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Abstract

Hip hemiarthroplasty (HA) is a conservative treatment for hip diseases (e.g.
osteoporosis, femoral head necrosis) and injuries (e.g. femoral neck fractures)
compared to total hip replacement (THR). HA is commonly used in elder patients who
have low activity requirements and can be delivered with reduced blood loss, shorter
operation time, and hospital stay. HA has been developed to unipolar and bipolar
prostheses, and the range of motion has been improved with new designs of the bipolar
prostheses. However, satisfaction of HA is not always positive due to the erosion,
degradation of the acetabular cartilage, and the dislocation of femoral head which have
reported in clinical studies. Hence, the mechanical factors which affect the tribological
properties of articular cartilage in HA have been investigated experimentally in an in-
vitro simulation of HA.

In a simple geometry HA model, the articular cartilage coefficient of friction,
deformation, and wear have been examined in a cartilage pin on metal plate model.
The loading time, contact stress levels, contact areas, stroke lengths and sliding
velocities were set as the input variables, and it was found that: 1) coefficient of friction
was time- and load- dependent in short-term (1 hour) testing; 2) wear was load-
dependent in long-term (24 hours) testing; 3) contact area only affected the coefficient
of friction when both fluid and solid phase of cartilage supported the load due to the
different aspect ratio; 4) the stroke length and sliding velocity affected the coefficient of
friction only under low level of contact stress (s2 MPa), but affected the cartilage wear
under all levels of contact stresses.

In an entire simulation of HA, the acetabular cartilage coefficient of friction,
surface roughness, wear, and deformation have been studied with metal or ceramic
heads articulating against acetabular cartilage in a pendulum friction simulator. The
clearance between the head and acetabulum, loading types, and prosthesis design
were set as the input variables, and it was demonstrated that: 1) a trend of decrease of
the coefficient of friction was shown with increasing clearances under both constant and
dynamic loading; 2) severe cartilage severe damage was observed when radial
clearance was >1.8 mm under constant loading; 3) ceramic heads decreased the
cartilage wear, and change of surface roughness compared to metal heads; 4) a novel
bipolar design with a thin metal cup and metal head failed to reduce the coefficient of
friction due to the cup locking in the acetabulum.

The methodologies and findings in this research can currently adopted for related
future studies, additionally the anatomic pendulum friction natural joint simulation can
be used for the pre-clinical studies in less invasive procedures in the future.
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Chapter 1 Introduction and Literature Review

Hip hemiarthroplasty is similar to a total hip replacement, but it involves only
half of the hip replacement (hemi means half, and arthroplasty means joint
replacement). Hip hemiarthroplasty is a common treatment for hip fracture and
femoral head necrosis (also known osteonecrosis or avascular necrosis, AVN). Hip
hemiarthroplasty replaces only the femoral head and hence it is a more
conservative treatment compared to total hip replacement (THR). Between 1990
and 2000, there was a 25% increase in hip fractures worldwide
(www.iofbonehealth.org). By 2050, the worldwide incidence of hip fracture in men is
projected to increase by 310% and 240% in women (Gullberg et al., 1997).
Approximately 1.6 million hip fractures occur worldwide each year, by 2050 this
number could reach between 4.5 million (Gullberg et al.,, 1997) and 6.3 million
(Cooper et al., 1992). Prognosis following hip fracture is not entirely positive, for
example, a 50 year old woman during her remaining lifetime, the risk of death
related to hip fracture is 2.8%, which is equivalent to the risk of death from breast
cancer (Cummings et al,, 1989). The incidence of AVN is approximately 15,000
cases per year in the United States, and the incidence of AVN is increasing owing
to an increase in the use of exogenous steroids, and an increase in the incidence of
trauma and of alcoho! abuse (http://emedicine.medscape.com).

This thesis focuses on developing in-vitro methods for investigating the
tribology of cartilage in hip hemiarthroplasty in a pre-clinical experimental simulation
system. This simulation system will allow the in-vitro investigation of
hemiarthroplasty on cartilage friction, surface roughness, surface deformation, and
wear in both unconfined cartilage specimens and confined entire acetabulum
samples. The novel methodologies developed in these studies are expected to be

suitable to apply in the future to investigate other less invasive procedure in hip
joints in-vitro studies as fundamental methods.

1.1 Hip Joint

1.1.1 Healthy Hip Joint Anatomy

The bones of hip region are the pelvis (which includes pubis, ilium, sacrum,
ischium, and coccyx) and the femur. The hip joint (Figure 1.1) includes the femoral
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head, acetabulum, and associated articular cartilage, synovial capsule, synovial
fluid, ligaments and muscles.

The hip joint is the largest ball-and-socket synovial joint in the body, the round
femoral head articulates with the cup-like acetabulum of the pelvis. The surface of
the inside of the acetabulum and the femoral head are covered with articular
cartilage. This articular cartilage, which is integrated with the bone, is a strong,
compliant, slick, biphasic material which allows the surfaces to slide against one
another smoothly and freely in all directions with minimal friction.
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Figure 1.1 Hip joint (lateral view) (www.laboratorium.dist.unige.it)

The hip capsule attaches to the hip bone outside the acetabular labrum and
projects into the capsular space, which permits the hip joint to have the second
largest range of movement in the body (second to the shoulder) and support body
weight. The nutritive synovial fluid inside the hip capsule acts as a lubricant
reducing the friction between articular cartilage and other tissues in the hip during
the movement. The hip joint is reinforced by five ligaments; four extracapsular
ligaments (the iliofemoral, ischiofemoral, pubofemoral, and zona orbicularis
ligaments) and one intracapsular ligament (the ligamentum teres), which are
essential for stability and keeping the hip from moving outside of its normal range of
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motion. Surrounding the hip are thick muscles of the thigh in the anterior direction
and of the buttock at the posterior. The muscles work together to provide power for

the hip to move in all directions, and stabilise the entire leg and foot (Callagha et al.,
2004).

The blood supply of the hip joint is mainly from the medial circumflex femoral
and lateral circumflex femoral arteries, which are both branches of the deep artery
of the thigh (profunda femoris).

The difference of bone geometry in hip joints (such as femoral neck angle, the
wideness of the hip bone, etc) may lead to higher risk of hip fractures for individuals
(Kanis and McCloskey, 1996). The femoral neck angle between the longitudinal
axes of the femoral neck and shaft (known as caput-collum-diaphyseal [CCD]
angle), and it is approximately 120-135° normally. An abnormally coxa vara (<120°)
or coxa valga (>135°) is in result of changes in the stress applied on the hip joint
which may be caused by a dislocation or changes the trabecular patterns inside the
bones. The female hips are broader than male hips due to the wideness during
puberty and the femurs are more widely spaced facilitate child birth.

1.1.2 Kinematics and Dynamics of the Hip Joint

In general the normal hip joint is expected to last over 70 years or over 100
million cycles, and it naturally has a wide range of motion which takes place in the
sagittal, coronal, and transverse planes (Figure 1.2). Movements of the hip joint
performs are summarised in Table 1.1 (Standard, 2002).

Sagittal Plane

Coronal Plane

["d\

\ _L Lateral Rotation
&

§ k Medial Rotation

—3

Transverse Plane

Figure 1.2 A wide range of hip movement in the sagittal, coronal, and transverse
planes (image of three planes: www.itstactical.com; images of abduction &
adduction, flexion & extension: www.brianmac.co.uk; image of lateral & medial
rotation: http://completehealthacupuncture.com)
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Table 1.1 Range of movement of the hip joint (Standard, 2002)

Direction Planes Range of Movement
B Flexion and Extension Sagittal -18°~25°
Abduction and Adduction Coronal -7°~4°
Medial and Lateral Transverse -10°~2°

The gait cycle is a series of movements by the lower limbs during walking,
and a gait diagram of one step of the right leg is shown in Figure 1.3.
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Figure 1.3 A hip gait includes stance phase 60% of per cycle, and swing phase 40%
per cycle (www.orthopaedicsurgeries.co.uk).

A single normal gait cycle starts with the stance phase, and this is
approximately 60% of each cycle, the right limb is in contact with the ground, and
can be considered in three sections: contact (0-15%), mid-stance (15-40%), push
off (40-50%), balance assist (50-60%). The two peaks of loading (Figure 1.3) occur
in the stance phase: the first peak occurs when the heel fully contacts the ground
(15%), and the second peak happens when the right leg becomes rigid and pushes
off into the next step (45%). The final 40% of the cycle is the swing phase, when the
load is supported by the opposing leg. This comprises of early swing (60-75%), and
late swing (80-100%). Early swing is to clear the limb from the ground when it
passes the other leg. Once past the standing leg, late swing occurs and the centre

of gravity of the body moves forwards, the hip continues to flex
(www.orthopaedicsurgeries.co.uk).

One of the earliest reports of hip forces acting during walking was by Paul
(1966), it was examined though electrodes mounted over specific muscle groups to
indicate the load carried by muscle at given phases of the gait cycle. It was found
that the average peak hip joint force has 3-4 times of body weight, and two major
peaks during each gait cycle during stance phase which corresponding with the
heel-strike and toe-off, but much lower forces occurred during swing phase. Later



studies have investigated the hip forces during different activities: the range of peak
loads was determined to be 1.8-6 times of body weight during single-legged stance
(Williams and Svensson, 1968; McLeish and Charnley, 1970). Other studies
(Svesnsson et al., 1977; Rohrle et al., 1984, Bergmann et al., 1993; Bergmann et
al., 2001) have explored the loading pattern during normal gait and have reported
results endorsing the findings of Paul (1966). A typical time dependent contact force
of the hip during normal walking gait is shown in Figure 1.4.
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Figure 1.4 Average contact force F of patient during normal walking in x, y, and z

directions -Fx, -Fy, -Fz, the highest value is the peak force Fp (Paul, 1966; Bergmann
et al., 2001).

1.1.3 Contact Stresses in Hip Joint

Peak contact stresses in the normal human hip joint have been investigated
by many studies and have been reported to range from 2.1 MPa (Hipp et al., 1999),
1.6-2.7 MPa (lpavec et al., 1999), 4.9-9.6 MPa (Adams and Swanson, 1985), and to
6-10 MPa (Maxian et al., 1995). Cartilage in the hip joint is subjected to contact
stresses of approximately 1-5 MPa (Hodge et al., 1985) under normal conditions,
however stresses of 18 MPa were measured for a patient standing up from a
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seated position (Hodge et al, 1985). Higher stress may be expected under
conditions of strenuous exercise or extreme sports.

In the hip joint, the contact pressures have been studied and examined in-vivo
in the past 20 years. In 1995, Fagerson (Fagerson et al., 1995) studied the early
phase hemiarthroplasty rehabilitation through an instrumented femoral head
prosthesis implanted in a patient with a displaced left hip fracture. The acetabular
contact pressures were measured and found to range from 1.2 MPa to 7.1 MPa
during various functional activities: sit-to-stand, ambulation, and stair-climbing. The
highest peak acetabular contact pressure was found during unassisted reciprocal
gait on stairs at 15.5 MPa. Another case study of a unilateral hip hemiarthroplasty
patient on the cartilage degeneration in relation to repetitive pressure by McGibbon
(1999), demonstrated that the highest repetitive in-vivo contact pressures during
gait were 4.5-6.5 MPa in the superior dome of the acetabulum.

1.2 Hip Joint Conditions

Generally the most common hip joint diseases include osteoarthritis,
osteoporosis, and femoral head necrosis. Hip injuries include strains, bursitis,
dislocations and fractures, which can be caused by doing sports, overusing or
falling or accidents, and also certain diseases.

Several diagnostic procedures may be involved to arrive at the right diagnosis
of the joint disease, and they include with radiation methods (e.g. X-ray roentgen
picture, computer assisted axial tomography [CAT or CT]), and without radiation
method (e.g. magnetic resonance imaging [MRI], and ultrasound).

1.2.1 Osteoarthritis (OA)

Osteoarthritis (known as degenerative arthritis, OA) is the most common form
of arthritis, and it is a group of mechanical abnormalities involving degradation of
joints which includes articular cartilage and subchondral bone. OA degenerates the
cartilage that cushions the bones of the hip and eventually leads to the two
opposing bones directly articulating. The symptoms of OA may include joint pain,
tenderness, stiffness, locking and effusions. The first symptoms are usually minor
pain and stiffness which begins as the cartilage starts to erode, and it worsens over
time. More than 650,000 in the UK have painful osteoarthritis in one or both hips,
67% of whom are aged over 65.2 years (Odding et al.,, 1998). There are a further
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1.5 million people who may not have any symptoms of hip OA, but have X-ray
evidence of hip OA (Lanyon et al., 2003).

Surgical treatments are required when osteoarthritis in the hip joint becomes
severe, such as severe loss of cartilage, damage of bone, causing pain and limited
motion. The common hip surgeries for OA are total hip replacement (THR) and hip
resurfacing (HR).

Another two common arthritis types are rheumatoid arthritis (inflammatory
arthritis, RA), and traumatic arthritis (TA). RA is a disorder of the body’s own
immune system which attacks both joints and other parts of the body. It causes
pain, joint inflammation, and cartilage degeneration. TA is caused by a serious hip
injury or fracture which can lead to AVN where the blood supplies to the femoral

head deteriorate and produce pain, death of tissue, and other symptoms.

1.2.2 Osteoporosis

Osteoporosis literally means porous bones, it is a progressive condition that
affects bones and it becomes more common with aging which leads to an increased
risk of fracture (Figure 1.5). Osteoporosis makes bones fragile by reducing the bone
mineral density (BMD), and more prone to break easily due to the disrupted
microarchitecture and the altered amount and variety of proteins in bone.

< > &
A Osteoporosis

Normal bone matrix
¥ oy - .

Figure 1.5 Femoral head with: a. normal bone matrix, and b. osteoporosis bone matrix
(www.iragimsi.com)
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Osteoporosis is most common in women after menopause due to the
hormonal changes which is known as postmenopausal osteoporosis, but may also
develop in men. Osteoporosis may occur in anyone who has hormonal disorders,
chronic diseases, or under medications such as glucocorticoids, it is often referred
as the ‘silence disease’ because few people only know they have it when they
break a bone. Almost 3 million people are estimated to have osteoporosis in the
UK, and approximately 230,000 fractures caused because of osteoporosis every
year in the UK (www.ageuk.org.uk).

1.2.3 Femoral Head Necrosis (AVN)

Femoral Head Necrosis (AVN) is a serious hip disease which results from an
interruption in the blood supply to the femoral head, and it leads to the localised
destruction of the bone in the subchondral femoral head. When the blood flow in the
arteries which supplies the femoral head are disrupted, and the bone cell necrosis
occurs along with failure to respond to continuously changing compressive loads.
The trabeculae inside the femoral head bone are no longer renewed, and hence
there is a lack of sufficient stability, this causes the necrotic bone to collapse. This
creates a hole in the subchondral bone and can cause serious damage to the

cartilage in the hip joint above the hole (Figure 1.6).
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Figure 1.6 Femoral head necrosis (www.zimmer.com)

AVN is an increasingly common cause of musculoskeletal disability, and the
incidence of AVN is higher in men than women and the most common age group is
between 35 and 45-years-old. In 30-70% of all cases, the disease develops in both
hips (www.gelenk-klinik.de). It is reported that the relative frequencies of the most
common causes of AVN are 20-40% alcoholism and 35-40% steroid treatment, and
20-40% idiopathic (http://emedicine.medscape.com).
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The treatments of AVN include hip replacement (HA or THR), physical therapy,
hyperbaric oxygen therapy, autologous cartilage-bone transplantation, and
osteotomy. The treatment mainly depends on the stage of AVN, and the patient
health conditions. However, most cases of AVN are treated by HA or THR due to
diagnosis is done in the late stage of AVN.

1.2.4 Hip Fractures

Hip fracture is a fracture in the proximal end of the femur, and it is commonly
caused by osteoporosis, osteoarthritis, AVN, a fall or minor trauma in weakened
osteoporotic bone, or high-energy trauma with normal bone for example car
accidents. Hip fracture is a serious condition that has been found to increase
morbidity and mortality in elderly people (Baudoin et al., 1996), and approximately
75% of all hip fractures occur in women (Cooper et al., 1992; Jordan and Cooper,
2002). Hip fractures are invariably associated with chronic pain, reduced mobility,
disability, and an increasing degree of dependence (Keene et al.,, 1993). It has
been postulated that the etiologies of the two main hip fracture types (femoral neck
fracture and trochanteric fracture) are different (Mautalen ef al., 1996).

Hip fracture has been classified based on the location of fracture as head,
neck, intertrochanteric, trochanteric, and subtrochanteric fractures (Figure 1.7).
Femoral neck fracture is an intra-capsular fracture, and intertrochanteric,
trochanteric, and subtrochanteric factures are extra-capsular fractures. Femoral
neck fractures (46-54% of all hip fractures) and trochanteric fractures (34-46%) are
the most common types of hip fracture (Partanen et al., 2003). Intertrochanteric
fractures (2-8%) and subtrochanteric fractures (2-7%) are rare (Jalovaara et al.,
1992; Berglund-Rédén et al., 1994).

1) Femoral head fracture (Figure 1.7.a): is a rare injury, which mainly caused by
hip dislocation (http://emedicine.medscape.com);

2) Femoral neck fracture (Figure 1.7.b): is rare among younger patients but is
commonly seen in older adults and most often secondary to osteoporosis or
osteomalacia. The Garden classification of femoral neck fractures is the most

widely used system as Grade 1~4 (Garden, 1964; Mduller, 1990; Bartonicek,
2001); ‘

3) Intertrochanteric fracture (Figure 1.7.c): is also called basicervical fracture
which is extracapsular two-part fracture, with the fracture plane running along
the line of capsular insertion, just proximal to the lesser and greater trochanter
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(Parker et al., 1997). It commonly happens in elder patients and women
secondary to osteoporosis;

4) Trochanteric fracture (Figure 1.7.d): it usually results from avulsion injuries at
the insertion of the gluteus medius, and is most common in children and young

athletes (http://emedicine. medscape.com);

Figure 1.7 Hip fractures modes (http://emedicine.medscape.com): a. femoral head
fractures, a-1) single-fragment fracture; a-2) comminuted fracture; b. femoral neck
fractures, b-1) Grade 1, stress or incomplete fractures; b-2) Grade 2, impacted
fracture; b-3) Grade 3, partially displaced fracture; b-4) Grade 4, completely displaced
or comminuted fractures; c. intertrochanteric fractures, c-1) single fracture line
without displacement; c-2) multiple fracture lines (comminution) with displacement,
unstable; d. trochanteric fractures, d-1) non-displaced fractures; d-2) displaced
fractures.

~ Grade 2b Grade 2¢
Grade 1 Grade 2a Two part Two part
Any fracture with Two part spiral with spiral with
less than 2mm transverse A lesser trochanter lessr trochanter
displacement In proximal in distal
fragment fragment

Grade 3a Grade 3b v Grade 4 Grade §
Three part spiral. Three part. Thind Four or more Any fracture
Third fragment ie fragment i a fragments with extension
lesser trochanter butterfly fragment into greatar
trochanter

Figure 1.8 Seinsheimer classification of subtrochanteric fractures (Seinsheimer,
1978; Partanen et al., 2003).

5) Subtrochanteric fracture (Figure 1.8): has a bimodal age distribution and is

seen mostly in those aged 20-40 years in association with high-energy trauma
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and in patients older than 60 years secondary to falls on osteoporotic bones
(http://lemedicine.medscape.com/). It is subdivided into undisplaced, two-part,
and comminuted fractures as the Seinsheimer classification which is mostly
used (Seinsheimer, 1978).

1.3 Treatments of Hip Joint Conditions

The treatments of hip joint diseases and injuries depend on the level of
damage of the hip joint, and they include resting, medication, physical therapies, or
surgery. For hip joint diseases and injuries the most common treatments are total
hip joint replacement (THR), hip resurfacing (HR), hip hemiarthroplasty (HA, also
called endoprosthesis). Other treatments also been used are: hip periacetabular
osteotomy (PAO), arthroscopic surgery (also known as key-hole surgery), and

tissue engineering.

1.3.1 Total Hip Replacement (THR)

A total hip replacement or total hip arthroplasty (THR) replaces the hip joint
and eliminates the damaged cartilage and bone. This replaces the acetabulum with
a cup, the femoral head, and a metal stem which connects the material head to the

femoral neck.

The existing or potential material combinations of THR have been described
by Dowson (2001) in six generations. and are summarised in Figure 1.9 and Table
1.2,

Figure 1.9 Existing and potential combinations for THR implants materials: a) metal-
on-polymer; b) ceramic-on-polymer; c) metal-on-metal; d ) ceramic-on-ceramic; e)
ceramic-on-metal; f ) metal-on-ceramic (Dowson, 2001)
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Table 1.2 Comparison of friction and wear in six generations of THR (Dowson, 2001)

THR

Friction (in-vitro)

Wear

Metal-on-Polymer
Figure 1.9.a2

0.02-0.06 (Scholes and Unsworth,
2000),

40-380 pm/year (Dowson
and Wallbridge, 1985;
Livermore et al., 1990;
DEVANE et al., 1997)

Ceramic-on-Polymer
Figure 1.9.b

0.099 in dry conditions 0.015 in
CMC lubricant (Unsworth et al.,
1995). '

0.5 (0.29-0.71) times
compared to metal-on-
polyethylene in a review of
five clinical studies
(Dowson, 1995).

