
explicit dynamics (transient). A key difference between the two approaches is in the
consideration of velocity. An implicit model does not consider displacements as a
function of time therefore velocity is not modelled, whereas an explicit approach
considers velocity, mass and therefore momentum. In a static approach a body is
under equilibrium conditions from which displacements can be predicted as loads are
applied. It is common practice to initially utilise a static model to understand the
behaviour of a system before adopting a dynamic approach, if required. Dynamic
analysis involves the application of a load as a function of time and is most often used
when there is inertia in a system, for example a hammer blow during acetabular cup
impaction.

The development and analysis of FE models can be broken up into a number of stages:

\
e Creation of the specific geometry of a body.

e Definition of the static or dynamic analysis system.

e Meshing of the body. > Pre-processing

e Definition of material properties.

e Application of boundary conditions. .

e Processing: solving linear/non linear numerical equations related to each

element.

e Post-processing: obtaining results relating to deformations, stresses, etc.

An important process in the development of reliable models that can be trusted for
analysis is that of validation. This can take the form of experimental tests specifically
performed to represent the FE model or the FE model can be related to existing
published experimental data. The processes of the development of finite element

models are discussed in more detail in chapters 3-5.
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2.9.3 Finite Element Models of Acetabular Cups and Shells

There have been a limited number of studies that have used finite element models to

simulate the deformation of metal cups and shells following insertion, Table 2.5.

Table 2.5: Summary of finite element studies investigating the deformation of press-fit

acetabular CoCrMo cups and titanium shells

Cup Design | Cup Cup Nature | Diametrical Change/um | Study
Material Diameter/ | of
mm Study
DePuy CoCrMo 46 - 70 FEA 110 (thin cup) Yew et al.
MOM [2006]

19-69 (intermediate cup)

17 (thick cup)

Press-fit Titanium 54 FEA >120 Hogg et al.
Shell [2009; 2010]
Press-fit CoCrMo 48 - 62 FEA 310-530 Everitt et al.
Cup [2010]

A rim loading design that was performed experimentally was also simulated in an FE
model, Figure 2.27 [Everitt et al., 2010]. The models showed that increasing the cup
diameter, whilst keeping the same wall thickness, resulted in a reduction in the
stiffness of the cup, as expected. The FE model developed in this study is a
considerable simplification of the loads that a cup would experience in the pelvis. It
therefore may be most beneficial as a means of understanding the differences in
stiffness between different cup designs and not a representation of deformations in

vivo.

Figure 2.27: Finite element simulation of the rim loading used experimentally [Everitt et al.,

2010]
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Another FE study [Yew et al., 2006] served to simulate the experimental foam models
performed previously [Jin et al., 2006]. The press-fit procedure was first simulated

using a two dimensional axisymmetric finite element model, Figure 2.28.

Cancellous Bone o
Fixed Section

Axis of Symmetry

Cortical Bone

Acetabular cup

Axis of Symmetry

Impactor

Figure 2.28: Two-dimensional finite element model of insertion of press-fit cup with

interference [Yew et al., 2006]

This was followed by the development of a three-dimensional model in which the
pinching of the cup could be included, to investigate deformation for the different cup
sizes. It was demonstrated that for a consistent cup diameter, increasing the amount
of interference led to an increase in the deformation of the cup. This is in agreement
with the findings of a previous study [Ries et al., 1997] that increasing the interference
led to an increase in the strains at the periphery of the cup. The results also showed
that increasing the diameter of the cup leads to an increase in its diametrical
deformation upon impaction. This was also found to be the case when the wall
thickness was decreased. The FE results were in some cases found to be inconsistent
when compared to the previous experimental study [Jin et al., 2006], for example the
model appeared to overestimate the deformation of the thin cup by 65 um. As in the
experimental study, the complex anatomy of the pelvis was simplified by representing
the acetabulum as a uniform foam cavity and the cups were simulated as being
inserted perfectly aligned with the cavity. Whilst the foam model was reported to
provide values of cup deformation similar to those observed in the earlier cadaveric

studies, the definition of uniform material properties using a single value for the
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Young’s modulus cannot be an accurate representation of the behaviour of the pelvis
clinically.

The method of insertion of the cup is also an important consideration. One FE study
[Yew et al., 2006] has looked at simulating the hammer blows administered by a
surgeon by using either a multiple-displacement or multiple-load method. The
multiple-displacement method serves to move the cup by a predetermined amount in
the cavity in a series of steps to replicate how far the each hammer impact would
displace the cup. The first step of this method is performed by moving the cup into the
cavity by far enough that the polar gap is eliminated. When the displacement control is
removed, the cup bounces back by a certain amount and the displacement is reapplied
in increments of 1 mm until it can no longer move any further into the cavity. With the
multiple-load method, static loads are applied to the cup in a series of steps to drive it
further into the cavity. Both of these methods of insertion can be likened to squeezing
the cup into the cavity, similar to an approach used previously [Spears et al., 1999].
This however is not representative of the clinical situation and should be regarded as a
limitation of the study. The authors elected to use the multiple-displacement method
as it was said to be computationally less expensive. However this resulted in
unrealistically high associated insertion load of 100 kN. This may have been due to the
displacements in each step being too high however this was not investigated by the
authors. It is clear that to accurately model the insertion process, implicit dynamics FE
models must be developed that mimic the multiple mallet blows a surgeon administers
clinically.

Only one study [Hogg et al., 2009; Hogg et al.,, 2010] has attempted to address the
issue of the over simplification of the cup impaction process, by creating a model of
the pelvis into which a Co-Cr cup was impacted into a cavity using a number of impacts
with a momentum of 2.7 kgms'l, Figure 2.29. Cup deformations of approximately 66
pum were observed however the authors have not since used their model to investigate

any parameters further.
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Figure 2.29: Finite element model created of pelvis and hammer [Hogg et al., 2009]

The simulation of rim loading [Everitt et al., 2010] which is the least representative of
the clinical situation results in deformations considerably larger than in the foam and
pelvis models, Table 2.5. As expected, the titanium shell with a lower stiffness [Hogg et
al., 2010] deforms more than the CoCrMo cup [Yew et al., 2006].

Whilst 2D and 3D foam models, such as those developed by Yew et al [2006], are also a
simplification of the clinical situation, they are a valuable tool for understanding cup
deformation before developing more detailed models of the pelvis. These allow for the
number of variables that could influence deformation to be minimised and the
individual effect of specific parameters to be investigated. It is important to consider
that the deformations observed in these foam models may not be replicated in the
pelvis however they will allow researchers to clearly identify key factors, such as in cup
design that would increase or decrease the changes in diameter of the cup. Good finite
element practice calls for the initial development of simplified models which are then
modified and expanded as a better understanding of the subject under investigation is
obtained. For example the use of dynamic impaction could first be modelled in 2D and
3D foam models to truly understand the importance of parameters such as the
number and velocity of impacts required to fully seat a cup and the influence of
different methods of impaction. The use of anatomically correct models will help to
provide a more realistic representation of the amount of deformation observed in a
clinical situation, allowing factors such as the yielding of bone to be better modelled.
These should only be developed however when the key factors influencing

deformation have been identified in preliminary models.
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2.10 Aims and Objectives

The aim of this thesis was to gain an understanding of the diametrical deformation behaviour
of acetabular cups and shells following impaction into the reamed acetabulum. The influence
of a range of factors on deformation was investigated to ascertain if cup and shell deformation
may be high enough to potentially contribute to early failure and high wear rates in metal-on-
metal implants.

A number of objectives were defined in the thesis:

e Develop finite element models using explicit dynamics to mimic mallet blows during
cup/shell insertion, initially using simplified experimentally validated foam models to

represent the acetabulum.

e Investigate the number, velocity and position of impacts needed to insert a cup.

e Determine the relationship between the size of interference between the cup and

cavity and deformation for different cup types.

e Investigate the influence of non-uniform cup support and varying the orientation of

the component in the cavity on deformation.

e Examine the influence of errors during reaming of the acetabulum which introduce

ovality to the cavity.

e Determine the relationship between changes in the geometry of the component and

deformation for different cup designs.

e Develop three dimensional pelvis models with non-uniform bone material properties

from a range of patients with varying bone quality.
e Use the key parameters that influence deformation, as identified in the foam models

to determine the range of deformations that may occur clinically using the anatomic

models and if these deformations are clinically significant.
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Chapter 3

2D Foam Model Development and Methods

3.1 Introduction

The thickness of MoM cups are kept to a minimum to ensure that bone conservation is
maximised, and as a result they are likely to deform more, which may be beneficial to
distributing load around the cup but may also disrupt fluid-film lubrication [Jin et al.,
2006].

The greater amount of deformation associated with the larger, thinner metal cups
during and after impaction could create problems with the performance of the
component and this must be given proper consideration. Clearances of between 60
and 250 um are usually specified between the cup and femoral head [Chang et al.,
2007] and high deformations could result in the reduction of these clearances,
potentially causing equatorial contact which could have a negative effect on fluid-film
lubrication. Micromotion at the interface of the cup and bone has been found to
increase due to excessive cup deformation, increasing wear and hampering bone in-
growth [Ebied et al., 2002] and under the largest deformations the joint could
potentially seize [Jin et al., 2006].

In this chapter two-dimensional axisymmetric static implicit models, similar to previous
studies [Yew et al., 2006; Spears et al., 1999], were developed to simulate the insertion
of press fit metallic acetabular components into a foam cavity representing the human
acetabulum. This was followed by the development of a more realistic impaction
method using explicit dynamics models in which impact momentums were defined,
allowing for a better approximation of the cups position and deformation in the cavity
after impaction clinically. The effect of changing interference, cup-foam friction,
impact velocity, cup material and impact method on cup seating and deformation

were all investigated.
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3.2 Static Implicit 2D Model Development

A two-dimensional static implicit axisymmetric model was developed to simulate an
acetabular cup being inserted into a polyurethane foam cavity, used to replicate the
human acetabulum. The model was developed based on cup and foam characteristics
used in the two part experimental and finite element study by Jin et al. [2006] and Yew
et al. [2006]. The grade 30 (pounds per cubic feet) foam [Sawbones, 2011] used was
found to be the most suitable alternative to using cadaver specimens in experimental
studies [Jin et al., 2006]. Two separate ‘parts’ of the acetabular cup and foam cavity

were created in the CAE interface, and Sl units were used as summarised in Table 3.1

Table 3.1: Sl units used in model development

Length Force Mass Time Stress Density

mm N tonne (103kg) S MPa tonne/mm>

Figure 3.1 shows the constriction the cup ‘part’ in the CAE interface. The vertical

construction line was added to position the axis of symmetry for the model.

Construction
Line

Figure 3.1: Construction of cup ‘part’ in Abaqus CAE

A single cup geometry was considered in this study as defined in Figure 3.2.
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Figure 3.2: Cross-sectional dimensions of acetabular cup in foam cavity

An outer diameter (d) of 60 mm was used and the cup thicknesses t1 and t2 were
defined as 3.5 and 6 mm respectively, as used by Yew et al. [2006], whilst the
interference between the cup and cavity (i) was varied from 0.25 to 2 mm. The polar
gap (p) was defined as the distance between the outer pole of the cup and the inner
pole of the cavity. The initial polar gap depended on the interference used, such that
the smallest interference produced the smallest initial polar gap, before impaction. In
this study, cup seating was determined by observing the reduction in the polar gap and
this was achieved by monitoring the vertical displacement between two nodes on the
outer pole of the cup and the inner pole of the foam cavity. Cup deformation was
defined as the reduction in the diameter of the cup which was monitored using the
horizontal displacement of the node on the inner equatorial edge of the cup. A single
set was created, containing all the nodes required to monitor cup seating and
deformation. A history output request was used to record the displacement in the Ul

(x) and U2 (y) directions at regular intervals.
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3.2.1 Meshing of Static Implicit 2D Model

The following details the methods that were used to mesh the static axisymmetric
model. The selection of appropriate elements was determined based on the required
contact interaction properties of the cup and cavity, the geometry of the two parts and
the need to minimise the computational run time whilst maintaining the required
accuracy of the results. The process of mesh refinement was carried out to ensure the
efficiency of the model, whereby the mesh density was continually increased until the
differences in the monitored outputs reached a steady state solution. Multiple mesh
verification tests where utilised to ensure that excessive distortion of the elements did
not occur. Element failure criteria used in the checks were if that the face corner angle
was less than 10°, the aspect ratio was greater than 10 and the edge length shorter
than 0.01 mm. Any distorted elements that were identified were removed by
remeshing the model. These element quality checks ensured that the simulations were
able to run without convergence issues.

In a similar approach to that used by Spears et al. [1999], it was assumed that that the
comparatively high stresses at the point of contact between the cup and the edge of
the cavity (Figure 3.3a) would cause this edge to experience a degree of wear and be
smoothed. This area was modified to introduce a curved profile rather than a sharp
right angled edge; this change eliminated the risk of the cup ‘locking’ with the foam

edge at this point during the modelling of insertion (Figure 3.3b).

(a) (b)

Figure 3.3: (a) the sharp corner at the point of contact between cup and cavity and (b) the

introduction of a radius to allow cup to move smoothly into the cavity
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All the axisymmetric models were developed in Abaqus/CAE 6.7 using four noded
linear axisymmetric elements (CAX4R) to mesh the acetabular cup and foam cavity.
The use of quadrilateral elements was justified as they have been shown to have
accurate simulation efficacy when contact between two objects is modelled (Simulia,
2010). Conversely triangular elements generally have poor contact capabilities and as
such were avoided.

Mesh refinement studies were performed to ensure the accuracy of the models.
Comparison of relevant results between incremental increases in the mesh density was
carried out. In this study the diametrical deformation of the inserted cup was used to
monitor the convergence of the model. This was defined by the change in
displacement of the node on the inner corner of the cup (B), relative to the
horizontally positioned node on the axis of symmetry (A), Figure 3.4. The final polar
gap, defined as the displacement between the outer node of the cup (C) and the inner
node of the cavity (D) was also used to ensure that a good convergence to the accurate

solution was achieved.

Axis of Symmetry

—_—

>n

Acetabular Cup

Foam Cavity

Fixed Section

Figure 3.4: Axisymmetric finite element model of the acetabular cup and the foam cavity

-74 -



The model was determined to have reached a point of convergence when the
differences in the diametrical deformation (AD) and polar gap (AP) were within 1% of
these values when an initial high mesh density was used with a total of 6014 elements.
The percentages differences in displacement were calculated using the following

equations:

AD =222 100 (3.1)
Dy

AP =FEZPH 100 (3.2)
Py

Where D¢ and Pg are the deformation and polar gap values of the current simulation
and Dy and Py are the deformation and polar gap values when the maximum mesh
density was modelled. The models were meshed using the built-in meshing algorithms
in ABAQUS. The mesh density in each case was increased by reducing the global node
edge seed size which decreases the edge length for each element. Due to the relative
simplicity of this initial 2D model, mesh verification tests did not identify any
problematic regions within the foam cavity or cup. Table 3.2 details the mesh densities

that were used in the cavity and the cup to reach convergence.

