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Abstract

The aim of this thesis was to determine if the size of the femoral head can influ-
ence corrosion at the head-neck taper interface of total hip arthroplasty (THA) prostheses.
A hypothesis was developed that large head sizes could result in a greater toggling torque
at the head-neck taper interface by increasing the distance between the centre of the fem-
oral head to the centre of the neck taper. This could result in increased micromotion and
deteriorate the passive oxide film along the head-neck taper interface; thus, making the

taper interface vulnerable to corrosion.

A retrieval analysis of 74 THA prostheses studied the corrosion damage at the
head-neck taper interface. This study revealed that prostheses featuring 36 mm femoral
heads had significantly greater head taper corrosion than prostheses with a 28 mm head.
Finite element analysis was performed afterwards to identify if the use of large femoral
heads can increase the micromotion at the head-neck taper interface due to a greater tog-
gling torque. This experiment demonstrated that with a larger head size the micromotion
at the head-neck taper interface increases. An in vitro corrosion fatigue study was per-
formed afterwards following ASTM F1875-98. When applying an off-axis fatigue load,
prostheses featuring a 36 mm femoral head displayed significantly more corrosion dam-
age at the head-neck taper interface than those with a 28 mm femoral head. Axial fatigue
loading was also applied; negligible corrosion damage at the head-neck taper interface
was discovered in comparison to the prostheses that received an out of axis load. This
verifies that the use of large femoral heads can result in increased head-neck taper corro-

sion due to a greater toggling torque.
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Chapter 1 — Introduction

1.1 General Overview

Metals are commonly used as materials in modern medicine to repair and replace
anatomical structures. A popular application of metals in medicine is bone replacement
and repair with some examples including fracture plates, screws, and staples. Metals are
also employed in other realms of medicine such as dentistry and are used for designing
components of various medical devices such as artificial hearts, pacemakers, and cathe-
ters.

One of the most commonly practiced orthopaedic operations worldwide is total
hip arthroplasty (THA). THA is a surgical procedure to implant an artificial hip joint into
a patient that replaces the femoral head and acetabulum. Metals are commonly used as a
material to design artificial hip joints because of their superior mechanical strength.

Recently, the number of THA procedures has substantially increased and current
trends indicate that THA procedures will further increase with time. The main reason is
due to an aging baby boomer population [1]. Additionally, the incidence of obesity is in-
creasing and it is estimated that 65% of the U.S. population is overweight [1]. If a patient
has excessive body weight, this can gradually deteriorate the hip joint over time.

THA operations are relatively expensive. In 2009, there were 284,708 operations

performed in the U.S. that resulted in a net cost of $4.48 billion [2]. Kurtz et al. projected



that there were 208,600 primary THA procedures performed in the U.S. during 2005 and
that this number would increase to 572,000 by 2030 [3]. On a related topic, a revision
surgery is a procedure where the surgeon removes and replaces a problematic prosthesis.
In regard to THA revisions performed in the U.S., Kurtz et al. indicated that there were
40,800 revision surgeries in 2005 and predicted that there would be 96,700 by 2030 [3].
Metals are generally susceptible to two types of failure. The first is mechanical
failure, which is a bulk issue since the material’s mechanical properties are determined by
its flaws. However, metals can be subjected to chemical failure, particularly corrosion.
Corrosion is a process in which a material degrades, deteriorates, or gets destroyed due to
its interaction with the surrounding environment [4]. In regard to THA prostheses, corro-
sion is a significant issue caused by the harsh physiological environment of the human
body. By having a corroded THA prosthesis, the patient may experience pain, hypersen-

sitivity to metals, adverse tissue reactions, and may require the implant to be removed.

1.2  Objectives, Research Methodology, and the

Significance of the Research

Although THA is generally considered to be a highly successful operation, corro-
sion is a significant issue that can affect the longevity of the prosthesis and can have

harmful consequences to the patient. Metal ions and particles from a THA prosthesis can



get released into the patient’s body by wear or corrosion and may result in pain, hyper-

sensitivity, adverse local tissue reactions, and revision surgery.

Femoral Head ~
Stem

Neck

Acetabular Cup

Figure 1.1. An assembled THA prosthesis with a metal-on-polyethylene articulation.

i Femor‘

Neck

Figure 1.2. The disassembled head-neck taper interface of a THA prosthesis.

In regard to THA prostheses, corrosion primarily occurs at the head-neck taper in-
terface. Corrosion can occur at the neck-stem taper interface if there is modularity at this
region. The head and neck interlock with each other and are held together by frictional
forces. Through this taper connection, the head and neck are capable of withstanding sig-
nificant tensile, compressive, and torsional loads [5]. In practice, surgeons commonly use

femoral head sizes of 28 mm, 32 mm, or 36 mm. Some surgeons implant large femoral



heads (diameter ranges between 36 mm to 60 mm +) to increase the range of motion, im-
prove stability, and to decrease the risk of dislocation [6]. The main disadvantage of large
femoral head sizes is that there is an increase in stress along the articulating cup. In rare
circumstances where a large femoral head has a metal-on-polyethylene articulation, this
can lead to fracture of the polyethylene liner [7].

In the orthopaedic community, corrosion at the head-neck taper interface has been
repeatedly reported [5, 8-16]. This is a growing concern and the orthopaedic community
is looking for solutions to minimize head-neck taper corrosion. Researchers are currently
trying to develop strategies to prevent head-neck taper corrosion from occurring.

The main objective of the research presented in this thesis was to determine if the
size of the femoral head plays a role in head-neck taper corrosion for THA prostheses. To

answer this question, the following steps were taken:

1. An extensive literature review was conducted to establish the mechanisms of how
head-neck taper corrosion occurs for THA prostheses. Additionally, this literature
review addresses how fretting is related to corrosion, how corrosion damage at the
head-neck taper interface can be assessed, and some suggestions to prevent head-
neck taper corrosion.

2. A retrieval analysis was carried out to determine if THA prostheses featuring 36
mm femoral heads display more corrosion damage at the head-neck taper inter-
face than THA prostheses with a 28 mm femoral head. To achieve this, all of the

femoral heads and stems were manufactured from one of two companies, consist-



ed of CoCr alloy, featured a 12/14 mm taper connection, had a metal-on-
polyethylene articulation, and were implanted for at least one month.

Finite element models of the head-neck taper interface were developed to exam-
ine the micromotion between the femoral head and neck due to forces from activi-
ties of daily living. Besides measuring the micromotion due to head size, the fol-
lowing variables were also considered: the material combinations of the head-
neck taper interface; the assembly force; the taper size; the distance between the
centre of the femoral head to the centre of the neck taper; and the angle of load-
ing.

Finally, an in vitro corrosion fatigue testing experiment was performed to verify if
head-neck taper corrosion is influenced by the femoral head size and the angle of
loading. The main advantage of this experimental study was to remove a number
of variables that can influence head-neck taper corrosion that could not be re-
moved in a retrieval analysis study such as the variations in implantation time,

manufacturing brands, and the assembly force.



1.3

Scope of Work

This thesis consists of seven chapters and two appendices:

Chapter 1 is an introduction to the research described in this thesis as well as the
methodology performed to achieve the objectives, a discussion why this research
was performed, and summarizes the shape of the work that is presented.

Chapter 2 summarizes the literature pertaining to head-neck taper corrosion of
THA prostheses. There are three goals of this literature review. First, this litera-
ture review attempts to provide the reader a sufficient background to further un-
derstand the problem this thesis explores. Second, this literature review provides a
summary of what is known about corrosion and fretting damage with respect to
the head-neck taper interface of THA prostheses. Finally, this literature review at-
tempts to show the gaps of knowledge in regard to head-neck taper corrosion of
THA prostheses.

Chapter 3 describes a retrieval analysis that was performed which consists of 74
THA prostheses. The goal of this retrieval analysis was to determine if THA pros-
theses with 36 mm femoral heads have significantly more corrosion and fretting
damage at the head-neck taper interface than THA prostheses with a 28 mm fem-
oral head. The prostheses that were selected in this study were manufactured from
one of two companies, had a 12/14 mm taper, consisted solely of CoCr alloy, fea-
tured a metal on polyethylene articulation, and had a minimum implantation time

of one month. A novel scoring method was developed such that three researchers



evaluated the THA prostheses for macroscopic corrosion and fretting damage.
Additionally, scanning electron microscopy and energy dispersive x-ray spectros-
copy were performed to examine the microscopic damage and to characterize the
corrosion products, respectively.

Chapter 4 is an overview of a finite element analysis of the head-neck taper inter-
face of THA prostheses. For this investigation, six variables were examined to de-
termine their influence on the displacement during the assembly procedure, the
micromotion at the head-neck taper interface during compression and tension, and
the maximum von Mises stress at the head-neck taper interface. The six variables
that were explored in this study include: the femoral head size; the material com-
binations; the assembly force; the taper size; the distance between the centre of
the femoral head to the centre of the neck taper; and the angle of loading.

Chapter 5 is a summary of an in vitro corrosion fatigue testing experiment that
was performed to determine if 36 mm femoral heads have more head-neck taper
corrosion damage than 28 mm femoral heads. For this study, 28 and 36 mm CoCr
femoral heads were assembled onto 12/14 mm CoCr neck tapers. An axial assem-
bly force of 2000 N was applied and the head-neck taper interface was subjected
to ten million cycles of loading (300 N to 3300 N) at a frequency of 5 Hz in phos-
phate buffered saline at a maintained temperature of 37°C. Additionally, the angle
of loading was modified (out of axis and axial loading) to determine if the tog-
gling torque at the head-neck taper interface plays a role in head-neck taper corro-

sion.



Chapter 6 contains a thorough discussion of the retrieval analysis, the finite ele-
ment analysis, and the in vitro corrosion fatigue tests. This chapter emphasizes
why the toggling torque is a critical factor that contributes to head-neck taper con-
tribution and how it increases with a larger head size. Additionally, this chapter
also discusses the conclusions that were arrived in this thesis and how they com-
pare to the work done by other researchers in the field. This chapter summarizes
the limitations of the research presented in this thesis and discusses the ad-
vantages of the novel technique that was developed to assess corrosion and fret-
ting damage at the head-neck taper interface.

Chapter 7 summarizes the results from the retrieval analysis, the finite element
analysis, and the in vitro corrosion fatigue testing experiment and the novelty of
the research discussed in this thesis. Finally, this chapter provides recommenda-
tions for future work that should be considered for preventing corrosion damage
at the head-neck taper interface.

Appendix A contains the schematic drawings of the head and neck tapers that
were used for the finite element analysis described in Chapter 4.

Appendix B displays the demonstration of convergence for the finite element

analysis presented in Chapter 4.



Chapter 2 — Literature Review

2.1 Introduction

There are three goals of this literature review. The first is to provide the reader a
sufficient background to further understand the problem this thesis explores. Second, this
chapter summarizes the literature with respect to corrosion at the head-neck taper inter-
face. Finally, this chapter addresses gaps in the literature with respect to what is known

about corrosion at the head-neck taper interface.

2.2  Anatomy of the Hip Joint

The hip joint consists of a ball-and-socket configuration with three degrees of
freedom and movement of the leg occurs along three planes: flexion-extension (sagittal
plane); abduction-adduction (frontal plane); and internal-external rotation (transverse
plane) [17]. As shown in Figure 2.1, the superior segment of the femur has a portion of
bone that is partially spherical; this is the femoral head. The femoral head is covered by a

layer of hyaline cartilage to achieve smooth movement with the acetabulum [18]. The hip
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joint is able to achieve movement of the leg at the hip due to the articulation between the
femoral head and the acetabulum. Inferior to the head and neck of the femur are the

greater and lesser trochanter structures, which are involved in muscle attachment.

Femoral
Head

Neck
Lesser

Trochanter

Greater
Trochanter

Figure 2.1. Anatomy of the femur (SAWBONES™ model).

The pelvis primarily consists of two mirror-image interconnected large bones (0s
coxae) where one segment is on the left-hand-side and the other segment is on the right-
hand-side. These bones are united at the pubis symphesis, which is located at the anterior
of the pelvis, as well as the sacrum, which can be found on the posterior of the pelvis as
illustrated in Figure 2.2 [19]. The sacrum is a triangular-shaped bone located in the up-
per-back portion of the pelvis and supports the spine [19]. The two os coxae bones, the

sacrum and the coccyx, make up the pelvic girdle.
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Sacroiliac Joint

Acetabulum

Is¢hium Pubic

Arch
Pubic Crest

Pubic Symphysis

Figure 2.2. Anatomy of the pelvis (SAWBONES™ model) [20].

The acetabulum is a deep-socket structure of the pelvis as shown in Figures 2.2
and 2.3. The acetabulum is formed by the union of three pelvic structures: the ilium; the

ischium; and the pubis [21].

lliac Crest

llium

Greater
Sciatic

Notch

Ischium

Figure 2.3. Anatomy of the acetabulum (SAWBONES™ model) [21].
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2.3  Total Hip Arthroplasty

2.3.1 Patient Symptoms

There are a number of reasons why a patient may require an artificial hip joint.
These reasons include: osteolysis; osteoarthritis; osteonecrosis; rheumatoid arthritis; frac-
ture of the femoral neck; inflammatory arthritis; developmental dysplasia; Paget’s dis-
ease; arthrodesis (fusion) takedown, tumours; road accidents; and injuries from war [22].

The following provides a brief description of some of these disorders.

Osteolysis — Osteolysis is the degeneration and dissolution of bone that may be
caused by disease, infection, or ischemia. Osteolysis occurs when the bone matrix under-
goes active resorption by osteoclasts during the formation of natural bone tissue. During
osteolysis, bone gets deteriorated during the process of bone resorption due to the remov-
al or loss of calcium [22]. Osteolysis may also be influenced by bone tumours, cysts, or

chronic inflammation.

Osteoarthritis — Osteoarthritis is a cluster of disorders that can result in the struc-
tural and functional failure of joints along with a progressive loss in cartilage that may
lead to bone cysts (an abnormal membranous sac containing fluid or semisolid material)

[17, 23]. Osteoarthritis is common in the elderly, as well as patients with trauma or a
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congenital abnormality of the hip joint [24]. At the hip joint, cartilage acts as a cushion
between the femoral head and the acetabulum. When osteoarthritis occurs at the hip joint,
the femoral head and/or the acetabulum become deformed, which can result in pain due

to increased friction at the articulation site [22].

Osteonecrosis — Osteonecrosis is a disease that involves cellular death in bone tis-
sue that can be caused by an inadequate supply of blood, injury, or disease [22, 25]. With
the progression of osteonecrosis, the bone structures forming the hip joint may collapse
[22]. Osteonecrosis can be contributed to a number of factors such as alcoholism, drugs,

and fracture of the hip [25].

Rheumatoid Arthritis — Patients with rheumatoid arthritis suffer from a chronic
systematic condition that may result in joint pain, swelling, and stiffness throughout the
synovial joints [26]. Inflammation occurs along the lining of the joint, which produces
chemical changes in the synovial fluid so it becomes thicker [22]. By having a change in
the synovial fluid’s composition, this can deteriorate cartilage and make movement of the

hip joint painful [22].

Developmental Dysplasia — Developmental dysplasia is a condition where the
femoral head has inappropriate contact with the acetabulum that can result in dislocation
(luxation), partial dislocation (subluxation), or hip instability such that the femoral head

pops in and out of the socket [22]. For most patients, developmental dysplasia is not pre-
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sent at birth and progresses with time; hence, the term developmental is used in compari-

son to congential [22].

Arthrodesis (Fusion) Takedown — Arthrodesis occurs when there is fusion along
the articulation site. This increases bone cell proliferation to achieve stability that is rela-

tively painless [22].

2.3.2 The Modern Total Hip Arthroplasty Prosthesis

The purpose of the artificial hip joint is to minimize the patient’s pain at the hip
joint and improve the functional outcome while achieving the lowest complication rate
[27, 28]. There are currently more than a million artificial hip joint procedures performed
worldwide each year [29]. These procedures are becoming more common in younger pa-

tients; however, most procedures are performed on patients over the age of 60 [24].
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PE Liner

Femoral Head
Neck

Figure 2.4. The THA prosthesis with a metal-on-polyethylene articulation.

Hip arthroplasty procedures can be classified into two categories: total hip arthro-
plasty (THA) [30] and hemiarthroplasty [31]. In a THA procedure, the surgeon will re-
place the femoral bone stock (femoral head and neck) with a metal or ceramic femoral
head [24]. This artificial femoral head is attached to the stem component, which is insert-
ed into the femur. The femoral head and stem can be a single component or consist of
two separate components, otherwise known as a modular hip prosthesis. Modular hip
prostheses are assembled during surgery using impact forces from surgical hammer
blows. The stem can be fixed to the femur using a cement compound or through a fric-

tional fit [24]. Additionally, a cup that is made of metal, ceramic, or a plastic is press-
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fitted into the acetabulum and articulates with the femoral head [24]. With hemiarthro-
plasty, the surgeon replaces one-half of the hip joint with a prosthesis and leaves the other
aspect in its natural state without alterations (e.g. replace the femoral head and leave the
acetabulum or replace the acetabulum and leave the femoral head) [31].

As reported by the Canadian Institute for Health Information, the following is the
breakdown of the different types of hip prostheses, sorted by articulation type, for pa-

tients within Canada [32]:

e 73% for metal-on-polyethylene
e 9% for metal-on-metal
e 8% ceramic-on-ceramic

e 5% ceramic-on-polyethylene

During 2005 to 2008, approximately 35% of THA procedures performed in the
U.S. consist of a metal-on-metal bearing articulation [33]; however, implanting metal-on-
metal THA prostheses has sharply declined over the past few years. Metal-on-metal THA
bearings were reintroduced in 1997 to reduce the occurrence of osteolysis, have less vol-
umetric wear in comparison to metal-on-polyethylene bearing articulations, and were
aimed at younger patients with the notion that these prostheses could last a lifetime [34-
36]. However, metal-on-metal THA prostheses have been reported to have three times the
failure rate of metal-on-polyethylene THA prostheses, which is attributed to edge wear

and an increased bearing torque [37]. By having greater wear and loading at the head-
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neck taper interface, metal ions and corrosion products can be released to the patient’s
body [37]. As a consequence, this can lead to adverse local tissue reactions (ALTRS)
[36]. Table 2.1 provides a summary of the advantages and disadvantages of the different

articulation types for THA prostheses.
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Table 2.1. The advantages and disadvantages of THA prosthesis articulations.

Avrticulation Type

Advantages

Disadvantages

Metal-on-
Polyethylene

o Cost-effective

¢ Design with the most ex-
perience

e Most common THA pros-
thesis in Canada [32]

Can produce polyethylene par-
ticles that can result in osteoly-
sis

High wear volume

Aseptic loosening
Recommended for elderly pa-
tients

If the femoral head penetrates
the PE liner, this can reduce the
range of motion

Vulnerable to pitting damage
(not corrosion but from third
body wear particles)

Metal-on-Metal

e Aimed for younger
patients [34-36]

e Low volumetric wear rate
[34-36]

e Improves stability with a
large femoral head

Can generate metal particles
that can enter the bloodstream
and surrounding tissues

The patient may experience
pain, hypersensitivity, and
ALTRs [38]

Greater revision rates than hip
resurfacing arthroplasty [34]
and THA prostheses with a
ceramic on polyethylene
articulation [39]

Up to three times the failure
rate of metal on polyethylene
THA prostheses due to edge
wear and an increased bearing
torque [37]

Ceramic-on- o Corrosion resistant e Vulnerable to fracture
Ceramic e Low wear rate e Most expensive articulation for
e Scratch resistant a THA prosthesis
e Low surface roughness e May generate third body wear
» High wettability e Squeaking may occur
e Good lubrication
Ceramic-on- e Reduced wear rate in e Residual polyethylene wear
Polyethylene comparison to metal- on- with late risk of aseptic

polyethylene

e The elasticity of
UHMWPE decreases the
fracture risk of the
ceramic femoral head

loosening [40]
Vulnerable to fracture
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The Morse taper concept was introduced to hip prostheses in Germany in 1974
[41, 42]. This design allows intimate contact between the neck, or trunnion, of the femo-
ral stem (male component) and the bore of the head (female component) [43]. The 12/14
mm 5° 43’ 30” taper is considered to be the gold standard for THA prostheses [44, 45].
There are currently more than 30 types of head-neck taper interfaces for THA prostheses
and there is no form of standardization for designing and manufacturing the head-neck
taper interface [46]. The taper interface can vary due to the following parameters: proxi-
mal diameter; distal diameter; taper length; angle; manufacturing tolerances; surface fin-
ish; and surface treatment [46]. This taper is successful because the head-neck taper inter-
face has excellent resistance to rotator and distractive stresses. Standardization of the
head-neck taper connection is critical to the survival of THA prostheses; however, neck
tapers are not standardized and vary in terms of length, the base dimension, and the taper
angle [43]. By having an angular mismatch, this can result in substantial fretting damage
and may lead to revision surgery. Additionally, many necks are threaded. These threaded
surfaces may not be uniformly patterned which can result in variations in terms of thread
height, pitch, and surface roughness [43]. Consequently, these variations can affect the
micromotion at the head-neck taper interface; thus, potentially playing a role in fretting
and corrosion damage [47].

Modular hip prostheses are advantageous for many reasons. For instance, the sur-
geon can adjust the leg length and hip stability of the patient during surgery by modifying
the neck length, the inventory size will decrease, and the femoral stem can be implanted
prior to the insertion of the acetabular component [5, 13]. Other advantages include in-

creased flexibility during surgery, reduced costs, the use of different materials for the fix-
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ation and articulation [5, 13], and the femoral head can be removed to allow exposure of
the acetabulum during revision surgery [42]. Some of the potential disadvantages of
modular hip prostheses include: wear debris production; periprosthetic bone resorption;

and aseptic loosening due to osteolysis [48-50].

Figure 2.5. The neck length and offset of the neck segment of a THA prosthesis.

The neck offset is the horizontal distance from the centre of the base of the neck
to the centre of the tip of the neck [51]. Meanwhile, the neck length is the hypotenuse of

the offset and the vertical height from implant shoulder to tip centre [51].
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Cales reported that the distance between the top of the neck taper to the ceiling of
the head taper can affect the tensile stress distribution [44, 52]. As this distance decreas-
es, the tensile stresses increase at the head-neck taper interface. From this, the recom-

mended distance should be at least 1.5 millimetres or greater.

Recently, manufacturers have introduced dual modular THA prostheses in which
there is not only a modular head-neck taper interface, but there is also a modular neck-
stem taper interface. By having a modular neck-stem taper interface, this allows the sur-
geon to adjust the offset, version, and limb length; thus, making the prosthesis more cus-
tomized to the patient [53]. One of the original double taper stems is the Profemur Z,
which has been reported with a large number of failures at the neck-stem taper interface.,

particularly corrosion and fretting.

2.3.3 Femoral Head Size

John Charnley originally intended that his THA prosthesis design would have a
head size of 41.5 mm [54]. Later, Charnley discovered problems when he placed the
femoral heads against a liner made of PTFE (polytetrafluoroethylene). Charnley then de-
cided to reduce the size of the femoral head to 22.25 mm [55] because of the limited
availability of polymeric materials to orthopaedic surgeons. As a result, femoral head siz-
es between 22 to 32 mm were universally accepted for over 50 years [54].

The concept of implanting large femoral heads was introduced in 2003 as a solu-

tion to treat femoral neck fractures in metal-on-metal hip resurfacing prostheses when the
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acetabular component was well-fixed [56]. These prostheses had a 12/14 mm head-neck
taper interface and were considered advantageous because of the low incidence of dislo-
cation and had a reduced wear rate [56]. The main advantage of large femoral heads is
that they are closer in anatomical size to the femoral head and can provide the patient

with an increased range of motion [54].

Many THA prostheses have a limited range-of-motion because of component-to-
component impingement [54]. This problem is commonly found in smaller head sizes
[57], especially those that feature skirts [58]. Burroughs et al. reported that head sizes of
38 mm to 46 mm provide a greater range-of-motion than head sizes of 32 mm or less
[54]. Because the range-of-motion is increased, larger femoral heads reduce the possibil-
ity of dislocation. Queen et al. found that 18 months after surgery, patients with a THA
prosthesis with a head size greater than 36 mm display abnormal flexion and extension
while climbing stairs [59].

Smaller femoral heads are also more susceptible to dislocation because these
heads are countersunk into the polyethylene liner to deepen their position. To achieve
this, a chamfer is required on the polyethylene liner to prevent the reduction in the range-
of-motion from component-to-component impingement. However, the chamfer can in-
crease the chances of dislocation if the femoral head achieves a metastable position.
Meanwhile, femoral head sizes with a diameter greater than 32 mm have increased stabil-
ity without requiring a deepened position into the polyethylene [54].

Burroughs et al. conducted an in vitro study to observe how head size and the

head-neck length affects the range-of-motion [60]. This experiment was performed using
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an anatomical goniometer that tested 28 mm, 32 mm, 38 mm, and 44 mm diameter femo-
ral heads within a 61 mm acetabular shell. For each femoral head size, there were five
neck lengths. Burroughs et al. discovered that the 38 mm and 44 mm heads had more
range-of-motion than the 28 mm and 32 mm heads for all angles tested. The greatest dif-
ference in the range-of-motion prior to impingement occurring was between the 38 mm
and 44 mm heads versus the 28 mm and 32 mm heads that had a skirt (+7 mm and +10.5
mm neck lengths). Additionally, increasing the head-neck length resulted in increased
flexion as well as internal rotation at 90° of flexion before impingement.

Zijlstra et al. conducted a randomized clinical study to observe if metal-on-metal
THA prostheses with an average head diameter of 48 mm improved the patient’s range-
of-motion one year post-operatively in comparison to THA prostheses with a 28 mm
femoral head and a metal-on-polyethylene articulation [61]. Each group consisted of 25
patients. Zijlstra et al. reported that after one year, the large head size cohort had a greater
improvement in internal rotation (14°) versus the small head size group (7°); however,
the standard error measurement was 4°. Meanwhile, there were no significant differences
between the two head size groups when measuring external rotation, flexion, extension,
abduction, and adduction. From this study, Zijlstra concluded that larger heads may not
necessarily enhance the patient’s range-of-motion. Similar to Zijlstra et al., Allen et al.
reported that with larger head sizes, there was no significant difference in the patients’
functional outcome after a 12 month post-operative period; however, the dislocation rate
decreased with head size [62]. Cooper et al. also speculated that there could be a link be-

tween dislocation and head-neck taper corrosion [63].
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According to the National Joint Registry for England and Wales [56], as well as
some independent centers in the United Kingdom [64], the revision rate for large head
metal-on-metal THA prostheses was 7.8% at five years. Bolland et al. reported a revision
rate of 8.5% at five years and proposed that this high failure rate may be attributed to the

mismatch between the head and neck [56].

Unfortunately, metal-on-metal THA implants with large femoral heads yield poor
revision rates. For instance, the revision rate at seven years was 13.6% as reported by the
National Joint Registry for England and Wales [65] as well as the Australian Orthopaedic

Association [66].

The Australian Orthopaedic Association National Joint Replacement Registry re-
ported in 2010 that metal-on-metal THA revision rates substantially increased when the
head size was greater than 32 mm [34]. Additionally, the Canadian Institute for Health
Information reported that patients with a metal-on-metal THA prosthesis with a large
femoral head have a 5.9% chance of undergoing revision surgery within five years
whereas 2.7% of patients with a metal-on-polyethylene THA prosthesis would require re-
vision surgery [32]. Similarly, the 2010 England Wales National Joint Registry reported
that the revision rate of large head diameter metal-on-metal THA prostheses at five years
was 7.8% [67]. One of the main reasons for this is that large femoral heads can generate
more volumetric wear regardless of the articulating material [68-70]. In particular, poly-
ethylene cups in particular have been known to be vulnerable to excessive wear and

periprosthetic osteolysis [60].
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Large femoral heads are not suitable for all patients. Some patients may have a
small acetabular bone stock which would not support a femoral head with a diameter
greater than 32 mm while achieving a minimum 5 mm thickness for the corresponding
polyethylene liner [54]. In terms of selecting the femoral head size, smaller heads are

generally chosen for patients who are elderly, have a light frame, and/or are female [62].

Bolland et al. conducted a mid-term clinical study of large head metal-on-metal
THA prostheses and attempted to identify potential sites of failure from retrieval analyses
and to identify factors that could be linked to revision surgery [56]. This study consisted
of 199 hips (185 patients) with a mean follow-up period of 62 months. Bolland et al. ob-
served that patients with a large head diameter metal-on-metal THA prosthesis who had
undergone or were awaiting revision surgery had significantly elevated concentrations of
cobalt in comparison to the non-revision cohort [56]. Of the 17 patients who had under-
gone revision surgery, 14 patients had an ALTR. Bolland et al. observed corrosion and
wear damage at the head-neck taper interface as well as corrosion damage along the stem

surface.

Langton et al. commented that three key factors may contribute to these poor revi-

sion rates: the trunnion dimensions; trunnion surfaces; and the femoral head size [71].

1. Trunnion Dimensions: By reducing the length of the trunnion, the trunnion’s
base rests within the taper, which can lead to edge loading [71]. By reducing

the taper size (e.g. 14/16 mm to 12/14 mm), this leads to less surface area to
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achieve a sufficient interference fit. This can increase the risk of micromotion,

which can lead to the risk of fretting and corrosion.

2. Trunnion Surfaces: Many modern trunnions are rigged to accommodate ce-
ramic and metallic femoral heads [71]. However, the machining grooves can
lead to an imprint on the metallic femoral heads. This plastic deformation can
contribute to increased contact stresses and wear damage. Consequently, the

localized pits may allow corrosion to occur over a larger surface area.

3. Large Head Sizes: The concept of implanting large heads was introduced to
achieve less wear damage, reduce the risk of dislocation, and improve the pa-
tient’s range-of-motion [71]. Currently, there are at least a million large head
diameter metal-on-metal THA prostheses implanted worldwide [35]. Howev-
er, a larger head size increases the horizontal lever arm, which has been

known to increase the wear rate [71].

Large diameter femoral heads ranging from 38 mm to 58 mm provide head-to-
neck ratios and jumping distances that exceed the physiologic range of motion at the hip
joint [72]. The head-to-neck ratio is critical for improving the range-of-motion due to
component-to-component impingement. By using larger femoral heads, this is the most
direct technique to improve the head-to-neck ratio [54].

When designing a hip prosthesis that features a large femoral head, sleeves may be
used so the femoral head contacts the neck. However, micromotion can occur between

the neck-sleeve interface, which can lead to wear and corrosion damage [73].
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2.4 Metallic Materials used in Total Hip Arthroplasty

For over a century, scientists have implanted a wide variety of metals into the
human body to treat several ailments [74]. Metals such as aluminum, copper, magnesium,
carbon steels, iron, nickel, silver, and zinc have been implanted inside the human body
[74]. Unfortunately, all of these metals are known to be too reactive and/or toxic in the
human body when implanted for long-term use [74].

Most metals in modern medicine currently consist of three alloys: cobalt-
chromium (CoCr) alloys; titanium alloys (particularly Ti6Al4V); and 316L stainless steel
[75]. These three alloys are used in a variety of applications. Table 2.2 lists some com-
mon applications of these materials [74] whereas Table 2.3 lists their mechanical proper-

ties in comparison to bone [74, 76].

Table 2.2. Common medical device applications of 316L stainless steel, cobalt-chromium
alloys, and titanium based alloys [74].

Material Applications
316L Stainless Steel Joint replacement prostheses, orthopaedic fracture plates,
cranial plates, spinal rods, stents, catheters, dental implants
CoCr Alloys Joint replacement prostheses, heart valves, dental implants,

orthopaedic fracture plates, spinal rods

Joint replacement prostheses, cranial plates, dental implants,
Titanium Alloys dental wires, orthopaedic fracture plates, ablation catheters,
stents, maxillofacial reconstruction
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Table 2.3. Mechanical properties of 316L stainless steel, cast and wrought cobalt-

chromium alloy, Ti6Al4V, and human bone [74, 76].

Material Tensile Yield Vickers Young’s Fatigue
Strength Strength Hardness Modulus Limit
(MPa) (MPa) (Hy) (GPa) (GPa)
316L Stainless 650 280 190 211 0.28
Steel
Wrought CoCr 1540 1050 450 541 0.49
Alloy
Cast CoCr Alloy 690 490 300 241 0.30
Ti6AI4V 1000 970 121
Cortical Bone 137.3 26.3 13.7

Many metallic prostheses are susceptible to corrosion when implanted in the
body. This may result in adverse effects to the patient and functional failure of the device
[74]. To prevent this, many metallic prostheses are pre-passivated before final packaging.
This may involve techniques such as acid baths, anodizing processes for titanium alloys

[77], or electropolishing for stainless steel and cobalt based alloys [78].