Metal-on-Metal
Figure 1.9.c

0.17 (three times of metal-on-
polymer and ceramic-on-ceramic
THR) (Scholes and Unsworth,
2000).

100-fold less than metal-on-
polyethylene (Anissian et
al., 1999); 0.58-8.99
mm?/million cycles (Williams
etal., 2008)

Ceramic-on-Ceramic
Figure 1.9.d

0.4 (range 0.1-0.75, pin-on-disc)
(Wallbridge et al., 1983);

0.6 (rang 0.5-0.7, dry conditions)
(Sliney and DellaCorte, 1993);

0.07 (in distilled water) (Miller et
al., 1996).

0.05 mm*/million cycles
(Nevelos et al., 2001), and
penetration rates of 2-20
mm/year from retrieval
studies (Dowson, 2001).

Ceramic-on-Metal
Figure 1.9.e

0.04-0.06 (0.11-0.13 in metal-on-
metal; 0.04-0.06 in ceramic-on-
ceramic; hip simulator; in 25%
bovine serum) (Williams et al.,
2007).

0.01 mm?® (1.23 mm®in
metal-on-metal: 0.08 mm?® in
ceramic-on-ceramic) every
million cycles in similar
prostheses (Dowson, 2001;
Firkins et al., 2001; Williams
etal., 2007).

Metal-on-Ceramic
Figure 1.9.f

N/A (not be commonly used)

Aseptic loosening,
catastrophic metal wear
after 6 months implantation
(Valentl et al., 2007).

1.3.2 Hip Resurfacing (HR)

Hip resurfacing (HR, Figure 1.10) is an intervention alternative of THR, which
is considered by some to be a more bone preservation option and has a potentially
lower number of hip dislocations due to the relatively larger femoral head size. HR
only reshapes and resurfaces the femoral head, and exchanges the damaged hip
socket with a metal prosthesis. For young patients, it gives them more time before a
THR becomes necessary, but it may cause potential femoral neck fractures (rate of
0.4%), aseptic loosening, and metal wear (Mont et al., 2008). The same concerns
have been revised about adverse biological reactions by the Medical and
Healthcare Related Devices Agency (MHRA) on 22™ April, 2010.




Figure 1.10 a) The Birmingham hip resurfacing device (www.medicalmoment.org); b)
radiographic image of hip resurfacing (www.hrorthopaedics.co.uk)

1.3.3 Hip Hemiarthroplasty (HA)

Hip hemiarthroplasty (HA) is a conservative treatment to some hip diseases
and injuries, when the acetabulum maintains a good healthy condition. HA is a
surgical procedure which replaces one half of the joint with an artificial surface and
leaves the other part in its natural (pre-operative) state. This class of procedure is
most commonly performed on the hip after fracturing the neck of the femur (a hip
fracture) and involves removing the fractured head of the femur and replacing it with
a metal or composite prosthesis. HA is commonly used as the treatment of

displaced intracapsular fractures of the proximal femur in old patients with low
functional demands.

Hemiarthroplasty prostheses can be unipolar or bipolar, which are used
clinically in the recent 40 years. The most commonly used prosthesis designs of
this type are the Austin Moore prosthesis and the Thompson Prosthesis (unipolar
endoprosthesis, Figure 1.11.a). More recently a composite of metal and HDPE

(High-Density Polyethylene) which forms two articulating interfaces (Bipolar
Prosthesis, Figure 1.11.b) has also been used.

There are two methods in hip hemiarthroplasty to set the femoral head stem
into the femur: uncemented prostheses (Figure 1.12.a) or cemented prostheses
(Figure 1.12.b). The methods of in hip hemiarthroplasty in both unipolar and bipolar
hemiarthroplasties have been reported as: cemented prostheses provided better
stability and lower dislocation rate compared to uncemented prostheses (Kenzora
et al., 1998; Khan et al., 2002; Foster et al., 2005; Parker et al., 2010), but the

higher risk of hypotension and fat embolism was associated with the cemented
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hemiarthroplasty (Christie et al., 1994: Ozturkmen et al., 2008). It has been
reported that the average operating room times and blood loss volumes were 95
minutes and 467 mL for the cemented HA, and respectively, 80 minutes and 338
mL for the uncemented HA cohorts, but the postoperative mortality rates, overall
complications, and pain were similar (Ahn et al., 2008). The most recent studies of
HA to treat femoral neck fractures has demonstrated 12.4 minutes shorter of the
surgery duration and 89 mL less of the intraoperative blood loss in uncemented
method compared to cemented method, but complications and mortality rates, and
hence the authors concluded that both uncemented and cemented HA may be used

with good results after displaced femoral neck fractures (Figved et al., 2009).

Figure 1.11 Two types of hip hemiarthroplasty: a) unipolar prosthesis A. Fully
machined wrought cobalt chrome shell for an accurate fit and minimised wear, B.
Modular design with five neck length options, and restores patients' normal femoral
offset; (www.med.wayne.edu, and www.exac.com); b) bipolar prosthesis A. Bipolar
design allows for easy assembly with hand pressure, B. Designed to maximize
polyethylene durability with optimal positive eccentricity throughout the range of
sizes, C. Precision-machined forged cobalt chrome shell for accurate fit and
minimised wear) (www.eorthopod.com, and www.exac.com).

(http://www.eorthopod.com)
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1.3.3.1 Unipolar Hemiarthroplasty

Unipolar hemiarthroplasty (known as unipolar endoprosthesis, or unipolar
replacement) was the forerunner of hip hemiarthroplasty which was used in the
1940’'s by Judet and Judet (Anderson and Milgram, 1978). The Vitallium unipolar
prosthetic femoral head was introduced in the early 1950’s by Moore, and bears his
name (Moore, 1952). The Moore unipolar prosthesis and others such as the
Thompson unipolar replacement of the femoral head were frequently used for the
treatment of displaced and un-united femoral head fractures and avascular necrosis
(Bochner et al., 1988). Clinical studies have reported acceptable results using
Moore (Moore, 1957) and Thompson (Thompson, 1954) designs of unipolar
endoprostheses. Although treatment of THR is a common procedure for elderly
patients who have a displaced intracapsular fracture, it presents a high risk of
dislocation in femoral neck fractures up to 20% (Sim, 1983; Ravikumar and Marsh,
2000). It has been concluded that the unipolar hemiarthroplasty is an efficacious
and cost-effective treatment option for femoral neck fractures for the elder patients
(Harjeet et al., 2009).

However, residual hip pain, acetabular erosion or protrusion, and femoral
stem loosening have been reported associated with unipolar prostheses (Hinchey
and Day, 1964; Whittaker et al., 1972; Salvati and Wilson, 1973; Hunter, 1974,
D'Arcy and Devas, 1976; Beckenbaugh et al.,, 1977). It has been postulated that
there are several reasons for the unipolar prostheses failure including high frictional
forces between the metallic head and acetabular cartilage, abnormal frictional shear
stresses within the cartilage, lack of shock absorption, and uneven subchondral
bone loading patterns because of mismatching the metallic head size to the
acetabulum in early studies (Anderson et al., 1964, Bateman, 1977, Giliberty, 1977,
Simon, 1977; West and Mann, 1979). It has also been reported in a meta-analysis
that 6~18% of patients required a second surgery after unipolar hemiarthroplasty
(Lu-Yao et al, 1994), and that protrusion was a complication of unipolar
hemiarthroplasty in 54% of cases in long-term studies (Séreide et al., 1980).

1.3.3.2 Bipolar Hemiarthroplasty

The development of a bipolar femoral head prosthesis (known as bipolar
endoprosthesis, or bipolar hemiarthroplasty) was firstly reported in 1974 by
Bateman (Bateman, 1974) and Giliberty (Gilberty, 1974; Giliberty, 1983). Bateman
(1974) described that the bipolar prosthesis provides two surfaces for motion, which
transfer the motion of the metal head in the acetabulum to the low friction inner
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bearing of the prosthesis. Later, further bipolar prostheses have been developed:
the Hastings Hip (Devas and Hinves, 1983), the Variokopf (Verberne, 1983), and
Bi-articular hip prostheses (Franklin and Gallannaugh, 1983), which all comprise a
femoral component with a spherical head that articulates with a high-density
polyethylene acetabular insert, enclosed by an outer steel shell. Other design such
as the Monk prosthesis (Monk, 1976) which was originally made of polyethylene
alone was subsequently modified to be covered with an outer metal shell (Chen et
al., 1980). The trunnion-bearing Christiansen prosthesis (Christiansen, 1969) was
similar to the Monk prosthesis which comprised a polyethylene acetabular
component at its inception, and later was reinforced by an outer metal shell
(Soreide et al.,, 1975). A comparison study of three different designs of two-
component bipolar prostheses (Brueton ef al.,, 1993) has classified the movements
difference with particular reference to the relevance of the size of the femoral head
to the self-centring mechanism of the Hasting hip (Brueton et al., 1987). The
movement of the three design prostheses have shown different percentage of
intraprosthetic, extraprosthetic, and both intra- and extraprosthetic movements
which indicated that the design of bipolar prosthesis is essential to where the
motions occur on the bearing surfaces.

Compared to unipolar hemiarthroplasty, no protrusion was found in 4 years
experience of bipolar prostheses (Devas and Hinves, 1983; Bochner et al., 1988).
In a short-term retrospective nonrandomised study, the authors concluded that
bipolar endoprosthesis not only produced good functional outcomes with minimal
complications for displaced intracapsular femoral neck fractures but also has
several advantages compared to unipolar prostheses (Krishnan et al., 2010).

Although HA is the main treatment method of hip fractures and femoral head
necrosis (Lu-Yao et al., 1994), different studies have reported that HA delivered
better mobilisation (Séreide et al., 1979; Sikorski and Barrington, 1981) and lower
re-operation rate 0~13% compared to OS 17.6~44% during 1 to 3 years follow-up
(Séreide et al., 1979, Soreide et al., 1980; Sikorski and Barrington, 1981; Parker,
1992; Parker and Pryor, 2000; Puolakka et al., 2001).

1.3.4 Dynamic Hip Screw (DHS)

Dynamic hip screw (known as Sliding Screw Fixation, DHS, as Figure 1.13) is
an orthopaedic prosthesis for internal fixation of femoral neck, intertrochanteric and
subtrochanteric fractures which controls the dynamic sliding of the femora head
along the construct. It consists of a large cancellous lag screw and a side plate with
a few fixation screws. The lag screw is inserted into the femoral head, and it glides
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freely in a metal sleeve. The sleeve is attached to a side plate fixed to the lateral
femoral cortex with screws. The side plate is fixed on the side of the femur by the
fixation screws inserting into the femoral diaphysis. The weight bearing leads to
femoral head to be impacted onto the femoral neck which produces dynamic
compression of the fracture. The lag screw shaft slides down to the sleeve to
maintain the reduction of fracture when compression happens.

DHS fixation is a straightforward and quick procedure, and facilitates healing
due to the utilisation of controlled impaction during weight-bearing to stabilise the
fracture (Jensen et al., 1978; Muller et al., 2003). However, DHS has been reported
unsatisfactory due to failure of the fixation or to re-establish acceptable hip
biomechanics from the functional results (Jensen et al., 1978; Moroni et al., 2005).
Some studies have shown that DHS is also less likely to cut out if put into the lower
half of the femoral head (Mainds and Newman, 1989). Technical failure of fixation

can cause prolonged bed rest and follow-up, or complete failure of the fixation
(Heyse-Moore et al., 1983; Moller et al., 1984).

Figure 1.13 Dynamic hip screws a. DHS implants (www.med.wayne.edu); b. X-ray
image of a DHS prosthesis (www.gettyimages.co.uk)

Compared to uncemented HA, DHS has been reported to provide no
advantage in functional outcome for elderly patients with an unstable
intertrochanteric femoral fracture (Kim et al., 2005). DHS was suggested to be
handled with care due to its significantly higher dislocation rate compared with HA,
especially in unstable fractures (Geiger et al., 2007). A comparison study of
outcomes following (minimum 3 years) uncemented HA and DHS in treating
displaced sub-capital hip fractures in patients (over 70 years) has demonstrated
better results in DHS group, but no significant difference of revision surgery existed
(EL-ABED et al., 2005). The use of radiographs in the postoperative period has
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been recommended following DHS and CS fixation, but a check radiograph
following hip hemiarthroplasty is only requested if it is to have a bearing on the
clinical management of the patient (Chakravarthy et al., 2007).

1.3.5 Biomaterials

1.3.5.1 Biomaterials Used in Orthopaedic Implants -

Highly developed biomaterials are used in orthopaedic implants to provide
high standards of mechanical properties and meet high functional expectations.
Many different biomaterials used in orthopaedic implants include cobalt chrome,
stainless steel, titanium alloys, titanium, tantalum, ceramic, and polyethylene,
composite materials, Trabecula Metal, bio-absorbable materials, and silicone etc.
However, there is no single biomaterial that is best for all orthopaedic implants and
all patients due to the different requirements of implants. These specific
requirements vary depending on how the implants are designed to be used.
Biomaterials can possibly produce side effects, such as microscopic debris,
increased ion levels in the blood or urine, or inflammation though these effects are
rare.

Biomaterials used in the orthopaedic implants require high physical
characteristics in terms of:

1. Strength to withstand the accumulated effect of repeating high levels of
mechanical stresses on bones and joints without breaking or permanently
changing shapes in everyday activities;

2. Flexibility to avoid shielding of bones from stress (known as stress-shielding)

so some of the stress passes through the flexible implant to the surrounding
bone.

3. Resistance to wear to reduce the risk of inflammation by reducing the wear
particles of the biomaterial released into the surrounding tissues.

4. Resistance to corrosion of the biomaterial to the chemicals in body fluid.

5. Biocompatibility to avoid harmful interact of biomaterial to the body, such as
irritation or allergic reaction. All biomaterials used in medical devices must be
extensively tested for biocompatibility before they are approved for use.
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Generally, high strength, flexibility, hardness (more resistant to wear),
resistance to corrosion, and biocompatibility are the essential requirements for the
articulating surfaces of the implants.

1.3.5.2 Cobalt Chromium Alloys

Cobalt chromium alloys (known as cobalt chrome, CoCr) contain mostly cobalt
and chromium, and also include other metals, such as molybdenuh (to increase the
material strength). CoCr alloys are widely used for medical prosthetic implant
devices especially where high stiffness of a highly polished and extremely wear-
resistant material is required. The high hardness of the material and the excellent
material qualities allow polishing components to optical or mirror-like finishes, which
ensures long life of the implants (Arcam, 2007). CoCr alloys are strong, hard
(hardness: 37-49 HRC), biocompatible, and corrosion resistant biomaterials, and
are used in a variety of joint replacement implants and some fracture repair
implants which require a long service life, for example knee implants, metal on
metal hip joints, and dental prosthetics. The corrosion resistance in chloride
environments of CoCr alloy is related to its bulk composition and the surface oxide
(nominally Cr,Os) (Ratner et al., 2004). Studies had shown that the passive layer
created in the electropolishing and chemical passivation process improves the
corrosion resistance of the CoCr alloy (Walke et al., 2006) All elements of the
passive-carbon layer presented mainly in the oxides compounds which have higher
biotolerance in environment of human physiological liquids (such as synovial fluid),
and hence increased the biocompatibility (Kaczmarek et al., 2007; Walke et al.,
2007; Paszenda et al., 2008).

1.3.5.3 Ceramic

Ceramic materials are normally made by pressing and heating metal oxides
(especially aluminium oxide and zirconium oxide). Ceramic materials are inorganic,
non-metallic solids which have a crystalline or partly crystalline structure, or may be
amorphous such as glasses. Ceramic materials are strong, resistant to wear and

corrosion, and biocompatible which are used widely on implant surfaces without
high requirement of flexibility.

Developed ceramic materials for example Biolox Delta Ceramic, not only
maintain the high strength, high resistance to wear and corrosion, and good '
biocompatibility, but provide improved flexibility. Ceramic fracture rarely happens in
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new generations of ceramic materials (such as Biolox Delta) (Knahr et al., 1981;
Cameron, 1991; Nizard et al., 1992; Krikler and Schatzker, 1995; BIOLOX, 2008).

1.4 Articular Cartilage

Cartilage is a type of dense connective tissue, which is composed of
collagenous fibres and elastin fibres, and cells called chondrocytes. All these are
embedded in a firm gel-like substance called the matrix. There are few blood-
vessels found in the deepest regions adjacent to the bone. However, articular
cartilage is devoid of nerves and is generally considered to be avascular.

Cartilage is found in many places in the body including the joints, the rib cage,
the ear, the nose, the bronchial tubes, and between intervertebral discs. The
thickness of cartilage in large human joints, such as the hip and knee, is 2-4mm,
and it varies from area to area within the joint, from joint to joint in the same
species, and from species to species (Mow et al., 1989). Provided that the surface
remains locally intact, the thickness of human articular cartilage often remains
unchanged during adult life (Meachim 1971). Cartilage thickness also varies locally
within a particular joint based on the load experienced. The thickness can range
from 0.1 mm to 0.5 mm in rabbit knees to up to 6 mm in major load bearing joints
like bovine knee joints and human knee and hip joints.

Articular cartilage is crucial to the normal function of synovial joints since its
presence enables the articulating bones to transmit high loads whilst maintaining
contact stresses at an acceptably low level, and to move on each other with little
frictional resistance (Freeman and Meachim 1979). During embryological
development and early grpwth, cartilage is the formation of bone.

1.4.1 Types of Cartilage

There are three main different types of cartilage: hyaline cartilage, elastic

cartilage and fibrocartilage, each with special characteristics adapted to local
needs:

1. Avascular Hyaline cartilage (Figure 1.14.a and d)

This is a glassy smooth, bluish white tissue and the most abundant type of
cartilage, and is made predominantly of type Il collagen. It is found lining bones in
joints (e.g. articular cartilage, gristie) and inside bones, serving as a centre of
ossification or bone growth which forms most of the embryonic skeleton.
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2. Elastic cartilage (also called yellow cartilage, Figure 1.14.b)

This is mostly made of elastin fibres and highly flexible, and it contains elastic
bundles (elastin) scattered throughout the matrix. It is found in the pinna of the ear
and several tubes, such as the walls of the auditory and eustachian canals and
larynx and especially in the epiglottis.

3. Fibrocartilage (also called white cartilage, Figure 1.14.c)

This is specialised cartilage found in areas requiring tough support or huge tensile
strength, the pubic and other symphyses, and at sites connecting tendons or
ligaments to bones. There is rarely any clear line of demarcation between
fibrocartilage and the neighbouring hyaline cartilage or connective tissue. The
fibrocartilage in intervertebral disks contains more collagen compared to hyaline
cartilage, which means it can withstand high compressive loads. When the hyaline
cartilage at the end of long bones such as the femur is damaged, it is often
replaced with fibrocartilage, which does not withstand weight-bearing forces as
well as articular cartilage.
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Figure 1.14 Histology of three types of cartilage (Orig.mag.x400): a. Normal hyaline
cartilage, stained for connective tissue fibers (van Gieson’s stain); b. Normal elastic
cartilage: chondrocytes surrounded by ring-like collagen fibers and tiny elastic fibers
(van Gieson’s stain); c. Fibrocatilage of the meniscus (van Gieson’s stain); d.
Safranin O stain of osteoarthritic hyaline cartilage (Yuehuei H. An and Martin, 2003).
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1.4.2 Compositions of Articular Cartilage

Much like other connective tissue, cartilage is composed of cells, fibres and a
matrix; it is enclosed in a dense connective tissue called the perichondrium.
Articular cartilage is mainly composed of interstitial water (65 to 85% wet weight),
collagen (10% to 20% of wet weight), proteoglycans (5% to 10% of wet weight),
glycoproteins and chondrocytes, and various ions such as sodium, potassium, and
calcium etc (Freeman 1979).

1.4.2.1 Cells - Chondrocytes

Chondrocytes and their precursors, known as chondroblasts, are the only
cells found in cartilage. These are responsible for maintenance and remodelling of
the extracellular matrix. Chondrocytes occur singly or in groups (called "cell nests")
within spaces called lacunae, and their morphology varies with depth in the tissue.
Chondrocytes receive their ‘nutrients through synovial fluid and they are
encapsulated in a bag surrounded by the viscoelastic extracellular matrix —
chondron (Freeman 1979).

1.4.2.2 Fibres - Collagen

Cartilage is composed of collagen and elastic fibres. In articular cartilage,
Type 1l collagen makes up 40% of its dry weight and the collagen is arranged in
cross-striated fibres, 15-45nm in diameter that do not assemble into large bundles.
Elastic cartilage also contains elastic fibres and fibrocartilage contains more
collagen than articular cartilage. Collagen is responsible for tensile stiffness and
strength of cartilage; it also helps resist the swelling pressure due to proteoglycans
(PGs). Orientation of collagen fibres varies with depth of the tissue (Freeman 1979).