Table 3.2: Mesh densities used to reach convergence

Simulation | Global Seed Size / mm Number of Elements AD /% AP /%
Cup Cavity Cup Cavity Total
1 0.50 0.5 774 5240 6014 - -
2 0.75 1 285 1315 1600 0.1 0.1
3 1.00 2 172 352 524 0.8 0.8
4 1.25 3 102 158 260 2.9 2.8
5 1.5 4 56 85 141 5.8 5.8

It can be seen that in this model convergence was reached when a total of 524
elements were used, resulting in a difference of 0.8% from the previous simulation. It
was observed during the mesh refinement stage that the simulation run time for this
static 2D model was very quick for all the models. With a maximum total of
approximately 6000 elements, the simulation was completed in a period of less than 8
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minutes. As such it was justified, from the prospective of computational run time, to
utilise approximately 6000 elements in the cavity and cup model. This ensured that a
good accuracy of the results was obtained whilst still maintaining a reasonable time for

completion of the simulations.

3.2.2 Boundary Conditions and Interaction Properties in Static Implicit 2D Model
Boundary conditions were applied to the model such that the base of the foam cavity
was constrained; this was achieved by applying an encastre condition to the base

region such that translational and rotational movement was not permitted:

Ul=U2=(U3)=UR1=UR2=(UR3)=0 (3.3)

Where U and UR refer to translational and rotational movement and 1, 2 and 3 refer to
the x, y and z directions. As this was a 2D model movements in the z direction were
automatically restricted by the software.

The movement of the nodes on the axis of symmetry was restricted to the vertical
direction only:

Ul=(U3)=UR2=0 (3.4)

The definition of the contact interaction behaviour was based on the appropriate
identification of the master and slave surfaces used in ABAQUS, the selection of
relevant contact discretisation approaches and the correct use of friction models.

ABAQUS requires that surfaces that are to interact with each other during the
simulation must be defined as contact pairs. In this initial static model the outer
surface of the cup and the inner surface of the foam cavity were defined as contact
pairs. To ensure effective contact is simulated between the two surfaces, the cup and
foam is assigned either a master or slave role. The stiffer component in the contact
pair (the cup) was assigned the master role [Simulia, 2010]. Two discretisation
methods were available to the contact pair of the cup and foam, namely node-to-
surface and surface to surface discretisation. When node-to-surface discretisation is
utilised the nodes on the slave surface are projected onto the master surface. As the
simulation progresses the master surface is able to penetrate the slave surface

however the slave nodes are not able to penetrate the master surface. Surface-to-
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surface discretisation differs in that the contact between the master and slaves
surfaces is averaged and this is able to produce a better representation of the
distribution of stresses in the components. It is recommended [Simulia, 2010] that
when a comparatively low number of nodes are in contact, such as in 2D models, that
node-to-surface discretisation be used to reach convergence. Surface-to-surface
discretisation tends to result in unreasonably high over-closure of the surfaces in
contact when the number of nodes in the interaction is low. As such the contact pair of
the cup and foam in this initial model was defined with node-to-surface discretisation.
ABAQUS requires that the method of sliding between the surfaces of a contact pair be
defined as either finite sliding or small sliding. In the same approach used by Yew et al.
[2006], finite sliding was defined between the cup and the cavity; this selection was
applicable for surfaces that experience non-linear movement and changes in the
contact separation during the analysis.

A penalty contact was used to model the Coulomb friction between the contact pair of
the cup and cavity. This contact method ensured that movement between two
surfaces was always possible to the point of convergence, allowing for elastic slip. The
coefficient of friction was varied from 0.1 to 0.6, with the increasing values
representing a rougher outer porous coating on the cups surface. These values were
similar to those used in previous studies [Spears et al., 1999; Yew et al., 2006].

A similar approach was used by Spears et al. [1999] and Yew et al. [2006], where the
actual porous coating was not modelled as it was considered to have a negligible effect
on the deformation behaviour of the cup. This assumption was also made in this study
with the effect of the coating being represented by a change to the friction coefficient.
In order to vary the interference of the cup, the diameter of the foam cavity was

altered to produce interferences of 0.25, 0.5, 1 and 2 mm.

3.3 Application of Load in Static 2D Model

The clinical approach for inserting a press-fitted cup is to repeatedly hammer the cup
via an impactor using a mallet. This procedure was initially simulated by applying six
load pulses to the cup, with each pulse consisting of a static load increased from zero
to a maximum force and then reduced back to zero. The load was applied to a single

node on the inner surface of the cup which was positioned in line with the plane of the

-77 -



rim of the cavity. Due to the restrictions of using an axisymmetric model, it was not
straightforward to alter the cup’s orientation at this stage.

The load pulses were created by defining twelve steps each for a ‘time period’ of one
second. Each step was coupled with an amplitude definition which ramped the force
from zero at time zero to a maximum at time one. On the following step the force was
ramped back down from a maximum at time zero to a zero at time one. This was
repeated to produce six pulses using twelve steps. For interferences of 0.25 to 1 mm,
the maximum force was increased for each pulse such that the first pulse was 500N,
followed by 1000, 2000, 4000, 6000 and 8000 N, as used previously [Spears et al.,
1999] (Figure 3.5).

8000
7000
6000
5000

4

~ 4000

©
3000
2000
1000

Loa

Steps

Figure 3.5: A schematic representation of the load impulses applied to the acetabular cup

When an interference of 2 mm was used, the maximum pulse forces ranged from
1000N to 20,000N, to ensure that each impulse resulted in the cup moving further into
the cavity. It should be noted that these values are significantly greater than those
experienced clinically. In a similar manner to Spears et al. [1999], loads were applied
to the central node on the inner polar surface of the cup and as no time dependent
material properties were considered, the time for each load pulse was not important.
Both the cup and the foam cavity were assumed to be linear elastic and their relevant
material properties are summarised in Table 3.3. The Young’s modulus of 0.553 GPa of

the foam cavity was reported by Jin et al. [2006] to produce similar cup deformations
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to a cadaveric model. Table 3.3 also presents the typical range of values for the

material properties of cortical and cancellous bone for comparison.

Table 3.3: Mechanical properties of the acetabular cup and foam cavity

Young’'s Modulus | Poisson’s Density
Material Source
(GPa) Ratio (Tonne/mm°)
Ratner et al
Co-Cr 210 0.3 8.3x107°
[2005]
Grade 30
0.553 0.3 4.8x10° Sawbones [2011]
Foam
Dalstra et al
Cancellous
0.001-1 0.01-0.5 0-1x10° [1993];
Bone
Thompson et al
. [2004];
Cortical
4.4-228 0.2-0.5 | 1x10°-2x10" | Helgason et al
Bone
[2008]

As well as investigating the deformation behaviour of the acetabular cup, the gap
between the polar nodes of the cup and foam cavity were monitored, as well as the
percentage contact area between the two surfaces. The von Mises stresses were also
monitored to observe its distribution within the component and the cavity following

insertion.
3.3.1 Results

Figure 3.6 shows the amount of diametrical deformation of the acetabular cup when
inserted in to the foam cavity with an interference of 0.5 mm. It can be seen that
increasing the coefficient of friction between cup and foam leads to an increase in
diametrical deformation when a peak load is applied. However upon removal of the
load, the deformations appear to be similar. The maximum deformations occur when
the last (and highest) load is applied. Table 3.4 shows the maximum cup deformation
obtained for the different coefficients of friction with 0.5 mm interference. Also shown
are the final deformations obtained when the load is removed at the end of the last

pulse.
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Figure 3.6: Deformation of 60 mm cup with 0.5 mm Interference when inserted into grade 30

foam

Table 3.4 Deformations obtained for varying amounts of friction with 0.5 mm interference

Maximum Residual Deformation
Coefficient of Friction
Deformation (um) after last pulse (um)
0.1 10.6 8.7
0.2 12.1 8.7
0.3 13.4 9.0
0.4 14.6 9.0
0.5 15.3 8.9
0.6 16.9 8.8

The deformation behaviour observed for varying coefficients of friction for 0.5 mm
interference was found to be similar for the other interferences tested.

Figure 3.7 shows that increasing the cup interference caused a notable increase in
diametrical deformation with a coefficient of friction of 0.3. Similar deformation
behaviour was observed with the other degrees of friction tested. Table 3.5 shows the

maximum cup deformations obtained for the different interferences at values of
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coefficients of friction Of 0.1, 0.3 and 0.6. Also shown are the final deformations

obtained when the load was removed at the end of the last pulse.
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Figure 3.7: Deformation of 60 mm cup at different interferences (Friction = 0.3)

Table 3.5: Deformations obtained for varying amounts of interference and friction

Coefficient of Maximum Deformation after
Interference (mm)
Friction Deformation (um) last pulse (um)

0.1 5.0 3.2

0.25 0.3 6.0 4.1
0.6 7.2 3.9

0.1 10.8 8.7

0.5 0.3 134 9.0
0.6 17.0 8.8

0.1 21.2 17.0

1 0.3 24.4 16.0
0.6 31.7 17.8

0.1 41.7 32.0
2 0.3 46.2 31.0
0.6 58.1 28.5
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Table 3.6: Polar gaps observed for varying amounts of interference and friction

Minimum Polar Gap
Polar Gap after Last
Interference (mm) Coefficient of Friction During Insertion
Impulse (mm)
(mm)

0.1 0 0.05

0.25 0.3 0 0.08
0.6 0 0.07

0.1 0 0.25

0.5 0.3 0 0.30
0.6 0 0.28

0.1 0.06 0.50

1 0.3 0.12 0.40
0.6 0.23 0.58

0.1 0.04 1.08

2 0.3 0.09 0.75
0.6 0.28 0.97

Table 3.6 shows the minimum polar gaps obtained for the different interferences at
values of coefficients of friction of 0.1, 0.3 and 0.6. Also shown are the final polar gaps
observed when the load was removed at the end of the last pulse. All non-zero values
for the minimum gap were found after the last pulse was removed.

Figure 3.8 shows the polar gap remaining with 1 mm Interference at different
coefficients of friction. It can be seen that as the impulses are applied, the polar gap
progressively decreases. However at the end of each pulse, when the load is removed,
elastic spring back of the cup can be seen for each case. It is observed that although
increasing the force causes the cup to be driven further into the cavity, the model
eventually reaches a stage where further loading does not appear to decrease the

polar gap after the removal of the load.
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Figure 3.8: Polar gap remaining with 1 mm Interference at different coefficients of friction

Figure 3.9 shows that reducing the cup interference causes the polar gap to reduce by

a higher amount at a lower load. It also shows that after the last pulse is applied, a

lower interference leads to the smallest polar gap and at peak points of the load

application, the gap closes completely.
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Figure 3.9: Polar Gap Remaining with different interferences (Friction = 0.3)

Figure 3.10 shows the percentage contact area between the cup and the foam cavity

for different coefficients of friction. It clearly shows that a lower friction coefficient

resulted

in a higher maximum contact area, with a coefficient of 0.1 resulting in a
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maximum contact area of 95% and a coefficient of 0.6 resulting in a maximum contact
area of 59%. It must be noted that these maximum contact areas were achieved at the
peak of the last (and greatest) impulse. Upon removal of the final load, the percentage
contact area reduced notably to 40% for a friction coefficient of 0.1 and 32% for a
coefficient of 0.6. The greatest contact stresses were found to occur at the rim of the

cup after insertion and were greater for higher interference fits.
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Figure 3.10: Contact Area (%) - 1 mm Interference

3.3.2 Discussion

The procedure of press-fitting an acetabular cup into a foam cavity mimicking the
human acetabulum was successfully simulated using two dimensional axisymmetric
models. Initially a progressively increasing impulse force was applied to the cup to
simulate clinical impactions with a mallet, and the cup interference and cup-foam
friction was varied. The impulse forces considered were similar to those used in a
previous finite element study [Spears et al., 1999] however the maximum forces used
in the final impulses were notably larger when an interference of 2 mm was modelled.
An unrealistically high peak impulse force of 20,000N was required to achieve
adequate cup seating. Forces of over 3500N have been estimated [Mackenzie et al.,
1994] to increase the possibility of damaging or fracturing the pelvis and therefore the
peak forces reached in this model are not clinically relevant. The study by Yew et al.
[2006] also found that an unreasonably high load of over 100 kN was required to

initiate cup seating in their axisymmetric model. The cup deformations and incidence
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of polar gaps in the current study were found to be in keeping with the behaviour
observed by earlier studies [Yew et al., 2006; Spears et al., 1999].

It was observed that with each increasing impulse force on the cup, the percentage
area of contact between the cup and the foam cavity increased and the polar gap
decreased as the cup was driven further into the cavity. It has been reported
[Sandborn et al., 1988] that for polar gaps up to 2 mm in size, bone growth will occur
into the porous surface coating on the cup, and for a gap size less than or equal to 0.5
mm, the rate of bone ingrowth is notably higher. In this study it was found that the
final polar gap was less than 2 mm for all interference and friction combinations
examined and that for interferences of 0.25 and 0.5 mm, the polar gap was less than
0.5 mm, meaning that optimum bone ingrowth would be possible. This was also the
case when an interference of 1 mm was considered with a coefficient of friction of less
than or equal to 0.3. Rebounding of the cup occurred when the load was removed at
the end of each impulse. The degree of friction was seen to influence the amount of
spring back and this was especially evident when comparing the effect of the extreme
values of friction of 0.1 and 0.6 on the polar gap and percentage contact area; a lower
friction between the cup and foam resulted in notably higher levels of rebounding
upon load removal, particularly during the earlier impulses. This spring back behaviour
was also reported in a previous experimental study [Jin et al., 2006] and in previous
finite element studies by [Yew et al., 2006; Spears et al., 1999].

Commonly manufacturers of press-fit cups do not consider the porous surface coating
when detailing the diameter of the cups [Sharkey et al., 1999] and that this omission
could undersize the diameter by more than 1 mm. Therefore in experimental and

clinical situations, there is a risk that the interference will be underestimated.
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34 Development of Explicit Dynamics 2D Axisymmetric Model

Whilst the initial static implicit models provided information about the deformation
behaviour of a cup during insertion, they were not able to represent the mallet
impacts used clinically to seat the component. It is difficult therefore to estimate the
position of the seated cup clinically and the corresponding deformations when only
static loads are used, which also may not be realistic when compared to those
generated by impact momentums. Therefore, before considering complex three-
dimensional models, it was important to develop a simple 2D model that incorporated
dynamic loading and more detailed cancellous bone properties. This ensured that
appropriate modelling techniques were developed and any problems overcome before
transferring the cup impaction simulation into three-dimensions, which is more

complex and more demanding computationally.