2.4.1 Cobalt — Chromium Alloys

Cobalt-chromium (CoCr) alloys are used extensively in THA prostheses, particu-
larly the femoral head [14]. The reason for this is that CoCr alloy has excellent wear re-
sistance properties, superior hardness, and great strength [14, 74]. As a pure metal, cobalt
is vulnerable to corrosion and is not that ductile; however, cobalt has been reported to

stimulate erythropoietin production [79].
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CoCr alloys are also used in orthopaedic devices and fall under three categories:
cast (low carbon); wrought; and wrought (high carbon) alloys [74]. The cast CoCr alloy
is implemented when designing complex shapes that cannot be machined such as stem
components [74]. In contrast, the femoral head can be designed using the wrought (high
carbon) CoCr alloy [74].

Martin et al. reported that for passive oxide films formed along CoCrMo alloys,
the film consists of cobalt, chromium, and molybdenum ions that are electrostatically at-
tracted to proteins to form the film [80]. High carbon content (0.15% to 0.25%) CoCrMo
alloys display better tribocorrosion resistance, less friction, and reduced wear than low
carbon content (0.06%) CoCrMo alloys [81].

When released into soft tissues, cobalt takes the form of its cation, Co®* [82]. A
blood serum concentration of 5 pg/L for cobalt is considered to be toxic whereas a con-
centration of 20 pg/L can lead to major complications [83]. Van der Straeten et al. report-
ed a strong correlation between patients with a high cobalt concentration in the blood and
“the prevalence of sleeping disorders, cognitive problems, equilibrium disturbances, neu-
ropathic symptoms, fatigue, somatic disorders and mood changes” [83]. In contrast, triva-
lent chromium ions cannot pass through the cell membrane and remain in the blood [83].
Trivalent chromium ions unite with phosphate to form to a Cr(l11)-phosphate complex
whereas no chromium (V1) ions are found in tissues [84].

Coleman et al. conducted a study to analyze the concentration of cobalt in blood
after CoCr THA prostheses had been implanted in patients for one year [85]. Coleman et
al. observed that after a year of implantation, the patients had a significant increase in the

concentration of cobalt ions in their blood [85]. Although it is possible that some of these
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cobalt ions may be from corrosion, Coleman et al. speculated that the elevation in cobalt
was most likely due to wear from the articulating surfaces [85].

Morapudi et al. examined 53 patients with a unilateral metal-on-metal THA pros-
thesis and 53 additional patients with bilateral metal-on-metal THA prostheses to deter-
mine if the bilateral patients have greater serum cobalt and chromium levels [86].
Morapudi et al. discovered that for the patients with bilateral metal-on-metal THA pros-
theses, the cobalt and chromium concentrations were 34 nmol/L and 23 nmol/L of cobalt
and chromium, respectively, whereas the unilateral group had cobalt and chromium lev-
els of 14 nmol/L and 21 nmol/L, respectively [86]. As a result, there were no significant
differences for either cobalt or chromium between the two groups [86]. According to the
Medicines and Healthcare Products Regulatory Agency, clinically significant concentra-
tions of cobalt and chromium are 120 nmol/L and 135 nmol/L, respectively [86]. In con-
trast with Morapudi, Watanabe et al. found a significant difference in cobalt and chromi-
um concentrations between patients with bilateral metal-on-metal THA prostheses and
those with a unilateral metal-on-metal THA prosthesis [87]. Additionally, Watanabe et al.
reported significant differences of cobalt and chromium concentrations in serum for im-
plants with large femoral heads three and six months post-operatively, as well as high cup

inclination and highly active patients [87].

Unlike many metals, molybdenum is readily absorbed from the intestinal tract
[79]. Acute molybdenum toxicity can lead to diarrhea, coma, and cardiac failure. High
molybdenum levels may result in inhibiting ceruloplasmin, cytochrome oxidase, glutami-

nase, choline esterase, and sulphite oxidase.
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Research has been performed to determine if the content of carbon in CoCr alloys
affects corrosion behaviour [88]. Lewis et al. determined that carbide inclusions do not

enhance the alloy’s resistance to corrosion.

2.4.2 Titanium Alloys

Titanium was first introduced as a biomaterial in the 1960’s and has been increas-
ing in popularity ever since [74]. Presently, titanium and its alloys are the preferred metal
for biomedical implants with Ti6Al4V (6% aluminum, 4% vanadium, 0.25% maximum
iron, 0.2% maximum oxygen, and the remainder being titanium) [89] being one of the
more popular alloys. This can be attributed to the passive oxide film that forms along the
surface which prevents corrosion and is not reactive; thus, making titanium an attractive
metal for biomedical applications [74]. Titanium alloy’s modulus of elasticity is also
closer to bone than CoCr alloy.

In terms of titanium’s disadvantages, this passive oxide film is vulnerable to fret-
ting, a form of surface damage caused by low-amplitude oscillatory sliding between two
contacting surfaces [90]. Titanium wear particles have been found in tissues local to the
head-neck taper interface of THA prostheses instead of precipitated corrosion products
[91, 92]. When titanium and CoCr alloy THA prostheses are subject to corrosion or fret-
ting damage, titanium tends to stain the surrounding periprosthetic tissues to a greater ex-

tent than CoCr [93].



32

Oxygen may diffuse through the passive oxide film during fabrication, which may
result in embrittlement [94]. Titanium alloys tend to have a low surface hardness and are
more susceptible to scratching, burnishing, and loss of sphericity in comparison to cobalt
heads (HS21, ASTM F-75) [46].

Crevice corrosion has been reported to occur along the titanium alloy femoral
stem and the cement interface [95]. Ti6AI4V is vulnerable to crevice corrosion due to the
presence of dissolved and trapped metals cations. Generally, Ti6Al4V implants are not
implanted with cement due to the possibility of corrosion and increased dissolution rates

as a result of the crevice formed between the metal and the cement [96].

2.4.3 316L Stainless Steel

When stainless steel was first developed, many scientists originally thought it
would be an excellent biomaterial because of its resistance to corrosion. When 18-8 stain-
less steel was first implanted into the human body, intergranular corrosion was present,
which was attributed to its 0.08% carbon content [74]. Additionally, 18-8 stainless steel
implants featured pitting due to the minimal presence of molybdenum [74].

The only stainless steel that is presently used in orthopaedic devices is 316L stain-
less steel, which contains molybdenum [74, 97]. Generally, 316L stainless steel is a
popular biomaterial because of its low carbon content (0.03%), which can decrease the
onset of intergranular attack [74]. Nonetheless, 316L stainless steel can still corrode in

the human body and has been known to release iron, nickel, and chromium, all of which
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are carcinogenic and are known to be allergens [98]. In a study conducted by Sivakumar
and Rajeswari, more than 90% of the failures of 316L stainless steel implants were at-
tributed to crevice corrosion and pitting [98].

Between CoCr, Ti6Al4V, and 316L stainless steel, 316L stainless steel is the most
vulnerable to crevice corrosion [99, 100]. When examining these three materials under
fretting corrosion testing, 316L stainless steel displayed the most weight loss from fret-

ting in comparison to CoCrMo regardless of the number of cycles of loading [45].

2.5 Corrosion

The aim of this subsection is to discuss corrosion with respect to THA prostheses.
The topics that are to be addressed include: an overview of corrosion; the environment of
the human body; the passive oxide film and how it prevents corrosion; the forms of cor-
rosion that affect the head-neck taper interface of THA prostheses; the four tissue re-
sponses to biomaterials; inflammatory cell induced corrosion; the consequences of corro-
sion in the human body; and a summary of the literature concerning adverse local tissue

reactions (ALTRs).
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25.1 Introduction to Corrosion

Corrosion occurs when a material is gradually degraded, deteriorated, or de-
stroyed upon interacting with its surrounding environment [4]. Corrosion consists of a se-
ries of electrochemical reactions that involve the transfer of electrons between an elec-
trode and an electrolyte [4]. An electrode is an electronic conductor that allows electrons
to be transferred to an electrolyte, which is an ionic conducting solution that allows bi-
directional flow of charge carriers [101].

For metallic species to corrode, two fundamental characteristics are required:
thermodynamic driving forces and kinetics. Thermodynamic driving forces consist of a
series of oxidation and reduction reactions that dictates how much energy is required to
drive the reaction as well as the amount of energy released. In contrast, thermodynamic
kinetics focuses on the rate of the oxidation and reduction reactions and the kinetic barri-
ers. Factors that may influence the rate of the oxidation and reduction reactions include
those that reduce the rate or prevent the reactions from occurring.

The oxidation number, or oxidation state, of each atom in a molecule states how
many electrons it is capable of donating or accepting in the overall bonding of the mole-
cule [101]. A chemical reaction in which the oxidation number of any of the reactants
changes is called an oxidation-reduction (or redox) reaction [101]. When corrosion oc-
curs, one of the key reactions is the loss of electrons from a metal atom and its oxidation
number increases. In other words, the metal atom (M) takes on the form of a cation by re-

leasing n amount of electrons (e) and its oxidation number increases by n as shown in the
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following reaction [4]. This metal (M) is referred to as the anode and the chemical reac-
tion at this site is an oxidation reaction. The anode is a reducing agent because by giving

up electrons, it reduces another atom that gains the electrons [101].

M-> M™+ne

When considering the head-neck taper interface of THA prostheses, the oxidation

of cobalt would be as follows:

Co-> Co® +2¢

Additionally, chromium is also susceptible to oxidation; however, Cr,O3 is pro-
duced. Cr,O3 which forms a part of bilayer in the passive oxide film that protects the

CoCr alloy from head-neck taper corrosion.

2Cr + 3H,0 = Cr,03 + 6H" + 6¢”

These free electrons are capable of migrating and may propagate away from the
metal atom. The atom that receives the electrons (M) becomes reduced and is known as
the cathode. The reduced atom is an oxidizing agent because it oxidizes another atom that
loses the electrons [101]. In terms of electron production and consumption, the rate of ox-

idation equals the rate of reduction during corrosion [4].
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M™ +ne>M

The following reduction reactions can occur at the head-neck taper interface.

0, + 2H,0 +4e” - 40H"
0, + 2H,0 +2e" - H,0, + 20H"
O, + H,0 +&" > HO,  + OH'
HO," + H,0 > H,0, + OH’

H,O, + 2e” - 20H

The thermodynamic driving force coerces the oxidation of metal atoms to form
cations. There are two forms of energy that are present during corrosion: a chemical driv-
ing force and an electrostatic force [91]. Gibbs free energy (G) is the energy associated
with a chemical reaction that can be used to do work [101]. The magnitude of the change
in Gibbs free energy (AG) is the energy that is available to do useful work for a chemical
reaction [101]. To calculate the Gibbs free energy under standard state conditions (tem-
perature = 298K; pressure = 1 atmosphere; concentration of the aqueous solution at 1M) ,

Equation 1 is used (R = 8.31J/mol.K; T = temperature of 298 K) [101]:

AG® =-2.3RT log(Keg) (Equation 1)

If the standard state Gibbs free energy is known and Keq needs to be determined,

Keq can be solved using Equation 2:



37

Keq = 10767700 (Equation 2)

The Gibbs free energy is critical for the chemical driving force and is a thermody-
namic state function that measures the process-initiating work obtainable from a thermo-
dynamic system at a constant temperature and pressure. The Gibbs free energy can be
calculated with Equation 3 where H represents enthalpy, T is the Kelvin temperature, and

S is entropy [101].

G=H-TS (Equation 3)

Equation 4 can be applied to calculate the change in Gibbs free energy [101].

AG = AH - TAS (Equation 4)

The Gibbs free energy can help determine whether or not a given reaction will oc-

cur based on the following criteria [102]:

1. If the Gibbs free energy is greater than zero, the reaction requires energy and will
not spontaneously occur.

2. If the Gibbs free energy is less than zero, the reaction will spontaneously occur
and does not require additional energy to drive the reaction.

3. If the Gibbs free energy is equal to zero, the system will be in equilibrium in

which the rate of the forward reaction is equal to the rate of the reverse reaction.
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Table 2.4 summarizes the combinations of AH, AS, and temperature that can determine

the sign of AG and the spontaneity of a reaction.

Table 2.4. Summary of the variation in AH, AS, and T for the spontaneity of a reaction
based on the Gibbs free energy [101, 102].

AH AS AG Spontaneous Reaction?
- + - Spontaneous
+ + - At High Temperature Spontaneous
+ + + At Low Temperature Not Spontaneous
- - + At High Temperature Not Spontaneous
- - - At Low Temperature Spontaneous
+ - + Not Spontaneous

An electrostatic driving force is present when positively and negatively charged
particles (metal cations and electrons) are separated from each other during corrosion
[91]. By separating the metal cations from the electrons, an electrical double layer can
form that acts as a capacitor. This results in a potential difference (AE) between the inter-
face of the metallic specimen and the surrounding solution. The change in the Gibbs free
energy for a redox reaction can be determined using Equation 5 (n is the number of elec-

trons; F is Faraday’s constant = 96,500 C/mol; and AE is the potential difference) [101]:

AG = -nFAE (Equation 5)
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The potential difference can be used to determine the reactivity of the driving
force that brings about the oxidation reaction [101]. Since a reaction is spontaneous if AG
is negative, this equation tells us that the reaction in a cell will be spontaneous if the po-
tential difference is positive [101]. By having a negative potential difference, the Gibbs
free energy will be positive and the corresponding reaction will not spontaneously occur

[101].

The electrochemical series is a scale that ranks the reactivity of a metal from the
least reactive (noble) to the most reactive (base) under standard conditions. With respect
to corrosion, the electrochemical series can identify if a metal will corrode under standard
conditions. Table 2.5 lists the reactivity of various metals where E° represents the poten-
tial difference of the reaction under standard state conditions and indicates whether the
reaction is shifted to the left or to the right of the hydrogen equilibrium [4]. This scale is
assumed under thermodynamic considerations such that there is nothing preventing the
oxidation of the metal and the potentials listed is for the boundary between the solution
and the metal. The potential difference varies for the atoms and their corresponding ions.
By having a potential difference, the amount of electrons that adhere to the metal elec-
trode will differ from that of the hydrogen half-cell reaction (E° = 0V). The more nega-
tive the reduction potential, the reactant will be a more powerful reducing agent [101].
Meanwhile, the more positive the reduction potential, the reactant will be a greater oxi-
dizing agent [101]. However, if there are two hydrogen electrodes covered with platinum,
both electrodes would ideally contain the same number of electrons and there would be

no potential difference [4].
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Table 2.5. The standard electrochemical / EMF series [4].

Equilibrium E° (Volts)
Li+(aq) +e \_—\ Li(s) -3.03
+ L= -
Klagte s—Kg 2.92
—
Ca 2+(aq) +2¢ = Cay -2.87
Mg 2 + 26" — M -2.37
g (@t <€ : 9es)
A|3+(aq) +3e = Al(s) - 1.66
. R
Ti 2+(aq) +2e < Tig -1.60
. + L — -
TiO, (aq) T 4H (aq) T 4e” = Ti ) T ZHzo(q) 0.86
S — - -0.83
2H20(aq) + 2¢" =—20H (s)
Zn %o+ 26 S—2n -0.76
(aq) — (s)
Cr3+(aq) +3e = Cr(g -0.74
—
Cr2+(aq) + 2¢ = Cryy - 0.56
+ L= -
Fe?2 @ag) t 26 v Fey 0.44
—
Co 2+(aq) +2e = Cog -0.23
+ L -
Pb ? gt 26 =—Pb 0.13
—
Fe 3" @aq) t 36 T Fe) -0.04
2H' g+ 26 T—H 0
(aq) — 2(q)
Ti(OH)3+(aq) +H +e =~ Ti3+(3) + H,O(q) +0.06
Cu 2+(aq) + 2¢ # CU(S) +0.34
| — R
Oz(aq) + 2H20(aq) +_\4e ~— OH +0.40
Ag'agt e ~— Agy +0.80
—
Pt 2* (ag) + 267 = Pl +1.20
N E—
Au’ (ag) T 38" ¥ AU +1.50

Some metals are resistant to corrosion because their potential difference from the
equilibrium is highly positive. This means that the oxidation reaction’s chemical driving
force is poor [4]. For example, both gold and silver have positive potentials and have a

negligible chemical driving force to perform an oxidation reaction under standard state
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conditions. Even during nonstandard conditions, biomaterials that are made of gold and
silver would most likely stay in the metallic state if implanted in the body. On the other
hand, lithium and potassium have negative potential differences, indicating that both of
these elements are very reactive. If lithium and potassium were implanted into the body,
there would be a vigorous, exothermic oxidation reaction.

As shown in Table 2.5, many metals have negative standard potentials and may
corrode when implanted in the body. For example, titanium is commonly used in THA
prostheses and has a negative potential difference. Consequently, titanium is likely to un-
dergo oxidation due to the chemical driving force and is susceptible to corrosion. Howev-
er, titanium can react with other compounds in the body (e.g. water, oxygen, and other
oxidizing species) and is capable of returning to its cationic state.

As indicated, the kinetics of the oxidation and reduction reactions dictates wheth-
er or not corrosion will occur. Some examples of kinetic barriers that control the rates of
the oxidation and reduction reactions include polymeric coatings and passivation. Pas-
sivation involves an oxide film formation along the surface of the metal. By having kinet-

ic barriers for a corrosion reaction, there are three outcomes [4]:

1. Cations from the metal specimen will be prevented from migrating towards the
solution.

2. Anions from the solution will be unable to propagate towards the metal.

3. There will be a disturbance in allowing the electrons to travel through the bounda-

ry layer between the metal and the solution.
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Many biomaterials used in orthopaedics are constructed from alloys that are de-
pendent on the technique of passivation to prevent oxidation from occurring. By having
an oxide film that spontaneously forms along the metallic surface, metal ions and elec-
trons will be unable to propagate through the film [4]. To act as a kinetic barrier, the ox-

ide film must achieve a certain number of criteria [4]:

1. The oxide film should not be porous.

2. The propagation of electrons and ions across the oxide film can be prevented
through the atomic structure. If there are defects in the organization of the oxide
film’s atomic structure, the oxide film will not be efficient in regard to the propa-
gation of ionic species. Some examples of atomic defects include vacancies (miss-
ing atoms in the crystal structure) and impurities with different valence states.

3. When dealing with mechanical factors such as fretting, micromotion, and abra-
sion, the oxide film needs to remain in contact with the surface of the alloy and
not deteriorate. If the oxide film does deteriorate, the metallic surface will be ful-

ly exposed to the solution and oxidation could occur.
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2.5.2 The Biological Environment

A successful biomaterial is considered to be a device that performs its desired
function and is biocompatible when implanted in the body. By being biocompatible, the
material is able to perform with an appropriate host response in a specific application
[103].

When implanting a biomaterial into a patient, the surgeon faces the challenge of
selecting the appropriate material(s) and how it will interact when inside the human body.
Not only can corrosion occur, but many materials and their debris are toxic to the body,
which may result in ALTRs.

Biological fluid is an aerated solution that consists of 0.9% NaCl, along with
many other salts, and has a temperature of 37°C [4]. The normal pH of body fluid ranges
from 7.35 to 7.45 [104]. The human body also contains water and proteins that can inter-
act with the biomaterial. Anions in the body include chloride, bicarbonate, and phosphate
[74]. Some reactive cations include sodium, potassium, calcium, hydrogen, and magnesi-
um ions [74]. Table 2.6 presents the chemical composition of normal human blood plas-
ma. Meanwhile, the hip joint contains synovial fluid. To mimic synovial fluid for testing

THA prostheses, bovine calf serum is commonly used.



44

Table 2.6. The chemical composition of normal human blood plasma [105].

lon Concentration (mmol I
Na"* 142.0

K" 5.0

Mg~ 1.5

ca** 2.5

Ccr 103.0

HCOg3 27.0

PO, 1.0

S04~ 0.5

2.5.3 The Passive Oxide Film

Most orthopaedic alloys are dependent on the passive oxide film to minimize the
transportation of metal ions and electrons through the film and to prevent oxidation from
taking place [46]. CoCr and titanium alloys do have protection from corrosion due to the
presence of a thin oxide film (Cr,O5 for CoCr alloys and TiO, for Ti6Al4 alloy) [100].
The oxide film is capable of slowing down the rate of dissolution by altering the rate of
ion transfer through the film through a number of factors. These factors include: the ox-
ide film’s thickness; the presence of defects; the chemical composition; and the structure.
More importantly, the effectiveness of the oxide film is ultimately dictated by the sur-
rounding environmental conditions such as the electrolyte’s composition, the redox con-

ditions, the temperature, pH, and the contact time with the electrolyte.
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Martin et al. reported that for oxide films formed along CoCrMo alloys, the film
consists of cobalt, chromium, and molybdenum ions that are electrostatically attracted to
proteins to form the film [80]; however, Ocran arrived at a different conclusion than Mar-
tin et al. by indicating that cobalt is not present in the oxide film [40]. Instead, Ocran ar-
gued that cobalt is oxidized directly into the solution and does not contribute to the for-
mation of the oxide film. To support this, Ocran conducted an in vitro study with CoCr to
determine which of the following electrolytic solutions yields the highest corrosion cur-
rent density: 0.14 M NacCl; phosphate buffered saline; and clinically relevant simulated
body fluid. When Ocran performed inductively coupled plasma mass spectroscopy, the
concentration of cobalt and molybdenum ions were substantially greater for phosphate
buffered saline in comparison to 0.14 M NaCl and the clinically relevant simulated body
fluid. Meanwhile, the concentration of chromium for phosphate buffered saline was sig-
nificantly lower than 0.14 M NacCl and clinically relevant simulated body fluid. Since co-
balt does not contribute to the formation of the passive oxide film, this can account for

the continuous anodic dissolution of CoCr alloy.

Ocran reported that a potential in the range of -600 mV to 480 mV leads to a con-
sistent current density that can result in the formation of a passive oxide film that protects
the CoCr alloy from electrochemical degradation [40]. After this passive domain, Ocran
observed the transpassive region for CoCr alloy when the potential exceeded 480 mV.
During the transpassive region, the passive oxide film deteriorated due to an exponential

increase in the current, which led to the release of Cr®* and Cr®" cations.
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The passivation of pure cobalt occurs only in alkaline solutions [100]. Meanwhile,
the TiO, oxide layer is thermodynamically stable between a pH range of 2 to 12 and is

resistant to dissolution unless if hydrofluoric acid or hydrogen peroxide are present [100].

CoCr and titanium alloys are capable of forming an oxide film to combat corro-
sion [106]. By increasing the stress and applying micromotion at the head-neck taper in-
terface, this can rupture the oxide film and make the alloys vulnerable to crevice corro-
sion since biological fluid is trapped within the taper interface. Although the oxide film
can be repassivated, the oxygen molecules are reduced; thus, making the oxide film have
a decreased resistance to corrosion [107]. Consequently, the pH within the crevice of the

head-neck taper interface can range from 1 to 3 [108].

In a recent retrieval analysis, Witt et al. proposed a hypothesis to explain the de-
struction of the oxide film along the head-neck taper interface of THA prostheses that can
lead to corrosion damage [109]. Witt et al. argued that there is a direct relationship be-
tween wear along the bearing interface and corrosion damage at the head-neck taper in-
terface. Witt et al. noted that wear along the bearing articulation was greater for hard-on-
hard articulations during poor lubrication, which can generate large frictional moments.
These moments can increase the shear stresses at the head-neck taper interface; thus, de-
teriorating the oxide film and making the taper interface vulnerable to corrosion. From
this, Witt et al. demonstrated that there is a strong relationship between the wear of the

bearing surface and head-neck taper corrosion.

Although oxide films are known to form along alloy surfaces, proteins can adhere

to the surface to form a biofilm [100, 110]. Although most oxide films are 1 to 4 nanome-
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ters thick [111-113], the thickness of the TiO, layer can range from 10-30 um [114]. Ad-
ditionally, albumin has been known to interact with the repassivation of TiO, as a result
in the change in its charge due to its zwitterion characteristics [100].

These biofilms can lubricate the surface but also enhance the deterioration of the
base alloy due to corrosion [115]. The fretting current tends to increase as the passive ox-
ide film increases [116]. By having an anodic potential, the fretting current tends to in-

crease linearly with the potential [116].

254 Forms of Corrosion

There are eight forms of corrosion that are known to occur: uniform corrosion;
pitting; selective leaching; erosion corrosion; stress corrosion; intergranular corrosion;
crevice corrosion; and galvanic corrosion [4]. In regard to the head-neck taper interface
of THA prostheses, crevice corrosion, galvanic corrosion, pitting, and intergranular cor-
rosion are the most dominant. This section will provide a brief summary of these four

forms of corrosion.

Crevice Corrosion

Crevice corrosion is a form of intense localized corrosion that usually occurs

within shielded areas of metallic surfaces or crevices [4]. Crevice corrosion is commonly
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associated with small volumes of stagnant solution caused by holes, gasket surfaces, lap
joints, surface deposits, and crevices [4]. Crevice corrosion commonly occurs between
the head-neck and neck-stem interfaces of THA prostheses, but it has also been reported

to occur at the interface between a titanium alloy femoral stem and bone cement [95].

For crevice corrosion to occur in THA prostheses, a small amount of biological
fluid enters the crevice even if the crevice is only a few thousandths of an inch thick. The
crevice must be wide enough to allow fluid entry but also be narrow enough so that the
biological fluid remains stagnant [4].

Crevice corrosion occurs through a couple of chemical reactions. First, the metal-
lic surface becomes oxidized and loses electrons; thus, metal cations are formed. Second,
oxygen and water react with the loose electrons that were released from the metal oxida-

tion reaction to form hydroxide anions as shown [4].

M=>M +¢ (oxidation reaction)

O, + 2H,0 + 4e” > 40H (reduction reaction)

With this reduction reaction, the amount of oxygen inside the crevice of the head-
neck taper interface will gradually become depleted [117]. By having the oxidation reac-
tion continuously occurring, the crevice will be filled with metal cations as illustrated in
Figure 2.8 [4, 117]. These cations will electrostatically attract chloride anions from the

biological fluid to enter the crevice and form metal chlorides [4, 117].
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Figure 2.6. Migration of chloride anions to the metal cations to form metal chlorides.

The metal chlorides are capable of hydrolyzing to form hydrochloric acid, which
can accelerate crevice corrosion [117]. By having a high concentration of hydrochloric
acid, this will dramatically decrease the pH within the head-neck taper interface [117].
The metal components will also lose their passive oxide film not only to fretting action,

but also from the hydrochloric acid [117]. Consequently, the oxide film will become
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thermodynamically unstable and the head-neck taper interface shall become vulnerable to

corrosion [117].

Galvanic Corrosion

A potential difference usually exists between two dissimilar metals when they are
immersed in an electrolyte [4]. By placing these metals in contact with each other, the po-
tential difference between the metals will cause the electrons to flow from one metal to
another [4]. The least corrosion resistant metal is the anode and the more corrosion re-
sistant metal is the cathode [4]. The cathode generally corrodes very little or not at all in
this couple [4]. By having an electric current between two metals in an electrolyte, this
form of corrosion is called galvanic, or two-metal, corrosion [4]. The driving force for
corrosion is the potential difference between the two metals [4]. For THA prostheses, it is
common to assemble a CoCr femoral head onto a Ti6Al4V stem. The main advantage of
this is prosthesis design is a combination of the CoCr femoral head’s strength and the
elasticity of the Ti6Al4V stem is similar to bone [107].

Cook et al. conducted an in vitro experiment and examined 108 cementless femo-
ral heads and stems for corrosion damage at the head-neck taper interface [118]. For their
study, Cook et al. obtained 29 mixed alloy prostheses (CoCr head and Ti6AIl4V stem), 76
prostheses made solely out of CoCr, and three prostheses consisting of Ti6Al4V [118].
All of the prostheses were subject to mechanical testing with a force range of from 225 to

2250 N with a frequency of 10 Hz [118]. The prostheses were subjected to either 1, 5, or
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10 million cycles of loading in saline solution [118]. Only five out of 76 (6.6%) prosthe-
ses that had a CoCr femoral head and stem had corrosion damage, which was only con-
sidered to be mild [118]. Meanwhile, only two out of three (66.7%) prostheses that had a
Ti6Al4V head and stem were subjected to mild corrosion [118]. In regard to the mixed
alloy prostheses, 19 out of 29 (65.5%) prostheses displayed no signs of corrosion [118].
In contrast, three out of 29 (10.3%) prostheses featuring a CoCr head and a Ti6AI4V
stem had moderate corrosion whereas only seven of the 29 (24.1%) had mild corrosion
[118].

Collier et al. conducted a retrieval analysis of 139 THA prostheses to determine if
different material combinations at the head-neck taper interface influence corrosion and
fretting damage [9, 11]. Collier et al. studied 80 prostheses that were all CoCr, 11 pros-
theses that were all Ti6Al4V, and 48 prostheses that were mixed alloy (CoCr head and
Ti6Al4V stem) [9, 11]. None of the single alloy THA prostheses displayed any signs of
corrosion [9, 11]. In contrast, 25 of the 48 (52.1%) mixed alloy THA prostheses featured
corrosion damage [9, 11]. None of the THA prostheses that were surgically removed be-
fore a time period of 9.8 months featured any corrosion or fretting damage [9, 11]. How-
ever, all of the THA prostheses removed after a period of 40 months featured corrosion
damage [9, 11]. By performing scanning electron microscopy (SEM), pitting was discov-
ered along the Ti6AI4V neck and the CoCr head [9, 11]. Profilometry revealed that cor-
rosion was prevalent along the CoCr head with an average depth of 0.015 millimetres [9,
11].

Similar to Collier et al., Lieberman et al. performed a retrieval analysis of 48

THA prostheses to analyze the presence of corrosion damage due to different material
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combinations at the head-neck taper interface [13]. For this investigation, the prostheses
were divided into three groups. The first group consisted of 26 THA prostheses with a
CoCr head and stem [13]. The second group featured 10 THA prostheses with a CoCr
head and a Ti6AI4V stem [13]. In the third group, there were 12 THA prostheses that had
a CoCr head with a Ti6Al4V stem that were locked by a shrink-fit [13]. None of the pros-
theses in the first group featured any corrosion damage at the head-neck taper interface
[13]. In contrast, one taper interface in the second group featured some corrosion damage
[13]. For this implant, Lieberman et al. believed that crevice corrosion might have taken
place [13]. With the third group, there was no corrosion damage reported [13]. With the
third group as an example of zero tolerance, this can eliminate crevice corrosion from oc-
curring at the head-neck taper interface [13]. By decreasing the tolerance level, Lieber-
man et al. noticed that this significantly increases the amount of force required to separate
the mating surfaces and may minimize the micromotion and fluid within the taper inter-
face [13].

Gilbert et al. also examined the possibilities of galvanic corrosion by doing a re-
trieval analysis involving 148 THA prostheses [14]. For this study, there were 111 mixed
alloy prostheses (Ti6Al4V stem and CoCr head) and 37 THA prostheses that consisted
solely of CoCr [14]. Through observation, 16% of the necks and 35% of the femoral
heads for the mixed alloy prostheses featured moderate to severe corrosion damage [14].
Meanwhile, 14% of the necks and 23% of the heads for the single alloy prostheses dis-
played moderate to severe corrosion [14]. Further analysis revealed that for the single and
mixed alloy prostheses, the heads featured more corrosion damage than the necks [14].

Gilbert et al. noted that there was a relationship between corrosion damage and implanta-
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tion time for both groups [14]. Using SEM, Gilbert et al. was able to discover etching,
pitting, fretting, intergranular attack, and selective leaching of cobalt [14].

From these examples in the literature, galvanic corrosion appears to be a major
form of corrosion damage at the head-neck taper interface of THA prostheses. When
comparing mixed alloy prostheses to single alloy prostheses, mixed alloy prostheses tend
to have a higher frequency and severity of corrosion damage at the head-neck taper inter-
face despite the small difference in the electrical potential between the two alloys [9, 11,
13, 14, 118]. One of the advantages of THA prostheses is that the surgeon can select dif-
ferent head and stem components for assembling the prosthesis; however, this may lead
to different material combinations and increase the risk for galvanic corrosion. By as-
sembling a prosthesis with different head and neck designs (e.g. different companies,

models), this can create different tolerances that can result in crevice corrosion.