1.4.2.3 Matrix - Proteoglycans and Glycosaminoglycan (GAG)

The matrix is mainly composed of proteoglycans, which are large molecules
with a protein backbone and glycosaminoglycan (GAG) side chains. The most
common types of GAGs in cartilage are chondroitin sulfate and keratan sulfate; the
other types are dermatan sulfate and hyaluronic acid. GAGs are responsible for the
swelling pressure in cartilage due to their large number of negatively charged
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sulfate and carboxyl groups. The matrix immediately surrounding the chondrocytes
is referred to as the territorial matrix, or capsule (Freeman 1979).

The matrix contains a large amount of water, a meshwork of collagen fibres,
and a non-fibrous filler substance. Together these form stiff gel gristle. The filler
substance is principally composed of carbohydrate and non-collagenous proteins; if
it is removed by experimental procedures or through pathological causes, cartilage
loses its rigidity although it may keep its form (Freeman 1979).

1.4.2.4 Interstitial Water

The major component of articular cartilage is interstitial water, and most of it is
trapped in the proteoglycan domain while 30% exists in the intrafibrillar space in the
collagen and a very small percentage in the intracellular space (Freeman, 1979).
The amount of interstitial water depends on proteoglycan swelling pressure along
with other ions in the interstitial fluid, and the organisation, strength and stiffness of
the collagen network. In diseased conditions e.g. osteoarthritis, the water content is
known to increase due to damage to the collagen network (Freeman 1979).

1.4.3 Micro and Macro Structure of Cartilage

The simple homogeneous appearance of cartilage hides its highly ordered

complex structure. This structure apparently remains unchanged unless affected by
disease or injury.

From the material standpoint, the extracellular matrix (ECM) of cartilage is a
fibre-reinforced composite solid consisting of a dense stable network of collagen
fibres embedded in a very high concentration of proteoglycan gel, which itself is
also a viscoelastic network. The composition and structure of articular cartilage are
inhomogeneous within the tissue and vary with depth. Along with the differences in
collagen fibre and proteoglycan network, water content also changes. Chondrocyte
shape and size also vary with the depth. This gives the tissue a layered appearance
under electron microscopy (Mow and Huiskes 2005).

The zones of articular cartilage can be described as follows (Figure 1.15):

1. Superficial zone

This represents 10% to 20% of the total thickness of articular cartilage and the
lowest aggrecan (a modular proteoglycan with multiple functional domains) level
compared with the other zones. There is the highest content of water (75% to 80%)
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and the highest content of collagen (85% dry weight) in this zone. Fine collagen
fibrils are densely organised in parallel to the articular surface which may also help
to resist shear forces generated during joint use. This is a region where tissue is
exposed to the highest tensile and compressive stresses, and also tensile strength
has been shown to be the highest in this zone (Mow and Huiskes 2005).

2. Transitional Zone (Middle Zone)

This comprises 40% to 60% of the total thickness and the aggrecan level increases
to its maximum in this zone. Collagen content decreases from the superficial zone
to the middle zone and remains relatively constant in the deeper zones. Water
content generally decreases with depth. The collagen fibrils in the middie zone have
a larger diameter that is less tightly packed with random orientation (de and
Huiskes 2005).

3. Radial (Deep) zone

This accounts for about 30% of the total thickness, the fibres appear to be woven
together to form large fibre bundles organised perpendicular to the surface. These
bundles cross the ‘tidemark’ to insert into the calcified cartilage and subchondral
bone, thus securely anchoring the uncalcified tissue onto the bone ends. The
inhomogeneous distribution of collagen and PG produces pronounced variations in
the tensile stiffness and swelling behaviours of various zones of the cartilage, and
causes swelling and curling when the tissue is removed from the bone (Mow and
Huiskes 2005).

4. Tide mark

This is the junction between cartilage and bone, which reduces stress concentration
at this interface. It is an important differentiating landmark, and below it the calcified
cartilage zone is anchored to subchondral bone (Mow and Huiskes 2005). Lesions
of cartilage that do not violate the time mark result in minimal or no bleeding and
have poor capacity for repair (Mankin, 1974).

5. Calcified Zone
This is where collagen fibres anchor into the bone.

Recent evidence indicates the presence of a boundary layer (also called
Surface Amorphous Layer) on top of the superficial Zone. It is 200 to 500 nm in
thickness and devoid of any cells or collagen, and also it protects the underlying
bulk cartilage from the full effect of load in dynamic loading conditions, especially
shock loads and aids in effective load transfer (Mow and Huiskes 2005).
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Figure 1.15 Zones of articular cartilage (Carey-Beth and Timothy, 2001)

1.4.4 Synovial Fluid

Synovial fluid is a clear, or sometimes slightly yellowish, highly viscous liquid
secreted into the joint cavity by the synovium. It is a dialysate of blood plasma
without clotting factors, erythrocytes, or hemoglobin, but containing hyaluronate, an
extended glycosaminoglycan chain (Balazs and Gibbs 1970), and a lubricating
glycoprotein (Swann and Radin 1972), which aids friction reduction. However, only
small amounts of this fluid are contained in various human and animal joints, e.g.
approximately 1 to 5 ml of fluid is contained in a healthy human knee joint.

Synovial fluid contains two major components: high molecular weight
hyaluronan (also called hyaluronic acid) and lubricin. Hyaluronan creates the
viscous and elastic properties of synovial fluid, and a lubricating glycoprotein.
Lubricin is mainly responsible for boundary-layer lubrication by reducing friction
between opposing surfaces of cartilage during joint articulation (Swann et al., 1981;
Swann et al., 1985; Jay et al., 1998; Benya et al., 2002) and also it helps regulate
synovial cell growth (Warman, 2003). Studies have shown that lubricin is composed
of carbohydrates (= 50% w/w), amino acids (= 40% w/w), and phospholipids (= 10%
w/w) (Swann et al., 1985; Schwarz and Hills, 1998).
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Synovial fluid exhibits non-Newtonian flow properties, which include a shear
thinning effect (Balazs and Gibbs 1970), a normal stress effect (Caygill and West
1969), and an elastic effect. It not only aids in lubrication, but also provides the
necessary nutrients for cartilage. Furthermore, synovial fluid acts as a medium for
osmosis between the joint and the blood supply, and as protection for cartilage
against enzyme activity (Davies 1966).

Very low friction appears to exist within diarthrodial joints regardless of the
presence of synovial fluid or hyaluronate. Furthermore, dynamically applied loads,
oscillations of sliding, tend to lower the coefficient of friction, whereas static loads
act to increase frictional resistance (Mow and Hayes 1991).

1.5 Tribology of Articular Joint

Tribology is the science and technology of interacting surfaces in relative
motion and of related subjects and practices (Bharat 2001), and it is defined as the
science that deals with the friction, lubrication, and wear of interacting surfaces in
relative motion, and is an interdisciplinary science involving physics and chemistry
of the bearing surfaces and fluid and solid mechanics. Articular cartilage bears load
and slides relative to an apposing tissue surface with remarkable tribological

properties: low friction, low wear, and multiple modes of lubrication acting to lower
friction and/or wear.

The basic purpose of articular cartilage is to provide a suitable functional
covering material for the articular ends of bones at synovial joints (Freeman and
Meachim 1979). The physiological and mechanical properties of cartilage depend
upon the physical properties of its matrix, and the matrix in turn is dependent for its
existence and composition upon the chondrocytes. The fluid flow through the tissue

is crucial to its ability to carry load and possibly to the low friction between cartilage
surfaces.

The functions of articular cartilage are to distribute the load, minimise peak
stresses on subchondral bone, and provide a friction-reducing, weight-bearing

surface. Articular cartilage has remarkable elastic mechanical properties; it can be
deformed and regain its original shape.

1.5.1 Friction

Friction is the resistance to the sliding of one solid body over or along another
(Bharat 2001), and it is the force that opposes the relative motion or tendency of
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such motion of two surfaces in contact. There are two types of friction: surface
friction and bulk friction. Surface friction comes either from adhesion of one surface
to another because of roughness on the two surfaces or from the viscosity of the
sheared lubricant film between the two surfaces (Mow and Huiskes 2005). Bulk
friction occurs from the internal energy dissipation mechanisms within the bulk
material or within the lubricant (Mow and Hayes 1991).

For cartilage, an internal friction is produced by the viscous drag caused
when interstitial fluid flows through the porous-permeable solid matrix (Kwan, Lai et
al. 1984). Ploughing friction is a specific form of internal friction and occurs in
diarthrodial joints when a load moves across a joint surface causing interstitial fiuid
flow (Linn 1967). In the natural joints, increased levels of friction increase wear,
surface damage, causing fibrillation, and also cause subsurface damage at the
interface with the subchondral bone (Fisher, 2001).

1.5.1.1 Friction Measurements

The coefficient of friction (also known as the frictional coefficient) is a
dimensionless scalar value which describes the ratio of the force of friction between
two bodies and the force pressing them together. The coefficient of friction is an

empirical measurement; it has to be measured experimentally, and cannot be found
through calculations.

The coefficient of friction, when multiplied by the reaction force on the object
by the contact surface, will give the maximum frictional force opposing sliding on
the object. However, if the force pulling on the object is less than the maximum
force of friction then the force of friction will be equal to the force pulling on the
object. The coefficient of friction is calculated as Equation 1-1.

H=— : Equation 1-1

Where,  is the friction coefficient between two solid surfaces and defined as
the ratio of F (the tangential friction force, N) required producing sliding divided by N
(the normal force, N) between the surfaces.
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1.5.1.2 Comparison of Cartilage Friction

Many studies have tested the coefficient of friction of both entire joints and
small specimens. If Tables 1.3 and 1.4 are compared: the coefficient of friction is
lower in the whole natural joints (Table 1.3) than the small cartilage specimens on
glass or metal (Table 1.4).

Table 1.3 The coefficient of friction in the entire joints in-vitro

Authors Joint Type Lubricant ngfi:::ci’:nt
Jones, 1934 Horsy stifle Synovial fluid 0.02
Linn, 1968 Canine ankle Synovial fluid 0.0044+0.0003
Little et al., 1969 Human hip Synovial fluid 0.003
Unsworth et al., 1975 Human hip Synovial fluid 0.021-0.039
Clarke et al., 1975 Human hip Saline 0.0095-0.018
O'Kelly and McNulty, 1978 Human hip Bovine Synovial 0.01-0.022
Roberts et al., 1982 Human hip | |, Joynovial fuid + | 0033007
Mabuchi et al., 1994 Canine hip Synovial fluid 0.007£0.004
Murakami et al., 1995 ;%f,i;‘:r Hyaluronic acid solution 0.008

Table 1.4 The coefficient of friction in unconfined cartilage specimens in-vitro

Author Bearing Lubricant szif?it::?:nt
McCutchen, 1962 Cartilage/glass | Synovial fluid | 0.003-0.15
Walker et al., 1970 Cartilage/glass | Synovial fluid | 0.006-0.048
Chappius et al., 1983 Cartilage/glass | Synovial fluid 0.01-0.1
lkeuchi et al., 1994 Cartilage/PMMA Saline 0.0-0.28
Cartilage/cartilage Saline 0.016-0.028
Stachowiak et al., 1994 Cartilage/glass | Synovial fluid | 0.02-0.065
Forster et al., 1995 Cartilage/glass | Synovial fluid | 0.010-0.27
Northwood and Fisher, 2007 Cartilage/metal | Synovial fluid | 0.015-0.88
Katta et al., 2007b Cartilage/cartilage PBS 0.04-0.35
McCann et al., 2009 Cartilage/metal 25% BS 0.02-0.13
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1.5.2 Surface Roughness

The cartilage surface roughness plays an important role in the lubrication
regime and it may offer clues towards any pathological changes taking place in the
cartilage tissue. Currently techniques include contact and non-contact profilometry
and microscopy techniques (AFM, TEM, SEM), as shown in Table 1.5.

Table 1.5 Comparison of cartilage surface roughness

Tissue . . Surface
Authors | Type Technique(s) Applied Roughness
Chiang et al., 1997 Human | Ultrasonic imaging, confocal | g 4 e\

microscopy techniques

SEM, TEM, Stylus and

Forster and Fisher, 1999 Bovine Laser profilometry, ESEM

0.24-1.6 pm

Saarakkala, Toyras et al. 2004 Bovine | Ultrasonic Characterisation | 6.8-12.3 ym

Kobayashi et al., 2001 Bovine Atomic Force Microscopy 0.38 ym
Park et al., 2004 Bovine Atomic Force Microscopy 0.46 ym
Graindorge, 2006 Bovine White light interferometry 0.6 ym

1.5.3 Wear

Wear is created when surface asperities of materials contact and reciprocate.
There are two conventional types of wear: fatigue wear and interfacial wear.
Fatigue wear is independent of the lubrication phenomenon occurring at the
surfaces of bearings because of the cyclic stresses and strains generated within the
cartilage due to the application of repetitive loads caused by joint motion. Thus, in-
vivo wear is a balance of mechanical attrition and biological synthesis. Interfacial
wear occurs due to solid-solid contact at the surface of the bearing materials, and
includes adhesive wear and abrasive wear. Adhesive wear is the most common
and occurs when a junction is formed between the two opposing surfaces as they
come into contact, and if this junction is stronger than the cohesive strength of the
individual materials, fragments of the weaker material may be torn off and may
adhere to the stronger material (Dowson, Unsworth et al. 1981).

Although diarthrodial joints are subjected to an enormous range of loading
conditions, the cartilage surfaces undergo little wear under normal circumstances.
Under high-speed motion, such as during the swing phase of walking or running,
loads of more than body weight are sustained. However, heel-strike and toe-off may
generate forces three to five times body weight across the hip joints. During
prolonged standing, or when a joint is held in a fixed loaded position, moderate
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fixed loads are also generated. However, for biological materials, little or no
quantitative information exists on wear mechanisms or wear rates.

1.5.3.1 Cartilage Wear Types and Grades

The wear of articular cartilage is defined as the removal of material from the
surface due to mechanical or chemical action between the contact surfaces.
However, the wear of cartilage is very difficult to measure due to the variable water
content of the articular cartilage and its biphasic properties. The water content
affects both gravimetric and geometric measurements of both wear and permanent
deformation. Even when cartilage is allowed to re-stabilise after a period of time, it -
is difficult to distinguish wear from permanent deformation or permanent loss of
water from the cartilage (Northwood and Fisher, 2007). It is possible to use
changes in surface topography as an indication of surface damage caused by wear
(Katta et al., 2007b; Northwood and Fisher, 2007; Katta et al., 2008a).

1.5.3.2 Quantification Measurements of Cartilage Wear

The most commonly used clinical classification system to distinguish between
various damage levels of articular cartilage is the International Cartilage Repair
Society (ICRS) cartilage wear grades system, and this is described as:

International Cartilage Repair Society (ICRS) Classification (Figure 1.16):
» ICRS Grade 0 — Normal tissue

» ICRS Grade 1 - Nearly Normal: Superficial lesions. Soft indentation (A) and/or
superficial fissures and cracks (B)

> ICRS Grade 2 - Abnormal: Lesions extending down to <50% of cartilage depth

» ICRS Grade 3 — Severely Abnormal: Cartilage defects extending down >50% of
cartilage depth (A) as well as down to calcified layer (B) and down to but not
through the subchondral bone (C). Blisters are included in this Grade (D)

» ICRS Grade 4 - Severely Abnormal: Defects extending down into the
subchondral bone.
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Figure 1.16 ICRS classification of cartilage macroscopic damage (Mats et al., 2000)

1.5.4 Lubrication Mechanisms

When the applied load is carried by pressure generated within the fluid, the
frictional resistance to motion arises entirely from the shearing of the viscous fluid.
Lubrication acts to keep wear of articular cartilage in diarthrodial joints to a
minimum, and under normal circumstances, with proper lubrication and repair
responses by chondrocytes in the tissue, diarthrodial joints can function normally for
many decades. However, in pathological cases, or under conditions of abnormally
severe loading, both fatigue and interfacial wear become evident. Because the
wear process initiates, the tissue becomes more susceptible to both surfaces and
interior damage, thus leading to a progressive degeneration process. Failure of
cartilage as a bearing surface results from the loss of balance between the wear

rate and the ability of chondrocytes to repair the micro-damage (Lai et al., 1991).

Articular cartilage in synovial joints withstand complex, varied and often-harsh
loading regimes, which are subjected to both dynamic and static loads that occur
from sliding and rolling of the two articulating surfaces. The mechanical features of
cartilage enable large bearing loads by providing a surface with minimal friction,
wear and excellent lubrication. The low friction and wear characteristics are due to
the various mechanisms of lubrication (MacConaill, 1932): elastohydrodynamic
lubrication (Dowson et al., 1969), micro-elastohydrodynamic lubrication (Dowson
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and Jin, 1986), boundary lubrication (Charnley, 1959; Radin et al., 1970; Swann et
al., 1981), boosted lubrication (Walker et al., 1968), weeping lubrication
(McCutchen, 1959; McCutchen, 1962), biphasic self-generating lubrication (Mow
and Lai, 1980), and biphasic boundary lubrication (Ateshian, 1997; Forster and
Fisher, 1999; Ateshian et al., 2003a; Graindorge et al., 2004; Graindorge et al.,
2005). It is proposed that when mixed or boundary lubrication occurs (under high
load and / or low sliding speed), the biphasic properties of cartilage play a
significant role in reducing friction and enhancing lubrication (Ateshian and Wang,
1995; Ateshian et al., 1998, Forster and Fisher, 1999).

1.5.4.1 Fluid-film Lubrication

Fluid-film lubrication occurs when opposing surfaces are separated by a
lubricant film, and it is a lubricating regime in which a film of fluid completely
separates the opposing surfaces. The film developed between the surfaces can be
achieved in different ways depending on the properties of the fluid and the surface
motion, and the load acting on the surfaces is supported by the pressure in the fluid
film.

Hydrodynamic Lubrication

Hydrodynamic lubrication is the classical model of fluid film lubrication which
occurs when two bearings surfaces move relative to one another, and this relative
motion draws fluid into the space between them. The two surfaces are kept
completely separated by a film thickness, which decreases in the direction of the
motion by mechanism. This lubrication regime requires continuous motion in one
direction to maintain the fluid film. It is generally accepted today that fluid film
lubrication is likely to exist only under certain conditions of loading that are optimal
for this mode of lubrication (high speed and low loads). Fluid-film mechanisms and
multiple modes of lubrication were suggested to coexist in diarthrodial joints by
Dowson 1967.

Self-generating Mechanism

The proposal by Mow and Lai (1979) proposed a “self-generating mechanism”
in which fluid was observed to exude under the leading and trailing edges of the
load distribution, while it was reabsorbed into the tissue near the centre. The
" exuded fluid at the leading edge could potentially provide a continuous supply of
lubricant to maintain a fluid film between the surfaces, thus reducing the friction
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coefficient. This self-generating mechanism may not only contribute significantly to
fluid-film lubrication, but may also create a mechanically generated circulation

system required for the nutrition of chondrocytes in the tissue (Levick, 1979).

Squeeze-film Lubrication (Figure1.17.a)

When two surfaces approach one another under a load, a pressure is
generated in the fluid film, which separates them. This fluid is squeezed out of the
area of impending contact and the resulting fluid pressure keeps the two surfaces
apart. In squeeze-film lubrication, two bearing surfaces simply approach each other
along a normal direction. As a viscous lubricant cannot be instantaneously
squeezed out from the gap between the surfaces, a time-varying pressure field is
built up as a result of the viscous resistance offered by the lubricant as it is being
squeezed from the gap. The pressure field in the fluid film formed in this manner is
capable of supporting large loads. On account of the bearing surfaces being
deformable layers of articular cartilage, the large pressure generated may cause
localised depressions where the lubricant film can be trapped (Kobayashi et al.,
2001).

._..__'_."-'\.'L"'.'.
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'\‘-‘\. \'-\‘-‘. ‘-'\‘-'-‘-\\‘-."-..'-'\-

Figure 1.17 a) Pure fluid film lubrication: the fluid film between the surfaces can be
maintained by three mechanisms - hydrostatic; squeeze film; hydrodynamic; b) Self-
pressurised hydrostatic or “weeping” lubrication — as the load is increased, fluid is
squeezed from the cartilage to provide the lubricating layer (McCutchen, CW 1967); c)
Boosted lubrication: filtering of water through cartilage concentrates the lubricant in
the contact area (Walker et al., 1968); d) Boundary lubrication: lubricant molecules
sick to the surfaces, keeping them apart.
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Self-pressurised hydrostatic (or weeping) lubrication (Figure1.17.b)

A classical engineering lubrication theory, hydrostatic lubrication, exists in
which a pressurised fluid film is maintained between two bearing surfaces via an
external pump. Lewis and McCutchen (Lewis and McCutchen, 1959) introduced this
lubricating theory which involves pressurized fluid being supplied from within the
articular cartilage to the loaded region. According to this theory, compressing
together the two layers of articular cartilage generates lubricant fluid film between
the two articulating surfaces.