3.4.1 Single Cup Impact

The clinical approach for inserting a press-fitted cup is to repeatedly hammer the cup
into the acetabulum via an impactor using a mallet. The static implicit two-dimensional
axisymmetric model that was previously developed was altered to include a third
independent ‘part’ representing the mallet in the current explicit dynamics model.
Initially, the impaction process was simplified such that only one impact on the inner
polar surface of the cup was simulated with a constant velocity. This was achieved by
defining the impactor with a predefined velocity to begin in the initial step, using the
predefined field function. The velocity of the impactor was determined so that it was
high enough to force the cup into the cavity, such that the polar gap was as small as
possible for each cup-foam interaction. A single impact approach was used initially to
minimise the computational run time of the simulation and to determine the optimum
model parameters to use in order to maximise the efficiency of the model whilst
maintaining the accuracy of the results obtained. One such parameter that was
investigated was the mesh size used in the model; it was determined that mesh
density in the initial static 2D model was unnecessarily high but as the computational
run time was reasonably short, its use was justified. When an impactor with a defined
velocity was introduced, the run time increased significantly to several hours when

using the previous mesh density of 6000 elements. Mesh refinement studies were

- 86 -



therefore repeated with the addition of the impactor component and are summarised

in Table 3.7.
Table 3.7: Mesh densities used to reach convergence
Simulation Global Seed Size / mm Number of Elements aAD/ | AP/
Cup Cavity | Impactor | Cup | Cavity | Impactor | Total % %
1 0.50 0.5 1 774 5240 589 6603 - -
2 0.75 1 2 285 1315 159 1759 0.2 0.2
3 1.00 2 4 172 352 24 548 0.7 0.7
4 1.25 3 6 102 158 14 274 2.7 2.6
5 1.5 4 8 56 85 8 149 4.6 4.6

Mesh convergence to within 1% was found to occur when a total of 548 elements were

used with only elastic properties defined in the foam cavity (Figure 3.11).

_ Impactor
Axis of

Symmet
y i Acetabular Cup

Foam Cavity

Fixed Section
Figure 3.11: Axisymmetric finite element model of the acetabular cup, foam cavity and
impactor
When time dependent properties were later introduced into the foam, further
convergence studies found that the mesh size in the cavity was now too coarse and
had to be refined by a considerable amount to ensure the values of the displacements

observed were accurate; this finer mesh was therefore used in subsequent models
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(Figure 3.13). As a consequence of increasing the number of elements used in the
model, the computational run time increased notably to approximately 3 hours. In an
effort to reduce the run time, a mass scaling factor of 2 was introduced to selected
elements in the foam cavity that were at a distance from the interaction point

between the acetabular cup and foam.

3.4.2 Multiple Cup Impacts

In order to mimic the multiple mallet blows administered by a surgeon in a clinical
setting, a number of simple impactors were modelled with the same initial velocity and
were positioned such that they were equally spaced away from the acetabular cup.
This allowed for the cup to be impacted with the same momentum at regular time
intervals. The multiple impactors were assembled as instances dependent on a single
constructed impactor ‘part’. This allowed all impactor instances to be meshed and be
given property definitions quickly by applying these definitions to the single impactor
‘part’.

Each impactor was modelled with a diameter of 40 mm and its mass was set to be 1.3
kg, as used experimentally by Fritsche et al. [2008].

All the solid models were developed in Abaqus/CAE 6.8 and a total of approximately
3000 four noded linear quadrilateral elements were used. The model, with 4 of the

impactors that were used, is shown in Figure 3.12.

Axis of Symmetry
Multiple
Acetabular Impactors
Cup

Fixed |&=
Section |[EEE =

Foam Cavity
Figure 3.12: Axisymmetric finite element model of the acetabular cup, foam cavity and
impactors
In a similar manner to the static 2D model, boundary conditions were applied such that
the base of the foam cavity was constrained and the movement of the nodes on the
axis of symmetry was restricted to along the direction of the axis only. In these models

only one explicit dynamics step was defined.
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Surface-to-surface explicit contact was defined between the impactors and cup and
the cup and the foam. Initially kinematic contact was defined for the interaction
between the cup and the foam however this resulted in large levels of noise in the
results of the nodal displacements. A penalty contact method was therefore used with
finite sliding for the interaction between the cup and the cavity.

Frictionless contact was assumed between the impactors and the cup and small finite
sliding was defined in this contact pair as the two components experience low relative
motion during their time in contact. As no contact definitions were defined between
one impactor and another, they were able to effectively pass through each other as
they moved towards the cup and when they rebounded away from the cup after

impaction.

3.4.3 Definition of Material Properties

Linear elastic properties for the impactor, cup and foam were defined and are
summarised in Table 3.8. In subsequent simulations, a rigid cap was modelled between
the cup and impactor and the cup material was changed to Titanium to represent a

typical metal shell that may be used with a ceramic or polyethylene cup.

Table 3.8: Mechanical properties of the acetabular cup, foam cavity and impactor

Material Young'’s Poisson’s | Density (kg/m’) Source
Modulus Ratio
(GPa)

Co-Cr Cup 210 0.3 8300 Ratner et al., 2004
Grade 30 Foam 0.553 0.3 480 Sawbones, 2011

Impactor 210 0.3 47000 Fritsche et al., 2008
Ti-6Al-4V Cup 113 0.3 4430 Ratner et al., 2004

Rigid Cap 2000 0.3 100 -

Short term viscoelastic properties were also defined in this model and were
determined using values of the loss tangent (tand) and the storage modulus (E’) of
cancellous bone for frequencies between 0.01 Hz and 100 Hz [Guedes et al., 2006].
The loss tangent and storage modulus for 1000 Hz were estimated from the data

whilst the values of the long-term shear modulus (G_inf) and the long-term bulk
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modulus (K_inf) were taken as being 204.22 MPa and 442.48 MPa respectively [Bandak
et al., 2001].

Using the relationships shown in equations 3.5 to 3.8, between the Complex Young's
Modulus (E*), Complex Shear Modulus (G*), Complex Bulk Modulus (K*), loss tangent
(tand), storage modulus (E’), loss modulus (E”’) and poisson’s ratio (v), the parameters
summarised in Table 3.9, were determined and defined in Abaqus for frequency values

between 0.01 and 1000 Hz; v was assumed to be 0.3.

E’ = E*cosd (3.5)
E” = E*sind (3.6)
K* = E*¥/3(1 - 2v) (3.7)
E* = 2G*(1 +v) (3.8)

Table 3.9: Viscoelastic parameters defined in Abaqus for foam cavity and examples of values

used
G /G_inf Frequency (Hz)
(Real) G'/G_inf (Imag) | K'/K_inf(Real) | K'/K_inf(Imag)
The real The imaginary The real part of The imaginary Loading frequency
part of the part of the the complex part of the
complex complex shear bulk modulus complex bulk
shear modulus modulus
modulus
0.104 0.036 0.104 0.357 0.01
0.069 -0.130 0.069 -0.130 1

3.4.4 Addition of Rigid Cap between Cup and Impactor

Following the simulation of the simple model of impaction on the polar surface of the
cup, the model was modified to include a frictionless loading cap between the cup and
impactor to simulate impaction devices used commercially which are designed to
impact the cup rim and avoid any contact with the articulating surface, thus preventing

damage to this area (Figure 3.13).
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Figure 3.13: Axisymmetric finite element model of cup impaction with rigid cap

The effect of changing various model parameters on cup seating and deformation
were investigated and compared with the cup behaviour observed when impacting
directly on its polar surface.

In order to prevent the cap from rebounding away from the cup after each impact, a
multi-point constraint was defined such that the distance along the axis of symmetry
between a node from the cap and a node from the cup rim remained constant

throughout the simulation, Figure 3.14.

Cap

Line of
Multi-point Node on

Constraint Cap

Node on
Cup

Foam Cavity

Axis of Symmetry

Figure 3.14: Definition of Multi-point constraint between cup and cap
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3.5 Simulation Parameters
Upon developing a more realistic cup impaction model, a study was carried out in
which a number of parameters were varied and their effect on cup seating and

deformation investigated, as described in the following sections.

3.5.1 Method
Table 3.10 shows the parameters that were varied in the study, using a frictionless cap
(free cap) and impacting directly on the inner surface of the cup (polar impact). Purely

elastic properties were used in each of these simulations.

Table 3.10: Different cup-foam parameters used in the study

Parameters
Simulation Interference (mm) Friction Impact Speed (m/s)

A 1 0.3 0.5

B 1 0.3 1

C 1 0.3 1.5

D 1 0.1 1.5

E 1 0.2 1.5

F 1 0.4 1.5

G 1 0.5 1.5

H 0.25 0.3 05/1/15
I 0.5 0.3 05/1/15
J 2 0.3 05/1/15

Simulation B was repeated with contact defined between the cap and cup rim such
that no separation or sliding between the two surfaces was possible. This was
performed in order to simulate a cap being locked onto a cup during impaction (locked
cap). Once the cup was fully seated, the cap was separated from the cup and removed,
and the effect of using a locked cap on cup seating and deformation was investigated.

The simulation was presumed to have completed when subsequent impactions had no

additional effect on the seating of the cup or if the cup bounced out of the cavity. If the
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polar gap at the end of the simulation was less than or equal to 0.5 mm, which has
been shown to be the maximum gap for optimum bone in-growth to occur, then the
cup would be regarded as being fully seated in the cavity.

In an additional model, the Cobalt-Chromium properties of the cup were replaced with
the elastic properties of Titanium Alloy Ti-6Al-4V (Table 3.8) and the differences
between the two different cup materials with a purely elastic foam cavity were
investigated by repeating simulation B, using a free cap, locked cap and polar impact.
Initially the cup, cap, impactors and foam were all assumed to be linear elastic and the
properties defined for these components are summarised in Table 3. The mass density
of the impactor was deemed to be much larger than the other components because its
volume was smaller than in clinical situations, and the mass of 1.3 kg [Fritsche et al.,
2008] needed to be maintained. A small mass density was defined for the cap so that

its mass did not influence the seating of the cup.

3.5.2 Results

As expected, increasing the impact velocity resulted in fewer impacts being required to
seat the cups. Using simulations A to C with a free cap, velocities of 1 and 1.5 m/s
appeared to fully seat the cup, resulting in a diametrical deformation of 17 um,
however at 0.5 m/s the cup could not be fully seated and a substantial polar gap still

remained at the end of the simulation, producing a lower diametrical deformation of 9

um.

10
€ a==().5 mm Interference
-
~
[-14]
£ 6 eamm] mm Interference
£
o
£
S 4 esms) mm Interference
g 2
S 0
[- %

0 2 4 6 8 10 12
Time /s

Figure 3.15: Polar gap observed after impaction at 1.5 m/s at different interferences with a

coefficient of friction of 0.3

-03-



Figure 3.15 shows the polar gap remaining after impaction for Co-Cr cups with
different interferences using a free cap with a velocity of 1.5 m/s, with a constant
friction coefficient of 0.3. The data for 0.25 mm interference has not been included as
the cup bounced out after the first impact. An increase in interference results in more
impacts being required to insert the cup and also in higher cup deformation occurring.
It was found that although the cup with 0.5 mm interference was fully seated, it had
only experienced a diametrical deformation of 9 um, whereas the cup with 2 mm
interference still had a polar gap of about 1.5 mm remaining when it reached a steady

state, whilst still experiencing a larger diametrical deformation of 28 um.

Table 3.11: Number of impacts to fully seat Co-Cr cup after impaction using a free cap and at

the pole, at 1.5 m/s with 1 mm interference at various coefficients of friction

Coefficient of Friction between Cup and Foam

0.1 0.2 0.3 04 0.5
Free Cap Impact 2 3 4 6 10
Polar Impact 3 4 7 9 13

Table 3.11 shows the influence of the coefficient of friction between the Co-Cr cup and
the foam on the number of impacts required to fully seat the cup at a constant velocity
of 1.5 m/s with 1 mm interference using both the free cap and polar impaction
methods. Increasing the coefficient of friction led to a greater number of impacts being
required to fully seat the cup, to get to the same final diametrical deformation of 17
pum. Using a free cap between the cup and impactor resulted in slightly fewer
impactions being required, with the largest differences occurring at the highest
coefficient of friction.

Table 3.12 compares the number of impactions that were needed when using either a
free cap or impacting on the inner polar surface of the cup, to either fully seat the cup
or after which further impactions made no change to the cup position, at different
impact velocities and interference values, with a constant coefficient of friction of 0.3.
Using a free cap, as used in commercial devices to prevent damage to the articulating
surface, resulted in fewer impactions being required than when impacting at the pole
to fully seat the cup, particularly for interferences greater than 0.5 mm. For

interferences of 0.5 and 1 mm increasing the impact velocity also meant that fewer
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impactions were required to seat the cup with a free cap. For the smallest interference
of 0.25 mm, the higher impact velocities resulted in the cup displaying significant
elastic spring back after the first blow. With the largest interference of 2 mm, it was
observed that as the impact velocity was increased, more impacts were possible
before they no longer affected cup position, and the cup could be driven further into
the cavity using the free cap. However with both impaction methods, full seating could

only be achieved when the velocity was increased to 2 m/s.

Table 3.12: Impactions required to fully seat the cup or after which any further impaction
makes no difference to seating, with a coefficient of friction of 0.3. *Cup bounced out of cavity

after first impact. Italic = percentage seated.

Impactor Velocity (m/s)

0.5 1 1.5 2
Free | Polar | Free | Polar | Locked | Free | Polar | Free | Polar
Cap | Impact | Cap | Impact Cap Cap | Impact | Cap | Impact
0.25 3 3 * * - * * * *
’g Co-Cr 0.5 9 10 3 3 - 2 2 * *
§ Cup 1 17 14 10 14 5 4 7 1 3
g (64 %)| (50%)
% 2 7 4 11 8 - 23 20 9 12
= (24%)| (12%) | (56%) | (30%) (86%)| (67%)
E Ti Cup 1 - - 10 9 5 - - - -

When a Co-Cr cup with a higher Young’s Modulus is considered, insertion using a free
cap as opposed to impacting at the polar surface of the cup required fewer impacts to
insert the cup; each impaction using a free cap moved the cup further into the cavity
than when the cup was hit at the pole. Locking the cap to the cup around the rim
significantly further reduced the number of impacts required to seat the cup. The
diametrical cup deformations observed during insertion were considerably lower than
the other two methods due to the rim being locked to the cap, however when the cap
was separated from the cup, the final deformation increased as expected to similar
levels for all three impaction methods (Figure 3.16).