Intergranular Corrosion

When a metal corrodes, uniform attack generally occurs since the grain bounda-
ries are more reactive than the matrix [4]. But in some circumstances, grain interfaces can
be reactive and trigger intergranular corrosion [4]. Intergranular corrosion occurs when
there is a localized attack along or adjacent to grain boundaries with relatively little cor-

rosion of the grains [4].
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Figure 2.7. A scanning electron microscopy image of intergranular corrosion along the
neck taper. Grains have been disintegrated from the CoCr alloy.

When intergranular corrosion occurs, the alloy disintegrates (the grains fall out)
and/or loses its strength [4]. Intergranular corrosion can be initiated due to the presence
of impurities along the grain boundaries, the enrichment of an alloying element, or the
depletion of an alloy element along the grain boundary [4]. For example, stainless steels
are subject to intergranular corrosion due to the depletion of chromium along the grain-
boundary regions [4]. When 316L stainless steel was first implanted into humans, hetero-
geneous intergranular distribution of carbon was detected and this triggered intergranular
corrosion [4]. By limiting the carbon content of austenitic stainless steels to a maximum

of 0.03%, 316L stainless steels are less vulnerable to corrosion [119].
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Pitting

Pitting is a form of extremely localized corrosion damage with holes along the
metallic surface caused by the dissolution of the passive oxide film and the formation of
cavities surrounded by an intact passivated surface [4]. These holes may have a small or
large diameter, but are typically small [4]. Pits are usually described as a cavity or hole
within the surface diameter having roughly the same length as its depth [4]. Although ox-
ide films do exhibit resistance to corrosion damage, they are susceptible to pitting [74].
With respect to metal implants, the extent of pitting can be further increased due to the
presence of proteins in body fluid and serum [120, 121]; however, pitting can be prevent-

ed for CoCr alloy prostheses by inserting molybdenum (a weight percentage of 2-3%).

Oxide Film {}g deficient Pit
region

7 e
e T e T
T o g o T T o

Figure 2.8. Schematic of pitting corrosion.
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Figure 2.9. Pitting corrosion damage along a CoCr neck taper.

255 Inflammatory Cell Induced Corrosion

Recently, Gilbert et al. has proposed that there may be an alternative form of cor-
rosion damage where cells attack the metallic surface and this has been demonstrated in
two separate retrieval analyses. First, Gilbert et al. examined two metal-on-metal THA
prostheses and the CoCrMo acetabular liners displayed corrosion damage along the taper
region [122]. Steam sterilization was performed on the acetabular liners and three differ-
ent SEM techniques were performed (secondary electron imaging from 2 to 4 kV and 13
to 15 kV, backscattered electron imaging at 15 kV). The 2 to 4 kV secondary electron

imaging revealed cellular membranes and biological components since the low energy
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electrons did not penetrate through the cell. Energy dispersive x-ray spectroscopy (EDS)
revealed that these cells had carbon-rich chemistry. Additionally, Gilbert et al. noted that
the corrosion damage did not display any indicators of fretting or mechanically-assisted
crevice corrosion. Instead, there were fissures and signs of intergranular and pitting cor-
rosion. From this, Gilbert et al. concluded that inflammatory cell induced corrosion may

directly attack the surface of CoCrMo implants.

In a second retrieval analysis, Gilbert et al. obtained 69 CoCrMo components
from 51 THA and total knee arthroplasty (TKA) implant systems and analyzed them for
inflammatory cell induced corrosion [123, 124]. To do this, Gilbert et al. performed digi-
tal optical microscopy, SEM, and EDS. From this analysis, Gilbert et al. detected the
presence of inflammatory cell induced corrosion in 51 of 69 components (74%), which
included bearing and non-bearing surfaces. Gilbert et al. noted that the corrosion damage
had a similar characteristic to osteoclasts when remodelling bone. There were individual
spots of discoloured regions with a ruffled topography and there were pits with circular
and irregular crater-like features. There were also ring-like patterns on the metallic sur-
faces, which indicates the secretion of acid and reactive oxygen species. Gilbert et al. hy-
pothesized that migration of the activated cells took place within the ruffled membrane.

These cells were between 20 to 300 pm in size.

Gilbert et al. speculated that these ruffled membranes belong to migratory phago-
cytic cells but also noted that larger foreign body giant cells were also present. The ruf-

fled border on these phagocytic cells are known to have secretory vescicles that can re-
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lease reaction species capable of attacking the CoCrMo surface. Inflammatory cells can

use acid and reactive oxygen species to attack foreign bodies and bacteria.

Gilbert et al. observed that all 51 of the corroded implants featured linear streaks
of deposited iron in areas with corrosion damage. Normally, CoCrMo alloy contains very
little iron (<0.75% weight percentage); however, iron plays a critical role in the inflam-
mation of joints [125]. Iron can encourage inflammation when reactive oxygen species
are nearby and iron is a key component of the mononuclear phagocytic system. Gilbert et
al. proposed that these phagocytic cells participate in Fenton reactions to produce reactive
oxygen species, which can affect the electrochemical behaviour of CoCrMo. The Fenton
reaction is known to occur along the ruffled membrane of phacocytic cells [123]. By re-
leasing cobalt and chromium cations during corrosion, these cations can further enhance
the Fenton reactions. Not only has inflammatory cell induced corrosion has been detected
on CoCrMo alloy, but Cadosch et al. has discovered mechanism in stainless steel and ti-

tanium [126, 127].

Fe?* + H,0, > Fe** + OH' + OH [128]

Even though researchers have concentrated their efforts on taper corrosion of
THA prostheses through the mechanically-assisted crevice corrosion mechanism, new re-
search will have to be done to further understand the inflammatory cell induced corrosion

phenomenon.
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2.5.6  Electrolytes for Corrosion Fatigue Testing

According to ASTM standard F1875-98, saline solution or a proteinaceous solu-
tion should be used for in vitro corrosion fatigue testing of THA prostheses [129]. Re-
cently, Ocran performed an in vitro experiment using pin-on-disc testing to determine
which electrolytic solution is ideal to test THA prostheses for corrosion and fretting dam-
age at the head-neck and neck-stem taper interface [40]. Ocran tested three different types
of solutions to examine the corrosion current density of medical grade CoCrMo alloy:
0.14 M NacCl, phosphate buffered saline, and clinically relevant simulated body fluid
[130]. Clinically relevant simulated body fluid is a serum based fluid that consists of al-
bumin, a-1, a-2, B-, and y-globulins, phosphate buffered saline, sodium hyaluronate, eth-
ylenediaminetetra acetic acid (EDTA), and antibiotic/antimyocotic (AA) with an average
protein concentration of 30 g/L [40].

Ocran observed that the use of 0.14 M NaCl and clinically relevant simulated
body fluid for CoCrMo alloy resulted in corrosion current densities of 4.21 pA/cm? and
4.98 pA/cm?, respectively. Meanwhile, phosphate buffered saline was determined to be a
more aggressive electrolyte with a corrosion current density of 18.57 pA/cm?. To explain
for the high corrosion current density of phosphate buffered saline, Ocran hypothesized
that the presence of phosphate ions adsorb onto the CoCrMo surface to form H,PO4,
which is the conjugate base of the weak acid, phosphoric acid. These ions may have in-
creased the dissolution rate of the CoCrMo surface and had an influence on the high cor-

rosion current densities and catalyzed the reduction reaction for water. In contrast, the
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proteins in the clinically relevant simulated body fluid delays the dissolution rate and ad-
sorb onto the oxide film; thus, decreasing the corrosion current density of CoCrMo. By
using clinically relevant simulated body fluid, CoCr alloy is easy to passivate since the
critical anodic current density is slightly greater than the passive anodic current density.
This oxide film is a bilayer with an inner oxide layer and an outer organometallic layer.
By using clinically relevant simulated body fluid, the presence of the proteins and organ-
ometallic complexes reduce the influence of the phosphate ions by adsorbing onto the al-
loy before the phosphate ions; therefore, decreasing the corrosion current density of CoCr
alloy into more clinically relevant rates. By increasing the immersion time, the difference
between these two current densities gradually increases; therefore, a more effective oxide
film forms with time. Additionally, Ocran did not recommend using 0.14 M NaCl solu-
tion for in vitro corrosion fatigue testing because the corrosion products and mechanisms
may differ than what occurs in the in vivo setting. In summary, Ocran recommended us-
ing clinically relevant simulated body fluid since it can mimic the corrosion and fretting

damage that is found in an in vivo environment.

2.5.7 Wear Nomenclature

In the literature, many wear terms are interchanged. The purpose of this section is
to clarify some of these terms. Wear of a THA prosthesis is generally considered to be
the removal of material by mechanical action that results in a dimensional change of the

surface as well as a reduction in the mass of the implant [131]. Wear modes deals with
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the overall conditions that the THA prosthesis functions in vivo along with the contact

surfaces. There are four types of wear modes [131]:

1. Mode 1 occurs when two bearing surfaces are articulating against each other. For
a THA prosthesis, mode 1 damage could occur when the femoral head is articulat-
ing against a polyethylene liner.

2. Mode 2 happens when a bearing surface articulates against a non-bearing surface.
For example, the femoral head may contact with the rim of a socket.

3. Mode 3 is similar to mode 1 except that there are third body particles between the
two bearing surfaces (e.g. PMMA cement).

4. During mode 4, two non-bearing surfaces articulate against each other. Fretting at

the head-neck taper interface of THA prostheses is example of mode 4.

With respect to wear mechanisms, this refers to the mechanical-chemical process-

es that results in wear damage [131]. There are four types of wear mechanisms: adhesive

wear; abrasive wear; fatigue wear; and tribochemical wear.

1. Adhesive Wear — There may be a local chemical bond between two contacting

surfaces. If one surface should get pulled away, this will result in motion and ad-
hesion may occur. Adhesion can result in the formation of pits and scratches (a
form of abrasive wear). Additionally, adherent particles may be dragged along the

surface or they may break loose and become third-body abrasive particles.
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2. Abrasive Wear — When an asperity that is attached to one surface is dragged and

pressed onto an opposing surface, this results in abrasive wear. Also, a third-body
particle can be trapped between the two bearing surfaces and can abrade both sur-

faces at the same time.

3. Fatigue Wear — During the process of fatigue wear, a material is cyclically load-
ed and this results in surface and/or subsurface cracks. These cracks may unionize
and result in the loss of a fragment of the surface. Fatigue wear can occur on the

microscopic level and result in damage such as pits.

4. Tribochemical Wear — Tribochemical wear occurs when a material is removed

due to mechanically activated reactions while interacting with the environment.
During the process of tribochemical wear, the kinetic energy that is introduced

during contact drives the chemical reactions that normally would not occur.

Corrosion is not a form of wear. Instead, corrosion is an electrochemical process
that can result in the removal of material and corrosion does not require wear to occur.
However, wear of a metallic surface always involves corrosion except for non-reactive
metals such as gold [131].

Wear damage is the change in texture, appearance, and/or the composition of a
metallic surface caused by a wear mechanism [131]. There are many forms of wear dam-

age such as: scratching; polishing; gouges; cracks; pitting; etching; embedded third-body
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particles; surface discolouration; surface deposits; and tribochemical reaction layers

[131].

Scratching — Scratching occurs when one or more wear mechanisms causes an
increase in the number or the severity of scratches along the surface. Scratching
metallic surfaces tends to increase the surface roughness parameters.

Polishing — Polishing, like scratching, occurs through a number of wear mecha-
nisms although abrasion is quite common. However, polishing occurs when there
is a reduction in the number and/or severity of the scratches along the surface.
Generally, polishing decreases the surface roughness parameters, which may re-

duce the wear rate.

Gouges — Gouges are plastically deformed regions or lines that are caused by

contact with a sharp corner or edge from another surface (mode 2).

Cracks — A crack may be generated from a single event failure. For example, a
hard asperity is dragged and pressed against the surface, which leaves behind ten-
sile cracks that are perpendicular to the sliding direction. However, cracks may be
created through the fatigue wear process. In the fatigue wear scenario, the cracks

are initiated and grow throughout the loading cycles.
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Pitting — Pitting is a form of surface damage characterized by surface indenta-
tions in which the dimensions are comparable in any direction unlike a scratch,
gouge, or crack where the length can be many magnitudes greater than the width.

Pits may be visible by the naked eye or they can be microscopic in size.

Etching — Etching is attributed to fretting and/or corrosion. Etching marks tend to
have an area that is much greater than a pit.

Embedded Third-Body Particles — These third-body particles become trapped

between the surfaces and can abrade a surface. These particles were originally not

present between the surfaces.

Surface Discolouration — Surface discolouration refers to a thin, translucent

coating of organic or inorganic material or oxides that may be detected by the eye

due to colour diffraction patterns.

Surface Deposits — Surface deposits can consist of proteins that are denatured

due to thermal and mechanical processes, precipitated salts, or any other materials
that were originally not present on the surface. Surface deposits are generally

thicker than surface films and usually increases the surface’s roughness.

Tribochemical Reaction Layers — Tribochemical reaction layers are created by

chemical interactions with the environment after being mechanically activated.
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Tribochemical reaction layers generally consist of a blend of the original surface

material and foreign substances.

The last aspect of wear to be addressed is the surface feature. A surface feature is
a unique region that has been worn and/or corroded and/or may exhibit a form of damage

with a distinct spatial distribution.

2.5.8 The Consequences of Wear Particles and Corrosion Products

Corrosion at the head-neck taper interface can reduce the prosthesis’ structural in-
tegrity, but the soluble and solid corrosion products may migrate from the taper interface
to the surrounding tissue [132]. If these corrosion products reach biological tissues, they
may trigger local and distal tissue reactions [132].

Jacobs et al. characterized the locally distributed solid corrosion products found in
blood and serum of 15 patients with a unilateral THA prosthesis [132]. Of the 15 prosthe-
ses, five did not experience any form of corrosion whereas 10 prostheses had moderate to
severe corrosion damage at the head-neck taper interface [132]. By using electron micro-

probe analysis, Jacobs et al. were able to detect three classes of corrosion products [132]:

Class I: Cr, Mo, and Ti oxides
Class Il: Co, Cr, and Mo chlorides

Class I11: Chromium orthophosphate hydrate
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Classes | and Il were primarily found in the same local regions proximal to the
head-neck taper interface and were rarely found in tissues that were distal to the prosthe-
sis [132]. In contrast, the chromium orthophosphate hydrate rich deposits were observed
along the bore rim and the neck [132]. Of the ten moderately to severely corroded THA
prostheses, nine had chromium orthophosphate hydrate rich deposits along the head-neck
taper interface [132].

Jacobs et al. noticed that patients who had moderately or severely corroded THA
prostheses had significant concentrations of cobalt and chromium in urine and serum in
contrast to patients with no or mild corrosion [132]. Also, cobalt and chromium concen-
trations were much higher for patients with THA prostheses than the control groups (no
metal prostheses) [132].

Chromium phosphate is often present in the corrosion residue of retrieved im-
plants [108]. In contrast, cobalt is more soluble and may propagate to surrounding tissues,

which can lead to an ALTR [108].

Corrosion and fretting of THA prostheses have various consequences that can
lead to complications for the patient such as pain, hypersensitivity, ALTRs, and revision
surgery. Figure 2.12 provides a summary of how corrosion and fretting may lead to fail-

ure of THA prostheses and require revision surgery.
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Figure 2.10. Summary of the outcomes of THA prostheses due to the onset of corrosion
and fretting.

259 Adverse Local Tissue Reactions

A pseudotumour is “a granulomatous or destructive cystic or solid lesion, which
resembles a true tumour but is neither infectious nor neoplastic in nature and develops ad-
jacent to THA implants” [133]. Pseudotumours were initially discovered in patients with
metal-on-metal THA and metal-on-metal hip resurfacing prostheses [134]. Pseudo-
tumours can be identified by the presence of significant “tissue necrosis, chronic inflam-
matory reaction, and perivascular and diffuse lymphocytic aggregates” [134]. Pseudo-
tumours usually consist of a granulomatous or cystic lesion that resembles a tumour and
is commonly found outside the prosthesis [135]. Although some, but not all, patients with
pseudotumours experience pain, pseudotumours can cause damage to local bone and soft

tissue, and instability of the prosthesis [134, 136].
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Metallic prostheses are subject to wear, which is the erosion of material from a
solid surface by the action of another solid [137]. By having wear between the articulat-
ing surfaces, this may release metal particles into the surrounding tissue. If this should
happen, the metal particles may accumulate in histiocytes and synoviocytes, which can be
transported to regional lymph nodes; this process is known as metallosis [138]. Metallo-
sis is a condition where metallic debris accumulates in the soft tissues of the body [139].

As a result, extensive fibrosis may occur in the form of a pseudotumour.

The term adverse local tissue reaction (ALTR) refers to any soft tissue reaction
that is linked to either metal hypersensitivity, aseptic lymphocyte-dominated vasculitis
associated lesions (ALVAL), pseudotumour, and metallosis [140]. There is no clear dis-
tinguished boundaries between the terms metallosis, ALVAL and pseudotumour [135].
Instead, the acronym ALTR is used to describe failures of THA prostheses that are linked
to pain, a sterile effusion, metallosis, and/or macroscopic necrosis. Pseudotumours can
also cause damage to periarticular soft tissues, which may trigger soft-tissue and muscle
necrosis, osseous denudation, hip dislocations, and pathological fractures. Metal hyper-
sensitivity is suspected to be linked to pseudotumour formation [135].

Metal-on-metal THA prostheses are well known for releasing chromium and co-
balt ions into the patient’s bloodstream and joint capsule primarily due to wear [140].The
amount of metal ions and particles released into the patient’s body is significantly much

more than THA prostheses with a metal-on-polyethylene articulation [141].

Wear debris, which can be in soluble and in particulate forms, can be caused by

mechanical wear, corrosion, or a combination of both [135]. Metal-on-metal articulations
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can generate 6.7 x 10 * to 2.5 x 10™ particles per year. Some researchers have hypothe-

sized that wear debris is the true culprit of pseudotumour formation [142-144].

Cook et al. reported two cases of pseudotumour formation due to corrosion at the
head-neck taper interface. The prostheses consisted of Accolade femoral stems made
from TMZF (titanium, molybdenum, zirconium, and iron) that were coupled to CoCrMo
femoral heads with diameters of 40 mm and 44 mm [145]. Cook et al. highlighted several
factors that may have contributed to the formation of the pseudotumours [145]. These
factors include: mechanically-assisted crevice corrosion; angular mismatch; galvanic cor-

rosion; and the use of proximal contacting tapers.

Chana et al. reported a pseudotumour forming with reddish-brown fluid forming
near the hip joint capsule for a 50 mm CoCrMo femoral head attached to an Accolade
stem (TMZF) with either a C-Taper or a V40 Taper adaptor sleeve (Ti6Al4V) [146].
Chana et al. examined the taper interface and found black debris, which was determined
to be chromium orthophosphate, a corrosion product [147]. Chana et al. speculated that
the corrosion products within the taper interface migrated to the surrounding tissue to
form a pseudotumour [146]. Chana et al. indicated that the corrosion product was formed
due to the mismatch of the components. The mismatch at the head-adapter taper interface

resulted in increased micromotion, which promoted corrosion and fretting damage.

Scully and Teeny wrote a case report of an 80 year-old male patient who devel-
oped a pseudotumour on his right hip after an implantation time of 6 years and 2 months
[133]. The patient received a #6 uncemented titanium-tapered stem (TMZF Femoral Hip

Stem; Stryker) with a 32 mm CoCr femoral head with a +4 offset and a +10 highly cross-
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linked PE liner [133]. Scully and Teeny indicated that there was a soft tissue mass that
was 15 cm long and 10 cm wide located anterior to the greater trochanter [133]. Scully
and Teeny noted that surface corrosion took place at the head-neck taper interface but
there was no substantial wear damage along the polyethylene liner or the exterior of the

femoral head [133]

Cooper et al. examined the tissues adjacent to ten patients with THA prostheses
that contained taper corrosion at the head-neck taper interface [148]. For all patients, the
base of the taper was covered in black, flaky material. Cooper et al. reported that the pa-
tients had large soft-tissue masses as well as surrounding tissue damage. Additionally,
abnormal fluid that was either milky white or brownish was discovered during surgical
entry into the hip joint. Serum cobalt and chromium levels were more elevated than the
pre-operative state, with a great difference in cobalt released in comparison to chromium.
These conclusions are in agreement with research that has been performed by Garbuz et

al. [149] and Langton et al [150].

2.6  Fretting

Fretting is believed to have a major role in head-neck taper corrosion of THA
prostheses. This subsection summarizes the subject of fretting and describes the different
types, theories, and characterizations. A brief discussion on friction and how it can affect

the head-neck taper interface is also presented.
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2.6.1 Introduction to Fretting

Fretting is a form of surface damage caused by low-amplitude oscillatory sliding
between two contacting surfaces [151]. When two solid materials slide against each other
and the amplitude is less than a few millimetres, fretting damage usually occurs [152].
Fretting amplitudes are usually less than a millimetre and normally range between 10 to
50 um [153]. If this disturbs the formation of the passive oxide layer, this can result in
fretting corrosion damage, which usually occurs for non-noble metals. If the fretting am-
plitude is less than a millimetre, the wear rate is dependent on the load and the amplitude
of the motion [152]. Fretting has been detected in orthopaedic devices since the late
1960’s [154]. A material’s damage to fretting usually increases with the number of cy-
cles; however in some circumstances, the fretting damage can reach a plateau [99]. Fret-
ting has been observed in all quasi-static loaded assemblies including keys, cables,
cranes, and orthopaedic implants [155]. When considering the head-neck taper interface
of THA prostheses, the micromotion can damage the oxide film and the metal grains
closest to the implant surface. Interface wear can also occur, which allows small metal
particles to be removed from the surface. This can result in third-body wear or the parti-
cles may be oxidized in the local environment [108].

There are two categories of micomotion: recoverable and subsidence. Recovera-
ble micromotion occurs when an implant returns to its initial position after loading. In
contrast, subsidence micromotion occurs when the implant does not return to its original

position [156].
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Micromotion at the head-neck taper interface can cause deterioration of the pas-
sive oxide film [108]. Evidence of fretting on materials can be evidenced by fine scars
that tend to be unidirectional. Wear along the taper interface may result in the release of
metal particles from the surface [108]. These particles may undergo oxidation and trigger
third-body wear [108]. When the oxide film is deteriorated or damaged, repassivation oc-
curs and the passive oxide film can be regenerated.

The head-neck taper interface of THA prostheses can experience tiny displace-
ment amplitudes that may endanger the biocompatibility of the device [151]. Fretting is a
form of erosion corrosion; erosion occurs under aqueous conditions while fretting occurs
under atmospheric conditions [4]. Fretting damage can be discovered by detecting pits
and/or grooves along the metallic surface with corrosion products nearby [4]. These pits
can act as stress raisers for the metallic surface [4]. Fretting can deteriorate the metallic
surfaces while producing oxide debris [4]. By increasing the neck offset and the neck
length, this increases the nonsagittal moment, which increases the micromotion at the
head-neck taper interface that results in fretting [157, 158]. Also, fatigue fracture may oc-
cur due to fretting because components may become loosened and allow excessive strains

[4]. For fretting to occur, three conditions must be met [4]:

1. The surfaces that are in contact with each other are subjected to a load.
2. The surfaces that are in contact with each other should vibrate or have rel-
ative motion against each other. Even having a micromotion of 10 cm

can initiate fretting damage.
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3. Slip or deformation should occur along the surfaces caused by the applied

loads and the relative motion of the interface.

In the literature, the terms fretting wear, fretting fatigue, and fretting corrosion
are commonly interchanged; however, each of these terms is unique. Fretting wear refers
to two components that slide against each other in a controlled manner when a normal
load is applied [151]. During fretting wear, debris particles are commonly observed
[151]. Fretting wear can be detected by characteristics such as striations, directionality,
and fine wear debris [152].

Fretting fatigue refers to the relative displacement caused by cyclic loading of
one of the components and is superimposed to the normal load [151]. Fretting fatigue is a
combination of cyclic loading and fretting wear [152]. Fretting fatigue characterizes the
reduction in fatigue life and is often used when crack initiation is observed in the contact
region [151]. During fretting fatigue, fatigue cracks can develop and the action of fretting
can further accelerate the formation and propagation of these cracks with the end result
being the fracture of the component [152].

Finally, fretting corrosion occurs if oxide formation is present during wearing
[152]. With fretting corrosion, surface damage is caused by sliding with corrosion present
[151]. Fretting corrosion primarily occurs for non-noble metals [152].

With fretting wear, fretting fatigue, and fretting corrosion occurring, the fol-
lowing processes may occur simultaneously: debris particle generation; crack formation;

crack propagation; and corrosion [151]. Even though these phenomena may be observed,
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usually one or two of these processes is dominant, which is dependent on the environ-
mental and loading conditions [151].

Fretting can translate from non-abrasive to abrasive wear behaviour [152]. Ini-
tially, fretting is usually non-abrasive, which can be attributed to adhesive, repeated-cycle
deformation, or chemical wear mechanisms, or a combination of these. For unlubricated
metals, the wear rate tends to be inversely related to the frequency when in the range of
10 to 20 Hz since the oxide film has more time for reformation at lower frequencies.

One of the key problems of evaluating the corrosion and fretting damage at the
head-neck taper interface is quantifying the amount of material lost at the taper interface
[159]. Underwood et al. developed a procedure using a Taylor Hobson Talyrond Round-
ness instrument to allow the measurement of wear and surface roughness. With this in-
strument, the following parameters can be measured: taper angle; depth and length of
damage; 3D surface maps; and surface topography. In a similar fashion, Vincelli et al.
have demonstrated that a coordinate measuring machine can be used to measure the wear

damage at the head-neck taper interface [160].

2.6.2 Theories and Characterizations of Fretting

There are two different theories for fretting: the wear-oxidation and the oxida-
tion-wear hypotheses [4]. The wear-oxidation hypothesis was based on the idea that cold
welding or fusion occurs along the boundary between the contacting metallic surfaces
[4]. These surfaces are subjected to stress and relative motion [4]. As a result, the contact

points between the surfaces gets ruptured; therefore, producing metallic debris [4]. The
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metallic debris is then instantly oxidized due to heat caused by friction and the size of the
particles [4]. The wear-oxidation hypothesis states that friction triggers damage along the
metallic surface and that oxidation of the metallic fragments is a secondary effect [4].

The oxidation-wear hypothesis states that the majority of metallic surfaces are
shielded from oxidation by a thin oxide film [4]. When these metallic surfaces contact
each other and are placed under load and repetitive micromotion, the oxide film will be
ruptured [4]. As a result, oxide debris is produced [4]. Current theories suggest that the
exposed metal surface reoxidizes and the cycle repeats itself [4]. The oxidation-wear hy-
pothesis indicates that accelerated oxidation is triggered by frictional effects [4]. The
mechanism of fretting at the head-neck taper interface appears to occur by this phenome-
non since the passive oxide film is deteriorated by fretting and corrosion occurs after-
wards.

Even though there are two separate theories for fretting, they have the same
conclusion: the metallic interfaces are damaged and oxide debris is generated [4]. Fret-
ting has been discovered on many different types of surfaces and materials such as the
noble metals, glass, ruby, and mica [4]. The presence of oxygen has also been known to

accelerate fretting damage of many materials, particularly iron alloys [4].
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Figure 2.11. The three regimes of fretting [151].

As suggested by Schaaff and Duisabeau et al., there appears to be three re-
gimes of fretting: stick; mixed stick-slip; and the gross slip regime as illustrated in Figure
2.13 [151, 161]. All of these regimes have a direct relationship between the tangential
force (T) and the displacement (D) [151, 161]. The area of the tangential force and the
displacement loop corresponds to the dissipated energy due to the friction between the
contact surfaces [161]. The dissipated energy occurs through processes that include plas-
tic deformation, debris production, and heat dissipation [161].

With the stick regime, the relationship between the tangential force and the
displacement is linear and there is minimal particle or debris production [151]. The stick
regime is a closed cycle that relates to the elastic regime when there is no observed wear
or energy dissipation [161]. The contact surfaces are “stuck” together during the closed
cycle mode. One hypothesis to account for the imposed displacement is the elastic de-

formation of the device and the sample.
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In regard to the mixed stick-slip regime, there is an elliptical hysteresis loop to
demonstrate the relationship between the tangential force and the displacement [151,
161]. The mixed stick-slip regime represents the partial slip fretting state [161]. During
this mode, one aspect of the surface slips while the other aspect sticks [161]. The mixed
stick-slip regime best represents fretting fatigue since this regime is known to result in
crack initiation, propagation, and is near the stick slip boundary [151, 161]. During the
mixed stick slip regime, the elliptic cycles are related to cracking. Even if cracks are not
deep enough to decrease the contact rigidity, this can result in micromotion during con-
tact. Extensive debris and particles can be produced during this regime [155].

The gross slip regime has a parallelogram-shaped hysteresis loop to illustrate
the relationship between the tangential force and the displacement [151]. During the
gross slip regime, the surface slips and results in significant abrasive wear [161]. With the
gross slip regime, fretting produces substantial amounts of debris particles [151]. As re-
ported by Duisabeau et al., fretting at the head-neck taper interface is believed to occur
through this mechanism [162].

The fretting regimes are dictated by several mechanical parameters such as
normal load, amplitude, displacement, rigidity of the device, and contact geometry as
well as physicochemical properties (e.g. adhesion) [155]. The fretting regime can trigger
a unique material response. With the closed regime, cracking or no degradation may oc-
cur. In the gross slip regime, particle detachment may occur. However in partial slip
mode, cracking, particle detachment, and no degradation may occur.

By having fretting occurring at the head-neck taper interface, this can initiate a

chain of events that can affect the functionality of the THA prosthesis and cause harm to
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the patient. Many THA prostheses are designed using CoCr and Ti6Al4V alloys. Both of
these alloys are capable of forming a protective passive oxide film to protect the head-
neck taper interface from corrosion when in contact with biological fluid [151]. However,
the fretting action between the bore of the head and the neck of the stem can lead to de-
struction and breakdown of the oxide film [151]. This can expose the metallic surfaces to
biological fluid, which can result in mechanically-assisted crevice corrosion, pitting, or
galling [151]. This may also result in the release of metal particles that can trigger a host-
tissue response [151]. The host-tissue response includes inflammation and immunological
reactions that can lead to loosening of the prosthesis [151]. The metal particles and corro-
sion products from the head-neck taper interface are also capable of migrating in the body
locally and systematically [151]. By having local migration of these particles, this can ac-
celerate the wear of polyethylene between the femoral head and the acetabular cup [151].
This can initiate osteolysis in the region between the prosthesis and the bone; therefore,

leading to aseptic loosening of the implant [151].

2.6.3 Friction

Friction is the reluctance of a body when it moves over another body during direct
contact. When two materials are in contact with each other, there is an electrical attrac-
tion between the atoms of these two surfaces. This electrical attraction is due to friction.
Friction is the parallel component of the contact force exerted by a surface on an object.

Friction can be classified into two categories: static friction and kinetic, or sliding, fric-
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tion. Static friction (Fs) occurs when there is no relative movement between the two sur-
faces. In contrast, kinetic friction (Fy) occurs when there is relative motion between the
contacting surfaces. The magnitude of the frictional force of an object, static or kinetic,
can be influenced by the composition of the material, the objects’ surface finish, and if

there is lubrication between the two surfaces.

When an object is lying along a surface, there are two forces acting on the object.
The first force is the gravitational force (W), which acts downwards on the object. This is

the product of the object’s mass (m) and the acceleration due to gravity (g).

W =mg (Equation 6)

If the gravitational force was the only force acting on the object, then the object
would pass through the surface that is supporting it. A second force acts on the object, the
normal force (Fy), which is the perpendicular component of the contact force exerted by a

surface on an object.

Fn =mg (Equation 7)

When an object is lying along a horizontal surface with no downward forces be-
sides gravity, the normal force is equal to the weight of the object; however, there are

some circumstances such that the normal force is not equal to the object’s weight.



80

The frictional force (Ff) exerted by an object’s surface is related to its normal
force. The magnitude of the kinetic friction force (Fx) by an object is proportional to the
object’s normal force based on the coefficient of friction (). For all pairs of surfaces,
the coefficient of friction can range 0 to 1 and depends on what type of surface the object
is resting on as well as the material of the object. As the coefficient of friction increases,

the corresponding frictional force also increases.

Fk = Fn Mk (Equation 8)

The coefficient of friction is independent of the shape and the size of the compo-
nents, the contact area, and the types of loads and their magnitudes when acting along the
object [163]. The coefficient of friction can also be influenced by the mean contact pres-
sure, which can be attributed to the shape of the object. However, this is not a critical is-

sue for the head-neck taper interface for THA prostheses [163].