Boosted lubrication (or Ultrafiltration) (Figure 1.17.c),

Another theory proposed that as the articulating surfaces approach each
other, the solvent component of synovial fluid, i.e., water, passes into the articular
cartilage over the contact region during squeeze-film conditions, thus leaving a
concentrated pool of hyaluronic acid protein complex behind to lubricate the
surfaces (Walker et al., 1968). Boosted lubrication is a mechanism in which the fluid
that is separating two cartilage surfaces is a highly viscous solution of hyaluronic
acid. Under load the fluid between the cartilage surfaces is pressurised and the
smaller molecules of the synovial fluid escape through the pores of the cartilage
surface into the cartilage matrix. The hyaluronic acid molecules are too big to pass
though these pores, so those molecules are left between the contacting surfaces.
This leaves a high concentration of hyaluronic acid in the joint space which is
considered to aid the lubrication of the joint.

in general, the fluid lubricant is forced into the cartilage at the high-pressure
central region and out of the cartilage in the peripheral region of the squeeze-fim
gap within the load support area. Synovial fluid viscosity and cartilage permeability
are the two dominant parameters governing the behaviour of joints when operating
under squeeze-film action.

1.5.4.2 Boundary Lubrication

Boundary lubrication (Figure 1.17.d) is a mechanism in which the friction and
wear between the surfaces in relative motion are determined by the properties of
the surface and by the properties of the lubricant other than bulk viscosity. A fluid
film is present in the boundary lubrication regime, which is not sufficiently thick
enough to prevent contact between the asperities on the opposing surfaces.
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1.5.4.3 Mixed Lubrication

In many bearings a combination of both boundary and fluid film lubrication
exists this is called mixed lubrication. Under some conditions the boundary
lubricating film may break down and dry contact may occur, and this regime
generally occurs with intermittent motions where there is a continual change from
boundary to fluid film regimes.

1.5.4.4 Biphasic / Triphasic Lubrication

Based on the biotribology of cartilage and diarthrodial joints, it appears that a
dominant mechanism for regulating the frictional response of articular layers is
interstitial fluid pressurisation (Ateshian and Wang, 1995). There is strong support
of this mode of lubrication in terms of experimental and theoretical evidence, which
explain fundamental experimental findings, particularly the time dependence of the
friction coefficient, and the ability to produce low friction at high loads and at any
sliding velocity, including quasi-stationary loading. It is compatible with fluid-film
lubrication, mixed lubrication, and boundary lubrication, to the extent that all of
these modes of lubrication may serve to enhance the role of interstitial fluid
pressurisation (Ateshian et al., 1998). It intimately ties the frictional response at the
articular surfaces to the mechanics of cartilage because interstitial fluid
pressurisation is primarily regulated by the porous-permeable nature and intrinsic
properties of the tissue (Mow and Huiskes, 2005).

The overall friction and friction coefficient has been simply expressed by
Forster and Fisher (1996), as Equation 1-2 '

Fo=pxL=p,xL;+pu xL, Equation 1-2

Where Fr is the total (overall) friction force, ur is the total (aggregate)
coefficient of friction, L is the total load, p; is the effective coefficient of friction
attributed to the fluid phase, L, is the load carried by the fluid phase, ys is the
effective coefficient of friction attributed to the solid phase, and L, is the load carried
by the solid phase (Forster and Fisher, 1996).

Triphasic lubrication theory was first introduced as an extension of the
biphasic theory (Lai et al., 1991): negatively charged Proteoglycans were modelled
to fix to the solid matrix, and monovalent ions in the interstitial fluid were modelled
as an additional phase to the solid and fluid phases. Swelling of articular cartilage
depends on both its fixed charge density and distribution, the stiffness of cartilage
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collagen-proteoglycan matrix, and the ion concentrations in the interstitial fluid (Lai
et al.,, 1991). The triphasic model assumed the fixed charge groups to remain
unchanged, and that the counter-ions are the cations of a single salt of the bathing
solution. The momentum equation for the neutral salt and for the interstitial water is
expressed in terms of their chemical potentials whose gradients are the driving
forces for their movements. The ions phase plays an important role in the way
cartilage physically behaves - attracting fluid in the matrix. Continuous triphasic
studies have been show that the additional third ionic phase increased the accuracy
of model predictions of cartilage deformational response, although it was
determined to play a small role compared to the solid and fluid phases of cartilage

(Gu et al., 1997, Gu et al., 1998; Narmoneva et al., 1999; Sun et al., 1999; Ateshian
et al., 2004).

Gu et al (1997) reported that when the fixed charge density within the tissue
(or membrane) separating the two electrolyte (NaCl) solutions was lower than a
critical value; solvent would flow from the high NaCl concentration side to the low
concentration side (i.e. negative osmosis). Based on a linear version of the triphasic
theory, this negative osmosis condition was derived and due to the friction between
ions and water since they could flow through the tissues at different rates and
different directions. (Gu et al.,, 1997). Ateshian et al (2004) presented closed-form
expressions which relate biphasic and triphasic material properties in tension,
compression and shear. Compared to experimental findings, these expressions
provided greater insight into the measured properties of articular cartilage (e.g.
coefficient of friction, cartilage deformation, etc) as a function of bathing solutions
salt concentrations and proteoglycan fixed-charge density (Ateshian et al., 2004).

1.5.5 Tribology of Hemiarthroplasty

Tribology of hemiarthroplasty involves natural human or animal cartilage
tissue, and biomaterial replacement (prosthetic) devices to replace diseased /
injured tissues or organs. The study of hemiarthroplasty tribology includes the
friction, wear, deformation, and lubrication when unconfined or confined cartilage
specimens articulate against a biomaterial (e.g. metal, ceramic) in-vitro under
cycling loading reciprocation. The tribology properties of articular cartilage are
influenced by different factors such as contact stress, contact area, sliding velocity

and distance, loading types, biomaterial types, geometry differences, etc, when the
mechanism condition changes.
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The mechanical response of articular cartilage is highly non-linear and both
time- and load-dependent (Graindorge et al., 2004). Previous experimental studies
have found that under static loading followed by sliding reciprocation, the friction
coefficient increases due to the biphasic properties of cartilage (Forster and Fisher,
1999; Ferrandez et al., 2004, Graindorge et al.,, 2005; Katta et al., 2007b). The
friction of cartilage in short-term tests (e.g. one hour) under low and medium
contact stresses has been discussed in previous studies (Jin et al., 2000; Katta et
al., 2008a). However, the cartilage frictional properties and deformational behaviour
have not been previously investigated under longer-term prolonged static loading.

Table 1.6 Comparison of Friction Study in Pin-on-Plate Model.

Cartilage Friction Properties

Groups Contact | Coefficient | Lubricant / Authors Comments
Time Stress of Friction | Load (N)/
(Mpa) {Meg) Pin @(mm)
5s- SF
45 |05 g-gg“ 25 gf'itggse‘ 1. Short-term (s2 h),
min ' 9 " the pex varied between
5s . SF or RS be due to the different
0.5and | 0.001 and !
-45 |, 032 25 Fisher lubricants and stroke
min ' 9/3 1096 ' lengths.
_ 2. The p4y was found
, 45 |05 0.48 25% BS (Pickard | to be statistically lower
Cartilage 25 etal in SF dtoi
Pin on min 0.32 13 " in SF compared to in
Metal 4 : 9 1998a RS lubricant.
0.001- SF /30 3. The p.4 showed no
Plate 9mm Forster significant difference
3= 106 202 and fom2hto8h
2h ' 0.001- RS /30 Fisher, :
199 constant loading.
0.61 o 9 4. Long-term (>8 h)
2h 05 0.42 RS /25 higher contact stress
: (£0.02) 9 (>4 MPa) friction
0.45 RS+16 g/l studies have not been
8h 0.5 ( :éO 02) PL/25 Northwoo investigated.
' 9
detal
0.03 RS /25 '
2h |05 (£0.01) 9 2007 The p.y was reduced
0.03 RS+16 g/l significantly with an
Cartilage | 8 h 0.5 ( ¥O o1) PL/25 increase of contact
' 9 stress from 0.2t0 0.4
Pin on 0.2 0.047 PBSM39 | MPain 1 h, but it was
Cartilage | 60 attaet | increased significantly
min 0'3 0.035 PBS/19/9 al., 2007b | with an increase of
Plate 0. 0.030 PBS/25/9 contact stress from 0.5
0.5 0.025 PBS/32/9 Katta ef to 3.15 MPa in 2-7 h
7h |2 0.044 PBSM27/9 | " 0ep | loading.
3.15 0.062 PBS/200/9 N
Metal Pin Forster Short-term study have
on 45 ) 0.025 - and shown the p.4 to be
Cartilage | min 0.24-03 0.30 SF and RS Fisher, similar to cartilage on
Plate 1996 cartilage model.
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Previous in-vitro studies have investigated the frictional properties of articular
cartilage in a simple unconfined pin-on-plate model to mimic hemiarthroplasty:
cartilage-on-metal, and metal-on-cartilage configurations (Forster et al, 1995;
Forster and Fisher, 1996; Pickard et al., 1998a; Pickard et al., 1998b; Northwood et
al., 2007) (Table 1.6). In all cases the coefficient of friction was dependent on
loading time. Different lubricants: Synovial Fluid (noted as SF), Ringer's Solution
(noted as RS), Protein Lubricant (noted as PL), Bovine Serum (noted as BS),
Phosphate buffered saline (noted as PBS).

Cartilage wear studies are limited because it is difficult to quantify either the
mass loss or volume loss in hydrated tissues because of the phenomenon of
swelling. A previous study by Lipshitz and Glimcher (Lipshitz et al, 1975)
concluded that cartiage wear rates increased with increasing normal load and
relative speed of the surfaces, but decreased with time, attaining an equilibrium
value and may decrease 10 times if synovial fluid was used as the lubricant
compared to phosphate buffer saline (0.03 molar; pH7.4). During reciprocating
motion, wear was attributed to the interaction between two contacting surfaces and
accumulation of microscopic damage, described as interfacial and fatigue
(Armstrong and Mow, 1982). In other studies in the knee it has been shown that
permanent deformation and wear increased with both increased friction and
increased contact stress, these factors typically increased the frictional shear stress
and the extent of cartilage wear and degradation (McCann et al., 2009).

1.6 Research Scope and Goals

Hip hemiarthroplasty is used effectively for the treatment of femoral neck
fracture or femoral head necrosis in old patients. This is a more conservative option
to prevent removal of healthy tissue and provide the mechanical functions to the
hip. For elder patients who have relatively low activity requirements, hip
hemiarthroplasty delivers a shorter operation time, a shorter hospital stay, and
quicker recovery compared to THR. The success of hip hemiarthroplasty has been
reported to vary in-vivo clinical studies, and cartilage erosion (wear) is the main
issue of this prosthesis in long-term follow up. There are many factors that will
affect the tribological and mechanical properties of acetabular cartilage, which have
only reviewed limited investigation in-vitro studies. In-vitro studies may provide
information to improve or develop the design of hip hemiarthroplasty clinically.
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1.6.1 Aims

The aim of this thesis was to investigate cartilage tribological properties:
friction, deformation and wear, in both unconfined and confined models to mimic hip
hemiarthroplasty in-vitro.

1.6.2 Objectives

Specifically this thesis has assessed the mechanical and tribological factors
that affect hip hemiarthroplasty by developing new methods to assess cartilage
friction, deformation, and wear in a range of conditions by applying a simplified

physiological load and motion in a clinically relevant configuration. The specific
objectives were:

1. To understand the mechanical factors (e.g. contact stress, contact areas,
sliding velocities and sliding distance) which affect the tribological properties
of cartilage in an unconfined pin-on-plate model in-vitro;

2. To investigate the mechanical factors (e.g. clearances, loading, materials,
and prosthesis design) that affect the tribological properties of cartilage in a
confined hip joint model in-vitro;

3. To link the findings of this in-vitro study to in-vivo clinical results to provide

practical information that could be applied to improve the outcome of
hemiarthroplasty prostheses.

Additionally, the methodologies in this thesis were developed with a view to
their use in the future to assess less invasive procedures (for example,
development of a whole hip model to assess chrondroplasty materials).



-40-

Chapter 2 General Materials and Methodology

2.1 Introduction

The tribological studies of hemiarthroplasty that have been undertaken have
focused on the friction, cartilage deformation, and cartilage wear using two
mechanical models: a simple geometry hemiarthroplasty pin on plate model and a
hemiarthroplasty hip joint model. Both models included control tests with standard
materials to ensure the methodology provided similar data to the previous similar
studies / control data for the pin on plate study (Forster and Fisher, 1996: Katta,
2007; Northwood, 2007). Additionally study tests were conducted to investigate a
matrix of variables. The hemiarthroplasty hip pendulum model was developed

specifically part of this thesis. An overview of the models and methodologies is
shown in Figure 2.1.

Subject Tribology of Hemiarthroplasty Study
[ : 1
Properties Frictilon Wear Deformation
|
| ; 1
Model Simple Geometry i Hemiarthroplasty Hip Joint
S Pin on Plate Model ; Pendulum Model
| i |
Repeatability { Polyethylene Pin i 4=28 {Ceramic Head
Checks Stainless ;Steel Plate s o Ceramic Cup
i |
Study I Cartilage Plugs ! Cartilage Acetabulum
Tests Cobalt Chrcl)mium Plate | Cobalt Chromium/Ceramic Heads
| I
Pin on Plate Friction Apparatus | Pendulum Friction Simulator
| i |
Calibration | Calibration
Methods | | |
Standalrd Test i Standard Test
f I
Study Groups ' Study Groups

Figure 2.1 Summary of overall methods used in the study of tribology of
hemiarthroplasty
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2.2 Simple Geometry Pin on Plate Model

2.2.1 General Materials

Pin on plate studies used a reciprocating pin on plate rig manufactured at the
University of Leeds (Forster and Fisher, 1996; Katta, 2007; Northwood, 2007). This
section describes samples used in testing.

2.2.1.1 Standard Materials — Polyethylene Pin and Stainless Steel Plate

Polyethylene pins (grade 1120) and stainless steel plates (Figure 2.2) were
used for the control test pin on plate friction study. Control tests were undertaken to
validate the friction apparatus operation and to compare the results to previous

tests by different users (Forster and Fisher, 1996; Katta, 2007; Northwood, 2007).

Polyethylene pin and stainless steel

LR ERARRRLEMARRRRR AR
40 50 60 70

M

Figure 2.2. Polyethylene pin and stainless steel plate

The surface roughness of the polyethylene pins (5 mm in diameter) and metal
plates (60 x 35 mm) were measured before starting the friction tests using a two-
dimensional profilometer (Form Talysurf, Taylor Hobson, Leicester, UK). Prior to
measurement it was ensured that the pin and plate surfaces were free from
contamination. The Polyethylene pin was measured with two uniform traces across
the middle perpendicular to each other. Metal plates were measured with three
uniform traces length 10 mm in five positions across the middle of the wear surface,
and R,, Ry, Ry, Ry, (Figure 2.3), and Rgy, (Figure 2.4) were recorded at 5 x 0.8 mm
cut-off.
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Figure 2.3 Definition of Rv, Rp, and Rt. (Talyor-Hobson, 2005)
z 51, S2 S Sn
X

Figure 2.4 Definition of Si (Talyor-Hobson, 2005)

R, is the universally recognised, and most used, international parameter of
roughness. It is the arithmetic mean of the absolute departures of the roughness
profile from the mean line (Equation 2-1). R, is the maximum depth of the profile
below the mean line within the sampling length (Equation 2-2). R, is the maximum
height of the profile above the mean line within the sampling length (Equation 2-3).
R; is the maximum peak to valley height of the profile in the assessment length
(Equation 2-4). Ry is the mean spacing between profile peaks at the mean line,
measured within the sampling length (Equation 2-5, where n is number of peak
spacing). (A profile peak is the highest point of the profile between an upwards and

downwards crossing of the mean line).

R, = ; mz(xXcL\‘ Equation 2-1

R, =min, z, Equation 2-2



R, =max, z, Equation 2-3

R, =R,~- Rk, Equation 2-4

1 i=n S, + S, +S«‘ +..+S8
R\m - _Z,_] SVI . l - . . Equation 2-5
n n

A cut-off is a filter that uses either electronic or mathematical means to
remove or reduce unwanted data in order to look at wavelengths in the region of
interest. For roughness analysis, the sample length is equal to the selected cut-off
(Lc) wavelength which is also known as the cut-off length. Currently the only
standardised surface texture filter is Gaussian filter (GPS, ISO 11562 - 1996). It is
recommended that only the values 0.25 mm; 0.8 mm and 2.5 mm are used,
depending on the sample roughness and measurements required.

The average roughness value of the polyethylene pin and stainless steel
plates samples used in testing was as follows (measurements traces are shown in
Figure 2.2 red lines):

R =3.16£0.1um; R =0.006+£0.01xm

a-"Polyethylene pin a-stainless steel plate

2.2.1.2 Study Materials — Bovine Cartilage Pins and Cobalt Chromium
Plate

Pin on plate simple geometry friction and deformation studies used bovine
cartilage pins, 4 mm and 9 mm in diameter. Articular cartilage pins were harvested
from the patella femoral groove of bovine femoral knee joints (12~24 months old)
from the supplier (John Penny and Son of Rawdon, Leeds). The patello-femoral
groove was used to harvest pins, used in these studies rather than the acetabulum.
This was due to the acetabular irregular concave geometry, which would make
controlling variables such as contact area and stress challenging. Bovine knee
joints were taken from an abattoir within 36~48 hours of the animals being
slaughtered and kept in cold storage with the knee and ankle joints skinned but fully
intact. The collected cartilage pins were of a healthy, normal appearance, from the
middle part of the patello-femoral groove, which is the contact area of the knee (the
main load carrying area). The superior part of the groove is very soft and the inferior
part is very hard; no specimens were collected from these two areas.

The procedure of harvesting the cartilage plugs is shown in Figure 2.5. Firstly,
the locations where the cartilage plugs were to be drilled from were marked using a
hand held surgical corer (Figure 2.5.a). Secondly, the cartilage was drilled from a

direction orthogonal to the surface to a depth of over 12mm using an electric drill
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(Figure 2.5.b) with a corer of the required size (Figure 2.5.c). The drilling speed was
slow in order to avoid increasing the temperature of the bone, and PBS was
sprayed onto the cartilage surface frequently throughout the dissection to keep the
cartilage hydrated. Figure 2.5.d shows where a 4 mm in diameter bovine cartilage
pin was taken, and Figure 2.5.e is shown a 9 mm in diameter bovine cartilage pin
was taken. Thirdly, a long hand held corer was then inserted into the already drilled
groove, and the pin was extracted by simply snapping it from the bone. Finally, the
bone end of the cartilage plugs were filed parallel to the cartilage surfaces, and
stored (for up to 30 days due to the degradation of cartilage — previous studies by
Foster 1996 demonstrated that the cartilage mechanical properties did not
significantly change during less than 30 days frozen storage) in a moist condition at
-20°C (with 0.1% Aprotinin [Trasylol, Bayer]), used to slow down the fibrinolysis of
cartilage during storage and testing). The pins had a cartilage thickness of 1-2mm
(Figure 2.6) and were fully defrosted prior to use.

Figure 2.5. The process of harvesting bovine cartilage plugs a. the markings for pin
extraction; b. electric drill; c. metal corer, plug driller, cuter, and plug pusher; d.
extracting 4mm diameter cartilage pin; e. extracting 9mm diameter cartilage pin



9mm and 4mm diameter cartilage

Figure 2.6. Bovine cartilage plugs 9 and 4mm diameter

Cobalt chromium alloy plates (Figure 2.7) were used as the counterfaces in
the pin on plate friction studies to replicate the metallic femoral head in
hemiarthroplasty, reciprocated against the bovine cartilage pins under constant
loading. The roughness was measured (as described in Section 2.2.1.1) and found
to be: Ra(CoCrplate)=0.005%0.001zm

Cobalt chrome alloy plate

Figure 2.7. Cobalt chrome alloy plate

2.2.1.3 Lubricant - Phosphate Buffered Saline (PBS)
Phosphate buffered saline (PBS) was made up as per the manufacture'’s
recommendation (MPBio; Catalogue Number: 2810305), by dissolving one PBS

tablet per 100ml of sterile distilled water, to gain a composition shown in Table2.1.

Table 2.1 Composition of PBS

Component Name mg/Liter
Potassium Chloride [KCI] 200
Potassium Phosphate Monobasic [KH,PO4] 200
Sodium Chloride [NaCl] 8000
Sodium Phosphate Dibasic [Na;HPO,] 1150




-46-

2.2.2 General Methodologies

2.2.2.1 Long-term Single Station Pin on Plate Friction Apparatus

The simple geometry friction and cartilage deformation studies were
conducted using a reciprocating motion pin-on-plate apparatus (Figure 2.8). This
friction apparatus primarily consisted of a pin holder, a lubricant bath, a
piezoelectric sensor (force transducer), a linear bearing, an electric motor, a

variable speed motor drive, a charge amplifier, and load (weights).