The use of a free cap compared to the polar impact did not make a difference to the

number of impacts needed when a titanium alloy cup was considered, however 5
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fewer polar impacts were required compared to the Co-Cr cup. Higher deformations of
34 um were observed for the titanium alloy cup compared with 17.6 um for the Co-Cr
cup during polar and free cap impaction. With a locked cap, the deformations
observed during impaction are the same for both cup materials as the locked cap
drives the overall performance, however once the cup was fully seated and the cap
was released from the cups (* on Figure 3.16) the final deformations increased to the

same level as that observed for the two materials using the other two impaction

methods.
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Figure 3.16: Cup Deformation observed after impaction of Co-Cr cup at 1 m/s with an
interference of 1 mm and a friction coefficient of 0.3 *Cup fully seated at this point and locked

cap released from cup and removed

3.5.3 Discussion

Following the development of the initial static cup insertion model, an explicit
dynamics model was created to simulate the multiple mallet impacts administered by
an orthopaedic surgeon to seat a metallic press fit acetabular cup into the acetabulum.
As previously indicated by the static impulse model, increasing the interference and
cup-bone friction resulted in more impacts at a higher velocity being required to seat
the cup. Of significance to the design of insertion tools, the use of a cap locked on the
cup rim made insertion considerably easier than impacting directly on the polar

surface for cups made from Co-Cr and Titanium alloy. When the modulus of the cup

-96 -



was lower, polar impaction became slightly easier than impacting around the rim using
a cap that was free relative to the cup rim.

Dynamic loading is clearly a more realistic approach to simulating the insertion of press
fit cups, as presented in the current study when compared to previously reported
studies [Yew et al., 2006; Spears et al., 1999] which have used static implicit finite
element solvers to seat the components, effectively squeezing them into the acetabula
cavity. The impact velocities that were defined in this study were estimated based on
observations of the clinical procedure where it was noted that on average a surgeon
will impact the acetabular cup once every 0.5 seconds [West et al., 2008].

The momentum of impaction was changed by altering the impactor velocity, keeping
the impactor mass constant. Simulations were ended if further impactions made no
difference to its position or if the polar gap was less than or equal to 0.5 mm, at which
optimum bone ingrowth begins to occur. As would be expected, higher velocities were
shown to result in fewer impactions being required to seat the cups. Although the
current study allowed impactions to be repeated until cup seating was observed, it is
unlikely for a surgeon to completely replicate this behaviour. However the simulation
provided useful information, for example indicating that with a 2 mm interference, the
cups would probably not be fully seated unless hit with considerable force on many
occasions. It is important to consider the influence of increasing the impactor velocity
on the precision of hitting that can be performed by the surgeon during insertion. At
higher velocities, there is likely to be a higher risk of the surgeon mis-hitting the cup
causing it to be inserted incorrectly, or damaging the cup or surrounding bone. The
higher forces associated with the higher velocities would also likely increase the risk of
damage to the cup or surrounding acetabula bone.

The effect of changing interference on cup deformation is in agreement with the
findings by a previous finite element study [Yew et al., 2006] in that increasing the
interference caused an increase in the amount of diametrical deformation observed.
Deformations were found to correspond to the position of the cup within the foam
cavity; the further the cup was within the cavity, that is the smaller the polar gap, the
larger the observed diametrical deformations. Whilst higher interferences made
insertion more difficult with a constant velocity, using too high an impact velocity with

too low an interference, resulted in the cup bouncing out of the cavity; these
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observations are similar to those reported in a previous experimental study [lin et al.,
2006].

When Co-Cr cups are inserted clinically, two different methods can be used. If they are
used as a backing shell to a polyethylene or ceramic cup, as can be the case in THRs,
then they may be hit at the pole [Smith & Nephew, 2010]. However if the component
is @ monoblock and has a polished bearing surface, as is the case in MoM hip
resurfacing components, this articulating surface is protected and a ‘cap’ is commonly
used which transmits the insertion impacts through the cup rim [Zimmer, 2008]. When
this free cap was modelled in the current study, fewer impactions were necessary to
seat the cup than when it was impacted directly on its polar surface; this difference
was more pronounced for higher interferences. Titanium shells are used exclusively
with ceramic or polyethylene cups rather than independently [Which Medical Device,
2011] and it was interesting to discover that it was slightly easier to impact a titanium
alloy shell at the pole than it was to insert either the titanium shell or Co-Cr cup by
impacting on the rim. This may be explained by considering that the stiffness of the
titanium shell is significantly less than that of the Co-Cr cup. For the titanium shell, the
diameter of the shell reduces more during the insertion procedure, and therefore is
able to move into the cavity somewhat more easily than for higher stiffness shells, or
when a free cap is used. It is clear that the modulus of the metal acetabular
components and the method of impaction are important factors in determining the
ease of insertion and should therefore be given careful consideration during the design
of cups and impaction devices.

Hitting the cups at the rim with the free cap resulted in the cup position oscillating
considerably more than hitting directly at the pole, as can be seen in the oscillations of
the cup deformations in Figure 3.16. Whilst the oscillations after polar impact did not
affect the final cup position, the larger oscillations that occurred after rim impact were
found to cause micro-motion of the cup, resulting in it moving about 0.01 mm further
into the cavity in the 0.5 s between each impact. Although this movement is
comparatively small, this outcome suggests that intentionally increasing the amount of
high frequency oscillations generated might aid cup insertion. These findings are
contrary to the suggestion made by Spears et al. [1999] who stated, following their

static analysis, that the position of the applied load is inconsequential.
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Of greatest significance, it was established that substantially fewer impacts were
required to seat both the titanium and Co-Cr cups when the rigid cap was locked to the
cup, effectively stiffening the whole cup construct. This may be explained by
considering that when polar and free cap impaction is modelled, much of the impact
energy is transferred directly to the cup. However when the cap, which has a very high
stiffness, is locked to the cup, less energy from each impaction is transferred to the cup
and substantially more is transferred to the foam cavity. This results in the diameter of
the cavity increasing more readily, allowing the cup to be inserted more easily. Once
the cup is fully seated, the cap is removed and the high strain energy from the foam is
immediately transferred to the cup, resulting in the sudden increase in cup
deformation, as shown in Figure 3.16. These findings are significant to the design of
impaction devices, showing that securing a cap to the cup in a manner that stiffens the
whole construct during insertion could make impaction easier than simply using a free
cap, as is the case with many commercial impaction devices currently used.

A notable limitation of the model in this study was the simplification of a three-
dimensional foam cavity structure to a two-dimensional axisymmetric model. This was
evident when comparing the deformations observed in this study with the
deformation observed in the three-dimensional model of the cup and foam cavity by
Yew et al. [2006]. Maximum deformations were found to be notably smaller in the
current study and this can be reasoned by considering that the study by Yew et al.
[2006] was able to create “pinching points” acting on two diametrically opposed ends
of the cups, thus being able to simulate the non-uniform deformation behaviour of the
cup in the human pelvis. The significance of adding pinching is highlighted in a study by
Ong et al. [2009] who, using pinch points, found cup deformations to be 50 times
greater than a study by Fritsche et al. [2008] who used uniform support in a circular
cavity, with similar cups. It is clear therefore that the experimental conditions created
in investigating cup deformation, particularly that of non-uniform support to the cup,
can have a significant effect on the results. Despite this limitation in the initial models,
it was observed that maximum contact stresses occurred at the periphery of the cup
and in the corresponding contact region at the rim of the foam cavity and is in
agreement with previous experimental and finite element reports [Jin et al., 2006; Yew
et al., 2006]. It has also been reported [Ries et al., 1997] that acetabular strains in the

bone were greatest at the periphery of the cup.
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The deformations generated in the cup using elastic foam in the current study are still
high enough to be a cause for concern. A cup with a 2 mm interference fit has been
shown to result in diametrical deformations of 35 um. The typical diametrical
clearances for these components are typically between 80 and 120 um specified for a
60 mm cup [Yew et al., 2006], so it is clear that these deformations could hamper the
tribological performance at the bearing surface interface. For the backing shells the
diametrical changes could influence the behaviour of the proper seating of the ceramic
or polyethylene cups. Decreasing the shell or cup thickness or increasing its diameter
can result in higher deformations [Yew et al., 2006], therefore this appears to be a
factor that must be given careful consideration during the design and use of press fit

cups.

3.6 Introduction of Plasticity into Foam Model
Earlier studies that have modelled foam cavities have assumed the material as being
purely elastic. The influence of the plastic yielding of the foam model on the behaviour

of the cup was simulated in the current study.

3.6.1 Method

Plasticity was introduced into the material model for the foam cavity using a perfectly
elastic plastic model with a yield stress of 20 MPa [Sawbones, 2011] and its effect on
cup seating and deformation was compared with that of elastic foam, during and after

impaction with a free cap using a coefficient of friction of 0.3.

3.6.2 Results

The influence of elastic-plastic foam properties on the remaining polar gap and the
final diametrical cup deformations observed after full seating of the Co-Cr cup using a
free cap are shown in Table 3.13. As the interference increased, the minimum possible
polar gap increased, as did the cup deformation. Introducing a yield stress into the
foam resulted in lower final deformations than for a purely elastic foam, with the
greatest differences being observed for the highest interferences. No differences were

noted in the cup position during and after impaction.
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Table 3.13: Polar gap remaining and cup deformation with and without yield after full seating

of cup using a free cap, coefficient of friction of 0.3.

Final Co-Cr Cup Final Cup
Polar Gap Deformation / Deformation with
Remaining / mm pm Yield / pm
0.25 0.16 4.68 4.44
Interference | 0.5 0.18 9.39 8.89
(mm) 1 0.37 17.6 15.59
2 0.48 35.2 30.8

3.6.3 Discussion

The limited modelling studies to date that have examined press fit cup deformation
behaviour, have not considered the consequences of the plastic yielding and micro-
damage of bone; rather they have all assumed bone as being linearly elastic. Plasticity
was introduced in this study through a yield stress and this was found to create lower
cup deformations than using purely elastic foam. The results suggest that using higher
interferences may result in more cancellous bone micro-damage occurring during
insertion. However it is of note that the differences in the deformations are
comparatively small; overall, the long term effect of bone remodelling will be of
significance as it is due to this that bone in-growth can occur over time between the
porous outer surface of the cup and the damaged surrounding bone. It is expected that
the surface interactions with weaker bone, such as osteoporotic bone, could be more
accurately modelled by using lower vyield stresses in the cavity, in conjunction with

lower values for the coefficient of friction.
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3.7 Introduction of Viscoelastic Properties into Foam Model

Viscoelastic properties were defined for the foam in addition to its linear elastic
definitions, and simulation C was repeated by impacting on the cups inner polar
surface. This simulation was run for a time period of 100 seconds and the effect of

viscoelasticity on cup seating and deformation in this time period was observed.

3.7.1 Results

It was found that cup seating was largely unaffected by the addition of viscoelasticity
however differences are observed between the cup deformations during polar
impaction; after 93 seconds the deformation with viscoelastic foam reduces to

approximately 0.07 um less than that observed when using purely elastic foam, Figure

3.17.
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Figure 3.17: Diametrical cup deformation after impaction at 1m/s with 1 mm interference and

coefficient of friction of 0.3 - comparison of viscoelastic and elastic foam after polar impaction.

3.7.2 Discussion

When comparing the results obtained between using purely elastic foam and foam
with time dependent properties, it was found that the difference in cup position during
and after impaction was negligible. However, differences in cup deformation were
observed in the simulation time of 100 seconds; during impaction, the viscoelastic

foam resulted in the peak deformation being consistently higher by up to 1 um after
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each impact. After the last impact was applied, the simulation ran for approximately a
further 90 seconds and in this time the final deformation reduced by about 0.07 um
for the viscoelastic model, more than that observed for the elastic model, which did
not experience a change in deformation. Although this decrease is not substantial, it is
clear that the addition of viscoelasticity to the model resulted in the deformation
relaxing, which supports the argument that the lack of clinical problems due to cup
deformation may be also be attributed, in part, to the stress relaxation occurring in the
acetabulum, allowing the cup to partially return closer to its undeformed state, such
that optimal diametrical clearances are maintained. It should be noted that the time
dependant properties calculated for this model are more accurately described as being
rate dependant. Future model developments include the long term time dependent
creep properties of bone, providing a more accurate representation of the static cup-

bone interaction behaviour over a period of 24 hours.

3.8 Conclusions

The use of a dynamic model to simulate the impaction of an acetabular cup with a
range of parameters has allowed a number of interesting observations to be made.
Increasing cup interference results in higher impact velocities being required to seat
the cup. Of great significance, locking a rigid cap to the cup rim during impaction for
insertion was found to result in fewer impactions being required than using a free cap
or impacting directly on to the polar surface. This is important to impactor design and
would make cup insertion easier possibly and reduce acetabulum damage. The
stiffness of the cup material used was also found to influence the ease of cup seating
and slight micromotion of the cup into the cavity was found to occur between impacts
when using a free cap. The addition of plastic yielding and time dependency to the
foam cavity resulted in a slight decrease in cup deformation.

The concepts and understanding of the two-dimensional foam model was used to
guide the development of a three-dimensional foam model which was used to carry

out a more detailed analysis of key parameters.
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Chapter 4

Experimental Validation and 3D Cup-Foam Model

Development

4.1 Introduction

The previous chapter established that the method of impaction influenced the seating
of the acetabular component and specifically that rim impaction resulted in a smaller
final polar gap than polar impaction.

The effect of cup orientation, in relation to the underlying bony support of the
acetabulum, on the deformation of the cup itself has not been widely investigated.
Cadaveric testing [Widmer et al., 2002] has established three dominant regions within
the acetabular cavity that transfer load to the acetabular cup, namely the ischeal, iliac
and pubic bone. These three regions provide stability to the implanted cups, however
the greatest contact forces are generated along the axis between the iliac and ischeal
regions, resulting in a pinching of the component. Cup deformations due to variations
in this pinching effect require better understanding. Whilst the two-dimensional
axisymmetric models developed in the previous chapter are valuable in understanding
the impaction behaviour, a three-dimensional foam model is necessary in order to
simulate the implantation of cups at different orientations and the non-uniform
support provided to the cup.

The current chapter describes the development of a 3D finite element cup impaction
model based on an experimental design using foam cavities. This model can be used to
investigate the influence of a range of parameters on cup deformation following

impaction, including:

e the method of impaction,
e the variations in support provided to the seated cup by the underlying cavity
e the orientation of the cup with respect to the cavity

e variations in the geometry of the cup
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4.2 Experimental Cup Impaction Study

The methods used and results obtained in the experimental study in which metal
press-fit acetabular cups were impacted into foam cavities representing the human
acetabulum are described in this chapter. The parameters of the size of the
interference fit, the impact velocity and impaction method were varied and their

influence on the seating and deformation of the cups established.

4.2.1 Experimental Methods

Three CoCrMo cups consisting of a single geometry with an outer diameter (g) of 60
mm and depth (d) of approximately 22 mm were considered in this study with wall
thickness of 3.5 mm at the rim (Tr) and 6 mm at the pole (Tp), similar to previous
studies [Hothi et al. 2011; Jin et al. 2006; Yew et al. 2006]. The porous coating used on
the outer surface of the cups tested was hydroxyapatite coated over a 200 um layer of
Porocoat [Isaac et al., 2005]. The polyurethane foam [Grade 30, Sawbones] used in the
current experimental study (Figure 4.1) was cut to sizes of 100 x 100 x 40 mm to allow
for gripping in clamps; the foam has previously been reported to be a suitable
alternative to using cadaver specimens [Jin et al., 2006]. The polar gap (Pb) was defined
as the distance between the outer pole of the cup and the inner pole of the cavity
(Figure 4.2), which was estimated by measuring the distance of the cup rim above the
surface of the cavity (Pa) using a Vernier Height Gauge (Figure 4.3). Cup seating was

determined by observing the reduction in Pa after each impaction.

| 100 [

100

Figure 4.1: CoCrMo Cup impacted into foam cavity representing the human acetabulum
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Figure 4.2: Cross-sectional dimensions, in mm, of the acetabular cup and foam cavity.