Determining the static frictional force is similar to the kinetic frictional force;
however, there are two key differences. First, there is a coefficient of static friction (L)
between the two contacting surfaces. Generally the coefficient of static friction is greater
than the corresponding coefficient of kinetic friction. Second, when determining the
magnitude of the static frictional force, there’s no general formula for solving the force of

static friction; however, the formula to solve the maximum force of static friction is pro-
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vided below. The direction of the force of static friction is always opposite to the direc-

tion of the object’s intended velocity and parallel to the surface the object is resting on.

Fs, max = Fn Hs (Equation 9)

The coefficient of friction is critical to the survivorship of THA prostheses when
fatigue loading occurs at the head-neck taper interface [164] as well as maintaining fixa-
tion between the stem and the surrounding bone and/or cement. By maximizing the value
of the coefficient of friction, this can be beneficial as this will decrease the likelihood of
fretting [165]. Additionally, static and kinetic frictional forces do exist for THA prosthe-
ses. The static frictional force is present at the head-neck taper interface during the as-
sembly procedure when the surgeon strikes the femoral head with a hammer. In regard to
kinetic friction, there is micromotion between the femoral head and the neck of the stem
when the patient is performing activities of daily living. This micromotion can result in
fretting damage. If micromotion occurs between the head and neck, the head must over-

come kinetic frictional forces.

Fessler and Fricker conducted a study where they tried to determine the coeffi-
cient of static friction for cone tapers featuring a universal head on a stem spigot [163].
To determine the coefficient of static friction, Fessler and Fricker conducted axial push-
on and lift-off testing, as well as push-on and twist-off testing, of the heads on the stem

spigots at room temperature [163]. From this investigation, Fessler and Fricker reported
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that the coefficient of static friction between a CoCrMo head and either a CoCrMo or
Ti6Al4V stem spigot was 0.15 [163]. For a stainless steel femoral head on a stainless
steel stem spigot, the coefficient of static friction was determined to be 0.13. They also
addressed that the coefficient of static friction was independent of the taper geometry, the
magnitude of the push-on force, the head taper half-angle, the taper half-angle mismatch,

and non-axisymmetric taper contact [163].

When the orthopaedic surgeon is performing the THA assembly procedure, he or
she will try to avoid contact with the taper; however, it is possible that blood and other
biological fluids may come into contact with the bore of the head and/or the neck of the
stem. Even if the surgeon wipes off the taper surfaces, the taper surfaces will still be lu-
bricated. As highlighted in their paper, Fessler and Fricker indicated that the lubrication
between the head and the stem spigots generally do not have an influence on the coeffi-
cient of friction [163]. Fessler and Fricker also stated that grooved spigot surfaces pro-

duced inconsistent and generally less friction than ground spigot surfaces [163].

2.7  Corrosion and Fretting in Total Hip Arthroplasty

This section focuses on corrosion and fretting damage with respect to THA pros-
theses. Corrosion and fretting damage is explored in the literature at the head-neck and
neck-stem taper interfaces, the phenomenon of tribocorrosion, and the corrosion products

that can be found at the head-neck taper interface for THA prostheses.
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2.7.1 The Link Between Corrosion and Fretting in Total Hip Arthroplas-

ty Prostheses

Cater and Hicks reported the first incidence of corrosion in orthopaedic devices in
1956 for fine-threaded Sherman type stainless steel screws [166]. Cohen and Lindenbaum
first reported fretting corrosion in 1968 between implanted plates and screws and identi-

fied four contributing factors [154]:

1. Corrosive Wear — Mechanical action deteriorates a surface’s protective

layer and makes the object vulnerable to corrosion damage.

2. Surface Fatigue — Stress results in surface or subsurface cracks and
spalling.
3. Adhesive Wear — Particles are pulled off one surface after microscopic

spot welding of asperities on the two surfaces has occurred because of

loading.

4. Abrasive Wear — The harder material can create grooves along a softer

material’s surface.

Cohen and Lindenbaum argued that fretting corrosion is a blend of abrasive, cor-
rosive, and adhesive wear, although surface fatigue may serve a minor role [154]. By
having fretting damage occur at the head-neck taper interface, this may trigger a biologi-

cal reaction around the bone stock [167].
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Corrosion at the head-neck taper interface was first reported in the early 1980’s
[168, 169]. Corrosion at this site can be observed by the presence of a white haziness,
discolouration, and/or blackened debris [170]. Pivec et al. speculated that taper corrosion
occurs up to one-third of all modular implants [108].

Corrosion at the head-neck taper interface is a critical issue for THA prostheses
[171]. Metal particles, whether released due to corrosion or from wear, can lead to meta-
bolic, bacteriologic, immunogenic, and oncogenic reactions [172]. Even when released in
the biological environment, wear particles could be vulnerable to corrosion [173]. As re-
ported in the literature, corrosion at the head-neck taper interface can trigger pain or re-
sultin ALTRs [174, 175].

When corrosion occurs along the neck portion of the head-neck taper interface,
the surgeon has to ask him or herself if the stem should be removed. Currently, there are
no guidelines for this issue [176]. If the stem is to remain implanted in the patient, the
corrosion products may result in an ALTR and/or increase the likelihood of corrosion
damage along the bore of the femoral head. On the other hand by removing the stem, this
will solve the issue of the corrosion products on the implant; however, this can result in
patient morbidity such as soft tissue damage, femoral fracture, bone loss, and the inability

to achieve fixation [176].
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Table 2.7. The Goldberg technique for scoring corrosion and fretting damage at the head-
neck taper interface.

Severity of Corrosion | Score | Criteria
and Fretting Damage

None 1 No visible corrosion observed

No visible signs of fretting observed

Mild 2 Less than 30% of the taper surface is discoloured or dull

A single band or bands of fretting scars involving three
or fewer machine lines on the taper surface

Moderate 3 More than 30% of the taper surface is discoloured or dull
or less than 10% of the taper surface contains black de-
bris, pits, or etching marks

Several bands of fretting scars or a single band involving
more than three machine lines

Severe 4 More than 10% of the taper surface features black de-
bris, pits, or etching marks

Several bands of fretting scars with several adjacent ma-
chine lines or flattened areas with nearby fretting scars

The most popular technique for analyzing taper corrosion is the Goldberg method
[177]. To assess the validity of this technique, two researchers assessed 100 metal-on-
metal THA prostheses for corrosion damage [178]. From this study, the agreement be-
tween the researchers for the corrosion and fretting scores of the head taper were 95%
and 82%, respectively [178]. With respect to the neck taper, the agreement for corrosion
and fretting were 90% and 85%, respectively [178]. Hothi et al. noted that the slight disa-
greement in fretting scores can be attributed to the examiners’ ability to distinguish fret-
ting damage from assembly or revision damage [178]. Although the Goldberg technique
appears to be reliable between users for assessing corrosion damage, its main weakness

lies in the fact that it concentrates on the severity of the taper damage and does not put
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much emphasis on the area of damage. When examining the severity of corrosion damage
for a moderate score, it is debatable as to whether a discoloured or dull taper surface with
more than 30% of the area affected is comparable to a taper surface with black debris,

pitting, or etch marks with a taper area of less 10% affected.

To examine the corrosion and fretting damage at the head-neck taper interface of
THA prostheses, visual scoring is often performed by many researchers because it is a
quick and easy way to assess the damage. The downfall of this technique is that no quan-
titative information is provided in terms of how much material is lost from the surface
[179]. Underwood et al. conducted a study of 91 metal-on-metal THA prostheses and
used the Goldberg scoring system to assess for corrosion and fretting damage [177] while
measuring the wear damage [179]. Underwood et al. found that when they compared the
visual corrosion and fretting scores to the measurement of the wear along the taper sur-
face, they found that Goldberg’s scoring technique “did not accurately predict the magni-

tude of the depth or volume of material loss from the retrieved heads” [179].

Higgs et al. analyzed the corrosion and fretting damage of 106 THA prostheses
with a metal-on-metal articulation featuring 76 heads, 31 stems (22 modular necks), ten
modular CoCr acetabular liners, and five corresponding acetabular shells [170]. Fretting
and corrosion damage were discovered in 68 of 76 (89%) head tapers, 21 of 31 (68%)
stem tapers, 20 of 22 (91%) male neck tapers, 10 of 10 (100%) modular liners, and 5 of 5

(100%) modular shells.

Higgs et al. identified a relationship between implantation time and corrosion

damage with respect to head tapers, stem tapers of modular stems, and the male neck ta-
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pers of modular stems [170]. At the head-neck taper interface, the head tapers displayed
greater corrosion and fretting scores than the neck tapers, but they were positively related
to each other. Also, there was less corrosion and fretting damage on similar alloys in
comparison to mixed alloy prostheses. Higgs et al. also reported that corrosion and fret-
ting damage occurred along the shell-liner interface. Damage consisted of scratching and
discolouration along the backside of the rims of the liners as well as circular fretting pat-

terns on the acetabular shells.

Langton et al. noted that as the head offset and head diameter increased, so did the
taper damage [71]. In particular, Langton et al. reported that as the horizontal lever arm
(HLA) becomes larger, the taper wear increases. The HLA can become larger by increas-
ing these three factors: head offset; bearing diameter; and the varus neck shaft angle. Ad-
ditionally, an extended neck length [156] or contamination of the taper interface with de-
bris [180] may trigger corrosion occurring at the head-neck taper interface.

Collier et al. conducted a retrieval analysis to examine the presence of corrosion
damage at the head-neck taper interface for three different head and neck combinations
for THA prostheses: CoCr heads and stems; Ti6Al4V heads and stems; and CoCr heads
matched with a Ti6Al4V stem [181]. None of the single alloy implants displayed any
signs of corrosion; however, 17 of the 30 mixed alloy implants (CoCr head with a
Ti6Al4V stem) displayed signs of corrosion. For this mixed alloy group, the 32 mm
heads had a greater frequency of corrosion damage (10/14) than the 28 mm heads (7/15).

Additionally, the 32 mm heads had more area of corrosion damage (average of 27% for
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those affected by corrosion) in comparison to the 28 mm heads (average of 17% for those

affected by corrosion) [181].

Panagiotidou et al. performed an in vitro corrosion fatigue testing experiment fol-
lowing the ASTM F1875-98 standard to identify if the surface finish and the contact area
can influence corrosion and fretting damage at the head-neck taper interface of THA
prostheses [182]. For this investigation, 28 mm CoCr femoral heads were matched with
full length or reduced length 12/14 mm Ti6AIl4V stems [182] and were loaded for ten
million cycles with a force range from 100 N to 3100 N at a frequency of 4 Hz [182].
Panagiotidou et al. identified that small tapers, especially those with a roughened surface,
were more susceptible to corrosion and fretting [182]. This can be attributed to a reduced
surface area at the taper interface and the bending forces are concentrated at these regions

[182].

Panagiotidou et al. also investigated how the surface finish and the contact area at
the head-neck taper interface influence corrosion and wear damage [183]. The tapers in
this study consisted of a 12/14 mm neck with a cone angle ranging from 5°37’° to 5°42’
[183]. The neck components were separated into two main categories. The first cohort
had a full length taper contact while the second set had a region that was reduced to two
flats that consequently reduced the surface area along the head-neck taper interface [183].
Two types of tests were performed. The first test consisted of rough “mini-neck” length
tapers that were compared to rough standard length neck tapers [183]. For the second test,
rough mini-neck tapers were compared to smooth mini-neck tapers [183]. All of the fem-

oral heads were 28 mm in diameter, consisted of CoCrMo alloy, had a cone angle of
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5°43’30°’, and a +8 offset [183]. In vitro corrosion fatigue testing was performed for ten
million cycles with a force range from 100 to 3100 N at 4 Hz in phosphate buffered sa-

line [183].

After conducting testing, Panagiotidou et al. observed that the surface roughness
along the head taper was more prominent when the head-neck contact area was reduced
[183]. Additionally, the taper of the femoral head had an increase in surface roughness
once it was assembled onto a rough neck taper [183]. Also, there was some deterioration
of the passive oxide film on the rough, but not the smooth, neck tapers [183]. From this
study, Panagiotidou et al. concluded that the surface area and surface finish influences

corrosion and wear damage at the head-neck taper interface [183].

Meyer et al. conducted a retrieval analysis of 114 large diameter metal-on-metal
THA prostheses from 110 patients to determine if there was a link between head-neck ta-
per corrosion and instability [184]. Additionally, Meyer et al. also examined the peripros-
thetic tissues for metal and if the concentration of the metal particles was correlated to
head size [184]. The mean head diameter was 46 mm (range between 48 to 58 mm)
[184]. Of these tapers, 107 (94%) contained black corrosion products at the head-neck ta-
per interface and all 107 femoral heads showed signs of instability on the neck taper as
discovered during revision surgery [184]. Also, 106 (93%) of the hips displayed joint ef-
fusions and tissues with a grayish necrotic appearance and 90 hips (79%) contained an
extended bursa formation that resembled pseudotumours [184]. Meyer et al. also found
no link between head size and the amount of metal released at the head-neck taper inter-

face [184].
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Schramm et al. quantified the wear of the head-neck taper interface of THA pros-
theses and examined the changes in metallurgy for three modular stems through in vitro
fatigue testing and also analyzed a single prosthesis that was implanted in a patient for 66
months [167]. Fatigue testing was performed following and exceeding the guidelines
highlighted in 1ISO 7206. Testing was performed for 10 to 12 million cycles at 2 Hz, axial
loads up to 4000 N, and 0.9% NacCl saline solution was used. Schramm et al. discovered
that greater wear damage, including minor plastic deformation, was found along the me-

dial side that was attributed to fretting mechanisms.

Schramm et al. also examined the in vitro fretting and corrosion behaviour of
three THA prostheses [167]. The goal was to explore the mechanical stability and chang-
es at the head-neck taper interface after loading. The prostheses were MRP-Titan made
and consisted of Ti6AI7Nb for the stem components and Al,O3 for the femoral heads.
Cyclic loading was performed according to 1SO 7206. However, Schramm et al. modified
this standard by increasing the axial load up to 4000 N and increased the duration of the
loading up to 12 million cycles. The inferior 100 mm of the prostheses were embedded in
PMMA. In contrast, the superior 200 mm was surrounded by 0.9% NaCl solution at a
temperature of 37°C. Additionally, the surfaces of the female components were coated
with bone debris and blood. To examine the corrosion and fretting damage, Schramm et
al. used optical microscopy, SEM, and visual inspection. Schramm et al. discovered for
the three prostheses that wear occurred along the taper interface of the sleeves. This was
evident by the presence of two wear rings along the medial and lateral areas of the exten-

sion sleeves. SEM revealed a 0.5 mm crack for a prosthesis that was subjected to 12 mil-
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lion cycles of loading as well as tiny secondary cracks that were parallel to the primary
crack. Schramm et al. discovered that the wear damage was greater in area and more se-
vere in the medial region in comparison to the lateral region. Also, Schramm et al. found
signs of fretting (plastic oscillation proofs that were parallel to the sliding direction) as
well as TiO; particles that were generated by fretting. Due to the action of fretting,
Schramm et al. stated by generating debris particles, this may trigger a biological reaction
between the bone stock and the implants. When comparing the surface roughness of the
prostheses’ stems, the mean surface roughness decreased by 5% in comparison to the pre-
loaded state. Despite the presence of fretting and corrosion, Schramm et al. insisted that

the advantages of modularity outweigh the potential risks of mechanical failure.

Even modular connections for monopolar hemiarthroplasty implants are suscepti-
ble to corrosion damage [185, 186]. Whitehouse et al. conducted a case report of a 72
year-old man with an Accolade TMZF Plus stem (Howmedica/Osteonics) (vitallium al-
loy, CoCrMo) and a unipolar Unitrax 54 mm outer diameter endoprosthetic head (vitalli-
um alloy, CoCrMo) [186]. For this prosthesis, the only modular junctions were the stem-
sleeve and the head-sleeve interfaces [186]. Whitehouse et al. discovered corrosion dam-
age along the neck of the stem as well as the inner sleeve surface [186]. Additionally,
metallosis occurred with black corrosion products along the neck and there was a pseudo-
tumour adjacent to the prosthesis with visible metal particles [186]. Even though there
was a material difference between the stem, the sleeve, and the femoral head, this could
have contributed to galvanic corrosion despite a small difference in the electrical poten-

tial. Whitehouse et al. speculated that the small contact area with the V40 taper, a narrow
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neck design, and the low rigidity of the neck contributed to corrosion damage [186]. This
report by Whitehouse et al. is the first case where a pseudotumour formed for a hip pros-
thesis that did not feature a bearing surface and the source of damage occurred at a taper

interface.

Chandrasekaran et al. conducted a fatigue testing experiment on ten Richards
Modular Hip System prostheses in deionized water and the components were manufac-
tured from Ti6AI4V alloy [187]. The loading conditions consisted of a cyclic load of
2000 N with a range of 100 N and each test was carried out for five million cycles at 6
Hz. Six of these prostheses had negligible titanium release; three had moderate release of
titanium, and one prosthesis had substantial release of titanium. Chandrasekaran et al.
discovered that by releasing more titanium, there appeared to be more fretting damage
along the test specimens and less pull-off force was required to separate the modular con-
nection. Chandrasekaran et al. emphasized that “manufacturing induced discontinuities in
the matching tapers might result in more fretting motion between modular components
resulting in the possibility of increased release of debris and ions”. Some potential ad-
verse effects of fretting at the modular connection include loosening of this connection,

osteolysis, and accelerated articular wear due to debris particles.
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2.7.2 Multiple Modular Sites: A Focus on the Neck-Stem Taper Inter-

face

Orthopaedic manufacturers are currently developing THA prostheses with more
sites of modularity [165]. By having a modular neck-stem interface, this gives the sur-
geon greater flexibility in implant position and to replicate the patient’s natural femoral
offset, length, and version [188]. By having more modular sites, the possibility of fretting
rises [165]. To demonstrate this point, Weinstein et al. examined 100 patients with CoCr
or stainless steel orthopaedic prosthetics or internal fixation devices and wanted to deter-
mine the causes of failure and/or revision [189]. Thirty implants consisted of only one
component whereas 70 implants featured multiple components. For these 30 single com-
ponent implants, there were no signs of corrosion. When examining 28 stainless steel
screw and plate type prostheses, 27 of these featured crevice corrosion and fretting dam-
age along the contact surfaces. In particular, this was primarily prevalent along the coun-
tersink portion of the screw hole and the screw’s chamfer surface. There was no link be-
tween implantation time and the severity of corrosion from a six month implantation time
and onwards. Weinstein et al. also reported that there were no cases of corrosion resulting
in fatigue failure. From this study, Weinstein et al. concluded that implants manufactured
from two or more components are more vulnerable to corrosion than components with no
modular sites.

One of the key disadvantages of modular orthopaedic devices is that each addi-

tional modular interface becomes a potential site for corrosion, fretting, and wear [190-
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194]. Multiple studies have reported that corrosion and fretting damage does not solely
occur at the head-neck taper interface, but at other modular sites such as the stem-neck
interface of THA prostheses [180, 195, 196].

Corrosion along the neck-stem taper interface is a relatively new problem that can
lead to ALTRs and has been found for necks that consist of CoCr and Ti6Al4V [134,
197-199]. Currently, two modular neck-stem THA prostheses have been recalled: the
ABG Il Modular and the Rejuvenate Modular, both from Stryker Orthopaedics [108,
200]. In particular, the Rejuvenate Modular prostheses have been reported to have a high

rate of corrosion damage that can lead to the formation of ALTRs [108, 200].

Molloy et al. performed a study of 15 patients who received the ABG Il dual
modular hip system [107]. For all of these patients, Molloy et al. observed higher than
normal cobalt ion levels in the blood serum but chromium levels were within normal
range. Molloy et al. performed revision surgery for seven of these 15 patients. For these
prostheses, the head-neck taper interface (CoCr femoral head on CoCr neck) displayed no
or very little corrosion damage. Meanwhile, the neck-stem taper interface (CoCr neck on
Ti6Al4V stem) displayed either moderate to severe corrosion damage in all cases. In par-
ticular, Molloy et al. reported that the corrosion damage was concentrated on the superior
portion of the taper interface and there was no fretting damage on any of the neck-stem
taper interfaces. Molloy et al. also noted that pseudotumours were found for all patients

that had undergone revision surgery.

Similar to Molloy et al., Meftah et al. conducted an investigation involving 123

Rejuvenate THA prostheses (97 were modular and 26 were non-modular) to determine
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the failure rate due to corrosion [201]. When Meftah et al. measured the blood serum
concentrations of cobalt and chromium ions, there were substantial differences between
the modular and non-modular groups. The mean concentration of cobalt in the modular
and non-modular groups were 5.4 £ 5.7 ug/L and 1.6 = 1.5 pg/L, respectively (p = 0.04).
For the chromium ions, the blood serum concentrations were 2.1 + 1.5 pg/L and 0.9 £ 0.5
pg/L for the modular and non-modular groups, respectively (p = 0.01). Meftah et al. also
noted that the high cobalt and chromium levels were strongly correlated to patients who
were younger, had bilateral THA prostheses, and had a high femoral head-neck offset. By
having a high femoral head-neck offset, this can result in greater lever-arm forces at the
neck-stem taper interface. None of the non-modular prostheses were revised but 23
(28%) of the modular prostheses were revised. For all of these revised modular prosthe-
ses, Meftah et al. reported that the head-neck taper interface did not display any signs of
corrosion damage; however, moderate and severe corrosion damage was detected at the
neck-stem taper interface. Additionally, only two (9%) of these revised cases had a
pseudotumour present whereas eight cases (35%) had an ALTR. Meftah et al. speculated
that one of the reasons for the failure rate was attributed to the material difference be-
tween the CoCr neck and the TMZF stem body along with an inadequate taper fit. By
having a difference in the materials at the neck-stem taper interface, this could have re-
sulted in substantial micromotion that deteriorated the oxide film and make the region

vulnerable to crevice corrosion.

Kretzer et al. reported that despite the additional modular interface, modular neck

THA prostheses do not result in elevated systemic titanium ion levels in comparison to
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stems without a modular neck interface [202]. However, Kretzer did observe elevated
levels of titanium in patients in comparison to controls without an implant [203]. If fail-
ure should occur along the neck-stem taper interface, the surgeon can treat the patient by
performing a revision surgery with a ceramic femoral head [134]. In rare cases, corrosion

can result in fracture of the modular neck [197].

In one retrieval analysis, Gill et al. attempted to account for why there was no ta-
per corrosion at the head-neck taper interface but corrosion occurred along the neck-stem
taper interface for the ESKA dual-modular short stem prosthesis with a metal-on-
polyethylene articulation [196]. Gill et al. hypothesized that the neck-stem taper interface
experiences more micromotion due to the HLA [196]. Additionally, these two taper inter-
faces experience different loading conditions. The stresses along the head-neck taper in-
terface are low since the forces are directed through the center of the head [196]. Mean-
while, the neck-stem taper interface is loaded eccentrically, which can lead to higher

stresses [196].

Higgs et al. conducted a retrieval study consisting of 134 femoral heads and 60
stems (41 had a modular neck-stem taper interface) to determine if there is a relationship
between corrosion and fretting damage at the head-neck taper interface in comparison to
the neck-stem taper interface [204]. Additionally, Higgs et al. examined the components
to determine which design parameters contributed towards corrosion and fretting damage
using the Goldberg corrosion scoring system. Higgs et al. found that as the implantation
time increased, the corrosion damage of the heads and stem tapers was more prominent,

but not the tapers of the modular necks [204]. The head tapers also displayed more corro-
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sion damage than the neck tapers [204]. Additionally, Higgs et al. noted a correlation be-
tween head size and head taper corrosion and that there may be a link between head-neck

and neck-stem taper corrosion [204].

Even though corrosion and fretting are more likely to appear for THA prostheses
with a head-neck and a neck-stem interface, corrosion and fretting behaviour is a combi-
nation of a multitude of factors. In one case study by Ellman and Levine, they reported a
59 year old male who had a double-tapered THA prosthesis that fractured [106]. The
fracture was believed to be influenced by a multitude of factors such as crevice corrosion,
fretting, patient obesity, large head size (52 mm), a metal-on-metal articulation, a large

neck, and the patient’s activity level [106].

Cooper et al. examined the tissues adjacent to ten patients with modular hip pros-
theses that featured corrosion damage at the head-neck taper interface [148]. For all pa-
tients, the base of the taper was covered in black, flaky material. Cooper et al. reported
that the patients had large soft tissue masses as well as surrounding tissue damage. In ad-
dition, serum cobalt and chromium levels were more elevated than the pre-operative
state, with a great difference in cobalt released in comparison to chromium. This finding
is in agreement with studies performed by Garbuz et al. [149] and Langton et al [150].
Also, abnormal fluid that was either milky white or brownish was discovered during sur-

gical entry into the hip joint.

Using ANSYS finite element software, Abdullah created a 3D model replica of
the neck-stem taper interface of the PCA No. 5 (Howmedica) hip prosthesis [165]. Only

half of the stem was modelled using symmetry constraints along the plane that divides the
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neck into two halves to reduce the computation time [165]. The model was meshed using
hexahedral (brick) elements (SOLID45) [165]. For the neck-stem taper interface, 3D
node-to-node contact elements were implemented (CONTAC52) [165]. These elements
were selected such that the two surfaces could maintain or break physical contact so they
could slide against each other [165]. Abdullah also applied a boundary condition along
the bottom surface of the neck such that there were no degrees of freedom at that site
[165]. To measure the effect of angular mismatch, three conditions were chosen: zero,
negative, and positive [165]. Five loading schemes were applied with an assembly force
(O N, 3114 N, and 5500 N) followed by two loading cycles (2000 N, 3114 N, and 5500
N) [165]. Abdullah did not specify how the assembly forces were chosen, but selected the
loading cycles ranging from three to seven times the body weight of a 75 kg person to
simulate walking at a normal to a fast pace [205]. In normal and fast walking, the load on

the THA prostheses ranges from three to four times the patient’s body weight [205].

Abdullah found that by increasing the assembly load, this helped secure the lock
between the stem and the neck components and this reduced the fretting, stress, and mi-
cromotion at the neck-stem taper interface during loading [165]. By having an increased
assembly load, this could extend the lifetime of the prosthesis due to the decrease in fret-
ting damage [165]. Additionally, increasing the coefficient of friction reduced the mi-
cromotion caused by fretting [165]. Abdullah also observed that the zero angular mis-
match yields the most micromotion at the neck-stem taper interface [165]. Abdullah rec-
ommended a positive mismatch for the neck-stem taper interface (cone angle of the neck

is two minutes above the female taper of the stem) [165].
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Vundelinckx et al. measured the serum cobalt and chromium levels in 19 asymp-
tomatic patients with an ABG Il Modular THA prosthesis featuring a modular neck-stem
taper interface that had either a ceramic-on-ceramic (n = 6) or a ceramic-on-polyethylene
(n = 13) articulation [140]. Fifteen patients had a cobalt concentration of more than the
reference value of 1 pug/L [140]. However for chromium, only two patients had a greater
concentration than the reference value of 1 pg/L [140]. Generally, the concentrations of
cobalt were greater than chromium [140]. Research by Gill et al. [196] and Merritt et al.
[206] has demonstrated that cobalt can quickly propagate away from the joint and be ex-
creted in urine whereas chromium remains stored within the tissue and requires more
time to diffuse away. Additionally, Vundelinckx et al. reported that a separate patient not
linked to the 19 asymptomatic patients developed a large ALTR approximately two years
post-operatively [140]. Vundelinckx et al. reported that there was severe corrosion dam-
age at the neck-stem taper interface and the measured concentrations of cobalt and chro-
mium were 2.1 pg/L and 7.4 pg/L, respectively [140]. From this study, Vundelinckx et
al. demonstrated that neck-stem taper corrosion can occur and elevate the cobalt and
chromium serum concentrations and ALTRs can be triggered even with low metal ion se-

rum levels [140].

On a related topic, taper corrosion has also been found for TKA prostheses [207].
Arnoldt et al. conducted a retrieval study of 198 TKA implants and examined the preva-
lence of taper corrosion [208] using the Goldberg corrosion scoring system [15]. Arnoldt
et al. obtained 101 femoral components and 97 tibial components. For these implants, 90

had a threaded taper interface whereas 10 had a conical taper interface. Arnholdt et al. re-



100

ported mild to severe corrosion damage for 94 of the 101 (93%) femoral components and
for 90 of the 97 (93%) tibial components. Additionally, the conical tapers displayed sig-
nificantly more corrosion damage than the threaded tapers. Arnholdt et al. hypothesized
that the threaded taper connection delivers less micromotion than the conical tapers. Sim-
ilar to the head-neck taper interface of THA prostheses, galvanic corrosion was detected
along the male conical tapers and they displayed more severe corrosion damage than the
single alloy prostheses. Arnholdt et al. also indicated that anatomical location and the

weight of the patients were positively related to the corrosion scores.

2.7.3 Corrosion Products

McMaster and Patel presented a case report of a corroded CoCrMo taper for a
TKA revision that triggered an ALTR [207]. EDS was performed to analyze the chemical
composition of the taper [207]. EDS revealed that the taper contained oxygen, molyb-
denum, and chromium [207]. This suggests that the black encrustations along the taper
are chromium and molybdenum oxides, which they suggest is a corrosion product for a

CoCrMo alloy [207].

Additionally, increased levels of molybdenum may be detected along the corrod-
ed region. This was reported by Cook et al. in a study that investigated corrosion damage

along the countersink portion of a screw and plate apparatus [99].
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Langton et al. examined the material loss along the ASR XL and DePuy’s Arti-
culeze (Pinnacle) to determine risk factors for taper failure [71]. When EDS was per-
formed, the pits contained chromium as well as chlorides and oxides; thus, indicating that

corrosion took place.

Cooper et al. examined 12 Rejuvenate (Stryker) prostheses from 11 patients fea-
turing a dual-taper stem [168]. This prosthesis consists of a femoral component consist-
ing of TMZF with a CoCr alloy neck component. Cooper et al. reported corrosion dam-
age at the neck-stem taper interface and ALTRs were present for all prostheses. Serum
metal ion levels consisted of a greater concentration of cobalt than chromium and titani-
um. Cooper et al. detected substantial corrosion and fretting damage at the neck-stem ta-
per interface. When performing EDS, cobalt was substantially depleted; thus, suggesting
that selective leaching took place. In particular, a chromium phosphate corrosion product
had formed. When analyzing the head-neck taper interface, pitting corrosion was found

and classified in six of ten cases.

2.7.4 Tribology and Tribocorrosion

Tribology is a branch of mechanical engineering and materials science that deals
with the friction, wear, and lubrication of interacting surfaces that are in relative motion
to each other [209]. When surfaces are in contact and have relative motion to each other,

wear can occur through different forms such as abrasion, adhesion, and erosion. Wear
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damage can be prevented by applying a lubricant between the two contacting surfaces or

by modifying the surface properties with a surface finish.

A tribological system can be broken down into three main branches: the physical
properties of the materials; the mechanics of the tribological contact; and the environment
[40]. The wear resistance of a material is dependent on its material properties such as its
hardness, modulus of elasticity, ductility, yield strength, and rigidity. Additionally, the
material’s microstructure can have an influence on the damage through variables as the
grain size, the presence of defects, inclusions, segregations, or the dislocation density. In
regard to tribological contact mechanics, the amount of damage that occurs depends on
the applied force, the type of contact (e.g. sliding, rolling, fretting, etc.), the motion, and

the size and shape of the contacting bodies [40].

The Stribeck curve is a graph that can be used to analyze the lubrication contact
between the surfaces. The Stribeck curve plots the coefficient in friction as a function of
viscosity, speed, and load, which is the dimensionless Hersey number [210, 211]. Figure

2.12 provides an illustration of the Stribeck curve.
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Figure 2.12. The Stribeck curve.

There are three regimes for the Stribeck curve that are based on the A value ob-

tained in Equation 10: hydrodynamic; mixed, and boundary lubrication. During the hy-

drodynamic regime (A > 3), the two material surfaces are separated from each other by

the lubricant and the lubricant supports the load [212]. For the mixed film regime (1 > A

> 3), the surfaces are not completely separated from each other and some of the load is

transmitted to other materials through surface asperities while rest of the load is support-

ed by the lubricant [212]. During the boundary lubrication regime (A < 1), there is sub-

stantial contact between the surfaces [212]. For the engaged head-neck taper interface, it

is believed that boundary lubrication takes place.
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A= z (Equation 10)
(R(]matl2 + R(]matzz)l/2

A = Lubrication number
Rdmatr = Root mean square of surface roughness (m)

z = Central film thickness (m)

Tribocorrosion is a subfield of tribology and it is a material degradation process
that results from simultaneous mechanical, chemical, or electrochemical (corrosion) ma-
terial removal mechanisms [213]. Tribocorrosion, or often referred to as mechanically-
assisted crevice corrosion in the literature, is a synergy of corrosion and wear and not a
summation of the two processes. Approximately 20% to 50% of material loss in a tri-
bocorrosion system is attributed to corrosion related effects [214]. Total material loss
from tribocorrosion can be determined as a combination of the material loss in the ab-
sence of corrosion, the material loss due to electrochemical processes in the absence of
wear (i.e. corrosion), and the synergy of the effect of wear on corrosion and the effect of

corrosion on wear.