Linear Bearing Sliding Electrid Motor harge

o « Amplifier
Variable Speed Motor Drive

Figure 2.8. The reciprocating motion pin-on-plate apparatus with main components
labeled

The friction apparatus was designed to accurately measure the cartilage
friction at a range of loads from SN to 230N during long-term in-vitro friction studies
(Katta, 2007; Northwood, 2007). The cartilage pin was held in a pin holder which
slides through a bearing in the load bearing arm that allows free movement in the
vertical axis. The load was applied along the loading arm and masses placed at
calibrated positions to produce different loads applied to the cartilage pin. The
loading bearing arm was pivoted on one end and the opposing end was free to
move over a piezoelectric sensor (Kistler Type 9207). Cobalt chrome plates were
fixed inside a bath mounted on a linear bearing, and the sliding speed and stroke
length was controlled by a motor (Model: 240505, CJ Controls Ltd, UK). During
friction tests, a constant load was applied to the cartilage pin and the motor drove
the CoCr plate to provide a linear reciprocal motion. The friction force between the
articular cartilage pin and CoCr plate was transmitted through the pin holder to the

load bearing arm, and detected by the piezoelectric force sensor. The voltage
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generated by the piezoelectric force sensor was transferred through a charge

amplifier (Kistler Type 5015) and logged using software and a data acquisition
system.

2.2.2.1.1 Calibration

A calibration curve was used to calculate friction coefficient in experiments.
Calibration of the friction apparatus was needed to ensure correct conversion of the
piezoelectric force sensor output to friction force. This was completed every 4~5
weeks and reduced errors that may have occurred due to sensor drift over time.
The calculation of the frictional force from the piezoelectric sensor output voltage
was measured as a response to incremental loads applied to the pin holder at its
lower end, where the articulating counterfaces came into contact (Figure 2.9.a). The
weights were attached using a silk thread suspended over a pulley system. Weights
were added in increments of 50 gms from 0 to 650 gms, and then removed in
increments of 50 gms from 650 gms to O (Figure 2.9.b). The voltage output reading
on the computer screen was recorded for each load level shown in Figure 2.9.c.

Figure 2.9. Calibration of the pin-on-plate friction apparatus, a. the silk thread was
attached the lower end of the pin holder; b. the load was applied; c. the PC recorded
the result.
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The coefficient of friction between the two articulating surfaces was calculated
from equation 2-6 below.

F, =uxF, Equation 2-6

Where, F, is the calculated frictional force, u is the coefficient of friction, and
F, is the normal force or the load applied on the pin.
A typical calibration result is shown in Figure 2.10.

The calibration result is show as Equation 2-7. 2-8, and 2-9:

F, =W x9.8 Equation 2-7

V =0.1092x F, +0.00008 Equation 2-8
= w +0.0065 Equation 2-9
' 0.1092

Where, W is the mass weight placed at the calibrated position (kg), V is the
voltage examined by the amplifier, 0.0065 is the linear bearing modulus.

l y=0.1092x +8E-05
\ R=0.9999, P =0.9490
i

Voltage (v)

2 4 6 8
0.1 Friction (N)

Figure 2.10 A typical example of a calibration factor for the pin-on-plate friction
apparatus

2.2.2.1.2 Calculation of Friction Coefficient

To calculate the coefficient of friction () and frictional shear stress (S5),

Equations 2-10 and 2-11 were used (where ris the radius of the cartilage pin).
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Moy = 7’ Equation 2-10
L

SS=pyxP=p,x—— Equation 2-11

TXr”
Where, F is the friction (N), L is the Load (N), P is the contact pressure (MPa),

which average value is equal to the Load divided by the contact area (mm?) at

constant loading condition.

0.10

0.08

0.06

0.04

Coefficient of Friction

0.02

0.00

0 20 40 60 80 100 120
Time (minutes)

Figure 2.11 One sample of the coefficient of friction of a polyethylene pin on stainless
steel plate in PBS lubricant during 2 hours with a constant load of 25N.

2.2.2.1.3 Standard Test Friction Result

The friction coefficient of a polyethylene pin against stainless steel plate in
PBS lubricant in 2 hours is shown in Figure 2.11. This result of average coefficient
of friction was found to be similar, within a 2% error from 30 minutes to 120 minutes

from the previous studies (Forster and Fisher, 1996; Katta, 2007; Northwood,
2007).

2.2.2.1.4 Repeatability

Three different material combination groups of tests (n=6 per group) were
tested to determine the repeatability of the coefficient of friction data generated.

These tests were performed for 60 minutes with a constant load of 25N. The
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material combinations were bovine cartilage pin on bovine cartilage plate; cobalt
chrome pin on bovine cartilage plate; and bovine cartilage pin on cobalt chrome

plate. All tests were performed in PBS lubricant, and the results are shown in Figure
2.12.

0.32 —&— Bovine pin on bovine plate
—&-— CoCr pin on bovine plate
0.28 —&— Bovine pin on CoCr plate

0.24

0.20

0.16

0.12

Coefficient of Friction

0.08

0.04

0.00

Time (minutes)

Figure 2.12 Friction coefficient of 25N constant loading in PBS for 60 minutes for
different material combinations, stroke length 4mm, sliding velocity 4mm/sec (n=6
Meant95% confidence limits)

The results are shown that the coefficient of friction kept increasing during the
60 minutes low constant loading in the group with bovine cartilage pin on cobalt
chrome plate due to the supporting phase of cartilage pin was been transferring
from a fluid phase into solid and fluid phase in equilibrium. However, the coefficient
of friction increased only in the first 20 minutes loading then remained constant in
both bovine cartilage pin on bovine cartilage plate group and cobalt chrome pin on
cartilage plate group. This was due to the rehydration of the cartilage bovine plate
when the pin reciprocated on it. Reciprocating on the bovine cartilage plate, the
counterfaces of bovine cartilage pin created significantly lower coefficient of friction
compared to cobalt chrome pin. This was due to the fluid phase of cartilage played
an important role supporting the load between the articular cartilage on cartilage
counterfaces. Significant difference of the coefficient of friction after 5 minutes
loading is shown in the three groups: the coefficient of friction between bovine

articular cartilage and bovine articular cartilage was significantly lower compared to
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the coefficient of friction between metal (cobalt chrome) and bovine articular

cartilage counterfaces (n=6, ANOVA, p<0.05). 1, ;- p < Hopr_cocr-ne < Hefr—Be—cocr

(BC: bovine cartilage, CoCr: cobalt chrome)

2.2.2.2 Cartilage Thickness Measurement - Nikon Profile Projector

The cartilage thickness of the pins was measured by a Nikon profile projector
(Nikon V-16 D, resolution 1 uym) at 10 times magnification (Figure 2.13.a). An
average of six measurements from the cartilage superficial surface to the tide mark

at the central point of the cartilage pin was taken as the cartilage thickness (7")
shown in Figure 2.13.b.

Clrtilage

Figure 2.13. a. Nikon profile projector, b. the 10 times imagine of cartilage pin

2.2.2.3 Cartilage Deformation Measurement - Digital Height Gauge

The cartilage deformation was not able to be measured precisely by the Nikon
profile projector after the loading or friction test due to the deformation of the
cartilage and the spread of the edge of the cartilage under high contact stresses
affected the image of the cartilage thickness. Hence the cartilage thickness
changes were calculated through a indirect method — by measuring and calculating
the cartilage pin height change. It was assumed that the attached bone height had
no change during the loading or friction tests. The pin height was measured by the

central point on the cartilage pin surface before and immediately after removing the
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test load (in air, to avoid dehydration of the cartilage affecting the result) using a
digital height gauge (TRIMOS height vernier scale, resolution; 1um) with an
attached dial test indicator (DTI, resolution: 10um, Figure 2.14) which had a spring
loaded arm. Due to the cartilage thickness difference of each individual cartilage pin
specimen, the wear and deformation measurements were presented as the
percentage of the articular cartilage thickness changes.

Figure 2.14. The height measurement of cartilage pin used a digital height gauge
attached with a dial test indicator

2.2.2.4 Assessment of Pin Deformation with Loading Only

The six-station pin-on-plate rig (Figure 2.15) was used for the study of
cartilage deformation with short-term and long-term loading with no motion. This six
station pin-on-plate rig (Figure 2.15) was similar to the single station pin-on-plate
friction apparatus in terms of how pins were loaded and enabled concurrent testing
of six samples. Cartilage pins were immersed in PBS baths against cobalt chrome
plate in each station. The required load was applied via the loading arm onto the
cartilage pin in each station. The application of loads to each station was staggered
by 10 minutes to allow the deformation measurements to be performed at the
precise time intervals. Pins were loaded for the required time period and height
was measured as described in Section 2.2.3.3.
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Figure 2.15. One station of the six-station pin on plate friction simulator

2.3 Hemiarthroplasty Hip Joint Model

Hemiarthroplasty hip joint friction and surface deformation studies used a
pendulum friction simulator at the University of Leeds. (Brockett, 2007). The
methods for artificial hip (Brockett, 2007) and nature knee (McCann, 2009) were
adapted as part of this thesis to study the hemiarthroplasty hip model. This section
describes samples used in testing.

2.3.1 General Materials

2.3.1.1 Standard Materials - Ceramic Components

Standard tests used artificial control components — ceramic head and cup
28mm diameter (Figure 2.16) to verify the operation of the pendulum friction
simulator working conditions, ensure the correct calibration of the machine, and to
compare operation to previous published work (Brockett, 2007).

Prior to testing the ceramic components were measured by two-dimensional
profilometer (Form Talysurf, Taylor Hobson, Leicester, UK), and had a surface
roughness (R,) of 0.02+0.002um. The radial clearance of the standard components
was approximate 0.03mm.

R =0.02£0.002 m

a-ceramic
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Figure 2.16. 28 mm diameter ceramic head and ceramic cup with a radial clearance of
0.03mm

2.3.1.2 Study Materials - Cobalt Chromium and Ceramic Heads

Different sizes of Cobalt Chromium heads (32, 34, 35, 36, 37mm in diameter,
supplied by DePuy International Ltd., Leeds, UK, Figure 2.17) were used in this
study. The different diameters enabled different clearances (small, medium, large,
and extra large) to be provided as required, this was necessary due to the limited
size range of available porcine acetabula. The surface roughness was measured
before starting the pendulum friction tests using a two-dimensional profilometer
(Form Talysurf, Taylor Hobson, Leicester, UK). A Gaussian cut-off filter equal to
0.8mm was used for assessing the variety of surface form within this study. Prior to
measurement it was ensured that the heads surfaces were free from contamination.
The cobalt chrome heads had a surface roughness (R,) 0.006+0.001um.

Biolox Delta ceramic heads (36mm in diameter, supplied by DePuy
International Ltd., Leeds, UK, Figure 2.18) were also used in testing. These were
used to compare the effect of head materials (between metal cobalt chrome and
ceramic) on the friction and wear in hemiarthroplasty studies. The ceramic heads
have the highest degree of biocompatibility, excellent wettability and superior
surface smoothness. The surface roughness was measured using a 0.8mm cut-off
filter before starting the pendulum friction tests using a two-dimensional profilometer
(Form Talysurf, Taylor Hobson, Leicester, UK). Prior to measurement it was
ensured that the head surfaces were free from contamination. The ceramic heads
had a surface roughness (R;) 0.004 +£0.001um.

Ru—Bmloxl)ulIu—ccrumlc = 0’004 - OOO lluln
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Figure 2.18. Ceramic heads size 36mm diameter

2.3.1.3 Study Materials - Bipolar Cobalt Chrome Components

The bipolar prosthesis is a two-component hemiarthroplasty, which consists of
a femoral spherical head and a metallic cup. It produces two bearing surfaces, the
inner bearing interface between the metallic head and the metallic insert (cup), and
the outer bearing interface between the insert and the cartilage acetabulum. The
bipolar components used in the hemiarthroplasty studies were a cobalt chrome
head (28mm in diameter) and a cobalt chrome shell (inner surface 28mm and outer

surface 36mm in diameter), both were supplied by DePuy International Ltd., Leeds,
UK (Figure 2.19).



&

!

’
CoCr Head/

Figure 2.19 Cobalt chrome bipolar prosthesis includes a head and a cup

The surface roughness of the metal head and cup was measured using a
0.8mm cut-off filter before starting the pendulum friction tests using a two-
dimensional profilometer (Form Talysurf, Taylor Hobson, Leicester, UK). Prior to
measurement it was ensured that the heads surfaces were free from contamination.
The cobalt chromium head, the cup inner and outer surfaces had a surface
roughness (R,) 0.008 + 0.005um, and 0.010 + 0.005um.

R =0.008+£0.005m ; R =0.010£0.005 um

a-CoCrcup—-inner a-CoCrcup-outer

2.3.1.4 Study Materials - Porcine Acetabula

Porcine hip joints were collected from 6-month old porcine carcasses within
48~72 hours of commercial slaughter. Prior to dissection of the porcine legs, they
were kept less than 24 hours in a cold storage area fully intact. Dissection began
with the separation of the femoral head from the acetabulum with a scalpel. The
following process was then used to prepare the acetabulum for testing:

The soft tissue behind the pelvis was removed, and dissected from the
iliofemoral, ischiofemoral, and pubofemoral ligaments around the acetabulum. The
synovial fluid oozed immediately when the hip joint socket was dissected. The
round ligament which connects the acetabulum and the femoral head was
dissected from the fovea area with care not to damage the lunate surface of the
acetabular cartilage. When the acetabulum with attached pelvis was dissected from

the porcine leg, the rest of the soft tissue (from the acetabulum) must be removed
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for further dissection (Figure 2.20.a, b). The acetabulum and attached hip bone was
protected using a piece of paper then the bone part was set into vice clips (Figure
2.20.c, d). The acetabulum was separated from the pelvis using a saw, front top,

sides, and back as shown in Figure 2.20.e, f, g. Then the acetabulum was

dissected.

l
e ‘* \ T
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Figure 2.20. The process of harvesting porcine acetabulum: a. whole porcine left leg;
b. soft tissue was removed from porcine acetabulum and attached hip bone; c.
acetabulum and attached hip bone was protected with tissue paper; d. specimen was
set into the vice clips tightly for further dissection; e. top cut; f. side cut; g. back cut.

The dimension of flexion-extension (FE) and medial-lateral (ML) directions of
the acetabulum cup were measured by a vernier calliper (Figure 2.21). The
acetabulum surface was covered by a piece of filter tissue wet in PBS, and kept into
a small zip plastic bag with the dissection date, name, weight, FE and ML

dimensions details labelled. The porcine acetabulum specimens were frozen (for up
to 30 days) at -20°C until use.



Acetabular labrum Attached hip bone

Figure 2.21. The measurement of FE and ML dimension of porcine acetabulum

2.3.1.5 Radial Clearance Definition

The radial clearances for the different groups were defined as shown in Table
2.2 in the flexion-extension direction.

Table 2.2 Radial clearance definition

Definition Small Medium Large Extra Large

Clearance x (mm) x<0.6 0.6sx<1.2 1.2sx<1.8 1.85x

Table 2.3 Options of femoral head size and acetabulum FE dimension to create small
clearance level

Options Fesr?:er ?:'ﬂl-::)ad FE Sicn::t:':::\r(nmm)
Small-1 32 32.01-33.19
Small-2 34 34.01-34.19
Small-3 36 36.01-37.19
Small-4 37 37.01-38.19
Small-5 38 38.01-39.19
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The same level of clearance was assessed by choosing different sizes of
femoral heads and acetabula. For example, to assess a head and acetabular pair in
the “small” clearance category, different head and acetabular diameters were
chosen (as Table 2.3). However, most porcine acetabula were at the middle range

of this scale, so options small-1 and small-2 were not used often.

2.3.1.6 Test Set-up Materials - Polymethylmethacrylate (PMMA) Bone
Cement

Polymethylmethacrylate (PMMA) bone cement was used for fixing porcine hip
joint acetabulum specimens in the Delrin (polyoxymethylene plastic) holders which
located into the pendulum friction simulator. PMMA bone cement has been used

very successfully to anchor artificial joints for more than half a century; it fills the
free space between the prosthesis and the bone.

PMMA bone cement (W.H.W. Plastic, Southport, UK) was provided as two-
component materials, which consisted of a powder and a liquid. The two
components were mixed with a powder to liquid ratio of 2:1 by weight. The cement
viscosity changed over time due to the exothermic reaction. When in a dough-like
state it was workable before hardening into a solid material. The working time was
around 8 minutes which allowed the porcine acetabulum specimen to be positioned

as required.

2.3.1.7 Media Materials - Microset Silicon Polymer Compounds

Microset 101 silicon polymer compounds (Nuneaton, Warwickshire, UK) are
formulated as mixtures of Siloxanes, organic and inorganic compounds. The
product included a silicon gun, silicon refill, and a nozzle, and when assembled the
gun pushed two tubes of black and grey viscous liquid to mix inside the nozzle. This
was applied to surfaces to be moulded, and hardened to create a replica which had

resolution of 0.1um (Microset 101 silicon polymer compounds product introduction).

2.3.1.8 Lubricant - Bovine Serum Lubricant

Although PBS is highly convenient for tribological studies, it does not mimic
fully the physiological conditions, hence bovine and porcine serums were

considered to use in this study. Compared to PBS, bovine serum has low
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haemoglobin, low endotoxin levels and excellent growth-simulating properties.
Sterile filtered swine serum was considered due to the consistency with using
porcine acetabula. It has similar components to bovine serum (Table 2.3). Bovine
serum (from Harlan Bioproducts for Science, BT-9501-500) was chosen as the test
lubricant because of it reduced cost and ease of procuring, its constituents are

similar to swine serum as shown in Table 2.3.

Table 2.4. Datasheet Comparison of sterile filtered bovine serum and swine serum

Parameter Newborn calf serum Swine serum
Haemoglobin <0.2mg/ml <0.3mg/ml
Endotoxin <6ng/ml
Sterility No microbial growth detected.
Mycoplasma None Detected.
Filtration 0.1um
pH 6.8-8.1 6.5-8.0
L 274-362m 274-362m
Appearance Clear, light straw to dark amber.
Total Protein 45-80mg/ml 60-89mg/ml

For the pendulum friction study 25% (v/v) bovine serum (Table 2.4) in PBS
was used as the lubricant because of the similar protein concentration (16~18

mg/ml) to the normal synovial fluid (around 20 mg/ml).

Table 2.5. Composition of Newborn Calf Serum

Name Portion
pH 7.2
Osmolality 294 mOsm/kgH,0
Hemoglobin 10.1 mg/d!

Total Protein 6.0 g/dI

Albumin 4.0 g/dl

a-globulin 0.9 g/dl

B-globulin 0.6 g/dI

y-globulin 0.1 g/dI
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2.3.2 General Methodologies

2.3.2.1 Pendulum Friction Simulator

A pendulum Friction Simulator (Simulation Solutions, Stockport, UK) was used
in the hemiarthroplasty hip joint model friction testing. This is a single-station servo-
hydraulic machine, controlled by personal computer via a graphic user interface
(Figure 2.22). The pendulum friction simulator can apply a constant and dynamic
loading cycle, similar to that experienced by the hip joint in-vivo.

The ProSim friction simulator mainly consists of seven parts: fixed frame,
motion arm, femoral head, Iubricant seat (acetabular cup located within),

piezoelectric transducer, charge amplifier, and a computer as shown in the
schematic in Figure 2.23.

(rm—

PENDULUM FRICTION
SIMULATOR "

Figure 2.22. Pendulum Friction Simulator (Simulation Solutions, Stockport, UK)
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The fixed frame consists of a friction measuring carriage, which sits on two
externally pressurized hydrostatic bearings and a loading frame. The motion arm
moves forward and backward with a maximum of +30°, and the femoral head is
attached to the loading frame via the motion arm. In the measuring carriage is the
lubricant seat which holds the acetabular cup, this is mounted in the centre of the
friction carriage. A piezoelectric transducer connected to the front of friction carriage
and determines the frictional torque within the system, by measuring the forces
transferred between the fixed frame and the carriage. The charge amplifier collects
the signal from the piezoelectric transducer and transfers it to the computer. The
computer records the data and calculates the friction torque and friction coefficient.

Further to the definition in Section 2.3.2.1.1 is given in the load and motion.