The cavities were under-reamed such that a diametrical interference (i) of 0.25, 1 and 2
mm was created between the cup and cavity, similar to interferences that have
reported to have been used clinically [Adler et al., 1992; Spears et al., 1999]. The depth
of the cavity was reamed such that it was approximately 1 mm less than the height of
the cup, to ensure that the cup rim remained proud of cavity surface even after a full

insertion.

Figure 4.3: Height of cup rim above cavity surface measured after each impact to determine

polar gap
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In addition to using polyurethane cavities, three cavities made from foam with
reported viscoelastic behaviour (Airex, Impag, UK) were impaction tested. This foam
has been previously used as a bone substitute in experimental testing and has found to
display creep [Palissery et al., 2004]. Three blocks used were cut to a width and length
of 100 mm and were 50 mm in height for this foam. The cavities were reamed to
produce an interference fit of 1 mm with a 60 mm diameter cup, with a depth
approximately 1 mm shallower than the height of the cups.

In all foams a hole with a diameter of approximately 10 mm was drilled at the pole of

each cavity to allow the cups to be easily removed after testing, Figure 4.4.

Figure 4.4: Foam block with a reamed cavity and a hole at the base to allow for removal of the

cup

4.2.2 Impaction of the Cup

Before impaction the cup was carefully placed horizontally in the cavity and the height
of the cup rim above the foam surface was measured at two diametrically opposite
points to ensure that the cup was level and this was confirmed using a spirit level. The
impaction process was performed using an Impact Testing System (Dynatup, Instron,
UK), Figure 4.5. The foam cavity was clamped to the surface of the testing system. An
impactor mass of 1.3 kg was dropped from heights ranging from 13 mm to 204 mm,

generating final impact velocities of 0.5, 1, 1.5 and 2 ms™; the reaction forces between
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the impactor and cup were recorded. A series of four experiments were performed as

described in the following sections.

Support Column

Impactor

Cup and Foam

Figure 4.5: Impact Testing System used to perform impaction of cups into foam cavities

clamped to rigid surface

Using three cups of the same design and size, each test configuration was repeated
three times and the subsequent analysis of these results was based on the mean values
from these three tests. The impaction process was continued until further impacts
resulted in a change in the polar gap, Pa, of less than 10 um between consecutive
cycles.

The inner diameter of each cup at a position 7.5 mm below the cup rim was measured
before impaction using a coordinate-measuring machine (CMM) (Carl Zeiss Ltd), Figure
4.6. Following full impaction the inner diameter of each cup was remeasured

immediately and the mean change in diameter determined.
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CMM Probe Cup

Figure 4.6: CMM used to measure inner diameter of cups before and after insertion

Part1l

The cup was impacted on its rim by placing a rigid circular steel cap between the cup
rim and the impactor (Free Rim Impact), Figure 4.7. The cap was not constrained
relative to the cup and it was repositioned centrally over the cup after each impact.
The interference fit of the cup in the cavity and was varied from 0.25 to 2 mm using an

impact velocity of 0.5 to 2 ms™, as shown in Table 4.1.

Impactor

Foam

Figure 4.7: Cup inserted into foam cavities by impacting on its rim using a free cap
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Part 2
The cup was inserted into the cavity by impacting on its inner polar surface (Polar
Impact), Figure 4.8. With this test configuration, the impact velocity was maintained at

1 ms'l, whilst the interference was varied between 0.25 and 2 mm.

; =
Impactor H i

Cup

Figure 4.8: Cup inserted into foam cavities by impacting on the cups inner polar surface

Part3

A rigid steel cap was locked to the cup by creating an interference fit between the cap
and the inner surface of the cup rim, creating one rigid construct (Locked Rim Impact).
A single impact velocity of 1.5 ms™ was used with an interference of 1 mm between
the cup and the foam cavity. Table 4.1 summarises all parameters that were tested, for

the three parts of the study.
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Table 4.1: Parameters tested experimentally, indicating the test descriptors for each variable

Initial Interference Impactor Velocity (ms™)
(mm) 0.5 1 1.5 2
Free Free Polar Locked | Free Free
Rim Rim Impact Rim Rim Rim
Impact | Impact Impact | Impac | Impact
t
0.25 A B C - - -
1 D E F G H -
2 - I J - - K

Part4

A single cup was impacted into the viscoelastic foam cavity with an interference of 1
mm using a velocity of 1.5 ms ™ until further impacts had no effect on cup position. The
inner diameter of the cup was measured before and immediately after insertion using
the CMM machine. Subsequently, measurements of the diameter were taken at
approximately 30 minute intervals for a period of 7 hours, with a final measurement
taken 24 hours post impaction. This procedure was repeated once using the same cup

inserted into a new reamed foam cavity.

4.2.3 Results of Experimental Study

Increasing the interference made insertion of the cup into the cavity more difficult,
whilst increasing the impact velocity resulted in the cup seating further into the cavity.
The polar gap remaining and final deformations after each impact for all the tests
performed using the three cups are shown in Table 4.2. The same values for the polar
gap observed from the last two impacts indicate that full seating with the test
parameter had been achieved to within 10 um.

A high level of repeatability between the three cups for both the polar gap remaining

and the final deformations following insertion were found for each test parameter.
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Table 4.2: Polar gap remaining after each impact and the final experimental deformations
(A@). Bold value for the polar gap remaining indicates an additional impact that was

performed to confirm seating.

Polar Gap Remaining after each Impact / mm AP
Test| O 1 2 3 4 | 5| 6 | 7 8 9 | 10 | 11 |/um
Al 165| 1.10( 0.68 | 0.55| 0.46 | 0.46 0.6
A2 162 | 1.00( 0.67| 0.54]|0.44 ) 0.44 0.6
A3 163| 1.00( 0.67| 0.55|0.47 )| 0.47 0.5
B1 1.63| 032 0.32 0.5
B2 1.64| 031 0.31 1.2
B3 1.64| 030 0.30 1.2
C1 161| 043 0.43 1.2
C2 161| 044 0.44 0.7
Cc3 1.60| 044 | 0.44 0.7

D1 (435 360 3.40| 3.11|296|289|285(282| 278275270270 | 0.8

D2 435| 360 339| 3.10|296 (289 |286|281| 2.77(275]|270|270( 1.9

D3 430| 359| 339| 3.12|297|289|285 (282 277276271271 19

El 431 3.23| 2.81| 2.11|1.88|1.67|149|132| 1.32 1.9
E2 433 | 321 | 279 210|188 |1.68 | 150|133 | 1.33 3.3
E3 432 3.23| 2.82| 2.12|190|1.68|1.51|134| 1.34 3.3

F1 437 | 3.10( 2.75| 255|235(216|200|190 | 1.82(1.76|1.65|1.65| 3.2

F2 435| 311 2.78| 258 |239(220|205|191| 1.82(1.78|1.67|1.67 | 2.5

F3 431| 3.09| 2.75| 2542342451199 (189 | 180 (174|164 |1.64| 2.5

G1 446 | 3.01| 257| 199|152 1.19|0.96 | 0.96 2.5
G2 45| 299 | 252 | 193|1.49|1.17|0.94 | 0.94 5.8
G3 445 298| 2.51| 191|1.48|1.16|0.93 | 0.93 5.8
H1 431| 270 | 2.10| 1.60| 1.30 | 0.89 | 0.89 5.8
H2 430| 2.68| 2.08| 1.59|1.29| 0.88 | 0.88 5.9
H3 432 | 269 | 2.09| 1.59]|1.28 | 0.88 | 0.88 5.9
11 6.70 [ 550 | 5.15| 4.85(4.75| 4.70 | 4.66 | 4.66 6
12 6.68 | 548 | 513 | 4.84|4.73|4.69 | 4.65 | 4.65 3.3
13 6.69 | 550 | 514 | 4.85(4.73| 4.69 | 4.66 | 4.66 3.3
J1 6.41| 6.10| 5.95| 5.82|5.68|5.45| 5.45 3.4
12 6.40 | 6.12| 596 | 5.83 | 5.68 | 5.46 | 5.46 2.4
13 6.42 | 6.11 | 597 | 583|569 |5.47| 5.47 2.4
K1 6.68| 430| 2.95| 2.20| 1.50 | 1.09 | 1.09 2.4
K2 669 431 | 294 | 222|151 |1.08| 1.08 12.7
K3 669 429 | 295| 221|150 1.08| 1.08 12.8

Table 4.3 presents the mean results for each of the test parameters, showing that
increasing the impact velocity results in better seating of the cup with a consistent

interference fit due to a smaller final polar gap; this in turn results in greater
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deformation of the component. Similarly, increasing the size of the interference results
in greater deformations. A polar gap of smaller than 0.5 mm was only achievable in
these experiments when the smallest interference of 0.25 mm was used. This indicates
that optimum bone ingrowth would only occur with this interference and that greater
impact velocities may required when using higher interference fits to ensure that cup
stability following insertion is achieved. Figure 4.9 shows the influence of varying the
method of impaction on cup seating. As predicted in the 2D FE model in the previous
chapter, locking a rigid cap to the cup rim makes insertion notably easier, requiring
fewer impacts to seat the cup further into the cavity. Polar impaction was shown to be

the least efficient method when impact Co-Cr cups.

Table 4.3: Mean number of impacts (n = 3), polar gaps (Pa) and diametrical cup deformations
(AD) observed at the point when the change in polar gap remaining between subsequent

impacts was less than 10 um

Impactor Velocity / ms™
... 0.5 1 1.5 2
Initial
Interference Free Free Polar Locked Free Free
/ mm Rim Rim Impact Rim Rim Rim
Impact | Impact Impact | Impac | Impac
t t
Number of 4 1 1
Impacts
0.25 Pa/mm 0.46 0.31 0.44 i i i
AP / pm 0.53 1.20 0.73
Number of 10 7 10 6 5
Impacts
1 Pa/mm 270 | 1.33 1.65 094 | 088 |
AP/ pm 1.90 3.27 2.50 5.80 5.90
Number of 6 5 - - 5
Impacts
2 Pa/ mm - 4.66 5.46 1.08
AP [ um 3.33 2.40 12.77
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Figure 4.9: Mean polar gap remaining following impacts required to insert cups using
impaction at the pole, around the rim (free rim) and on to a locked rim, with an impact velocity
of 1 ms™ and an interference of 1 mm. Arrows indicate that subsequent impacts reduce the

polar gap remaining by less than 10 um

Figure 4.10a presents the out of roundness of a cup immediately following impaction
into the Airex foam cavity. It can be seen in the CMM measurement taken after
approximately 24 hours (Figure 4.10b) that there was a relaxation in the deformation
of the cup. It is clear from Figure 4.11 that there were considerable fluctuations in the
recorded values for deformation during the first 7 hours when measurements of the
maximum deformation were taken every 30 minutes. It can however been seen that
there appears to be a relaxation of the deformation observed after 24 hours for both

tests from a maximum of approximately 4 um to between 0.5 and 1.5 um.
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Figure 4.10: Out of Roundness plots determined using a CMM for a cup measured (a)
immediately after impaction and (b) 24 hours after impaction. Cup deformations were recorded

as the maximum reduction in diameter in each measurement
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Figure 4.11: Change in cup deformation of a period of 24 hours following impaction in Airex
foam

4.2.4 Discussion

The mean number of impacts that were required to seat the cups experimentally and
their final diametrical deformations confirmed that insertion of the cup into the cavity
was more difficult with increased interference, whilst increasing the impact velocity
resulted in the cup being seated further into the cavity, Table 4.3. For a high initial
interference (2 mm) the cup could not be fully seated, and further low velocity (1 ms™)
impacts with momentums of 1.3 kgms™ did not make any difference greater than 10
Mm in its position; the remaining polar gap was substantial, at approximately 5 mm,
when compared to the maximum gap of less than or equal to 0.5 mm for optimum
bone ingrowth to occur [Sandborn et al., 1988].

In the current experimental study, as with the FE model developed in the previous
chapter, the three different impaction methods were tested using an interference of 1
mm and impact velocity of 1 ms™. Whilst none of the methods resulted in full seating
of the cup, due to the polar gap being significantly larger than 0.5 mm in all cases,
there were clear differences in the seating behaviour between the different methods.
Polar impaction was found to require the most number of impacts whilst still resulting
in a polar gap of over approximately 1.65 mm remaining. When a rigid cap was used to
lock onto the cup using an interference fit and this was found to require four less
impacts than polar impaction to seat the cup approximately 0.71 mm further into the

cavity. This is in accordance with the findings of the 2D FE model in the previous
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chapter and could be significant in considering impactor design, especially if larger
interferences are needed for full stability; locking a cap to the cup rim may mean lower
impact forces are necessary to seat a cup than using free rim or polar impaction,
therefore reducing the risk of bone damage or poor cup seating. West et al. [2008]
observed that mean impact forces of approximately 18 kN were required to seat
uncemented acetabular cups using an interference of 1 or 2 mm. In the current
experimental study a maximum impact force of approximately 12 kN was observed
when an impact velocity of 2 ms™ was used. If the component was oversized, the
current study suggests that it may not fully seat even with continued high momentum
impaction. This highlights an important surgical issue and demonstrates the value of a
dynamic FE model to simulate cup insertion as this behaviour cannot be predicted
when static forces are applied. Interferences in the region of 0.25 to 1 mm might be
preferable to allow the cup to be safely inserted, however initial cup stability is
regarded as of primary importance for the longevity of the component [Spears et al.,
2009]; the surgeon uses feedback from the ease of reaming to determine the size of a
suitable interference, particularly for the apparently ‘softer’ osteoporotic bone to
ensure that sufficient fixation is achieved [Valle et al., 2005].

Due to the way in which the CMM was set up, the change in diameter experimentally
could only be measured at a depth 7.5 mm below the rim rather than at the equator
itself. Inserting the cup into the viscoelastic Airex foam cavities resulted in lower
deformations by up to 2 um being recorded than using polyurethane foam. The
changes in deformations observed from the two tests performed with this cup showed
a high level of variability, with the recorded deformation fluctuating considerably at
each measured point. There was however a reduction in deformation by as much as
3.5 um in a period of 24 hours and the roundness plots did show a reduction in the
change of shape in that time period. Whilst this does suggest that the foam used
exhibits time dependent properties, there is presently insufficient test data from these
pilot tests to comment on how well this behaviour correlates with that of bone. In
future work it would be important to fully characterise the properties of the foam
independently using static and long term compressive creep tests. The lower initial
deformations observed however do suggest that a stiffer grade of Airex foam may be

required to more accurately represent cancellous bone.
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4.3 Preliminary Finite Element Simulations using a 3D Cup Design

Prior to developing 3D models to simulate the cup impaction processes that had been
performed experimentally, a preliminary model was developed to simulate a simple
acetabular component rim loading experiment performed by Squire et al. [2006]. The
purpose of these preliminary simulations was to demonstrate the suitability of using
finite element methods to simulate experimental results. Figure 4.12 shows the
experimental set-up [Squire et al., 2006] where ten DePuy Pinnacle titanium acetabular
shells measuring between 48 and 66 mm in diameter were subjected to compressive
loads at the rim that were increased in increments of 200 N from 200 to 2000 N. The
diametrical deformation of the component after each load was applied was measured
and stiffness values were determined for the resulting load-deformation graphs.