By applying a compression force at the femoral head, the head-neck taper inter-
face’s corrosion potential will change from a passive to an active region due to the dete-
rioration of the oxide film. Meanwhile, the environment can influence tribocorrosion
through a number of variables such as the temperature, pH, viscosity, and electrical con-

ductivity or insulation [40].
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For THA prostheses, the head-neck taper interface is vulnerable to tribocorrosion
when body fluid enters the taper interface. With a larger head size and an optimized
clearance, iso-viscoelastic elasto-hydrodynamic lubrication can be achieved, which de-
creases the amount of wear damage [40]. Ocran reported that clinically relevant simulat-
ed body fluid favors the formation of a hydrodynamic lubrication film at the head-bearing
interface for metal-on-metal articulations [40]. When conducting in vitro corrosion fa-
tigue testing, Ocran also indicated that the electrolytic solution can modify the passive
oxide film’s properties, which can have an influence on the tribocorrosion behaviour of

CoCr alloy [40].

2.8  Preventing Corrosion and Fretting Damage in Total

Hip Arthroplasty

Corrosion and fretting is a significant problem that can occur at the head-neck and
neck-stem taper interfaces of THA prostheses. This section addresses some potential so-
lutions to combat corrosion and fretting damage with a focus on the head-neck taper in-
terface. Some of the potential solutions that are discussed in this section include: the as-
sembly procedure; material combinations; the conical half angle; the design of the taper;
the use of ceramic femoral heads; the bearing materials; ion implantation and coating

techniques; the neck length; and the femoral head size.
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2.8.1 Assembly Procedure

Even though there is currently no standardized procedure of designing the head-
neck taper interface, standardization is strongly recommended to make THA prostheses
safer for patients. For example, many neck tapers vary in terms of length, the base dimen-
sion, and the taper angle [43]. Additionally, there is currently no standardized method of
assembling the femoral head onto the stem [46]; however to pull the femoral head off of a
stem in a laboratory setting, ISO 7206-10 is to be performed [215].

Some common assembly forces that are applied to assemble the head-neck taper
interface are 1000 N, 2200 N, 2500 N, and 4000 N [216-219]. In contrast, poor assembly
forces are considered to be within the range of 200 N to 500 N [218, 219]. Although most
surgeons use a hammer to secure the femoral head onto the neck, some surgeons have in-
dicated that they push the head onto the neck with their hand, which only produces an ax-
ial force of approximately 200 N [219]. Meanwhile, some assembly forces are quite ex-
cessive and have been reported up to 12000 N. This can result in damage to the femoral
head or the bone around the stem [219]. Schlegel et al. reported a hip resurfacing implant
that was subjected to a 11000 N assembly force, which resulted in a significant decrease

in the strength of the femoral neck [220].

Bitter et al. used finite element analysis (FEA) to determine how the impaction
force during the assembly procedure can contribute to micromotion at the head-neck ta-
per interface of THA prostheses [221]. Bitter et al. modeled BIOMET’S Type-1 taper

with an adapter and all materials consisted of titanium alloy (1 = 0.5) [221]. A 2300 N
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force was applied to assemble the taper onto the neck of the stem [221]. Afterwards, as-
sembly forces of 2000 N, 4000 N, and 15000 N were applied to assemble the femoral
head onto the adapter [221]. To verify the results of the FEA, an experimental study was
simultaneously conducted that consisted of assembly forces of 4000 N and 15000 N
[221]. Bitter et al. found that the greatest contact stresses were along the distal part of the
taper [221]. Bitter et al. reported that the least amount of micromotion (1.5 pum) occurred
when the femoral head was assembled with a 15000 N assembly load [221]. Meanwhile,
the greatest amount of micromotion occurred with an assembly load of 2000 N (7.5 pum)

[221].

Rehmer et al. attempted to determine the ideal force for assembling the head-neck
taper interface for 32 mm femoral heads that consisted of either CoCr or Al,0;onto CoCr
or Ti6Al4V neck adapters [219]. Rehmer et al. also examined the influence of the assem-
bly force and the tool for the assembly procedure [219]. To assemble the head-neck taper
interface with a secure connection, Rehmer et al. recommended an impaction force of
4000 N [219]. Additionally, Rehmer et al. reported that multiple strikes with the same
hammer featuring either a metal or rubber tip did not enhance the assembly force for any

material combination [219].
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2.8.2 The Debate of Single Alloys versus Mixed Alloys

In practice, it is common for CoCr femoral heads to be implanted with Ti6AlI4V
stems. CoCr has sufficient mechanical strength and is an excellent articulation material
but its modulus of elasticity is much greater than bone. In contrast, Ti6AI4V is biocom-
patible, offers resistance to corrosion, and its modulus of elasticity is similar to bone.
Cook et al. reported that by having CoCr femoral heads assembled onto Ti6AI4V stems,
this can result in a higher frequency and greater corrosion damage at the head-neck taper
interface in comparison to stems and femoral heads that consist of CoCr alloy [191].

Higgs et al. and Collier et al. reported increased corrosion damage when coupling
mixed alloys together in contrast to single alloy systems with one hypothesis being the
difference in the electrical potential between CoCr and Ti6Al4V [181, 204]. In an alter-
native hypothesis, this may be linked to the difference in the hardness of CoCr (450 Hv)
and Ti6Al4V (330 Hv), which can result in more galling and mechanical damage [115,
177, 204, 222].

Kummer et al. conducted an in vitro study to see which couple could accelerate
crevice corrosion the most: CoCr alloy with pure titanium, Ti6Al4V, or 316L stainless
steel [223]. Kummer et al. conducted an electrochemical open-circuit potential measure-
ment test as well as a potentiostatic passive film corrosion measurement test over a ten
hour period [223]. Kummer et al. discovered that when CoCr was paired with stainless

steel 316L, the couple was unstable and could lead to significantly more corrosion dam-
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age over a longer period of time [223]. In contrast, CoCr paired with titanium and
Ti6Al4V was stable [223].

McKellop et al. (1992) reported a modular THA prosthesis (Zimmer, Harris — Ga-
lante) with a CoCr head and a Ti6AI4V stem that displayed substantial corrosion damage
after being implanted in a patient for 35 months [224]. The taper surfaces were discol-
oured and featured pitting [224]. Selective leaching of titanium was detected as the
weight percentage changed from 90% to 58% [224]. Selective leaching also occurred
along the taper of the head as the weight percentage of cobalt decreased from 60% to
13% [224]. Chromium remained relatively unchanged along the head taper; however,
molybdenum significantly increased from 5% to 29% [224]. This finding suggests that a
chromium molybdenum corrosion product formed along the CoCr head taper [224]. Simi-
lar to McKellop, Cook et al. also reported a significant increase in the content of molyb-
denum in a fretting corrosion experiment to further support that chromium molybdenum

can be a corrosion product [99].

Even though many researchers have argued that mixed alloy combinations can
trigger galvanic corrosion, Cuckler et al. argued that THA prostheses with a CoCr and
Ti6Al4V interface can be implanted without any corrosion damage. Cuckler et al. be-
lieved that this could be achieved with the proper selection of taper angles, surface finish,

and the quality control of the manufacturing process [225].
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2.8.3 Conical Half Angle

The conical half angle is a common method to measure the angle (8) of a taper. Equation
10 can be used to calculate the conical half angle using Figure 2.13 as a reference where

R1 and R2 are the radii of the taper and L is the length of the taper.

S =
T\ R1
|
L

Figure 2.13. The half conical angle for a taper.

0 = arctan (R1- R2) (Equation 10)
( L)

When fitting the neck taper into the head taper, there are three types of angular ta-
per matches that can occur based on the difference between the angle of the neck taper

(an) and the head taper (ay) that can be determined using Equation 11.

o= op - OH (Equation 11)

Depending on the value for a, there are three types of matches that can occur: a
zero-match where a equals 0° (Figure 2.14 A); a positive match (bottom-locking) where
a is positive (Figure 2.14 B); and a negative mismatch (top-locking) where a is negative

(Figure 2.14C).
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Figure 2.13. The three locking mechanisms for the head-neck taper interface: A) zero-
mismatch; B) positive mismatch (bottom-locking); and C) negative mismatch (top-
locking).

In industry, the accepted threshold tolerance of the head-neck taper interface is
0.0167° [226]. Parekh et al. created finite element models of the head-neck taper interface
to examine how an increase in the conical half-angle of the femoral head taper interface
influences micromotion [226]. To do this, nine different mismatches (0.005°, 0.01°,
0.015°, 0.03°, 0.05°, 0.075°, 0.1°, 0.2°, and 0.3°) were created and compared to a perfect
angular match (0.0°) [226]. From this investigation, angular mismatches up to 0.075° did
not substantially contribute to micromotion along the head-neck taper interface when
compared to the case with an angular match [226]. When the angular mismatch in-
creased, the micromotion between the head and neck increased for higher tolerances and
there was also an increase in the contact pressure, the maximum von Mises stress, and the
shear stress along the proximal-medial aspect of the taper [226]. From this study, an an-
gular mismatch up to 0.075° does not seem to contribute to enhanced micromotion in
comparison to the current industry standard of 0.0167° [226]. Nonetheless, an increase in
angular mismatch can result in undesired micromotion, which can result in corrosion and

fretting damage at the head-neck taper interface.
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One of the reasons why the head-neck taper interface is vulnerable to fretting
damage is due to the angular mismatch between the head and neck tapers [171]. An angu-
lar mismatch can result in poor mechanical stability of the connection and can increase
the wear generated along the taper interface [171], [191]. During a typical gait cycle,
loading on the hip joint can dislodge the interference fit between the head and neck [171].
Shareef and Levine conducted a FEA study using ANSYS 5.0 to determine how the
manufacturing tolerances affect micromotion for a Morse taper [227]. The tolerances
were modified on the male component to determine the difference in the magnitude of the
micromotion along the Morse taper. Two conclusions were revealed from this study.
First, by simulating off-axis loading, the female component tips from its initial place-
ment. As a result, one side of the female component has approximately double the
amount of micromotion versus the opposite side. Second, Shareef and Levine confirmed
that by increasing the tolerance of the male component, the magnitude of micromotion
increased. By increasing the angle tolerance from zero to one minute along the male

component, the micromotion increases from 4% to 16%.

2.8.4 Taper Size

Padgett et al. conducted a retrieval study consisting of 54 metal-on-metal THA
primary revision prostheses with a diameter greater than 36 mm to determine if taper size
influences corrosion or fretting damage at the head-neck taper interface [228]. For this
investigation, three different taper geometries were examined: 11/13 mm; 12/14 mm; and

Type 1 (taper angle: 4.0°) taper designs [228]. Padgett et al. reported that there were no
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significant differences in the volumetric wear rate or corrosion damage; however, there
were significant differences in fretting damage. In particular, the Type 1 taper had less
fretting damage than 12/14 mm and 11/13 mm tapers [228]. This could be attributed to a

smaller contact area at the head-neck taper interface [228].

2.8.5 Ceramic Femoral Heads

One way to potentially reduce the problem of head-neck taper corrosion is to as-
semble ceramic heads on metallic femoral stems since ceramics do not corrode [229].
Hallab et al. compared the fretting corrosion damage of CoCr stems when paired with
zirconia and CoCr femoral heads [230]. Hallab et al. hypothesized that prostheses featur-
ing ceramic femoral heads would generate more debris than prostheses featuring a metal-
lic femoral head [230]. In contrast, the opposite was true: the CoCr femoral head group
generated three times more chromium and 11 times more cobalt than the zirconia femoral
head group [230]. MacDonald et al. conducted a similar retrieval analysis that consisted
of 50 CoCr heads assembled onto a CoCr stem and 50 ceramic heads assembled onto a
CoCr stem and the corrosion damage was assessed by using the Goldberg corrosion scor-
ing system [177] to observe if there was a difference in the head-neck taper corrosion be-
tween the two groups [231]. MacDonald et al. reported corrosion damage in 42 cases
with a ceramic-metal taper combination and in 42 cases for the metal-metal taper combi-

nation; however, the corrosion damage was not nearly as substantial for the prostheses
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with a ceramic femoral head [204]. MacDonald et al. indicated that although taper corro-
sion can be minimized with the use of ceramic femoral heads, this technique alone cannot

eliminate corrosion damage at the head-neck taper interface

Munir et al. conducted a retrieval analysis of 52 S-ROM components to examine
the rate of corrosion damage at the head-neck taper interface as well as the stem-sleeve to
see if there were differences due to head size, head materials, bearing surfaces, and re-
gions [47]. The different bearing surfaces included 17 ceramic-on-ceramic, seven ceram-
ic-on-polyethylene, 16 metal-on-metal, and 12 metal-on-polyethylene articulations. Mu-
nir et al. discovered that the head-neck tapers and stem-sleeve tapers from metal-on-metal
THA prostheses had a significantly greater rate of corrosion damage in comparison to the
tapers with a ceramic head [47]. Munir et al. also divided the bearing surfaces into two
groups: hard-on hard (includes metal-on-metal and ceramic-on-ceramic) and hard-on-soft
(includes metal-on-polyethylene and ceramic-on-polyethylene) [47]. Additionally, Munir
et al. reported that the inferior region of the head-neck taper and the medial region of the
stem-sleeve taper exhibited the greatest presence of corrosion damage. When looking at
the factor of head size, there was a trend that with a larger head size, the corrosion dam-
age became greater at the head-neck taper interface; however, there was no general trend
for the stem-sleeve taper [47]. Munir et al. concluded that hard-on-hard bearing surfaces
experience greater frictional forces, which can result in a large torque due to the moment

arm acting along the stem-sleeve taper [47].

Flohr et al. assembled 48 mm ceramic femoral heads onto Ti6Al4V sleeves that

were fitted onto necks consisting of CoCrMo, Ti6Al4V, and 316L stainless steel to exam-
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ine the corrosion damage at the stem-sleeve interface [232]. Flohr et al. discovered no
corrosion damage despite implanting a large ceramic femoral head [232]. Similarly,
Preuss et al. conducted an experimental study to determine if the use of ceramic heads
(range 40 mm to 60 mm) can result in significant corrosion and fretting damage at the
head-neck taper interface [233]. Like Flohr et al., no major corrosion or fretting damage

was detected [233].

2.8.6 Metal-on-Metal versus Metal-on-Polyethylene Articulations

Fricka et al. conducted a retrieval analysis to observe differences in the head-neck
taper corrosion behaviour between 19 metal-on-metal THA prostheses and 14 metal-on-
polyethylene THA prostheses manufactured from DePuy [234]. Fricka et al. modified the
Goldberg corrosion scoring system [177] such that the scoring for corrosion was per-
formed on a 5-point scale. All THA prostheses featured a 12/14 mm taper and consisted
of CoCr alloy except for one metal-on-metal prosthesis, which featured a Ti6Al4V stem.
In this study, 18 of the 19 metal-on-metal THA prostheses displayed corrosion damage
whereas only eight of 14 metal-on-polyethylene THA prostheses featured corrosion dam-
age. The mean corrosion score for the metal-on-metal group was 3.53 + 1.35 and for the
metal-on-polyethylene group, the mean corrosion score was 1.86 + 0.95. Additionally,
the corrosion scores had a moderate correlation with the implantation time. To account
for the difference in the corrosion damage between the metal-on-metal and metal-on-
polyethylene prostheses, Fricka et al. believed that the fluid interface at the bearing sur-

face played a key role [235, 236]. If there is improper or little fluid-fluid lubrication be-
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tween the metallic liner and the femoral head, this could elevate the roughness and fric-
tion between the liner and the femoral head. This would increase the friction, and ulti-

mately, the torque at the head-neck taper interface [234].

2.8.7 lon Implantation and Coating

Dorn et al. conducted an in vitro study to identify if necks consisting of CoCr al-
loy coated with tantalum have more corrosion resistance than necks made from Ti6Al4V
alloy [237]. These tests were performed in a dry assembly condition (container with just
air) and two wet assembly conditions: one with calf serum and the other being calf serum
with bone chips [237]. The Ti6Al4V neck did not experience corrosion in the dry assem-
bly test, but was subjected to corrosion damage for both wet assembly tests [237]. In con-
trast, none of the CoCr-tantalum coated necks displayed any corrosion damage [237].

This study suggests that CoCr coated with tantalum can prevent taper corrosion [237].

Maurer et al. attempted to determine the most effective way to improve the fret-
ting corrosion resistance of Ti6Al4V by using three different techniques: ion implanta-
tion; physical vapour deposition nitriding; and plasma ion nitriding [238]. From these
techniques, Maurer et al. found that plasma nitriding of Ti6Al4V was the most effective
way to reduce fretting corrosion damage [238]. In a separate study, Traynor et al. found
that by coating the taper interface with chromium nitride (CrN), this significantly reduces

the corrosion damage along the taper interface [239].
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2.8.8 Femoral Head Size and Neck Length

Langton et al. conducted a retrieval analysis to examine the material loss at the
head-neck taper interface for the ASR XL and DePuy’s Articuleze (Pinnacle) and to iden-
tify risk factors for taper failure [71]. Langton et al. noted that as the head offset and head
diameter increased, so did the taper damage. In particular, as the HLA increased, the ta-
per wear also became greater. The HLA can become larger by increasing these three fac-
tors: head offset; bearing diameter; and the varus neck shaft angle. Like Langton et al.,
Moga et al. reported that with larger head sizes, significant corrosion damage was found
at the head-neck taper interface for prostheses with a metal-on-polyethylene articulation

[37]

Noble et al. attempted to determine why large femoral heads lead to more corro-
sion and fretting damage by conducting a retrieval analysis consisting of 13 metal-on-
metal implants ranging from 42 to 54 mm in diameter [240]. Noble et al. believed that
designs featuring low bearing clearances and high flexibility are vulnerable to greater mi-
cromotion and torque at the head-neck taper interface [240]. If small micromotion occurs
the head-neck taper interface, this can indicate elastic deformation; however, large
movement could be attributed to slippage [240]. Noble et al. applied a radial compression
force along two opposite points on the rim of the acetabular components. The cups were
compressed in intervals of 200 N up to a maximum of 2000 N [240]. Noble et al. meas-
ured the torque acting at the neck axis as the head articulated through an angular arc of 60

degrees [240]. The torque ranged from 1.17 Nm to 2.23 Nm and the micromotion of the
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neck ranged from 7.46 um to 8.38 um [240]. Noble et al. noted that as the torque was in-
creased due to compression, this resulted in greater micromotion at the head-neck taper
interface [240]. Noble et al. emphasized that the cup compression loads alone did not
necessarily guarantee a greater torque along the head-neck taper interface [240]. By in-
creasing the torsional load, this can make the taper interface more susceptible to corro-

sion damage [241].

Panagiotidou et al. conducted an experimental study consisting of 36 mm CoCr
femoral heads paired with CoCr and Ti6Al4V stems with a 12/14 mm taper to determine
how torque affects the corrosion and fretting damage at the head-neck taper interface
[242]. To examine how torque plays a role in the corrosion and fretting damage, three
different offset increments were applied: 0 mm, 5.4 mm, and 7.5 mm [242]. These three
offsets produced torques equivalent to 9 Nm, 12 Nm, and 17 Nm, respectively [242].
Panagiotidou et al. observed that by having a greater torque, regardless of the combina-
tion of materials for the femoral head and stem, this made the head-neck taper interface
more vulnerable to corrosion and fretting damage based on the overall mean current,
overall mean fretting current, and overall current change data [242]. Even though one
femoral head size was used, Panagiotidou et al. hypothesized that a larger head size could
make the head-neck taper interface more vulnerable to corrosion and fretting damage
[242].

In a study by Doehring et al., the micromotion of an anatomically placed femoral
component was observed by modifying the superolateral relocation and the neck length

[156]. Doehring et al. demonstrated that a 25 mm superolateral relocation of the hip cen-



119

tre increases the micromotion of the femoral component by 13%. When the neck length
was extended by 12.5 mm, the micromotion increases by 38%. By extending the neck
length, this increases the sagittal and nonsagittal moments acting on the implant, which

would increase the femoral component’s micromotion.
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Chapter 3 — The Influence of Head Size on
Corrosion and Fretting Behaviour at the
Head-Neck Taper Interface of Artificial Hip
Joints

Note: This chapter was published in the Journal of Arthoplasty in 2013 [243].

Abstract: The primary goal of this study was to determine if head size affects corrosion
and fretting behavior at the head-neck taper interface of modular hip prostheses. Seventy-
four implants were retrieved that featured either a 28 mm or a 36 mm head with a metal-
on-polyethylene articulation. The bore of the heads and the neck of the stems were divid-
ed into eight regions each and graded by three observers for corrosion and fretting dam-
age separately using modified criteria reported in the literature. The 36 mm head size fea-
tured a significant difference in the corrosion head scores (p = 0.022) in comparison to
the 28 mm heads. This may be attributed to a greater torque acting along the taper inter-

face due to activities of daily living.

3.1 Introduction

Modular hip prostheses are well-known for improving the quality of life for pa-

tients who have degenerative hip disorders. Modular hip prostheses have many ad-
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vantages in comparison to single component hip prostheses. These advantages include the
adjustment of the patient’s leg length during surgery, a decreased inventory size, reduced
costs, simplified revision procedures, and the femoral stem can be implanted prior to the
insertion of the acetabular component [5, 13, 48-50].

One significant problem of modular hip prostheses is that metal ions and particles
are not only being generated from wear at the articulation site, but they may also be pro-
duced at the head-neck taper interface due to corrosion [5, 6, 244-249]. Excessive con-
centrations of cobalt and chromium in the body are known to be harmful as they have
been linked to lymphatic reactivity, hypersensitivity, local tissue toxicity, chromosomal
damage, impaired renal function, and malignant cellular transformations [249, 250]. Ad-
ditionally, recent reports indicate the possibility of pseudotumours forming in patients
due to the presence of increased levels of metal ions from wear and corrosion in hip re-

surfacing and modular hip prostheses [64, 251-254].
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Figure 3.1. Scanning electron microscopy (SEM) images of CoCr alloy heads and necks
that were not implanted in comparison to implants with little, moderate, and severe
corrosion damage. A) SEM of a CoCr alloy neck that has not been implanted. B) Arrows
pointing to machining grooves for a CoCr alloy head with little corrosion and fretting
damage. C) Arrow pointing to etching marks from fretting for a CoCr alloy head with
moderate corrosion and fretting damage. D) Neck of a CoCr alloy stem with significant
corrosion and fretting damage.

Corrosion of taper surfaces in modular hip prostheses is a critical issue that can
get worse over time. Figure 3.1 illustrates the progression of a CoCr taper surface that has
not been implanted (Figure 3.1 A) to taper surfaces with mild, moderate, and severe
corrosion and fretting damage. Figure 3.1 B illustrates a taper surface that contains
minimal corrosion and fretting damage. The machining grooves along the head are still
detectable as indicated with the two arrows; however, there appears to be pitting between

the grooves. The taper surface in Figure 3.1 C contains moderate corrosion and fretting

damage. The taper surface displays etching marks as shown by the arrow and the
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machining grooves are no longer visible. Finally, the taper surface displayed in Figure 1D
features severe corrosion and fretting damage. This image may indicate that not only are
the grooves no longer present, but the entire CoCr surface was possibly attacked by the
biological fluid within the taper connection.

A retrieval analysis was performed to answer the following questions with respect
to corrosion behaviour at the head-neck taper interface of modular hip prostheses. First,
does head size influence corrosion or fretting behaviour along the head-neck taper junc-
tion? Second, does the head taper display similar corrosion and fretting damage in com-
parison to the neck taper? Third, does a relationship exist between corrosion and fretting
damage? Finally, is there a difference in the corrosion and fretting damage between pros-

theses manufactured from two different companies?

3.2  Methodology

Modular hip prostheses were retrieved in this study that were implanted for at
least one month, featured a 12/14 mm taper, heads and stems consisting of CoCr alloy,
and a metal-on-polyethylene articulation. The prostheses were separated into two groups
based on comparing the extremes of two popular head sizes. The first group consisted of
modular hip prostheses with 28 mm heads whereas the second group had 36 mm heads.
The 28 mm and 36 mm head sizes were chosen to represent the extremes of two popular
head sizes. The prostheses were examined for corrosion and fretting damage along the

bore taper of the head and the neck taper of the stem.
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Table 3.1. Patient information and reasons for implant removal.

Patient Information

Reasons For Removal of Implant

Number of Patients 74 Reason 28 mm 36 mm
Head Head
Group (n) | Group (n)
Number of Males 38 Aseptic 29 4
Loosening

Number of Females 36 Instability 7 5

Average Age 65.5+12.3 | 2" Stage 8 2
years Infection

Average Implantation Time: 57.7+425 | 1% Stage 4 2

Overall months Infection

Average Implantation Time: 69.3+39.5 Polyethylene 4 0

28 mm Head Implants months Wear

Average Implantation Time: 11.6 £10.2 Osteolysis 2 0

36 mm Head Implants months

Number of 28 mm Heads 44 Implant 1 0

Manufactured by Company A Fracture

Number of 28 mm Heads 15 Malposition 1 0

Manufactured by Company B

Number of 36 mm Heads 7 Intrapelvic Cup 0 1

Manufactured by Company A Migration

Number of 36 mm Heads Pain Only 0 1

Manufactured by Company B 8

Number of Stems From the Unknown 3 0

28 mm Head Group Manu- 29

factured by Company A

Number of Stems From the Total 59 15

28 mm Head Group Manu- 6

factured by Company B

Number of Stems From the

36 mm Head Group Manu- 0

factured by Company A

Number of Stems From the

36 mm Head Group Manu- 5

factured by Company B




125

To assess for corrosion and fretting damage of all of the prostheses, a modified
technique was developed to examine the taper interfaces macroscopically by eye. The
neck of the stem and the bore of the head were separated into four quadrants and each
quadrant was divided into a superior and inferior region. This technique produced eight
regions for the neck and eight regions for the head. To examine the severity of corrosion
and fretting damage, each region was scored from zero to three using similar criteria as
Goldberg et al. [15] and Kop et al. [12] as shown in Table 3.2. Each region was also giv-
en a score ranging from zero to three to represent the amount of area damaged (Table
3.2). After assigning severity and area scores for a region, the two scores were multiplied
with each other to form a regional score for corrosion or fretting (maximum score of
nine). The eight regional scores were summated to reveal separate corrosion and fretting
scores for the head and neck. All modular hip prostheses were evaluated independently
by three researchers (two undergraduate students and one graduate student) who had ex-
perience working in an orthopaedic laboratory cleaning and inspecting implants for dam-
age. Energy dispersive x-ray spectroscopy was also performed to determine if there was a
difference in the chemical composition of the CoCr taper surface when attacked by corro-

sion and fretting in comparison to a taper surface that has not been implanted.
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Table 3.2. Criteria for scoring the severity and area of corrosion and fretting damage [12,

15].
Damage | Severity Score | Criteria
Corrosion | None 0 No visible corrosion observed
Mild 1 Surface is discoloured or dull
Moderate |2 Surface is discoloured or dull; features black debris and
pitting
Severe 3 Black debris, pits, or etching marks
Fretting None 0 No visible signs of fretting observed
Mild 1 A single band fretting scar involving three or fewer ma-
chine lines along the surface
Moderate | 2 Up to three bands of fretting scars involving three or
fewer machine lines or a single band fretting scar
involving more than three machine lines
Severe 3 More than three bands of fretting scars that contain sev-
eral adjacent machine lines or flattened areas with near-
by fretting scars
Area None 0 No corrosion or fretting observed along the regional area
Mild 1 Corrosion and / or fretting occupies 1-33% of the
regional area
Moderate |2 Corrosion and / or fretting occupies 34-66% of the
regional area
Severe 3 Corrosion and / or fretting occupies 67-100% of the

regional area

To determine the statistical intraclass correlation between the researchers for scor-

ing the implants, the statistical software program SPSS version 19.0 (SPSS Inc., Chicago,

Illinois, USA) was used. The Shapiro-Wilk test was performed to determine if the corro-

sion and fretting scores were normally distributed. In all cases, except for the head corro-

sion scores for the 36 mm head size group, the corrosion and fretting scores did not dis-

play normal distribution. Consequently, the Mann Whitney U test was performed, which

IS a nonparametric statistical hypothesis test that can be used to determine whether one of

two independent sample groups contains significantly larger values. Fisher’s Exact test
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was also conducted, which is a statistical significance test that is used for categorical data
when classifying objects in two different ways. Fisher’s Exact test and the Mann Whitney
U test were performed with an alpha value of 0.05 to determine if there were significant
statistical differences (p < 0.05) between the 28 mm and 36 mm head size groups. When

examining for correlations, the Spearman rank correlation coefficient was applied.

3.3  Results

This retrieval analysis consisted of 74 modular hip prostheses featuring 59 pros-
theses with a 28 mm head size and 15 prostheses with a 36 mm head size. The modular
hip prostheses were manufactured from two companies (A and B). Of the 74 patients that
the prostheses were received from, only 40 stems were retrieved. The rest of the stems
were not removed during revision surgery. Details regarding the patients, the prostheses,
and the reasons for revision are provided in Table 3.1.

The intraclass correlation coefficient between the three reviewers for scoring cor-
rosion and fretting were 0.70 and 0.48, respectively. According to Fleiss, this is consid-
ered to be a fair correlation between the three reviewers for assessing the corrosion and

fretting damage [255].
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Table 3.3. Frequency of heads and necks with signs of corrosion and fretting damage.
Note: For the X/Y notation, X indicates the number of components subjected to corrosion

or fretting by the total number of components (Y) manufactured by that company.

Head Size Corrosion Fretting Corrosion Fretting
Company A Company A Company B Company B
Neck | Head | Neck | Head | Neck | Head | Neck | Head
(XIY) | OXIY) | OXIY) | (XIY) | (XIY) | (XIY) | (XIY) | (XIY)
28 mm 21/29 | 32/44 | 22/29 | 27/44 4/6 12/15 4/6 10/15
36 mm N/A 6/7 N/A 217 4/5 7/8 3/5 4/8

Fisher’s Exact test was conducted to determine if there were significant differ-
ences in the ratios for the appearance of corrosion and fretting damage between the two
head size groups (Table 3.3). There were no significant differences in frequency of ob-
served corrosion and fretting between the two head size groups. Additionally, there were
no significant differences in the ratios of the appearance of corrosion and fretting damage
between the two companies.

Table 3.4 provides an overview of the mean corrosion and fretting scores for the
heads and necks for the two head size groups. For the 28 mm head size, the average cor-
rosion score for the bore taper was 6.5 = 9.9 whereas the 36 mm head size had an average
score of 13.1 + 14.4; thus, resulting in a significant difference (p = 0.022). Differences in
fretting scores between the two head size groups for the bore of the head and the neck of
the stem were negligible. When comparing the two head size groups, the 36 mm head
size group exhibits greater corrosion scores than the 28 mm head group for the bore of
the head and the neck of the stem. The heads and necks manufactured by company B
yielded higher corrosion and fretting scores than company A in all instances. The only

significant statistical difference between the two companies was found in the head corro-
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sion scores (p = 0.011). It is also interesting to note that the average implantation times

between the 28 mm head group (65.6 = 34.0 months) and the 36 mm head group (11.6 +

10.2 months) was substantially different. Additionally, there was not a major discrepancy

in the implantation times between company A (60.6 + 41.1 months) and company B (51.2

+ 45.7 months).

Table 3.4. The mean and standard deviations of the corrosion and fretting scores for the
heads and necks. Significant statistical differences were found in the head corrosion
scores between: companies A and B for the 28 mm heads [1]; companies A and B for the
36 mm heads [2]; and the 28 and 36 mm heads [3].

Head Size Average Neck Head Neck Head
and Implantation | Corrosion Corrosion Fretting Fretting
Company Time Score Score Score Score
(months)
28 mm 68.9 + 30.0 40+4.8 5.4 + 8.3 28+33 | 14+15
Company A
28 mm 708+451 | 7.1+127 | 100+134™M | 32+54 [72+122
Company B
28 mm 69.3 £ 39.5 45+6.6 6.5 + 9.9 29+36 | 28+6.6
Overall
36 mm 8.4+9.0 N/A 6.0 £ 5.1 N/A 07+13
Company A
36 mm 14.4 +10.9 51+6.4 | 194+1727 | 31+49 |[76+116
Company B
36 mm 11.6 + 10.2 51+6.4 | 13.1+144F | 31+49 | 44+9.0

Overall
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Figure 3.2. The relationship between the head and neck for A) corrosion damage and B)
fretting damage.