Load Cell
Loading

A _Motion Arm

P’ TISS I
0

Prosthesis
Hydrostatic

DN 8

Lubricant Seat

Friction Measuring Carriage

Piezoelectric Crystal

Air R ettt
Pressure AR e L e R TR
Supply | | LChANe Amplfr | | Data Atulutien
| R e P e e W S C e O N
oi ||| potentiometer | [ “ADConverter |
Supply TS TSES P e DD SEIRIETNRS LR AR

Figure 2.23. Schematic representation of the fiction simulator

The load and displacement are applied through the femoral head via the
loading frame and motion arm respectively. The two pressurised hydrostatic
bearings, the air pressure supply, and oil supply allowed the friction in the carriage
to be considered negligible (as it is two orders of magnitude smaller than the friction
in the implant), hence all measured frictional torque can be assumed to be between

the bearing surfaces of the biomaterial head and the porcine acetabular cartilage.
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The friction measuring carriage transfers all the friction movement and this is
captured by the piezoelectric crystal and transmitted to the charge meter. The data
processing system (A/D converter, potentiometer, charge amplifier and data

acquisition software) analysed and processed the data and a computer displayed
the output.

2.3.2.1.1 Friction Factor of Constant and Dynamic Loading

Both hemiarthroplasty hip joint constant and dynamic loading studies were
performed with a FE displacement applied via the motion arm of the loading frame.

Tests were conducted with FE angles £15°, at a frequency of 1 Hz in 2 hours.

FE Angles (°) =~~~ Demand Position Applied Position Load (N)
----- Demand Constant Applied Constant
20 eee- Demand Dynamic Applied Dynamic
800
15
700
10
600
5
500
0
400
= 300
-10 200
-15 100
-20 < 10

Figure 2.24 A example loading and motion profile of 400N constant load and 800N

peak load dynamic load, dashed lines are the demand position and load, and the lines
are real applied position and load.

The average 6-month old porcine weight is approximately 80 kg, and on
average each leg supports 20 kg when pig is standing. Pig is an ungulate (hooved
animals) and it walks with the weight of the body borne on the tips of the digits
(unguligrade locomotion). During walking the pig’'s body weight is supported by two
pairs of legs in turn (front left with rear right, and front right with rear left) as the

diagonal gait. Hence the lowest average load on each leg that contacts the ground
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is half of the pig’s body weight (40kg). The highest load applied on the pig’s leg can
be approximate to its whole body weight (80kg) i.e. when there is only one leg is
contacting the ground. In this study, half the body weight approximate 400N was
chosen as constant load, and the whole body weight approximate 800N was
chosen as the dynamic peak load.

Two types of loading cycle were applied via a hydraulic pressure system
through the loading frame; 400N constant loading, and 75~800N dynamic loading.
An example loading profile of constant and dynamic loading cycle is shown in
Figure 2.24.

The friction factor was calculated by:

T,

4

.f:thL

Equation 2-12

Where, fis the friction factor, T;is the true friction torque, R, is the head radius
(m), and L is the load (N).

Forward Backward

Figure 2.25. The sagittal plane of the femoral head on the articular acetabulum at 0
degree position, the friction factor was calculated at 0 degree position under constant
loading.

The true friction torque was measured by the piezoelectric crystal and
transmitted to the charge meter (described in Section 2.3.2.1).

Constant Load Tests

The friction factor was analysed at the 0 degree position where the head was
vertically loaded and in contact with the lowest position of the cup as shown in
Figure 2.25. The friction factor was calculated using Equation 2-12.

The constant load and motion profiles used in the studies were to investigate

the friction factor calculation methods in hemiarthroplasty (material head and
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acetabular cartilage) condition. The off-set and transducer drift was considered in
the 2 hours pendulum friction test.
In the constant loading studies, the friction factor when the motion position

was at 0° was used to calculate the true friction factor (Equation 2-13). The friction
factor under constant loading was given by:

If;),pl _f;).pZ'

£, == Equation 2-13

Where, f.is the friction factor at constant loading cycle, fy,s is the friction
factor at the first 0° motion position, and f, is the friction factor at the second 0°
motion position in one loading cycle. Both fops and f,,, were calculated followed
Equation 2-12.

The friction factor deviation included both off-set and transducer drift, and it
was given by Equation 2-14:

+
fo = ..f(’L‘z_{";E Equation 2-14

Where, fg is the friction factor deviation. Both f,,, and f;,, were calculated
followed Equation 2-12.

Dynamic Load Tests

The dynamic loading was a simple sinusoidal waveform, which was applied
through 60% of each cycle, to provide a dynamic load with a peak load of 800N and
a swing phase load of 75N. The dynamic loading and motion profiles used in this
study were simplified with respect to the standard gait cycle. Each test was runin a
forward direction for 2 hours to examine the effect of clearance on cartilage friction
and wear. The dynamic loading tests were run in a forward direction with 800N
constant loading for 2 minutes before and after the 2 hours dynamic loading to
eliminate any effect that may occur due to the loading offset and transducer drift by
time.

In the dynamic loading studies, the friction factor when the motion position
was at the second 0° was used to calculate the true friction factor (Figure 2.25). As
the test was run for 2 hours, the off-set and transducer drift needed to be
considered and given by the average value of the friction factor off-set and

transducer drift of the 2 minutes 800N constant loading friction test (Equation 2-15).
The friction factor under dynamic loading was given by:

e~m+fe+m
S > de2 Equation 2-15

fd=fp
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Where, fyis the friction factor at dynamic loading cycle, f,is the friction factor
at peak load 800N, fy,2mis the friction factor deviation of 2 minutes 800N constant
loading test before the 2 hours dynamic loading, and £ +2mis the friction factor of 2
minutes 800N constant loading test after the 2 hours dynamic loading. Both fse.2m
and fy +omWere calculated following Equation 2-12.

2.3.2.1.2 Bipolar Prosthesis

Bipolar prosthesis remains in native the acetabulum, and allows for two
articular sites which reduce stress to native acetabulum. The critical analysis of the
friction factor at two bearing surfaces of bipolar prosthesis was carried out, and
detailed analysis is described in Section 6.3.1.

2.3.2.1.3 Calibration and Repeatability

The calibrations include load cell calibration and the friction torque calibration,
and the measurements should be carried out on a monthly basis or before a new
test set. The repeatability of friction measurements was monitored and the load cell
was calibrated.

Load cell calibration

The load transmitted through a standard head-cup bearing arrangement
(ceramic-on-ceramic, Figure 2.16) was measured by the load cell mounted in the
loading frame. The load system was calibrated via the automatic load calibration
option in the ProSim Friction Simulator Software, which enables calibration
constants to be calculated. During the calibration, the air pressure valve in the
friction simulator was opened through five positions, from fully closed (zero) to fully
open (250), causing the simulator to apply a pressure through the load cell. A test
load cell was used to record the actual force measured five times, and this value
entered into the calibration program, value 1 to 5 was manually entered as 20, 30,
40,... 100, and the other blanks were calculated automatically. The calibration
constant calculated by the program would be used in the test system to correct the

demand load applied by the simulator, hence ensuring the load applied in the test
was the load specified.
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Friction Torque Calibration

The frictional torque measurement was calibrated using an automatic
calibration option in the software. Calibrated test weights were applied to a loading
arm which sat on the friction carriage of known length (as Figure 2.26). At each
weight interval, the frictional torque was measured and entered into the software to
calculate the calibration constant. The calibration method was performed with the
weights applied at the front and rear of the machine, corresponding with the forward
and reverse directions of the test. The calibration constant calculated for each
orientation was compared to ensure they were sismilar in magnitude and the value

was entered in the software to ensure correct measurement.

.l :
[ ——=Loading

> PTFE

= Lubricant seat in friction
[

G ]

Figure 2.26 Schematic diagram of frictional torque calibration

Repeatability Check

The standard head-cup (ceramic on ceramic) bearing was used to determine
the repeatability of the frictional factor data generated. The standard head-cup
pendulum friction tests were performed in every 4~5 weeks, with the consideration
of an acceptable error levels less than 0.025. The standard tests were performed
for 300 cycles (300 seconds) with a constant load of 400N, and a dynamic load of
75~800N, +15 degrees, a frequency of 1 Hz, in the lubricant of 25% (v/v) bovine

serum. The typical results are shown as Figure 2.27.
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Figure 2.27 Friction coefficient of standard test (ceramic head against ceramic cup
D=28mm) under 400N constant load and 25~800N dynamic load (+15°) over 300
cycles. Results are presented as mean (n=6) + 95% confidence limits when the head
loaded at 0°.

Porcine Acetabulum Specimen Setting Method

The cobalt chromium head and the porcine acetabulum cup needed to be set
at the same centre for the friction test at a position that matched the centre of
rotation in the pendulum friction simulator, and the dimension required are shown in

Figure 2.28. The head and cup positions were set as in Table 2.6.

Femoral Head Acetabular Cup

: Rac

Head Height

I 63.24mm !
i
S i
|

Clup Height

||

Figure 2.28. The setting requirement of the head and cup fixed in the pendulum
friction simulator.
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Table 2.6 Head and cup height dimension (mm) positions

Head Size Head Height Cup Height
32 88.83 49.74
35 90.33 48.24
36 90.83 47.74
37 91.33 47.24
38 91.83 46.74

Bipolar 28 86.83 47.74

The cobalt chromium head was set onto the top of the head base and its total
height was measured by the digital height gauge and adjusted via a screw as
required. The porcine acetabulum was set as an angle of 45 degrees in PMMA
bone cements (Figure 2.29) used the device in Figure 2.28, design drawing details
are shown in Appendix 1.

When the head and cup parts were prepared they were fixed into the
pendulum friction simulator as Figure 2.29.a, the coronal plane is shown in Figure
2.29.b.

Figure 2.29. a. The cobalt chromium head and porcine acetabulum were fixed in the

pendulum friction simulator, b. coronal plane of the porcine acetabulum set inside
the Delrin holder.



Figure 2.30. Device and tools for porcine acetabulum setting

2.3.2.2 Producing Moulds of Porcine Acetabulum

Porcine acetabulum silicon moulds were used to study the acetabular
geometry cartilage wear and degradation after the friction test. The moulds
replicated the cartilage surface texture and deviations of the porcine acetabula. The
silicon moulds were taken of each porcine acetabulum immediately after the
pendulum friction test. This was done using Microset 101 silicon polymer
compounds (Nuneaton, Warwickshire, UK).

The porcine acetabulum was cleaned and dried with soft paper tissue, and the
soft tissue (fat pad and round ligament) part was covered by a piece of aluminium
foil (so only the cartilage lunate surface was moulded) (Figure 2.31.a). The
acetabulum was filled with Microset slowly (to avoid creating any air bubbles) until it
was filled to the edge of the acetabulum. The silicon mould was removed following
setting (about 5 minutes) (Figure 2.31.b).
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Figure 2.31. Process of making porcine acetabulum silicon mould: a. cover the soft
tissue with a piece of foil paper, b. the silicon mould from the acetabulum.

2.3.2.3 Contact Area and Contact Stress Measurement — FUJI Pressure
Film

The contact area and the peak contact stress between the head and cup
bearing surfaces was recorded by applying the same load used for the pendulum
friction test (400N constant, and 800N peak load) onto the Fuji pressure film
(PressureX film, from Sensor Products LLC, USA) sealed with one sheet of cling
film (to prevent wetting the Fuiji film). When the metal head and porcine acetabular
cartilage cup was set in the pendulum friction simulator, the Fuji film was put
between the metal head and cartilage acetabulum cup contact surfaces and applied
the required load for 30 seconds (a previous study showed that there is no
difference in results using the FUJI film if between 30 seconds and 2 minutes
loading was applied) (McCann, 2009). The Fuji film was placed into a
Spectrodensitometer (X-Rite, UK, Figure 2.32.a), and a reading based on the
density of colour (pink to red) on the film given (Figure 2.32.b). This was entered
into the PointScan software (Sensor Products Inc., USA), and the contact pressure
was calculated in megapascals. Before reading each measured Fuji film, the
Spectrodensitymometer was calibrated by using a built-in automatic calibration
option and measuring a standard white test patch.

The contact area at 0 ° position was measured through super-low pressure
FUJI film, and calculated by Image Pro Plus software. The peak contact stress was
measured through low pressure or medium pressure FUJI film. The average

contact stress can be calculated by the load divided by the contact area as
Equation 2-16.

S = 74— Equation 2-16

m
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Where, S is the average contact stress (MPa), L is the applied load (N), and
A, is the measured contact area (mm?).
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Figure 2.32. a. FUJI film Spectrodensitometer, b. tested FUJI film

2.3.2.4 Average and Peak Frictional Shear Stress

The average frictional shear stress was calculated following Equation 2-17.

—  fxLoad .
SS = ——A— Equation 2-17

m

Where, SS is the average frictional shear stress (MPa), f is the friction

factor, Load is the applied load (N), and A, is the measured contact area (mm?).
The peak frictional shear stress was calculated by Equation 2-18.

SS{wuk = f X Sm Equation 2-18

Where, SS,, is the peak frictional shear stress (MPa), f is the friction factor,

and S’-,,, is the average measured contact stress (the highest 6 points per specimen)

(as described in Section 2.3.2.4).

2.3.2.5 Wear Grades and Area Measurement and Calculation

The cartilage wear grades and area was traced onto flexible film and the area
of different cartilage damage grades followed the ICRS (International Cartilage
Repair Society) articular cartilage injury classification wear grading system
(explained in 1.3.2.2.2) measured. Cartilage wear grade 0, 1, 2, 3, and 4 were

applied to the acetabular cartilage damage scale shown in Figure 2.33.
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Figure 2.33 ICRS wear grades applied on acetabular cartilage damage scale
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The area of the different wear grades were measured through marking a
transparent cling film covering the microset replica of the acetabulum. Different
colours — green, orange, red, blue, and black of markings were used to present
cartilage wear grades from 0 to 4 as shown in Figure 2.34.a. The picture of the
wear grades map was taken with a standard ruler, and the different wear grades
areas were calculated using Image Pro Plus program, and the results were

presented as the percentage of the lunate acetabular cartilage surface (Figure
2.34.b).
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Figure 2.34 a. Wear grades image with a standard ruler, b. Image Pro Plus calculation
result.

2.3.2.6 Surface Deformation Measurement Method

The surface deformation of the porcine acetabular cartilage during the
pendulum friction test was studied. Different methodologies were considered in
developing a final protocol for the surface deformation measurements and analysis.
Measurements were conducted on the silicon replicas of the porcine acetabula to
avoid variation due to the dehydration of acetabular cartilage in air and rehydration
in lubricant. Previous studies (Katta, 2007; Northwood, 2007; McCann, 2009)
demonstrated that there is no significant difference of the surface roughness and

texture between the articular cartilage and its silicon replica (with 0.1um resolution
noted on the product Microset tube).



2.3.2.6.1 Surface Deformation Measurement and Calculation — Talysurf

Talysurf stylus profilometry is a common two-dimensional / three-dimensional
method of quantifying the surface topography of engineering materials. A stylus
traverses across the surface converting its vertical movement to an electrical signal,
which through suitable processing, filtering and calibration can be used to build a
trace of the surface profile. Modern profilometry is capable of high accuracy and
reproducibility within resolution limits of approximately 0.001 to 0.002um. The stylus
profilometer used within this study was a Talysurf 5 model (Taylor-Hobson, UK)
(Figure 2.35.a) connected to a standard computer. A 0.8mm Gaussian cut-off filter
was used within this study.

L EMS L — -
I

Figure 2.35. a. Talysurf stylus profilometry, b. a clinical needle was pushed through a
Microset silicon replica, c. the Microset silicon replica was set onto the stainless steel
stands, d. the stylus was measuring the replica surface - vertically to the wear scar
direction.

Changes in the volume of the acetabulum replica were studied using Talysurf
Stylus profilometry, and the measurements were conducted by a trained technician.
A clinical needle was pushed through the Microset silicon replica (Figure 2.35.b) to
locate the position on the stainless steel stand (Figure 2.35.c) during the
measurement. When the position of the specimen was fixed the stylus started to

measure the surface — vertically to the wear scar direction (Figure 2.35.d).
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The replica surface was measured by the stylus across the wear area with
approximately 20 traces with 0.5mm trace gap. The measured traces of one sample
(silicon replica) are shown in Figure 2.36 as the red arrows. The replica wear
surface was set still as Figure 2.36.a, and then a stylus travelled several parallel
traces on the replica wear area in Figure 2.36.b. Each trace measurement result
was shown on the PC (Figure 2.36.c) when the measurement had been completed.
The form removal analysis of each trace can only be conducted correctly using
Talymap software when the trace is recorded with the virgin surface on both sides
of the deformation area. Hence, a full record of the original lunate surface of the

acetabular replica on both sides of the wear / deformation scar was required (in
Figure 2.36.b).

Original surface of the
a_cetabular acetabulum

Figure 2.36 A sample of replica surface measurement, a. a replica was set still; b. a
stylus traveled across the wear area — measured traces are shown as red arrows; c.

each trace measurement result was shown on the PC when the measurement had
been completed.

Three-dimensional measurement was available and was considered for a
surface with a height less than 5mm and it took approximate 2 hours to complete a
separated small area 150 mm?® surface measurements. A typical three-dimensional
image example of a piece of surface measurement is shown as Figure 2.37. The
two-dimensional image of a sample line (in Figure 2.38.a) is shown as Figure
2.38.b. Three-dimensional measurements were not chosen as a measurement
method of cartilage deformation because the limitation of the surface area and
height was far less than the replica specimens, and also the long processing time.
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Figure 2.37 A typical three-dimensional image of a piece of measured acetabulum
replica surface
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Figure 2.38 a. A 2D image transverse plane of a piece of measured acetabulum
replica surface, b. the 2D coronal plane image of the analysed trace

Two-dimensional measurements were taken in a similar way to the three-
dimensional measurements, and this method was chosen to measure the replicas
surface. The two-dimensional measurements were operated on a larger area with

longer surface height in a shorter time, e.g. approximately 40 minutes for one
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replica specimen measurements in an area of 250 mm?. Approximately 20 traces
with 0.5mm trace gap were measured per sample, and each trace was analysed by
TalyMap software. The analysis process was conducted through symmetry,
leveling, form removal, zoom, and final profile deformation area. One typical
example of of trace analysis graphs is shown as Figure 2.39. The deformation area

of each trace was multiplied by the trace gap to provide a volume of deformation
area in the blue block shown as Figure 2.40.
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Figure 2.39 A typical surface analysis process of each trace: symmetry, leveling, form
removed, zooming, and final profile peak and hole (deformation) areas.

The acetabular cartilage surface roughness was measured and the roughness
(Ra) of each trace was calculated by software following Equation 2-19.

Ra = %ﬁ: y,‘ Equation 2-19

o

Where, R, is the arithmetic average of absolute values of the surface
roughness profile (um), n is the number of valley and peak on the trace, and y; is
the height of the absolute height of the valley or peak to the reference line.

Here the deformation area of the trace in the trace gap was estimated equal.
One replica specimen (11 traces) analysed measurements graphs is shown in

Figure 2.40. Hence the total surface deformation of each acetabulum replica was
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the summation of all the individual volume (Equation 2-20). The average

deformation depth in the studied area is calculated by Equation 2-21.

Acetabulum Deformed Volume Measurement
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—va.- .
2. : P Deformation Area
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Trace Gap

[ R .~ R L e pe——

Figure 2.40 One replica specimen (11 traces) surface measurement results — red area
is the deformation area of each trace.

th = Z(All—l X Glruw) EquatiOn 2'20
i=l

Where, V; is the volume of the surface deformation (mm?®), Ageformation-i iS the

deformation area of each trace (mm?), and G... is the average gap distance
between each trace (mm).

n
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i=1

Where, D_, is the average deformation depth (mm), Agerormationi IS the

D, Equation 2-21

deformation area of each trace (mm?), and L. is the studied length of each trace

(mm).
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2.3.2.6.2 Surface Deformation Validation — Pycnometer

To examine the accuracy of the two-dimensional profilometer measurements
and surface deformation calculation methodology, surface deformation validation
was completed before the measurements of the groups of silicon replicas were
started.

Figure 2.41. a. ACCUPyc 1330 Pycnometer, b. a piece of microset silicon from an
acetabulum replica

The ACCUPyc 1330 Pycnometer (Figure 2.41.a) was used to measure the
volume of a piece of microset silicon rubber (Figure 2.41.b) removed from an
acetabulum replica to validate the two-dimensional profilometry measurement. The
ACCUPyc 1330 pycnometer is a fast, fully automatic density analyser that provides
high-speed, high-precision volume and density measurements on a wide variety of
materials. It works by measuring the amount of displaced gas (helium). The
pressures observed upon filling the sample (cell) chamber and then discharging it
into a second empty chamber (expansion chamber) allow computation of the
sample volume. Air volume difference in the small container with and without the
specimen then the difference of volume of the air should be equal to the volume of
the specimen.

Direct measurement using the ACCUPyc 1330 Pycnometer to measure the
piece of Microset silicon volume, and indirect measurement using the two-
dimensional profilemeter to measure the acetabular replica surface and calculated
the piece of Microset volume were used. Five measurements of each method were
taken, and the volume was calculated and compared (Figure 2.42). Good
agreement (no significant difference, p<0.1) of the piece of Microset volume result

was shown between the two different methods.
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Figure 2.42. Volume change of the acetabular replica measured using 2D Talysurf
profilemeter was compared to the volume measurements of the removed piece of
replica using the AccuPyc gas displacement pycnometer. R and P values were
obtained using a regression analysis in Microsoft Excel 2007 (Microsoft Corporation,
Redmond, USA).