This experimental procedure was simulated in the current study by developing a finite

element model of the titanium cup within Abaqus/CAE, Figure 4.13.

Figure 4.12: Titanium acetabular shells subjected to rim loading [Squire et al., 2006]
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4.3.1 Preliminary FE Model Development

A single 60 mm cup design with a known uniform wall thickness of 3.5 mm and a
Young’s modulus of 113 GPa was considered. An encastre boundary condition was
applied to the outer pole of the component to maintain its position in 3D space, whilst
still allowing deformation of the component to freely occur.

Initially two opposing static point loads of 2000 N were applied to the rim of the
component, Figure 4.13a. The results of this initial simulation highlighted that although
the stiffness of the cup was high, the method of applying a point load to a single node

resulted in a concentration of stresses at the node, leading to unrealistic modes of

|

deformation in highly localised regions of the cup (Figure 4.13b).

v

Point load applied
to opposing nodes

(a) ; on cup rim (b)

t

Figure 4.13: Showing (a) the direction of the point loads applied at the cup rim and (b) the

resulting unrealistic mode of deformation from the FE model (scaled by a factor of 20)

An applied pressure was therefore modelled within Abaqus on opposing sides of the
rim to simulate the application of the appropriate values of the force over an area of
10x5 mm (Figure 4.14), similar in size to that considered by Squire et al. [2006]. The
total pressure applied was increased from 4 MPa to 40 MPa to simulate loads of 200 to

2000 N.
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| 60 mm |

Figure 4.14: Showing the area on the rim where the opposing pressure was applied (in red)

A mesh convergence study was carried out in which an opposing rim load of 1000 N
was applied to the cup and the number of elements in the model increased until there
was no difference between the observed value for the deformation (mm), accurate to
three decimal places. Figure 4.15 demonstrates the mesh convergence process that

was utilised to determine the deformation
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75 Elements 154 Elements 232 Elements
Def.=0.281 mm Def.=0.279 mm Def.=0.278 mm

704 Elements 43719 Elements
Def.=0.277 mm Def.=0.277 mm

Figure 4.15: Mesh convergence achieved by increasing the number of elements in model

It can be seen that increasing the number of elements in the model to 704 resulted in
convergence with respect to the deformation of the component and consequently this
was used to mesh the component. Figure 4.16 displays the reduction in the cups

diameter that was observed as the load on the rim was increased.
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Figure 4.16: Graph showing the cup deformations observed as the rim load was increased

It can be seen that the correlation between increasing load and deformation is linear
(R? = 0.9998) and is in agreement with the observations by Squire et al. [2006]. The
stiffness of the component in the FE model was calculated as being approximately
3300 N/mm from the load/deformation graph and is comparable to the mean stiffness
value of 3500 N/mm reported experimentally by Squire et al. [2006]. The results of this
preliminary study demonstrated that the finite element method was appropriate to

mimic the results of experimental studies.
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4.4 Development and Validation of a 3D FE Cup Impaction Model

4.4.1 Preliminary Model Development using Static Cup Insertion Loads

A limitation of previous studies that have modelled the insertion of acetabular
components, is that they have all used static point loads to seat the cups [Ong et al.,
2009; Yew et al., 2006]. It was shown in the preliminary 3D cup model development
that point loads on a single node can lead to localised concentrations of stress and
unrealistic deformation behaviour. The use of a static load to insert a cup to a
prescribed position as has previously been suggested can result in very high insertion
forces of approximately 100 kN [Yew et al., 2006]. A model was developed in the
current part of the study to demonstrate that the use of static loads was a poor
representation of the clinical behaviour. A 3D foam model was developed consisting of
a 60 mm Co-Cr cup and a foam cavity, reamed to create an interference fit of 1 mm,
similar to the set up used experimentally. A static displacement control was applied to
the node on the inner polar surface of the cup such that the component was translated
1 mm into the cavity (Figure 4.17). The corresponding insertion force that was required
to achieve this displacement was observed.

Static displacement control applied to
central node

Foam Cavity

Figure 4.17: Displacement control applied to the central node of the cup

An insertion force of 128 kN when inserting the cup under displacement control was
established in this preliminary static simulation in the current study. This means of
insertion is clearly not a clinically realistic approach; modelling cup insertion in this
manner does not allow an estimation of how far into the cavity a component will be
seated as it places the cup at a final predefined position. As a result an estimation of

the deformation after insertion cannot be made reliably.

-123 -



4.4.2 Development of a 3D Cup Impaction Model

A previous study has suggested that peak impact forces of approximately 18 kN [West
et al., 2008] are required to insert cups into the acetabulum; this magnitude of force
may be generated when an impactor with a momentum in excess of 5.5kgms™ is used
[Hogg et al., 2009]. In clinical practice the cup is impacted on numerous occasions
before it is fully seated.

A three dimensional explicit dynamics finite element model was therefore developed
which defined an impactor with a momentum which simulated the impaction of the
acetabular cup into the foam cavity (Figure 4.18). The current explicit dynamics study is
a more realistic model that reflects the impaction velocities and impaction methods
used by a surgeon to insert the component during surgery. It allows for a
representation of the position of the cup in the cavity after multiple hits to reach an
equilibrium position during insertion and hence provides a prediction of the
diametrical deformation after insertion. A dynamic model can also provide an
indication of the stresses generated in the component and surrounding cavity, which is
important when identifying the limits of surgical impaction momentum to prevent
damage to either the component or to the underlying bone. This will become critical in
future studies that utilise this dynamic approach in 3D models of the pelvis, in which
appropriate material properties such as the material yield and time dependency of
bone are defined. The same dimensions were used to create the 3D finite element
model as were used experimentally (Figure 4.2) and the model parameters were

defined as described previously in the 2D explicit dynamics model.

Impactor

aw

/ A

(a) (b)

Figure 4.18: (a) Rim impaction using rigid cap and (b) Polar impaction
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Fully constrained encastre boundary conditions were applied to the base of the foam
with surface-to-surface contact defined between all the components. Penalty contact
with finite sliding was modelled between the cup and foam. Explicit dynamic steps
were defined for all the simulations to ensure that the effect of the impactor
momentum was accurately modelled in the simulation.

A frictionless rigid cap was modelled between the impactor and cup (Figure 4.18a) to
simulate the free rim impaction to reflect the earlier experimental investigation. A
multi-point constraint (MPC) was defined to ensure that the cap remained centrally
aligned with the cup rim after each impact. The impaction of the cup was simulated by
modelling a number of independent 1.3 kg impactors that were positioned at above
the cup (Figure 4.19). They were all defined with a single velocity and were modelled to
begin moving at the same time so that an impact occurred every 0.5 seconds. Each
impactor was disregarded after it had collided with the cup rim and therefore
completed an impaction. No contact interaction properties were defined between one
impactor and another, meaning that they were free to move through each other and

this prevented the possibility of any of the impactors colliding.

Each impact with
the same velocity
Multiple
Impactors
No contact between
impactors
MPC controlling —

cap position over cup rim

Foam
Cavity

Base of foam cavity fully constrained

Figure 4.19: Cross-section of the 3D cup impaction process
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4.4.3 Meshing and Material Property Definition of 3D FE Cup Impaction Model

The solid models were developed in Abaqus/CAE 6.9 and linear elastic material
properties were defined in the foam cavity, Table 4.4. Plasticity was ignored in this
instance to reduce complexity in the model as a previous experimental study [Yew et
al., 2006] and the finite element model in the previous chapter found minimal
differences in cup deformation (approximately 2 um with a typical interference of 1

mm) when a yield stress was introduced in the foam’s material properties.

Table 4.4: Mechanical properties of the acetabular cup, foam cavity and impactor. A Poisson’s

Ratio of 0.3 was assumed for all materials

Material Young’s Modulus / GPa Density / kgm™ Source
Co-Cr Cup 210 8300 Yew et al. [2006]
Grade 30 Foam 0.553 480 Sawbones [2009]
Rim Impactor 210 23000 Fritsche et al. [2008]
Polar Impactor 210 73000 Fritsche et al. [2008]

The element failure criteria used in the mesh development for the cup and cavity
models were set as a face corner angle of less than 10°, aspect ratio greater than 10
and an edge length shorter than 0.01 mm. In a similar approach to previous studies
[Spears et al., 1999] it was assumed that that the comparatively high stresses at the
point of contact between the cup and the edge of the cavity would cause this edge
practically to experience a degree of wear and be smoothed. This area was therefore
modified so that it had a curved profile rather than a sharp edge; this eliminated the
risk of the cup ‘locking” with the foam edge at this point during insertion.

Mesh convergence studies were performed considering the polar gap and
deformation. A single impact with a momentum of 3.25 kgms* was used to seat the
component and the number of elements in the model was increased until convergence

was achieved for the values of the parameters accurate to 1%, Figure 4.20.
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Figure 4.20: Mesh convergence achieved using (a) the polar gap remaining and (b) the
diametrical deformation. Red line indicates the minimum number of elements for accuracy to

within 1%

In order to minimise the computational run time, the mesh density was minimised
whilst ensuring that the differences in the diametrical deformation (AD) and polar gap
(AP) were within 1% of the values observed when convergence was achieved, as in the

previous chapter.
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Dg— Dy

AD =222 100 (4.1)
Dy

AP =FPEZPH 100 (4.2)
Py

where Dr and Pg are the deformation and polar gap values of the current simulation
and Dy and Py are the deformation and polar gap values when a maximum of
approximately 80,000 elements were used.

A total of approximately 5000 linear brick elements (Figure 4.20) with reduced
integration (C3D8R) was found to result in values accurate to 1%, whilst reducing the
simulation run time from a maximum of approximately 4 days to approximately 3
hours, and was therefore used to mesh all the components. The mesh density in the
model was such that it was greatest on the contact surfaces of each component and
the number of elements in regions with lower strain gradient or away from the regions
in contact were reduced. Due to the relative simplicity of the geometry of the
components in the 3D model, mesh verification tests did not identify any significant
regions where element distortion was a source of error.

Hourglass control may be required when C3D8R elements are used to ensure that
artificial stresses are not introduced into the model [Rao, 2010; Simulia, 2010].
Hourglassing refers to circumstances in which an element locks and is unable to
deform, becoming unrealistically stiff and therefore resulting in additional stresses
which can skew the results of the simulation. Conversely, hourglassing may also refer
to situations in which an element deforms but due to the manner in which this
deformation occurs (a change to a trapezoid), no strains are present in the element. It
was observed that enhanced hourglass control was necessary in the current model.
Figure 4.21a shows the stresses that were observed in a cup that was inserted into a
cavity with the poles aligned and uniformly supported. In this scenario it would be
expected that the stress distribution within the cup after insertion would be uniform,
however it is clear that there is an uneven distribution of stresses, suggesting that
there is element locking. The inclusion of hourglass control (Figure 4.21b) results in

lower stresses in the cup and an elimination of unexpected localised peak stresses.
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Figure 4.21: Von Mises stresses in cup with (a) no hourglass control and (b) enhanced hourglass
control following impaction with the poles aligned and uniform cup support

4.4.4 Validation of Model using the Coefficient of Friction

Modelling of the behaviour at the cup-cavity interface has varied widely between the
different studies, with the coefficient of friction between the two surfaces ranging
between 0.3 and 1.2 [Dimaano et al., 2010; Grant et al., 2007; Isaac et al., 2005; Hogg
et al., 2009, Hogg et al., 2010; Yew et al., 2006; Spears et al., 1999]. An appropriate
coefficient of friction at this interface is required to allow relevant impact momentums
to seat the cups to be defined.

Having established an impaction model in the current work, it was validated by
identifying an appropriate coefficient of friction based on the results of the
experimental data. Initial models used an impact velocity of 1 ms ™’ and an interference
of 1 mm. The coefficient of friction at the cup-cavity interface was varied between 0.3
and 1.0. These values were independently defined in the model and the impaction
process was simulated until subsequent impacts reduced the polar gap by less than 10
pm. The number of impacts that were required to seat the cups and the corresponding
remaining polar gaps for a range of friction coefficients were modelled until the result
obtained experimentally was matched.

Having derived a suitable coefficient of friction, further simulations were performed
using all the remaining parameters and impact methods tested experimentally (Table
2). This included polar impaction (Figure 4.18b) as well as using an impactor on the cup

rim, modelled with both no friction between the impactor and cup, and also by locking

-129 -



the rigid cap to the cup rim. The results from each simulation were compared with
those obtained from the comparable experiment to validate the defined coefficient of

friction under all test conditions.

4.4.5 Results

In order to optimise the FE model to represent the observed experimental behaviour,
the coefficient of friction used in the FE model was adjusted between the cup and the
foam. An optimised coefficient of friction was established when the difference in the
polar gap remaining at the end of impaction, between the experimental and FE model
was minimised, using rim impaction, an interference of 1 mm and an impact velocity of
1 ms™. The FE and experimental models were optimised using the polar gap as this
parameter was recorded after each impact experimentally; it was only possible to
record the deformation of the component after the impaction process had been
completed. The coefficient of friction was varied between 0.3 and 1.0 as has been
previously reported in the literature. A value of 0.8 in the FE model produced similar

values for the polar gap after each impact as those observed experimentally, Figure
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Figure 4.22: Comparison of experimental polar gap remaining with that observed in the FE

model with varying coefficients of friction under free rim conditions

The friction value of 0.8 was identified as producing the smallest difference between
the polar gap remaining experimentally and the polar gap observed when the
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coefficient of friction was varied between 0.3 and 1.0, Figure 4.23a. The value of the
coefficient of friction was refined by calculating the difference in the polar gap
between the experimental results and when the value was varied in the FE model
between 0.8 and 0.9. It was found that a coefficient of friction of 0.835 in the FE model
produced polar gaps that most closely matched those observed experimentally (Figure
4.23b). The differences between the experimental and FE polar gaps with this value
were consistently the smallest and produced results which predicted a polar gap
remaining to be within 20 um of those recorded experimentally after the 7t impact,
after which further impacts had no effect on cup position.
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Figure 4.23: Difference in the polar gap remaining between the experimental and FE model (P,
— P,) using coefficients of friction between (a) 0.3 and 0.1 and (b) 0.8 and 0.9, for each
successive impact, using an interference of 1 mm and impact velocity of 1 ms™

Using the established coefficient of friction of 0.835 from one set of FE and

experimental variables, comparisons were made for the remaining tests, Figure 4.24.
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The polar gap remaining following each impact for each of the tests performed showed
a very good agreement between experimental and modelled data. Although the
determination of an optimised coefficient of friction was derived from a single test
parameter, its validity was confirmed through the comparisons shown in Figure 4.24,
with a significant correlation. A high level of agreement was also found to exist
between the final deformation, following the last impact, between the experimental
and FE data, with a difference of less than 2 um (Figure 4.25).