131

When examining the relationship between the heads and necks for corrosion
damage (Figure 3.2 A), the 28 mm head size group had a Spearman rank correlation
coefficient of 0.502 whereas the 36 mm head size group had a Spearman rank correlation
coefficient of 0.975. Figure 3.2 A suggests that the relationship between head and neck
corrosion is positive and increases with head size. Figure 3.2 B illustrates the relationship
between head and neck fretting damage. The Spearman rank correlation coefficient for
the 28 mm head size group was 0.366. In contrast, the 36 mm head size group had a
Spearman rank correlation coefficient of 1.0. From this data, corrosion and fretting

damage between the heads and necks may be correlated with increasing head size.
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Figure 3.3. The relationship between corrosion and fretting damage along the heads.
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Figure 3.4. The relationship between corrosion and fretting damage along the necks.

The relationship between the corrosion and fretting scores of the heads is
illustrated in Figure 3.3. The Spearman rank correlation coefficient was 0.683 for the 28
mm head group and 0.581 for the 36 mm head group. Figure 3.4 illustrates the correlation
between the corrosion and fretting scores of the necks. The Pearson rank correlation
coefficient for the 28 mm and the 36 mm head size groups were 0.741 and 0.711 for the
neck tapers, respectively. From Figures 3.3 and 3.4, there is a positive correlation
between corrosion and fretting damage.

Energy dispersive x-ray spectroscopy was performed to identify the molecular

weight chemical composition along the bore of the head and the neck of the stem. For the

16
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heads and necks which appeared to be unaffected by corrosion, the molecular weight
percentages of cobalt, chromium, and molybdenum ranged from 59-64%, 29-35%, and 4-
7.6% respectively. Upon examination of the regions that were severely affected by
corrosion and fretting, the molecular weight percentages of cobalt substantially decreased
to levels of 3-12%; however, the molecular weight percentage of chromium ranged from
31-34%, indicating that chromium was unaffected. When analyzing the molecular weight
percentage of molybdenum, the content was elevated to levels between 20-35%.
Chromium and molybdenum are known to form oxide corrosion products [132]. From
this analysis, it is believed that chromium and molybdenum form a corrosion product film

along the surface.

3.4 Discussion

In practice, surgeons commonly perform total hip replacement procedures using
femoral head sizes of 28 mm, 32 mm, 36 mm, or larger. Larger head sizes can increase
the range of motion while reducing the risk of dislocation [245]. Disadvantages of large
femoral head sizes include increased volumetric wear, thinner polyethylene liners, and an
increase in stress along the articulating cup that may lead to fracture of the liner.

This retrieval analysis contains some limitations. First, there were a limited
number of 36 mm heads available. Second, only seven stems were retrieved that were

manufactured from company A and none were obtained from company B for implants
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featuring a 36 mm head. Third, several femoral stem components were not retrieved in
this study because the surgeon decided not to remove the stem during revision surgery.
These limitations have resulted in a discrepancy between the number of heads and stems
for the 28 mm and 36 mm head size groups.

This study found that 36 mm heads of modular hip prostheses had significantly
more corrosion damage than 28 mm heads when implanted into the patient. This
investigation also revealed that the presence of corrosion for the 36 mm heads and their
corresponding necks were more frequent than the 28 mm heads and their necks, but there
were no significant differences. To account for these phenomena, the following theory is
suggested. Larger head sizes create a greater toggling torque acting along the taper
junction during activities of daily living (Figure 3.5). This toggling torque could lead to
more micromotion between the head and the neck. This increased micromotion may
contribute to the deterioration of the oxide film along the taper junction, which protects
the metallic surface from corrosion. Since the metal is unable to repassivate the oxide
film quickly enough, the metal would then be more vulnerable to corrosion and fretting
attack. Therefore, the use of large head sizes may result in more corrosion and fretting

damage along the head-neck taper interface due to a greater toggling torque.
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Compression Force
| Toggling Torque

Figure 3.5. The toggling torque of the femoral head during out of axis loading.

In this study, company B yielded higher corrosion and fretting scores than
company A. In particular, the difference was significantly greater for head corrosion.
There are a number of reasons why there could be a difference in the corrosion and
fretting behaviour between the two companies. Such possibilities include differences in
fabrication, passivation, tolerance designs, and surface finish.

There was a weak relationship between the corrosion and fretting scores with
respect to the implantation time period. Some components do not display any signs of
corrosion while other components corrode early and get worse over time. Ideally,
modular hip prostheses should have a lifetime of 15 years or more. The implants
retrieved from this study were removed much earlier than their expected lifetime for
reasons that were not due to corrosion. Some researchers have reported that there is a link
between corrosion damage and implantation time [9] while others have reported that
there is no correlation [118]. There are a number of explanations that could account for

why there was no correlation between corrosion and fretting damage with implantation
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time for the retrieved implants. These include differences in loading conditions, assembly
techniques, variation in prosthesis designs, tolerances, and passivation.

This investigation attempted to address if corrosion and fretting damage were
related to each other. When examining the heads from the two head size groups, there
was a correlation between corrosion and fretting damage. By wearing down the
protective oxide film along the metallic surface, this could expose the metal to biological
fluid that may result in mechanically-assisted crevice corrosion. By having more fretting
damage, this would wear down the oxide film even more; thus, exposing more metal to
corrosive attack. There were some anomalies in Figures 3.2, 3.3, and 3.4. These
anomalies can be attributed to other factors such as implantation time and the assembly
procedure.

Additionally, there was a relatively low intraclass correlation coefficient for cor-
rosion and fretting and there are a few reasons for this. All three scorers found that there
was some subjectivity in assessing the area of damage for corrosion and fretting. With
fretting, the researchers found it difficult at times to distinguish how many machine lines

were affected.



137

3.5  Conclusion

The main goal of this study was to determine if the size of the femoral head in
modular hip prostheses affects corrosion and fretting behavior at the taper junction. A
retrieval analysis was designed to minimize the number of variables that could potentially
influence corrosion and fretting behaviour. The conclusions made from this study are as

follows:

Modular hip prostheses featuring a head component with a 36 mm diameter has

greater corrosion damage in comparison to 28 mm heads.

e Modular hip prostheses manufactured by two separate companies exhibit different

corrosion and fretting damage, particularly along the bore of the head.

e There is a relationship between the heads and necks for fretting damage which

may be attributed to the micromotion between the two surfaces.

e There is a relationship between corrosion and fretting damage.

This study demonstrates that there is a difference in corrosion and fretting
behaviour between two different head sizes. By having a larger head size, increased

corrosion could potentially generate more metallic ions and propagate to surrounding
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tissues. Consequently, this may lead to similar adverse tissue reactions that are being

discovered with some metal-on-metal articulations.
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Chapter 4 — Finite Element Analysis of the
Head — Neck Taper Interface of Modular
Hip Prostheses

Note: This chapter has been accepted for publication and is currently in press for Tribol-

ogy International [256].

Abstract: This study identifies which parameters influence the micromotion at the head-
neck taper interface of modular hip prostheses. Finite element analysis was performed
where 3D models of the head-neck taper interface were subjected to an assembly force,
3300 N of compression, and 100 N of tension. The micromotion increased as the head
size, assembly force, and taper size increased. The micromotion also increased when a
mixed alloy material combination was used instead of an all CoCr alloy prosthesis and
when the centre of the femoral head was in a more superior position relative to the centre

of the neck taper.

4.1 Introduction

Corrosion of modular hip prostheses is a reoccurring problem in the orthopaedic
community that has been reported at the head-neck [140, 190, 191, 257-259] and neck-

stem taper interfaces [134, 196-200, 260]. Corrosion can generate metallic ions and cor-
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rosion products that can enter the patient’s body and may result in pain, hypersensitivity,
adverse tissue reactions, and revision surgery.

There is currently a debate regarding which factors increase the likelihood of cor-
rosion damage at the head-neck taper interface. Recently, large femoral heads have been
reported to increase head-neck taper corrosion damage [37, 71, 195, 242, 243, 261]
whereas other researchers have arrived at different conclusions [262-264]. According to
the supporters of this argument, the following hypothesis was developed. Large femoral
heads could generate a greater toggling torque at the head-neck taper interface due to an
increased diameter allowing for larger distances between the centre of the head and the
centre of the engaged neck taper. By having an increased toggling torque, this can pro-
duce more micromotion at the head-neck taper interface. Micromotion in the range of 10-
50 pm can result in fretting, which is a form of surface damage caused by low-amplitude
oscillatory sliding between two surfaces [90, 153]. Fretting can deteriorate the passive
oxide layer and make the head-neck taper interface more vulnerable to mechanically-
assisted crevice corrosion [177].

Many researchers that have focused on taper corrosion have relied on retrieval
analyses to support their arguments; however, retrieval analyses have their limitations.
By having different loading conditions, implantation times, manufacturing processes, tol-
erance levels, neck lengths, assembly conditions, and the availability of implants, relying
on retrieval analyses alone can be difficult to isolate which factors influence corrosion
damage at the head-neck taper interface. Although some in vitro corrosion fatigue tests

have been performed [167, 182, 187, 240, 242, 265], we are presently unaware of any in
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vitro studies that have performed to determine if the size of the femoral head influences
head-neck taper corrosion.

The objective of this study was to identify which factors influence the micromo-
tion at the head-neck taper interface of modular hip prostheses using finite element analy-
sis. By analyzing the micromotion, this can predict the fretting damage at the head-neck
taper interface that is believed to be responsible for corrosion. This paper addresses the
factors of head size, material combinations, assembly force, taper size, the distance be-
tween the centre of the femoral head to the centre of the engaged neck taper, and a com-

parison between axial and out-of-axis loading.

4.2 Methodology

4.2.1 Finite Element Modeling

For this study, 3D finite element models were created using Abaqus 6.10 software
(3DS Dassault Systemes, Waltham, MA, USA). To simulate accurate micromotion at the
head-neck taper interface, it was critical to replicate the dimensions of the femoral head
and neck as well as to apply the mechanical properties of the alloys to the models. To
model the head-neck taper interface, a 12/14 mm neck taper was designed with an angle
of 5°40’ and a length of 13 mm. Femoral head sizes of 28 mm, 36 mm, and 44 mm with a

0’ tolerance were modeled. The centre of the femoral head was aligned with the centre of
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the neck taper. The coefficient of friction at the head-neck taper interface was 0.15 to
simulate a ground surface finish [163, 266]. A master-slave technique was applied to the
femoral head (master) and neck taper (slave). Additionally, penalty contact was applied

with finite sliding at the taper interface along with hard contact.

To reduce the computation time, the femoral heads and necks were modeled in
half and z-symmetric boundary conditions were applied along the surfaces [165]. Addi-
tionally, a boundary condition was applied at the base of the neck to prevent displace-
ment and rotation from occurring during loading. The models were meshed using hex-
dominated elements (mostly hexagonal elements along the body of the femoral head and

neck taper with wedges being automatically applied along the surfaces).

For each simulation, there were four phases: the assembly procedure; a recovery
phase; compression loading; and tension loading. During the assembly procedure, an axi-
al force was applied to the femoral head as a pressure over a semi-circular contact area
that had a diameter equal to 25% of the diameter of the femoral head. The recovery phase
proceeded afterwards so that the femoral head would reposition itself along the neck; no
forces were applied during this phase. During the third phase, a compression force of
3300 N was applied as a pressure in accordance to ASTM F1875-98 [129]. The 3300 N
of compression was directed at an angle of 30° away from the long axis of the neck [267]
over a semi-circular contact area equal to 25% of the diameter of the femoral head. Over
this same contact area, 100 N of tension was applied as a pressure afterwards to simulate

the suction effect during the swing phase caused by a small clearance for implants with a
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hard-on-hard articulation [268]. Figure 4.1 illustrates these forces acting on the femoral

head.

C) D)

Figure 4.1. A) The head-neck taper interface subjected to assembly, compression, and
tension loading. B) Overhead view of the semi-circular region for the assembly force. C)
Axial assembly force being applied to the femoral head. D) Out of axis compression

force being applied to the femoral head.
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422 Femoral Head Size and Material Combinations

To examine the effect of material combinations on the micromotion, single alloy
and mixed alloy combinations were created and tested on 28, 36, and 44 mm femoral
heads with a 12/14 mm taper size. The single alloy combination consisted of CoCr alloy
for the femoral head and neck whereas the mixed alloy combination consisted of a
Ti6Al4V neck paired with a CoCr femoral head. For the single alloy combination, the
femoral head and neck had the same modulus of elasticity, density, and Poisson’s ratio.
The mechanical properties of these alloys can be found in Table 4.1. To secure the femo-
ral head onto the neck, a 4000 N force was applied to the femoral head during the assem-
bly procedure to observe how different head sizes and material combinations affects the
micromotion at the head-neck taper interface. Appendix A contains the schematic draw-

ings of the 28 mm, 36 mm, and 44 mm femoral heads.

Table 4.1. Mechanical properties of CoCr and Ti6Al4V [269-271].

Material Modulus of Elasticity Density Poisson’s Ratio
CoCr 210 GPa 8.3 glcm’ 0.3
Ti6AI4V 114 GPa 4.43 glem® 0.342

4.2.3 Assembly Force

When considering the influence of the assembly force on the micromotion at the
head-neck taper interface, a 36 mm CoCr femoral head with a 12/14 mm taper and a sin-

gle alloy material combination was selected. The assembly loads for this part of the study
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were 500 N, 1000 N, 2000 N, 3000 N, 4000 N, 5000 N, and 6000 N [216-219, 221]. All

of these forces have been known to be used to assemble the head-neck taper interface.

4.2.4 Taper Size

To observe the effect of taper size on the micromotion between the femoral head
and neck, a 44 mm CoCr femoral head was assembled onto a CoCr neck with a 4000 N
assembly force. Three taper sizes were selected: 10/12 mm; 12/14 mm; and 14/16 mm.
Similar to the 12/14 mm neck tapers that were modeled, the 10/12 mm and 14/16 mm ta-
pers had a length of 13 mm. The 44 mm femoral head size was chosen as this was hy-
pothesized to result in more micromotion than a 28 mm and a 36 mm femoral head. Ap-

pendix A provides the schematic diagrams of the neck taper sizes.

425 The Distance Between the Centre of the Femoral Head to the Cen-

tre of the Neck Taper

This study also examined how the distance between the centre of the femoral head
to the centre of the neck taper affects the micromotion at the head-neck taper interface.
For this aspect of the study, a 4000 N axial force was applied to a 44 mm femoral head
during the assembly procedure. A taper size of 12/14 mm was chosen and the femoral

head and neck were modeled with CoCr alloy. There were three cases where the centre of
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the femoral head was above the centre of the neck taper (1 mm, 3 mm, and 7 mm), one
case where the centres of the femoral head and neck taper were aligned, and two cases
where the centre of the femoral head was below the centre of the neck taper (-1 mm and -
3 mm). The 44 mm femoral head size was chosen since the distance between the centre
of the femoral head and the centre of the neck taper has a greater variation than a 28 mm
and a 36 mm femoral head. The schematic diagrams of the femoral head sizes with the

different offsets can be found in Appendix A.

4.2.6 Axial and Out of Axis Loading

This study observed if there was a difference in the micromotion between axial
and out of axis loading during compression and tension. To test this parameter, a 44 mm
femoral head with a CoCr head and a 12/14 mm neck taper was modeled with their cen-
tres aligned. Upon receiving a 4000 N axial assembly force and a recovery period, the out
of axis loading model was subjected to compression and tension loading at an angle of
30° away from the long axis of the neck taper. In contrast, the axial loading model had
the compression and tension forces being applied in the direction of the long axis of the

neck taper.

4.2.7 Testing for Convergence
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The maximum von Mises stress was recorded at the head-neck taper interface for
each phase. The micromotion between the femoral head and neck was measured at the
centre of the engaged head taper. To test for convergence, the default mesh size was orig-
inally selected and the element size was reduced by 10% for each iteration. Testing for
convergence ended when the assembly displacement and the maximum von Mises stress-
es for the four phases were less than 10% in comparison to the previous iteration. The

proof of convergence can be found in Appendix B.

4.3 Results

4.3.1 Assembly Displacement

Figure 4.2 illustrates the assembly displacement of the femoral head onto the neck
taper, which was recorded at the inferior edge of the femoral head. When increasing the
head size for the single alloy material combination (Figure 4.2 A), the head size de-
creased from 61.7 um for the 28 mm femoral head to 54.5 um for the 44 mm femoral
head. Meanwhile, the assembly displacement of the femoral head for the mixed alloy ma-
terial combination was approximately 71 um for all head sizes (Figure 4.2 A). However,
the mixed alloy material combination’s assembly displacement was greater than the sin-
gle alloy material combination for all head sizes. As the assembly force was increased
(Figure 4.2 B), there was a linear increase in the assembly displacement of the femoral

head onto the neck taper. When modifying the taper size (Figure 4.2 C) and the distance
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between the centre of the femoral head to the centre of the neck taper (Figure 4.2 D),

there was a negligible difference in the assembly displacement.
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Figure 4.2. The displacement of the femoral head onto the neck taper when modifying:
A) the femoral head size and the material combinations of the head-neck taper interface;
B) the assembly force; C) the taper size; and D) the distance between the centre of the
femoral head to the centre of the neck taper. Note: For Figure 4.2 D, the negative distanc-
es indicate that the centre of the femoral head was below the centre of the neck taper
whereas the positive distances indicate the centre of the femoral head was above the cen-
tre of the neck taper.
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4.3.2 Micromotion at the Head-Neck Taper Interface

Figure 4.3 illustrates the micromotion at the head-neck taper interface when modi-
fying the different parameters. When the head size was increased for the single alloy ma-
terial combination (Figure 4.3 A), the micromotion during the compression phase signifi-
cantly increased from 3.7 um for the 28 mm femoral head to 16.4 um for the 44 mm
femoral head. Similarly, this trend also occurred for the mixed alloy material combination
(Figure 4.3 A) in which the micromotion during the compression phase was 6.3 pum for
the 28 mm femoral head and 27.9 pm for the 44 mm femoral head. When modifying the
assembly force for a 36 mm femoral head (Figure 4.3 B), the micromotion decreased sub-
stantially from 49.0 um for a 500 N assembly force to 7.2 pum for the 6000 N assembly
force. By increasing the taper size for a 44 mm femoral head (Figure 4.3 C), the micro-
motion during the compression phase decreased from 24.0 um for the 10/12 mm taper to
7.9 um for the 14/16 mm taper. When modifying the distance between the centre of the
femoral head to the centre of the neck taper (Figure 4.3 D), the micromotion steadily de-
creased from 24.5 um when the distance was 7 mm to 16.4 um when the centres were
aligned. Meanwhile, the micromotion further decreased to 14.4 um as the centre of the
femoral head was positioned 3 mm below the centre of the neck taper. Finally, the com-
pression micromotion was analyzed for out of axis loading with an angle of 30° to axial
loading (Figure 4.3 E). For out of axis loading, the micromotion during the compression

phase was 16.4 um; however, the micromotion was 1.7 pm for the axial loaded model.
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For all of the models, the tension phase resulted in a micromotion of less than 1 um ex-

cept for the 44 mm mixed alloy model (1.5 pm).
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Figure 4.3. The micromotion of the centre of the engaged head taper during the
compression phase when modifying: A) the femoral head size and the material com-
binations of the head-neck taper interface; B) the assembly force; C) the taper size; D)
the distance between the centre of the femoral head to the centre of the neck taper;
and E) the angle of loading.
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4.3.3

Table 4.2. The maximum von Mises stress at the head-neck taper interface.

Stress Analysis at the Head-Neck Taper Interface

A) CoCr head sizes with a 4000 N assembly force and a 12/14 mm CoCr taper.

Femoral Head Size Assembly | Recovery | Compression | Tension

28 mm Femoral Head 94.4 MPa | 77.7 MPa | 81.2 MPa 92.6 MPa
36 mm Femoral Head 72.1 MPa | 61.1 MPa | 80.0 MPa 51.5 MPa
44 mm Femoral Head 47.2 MPa | 43.8 MPa | 79.9 MPa 43.6 MPa

B) CoCr head sizes with a 4000 N assembly force and a 12/14 mm Ti6Al4V taper.

Femoral Head Size Assembly | Recovery | Compression | Tension

28 mm Femoral Head 80.0 MPa | 62.3 MPa | 73.2 MPa 62.4 MPa
36 mm Femoral Head 69.1 MPa | 57.7 MPa | 68.1 MPa 54.7 MPa
44 mm Femoral Head 58.3 MPa | 47.4 MPa | 61.9 MPa 41.1 MPa

C) 36 mm femoral head with a 12/14 mm taper with a range of assembly forces.

Assembly Force Assembly | Recovery | Compression | Tension
500 N 88MPa |76MPa |79.6 MPa 30.0 MPa
1000 N 17.8 MPa | 15.4 MPa | 79.6 MPa 30.0 MPa
2000 N 35.7 MPa | 30.9 MPa | 79.6 MPa 30.0 MPa
3000 N 53.5MPa | 46.3 MPa | 79.8 MPa 40.7 MPa
4000 N 72.1 MPa | 61.1 MPa | 80.0 MPa 51.5 MPa
5000 N 75.6 MPa | 63.5 MPa | 78.1 MPa 63.8 MPa
6000 N 83.2 MPa | 71.0 MPa | 77.4 MPa 75.2 MPa
D) 44 mm femoral head with different taper sizes with a 4000 N assembly force.

Taper Size Assembly | Recovery | Compression | Tension
10/12 mm 43.5 MPa | 43.0 MPa | 67.0 MPa 43.9 MPa
12/14 mm 47.2 MPa | 43.8 MPa | 79.9 MPa 43.6 MPa
14/16 mm 53.4 MPa | 52.1 MPa | 89.4 MPa 51.3 MPa

E) 44 mm CoCr head with a 12/14 mm CoCr neck with different distances between the

centre of the head taper to the centre of the neck

taper after a 4000 N assembly force.

Distance between the head and Assembly | Recovery | Compression | Tension
neck taper centres

7 mm (above the neck taper) 58.9 MPa | 52.6 MPa | 102.2 MPa 46.8 MPa
3 mm (above the neck taper) 51.8 MPa | 46.7 MPa | 104.8 MPa 45.7 MPa
1 mm (above the neck taper) 49.6 MPa | 46.2 MPa | 94.6 MPa 44.9 MPa
0 mm (taper centres are aligned) | 47.2 MPa | 43.8 MPa | 79.9 MPa 43.6 MPa
-1 mm (below the neck taper) 49.7 MPa | 46.9 MPa | 72.2 MPa 46.4 MPa
-3 mm (below the neck taper 48.0 MPa | 459 MPa | 71.0 MPa 46.2 MPa

F) 44 mm CoCr femoral head with a 12/14 mm CoCr neck subjected to a 4000 N assem-

bly force with axis and out of axis loading durin

compression and tension.

Angle of Loading Assembly | Recovery | Compression | Tension
Out of Axis Loading (30°) 47.2 MPa | 43.8 MPa | 79.9 MPa 43.6 MPa
Axial Loading (0°) 47.2 MPa | 43.8 MPa | 46.4 MPa 43.9 MPa




155

Table 4.2 lists the maximum von Mises stress at the head-neck taper interface
throughout the four phases. In all of the simulations, the maximum von Mises stress was
higher in the assembly phase in comparison to the recovery phase. When the tension
phase was applied, the maximum von Mises stress was reduced in comparison to the
compression phase. Additionally, the maximum von Mises stress during the compression
phase (Figure 4.4 C) and tension phase (Figure 4.4 D) occurred at the bottom quarter of

the engaged taper.

As the head size increased, the maximum von mises stress during the assembly
and recovery phase substantially decreased for the single alloy (Table 4.2 A) and mixed
alloy material combinations (Table 4.2 B). When the assembly force was increased from
500 N to 6000 N (Table 4.2 C), the maximum von Mises stress linearly increased during
the assembly and recovery phases. But during the compression phase, the maximum von
Mises stress hovered around 80 MPa. When increasing the taper size (Table 4.2 D), the
maximum von Mises stress tended to increase for the assembly, recovery, and compres-
sion phases. When adjusting the distance between the centre of the femoral head to the
centre of the neck taper (Table 4.2 E), the maximum von Mises stress gradually de-
creased in the compression phase as the centre of the femoral head was positioned more
distally. When comparing the axial and out of axis models, the out of axis loading model
displayed a maximum von Mises stress of 79.9 MPa whereas the axial loaded model had

a maximum von Mises stress of 46.4 MPa.
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Figure 4.4. The von Mises stresses (MPa) of the femoral head and neck during: A) the as-
sembly phase as the force is applied in the direction of the long axis of the neck taper; B)
the recovery phase; C) the compression phase where 3300 N of force is directed towards

the femoral head 30° away from the long axis of the neck taper; and D) the tension phase
where 100 N of force is applied 30° away from the long axis of the neck taper.

4.4 Discussion

When considering the assembly procedures that were simulated, large diameter
femoral heads reduced the maximum von Mises stress at the head-neck taper interface
and decreased the overall assembly displacement. To account for this, the stiffness of the
femoral head increases with head size. Additionally, the mixed alloy models displayed a

greater assembly displacement and reduced the maximum von Mises stress in comparison
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to the single alloy models. By having a smaller modulus of elasticity, the Ti6Al4V neck

deformed more during the assembly procedure.

When the material of the neck was changed from CoCr to Ti6Al4V, there was a
significant difference in the micromotion that was generated during the compression
phase. CoCr has a greater modulus of elasticity and is not as vulnerable to galling in
comparison to Ti6Al4V [177]. We hypothesize that the difference in the modulus of elas-
ticity between these two alloys was responsible for the increased micromotion at the
head-neck taper interface. Many studies have reported that mixed alloy modular hip pros-
theses are more susceptible to corrosion due to galvanic effects despite the small differ-
ence in the electrical potential [177, 257]. Even though galvanic corrosion may take place
at the head-neck taper interface, increased micromotion is another consideration that sur-

geons should be aware of when assembling mixed alloy modular hip prostheses.

In recent retrieval studies, there have been reports that an increase in head size
leads to corrosion damage [243, 261] while other researchers have arrived at different
conclusions [262]. In this finite element analysis, there was more micromotion at the
head-neck taper interface with a larger head size during compression (Figure 4.3 A).
When considering the 28 mm head size models that were simulated, the micromotion
during the compression phase was 3.7 um for the single alloy model and 6.3 pm for the
mixed alloy model, which is very close to the values reported by Jauch et al. for the taper
interface between a stem and a neck adapter (4.3 um for a CoCr neck adapter on a CoCr

stem and 7.8 um for a Ti6Al4V neck adapter on a CoCr stem) [180]. However, the mi-
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cromotion for the 36 mm and 44 mm femoral heads during the compression phase was

larger than what Jauch et al. reported.

Researchers have been recently indicating that the assembly force is a contrib-
uting factor for corrosion damage at the head-neck taper interface [219]. When an assem-
bly force of 500 N was applied, 49.0 um of micromotion occurred at the head-neck taper
interface during the compression phase. When the assembly force was increased to 2000
N, 27.0 um of micromotion occurred during the compression phase. This study further
supports Rehmer’s argument that an assembly force of 4000 N is required to secure the
head-neck taper interface and to minimize the micromotion [219], which was reported to
be 12.7 um for this study. Although a minority of orthopaedic surgeons hand-press the
femoral head onto the neck, this practice is strongly discouraged since this can generate
significant micromotion at the head-neck taper interface, which could lead to extensive
corrosion and fretting damage. This study also revealed that an assembly force of 6000 N
can reduce the micromotion; however, the assembly force that is delivered must ultimate-
ly be safe enough for the patient. Further research needs to be explored on an optimal as-

sembly technique.

This study observed the influence of taper size on the micromotion at the head-
neck taper interface. As the taper size increased from 10/12 mm to 14/16 mm, the mi-
cromotion decreased from 24.0 um to 7.9 um (Figure 4.3 C). By having a larger taper
size, this increases the amount of frictional force that the head-neck taper interface must

overcome for micromotion to occur. Even though the 14/16 mm taper can reduce micro-



159

motion, this taper has been known to result in dislocations and may not be the best solu-

tion to minimizing corrosion damage at the head-neck taper interface.

Another parameter that was examined was the distance between the centre of the
head to the centre of the neck. By having a larger head size, the centre of the femoral
head has a wider range of possibilities of where it can be positioned due to different de-
signs. By placing the centre of the femoral head in a more superior position, the micro-
motion between the head and neck increases due to a larger toggling torque. Surgeons
and designers should be aware of the possible consequences of selecting large femoral
head sizes and the corresponding neck length in terms of how this can result in head-neck

taper corrosion.

This study also demonstrates that with out of axis loading, a 44 mm femoral head
with a femoral head and neck designed with CoCr alloy can generate 16.4 pum of micro-
motion during the compression phase, which is considerably much larger than the axial
loaded model (1.7 um). Some researchers have hypothesized that an increase in head size
can lead to greater corrosion and fretting damage due to a greater toggling torque. This
simulation further supports the hypothesis that the toggling torque affects the micromo-
tion at the head-neck taper interface, which can become greater with an increased head
size and positioning the centre of the femoral head in a more superior position relative to

the neck taper.

In all of the models, the maximum von Mises stress at the head-neck taper inter-
face during the compression phase occurred at the bottom quarter of the head taper. We

hypothesize that the greatest extent of corrosion and fretting damage at the head-neck ta-
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per interface occurs at this site due to the destruction of the passive oxide film on the al-
loy surface. Upon examining implants in a recent retrieval analysis, we observed that the
most corroded regions occurred at the bottom quarter of the engaged head taper [243] and

this has also been confirmed by Munir et al. [47].

There are some limitations to this investigation. This study analyzed the micromo-
tion at the head-neck taper interface, which can lead to fretting damage. One of the dis-
advantages of finite element analysis is that it cannot simulate corrosion damage since
corrosion is an electrochemical phenomenon. However, this study was able to predict the
micromotion at the head-neck taper interface, which can deteriorate the passive oxide

film due to fretting and can make the region vulnerable to corrosion.

Fatigue testing was not simulated and a stabilization study was not conducted.
This could potentially affect the results of the simulations with smaller loads. Additional-
ly, none of the simulations featured rotational moments, which can take place at the head-

neck taper interface.

The finite element models had a coefficient of friction of 0.15 to simulate the
ground surface finish but there are a few limitations with this value. The surface condi-
tion of the head-neck taper interface after precision grinding usually differs from the as-
received condition. Additionally, the grinding is not perfect as indicated by markings
along the bore, which could lead to some local stress concentrations. Even though the co-
efficient of friction could have been modified with other surface finishes [163], the trends

discussed in this paper would most likely remain the same.
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During the compression phase, a 3300 N force was applied 30° away from the
long axis of the neck based on ASTM F1875-98 [129]. This force represents multiple
body weights of the patient and would correspond to the stance phase although this force
could change throughout the gait cycle and if the patient had a varus or valgus stance.
Upon examining badly worn femoral heads in retrieval analyses, the wear damage is typ-

ically found at an angle of about 30° away from the long axis of the neck.

Finally, a 100 N tension force was applied to represent the suction effect during
the swing phase for modular hip prostheses with a hard-on-hard articulation and a small
clearance. This force could change throughout the swing phase by the actions of the mus-
cles, tendons, and ligaments. During dislocation, patients may have a “clicking” sound

due to this tension force.

4.5 Conclusion

The purpose of this study was to identify which factors influence the micromotion
at the head-neck taper interface of modular hip prostheses. Micromotion at this interface
can lead to fretting damage that deteriorates the passive oxide film on the alloy surface.
As a consequence, the taper interface is more vulnerable to crevice corrosion, which can

trigger adverse tissue reactions. The following conclusions were revealed in this study:
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By increasing the diameter of the femoral head, the assembly displacement and
the maximum von Mises stresses at the head-neck taper connection are reduced.
Both of these observations can be attributed to a greater stiffness due to a larger
head size. Additionally, large diameter femoral heads result in more micromotion
at the head-neck taper interface in comparison to small femoral head sizes, which

is attributed to an increased toggling torque.

The micromotion between the head and neck will increase if the centre of the
femoral head is in a more superior position relative to the centre of the neck taper.
By placing the centre of the femoral head near or below the centre of the neck ta-

per, micromotion at the head-neck taper interface can be reduced.