2.3.2.6.3 Other Methods — u80 Micro CT Scanner

Wear assessment of the acetabular cartilage is complex because of the
cartilage volume changes in water content. Accurate wear cannot be assessed by
simple method such as measuring the weight changes then divided by cartilage
density, or scanning the acetabulum before and after the friction test. Therefore
several methods of indirect measurements were investigated of the porcine
acetabulum wear studies. Two of the main compatible and most accurate methods
were using computed tomography scanner to measure and calculate the wear
volume (surface deformation). These are described in more detail as method A and
method B.

In developing the two-dimensional profilemeter method for assessment of
acetabulum deformation (the acetabular cartilage wear volume, and depth) other
methods were also investigated.

The Scanco p80 Micro Computed Tomography Scanner (SCANCO Medical
AG, Switzerland) was used to measure fresh acetabular cartilage specimens, and

acetabular replicas. The two-dimensional (noted as 2D) and three-dimensional
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(noted as 3D) images of the fresh acetabular cartilage were used to study the
geometry of acetabulum and cartilage thickness of the lunate surface. The 2D and
3D images of the replicas were used to analyse and calculate acetabular wear
volume (surface deformation).

This scanning condition might affect the biomechanical properties of cartilage
and lead to significant errors of the cartilage volume calculation from the scanned
images. Hence the acetabular cartilage wear volume cannot be calculated by
scanning the porcine acetabulum before and after the pendulum friction test.

Previous studies demonstrated that the boundaries between the lubricant and
articular cartilage cannot be clearly recognised when the cartilage is scanned in
contact with the lubricant because of the lack of density difference between the
superficial zone of the cartilage and the lubricant. Therefore the cartilage was
scanned without lubricant in the scanner, this meant that the dehydration of articular
cartilage for 45 minutes or longer could not be avoided. One porcine acetabulum
p80 MicroCT image slices in 2D is shown in Figure 2.43. After scanning its 3D
image was built up, this could be set as any angle and direction for the analysis
(Figure 2.44).

Attached Bone

\Acetabular

Cartilage

¥

Figure 2.43. One typical two-dimensional image of a porcine acetabulum (resolution
0.2pum) by u80 MicroCT scanner.
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Figure 2.44. A transferred three-dimensional image of the porcine acetabulum from
the scanning results (resolution 0.2um) by u80 MicroCT scanner.

Method A

A simple introduction of method A is shown in Figure 2.45. The wear volume
result was calculated as the volume difference between the two marked planes of
the two replicas of the acetabulum (before and after the friction test). To scan the
acetabular two directions of scanning are available shown in Figure 2.46. The
replica specimen can be scanned horizontal transverse planes (Figure 2.46.a)
approximate 400 slices in 45 minutes, or vertical to the wear scar (Figure2.46.b)
approximate 700 slices in 80 minutes with the same resolution. The information was
assessed from both scanning methods, and the horizontal transverse plane
scanning was chosen due to the shorter operation time (and no advantages when

scanning vertically to the wear scar were observed).

Method A

Mark 5 points on
Acetabular Surface J

ake repliba-1
MicroCT Scan | | |y _

Pendulum Friction Test X = =
J Reollcas )‘ wear. V"’I”"“"" Vrep/lc‘a-2

ake replfc-2 '

Figure 2.45 Introduction of method A to measure and calculate the acetabular
cartilage wear

J
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Figure 2.46. Scanning methods in high definition: a. horizontally 400 slices in 45
minutes; b. vertically 700 slices in 80 minutes

One typical 2D scan image of one slice is shown in Figure 2.47.a, and the
built up 3D image of the replica is shown in Figure 2.47.b. However, the surface
cartilage damage volume cannot be calculated straight away due to the missing

information of the original surface images.

Figure 2.47. a. One slice scan image of a replica; b. built-up three-dimensional image
of a replica

For the same porcine acetabulum, replicas were taken before (replica-1) and
immediately after the friction test (replica-2); hence the difference of the replicas’
volume was considered as the acetabular cartilage deformation volume (surface
deformation). As the main difficulty of this method was moulding of the soft tissue
parts (fat pad, round ligament, and transverse ligament) of the replica and the open
acetabulum surface level of the replica was not able to be controlled equally. A

method was developed by marking five points, and these marks were chosen at an
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unloaded area on the acetabulum which did not affect the tribological properties of
the lunate acetabular cartilage surface. As each three points created one plane
(Figure 2.48: point A was marked on the transverse ligament, point B and C were
marked close by the fat pad, point D and E were marked under the acetabular
labrum), two planes were created (plane ABC, and plane ADE). These marked
points were made by a hand drill 0.5mm in diameter (Figure 2.49.a) before the
pendulum friction test, hence the five marks were mirrored on both replica-o and
replica-a. These five marks were clearly shown on the acetabular cartilage surface
(Figure 2.49.b), the replica surface and were highly recognisable through
u80MicroCT scanning (Figure 2.49.c). The comparison of volume difference

between these two planes of both replicas was considered as the acetabular

cartilage deformation, which includes the wear and surface deformation.

Figure 2.48 Five marked points were made on the porcine acetabulum surface, two
planes were created as plane-ABC, and plane-ADE. a. on porcine acetabulum; b. on
CT scanned three-dimensional image.

Figure 2.49. a. Marks drill with a 0.5mm diameter core; b. marked point on acetabular
cartilage besides the labrum; c. the marked point was recognised clearly on the
three-dimensional image through CT scan
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The limitation of this method was its time-consuming process - for each
individual porcine acetabulum two replicas required scanning at high definition;
hence it suits to individual case studies. For groups with large amount of
specimens, this method was not chosen for the clearance effect to friction and

surface deformation studies under both constant and dynamic loading.

Method B

A simple introduction of method B is shown in Figure 2.50.

Method B

Porcine Acetabulum J’

.

Pendulum Friction Test

ake replica

Micro Scan |
Renolica |

Matlab Programme

n

Vwear - Z char—t i
¢ i=1 5
< j

Figure 2.50 Introduction of method B to measure and calculate the acetabular
cartilage wear

One replica of the acetabulum was made after the friction test, and the wear
volume was calculated by Matlab 7.5 (Mathworks, Natick, USA) programme which
manually recovered the original unworn surface. Method B had been practised to
analyse the acetabular wear from the CT scan 2D images. The image was
transferred into sagittal plane slices (Figure 2.51.a) and analysed using Matlab 7.5
(Mathworks, Natick, USA) programme as shown in Figure 2.51.b.
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Figure 2.51 Acetabulum replica 2D scan image transferred in Matlab 7.5 (Mathworks,
Natick, USA)

However, the pixel size was similar to the missing surface area size, and it
was impossible to recover the original surface manually with high definition (Figure
2.52). Hence the high definition MicroCT scan method was not chosen for the

acetabular surface deformation studies.

|
STEP 1: When crosshairs appear, use mouse and clic< to outline the healthy cartilage surface from LEFT TO RIGHT for curve fitting, Press Q or q when done selecting points

850

Acetabular Replica Surface

750

700

Figure 2.52 The 2D image of acetabulum replica slice in Matlab 7.5 (Mathworks,
Natick, USA) was too small pixel to be analysed
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2.4 Statistical analysis

Different statistical values were collected and calculated as shown in Table
2.7. 95% confidence limits (intervals) (a=0.05) were calculated with a minimum of
three replicates. Statistical analysis on Microsoft Excel 2007 (Microsoft Corporation,
Redmond, USA) was used to calculate the t value and p-value.

The statistical analysis used through this study for comparison: the student'’s t-
test was used when two means were compared, one-way analysis of variance
(ANOVA) was used when more than two groups was analysed.

When calculated data was expressed in percentage or proportions (e.g. HC%,
Winear%, Awc%), the data was transformed to arcsine (Inverse sine) values to all
accurate generation of 95% confidence limits. The arsine values were used to
calculate 95% confidence intervals following the conversion. Then data was
transformed back to the percentage or proportional values.

Linear regression analysis was performed on standard curves when
interpolation / correlation results were required.

Table 2.7 Statistical sign, definition and equation

Sign Definition and Equation
X Individual value
N Sample number

Sumof = , ,
Zx Zx,

n

- 3,

X Mean value =

n

SD \f Z(xl = ;)2
Standard deviaton= 11

n—-1

SE Standard error = §2
n

05%CL | 95% confidence limits = SE xt ~ value
t-value | Probability level = 0.05 or 0.01

Probability of obtaining a test statistic at least as extreme as the
one that was actually observed (0.05)

r Degrees of freedom = n-1

p-value
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2.5 Summary

To conclude, different methodologies had been developed and used in the
tribology of hemiarthroplasty study focusing on the articular cartilage friction,
deformation, wear, and degradation applied on two different hemiarthroplasty
models. The most effective and practical methodologies were chosen for the
tribology study of each model. Simple geometry pin on plate hemiarthroplasty
model was conducted on bovine knee articular cartilage pin on cobalt chrome plate
tested by single station pin on plate apparatus. Hemiarthroplasty hip model was
undertaken on porcine articular acetabulum on cobalt chrome / ceramic head tested
by the pendulum friction simulator. Both hemiarthroplasty models, the friction was
examined by the piezoelectric sensor, but calculated through different methods.
However, the articular cartilage deformation and cartilage wear was measured and
calculated completely different in both models. In simple geometry pin on plate
hemiarthroplasty model, the cartilage deformation was measured directly from the
specimen by digital height gauge, but the linear wear was calculated by comparing
with the control groups using a new developed method. In the hemiarthroplasty hip
joint model, the acetabular cartilage deformation was measured on the replicas of
the specimens by two-dimensional profiemeter, and analysed by Talymap
software. The articular cartilage deformation volume and average deformed depth
were calculated using a new developed method.
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Chapter 3 The Effect of Contact Stress on Cartilage Friction
Deformation and Wear

3.1 Introduction

Following hemiarthroplasty implantation, acetabular cartilage can degenerate
in response to articulation with the metallic component; however, the factors that
affect the rate of cartilage erosion and degeneration of the acetabulum have not
been fully investigated. Hence, the understanding of the tribological behaviour of
artilcular cartilage following hemiarthroplasty is limited.

Articular cartilage in synovial joints withstand complex, varied and often-harsh
loading regimes, and its mechanical features enable the transmission of large loads
by providing a surface with minimal friction, wear and excellent lubrication. The
mechanical response of articular cartilage is highly non-linear and both time- and
load-dependent (Graindorge et al., 2004). The friction coefficient of cartilage is a
very useful measurement in the study of joint tribology, and it has been found to be
0.2-0.4 upon constant loading for durations of several hours (Forster and Fisher,
1996; Krishnan et al., 2004b). The frictional response is primarily controlled by the
biphasic condition of the cartilage, and load carriage by the fluid phase (Forster and
Fisher, 1996; Forster and Fisher, 1999).

In hip hemiarthroplasty, the contact pressures have been studied and
examined in-vivo in the past 20 years. The acetabular contact pressures were
measured (Fagerson et al., 1995) and found to range from 1.21 MPa to 7.09 MPa
during various functional activities: sit-to-stand, ambulation, and stair-climbing. The
highest peak acetabular contact pressure were found during unassisted reciprocal
gait on stairs at 15.52 MPa. Hence, it is necessary to study the tribology of articular
cartilage under a range of stress conditions.

The wear of articular cartilage is defined as the removal of material from the
surface due to mechanical or chemical action between the contact surfaces.
However, the wear of cartilage is very difficult to measure in an in-vitro experiment
due to the variable water content of the articular cartilage and its biphasic properties.
The water content affects both gravimetric and geometric measurements of both
wear and permanent deformation, hence, it is difficult to differentiate wear from
permanent deformation or permanent loss of water from the cartilage (Northwood
and Fisher, 2007). However, it is possible to use changes in surface topography as
an indication of surface damage caused by wear (Katta et al., 2007b; Northwood
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and Fisher, 2007; Katta et al., 2008a). A previous study by Lipshitz and Glimcher
(Lipshitz et al., 1975), concluded that cartilage wear rates increased with increasing
normal load and relative speed of the surfaces, but decreased with time, attaining
an equilibrium value. During reciprocating motion, wear was attributed to the
interaction between two contacting surfaces and accumulation of microscopic
damage, described as interfacial and fatigue by Armstrong and Mow (1982). In the
knee hemiarthroplasty study, it has been found the permanent deformation and
wear increased with both increased friction and increased contact stress (McCann
et al., 2009), these typically occurred at high levels of contact stress.

This summarised literature review has led to the development of series of
research questions:
1. How does contact stress affect cartilage friction, deformation and wear?

> Does the coefficient of friction, cartilage deformation, and cartilage wear
increase proportionally to the increasing contact stress?

» What level of contact stress can cartilage withstand ~ without damaging the
matrix of cartilage, in a hemiarthroplasty configuration?

2. How does the loading time affect the cartilage friction, deformation and wear?

» Is cartilage thickness influenced by fluid uptake (and no loading)?

» Does loading of cartilage (with no reciprocating motion) of different contact
stresses cause permanent deformation of cartilage?

>» How does loading time (short-ferm and long-term) affect articular cartilage
deformation (with no reciprocating motion)?

» How does cartilage wear vary under short-term and long-term loading and
reciprocating motion?

3. How does the sliding distance and sliding velocity affect the cartilage friction,
deformation, and wear?

> What is the different effect of the sliding distance and sliding velocity on the
coefficient of friction, cartilage deformation, and cartilage wear under
different contact stress levels?

» What is the different effect of the sliding distance and sliding velocity on the
coefficient of friction, cartilage deformation, and cartilage wear under
different loading times?

4. How does the contact area affect on the cartilage friction?
5. How does frictional shear stress relate to the contact stress and coefficient of
friction, the cartilage matrix damage, permanent deformation and wear?



3.2 Objectives

The objectives of this study were to use a simple geometry model of cartilage
pins reciprocating against metal plates to consider a range of variables. These
variables were contact stresses (from 0.5 MPa to 16 MPa for short-term one hour
tests, and from 0.5 MPa to 8 MPa for long-term 24 hours tests), stroke lengths (4
and 8mm), and sliding velocities (4mm/sec and 8mm/sec). Variables were
controlled independently to assess the short-term and long-term the effect of (1)
contact stress levels and loading time; (2) stroke length and sliding velocity; (3)
contact area and load; on the coefficient of friction, and cartilage wear.

The overall aim was to define the conditions (in terms of loading time, contact
stress, contact area, stroke length, and sliding velocity) that affect the tribological
properties of cartilage and cause unrecoverable levels of cartilage wear. Different
loading conditions were applied to this simplified model of hemiarthroplasty, and
used to consider the cartilage tribology of the hip hemiarthroplasty. An overview of

this study is shown in Figure 3.1.

Subject The Effect of Contact Stress on Cartilage Friction, Deformation, and Wear
[ |
Properties Friction Deformation Wear
[ |
Contact Stress Low (0.5, 1, & 2MPa), Medium (4, & 8MPa), High (12, & 16MPa)

Short-term (One hour): Control group & motion groups
Long-term (24 hours): Control group & motion groups

I
Under 3.5MPa, 4-4, Long-term, d=4mm

Under 3.5MPa, 4-4, Long-term, d=9mm

|
Stroke Length & 4mm & 4mm/sec

Sliding Velocity 8mm & 8mm/sec
Figure 3.1 Summary of study tests conducted in pin on plate study

Loading Time {

Contact Area {

3.3 Materials and Methods

3.3.1 Materials

All studies used Cobalt Chromium (CoCr) alloy plates (surface roughness
(Ra) of 0.005+£0.001 microns) and bovine cartilage pins, as described in Section

2.2.12. and 2.2.3.1. Cartilage pins were harvested from the bovine patello-femoral
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groove and used in these studies rather than the acetabulum, due to the
acetabulum’s irregular concave geometry, that would make controlling variables
such as contact area and stress challenging. PBS with 0.1% Aprotinin (Trasylol,
Bayer, which used to slow down the fibrinolysis of cartilage during storage and

testing) was used as lubricant.

3.3.2 Methods

Simple geometry friction and cartilage deformation studies were conducted
using a reciprocating motion pin-on-plate apparatus, as described in Section
2.3.1.9,

This study included study groups and control groups, measurements
conducted are shown in Table 3.1. The study groups — pins loaded (under a range
of contact stresses in short-term and long-term) with reciprocating motion were
measured for cartilage thickness, friction coefficient, and cartilage permanent
deformation (height change). The study groups were tested under the following
conditions: 4mm stroke length with 4mm per second sliding velocity (abbreviated to
4-4) groups and 8mm stroke length with 8mm per second sliding velocity
(abbreviated to 8-8) groups. The control groups — no motion, consisted of pins
subjected to loading only group (pins loaded under the same range of contact
stresses as the study groups in short-term and long-term) and a group of pins
stored in PBS (not subjected to loading or motion). Both control groups the cartilage
thickness and cartilage permanent deformation were measured, to calculate the

linear wear of the study groups.

Table 3.1 The measurements of study groups and control groups.

5 Study Groups - Motion & Loading Control Groups - No Motion
roups . : - . -
P Loading with Reciprocating Motion Loading Only No Loading
Measurements Friction Cartilage Cartilage Cartilage Cartilage Cartilage Cartilage
(n=6) Coefficient | Thickness | Deformation | Thickness | Deformation | Thickness | Deformation
T
" T
| Cartilage Wear |

Seven groups in total were tested in this study and the definition of each
group is given in Table 3.2.

Friction data was collected in the following way:
1. Short-term friction studies: data was recorded once every 15 seconds during

the first 5 minutes, and then once every 5 minutes to one hour.
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2. Long-term friction studies: after the initial first hour friction test, data was

collected once every 15 minutes.

Table 3.2 Definition of seven tested groups

No | Group Name Definition
1 | Control UL Control unloaded group
2 | Control L Control loaded group
3 | 4-4 1hour 4mm stroke length with 4mm/sec sliding velocity short-term study
4 | 4-4 24hours 4mm stroke length with 4mm/sec sliding velocity long-term study
5 | 8-8 1thour 8mm stroke length with 8mm/sec sliding velocity short-term study
6 | 8-8 24hrs 8mm stroke length with 8mm/sec sliding velocity long-term study
2 4-4 3.5MPa 4mm stroke length with 4amm/sec sliding velocity under 3.5MPa
24hrs contact stress long-term study

The mean coefficient of friction (+95% confidence limits, n=6) was calculated
for each condition throughout the test, and statistical comparison was carried out
using p value (p < 0.05) and minimum significant difference 95% confidence limits

at selected time points. The coefficient of friction (4, ) and frictional shear stress

(SS) were calculated, as described in Section 2.2.2.1.2.

The cartilage thickness of the osteochrondral pins was measured using a
Nikon profile projector (Nikon V-16 D, resolution 1 pm) at 10 times magnification, as
described in Section 2.2.2.2. Additionally, the pin height was measured at the
central point on the pin surface before and 24 hours after friction test or control
loading test (this was done in air) using a digital height gauge, as described in
Section 2.2.2.3. It was assumed that there was no permanent change in the bone
height during the test and recovery. Both the cartilage thickness and cartilage pin
height were measured three times per specimen, and the mean value of the
measurements was used. The cartilage pin height change percentage to the
cartilage thickness was calculated using Equation 3-1.

- fIZJIIr.\’—qﬂt'r %100

0 v HhU/()r(' i
YoHC = T Equation 3-1

Where, %HC is the cartilage pin height change percentage, (7 is the
cartilage thickness, #,,, is the cartilage pin height before the friction test or

control loading test, and ,,, .., is the cartilage pin height 24 hours after the

friction test or control loading test (during the 24 hours the cartilage pins were
recovered in PBS lubricant).
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During reciprocating friction tests, the cartilage pin height change would be
due to linear wear (material loss) and also the permanent deformation of cartilage
due to the loading. Any changes in the height of the control loading pins were
considered to be the permanent deformation therefore the height change difference

between the control loading pins and study pins was considered to represent linear

wear. The cartilage linear wear percentage to the cartilage thickness (%

Lincar

) was

calculated from the height change percentage difference between the study groups
and control groups, as given in Equation 3-2 (Figure 3.2).

-0 & ) 2y .
%VV/‘”“,‘” = /OHC reciprocating /0 H( control Equatlon 3-2

Where, %W/, ..ar is the linear wear percentage to the original cartilage
thickness, %HC eciorocating 1S the cartilage height change percentage to the original
cartilage thickness due to the reciprocating motion, and %HCcno is the cartilage

permanent height change percentage to the original cartilage thickness due to

loading only.
(%]
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©
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1 ‘
Original Control Group Reciprocating Group
Load Only Load and Motion
[_] Fresh Cartilage |
[:_] Bone b
Y& Deformed Cartilage of Control Group Load removed, and pin measured after
NEE Deformed Cartilage of Reciprocation Group submersion in PBS for 24 hours
</ Recovered Cartilage

Figure 3.2 Cartilage pin height change (permanent deformation) and linear wear

The mean cartilage pin height change percentage and cartilage linear wear
percentage (£95% confidence limits, n=6) were calculated for each test condition
throughout the test, and statistical comparison was carried out using Arcsine
ANOVA and minimum significant difference at each test conditions.
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Studies were conducted at room temperature (20£2°C) under a variety of
contact conditions under constant loading (Table 3.3, 3.4, and 3.5).