The results from this optimisation of the coefficient of friction show that the initial
value of 0.3 defined between cup and foam in the 2D model as suggested in previous
studies [Hogg et al., 2009; Hogg et al., 2010; Yew et al., 2006; Spears et al., 1999] may
have been too low. The value suggested in the current study is similar to the range of
values suggested by Dimaano et al. [2010] when describing the interaction between
porous outer surfaces and bone, but much higher than other authors have suggested
and utilised [Hogg et al., 2009; Hogg et al., 2010; Yew et al., 2006; Spears et al., 1999].
The porous coating used on the outer surface of the cups tested is made from Duofix,
which is composed of a thin layer (30 um) of hydroxyapatite over a 200 um thick layer
of a porous coating with the commercial name Porocoat [Isaac et al., 2005]. This
surface has previously been reported to have a coefficient of friction of 0.82 against
bone [Grant et al., 2007], determined by creating contact using a normal force
between 30 mm diameter discs of the porous surface and rectangular human
trabecular bone cube samples.

The current model did not simulate compaction of the foam at the interface; for the
deformations generated in this experiment, the local compaction of the foam did not
appear to greatly alter the performance as shown by the high correlation for all data at

each stage of the impaction process.
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Figure 4.24: The relationship between the mean polar gap remaining after each impact (1 —
10), as measured experimentally compared with that observed in the FE model, under all test

parameters.

The FE model was optimised through experimental tests simulating the multiple
impacts required to insert a cup into a foam cavity representing the reamed
acetabulum. The foam has a Young’s Modulus of 553 MPa, a value in the mid-range
found for cancellous (80 to 1200 MPa) [Wirtz et al., 2000]. It is likely therefore that cup
deformations observed clinically in patients with lower bone density and stiffness, will
be lower than those reported in the current study. The bone quality is an important
consideration for a surgeon to ensure the longevity of the implanted component.
Higher interference fits may be required in older patients with lower quality bone
stock, to ensure long-term stability. Conversely a lower interference may be desirable
in younger patients with stiffer acetabular cavities to ensure that the cups can be fully

seated and also to minimise cup deformations.
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Figure 4.25: Final diametrical deformations after the final impact for each test parameter,

measured experimentally compared with that estimated in the FE model

The polyurethane foam does not exhibit the same viscoelastic properties as has been
reported for bone and the effect of the time dependent behaviour of bone was not
considered in the current study. It is expected that the cup deformations observed
immediately following insertion would reduce over time; it has been reported that
stress relaxation and creep behaviour in cancellous bone reaches a steady state after
approximately 24 hours [Deligianni et al., 1994; Pawlikowski et al., 2008]. This is likely
to be the period of patient recovery post operatively, over which period it would be
unlikely that the patient would walk many steps [Rao et al., 1998]. It was important
therefore that the influence of the time dependency of bone was considered in later

models which involved simulating the structure of the pelvis.

4.5 Influence of Cup Support and Misalignment on Deformation

It has been suggested [Ong et al., 2009] that the orientation of the cup could influence
the stress distribution within it, and the position of the cup may influence the
deformation observed [Markel et al.,, 2010], however previous studies have not
demonstrated these effects and it remains unclear how the precise location of the cup

in variable support conditions may alter the cup’s behaviour. A previous cadaveric
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study [Fritsche et al., 2008] observed that orientating the cup at 15° to the cavity
during insertion had no effect on cup deformation when compared to aligning the
poles of the cup and cavity. It has been suggested that inexperienced surgeons may
align the acetabular cup with the acetabulum rim without fully considering the safe
zone [Birbeck et al., 2010]; however the effects of misaligning the cup, relative to the
bony support, in these situations has not been previously reported.

The variable support in the surrounding acetabulum may influence the deformation in
the cup following impaction as well as the ease of cup insertion [Ong et al., 2009;
Markel et al., 2010; Jin et al., 2006; Yew et al., 2006]. In addition to the accuracy of the
reaming of the acetabulum and subsequent cup placement, cup support will be
influenced by the location, volume and density of the cortical and cancellous bone
[Ong et al., 2009; Markel et al., 2010]. Jin et al. [2006] described how the pinching on
the cup between the ilial and ischeal regions in the pelvis, which are typically
positioned at approximately 150° to each other [Krebs et al., 2009], cause diametrical
deformation in the cups. This effect has been simplified previously in both
experimental and finite element studies [Jin et al., 2006; Yew et al., 2006; Ong et al.,
2009] by simulating the pinching effect by using foam models representing the
dominant regions in the acetabular bone, and removing areas of the foam on opposite
sides of the reamed cavity, generating cup deformations of up to 100 um. This
approach has been described as the worst-case scenario in terms of the resulting
deformation, however clinically the extent of pinching would be governed by the
differences in location and stiffness observed between the ischeal and ilial columns
and the remaining regions in the acetabulum [Widmer et al., 2002]. This will vary
between patients, depending on a range of factors including age, gender, size and
general health [Brinkmann et al., 1981; Tauge, 1989].

In the current work, the support provided to the cup by the underlying foam cavity was
varied and the orientation of the component with respect to the cavity was varied. The
influence of these two parameters on the deformation of the component following

insertion was investigated.
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4.5.1 Methods

The foam cavity was partitioned into three segments (Figure 4.26a) and initially all the
segments were defined with the same properties, Table 4.4, thereby providing uniform
support to the cup. A coefficient of friction of 0.835 was defined and an impact velocity
to insert the cup into the cavity was set to 4.5ms ™ in order to generate a peak contact
force between the impactor and cap of approximately 18 kN, similar to those observed
in a cadaveric study [West et al., 2008]. The effect of changing the angle of orientation
between the cup and cavity, assuming uniform support, on the final cup deformation
was investigated for angles between 0 and 15° using an interference of 1 mm. In the
subsequent simulations the properties in the central segment for the Young’s modulus
and density were maintained at 0.553 GPa and 480 kgm™ respectively whilst in the
outer segments these were reduced to 75%, 50% and 25% (0.75E, 0.5E and 0.25E) to
simulate the pinching effect resulting from the greater bone density and stiffness in the
direction of the ischeal and ilial regions. These simulations were repeated with the
regions of increased stiffness positioned 150° to each other (Figure 4.26b) over a 30
mm band, simulating the clinical situation more closely; the pubic bone, which was
shown to be less significant to cup deformation, was disregarded. Varying the position
of the cup relative to the pinch points of the ischeal and ilial regions, located at 150° to
each other, simulated changes in the version of the cup. The simulations were
repeated with a maximum degree of pinching (0.25E) and the cup rotated between O

and 15° in the plane of abduction.
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Cup rotated clockwise about axis Cup rotated clockwise about axis

(b) =30

Figure 4.26: Foam cavity partitioned into three segments to model non-uniform support and
orientation of cup with respect to cavity varied during impaction, with (a) opposing pinch points

and (b) pinch points at 150° to each other

The influence of changing both the cup support and its orientation with respect to the
cavity, on the deformation was evaluated by determining the maximum reduction in

diameter (Figure 4.27).

Maximum reduction
in diameter

Maximum expansion
of diameter

Figure 4.27: Maximum reduction and expansion of diameter recorded after a change in shape
of the cup
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The maximum reduction in diameter, A@, was defined as being the difference between
the diameter (2r) of the un-deformed cup and the minimum dimension (2b) of the

deformed cup:
Maximum Reduction in Diameter, A@ = 2(r — b) (4.3)

The eccentricity (e) of the ellipse was established as:
2
e= 1-(2) (4.4)

4.5.2 Results

When the FE model was simulated with the cup positioned with its pole aligned with
the cavity providing uniform support, uniform diametrical deformations occurred and a
uniform distribution of stresses within the cup was observed. Changing the orientation
of the cup, with respect to the cavity, from a tilt of 0 to 15°, resulted in an ovality in the
cup and a non-uniform distribution of stresses

It was observed experimentally by Fritsche et al. [2008] that there was little difference
in deformation when the cup was aligned at 15° compared to when the cup was
uniformly aligned with the cavity. In the current study it was also observed that the
maximum deformations at 0° and 15° were similar however the deformed shape of the
component was different at the two orientations, with an ovality present at 15°.
Between 7 and 9 impacts at 4.5 ms ™ were possible before the change in polar gap
remaining between subsequent impacts was less than 10 um. Table 4.5 summarises
the cup behaviour that was observed as the orientation of the component with respect

the cavity was varied with uniform support.
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Table 4.5: Cup deformation and insertion behaviour with varying cup orientation and uniform

cup support

Cup orientation Maximum Maximum Eccentricity | Polar Gap
with respect to | Expansion of | Reduction in (e) of the | Remaining
cavity / ° Diameter/ um| Diameter/ pm ellipse / mm
0 -11 11 0 0.69
1 4 13 0.024 0.70
2 8 15 0.028 0.70
3 11 22 0.033 0.71
4 16 26 0.037 0.72
5 19 33 0.042 0.72
6 17 31 0.040 0.72
10 5 13 0.024 0.74
15 5 12 0.024 0.74

It was found that increasing the orientation of the cup with respect to the cavity from
0 to 5° resulted in the cup deforming into an increasingly oval shape, with peak
deformations and the greatest change in shape being observed at 5°. Beyond this
deformation, the diametrical deformations decreased and at 10° were closer to those
observed when the poles of the cup and cavity were aligned.

Decreasing the stiffness of the outer segments of the foam cavity also resulted in the
cup deforming into an oval shape due to the pinching effect created by the stiffer
central segment. In all cases the final polar gap was between 0.66 and 0.74 mm and
was found to decrease slightly when the stiffness of the outer segments was decreased
and the poles of the cup and cavity were aligned.

Figure 4.28 shows the cup deformation ratios obtained by varying the orientation and
support of the cup (A@g) relative to the uniformly supported and aligned cup (A@y). It
can be seen that tilting the cup, with uniform support, by as little as 1° resulted in a
notable change in shape. It is of note that whilst increasing the degree of pinching
results in greater cup deformations, the relationship between varying the orientation
and deformation (with peaks at 5°) stays very similar for all levels of support. When the
pinch points are altered to an orientation of 150°, this relationship is maintained
however deformations were slightly lower. Table 4.6 summaries the maximum

deformations that were observed with varying cup support with the cup orientated at
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5° with respect to the cavity. The maximum reduction in diameter ranged from 33 to

82 um, close in magnitude to typical clearances between the cup and femoral head.
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Figure 4.28: The ratio of cup deformation with variable cup support (8@gs) compared to
the uniformly supported and aligned cup (A@,) as a function of cup orientation. The greatest

eccentricity of the deformed cup with varying support is displayed in italics.

Table 4.6: The cup behaviour as a function of cup support with the cup orientated at 5° with

respect to the cavity, resulting in the greatest deformations

Stiffness of Maximum Maximum Eccentricity (e) Polar Gap
Outer Foam Expansion of Reduction in of the ellipse Remaining / mm
Segments Diameter/ um Diameter/ pm
Uniform cup
19 33 0.042 0.72
support
0.75 of central
25 32 0.043 0.70
segment
0.5 of central
49 61 0.060 0.69
segment
0.25 of central
71 82 0.071 0.67

segment
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4.5.3 Discussion

Whilst there have been many studies that have reported on the consequences of poor
acetabular cup alignment in terms of the safe zone [De Haan et al., 2008; Hart et al.,
2009; Angadiji et al., 2009], the effect of the cup’s position relative to the underlying
bony support, has not been widely investigated. The study in the current chapter
developed an FE model to determine the effect of varying the support on an
uncemented cup along with altering the angle of cup orientation with respect to the
cavity, on its deformation. It was found that although these two factors alone did not
result in significant deformations, the combination of non-uniform support and cup
misalignment by 5° led to high deformations of up to 82 um when compared to the
clearances between the femoral head and cup.

In the experimental impaction process a considerable polar gap remained at the end of
each experiment when using a wide range of parameters. Sandborn et al. [1988]
estimated that the maximum polar gap for bone in-growth to occur is 2 mm but that
bone in-growth is more rapid below 0.5 mm. It has been reported previously [Morlock
et al 2008] that prosthesis failure due to acetabular problems was in part due to poor
cup anchorage, stemming from difficulties in fully seating cups; this was supported by
the experimental work. The impact velocity was increased to 4.5 ms™ during the
impaction investigations of cup orientation and support; as expected this resulted in
‘better’ seating of the components with polar gaps less than 0.8 mm.

In a clinical situation the velocity and precise point of impact would be likely to vary
due to the skill and technique of the surgeon [Bordini et al., 2007]. Large interferences
would require high impact momentums to fully seat the cups, leading to an increased
risk of the surgeon losing accuracy with the mallet [Campbell et al., 2006], and
potentially causing damage to surrounding bone. Interferences in the region of 0.25 to
1 mm might be preferable to allow the cup to be safely inserted, however poor initial
cup stability, particularly for osteoporotic bone [Springer et al., 2008], may be
problematic and requires further investigation.

The FE model was validated when positioning the cup such that its pole was aligned
with that of the cavity, providing uniform support; this resulted in uniform diametrical
deformations. However introducing an angle between the two poles before insertion
resulted in the cup deforming into an oval shape. Figure 4.28 shows that misaligning

the cup, with uniform support, by as little as 1° resulted in a notable change in shape
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and that the deformations and out of roundness of the cup was greatest at 5°.
Increasing the angle of the cup to 15° resulted in a smaller change in shape with the
maximum reduction in diameter closer to that observed when the cup was misaligned
by 1°; this is in agreement with the experimental findings by Fritsche et al. [2008].

The reason for the differences in deformation may be explained when considering the
variations in cup support at the rim as the component is tilted, Figure 4.29. The polar
gap increases slightly as the tilt is increased and the percentage area of the cup’s outer
surface in contact with the foam cavity decreases from 68% when the poles are aligned
to 61% when the component is positioned at 15° to the cavity. When the cup is
uniformly supported and aligned with the cavity, there is no pinching of the
component therefore deformations are comparatively low. When the cup is tilted at
15° the rim is no longer uniformly supported, resulting in a pinching effect deforming
the cup into an oval shape. At 15° foam contact on the exposed half of the cup occurs
in an area notably below the rim; it has been reported that the greatest deformations
occur when there is contact in the region of the cup rim [Jin et al., 2006]. As such the
observed deformations are low, similar to those that occur when the cup is aligned. It
is of note however that whilst the deformations at 0° and 15° are similar, they occur in
different manners; pinching of the cup at 15° results in it deforming into an ellipse with
a maximum reduction in diameter that is similar to the uniform deformation that
occurs when the poles of the cup and cavity are aligned. At a tilt of 5° the cup is in a
position in which it is non-uniformly supported, allowing pinching to occur but is at an
orientation where foam contact is much closer to the exposed half of the components

rim, meaning that deformations are maximised.
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Figure 4.29: Cross-section showing the position of the seated component at 0° (a) 5° (b) 10° (c)
and 15° (d) relative to the cavity after impaction. Pinching of the cup in the simulations
occurred in a direction perpendicular to the red mark when a tilt was introduced. The contact
area between the two surfaces in each model is highlighted.