CoCr femoral heads assembled onto Ti6Al4V necks have a greater assembly dis-
placement and more micromotion at the head-neck taper interface than femoral

heads and necks consisting solely of CoCr alloy.

By increasing the assembly force, this will increase the assembly displacement of
the femoral head and reduce the micromotion during the compression phase. Alt-
hough a large assembly force is theoretically recommended, in practice surgeons

should deliver an assembly force that is safe for the patient.

As the taper size increases, this reduces the micromotion at the head-neck taper
interface. By having a greater surface area, the head-neck taper interface must
overcome greater frictional forces for micromotion to occur. However, the disad-

vantage of a 14/16 mm taper size is that it can increase the risk of dislocation.
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e By applying out of axis loading, this can trigger significantly more micromotion
at the head-neck taper interface than axial loading. This supports the argument
that the toggling torque is a major factor for corrosion and fretting damage at the

head-neck taper interface.

Micromotion at the head-neck taper interface is a catalyst for corrosion damage
that can result in pain and revision surgery for the patient. To minimize the micromotion
at the head-neck taper interface during cyclic loading, the use of small head sizes, using
similar material combinations, placing the centre of the femoral head near or below the
centre of the neck taper, and delivering a safe and an appropriate assembly force are rec-

ommended.
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Chapter 5 — In Vitro Corrosion Fatigue Test-
Ing of Modular Hip Prostheses

Abstract: The purpose of this study was to determine if the femoral head size of modular
hip prostheses influences head-neck taper corrosion through in vitro testing. Femoral
heads were assembled onto neck tapers with a 2000 N axial force and subjected to ten
million cycles of out of axis loading (300 N to 3300 N) in PBS maintained at 37°C. The
femoral heads were pulled off afterwards and examined for corrosion and fretting dam-
age. The prostheses with a 36 mm femoral head had significantly greater neck corrosion
(p = 0.046), head corrosion (p = 0.050), neck fretting (p = 0.050), and head fretting scores

(p = 0.050) in comparison to prostheses assembled with 28 mm femoral heads.

5.1 Introduction

Corrosion damage of modular hip prostheses continues to be a challenge in ortho-
paedics. By having corrosion damage at the head-neck [170, 171, 181, 182, 184, 258] or

neck-stem [108, 134, 140, 180, 195-200, 204] taper interface, the patient may experience
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pain, hypersensitivity, adverse tissue reactions [133-135, 174, 272], and may undergo

premature revision surgery to remove the prosthesis.

Researchers have been trying to determine which factors can influence head-neck
taper corrosion damage. In particular, there has been some discussion if the use of large
femoral heads can lead to more corrosion damage. To answer this question, many retriev-
al analyses have been performed where some researchers have observed that a larger
head size can lead to more corrosion damage [243, 261] whereas other researchers have
arrived at different conclusions [262]. One of the key weaknesses of a retrieval analysis is
that it is challenging to isolate a single variable that can influence head-neck taper corro-
sion. Many researchers who have studied head-neck taper corrosion using a retrieval
analysis design have mixed up different material combinations, taper sizes, offsets, manu-
facturing brands, manufacturing techniques, and manufacturing tolerances. Additionally,
there are variations in the assembly force, the loading conditions, and the implantation

time.

Recently, finite element analysis was performed to determine if a larger head size
leads to more micromotion at the head-neck taper interface due to a greater toggling
torque. By having more micromotion, this can deteriorate the passive oxide film that pro-
tects the head-neck taper interface from fretting and corrosion damage. By increasing the
head size, the simulations revealed that the micromotion at the head-neck taper interface
increases due to a toggling torque. By increasing the distance between the centre of the
femoral head to the centre of the neck taper with a larger head size, this produces a great-

er toggling torque that results in more micromotion at the head-neck taper interface. Ad-
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ditionally, finite element analysis was performed on models where axial loading was ap-
plied in the direction of the long axis of the neck. These simulations resulted in minimal
micromotion at the head-neck taper interface. This suggests that the toggling torque could
be a major factor that influences micromotion at the head-neck taper interface that is re-

sponsible for corrosion and fretting damage.

The purpose of this investigation was to perform in vitro corrosion fatigue testing
to determine if a larger head size leads to greater head-neck taper corrosion damage. Ad-
ditionally, axial loading was performed to determine if the toggling torque is a contrib-

uting factor with respect to corrosion and fretting damage.

5.2 Methodology

For this study, femoral heads manufactured from CoCr alloy were assembled onto
CoCr alloy neck tapers featuring a 12/14 mm taper with a taper angle of 5°40°. To deter-
mine if head size has an influence on head-neck taper corrosion, there were three 28 mm
and three 36 mm femoral heads that were assembled onto separate 12/14 mm neck tapers.
For the axial loading tests, three additional 28 mm and three 36 mm femoral heads were
assembled onto separate neck tapers.

In vitro corrosion fatigue testing was performed with an Instron ElectroPuls™
E10000 Linear-Torsion load frame in accordance to ASTM F1875-98. To assemble the

femoral head onto a neck component, a 2000 N axial load was applied. In regard to fa-
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tigue testing, a force range of 300 N to 3300 N was applied at a frequency of 5 Hz for ten
million cycles. For out of axis testing, fatigue loading was performed at an angle of 30°
from the long axis of the neck whereas for the axial loaded prostheses, the fatigue load
was applied in the direction of the long axis of the neck. After fatigue testing, the femoral

head was pulled off in accordance to 1ISO 7206-10.

Phosphate buffered saline was used as an electrolyte and maintained at a tempera-
ture of 37°C. Recently, Ocran conducted an in vitro pin-on-disc experiment [40] to de-
termine which of the following electrolytes should be used for in vitro corrosion fatigue
testing: 0.14 M NaCl; phosphate buffered saline; or clinically relevant simulated body
fluid [130]. Ocran discovered that the use of either 0.14 M NaCl and clinically relevant
simulated body fluid leads to low corrosion current densities for CoCr alloy (4.21
pA/cm? and 4.98 pA/cm?, respectively). In contrast, phosphate buffered saline is a more
aggressive electrolyte for CoCr alloy with a corrosion current density of 18.57 pA/cm?.
This high corrosion current density for CoCr alloy may be attributed to the presence of
phosphate ions that adsorb onto the CoCr alloy surface to form H,PO,". These ions are
the conjugate base of phosphoric acid, which is a weak acid that may increase the disso-
lution rate of CoCr alloy. Meanwhile, the proteins in clinically relevant simulated body
fluid can delay the dissolution rate since they can adsorb onto the oxide film; thus, de-
creasing the corrosion current density of CoCr alloy into a more clinically relevant rate.
Ocran discouraged the use of 0.14 M NaCl for testing because the corrosion products and
mechanisms may differ than what occurs in an in vivo setting. In clinically relevant simu-

lated body fluid, CoCr alloy is easy to passivate since the critical anodic current density
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was just slightly greater than the passive anodic current density. As the immersion time
increases, the difference between the critical anodic current density and the passive anod-
ic current density gradually increases; thus, forming a more effective passive oxide film

with time.

Figure 5.1. A close-up of the apparatus prior to fatigue testing: A) frontal view; B) side
view.

To examine for corrosion and fretting damage of the femoral heads and necks,
three researchers (two graduate students, one undergraduate student) independently
scored the components using criteria that has been previously established [243]. Addi-
tionally, scanning electron microscopy and energy dispersive x-ray spectroscopy were
performed to further analyze the corrosion and fretting damage as well as to identify the

corrosion products that formed along the surface.

The volumetric wear damage was calculated for the head and neck tapers that

were subjected to out of axis loading. To do this, a coordinate measuring machine (Zeiss
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Prismo Navigator 795) was used to create a 3D surface profile of the head and neck ta-
pers. To create the profiles of the tapers, scanning was achieved by performing concentric
circle passes with 0.1 mm point spacing from the bottom to the top of the taper surface at
a linear speed of 1 mm/s. The measurement uncertainty of the coordinate measuring ma-
chine was 0.0011 mm. After obtaining 3D profiles of the head and neck tapers, these
profiles were imported into Geomagic Studio to calculate the volumetric wear.

To determine the agreeability of the corrosion and fretting scores between the
three researchers, the intraclass correlation coefficient was determined. Additionally, the
Shapiro-Wilk test was performed to test for normality of the corrosion and fretting scores.
Depending on the normality of the data, an independent t-test was performed for the
normally distributed data sets whereas the Mann-Whitney U test was conducted to identi-

fy significant differences for the nonparametric data sets (o = 0.05).

5.3 Results

The intraclass correlation coefficient for the corrosion and fretting scores were
calculated to determine if there was an agreement in the scoring between the three re-
searchers. The intraclass correlation coefficients for the corrosion and fretting scores
were 0.948 and 0.886, respectively. This indicates that there was an excellent agreement

between the three researchers for assessing the corrosion and fretting scores.
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Table 5.1 presents the average corrosion and fretting scores of the femoral heads
and necks. When examining the corrosion and fretting scores between the 28 mm and 36
mm head size groups that were subjected to out of axis loading, the Mann-Whitney U test
was performed. Significant differences were found for neck corrosion (p = 0.046), head
corrosion (p = 0.050), neck fretting (p = 0.050), and head fretting (0.050). When compar-
ing the prostheses with 36 mm femoral heads that underwent out of axis and axial load-
ing, the axial loaded prostheses had a significant reduction in neck corrosion (p = 0.046),
head corrosion (p = 0.046), neck fretting (p = 0.050), and head fretting (p = 0.050) due to
the absence of a toggling torque. Unlike the two 36 mm femoral head groups, the 28 mm
femoral head groups that underwent out of axis and axial loading had no significant dif-
ferences in the corrosion or fretting scores for the head and neck tapers. Table 2 provides
the corrosion and fretting scores for the lateral and medial sides. The medial side of the
head and neck tapers tended to have greater corrosion and fretting scores but there were
no significant differences. Table 3 presents the corrosion and fretting scores separated by
the superior and inferior regions and a t-test was performed since the data was normally
distributed. When comparing all of the samples, the inferior region of the head-neck taper
interface had significantly more neck corrosion (p = 0.020), head corrosion (p < 0.001),

neck fretting (p = 0.001), and head fretting (p < 0.001) damage.
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Table 5.1. The average corrosion and fretting scores for the head and neck tapers.

Head Size Neck Corrosion Head Corrosion Neck Fretting Head Fretting Score
Score Score Score

28 mm 7.56 + 3.86 8.44 £ 4.79 2.44 £+ 3.15 422 +£2.87

36 mm 24.89 + 8.85 28.33 £ 8.09 9.11+1.39 10.50 £ 2.50

28 mm 4.56 + 3.10 12.44 + 2.36 1.67 £ 1.67 10.22 + 3.83
Axial Loading

36 mm 5.22 +3.00 6.22 + 2.69 578 +1.26 3.33+0.88
Axial Loading

Table 5.2. The average corrosion and fretting scores on the medial and lateral sides of the
prostheses that received out of axis fatigue loading.

Neck

Neck Head Head Cor- | Neck Neck Head Head
Corrosion | Corrosion | Corrosion rosion Fretting | Fretting | Fretting | Fretting
Medial Lateral Medial Lateral Medial | Lateral | Medial | Lateral
28 mm 133+ 1.00 £ 222+ |156+£084 | 100+ | 067+ | 1.33+ | 133
Head 0.34 0.67 2.01 0.88 0.58 0.58 0.67
36mm | 9.67% 2.44 + 922 + 522+ 267+ | 089+ | 411+ | 200+
Head 2.03 1.83 1.84 3.42 0.67 0.96 1.17 1.73
Table 5.3. The average corrosion and fretting scores on the superior and inferior regions
of the head-neck taper interface.
Neck Neck Head Head Neck Neck Head Head
Corrosion | Corrosion | Corrosion | Corrosion | Fretting | Fretting | Fretting | Fretting
Superior | Inferior | Superior | Inferior | Superior | Inferior | Superior | Inferior
28 mm 3.00 = 167+ 567 = 2.78 = 133+ | 222+ | 278+ | 244+
Out of 1.87 2.00 2.69 2.86 1.22 3.42 1.79 2.13
AXis
Loading
36 mm 6.67 + 16.44 + 544 + 2122+ | 233+ | 622+ | 200+ | 9.67
Out of 3.77 6.77 3.47 9.91 2.60 1.30 2.00 3.04
AXis
Loading
28 mm 2.22 + 2.33 6.67 + 578 + 044+ | 122+ | 522+ | 556+
Axial 2.33 1.73 0.87 1.99 1.33 0.97 2.64 2.19
Loading
36 mm 0.78 + 4.89 + 1.67 % 7.33 033+ | 500+ | 011+ | 278+
Axial 0.84 2.27 0.67 1.64 0.33 1.00 0.19 0.51
Loading
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Figure 5.2. Corrosion and fretting damage of the head and neck tapers after fatigue test-
ing for a 28 mm femoral head that received out of axis fatigue loading. A) Neck taper on
the medial side. B) Neck taper on the lateral side. C) Femoral head taper on the medial
side. D) Femoral head taper on the lateral side.

Figure 5.3. Corrosion and fretting damage of the head and neck tapers after fatigue test-
ing for a 36 mm femoral head that received out of axis fatigue loading. A) Neck taper on
the medial side. B) Neck taper on the lateral side. C) Femoral head taper on the medial
side. D) Femoral head taper on the lateral side.

Figure 5.4. Corrosion and fretting damage of a neck component (A) and the correspond-
ing 36 mm femoral head (B) after axial fatigue loading.
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Figure 5.5. Scanning electron microscopy images of: A) a pristine neck taper that did not
receive an assembly force or undergo fatigue testing; B) a neck taper from a 28 mm fem-
oral head subjected to out of axis fatigue loading; C) a neck taper from a 36 mm femoral
head that underwent out of axis fatigue loading; D) a neck taper from a 36 mm femoral
head subjected to axial fatigue loading.

Table 5.4. The volumetric wear damage of the head and neck tapers after receiving out of
axis fatigue loading.

Head Size | Neck Taper Head Taper
Volumetric Wear | Volumetric Wear

28 mm 0.37+0.05mm°> | 0.44 +0.10 mm®

36 mm 0.94+0.13mm°> |0.92+0.17 mm®

Table 5.4 presents the volumetric wear damage of the head and neck tapers that
received ten million cycles of out of axis loading. When comparing the 28 mm and 36

mm head size groups, there was significantly more volumetric wear damage for the neck
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tapers (p = 0.002) and the head tapers (p = 0.013) for the 36 mm head size group. When
comparing the volumetric wear damage between the head and neck tapers, there were no
significant differences for the 28 mm head size group (p = 0.343) nor the 36 mm head
size group (p = 0.861).

Scanning electron microscopy images of the neck taper are presented in Figure
5.5. Figure 5.5A shows a neck taper in the pre-assembled state and its machine lines are
intact. Figure 5.5 B is an illustration of a neck taper that was assembled to a 28 mm femo-
ral head and subjected to out of axis fatigue loading. In comparison to Figure 5.5 A, this
neck taper features some etching. In contrast, Figure 5.5 C is an image of a neck taper
that was assembled to a 36 mm femoral head that received out of axis fatigue loading.
The machine lines along this taper are deteriorated and the surface has undergone signifi-
cant corrosion damage in comparison to the neck taper with a 28 mm femoral head (Fig-
ure 5.5 B). Meanwhile, a neck taper that was assembled to a 36 mm femoral head that
underwent axial fatigue loading (Figure 5.5 D) still had its machine lines intact; however,
there was some etching and corrosion damage along the surface.

When looking at the chemical composition of the neck taper surfaces, there were
some variations between the different tests. The pristine neck taper featured weight per-
centages of the following elements: 26.3% chromium; 57.1% cobalt; 5.5% molybdenum;
and the remainder being carbon. For the neck tapers featuring a 28 mm femoral head with
an out of axis fatigue load, there was slight selective leaching of cobalt (47.5-51.4%);
however, selective leaching was more prominent for the neck tapers featuring a 36 mm
femoral head with out of axis fatigue loading (29.7-33.0%). The weight percentages of

carbon and chromium remained relatively unchanged for all of the neck tapers. For all of
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the prostheses that underwent fatigue loading, oxygen was present along the neck taper.
For the neck tapers with a 28 mm femoral head, the weight percentage of oxygen was 7
to 11% but increased for the neck tapers featuring a 36 mm femoral head with a range
from 23.0 to 28.6%. Energy dispersive x-ray spectroscopy revealed that chromium phos-
phate, chromium oxide, molybdenum chloride, and molybdenum oxide corrosion prod-

ucts formed along the surface.

54 Discussion

When performing the Shapiro-Wilk test, all of the corrosion and fretting scores
displayed a normal distribution except for the 36 mm neck corrosion scores (p < 0.001)
and the 36 mm axial head corrosion scores (p < 0.001). Even though the rest of the scores
displayed a normal distribution, these data sets had weak statistical power because of the
limited sample size for each group. For this reason, the Mann-Whitney U test was applied
to identify significant differences for the corrosion and fretting scores. Even with the use
of t-tests, significant differences were still discovered (p < 0.05) for corrosion and fretting
damage between the different head size groups and the angle of fatigue loading.

By applying an out of axis fatigue load, the head-neck taper interface featuring a
36 mm femoral head displayed significantly more corrosion and fretting damage than the
prostheses with a 28 mm femoral head. This was confirmed by the corrosion and fretting

scores, the assessment of the volumetric wear, the scanning electron microscopy images,
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and the energy dispersive x-ray spectroscopy data [168, 259]. Additionally, the presence
of chromium phosphate, chromium oxide, molybdenum oxide, and molybdenum chloride
confirmed that corrosion had taken place [71, 108, 207]. By having a larger head size,
there are more possibilities of where the centre of the femoral head can be positioned as
this depends on the offset. By increasing the distance between the centre of the femoral
head to the centre of the neck taper, this can increase the lever arm. As a consequence,
this can lead to a greater toggling torque that can result in more micromotion at the head-
neck taper interface. With this increased micromotion, the passive oxide film can become
deteriorated and make the head-neck taper interface more susceptible to crevice corro-

sion.

Compression Force
| Toggling Torque

Figure 5.6. The toggling torque of the femoral head during out of axis loading.

To further support the argument that the toggling torque is a contributing factor
for head-neck taper corrosion, axial loaded fatigue tests were performed on prostheses
featuring 28 mm and 36 mm femoral heads. For the prostheses that had a 36 mm femoral

head and were subjected to axial loading, minor head-neck taper corrosion took place in
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comparison to the prostheses that received out of axis fatigue loading. Since there was a
negligible toggling torque for these tests, minimal micromotion took place at the head-
neck taper interface; thus, leaving the passive oxide film intact to prevent head-neck taper
corrosion. When examining the prostheses that underwent axial loading, the prostheses
with a 28 mm femoral head displayed more head-neck taper corrosion than the prostheses
with a 36 mm femoral head. The prostheses with a 28 mm femoral head have a decreased
stiffness at the head-neck taper interface in comparison to the prostheses with a 36 mm
femoral head. This will result in a greater von Mises stress at the head-neck taper inter-
face. We hypothesize that this increased stress can deteriorate the passive oxide film.

For the prostheses that received out of axis fatigue loading, most of the corrosion
and fretting damage occurred on the medial side; however, the only significant difference
was discovered for the neck corrosion scores for the 36 mm femoral heads. This may be
due to the limited sample size for this experiment. This investigation also revealed that
the inferior region of the head-neck taper interface is most vulnerable to corrosion and
fretting damage. From a recent finite element analysis [273], this region exhibited the
maximum von Mises stress, which corresponds to where the passive oxide film would
most likely get deteriorated. This observation is also in agreement with research per-

formed by Munir et al. [47].

The major limitation of this study was the number of samples that were used.
Even though there were three prostheses used for the 28 mm and 36 mm femoral heads
with out of axis fatigue loading, significant differences were found in the corrosion and

fretting scores and the volumetric wear at the head-neck taper interface. By having more
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samples, this would have most likely further supported the conclusions that were arrived

in this study.

There are several future directions that researchers should consider to prevent
head-neck taper corrosion. First, we recommend using clinically relevant simulated body
fluid [130] because it can produce similar corrosion damage that can be found in the in vi-
vo environment. Additionally, an assembly force of 2000 N was used to follow ASTM
F1875-98. Recent research has recommended that a 4000 N assembly force should be ap-
plied to prevent micromotion at the head-neck taper interface [219, 273]. Researchers
should vary the assembly force through in vitro corrosion fatigue testing to determine
how this can affect head-neck taper corrosion and what the optimum assembly force

should be.

Ceramic femoral heads are one potential solution to prevent corrosion at the head-
neck taper interface because ceramics do not corrode; however, the neck taper can still
corrode. To redeem the advantages of large head sizes, surgeons can implant large ceram-
ic femoral heads into patients. Presently, it is unknown if the neck tapers will display
more corrosion damage when assembled to a large ceramic femoral head. To answer this
question, in vitro corrosion fatigue testing is recommended.

Finite element analysis has recently revealed that the offset, taper size, and the
neck length can influence head-neck taper corrosion due to increased micromotion [266,
273]. To further validate these conclusions, in vitro corrosion fatigue testing should be

performed to verify these conclusions.
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55 Conclusion

The purpose of this study was to determine if the size of the femoral head can in-
fluence corrosion and fretting damage at the head-neck taper interface of modular hip
prostheses through in vitro corrosion fatigue testing. Additionally, this paper investigated
if the toggling torque is responsible for head-neck taper corrosion by performing out-of-
axis and axial fatigue loading. By using a 36 mm femoral head instead of a 28 mm femo-
ral head for out of axis testing, significantly more corrosion and fretting damage and vol-
umetric wear was discovered at the head-neck taper interface. The main argument for this
conclusion is that with a larger head size, the distance between the centre of the femoral
head to the centre of the neck taper can increase. This can make the toggling torque
greater and result in more micromotion at the head-neck taper interface. To further sup-
port this hypothesis, modular hip prostheses with assembled 28 mm and 36 mm femoral
heads were subjected to axial fatigue loading. A significant reduction in the corrosion and
fretting damage was detected at the head-neck taper interface for the prostheses with a 36
mm femoral head. In contrast, the axial loaded prostheses with 28 mm femoral heads dis-
played more corrosion damage than those with 36 mm femoral heads. For these samples,
we hypothesize that the reduction in head size leads to a greater von Mises stress at the

head-neck taper interface that can deteriorate the passive oxide film.
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Chapter 6 — Discussion

6.1 Can Retrieval Analyses Tell Us What Causes

Taper Corrosion?

Retrieval analyses can be helpful to researchers to identify the cause(s) of failure
of an implant. For instance, researchers can determine if failure was primarily attributed
to poor surgical positioning, excessive wear due to the manufacturing or metallurgy, cor-
rosion, fretting, or a combination of factors [131]. However, retrieval analyses may not
be the key to identifying the causes of corrosion and fretting damage at the head-neck ta-
per interface because there are several factors that can be contributing towards these phe-
nomena. These factors include the head size, assembly force, femoral offset, taper size,
and the material combinations.

Researchers commonly mix and match different types of THA prostheses to cre-
ate retrieval analyses; thus, the implants as a collective whole are heterogeneous. By us-
ing this strategy, researchers will find it challenging to isolate which variables are respon-

sible for causing head-neck taper corrosion.
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To support this argument, let’s consider the recent Nassif et al. study, “Taper de-
sign affects failure of large-head metal-on-metal total hip replacements” [263]. One of
the main problems of retrieval analyses is obtaining implants in sufficient quantities. In
Nassif et al.’s study, only 40 femoral heads were obtained along with 6 corresponding
stems (15%). By having a very low number of stems available, it is very difficult for Nas-
sif et al. to provide a full picture of the corrosion behaviour occurring at the head-neck
taper interface. Despite this, Nassif et al.’s samples were designed by four different man-
ufacturers (DePuy, Zimmer, Biomet, and Wright Medical). As a result, there would most
likely be differences in the manufacturing techniques, the tolerances, and the taper an-
gles. When considering the samples themselves, there is no indication of the size of the
femoral heads, there are four different material combinations (CoCr head on CoCr neck,
CoCr head on Ti6Al4V neck, Ti6Al4V head on CoCr neck, and Ti6Al4V head on
Ti6Al4V neck), three different taper sizes (11/13 mm, 12/14 mm, and Type 1), and the
femoral offset range of the implants is not mentioned. In this study, Nassif et al. tried to
determine if head size was correlated to head-neck taper corrosion but found that there
was no relationship. Due to the heterogeneity of the samples along with a variation in the
assembly force, a number of factors were most likely contributing to corrosion damage at
the head-neck taper interface.

Similarly, Triantafyllopoulos et al. also attempted to determine if head size influ-
ences head-neck taper corrosion by conducting a retrieval study of 154 THA prostheses
with a metal-on-polyethylene articulation [264]. In Triantafyllopoulos et al.’s study,
there were at least five different taper sizes, 74 prostheses had the same material combi-

nation for the head-neck taper interface whereas 80 had a mixed material combination,
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and there was variation in the treatment of the alloys [264]. From their analysis, Tri-
antafyllopoulos et al. concluded that head size does not influence head-neck taper corro-
sion. By having heterogeneous samples, it is difficult for Nassif et al., Triantayllopoulos
et al., or even Kurtz et al.’s study despite a large sample size (Table 6.1), to determine if
head size is responsible for head-neck taper corrosion even though several different vari-
ables could be causing this.

There are some limitations in the retrieval analysis that is presented in Chapter 3.
In particular, there was a discrepancy in the number of 28 mm (n = 59) and 36 mm femo-
ral heads (n = 15), which could have distorted the results. Additionally, there were varia-
tions in the femoral offset, the manufacturing tolerances, and the implantation times.
Similar to Nassif et al. and Triantayllopoulos et al., no information was provided with re-
spect to the assembly force.

Although retrieval analyses do have their advantages such as identifying new
problems or trends that can lead to solutions, retrieval analyses as an experimental form
cannot be used to confirm which factors are truly responsible for head-neck taper corro-
sion of THA prostheses. Even when trying to design a retrieval analysis to minimize the
number of potential variables that can influence head-neck taper corrosion, there are
some factors that are unknown. In particular, retrieval analyses do not reveal any infor-
mation regarding the assembly force unless if the femoral head is still attached to the
stem and a pull-off test is performed in accordance to 1SO 7206-10 [215].

Recently, a retrieval analysis was performed that examined the corrosion damage
at the head-neck taper interface between two sets of implants: 40 mm femoral heads that

articulated with polyethylene and monopolar hemiarthroplasty heads that articulated with
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cartilage [274]. Additionally, the hemiarthroplasty heads were also split into two groups:
heads with a diameter less than 50 mm and heads with a diameter greater than or equal to
50 mm [274]. When comparing the corrosion damage between the 40 mm heads and the
hemiarthroplasty heads, there was a significant difference between the two groups (p =
0.049) such that the monopolar hemiarthroplasty heads displayed more corrosion damage
[274]. When comparing the two head size groups of the monopolar hemiarthoplasty
heads, there was a significant difference between the groups since the heads with a diam-
eter greater than or equal to 50 mm displayed significantly more corrosion damage than

the heads with a diameter less than 50 mm [274].

Table 6.1 presents an overview of the retrieval analyses that have been performed
in the literature to determine whether or not head size influences head-neck taper corro-

sion.
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Table 6.1. Summary of the literature with respect to if the femoral head size influences
head-neck taper corrosion.

Author Does head | Sample Size Sample Inclusion Criteria Scoring Method
and Year size affect
corrosion?
Dyrkacz Yes - Heads (n = 74) - 28 and 36 mm head sizes - Dyrkacz et al.
etal. 2013 - 28 mm (n =59) - 12/14 mm taper method [80]
[243] - 36 mm (n = 15) - Metal on polyethylene articula- -3 scorers
- Stems (n = 40) tion
- From 28 mm heads - 2 manufacturing brands Note: Corrosion and
(n=35) - Heads and stems are all CoCr al- | fretting scores
- From 36 mm heads (n=5) | loy separated by
- Minimum 1 month implantation | manufacturing brands
time
Hexteretal. | Yes - Head and neck components - 3 manufacturing brands - A five-point Gold-
2012 [261] (n=111) - DePuy (ASR XL) berg modified system
Note: Did not specify how - Smith & Nephew (BHR) -1 scorer
components of each - Zimmer (Durom)
Kurtz et al. No - Heads (n = 144) - 5 manufacturing brands - Goldberg system
2013 [262] - <28 mm (n = 56) - 1 year minimum implantation [210]
-32mm (n =43) time - 2 scorers
- 36 mm (n = 36)
->38 mm (n=9)
- Stems (n =73)
Langton et Yes - THA prostheses (n = 111) - 1 manufacturer - Coordinate measur-
al. 2013 [71] - ASR XL (n=63) - DePuy ing machine used to
- Articuleze (n = 48) calculate volumetric
wear
Triantafyllo- | No - Heads (n = 154) - 5 taper sizes - Goldberg system
poulos et al. - <26 mm (n = 26) -12/14 mm [210]
2014 [264] - 28 mm (n = 46) - C-Taper
-32mm (n =52) - V40 Note: Number of
->36 mm (n = 30) -Type 1l scorers not specified
- Stems (n = 154) - Other

-CoCr (n=74)
- Ti6AI4V (n = 75)
- TMZF (n =5)

- CoCr heads paired with CoCr,

TigAl4V, and TMZF stems

- No minimal implantation time

period (implants from 0 months)
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Nassifetal. | No - Manufacturing brands - 28 and 36 mm head sizes - An eight-point
2014 [263] - DePuy (n = 26) - 4 manufacturing brands Goldberg modified
- Wright (n =5) - DePuy system
- Biomet (n = 8) - Wright
- Zimmer (n=1) - Biomet Note: Evaluated
- Taper sizes - Zimmer distal and proximal
-12/14 mm (n = 26) - 3 taper sizes regional scores
-Type1(n=8) -12/14 mm
-11/13 mm (n = 6) -Typel
-4 head-neck taper interfaces -11/13 mm
- CoCr Head / CoCr Neck -4 head-neck taper interfaces
(n=10) - CoCr Head / CoCr Neck
- CoCr Head / Ti6al4V Neck - CoCr Head / Ti6al4V Neck
(n=23) - Ti6AI4V Head / CoCr Neck
- Ti6Al4V Head / CoCr - Ti6AI4V Head/ Ti6Al4V Neck
Neck (n =1)
- Ti6AI4V Head/ Ti6AlI4V
Neck (n = 6)
Higgs et al. Yes - Heads (n = 134) - Metal on metal articulation - Higgs Method [203]
2013 [195] - Stems (n = 60) - Implantation time: 2.9 £ 2.0 - 3 scorers
- Modular necks (n = 41) years
- Modular acetabular liners - Range: 0 to 11.0 years
(n=18) - 5 manufacturing brands
- Acetabular shells (n = 11) - Zimmer
- Manufacturing brands - Biomet
- Zimmer (n = 84) - DePuy
- Biomet (n = 28) - Wright
- DePuy (n = 20) - Smith & Nephew
- Wright (n = 4)
- Smith & Nephew (n = 1)
Panagiotidou | Yes - Not specified - 12/14 mm taper - Overall current
etal. 2013 - CoCr femoral heads - Overall mean
[242] - TiBAI4V stems fretting current
Note: In - 3 offsets to create torque - Overall current
vitro test that -0mm > 9Nm change data
studied the -54mm > 12 Nm
link between -7.5mm > 17 Nm
torque and
corrosion
Nobleetal. | Yes - THA prostheses (n = 13) - 42 to 54 mm head size - Measured micromo-
2013 [240] - Metal on metal articulation tion
- 2 torques: 1.17 Nmand 2.23 Nm | - 1.17 Nm = 7.46 pm
- 2.23Nm = 8.38 um
Dyrkacz et Yes - Heads with metal on poly- - 40 mm + head size - Dyrkacz et al.
al. 2013 ethylene articulation - Monopolar hemiarthroplasty method [80]
[274] -40 mm (n = 13) heads and metal-on-polyethyelene - 1 scorer

- Monopolar heads
- <50 mm monopolar
heads (n = 17)
- > 50 mm monopolar
heads (n = 6)

articulation

- 12/14 mm taper size

- 4 manufacturing brands
- CoCr heads




186

6.2  Finite Element Analysis

In the retrieval analysis that is presented in chapter 3, the use of 36 mm femoral
heads instead of 28 mm femoral heads resulted in significantly more corrosion damage at
the head-neck taper interface. To explain this, a hypothesis was developed such that the
distance between the centre of the femoral head to the centre of the neck taper can in-
crease with a larger head size. This increases the lever arm, which can result in a greater
toggling torque at the head-neck taper interface. This toggling torque can create more mi-
cromotion at the head-neck taper interface. This increased micromotion can deteriorate
the passive oxide film and make the region vulnerable to corrosion.

To test this hypothesis, finite element analysis was performed where models of
the head-neck taper interface where created with a 28 mm, 36 mm, and a 44 mm femoral
head. By increasing the femoral head size, more micromotion occurred at the head-neck
taper interface during out of axis loading. This supports the hypothesis that a larger head
size can result in a greater toggling torque at the head-neck taper interface. Additionally,
the distance between the centre of the femoral head to the centre of the neck taper was in-
creased with larger offsets. This increased the lever arm and resulted in more micromo-
tion at the head-neck taper interface. Additionally, the head-neck taper interface was sub-
jected to axial loading after the assembly procedure and this resulted in negligible mi-
cromotion. These findings further support the hypothesis that by increasing the distance

between the centre of the femoral head to the centre of the neck taper with a larger head
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size, this can result in more corrosion damage at the head-neck taper interface due to a
greater toggling torque.

When examining the magnitude of the von Mises stress, the maximum stress oc-
curred at the inferior-medial region of the head-neck taper interface. This region corre-
sponds with the most amount of corrosion damage that was detected for the prostheses in
the retrieval analysis as well as the samples from the in vitro corrosion fatigue test.

One of the limitations of the finite element study presented in Chapter 4 was that
the bearing surface was not considered. Recently, Witt et al. discovered a relationship be-
tween wear damage along the bearing surface and the head-neck taper interface [109]. By
having a frictional torque at the bearing surface, this can result in rotational micromotion
at the head-neck taper interface, which can deteriorate the oxide film along the surface
[275]. Presently, it is unknown how much of an effect the micromotion at the head-neck
taper interface is influenced by the frictional torque at the bearing surface.

Kluess et al. recently also conducted a finite element analysis to determine if head
size, neck length, and taper length affects the mechanical load and the stress at head-neck
taper interface of THA prostheses using ABAQUS V. 6.11-2 [266]. Three different head
sizes were modeled (32 mm, 44 mm, and 53 mm) and the taper length ranged from 11
mm to 16 mm. Kluess et al. defined the neck length as the distance between the proximal
surface of the taper to the centre of rotation of the femoral head and the distances were 0
mm, 4 mm, and 8 mm. CoCr alloy was simulated for the acetabular cup and the femoral
head and titanium alloy was assigned to the stem component. The models were loaded
with the following forces: Fx =-400.25 N; Fy =-1,844.28 N, and Fz = -235.44 N. Mesh-

ing was performed with hexahedral elements with a global size of 1.5 mm.
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As Kluess et al. increased the head size, the torque against abduction increased
from 2.1 Nm for the 32 mm femoral head and up to 4.1 Nm for the 53 mm femoral head
[266]. When Kluess et al. modified the neck length, the micromotion increased as the dis-
tance between the centre of the femoral head to the proximal taper surface became great-
er.

This study by Kluess et al. further supports the argument that by increasing the
femoral head size, there is a greater torque that acts at the head-neck taper interface. By
having more torque, this can result in more micromotion that can deteriorate the passive
oxide film at the head-neck taper interface; thus, making the region vulnerable to corro-
sion. Additionally, Kluess et al. discovered that as the distance between the centre of the
femoral head to the proximal taper increases, this results in more micromotion at the
head-neck taper interface [266]. This is similar to the findings in the finite element analy-
sis reported in Chapter 4. By increasing the femoral head size and/or the offset, this in-
creases the distance between the centre of the femoral head to the centre of the neck ta-
per. When this distance increases, this can result in more micromotion at the head-neck
taper interface.

In a separate finite element analysis, Zou et al. modeled models of the head-neck
taper interface with ANSYS 8.0 to determine how head diameter, taper angle, and mate-
rials affects the stress at the head-neck taper interface [276]. Zou et al. created four dif-
ferent head sizes (26 mm, 28 mm, 30 mm, and 32 mm), three different taper angles
(5.42° 6.03°, and 11.42°), and four different material combinations as shown in Table

6.2.
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Table 6.2 Head-neck taper interface material combinations simulated by Zou et al. [276].

Combination Head Neck
1 CoCr Ti6Al4V
2 Zirconia | Ti6Al4V
3 Zirconia CoCr
4 Alumina | Ti6Al4V

When applying the forces, Zou et al. simulated a person with a mass of 75 kg

when walking and there were three forces [276]:

e F1=907 N (applied 12° above the sagittal plane)
e F2=743 N (applied 12° to the frontal plane)

e F3=1994 N (applied 40° between the sagittal and transverse planes)

Similar to the finite element analysis that is described in Chapter 4, Zou et al. no-
ticed that as the head diameter increased, the contact stress along the taper interface de-
creased due to a greater stiffness with a larger head size [276]. Zou et al. reported that
when increasing the taper angle between the bore of the head and neck taper, there was a
negligible difference between the 5.42° and the 6.02° tapers; however, the contact stress
increased with an 11.42° taper. When examining the contact stress at the head-neck taper
interface for the different material combinations, Zou et al. reported that the contact stress
was greatest for a zirconia femoral head paired with a CoCr neck taper. In contrast, an

alumina femoral head paired with a Ti6Al4V neck displayed the least contact stress.
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6.3  Discussion of the in vitro Corrosion Fatigue

Experiment

The purpose of the experimental work was to validate the findings from the re-
trieval analysis and the finite element analysis under controlled conditions. Additionally,
the experimental work tested the hypothesis that the toggling torque is a key factor for
head-neck taper corrosion.

During out of axis loading, the prostheses with 36 mm femoral heads displayed
significantly more corrosion damage at the head-neck taper interface than the prostheses
with 28 mm femoral heads. To test the hypothesis that the toggling torque was a key fac-
tor for head-neck taper corrosion, three prostheses with a 36 mm femoral head were sub-
jected to axial fatigue loading for ten million cycles. Upon examining these samples, neg-
ligible corrosion damage took place because there was a negligible toggling torque acting
at the head-neck taper interface.

To support the conclusion that the toggling torque contributes to head-neck taper
corrosion, an additional set of prostheses featuring a 28 mm femoral head were tested
with axial fatigue loading under the same conditions. Prior to testing, negligible corrosion
damage was hypothesized due to the absence of a toggling torque. When examining the
head-neck taper interface for these samples, slightly more corrosion damage was detected

along the bore of the head.
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When examining the finite element models, there was a substantial difference in

the micromotion and maximum von Mises stress along the head-neck taper interface be-

tween the 28 mm and 36 mm head size groups when a 4000 N assembly force was ap-

plied. For all of the in vitro corrosion fatigue tests, a 2000 N assembly force was applied

in accordance to the ASTM standard F1875-98 [129]. For a 36 mm femoral head, the mi-

cromotion during the compression phase after a 4000 N assembly force was 12.7 um. In

contrast, the micromotion during the compression phase after a 2,000 N assembly force

was 27.0 um. Finite element analysis was also performed on the conditions that were

simulated for the in vitro corrosion fatigue tests with the 2000 N assembly force. Table

6.3 summarizes the assembly displacement, maximum von Mises stress at the head-neck

taper interface, and the micromotion during the compression phase for these tests.

Table 6.3. Summary of the finite element analysis of the head-neck taper interface for the
in vitro corrosion fatigue testing samples.

Head Assembly Max Max Max Micromotion | Micromotion
Size and | Displacement Stress Stress Stress Com- | Compression | Compression
Angle of (um) Assembly | Recovery pression Phase: Phase:
Loading Phase Phase Phase Overall Y-direction

(MPa) (MPa) (MPa) (Um) (Lm)
28 mm 30.8 47.0 31.8 56.4 15.4 13.3
30° Out
of AXxis
28 mm 30.8 47.0 31.8 68.5 27.4 27.3

Axial
36 mm 29.1 35.7 30.9 79.6 26.2 21.6
30° Out
of Axis
36 mm 29.1 35.7 30.9 58.9 24.2 24.2

Axial
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For all of the in vitro corrosion fatigue tests, a 2000 N assembly force was applied
to the femoral head. From what was determined in the finite element analysis and by
Rehmer et al. [219], this is an insufficient force and a 4000 N assembly force is recom-
mended. By having a 2000 N assembly force, the femoral head is not positioned properly
along the neck taper and is capable of more micromotion during the compression phase.
If the femoral head receives a sufficient assembly force, minimal micromotion should
take place during axial loading.

In the finite element analysis that was performed in Chapter 4, a 44 mm femoral
head displayed 1.8 um of micromotion during the compression phase. According to Ta-
ble 6.3, substantial micromotion (overall) occurred for the 28 mm (27.4 um) and 36 mm
femoral heads (24.2 pm) during the compression phase for the axial loaded models.
When examining the micromotion for these axial loaded models in the y-direction, a clue
is presented. The micromotion in the y-direction of the axial loaded 28 mm and 36 mm
femoral heads is 27.3 um and 24.2 um. In contrast, negligible micromotion was detected
along x and z-axes. This reveals that the femoral head was not properly assembled with
the 2000 N assembly force.

To address the question why the 28 mm axial loaded samples yielded more corro-
sion damage than the out of axis loaded samples, the following hypothesis was devel-
oped. For the axial loaded samples, there was an additional 12.1 MPa of stress acting
along the head-neck taper interface. This stress may have made it more challenging for
the head-neck taper interface to repassivate the oxide film in comparison to the out of ax-

is loaded samples; thus, more corrosion took place.
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One of the limitations of the finite element analysis is that a single phase of com-
pression loading was applied. In contrast, the samples during the in vitro corrosion fa-
tigue testing underwent ten million cycles of loading with a force ranging from 300 to
3300 N. During axial loading, the samples would have eventually become secured onto
the neck taper. It is hypothesized that decreased micromotion for each cycle of loading
would have taken place at the head-neck taper interface over time for the axial loaded
samples. Additionally, there would have been a greater reduction in the micromotion for
the 36 mm femoral heads that underwent axial loading in comparison to the 28 mm femo-
ral heads. By having a substantial reduction in micromotion during axial loading for the
36 mm head samples, this resulted in significantly less corrosion damage at the head-neck

taper interface in comparison to the samples that were subjected to an out of axis load.

6.4  Corrosion Scoring Techniques

There are presently a few different techniques for scoring corrosion and fretting
damage. In the literature, the most commonly accepted method is the Goldberg scoring
system [177] and there are different variations of this in the literature [234, 261, 263]. In
this thesis, a novel scoring method was created [243] such that the head and neck tapers
were separated into four quadrants and each quadrant was separated by a superior and in-
ferior region; thus, producing eight regions for each taper. Most corrosion and fretting

scores, following the Goldberg scoring system, put an emphasis on the severity of the
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corrosion and fretting damage and assign a single score for the entire taper. Let’s consid-

er the following question: is it beneficial to separate each taper into eight regions to ana-

lyze corrosion and fretting damage? In the in vitro corrosion fatigue tests, the corrosion

and fretting scores were separated by the superior (proximal) and inferior (distal) regions.

Table 6.4 provides the corrosion scores based on the superior and inferior regions where-

as Table 6.5 contains the fretting scores of the superior and inferior regions.

Table 6.4. The corrosion scores of the head-neck taper interface separated by the superior

and inferior regions from the in vitro corrosion fatigue testing experiment.

Head Size Neck Neck Head Head
and Corrosion Corrosion Corrosion Corrosion
Angle of Loading Superior Inferior Superior Inferior
28 mm 3.00 +1.87 1.67 £2.00 5.67 +2.69 2.78 +2.86
Out of Axis
36 mm 6.67 £ 3.77 16.44 + 6.77 5.44 + 3.47 21.22 £+9.91
Out of Axis
28 mm Axial 2.22 +2.33 2.33+1.73 6.67 £ 0.87 5.78 +1.99
36 mm Axial 0.78 £ 0.84 4.89 +2.87 1.67 £0.67 7.33+1.64

Table 6.5. The fretting scores of the head-neck taper interface separated by the superior

and inferior regions from the in vitro corrosion fatigue testing experiment.

Head Size and

Neck Fretting

Neck Fretting

Head Fretting

Head Fretting

Angle of Loading Superior Inferior Superior Inferior
28 mm 1.33+1.22 2.22 £3.42 2.78+£1.79 2.44 £ 213
Out of Axis
36 mm 2.33+2.60 6.22 +£1.30 2.00 £ 2.00 9.67 £ 3.04
Out of Axis
28 mm Axial 0.44 +£1.33 1.22 +0.97 5.22 £ 2.64 556 +2.19
36 mm Axial 0.33+0.33 5.00 + 1.00 0.11+0.19 2.78 £0.51
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When analyzing the 36 mm samples that were subjected to out of axis loading,
corrosion and fretting damage primarily took place along the inferior portion of the head
and neck tapers. Significantly more corrosion damage was detected on the inferior re-
gions of the neck tapers (p = 0.020) and the head tapers (p < 0.001). Similarly, there was
a significant difference in the fretting damage between the superior and inferior regions
for the neck tapers (p = 0.001) and the head tapers (p < 0.001). Although there were no
significant differences, the medial side of the head-neck taper interface displayed more
corrosion and fretting damage than the lateral side. The most likely reason why signifi-
cant differences for corrosion and fretting were not detected between the medial and lat-
eral sides is attributed to the low sample size. By having a greater sample size, there most
likely would have been significant differences confirming that the medial side has statis-
tically more corrosion and fretting damage than the lateral side.

Additionally, the prostheses from the retrieval analysis were examined to deter-
mine if more corrosion or fretting damage occurs along the superior or inferior regions.
The scores for corrosion and fretting damage based on the superior and inferior regions

can be found on Tables 6.6 and 6.7, respectively.

Table 6.6. Corrosion scores of the head and neck tapers from the retrieval analysis sepa-
rated by the superior and inferior regions.

Head Size Neck Corrosion | Neck Corrosion | Head Corrosion | Head Corrosion
Superior Region | Inferior Region | Superior Region | Inferior Region
28 mm 1.94 + 3.16 241 +£2.75 3.14 +£5.24 3.60 £ 5.54
36 mm 2.20+3.15 2.88 +3.14 5.73+7.52 7.40+7.32
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Table 6.7. Fretting scores of the head and neck tapers from the retrieval analysis separat-
ed by the superior and inferior regions.

Head Size Neck Fretting Neck Fretting Head Fretting Head Fretting
Superior Region | Inferior Region | Superior Region | Inferior Region
28 mm 0.93+1.93 1.99 + 2.09 1.19+2.42 1.57 +4.37
36 mm 0.53+1.02 2.53+£3.92 1.67 +3.94 2.71£5.35

When observing the data from Tables 6.6 and 6.7, the inferior region of the head

and neck components displays more corrosion and fretting damage; however, the only

significant difference was found for neck fretting damage for the 28 mm head group (p <

0.001).

Table 6.8. Corrosion scores of the head and neck tapers from the retrieval analysis sepa-
rated by the opposing quadrants.

Head Size Neck Corrosion | Neck Corrosion | Head Corrosion | Head Corrosion
Quadrant 1 Quadrant 2 Quadrant 1 Quadrant 2
28 mm 1.65+2.44 0.77+1.24 1.90+2.16 1.35+2.14
36 mm 2.27+1.79 0.80 +1.45 1.67 £2.33 1.33+1.67

Table 6.9. Fretting scores of the head and neck tapers from the retrieval analysis separat-
ed by the opposing quadrants.

Head Size Neck Fretting Neck Fretting Head Fretting Head Fretting
Quadrant 1 Quadrant 2 Quadrant 1 Quadrant 2
28 mm 115+ 1.58 0.44 £0.72 0.83 + 1.66 0.63 £ 1.50
36 mm 1.00 +0.82 0.73+1.16 1.33+2.49 1.04 +2.02

Tables 6.8 and 6.9 attempt to answer the question if there is a difference in the

corrosion and fretting scores between the medial and lateral sides for the retrieved im-
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plants. Due to the unknown orientation for some of the implants, the lateral and medial
regions could not be identified. Instead, the corrosion and fretting scores were compared
in the opposing quadrants. When considering the implants as a whole, the Mann-Whitney
U test was performed since all of the corrosion and fretting scores for the head and neck
tapers were not normally distributed. Consequently, significant differences were found
for neck corrosion (p = 0.002), head corrosion (p = 0.007), neck fretting (p = 0.001), and
head fretting (p = 0.044). This data demonstrates that corrosion and fretting damage is not
uniform along the head and neck tapers; however, it is speculated that the medial region
was the most vulnerable region for corrosion and fretting damage based on the findings
from the finite element analysis and the in vitro corrosion fatigue tests.

Upon examining the head and neck tapers from the in vitro corrosion fatigue ex-
periment and the retrieval analysis, the inferior-medial region of the head-neck taper in-
terface is most vulnerable to corrosion and fretting damage. This further supports the re-
search by Munir et al. [47] and the finite element analysis performed in Chapter 4 such
that the maximum von Mises stress takes place along the bottom quarter of the head-neck
taper interface. By separating the head and neck tapers into eight regions, this strategy
helped identify that the inferior-medial region of head-neck taper interface is most sus-
ceptible to corrosion and fretting damage. The Dyrkacz technique has an advantage in
comparison to the Goldberg scoring system since the observers can quantitatively identi-
fy which regions show corrosion and fretting damage and statistically determine if one

region displays significantly more corrosion or fretting damage.
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Chapter 7 — Conclusion

7.1  Summary of Conclusions

The aim of this thesis was to determine if the size of the femoral head can influ-
ence corrosion and fretting damage at the head-neck taper interface of THA prostheses.
To answer this question, a retrieval analysis, a finite element analysis, and an in vitro cor-
rosion fatigue experiment were performed. The following is a summary of the findings

from each of these investigations.

Retrieval Analysis

The objective of the retrieval analysis was to determine if there was a relationship
between head size and corrosion damage at the head-neck taper interface. The following

conclusions were revealed in the retrieval analysis:

e THA prostheses with a 36 mm femoral head display more corrosion damage at
the head-neck taper interface in comparison to THA prostheses with a 28 mm

femoral head. The hypothesis was that large femoral heads can have a greater
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toggling torque at the head-neck taper interface because the distance between the
centre of the femoral head to the centre of the neck taper can increase with a larg-
er head size. As this distance becomes greater, this increases the lever arm and
can result in a greater toggling torque at the head-neck taper interface. This tog-
gling torque can result in more micromotion that can deteriorate the passive oxide
film along the head-neck taper interface; thus, making the taper interface vulnera-
ble to corrosion.

The retrieval analysis compared the corrosion and fretting scores at the head-neck
taper interface of the implants from two different companies. There was a consid-
erable difference in the corrosion and fretting scores between these two compa-
nies, particularly corrosion damage along the bore of the femoral head. This can
be attributed to differences in fabrication, passivation, tolerance designs, and the
surface finish.

There was a relationship between the heads and necks for fretting damage that
could have been caused by the micromotion between the two surfaces.

A relationship between corrosion and fretting damage was discovered for the head

and neck tapers.
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Finite Element Analysis

The purpose of the finite element analysis was to determine which factors influ-
ence the micromotion at the head-neck taper interface of THA prostheses. Micromotion
at this interface can deteriorate the passive oxide film and make the taper region suscepti-

ble to corrosion. The following conclusions were arrived from the finite element analysis:

e By increasing the diameter of the femoral head, the micromotion at the head-neck
taper interface becomes greater. This can increase the distance between the centre
of the femoral head to the centre of the neck taper, which can increase the tog-
gling torque.

e As the diameter of the femoral head became larger, the assembly displacement
and the maximum von Mises stress at the head-neck taper interface were both re-
duced. To account for this, the femoral head’s stiffness increases with a larger
head size.

e By placing the centre of the femoral head in a more superior position relative to
the centre of the neck taper, this will result in more micromotion at the head-neck
taper interface. In contrast, the micromotion can be reduced if the centre of the
femoral head is positioned near or below the centre of the neck taper.

e CoCr femoral heads that are assembled onto Ti6Al4V neck tapers have a greater

assembly displacement and more micromotion at the head-neck taper interface in
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comparison to a femoral head and neck taper consisting of CoCr. This can be at-
tributed to the difference in the modulus of elasticity between CoCr and Ti6AI4V.

e By increasing the axial assembly force, this will increase the assembly displace-
ment of the femoral head and reduce the micromotion during compression load-
ing. Although large assembly forces are theoretically recommended, in practice
surgeons should apply an assembly force that is safe for the patient.

e By increasing the taper size, this can reduce the micromotion at the head-neck ta-
per interface that is attributed to an increased contact area. With a greater contact
area, this increases the frictional forces and will minimize the amount of micro-
motion occurring. Although a 14/16 mm taper is theoretically recommended in
comparison to a 10/12 mm or a 12/14 mm taper, the 14/16 mm taper can increase
the risk of dislocation.

e By applying out of axis loading, this can result in more micromotion at the head-
neck taper interface in comparison to axial loading. This finding supports the hy-
pothesis that was developed in the retrieval analysis study that the toggling torque

is a key factor for corrosion and fretting damage at the head-neck taper interface.

In vitro Corrosion Fatigue Experiment

The goal of the in vitro corrosion fatigue experiment was to verify that the use of

36 mm femoral heads can lead to more corrosion and fretting damage at the head-neck
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taper interface than 28 mm femoral heads in a controlled environment. The following

conclusions were revealed:

THA prostheses with a 36 mm femoral head have significantly more head corro-
sion, neck corrosion, head fretting, and neck fretting damage than 28 mm femoral
heads during out of axis loading. This is supported by the corrosion and fretting
scores using the Dyrkacz technique, analyzing the volumetric wear, scanning
electron microscopy, and electron dispersive x-ray spectroscopy. This conclusion
verifies the findings from the retrieval analysis and the finite element analysis.
When comparing the axial and out of axis loaded 36 mm femoral head groups,
there was significantly less head corrosion, neck corrosion, head fretting, and
neck fretting damage for the axial loaded samples. Due to the absence of a tog-
gling torque, very little micromotion took place at the head-neck taper interface;
thus, leaving the passive oxide film intact. This finding verifies the hypothesis
that the toggling torque is largely responsible for head-neck taper corrosion of
THA prostheses.

When examining the samples featuring a 28 mm femoral head, the axial loaded
samples displayed slightly more corrosion damage at the head-neck taper inter-
face in comparison to the out of axis loaded samples. This may have been partial-
ly attributed to the 2000 N assembly force since the femoral head was not proper-

ly assembled onto the neck taper. Additionally, it is hypothesized that there was a
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greater reduction in the micromotion for the 36 mm heads in comparison to the 28

mm heads during axial loading.

In summary, this thesis has arrived at the conclusion that head size influences cor-
rosion and fretting damage at the head-neck taper interface. By increasing the head size,
this can increase the distance between the centre of the femoral head to the centre of the
neck taper. This results in a larger lever arm which can result in more micromotion at the
head-neck taper interface due to a greater toggling torque. This increased micromotion
can deteriorate the passive oxide film and make the head-neck taper interface more vul-
nerable to corrosion damage at the head-neck taper interface, particularly at the inferior-

medial region.

7.2  Novelty of the Research

The novelty of this thesis is to demonstrate that the use of large femoral heads (36
mm+) for THA prostheses can result in significantly more corrosion damage at the head-
neck taper interface. This was first demonstrated in a retrieval analysis that compared
THA prostheses with 28 mm and 36 mm femoral heads. From this investigation, the pros-
theses with a 36 mm femoral head displayed significantly more corrosion damage. A hy-
pothesis was created such that the use of a large femoral head size can increase the dis-

tance between the centre of the femoral head to the centre of the neck taper. This can lead
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to an increase in the micromotion at the head-neck taper interface due to a greater tog-
gling torque. Micromotion at the head-neck taper interface can deteriorate the passive ox-
ide film and make the region more vulnerable to corrosion. For the prostheses in the re-
trieval analysis, significant corrosion and fretting damage was detected on the inferior
portion of the head-neck taper interface.

Afterwards, a finite element analysis study was conducted. This investigated fur-
ther supported the argument that by increasing the distance between the centre of the
femoral head to the centre of the neck taper with a larger head size, this can increase the
micromotion at the head-neck taper interface due to a greater toggling torque. During the
out of axis loading simulations, the maximum von Mises stress at the head-neck taper in-
terface was detected along the inferior-medial region of the taper connection. This study
also demonstrated that negligible micromotion took place at the head-neck taper interface
during axial loading due to the absence of a toggling torque. Additionally, the finite ele-
ment analysis revealed that the micromotion at the head-neck taper interface can be re-

duced by implementing the following strategies:

Assembling a femoral head and neck consisting solely of CoCr instead of assem-

bling a CoCr femoral head to a Ti6Al4V neck.

Increasing the axial assembly force.

Using a larger taper size.

Modifying the femoral offset such that the centre of the femoral head is near or

below the centre of the neck taper.
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Finally, the in vitro corrosion fatigue experiment verified that the use of 36 mm
femoral heads can result in significantly more corrosion and fretting damage at the head-
neck taper interface, particularly along the inferior-medial region, in comparison to the
prostheses featuring a 28 mm femoral head. Additionally, the axial loaded samples with a
36 mm femoral head displayed minimal corrosion and fretting damage. This validates the
hypothesis that the toggling torque is a key factor for corrosion and fretting damage at the

head-neck taper interface of THA prostheses.

7.3 Recommendations for Future Work

This thesis addresses that the size of the femoral head can have an influence on
the corrosion damage at the head-neck taper interface. Although head size is a single fac-
tor that can influence head-neck taper corrosion, many other factors can come into play.
The purpose of this section is to recommend some additional research that can be per-
formed to minimize head-neck taper corrosion of THA prostheses.

This thesis demonstrates that when a CoCr femoral head is assembled onto a
CoCr neck, there will be more corrosion damage at the head-neck taper interface with a
larger head size. One potential solution to head-neck taper corrosion is using ceramic
femoral heads since ceramics do not corrode; however, it is unknown if the use of large

ceramic femoral heads can result in increased neck taper corrosion. To answer this ques-
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tion, in vitro corrosion fatigue testing following ASTM F1875-98 [129] could be per-
formed.

In practice, it is common to implant a THA prosthesis with a CoCr femoral head
and a titanium alloy stem. Many researchers have reported that galvanic corrosion pri-
marily takes place despite the small potential difference between the two alloys. In the fi-
nite element analysis of this thesis, a CoCr femoral head assembled onto a titanium alloy
neck displayed significantly more micromotion at the head-neck taper interface regard-
less of the head size. From this research, it was hypothesized that this increased micromo-
tion was due to the difference in the modulus of elasticity between the two alloys. This
could result in more corrosion damage at the head-neck taper interface. To test this hy-
pothesis, in vitro corrosion fatigue testing of CoCr femoral heads onto Ti6Al4V necks
should be performed while following using the ASTM F1875-98 standard. To determine
if the micromotion is responsible for the head-neck taper corrosion for the mixed alloys,
it is recommended to assemble CoCr femoral heads onto Ti6AlI4V necks and to place
them inside beakers with phosphate buffered saline. One set of these prostheses would
undergo fatigue testing according to ASTM F1875-98 while another set would remain
stationary in the phosphate buffered saline. By doing this experiment, this will determine
if the micromotion or a combination of the potential difference and the micromotion be-
tween the two alloys is responsible for head-neck taper corrosion.

One method of preventing head-neck taper corrosion is the implementation of sur-
face coatings and ion implantation techniques. Recently, Dorn et al. demonstrated that by
coating CoCr with tantalum, this can prevent head-neck taper corrosion damage [237].

Similarly, Traynor et al. coated the taper interface with chromium nitride, which signifi-
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cantly reduced corrosion damage [239]. Additionally, Maurer et al. demonstrated that
plasma ion nitriding Ti6AI4V can reduce corrosion and fretting damage [238]. Further
experimental research should be carried out with these techniques while following the
ASTM F1875-98 guidelines [129] to determine if these techniques can effectively pre-
vent head-neck taper corrosion damage. Additionally, corrosion damage is a problem
when a CoCr femoral head is assembled onto a Ti6Al4V neck. One potential research
project is to perform experimental testing with a CoCr femoral head with a tantalum or a
chromium nitride coating at the taper interface and assemble it with a Ti6AI4V stem that
underwent plasma ion nitriding. By performing in vitro corrosion fatigue testing follow-
ing ASTM F1875-98 [129], this can demonstrate if the coatings and plasma ion nitriding
techniques can effectively prevent head-neck taper corrosion.

As described in Chapter 4, large taper sizes and small femoral offsets can reduce
the micromotion at the head-neck taper interface; thus, potentially minimizing the corro-
sion damage. To verify these conclusions, experimental testing following the ASTM
F1875-98 protocol [129] is recommended.

This thesis did not explore if tolerances, as well as bottom-locking or top-locking
taper connections, can influence micromotion, fretting, or corrosion at the head-neck ta-
per interface. For future investigations, finite element analysis should be performed to de-
termine if the tolerances and the different locking mechanisms can have an influence on
the micromotion at the head-neck taper interface. Afterwards, in vitro corrosion fatigue
testing could be performed to verify if the tolerances and the different locking mecha-

nisms influence head-neck taper corrosion.
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In the finite element analysis that was performed in Chapter 4, there was a trend
that by increasing the axial assembly force, this can reduce the micromotion at the head-
neck taper interface. By increasing the axial assembly force, this could theoretically re-
duce corrosion at the head-neck taper interface. To verify this conclusion, it is recom-
mended that experimental testing is performed following the ASTM F1875-98 guidelines
[129]. By assembling femoral heads onto neck tapers with a range of forces, the optimal
assembly force to prevent head-neck taper corrosion can be determined. By determining
this optimal assembly force, this knowledge will be helpful to surgeons and for scientists
who wish to perform in vitro corrosion fatigue testing.

In practice, the assembly force can vary from surgeon to surgeon. One potential
design that could be created is a device that the surgeon can use to deliver the appropriate
force to the femoral head that is programmable and accurate. For instance, if a surgeon
wants to strike the femoral head with a force of 4000 N, he or she could enter this value
into the device and it would strike the femoral head with 4000 N of force. With this in-
vention, the surgeon can safely apply the appropriate assembly load to minimize fractur-
ing the patient’s bone as well as securing the femoral head onto the neck taper.

One current problem with THA prostheses is that there are currently no standards
for the head-neck taper interface even though the “gold standard” is the 5°43°30” taper
[44, 45]. Currently, there are over 30 different designs for the head-neck taper interface
as there are variations in the proximal and distal diameters, taper lengths, angles, manu-
facturing tolerances, surfaces finishes, and the surface treatments [46]. Research should
be performed to standardize the head-neck taper interface to effectively reduce wear and

corrosion damage.
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Recently, Goyal et al. published an article regarding whether or not to remove an
implanted femoral stem if the neck segment has taper corrosion [176]. If the stem were to
remain implanted, the corrosion products on the neck may lead to ALTR and/or increase
the likelihood of corrosion damage on the new femoral head [176]. But if the stem were
to be removed, this can lead to patient morbidity such as soft tissue damage, femoral frac-
ture, and the inability to achieve fixation [176]. Presently, there are no standard operating
procedures regarding whether or not to remove the implanted stem if the neck segment
has severe corrosion damage [176]. Researchers and surgeons should collaborate together
to create a set of standards regarding when the stem should be removed based on the se-

verity and area of fretting and corrosion damage along the neck taper.
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Appendix A

Appendix A contains all of the schematic computer-aided-design drawings of the femoral

heads and neck tapers used for the finite element analysis that is described in Chapter 4.
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Figure Al. The 28 mm femoral head.
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Figure A2. The 36 mm femoral head.
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Figure A3. The 44 mm femoral head.
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Figure A4. The 10/12 mm neck taper.
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Figure A5. The 12/14 mm neck taper.
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Figure A6. The 14/16 mm neck taper.
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Figure A7. The 44 mm femoral head (the femoral head is 3 mm below the centre of the

neck taper).
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Figure A8. The 44 mm femoral head (the femoral head is 1 mm below the centre of the

neck taper).
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Figure A9. The 44 mm femoral head (the centre of the femoral head is aligned with the

centre of the neck taper).
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Figure A10. The 44 mm femoral head (the femoral head is 1 mm above the centre of the

neck taper).
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Figure A11. The 44 mm femoral head (the femoral head is 3 mm above the centre of the

neck taper).
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Figure A12. The 44 mm femoral head (the femoral head is 7 mm above the centre of the

neck taper).
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Appendix B

The purpose of this section is to present the convergence of the data collected in the finite
element analysis described in Chapter 4. For each iteration, the element size for the head
and neck components were decreased by 10%. For convergence to be achieved, the
change in the assembly displacement and the maximum von Mises stress for the assem-

bly, recovery, compression, and tension phases all had to be less than 10%.
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