The maximum deformations observed by varying the position of the cup alone were
considerably smaller than clearances in the region of 80-120 um for typical acetabular
cups. Introducing non-uniform support to the cup, with its pole alighed with that of the
cavity, resulted in a pinch effect which was heightened as the difference in stiffness
between the outer and central segments of the cavity was increased. This resulted in a
notably greater change to ovality by up to 2.2 times larger than that observed when
misaligning the cup to 5° with uniform support. Figure 4.28 shows that the eccentricity
of the deformed ellipse increased as the cup was misaligned from 0 to 5° with all levels
of support and that most significant cup deformations were found to occur when mis-
alignment of the cup was coupled with increasing the simulated pinching effect of the
iliac and ischeal columns. These results highlighted that variations in the cup support
are very significant to deformation and whilst it is a factor that cannot be controlled by
a surgeon, it could be considered during operative procedures, for example selecting a

component with a greater stiffness or reducing the interference size if appropriate.
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Conversely a surgeon can control the angle of the cup in the acetabulum, mindful that
high cup deformations can occur when misalignment of the cup, specifically at 5° to
the cavity, is coupled with significant non-uniform support due to pinching between
the iliac and ischeal columns. The greatest deformations were in the region of typical

clearances.

Cup rotated about axis

leading to changes in
version

[Pubis”

5

Figure 4.30: Schematic of the right hemi-pelvis, indicating the position of the pinch points more
likely to be observed anatomically [Adapted from Tortora et al., 2006]. Rotations of the cup

about the axis indicated simulated changes in the version of the cup

It was shown in Figure 4.28 that when the pinch points were positioned at 150° to each
other, as is more likely to be the case anatomically [Krebs et al., 2009], the maximum
reduction in diameter was lower. It has been shown however that higher interferences
result in even greater deformations [Hothi et al., 2011], therefore the risk of
articulation problems occurring could increase if greater interferences or thinner cup
designs are used. Figure 4.30 shows that when the position of the pinch points in the
model were at 150° to each other in relation to the right pelvis, the angle of the cup
with respect to the cavity was varied such that it was misaligned in a similar axis to
version, creating changes in the version angle. Misaligning the cup in this anatomical
orientation resulted in the greatest deformations when coupled with the pinching of
the stiffer ischeal and iliac columns, rather than varying the orientation of the
abduction angle, suggesting that cup deformation may be more sensitive to its position

in version than abduction.
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The optimum cup angle stated in the literature is related to an inclination and version
that minimises wear and maximises the range of motion [Angadji., et al 2009], however
it is important that in addition to this, a surgeon is aware of the consequences of cup
position in the cavity itself on diametrical deformation, and in particular that this may
be increased in patients where the pinching effect in the acetabulum is more

prominent.

4.6 Influence of Impaction Method on Deformation
The method of impaction was shown in the previous chapter to influence the seating
of the component in the 2D insertion model. In the current 3D model, three different

impaction methods were simulated.

4.6.1 Methods

The impaction methods were as summarised below (Figure 4.31):

Test A impact on rim using frictionless rigid cap and impactor perpendicular to cup
Test B impact on inner polar surface with impactor perpendicular to cup

Test C impact on inner polar surface with impactor perpendicular to the cavity

A single interference of 1 mm was maintained with uniform cup support and the effect
of changing the angle of orientation between the cup and cavity and changing the

impaction method on the final cup deformation was investigated.

Impact perpendicular
to cup

Angle of cup
varied

Foam
Cavity

Figure 4.31: Orientation of cup with respect to cavity varied during impaction
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4.6.2 Results

Figure 4.32 shows the maximum cup compressions that were observed at the different
angles using the three different impaction methods from tests A, B and C. The angle of
the cup with respect to the cavity remained largely unchanged before and after
impaction when the impactor was position perpendicular to the cup for both rim and
polar impaction. However aligning the impactor perpendicular to the cavity when
impacting on the cups inner polar surface resulted in the cup rotating by up to an
additional 2° after insertion. This resulted in greater deformations than polar impaction
with the impactor perpendicular to the cup, however rim impaction resulted in the

greatest change to ovality after insertion, although the effects were not substantial.

25 Rim, Perpendicular to

Cup

20 .

== Polar, Perpendicular to
Cavity

15 —&— Polar, Perpendicular to

Cup

10

Maximum Cup Deformation / um

0 1 2 3 4 5 6
Angle of Cup Orientation /°

Figure 4.32: Maximum cup deformations observed with increasing cup orientation

4.7 Influence of the Geometry of the Cup on Deformation

It has been demonstrated [Yew et al., 2006] that independently reducing the thickness
of an acetabular cup or increasing its diameter will result in it deforming by a greater
amount upon insertion into the acetabulum. The dimensions of a number of
commercially available acetabular cup designs have previously been reported [Springer

et al., 2012]. It was shown that the diameter and wall thickness of a cup design was
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important to influencing the stiffness of the component and therefore its deformation
following rim loading. The consequences of simultaneously altering a range of
parameters relating to cup geometry however have not been widely reported. The
effect of varying the cup thickness at the pole and rim, the cup diameter and depth on
deformation requires better understanding in order to fully optimise the design of
metal cups. A Taguchi Design of Experiment (DOE) was therefore used to investigate
the effect of varying the dimensions of the cup on the deformation of the component

following impaction

4.7.1 Taguchi Design of Experiment to investigate the influence of cup geometry
The typical processes involved in a Taguchi DOE investigation are detailed in Figure

4.33.

Determine the Factors

Identify Test Conditions

Identify Control and Noise Factors

Design the Matrix Experiments

Define the Data Analysis Procedure

Conduct Designed Experiments

Analyse the Data

Predict the Performance of the Individual Parameters

Figure 4.33: Development of a Taguchi Design of Experiment [Roy, 2001]

In the current study, the factors to be investigated were the depth, diameter and
thickness at the pole and rim. The test conditions were such that the diametrical

interference was maintained at 1 mm and initially the cup was uniformly supported
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and aligned. The 4 control factors were varied between 4 levels of increasing size

(Table 4.7).

The Taguchi Orthogonal Array system (Table 4.8) was used to identify 16 combinations

of the parameters (Table 4.9), out of a total of 4* that could be simulated, thus

significantly reducing the time required for modelling and analysis. The resulting cup

deformations from each of the 16 simulations were used to calculate the signal-to-

noise ratio (S/N ratio) for each of the 4 control parameters as:

S/N Ratio = 10 Logyo [Mean of sum of squares of {measured deformation — ideal

deformation}]

Table 4.7: Cup parameters varied in Taguchi DOE

Level
Parameter
1 2 3 4
Thickness at Rim (Tr) / mm 3 5 7 9
Thickness at Pole (Tp) / mm 3 5 7 9
Depth (d) / mm 21 23 25 27
Cup Diameter (¢) / mm 40 50 60 70

(4.5)

Table 4.8: Taguchi Orthogonal Array Selector, highlighting that 16 simulations were required in

this instance

Number of Parameters
2 3 4 5 6
2 L4 L4 L8 L8 L8
e} 3 L9 L9 L9 L18 L18
g ., |a L16 L16 L16 L16 132
§ % 5 L25 L25 L25 L25 L25
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In the analysis of the data, the ideal deformation was defined as being 0 um and the
S/N ratio was defined such that the higher its value for each parameter, the greater the
influence that parameter has on cup deformation.

In subsequent simulations the cup geometry, cup support and orientation were all
varied such that the greatest and least deformation scenarios were simulated.

Table 4.9: Taguchi Orthogonal Array with 4 parameters and 4 levels

Experiment | Thickness at Rim Thickness at Depth (d) / mm Cup Diameter
(Tr) / mm Pole (Tp) / mm (9) / mm

1 3 3 21 40

2 5 23 50

3 3 7 25 60

4 3 9 27 70

5 5 3 23 70

6 5 5 21 60

7 5 7 27 50

8 5 9 25 40

9 7 3 25 50

10 7 5 27 40

11 7 7 21 70

12 7 9 23 60

13 9 3 27 60

14 9 5 25 70

15 9 7 23 40

16 9 9 21 50
4.7.2 Results

Table 4.10 presents the cup deformations that were observed as the geometry of the
component was varied. The dimensions of the cup clearly have a considerable
influence on the stiffness of the cup, with the deformations varying between 11 and 43

um.

- 149 -



Table 4.10: The component deformations observed with varying dimensions

Control Parameters
Experiment | Thickness | Thickness | Depth Cup Maximum SN
at Rim at Pole (d)/ | Diameter | reduction Values
(Tr)/mm | (Tp)/mm | mm () / mm | in diameter
/ um

1 3 3 21 40 31 35.71
2 3 5 23 50 26 34.96
3 3 7 25 60 16 33.26
4 3 9 27 70 10 31.83
5 5 3 23 70 43 39.37
6 5 5 21 60 29 35.42
7 5 7 27 50 20 33.98
8 5 9 25 40 12 32.46
9 7 3 25 50 28 35.27
10 7 5 27 40 22 34.32
11 7 7 21 70 11 31.85
12 7 9 23 60 12 32.46
13 9 3 27 60 33 35.99
14 9 5 25 70 35 36.26
15 9 7 23 40 17 33.44
16 9 9 21 50 15 33.06

The depth of the cup and its rim thickness were the least influential on observed
deformation, as indicated by the comparatively lower values for the Taguchi
Signal/Noise (S/N) ratio obtained (Table 4.11), and variations of these parameters to
accommodate the articulation of the femoral head, would not be expected to
significantly affect the diametrical deformation of the cup. It was also established that
the maximum pinching continued to occur when the cup was orientated at 5° to the

cavity, regardless of the component geometry modelled.
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Table 4.11: The Signal / Noise (S/N) ratio obtained for the different cup parameters using the

Taguchi DOE
Parameter
Thickness at
Thickness at Pole Cup Diameter Depth Rim
S/N Ratio 3.05 2.01 0.18 0.04

The highest deformation scenario was simulated whereby the cup depth and diameter
were maximised and the thickness at the pole and rim minimised, and the cup
misaligned by 5° and impacted under the greatest pinching support at 180°. This
resulted in a maximum deformation 19 times greater than when the cup was stiffened
by minimising the diameter and depth and maximising the thickness at the pole and

rim, whilst being uniformly supported and aligned (best case scenario).

4.7.3 Discussion

In the current study, the DOE demonstrated that varying the geometry of the
component can significantly alter its deformation following insertion (Table 4.11) and
established that it is specifically the wall thickness in the polar region of the cup, in
addition to changing its overall diameter, which most significantly influences the extent
of the diametrical deformation observed. It has been reported that low clearances are
beneficial to improved joint tribology and minimising wear [Harper, 2008; Isaac, 2006].
Furthermore, it has been shown [Dowson et al., 2004] that there is a strong correlation
under ideal conditions between reducing the size of the clearance and lower wear
rates. Consequently typical minimum clearances between the cup and the femoral
head are low, in the region of 80 to 120 um. The results of the current study suggest
that when large diameter cups are used they will likely deform by a greater amount,
significantly reducing localised clearances. This could create problems such as reduced
fluid-film lubrication, increased wear and even locking of the joint. The DOE suggests
that to minimise the deformation of larger diameter cups, the component should be
stiffened by increasing its polar thickness. It is interesting to note therefore the results
of the study by Springer et al. [2012] which showed that the majority of the
manufacturers of different cups did not appear to fully consider the influence of
increasing their cup diameter on the stiffness of the component. Indeed 3 out of the 4
cup designs tested [Springer et al., 2012] became less stiff as their diameter increased.

As a particular example, the diameter of the Biomet Magnum cup varies between 44
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and 66 mm, yet its thickness at the pole at these two diameters is almost the same at
5.80 and 5.83 mm respectively. This reflects clearly on the stiffness of the component,
which was reported [Springer et al., 2012] as being 20,000 N/mm for the 44 mm cup
and considerably less for the 64 mm design at 5,000 N/mm. Consequently, the
deformations that were reported for the smaller and larger diameter cup with the
same applied force of 1800 N at the rim were approximately 80 and 350 um. This
agrees with the results of the current study, suggesting that these larger commercially
available designs may deform excessively, particularly when coupled with other
contributing factors such as high interferences and stiffer bone stock in younger
patients. Increasing the thickness of the wall at the pole would reduce the amount of
deformation observed, therefore reducing the risk of adverse problems. The
importance of wall thickness is further highlighted when observing that a 60 mm
Stryker Cormet design with a wall thickness of 7.68 mm at the pole has a substantially
higher stiffness of 35,000 N/mm than the 60 mm cups manufactured by Smith &
Nephew and Biomet with polar wall thicknesses of 5.58 and 5.86 mm respectively,
each with an approximate stiffness of 10,000 N/mm [Springer et al., 2012].

It has been reported [Dowson et al., 2004] that the largest head with the lowest
clearance should be used to ensure optimal MoM tribology. This raises the issue of a
conflict that exists in the design stage of a hip replacement, where the requirement of
maximising the head size must be balanced with the need to ensure that the wall
thickness of the cup is not reduced by too much, to accommodate the larger head, that
high deformations occur. Indeed, some manufacturers do choose to ‘thin’ the cup
design to allow for a larger head to be properly seated [Springer et al., 2012], which
inevitably will result in greater deformations.

The large difference in deformation observed between the best and worst case
scenarios highlights the sensitivities to variations of these parameters which should be

considered during both the design and use of this component.
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4.8 Conclusions

This study has developed 3D explicit dynamics finite element models to investigate the
deformation of press-fit metal cups following insertion in the acetabular cavity. The
cup deformation following insertion is clearly influenced by the forces encountered
during insertion, the initial position of the cup in the cavity, the support provided by
the underlying bone and the geometry of the cup itself.

Explicit dynamics finite element models were used to allow a physiologically relevant
simulation of the impaction of cups, which is encountered in clinical practice, in
comparison to previous studies that have used unrealistically high static forces to
simulate a static press fit insertion. Experimental tests were performed to validate the
modelling results, establishing that an appropriate coefficient of friction between the
cup and a polyurethane cavity in the FE model was 0.835.

Whilst there have been many clinical studies that have reported on the consequences
of poor acetabular cup alignment in terms of the safe zone, the effect of the cups
position relative to the underlying bony support, has not been widely investigated. The
current study showed that diametrical cup deformations were twice as large when the
cup was tilted at 5° wi