The study groups were cartilage pins 9mm and 4mm in diameter which were
used to provide contact stress conditions from 0.5 to 16MPa. The load was applied
for one hour and 24 hours and friction determined as a function of time. Pins were
studied under 4-4 (4mm stroke length with 4mm/sec sliding velocity), and 8-8 (8mm
stroke length with 8mm/sec sliding velocity). The friction coefficient was analysed
as a function of loading time for different contact stresses and different sliding
conditions (Table 3.3).

Table 3.3 Loading, contact stress, and sliding conditions for the study to assess the
contact stress effect on friction (group: 4-4-1hour, 4-4-24hours, 8-8-1hour, and 8-8-
24hours, explained in Table 3.2)

Cartilage Pin Diameter (mm) 9 4
Applied Load (N) 35 | 64| 127 [ 50 | 100 | 150 | 200
level Low Medium High
Contact Stress
(MPa) | 05| 1 2 4 8 12 | 16
N 6
Reciprocating Condition 4-4 and 8-8

The control groups were cartilage pins with no motion and with the same
range of contact stress levels from 0.5 to 8 MPa applied (Table 3.4).

Table 3.4 Loading and contact stress conditions of the control group for the
deformation study (Control no loading, and control loading groups)

Cartilage Pin Diameter (mm) 9 4
Applied Load (N) 0135 (64127 | 0|50 100 | 150 | 200
Contact Stress (MPa) 0105 1 2 |o| 4 8 12 16
N 6
Reciprocating Condition None

Due to the loading limit of the pin-on-plate apparatus, smaller diameter
cartilage pins (4mm) were used to attain the medium and high contact stress levels.
Hence the effect of contact area on the coefficient of friction was also considered in
comparing the coefficient of friction results of the different contact stress levels.
Different diameters of cartilage pins (9mm and 4mm; n=9) were tested at the same
contact stress (by applying different loads; Table 3.5) to investigate the effect of

contact area on the friction. The coefficient of friction was analysed as a function of
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loading time (24 hours) for different contact areas with different loading under the

same contact stress level.

Table 3.5 Loading, contact stress, and sliding conditions for the contact area effect to
the friction study (4-4-3.5MPa 24 hours group, explained in Table 3.2)

Cartilage Pin Diameter (mm) 9 4
Applied Load (N) 220 | 44
Contact Stress (MPa) 3.5
N 9
Reciprocating Condition 4-4

3.4 Results

3.4.1 Effect of Contact Stress on Cartilage Friction Deformation
and Wear

3.4.1.1 Cartilage Deformation in PBS — Control No Loading Study

In the control unloaded groups, two groups of 12 cartilage pins (diameters
4mm and 9mm, n=6 per group) were kept in PBS at 20+2°C for 48 hours. The
height changes were measured at 1 hour, 24, and 48hours. It was found that: there
was no significant cartilage deformation (i.e. cartilage pin height change) when
measured at 1 hour, 24, and 48 hours time period in each group (n=6, Arcsine
ANOVA, p<0.05). The cartilage thickness was not influenced by being immersed in
PBS fluid in 48 hours at room temperature.

3.4.1.2 Cartilage Deformation in Control Loading Study

Control loaded groups with no motion were studied in both short-term (1 hour)
and long-term (24 hours) loading under a range of contact stress levels (from 0.5 to
16MPa). After loading the cartilage pins were immersed in PBS for 24 hours to

allow recovery the elastic deformation, the cartilage permanent deformation (i.e.

cartilage height change HC ) was calculated through the cartilage pin height

change, and results are presented as the percentage of cartilage thickness

(%HC,,,,, ) shown in Figure 3.3.

It is shown that there was no significant permanent cartilage height change
after loading following all (low, medium, and high) contact stress levels for both
short-term (one hour) and long-term (24 hours) loading (n=6, ANOVA Arcsine,
p<0.05).
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3.4.1.3 Reciprocating Study — Short-term

Group 4-4 (4mm stroke length with 4mm/sec sliding velocity) was studied, to
investigate the effect of contact stress and loading time on cartilage friction,
deformation, and wear. Contact stresses ranging from 0.5 to 16 MPa were applied

in short-term (1 hour) and long-term (24 hours) loaded reciprocating tests.

3.4.1.3.1 Coefficient of Friction

In 4-4 short-term studies, the coefficient of friction when cartilage pins
reciprocated on metal plates under different contact stresses from 0.5 to 16 MPa is

shown in Figure 3.4 for the first five minutes of testing, and in Figure 3.5 for the first

one hour of testing.

H1hrloading ®24hrs loading
5% - 3.9%

4%

3%

%oH Ccontrol

2%

1%

0%

0.5 1 2 4 8 12 16
Contact Stress (MPa)

Figure 3.3 The cartilage height change in 1 hour and 24 hours loading control groups,
n=6, mean+95% confidence limits.

The coefficient of friction increased rapidly in the first 20 minutes loading, then
increased gradually as shown in Figure 3.5. The coefficient of friction was
significantly lower under contact stresses of 1 and 2 MPa compared to under
contact stresses of 0.5, 4, 8, 12, and 16MPa in the first 40 minutes loading (n=6,
ANOVA, p<0.05). There was no significant difference in the coefficient of friction
among tests carried out with contact stresses of 0.5, 4, 8, 12, and 16MPa during
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one hour loading, and between contact stresses of 1 and 2 MPa (n=6, ANOVA,
p<0.05).

018 —e—0.5MPa —&—1MPa —+—2MPa —*—4MPa
—*—8MPa —®—12MPa —+—16MPa

0.16 A
0.14 -

0.12 -

0.08 -

0.06 -

Coefficient of Friction

0.04 A

0.02 ~

0.00

Time (minutes)

Figure 3.4. The coefficient of friction in the first 5 minutes loading (from 0.5 to 16
MPa) in 4-4, n=6, mean * 95% confidence limits.

—+—0.5MPa —&—1MPa —&—2MPa ——4MPa
0.45 1—>—8MPa ——12MPa —+—16MPa
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Figure 3.5. The coefficient of friction in one hour loading (from 0.5 to 16 MPa) in 4-4
group, n=6, mean  95% confidence limits.
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3.4.1.3.2 Frictional Shear Stress

The frictional shear stress was calculated to investigate the correlation to the
contact stress levels and time. The frictional shear stress result in group 4-4 short-
term reciprocating study is shown in Figure 3.6. After 5 minutes loading, the
frictional shear stress increased significantly when contact stress increased from 4
MPa to 16MPa (n=6, mean).

T
} ——5 810 420 > 30 ——40 —0—50 —+—60

Frictional Shear Stress (MPa)

T T

8 12 16
Contact Stress (MPa)

Figure 3.6. The average frictional shear stress vs. contact stress in one hour
reciprocating loading group 4-4, mean, n=6.

3.4.1.4 Reciprocating Study — Long-term
3.4.1.4.1 Coefficient of Friction

In long-term (24 hours) friction study, with 4-4 reciprocating motion the
coefficient of friction under different contact stress levels (from 0.5 to 16MPa) was
measured and it is shown in Figure 3.7. The coefficient of friction kept increasing
until approximately 4 hours of loading under all contact stress levels. Then:

Under low contact stress levels (0.5, 1, and 2 MPa), the coefficient of friction
remained at approximately 0.4 from 4 hours loading until 24 hours loading. The

coefficient of friction was not significantly different between contact stresses of 0.5
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and 1 MPa from 4 to 24 hours loading, but it was significantly higher than under 2
MPa contact stress (n=6, ANOVA, p<0.05).

Under medium contact stress levels (4, and 8MPa), the coefficient of friction
kept increasing after 4 hours until 24 hours loading. Under contact stress of 8 MPa,
the coefficient of friction was significantly higher than contact stress of 0.5, 1, 2, and
4 MPa from 14 to 24 hours loading, and severe cartilage damage was observed
when 24 hours testing completed. After 24 hours loading, the coefficient of friction
for stress levels of between 0.5 to 4 MPa converged to a similar value of
approximately 0.4 (n=6, ANOVA, p<0.05).

07 7 —e—0.5MPa —#—1MPa -+ 2MPa ——4MPa —%—8MPa
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Figure 3.7. The coefficient of friction in 24 hours reciprocating loading 4-4 group from
0.5 to 16, n=6, mean * 95% confidence limits.

3.4.1.4.2 Frictional Shear Stress

Catastrophic wear and damage to cartilage occurred after over one hour
continuous loading and sliding with 12 MPa contact stress which corresponded to a
peak frictional shear stress of 4.14 MPa and loading time of over one hour (Figure
3.8) (n=6, mean).
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Figure 3.8. Comparison of the frictional shear stress and contact stress at 0.5, 1, 6,
12, 18, and 24 hours time points in 4-4 reciprocating group.

Figure 3.9 a. a typical deformed cartilage after long-term reciprocation and loading; b.
“mushroom effect” of cartilage damage - a typical catastrophic damage

The catastrophic wear and damage to cartilage occurred when a threshold for
frictional shear stress and time was reached, above this level and over continued
loading time, the cartilage matrix becomes increasingly damaged. At these limits, a
“mushroom effect” where the cartilage was “spread” about the end of the pin was
observed as it was compressed and increasingly damaged. The images of typical

deformed cartilage and “mushroom effect” of cartilage are shown in Figure 3.9.
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3.4.1.4.3 Cartilage Height Change

The cartilage height change following 24 hours of reciprocating motion study
under low and medium contact stress levels is shown in Figure 3.10. It was found
that there was no significant difference in height change of cartilage when pins
subjected to 0.5 and 1 MPa were compared; however, pins subjected to 2, 4, and 8

MPa showed a significant increase height change at each increment (n=6, ANOVA,

p<0.05).
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Figure 3.10 Cartilage permanent height change percentage (permanent deformation
percentage) in control 24 hours loading group and reciprocating motion 24 hours
loading group under different contact stresses (0.5 ~ 16 MPa), n=6, mean = 95%

confidence limits.

3.4.1.4.4 Cartilage Linear Wear

The cartilage linear wear following reciprocating motion is shown in Figure
3.11. It was found that cartilage linear wear increased significantly when pins tested
at 0.5 and 2 MPa were compared. Significant increases in wear were noted at each
increment above 2 MPa (n=6, ANOVA, p<0.05).
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Figure 3.11 Cartilage linear wear percentage following 24 hours loading and
reciprocating motion study group under different contact stresses (0.5 ~ 16 MPa),
n=6, mean * 95% confidence limits.

3.4.2 Effect of Stroke Length and Sliding Velocity on Cartilage
Friction Deformation and Wear

To investigate the effect of stroke length and sliding velocity on cartilage
friction, deformation, and wear another group of tests were compared with an 8mm
stroke length and 8mm/sec sliding velocity (termed 8-8). In 8-8 group, contact
stress ranging from 0.5 to 16 MPa were applied in short-term (1 hour) and long-
term (24 hours) reciprocating tests to compare to the result of 4-4 (4mm stroke
length with 4mm/sec sliding velocity as described in Section 3.4.1).

3.4.2.1 Short-term Study Comparison
3.4.2.1.1 Coefficient of Friction

Comparisons of the coefficient of friction in short-term tests under different
levels of contact stress (low, medium, and high) in both 4-4 and 8-8 reciprocating
groups are shown in Figure 3.12, 3.13, and 3.14 respectively.

Under low levels of contact stresses (0.5, 1, and 2 MPa, Figure 3.12) between
different motion reciprocating groups, it was found that there was no significant
difference in the coefficient of friction between 4-4 and 8-8 groups under the same
low levels of contact stress (n=6, ANOVA, p<0.05).
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Figure 3.12. Comparison of the coefficient of friction under low contact stress levels
(0.5, 1, and 2 MPa) in the short-term study for 4-4 and 8-8 reciprocating groups, n=6,
mean * 95% confidence limits.
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Figure 3.13. Comparison of the coefficient of friction under medium contact stress
levels 4, and 8 MPa) in the short-term study for 4-4 and 8-8 reciprocating groups, n=6,
mean * 95% confidence limits.
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Under medium levels of contact stresses (4, and 8 MPa, Figure 3.13),
between different motion reciprocating groups, no significant difference in the
coefficient of friction between 4-4 and 8-8 groups was observed (n=6, ANOVA,
p<0.05).

Under high levels of contact stresses (12, and 16 MPa, Figure 3.14), between
different motion reciprocating groups, there was no significant difference of the

coefficient of friction between 4-4 and 8-8 groups (n=6, ANOVA, p<0.05).
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Figure 3.14. Comparison of the coefficient of friction under high contact stress levels
(12, and 16 MPa) in the short-term study for 4-4 and 8-8 reciprocating groups, n=6,
mean + 95% confidence limits.

3.4.2.1.2 Frictional Shear Stress

No significant difference of frictional shear stress was observed in the

reciprocating groups of 4-4 and 8-8 under the same level of contact stresses at a
range from 0.5 to 16 MPa in short-term study.

3.4.2.2 Long-term Study Comparison

3.4.2.2.1 Coefficient of Friction
The comparisons of the coefficient of friction in long-term study under low and

medium levels of contact stresses in both 4-4 and 8-8 reciprocating groups are
shown in Figure 3.15, and 3.16 respectively.
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Figure 3.15 Comparison of the coefficient of friction in 24 hours under low contact
stress levels between 4-4 and 8-8 reciprocating groups, n=6, mean + 95% confidence
limits.
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Figure 3.16 Comparison of the coefficient of friction in 24 hours under medium
contact stress levels between 4-4 and 8-8 reciprocating groups, n=6, mean * 95%
confidence limits.
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Under low level of contact stresses (0.5, 1, and 2 MPa, shown in Figure 3.15)
between different reciprocating motion groups, it was found that there was
significantly higher coefficient of friction in the group with longer stroke length and
sliding velocity (8-8 group) (n=6, ANOVA, p<0.05).

Under medium levels of contact stresses (4, and 8 MPa, shown in Figure 3.16)
between different reciprocating motion groups, no significant difference of the
coefficient of friction between 4-4 and 8-8 groups was observed (n=6, ANOVA,
p<0.05).

At 24 hours loading and reciprocating time point, the coefficient of friction
under low and medium contact stresses of both 4-4 and 8-8 groups is shown in
Figure 3.17. It was found significantly higher coefficient of friction in 8-8 group under
low level of contact stresses compared to 4-4 group, but no significant difference

under medium contact stresses between these two groups.
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Figure 3.17 Comparison of coefficient of friction at 24 hours loading time point
between two 4-4 and 8-8 reciprocating groups, n=6, mean * 95% confidence limits.

3.4.2.2.2 Frictional Shear Stress

No significant difference of frictional shear stress was observed in the
reciprocating groups of 4-4 and 8-8 under the same level of contact stresses at a
range from 0.5 to 8 MPa in long-term study comparing Figure 3.18 (8-8 group), and
Figure 3.10 (4-4 group).
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Figure 3.18. Comparison of the frictional shear stress and contact stress at 0.5, 1, 6,
12, 18, and 24 hours time points in 8-8 reciprocating group.

3.4.2.2.3 Cartilage Height Change

When the cartilage height change in 4-4 and 8-8 groups in long-term study
was compared (Figure 3.19), it was found that under low and medium contact
stresses, levels, the longer stroke length with increased sliding velocity (8-8 group)
produced significantly higher cartilage height change at the same contact stress
level than group 4-4 at 0.5, 1, 2, 4, and 8 MPa.

3.4.2.2.4 Cartilage Linear Wear

The cartilage linear wear in the reciprocating groups of 4-4 and 8-8 in long-
term study was compared (Figure 3.20). It was found that the longer stroke length
with increased sliding velocity (group 8-8) produced significantly higher linear wear

than group 4-4.
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Figure 3.19 Comparison of the cartilage permanent height change in long-term study
between 4-4 and 8-8 groups under a range of contact stresses (from 0.5 to 8 MPa),
n=6, mean * 95% confidence limits.
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Figure 3.20 Comparison of the cartilage linear wear in long-term study between two
reciprocating 4-4 and 8-8 groups under different contact stresses (0.5 ~ 8 MPa), n=6,
mean * 95% confidence limits
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3.4.3 Effect of Contact Area and Load on Cartilage Friction
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Figure 3.21. Comparison of the coefficient of friction under the same contact stress of
3.5 MPa in one hour reciprocating and loading, with diameter 4mm, and 9mm
cartilage pins, n=6, mean * 95% confidence limits.
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Figure 3.22. Comparison of the coefficient of friction under the same contact stress of
3.5 MPa from 1 hour to 24 hours reciprocating and loading, with diameter 4mm, and
9mm cartilage pins, n=6, mean * 95% confidence limits.
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Under the same contact stress (3.5MPa), the smaller contact area with lower
load (4mm diameter cartilage pin with 44N loading) generated a significantly higher
coefficient of friction in the first one hour of loading compared to 9Smm diameter
cartilage pins with 220N loading (n=9, ANOVA p<0.05) (Figure 3.21). Between 2
and 24 hours the coefficient of friction for the different diameters was not
significantly different (n=9, ANOVA p<0.05) (Figure 3.22).

3.5 Discussion

Hip hemiarthroplasty has been queried as a procedure that may lead to
cartilage degeneration. However, it has been clinically used for many decades and
provides relatively good outcomes. The contact problem between cartilage and
metals is very complex when addressed from a bioengineering perspective. In this
case, the mechanobiology of the tissue and cell response also play an important
role on the mechanism and cartilage tribology properties especially in the long-term
study. However, this study mimicked simple hemiarthroplasty condition in-vitro to
focus on the examination of the effects of mechanical factors on cartilage friction
and wear. Results were compared with the main mechanical factors effects.
However, this study did not consider the additional mixed effects of biological
factors and cartilage degeneration in PBS at 20+2°C. This study has demonstrated
under medium and high contact stress (4, 8, 12 and 16 MPa) in short-term (1 hour),
and under contact stress from 0.5 to 8 MPa in the long-term (24 hours) cartilage
tribological properties studies in a simple hemiarthroplasty set-up in-vitro, which
others have not done in this area.

This study has used cartilage pins reciprocating against metal plates to
assess the long-term effect of (1) contact stress levels and loading time; (2) contact
area and load; (3) stroke length and sliding velocity; on the coefficient of friction,
cartilage wear, degradation and cartilage recovery following reciprocal motion under
load.

3.5.1 Effect of Contact Stress and Loading Time on Cartilage
Friction Deformation and Wear

The coefficient of friction of cartilage on metal counterfaces is strongly
affected by the contact stress and the loading time;
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» The coefficient of friction, cart‘ilage deformation, and cartilage wear did not
increase proportionally with the increasing contact stress (Figure 3.4, 3.5, 3.9,
and 3.11).

> The cartilage in a hemiarthroplasty pin on plate configuration was fully
recovered under low contact stress levels (s2 MPa) in both short-term and
long-term (24 hours) constant loading with no motion (Figure 3.3).

» Loading only (with no motion) affected the cartilage permanent deformation
under medium and high contact stress levels (>2 MPa) in both short-term and
long-term loading. Under 16 MPa in 24 hours loading caused less than 5%
permanent deformation of articular cartilage (Figure 3.3).

> Cartilage linear wear increased significantly under medium level of contact

stresses (4 and 8 MPa) in long-term reciprocating loading (Figure 3.11).

The coefficient of friction increased with loading time during the first one to
two hours loading for all contact conditions. This is in agreement with data
previously reported (Forster and Fisher, 1996) and reflects the biphasic nature of
cartilage. When the load is applied, initially the fluid phase of the cartilage is able to
provide support, as the fluid is increasingly exuded from the cartilage; the load is
transferred to the solid and fluid phase in equilibrium of the cartilage. After
approximately one or two hours of loading and reciprocating motion most of the
applied load is supported by the cartilage in its equilibrium state (solid and fluid
phase). The increase in friction is then due to the solid phase interactions and the
shearing between the contact surfaces. |

For the short-term loading (Figure 3.5), the coefficient of friction reduced as
the contact stress increased up to a value of 2 MPa and then subsequently
increased as the contact stress increased to 16 MPa. The same trends of
coefficient of friction changes have been reported in the previous studies in both
experimental work (Pickard ef al., 1998a) (Figure 2.23) and computer modelling
work on articular cartilage (Krishnan et al., 2004b). This is due to the biphasic
properties of cartilage; the load is transferred from the fluid phase of the cartilage to
the equilibrium state of solid and fluid phase. Ateshian et al. (2003) have speculated
the reduced friction in this case could be the flattening of surface roughness of
articulating cartilage samples under load or the forces present between molecules
on the cartilage surface (Ateshian et al., 2003b). The drop of friction with increasing
contact stress is generally known in compliant materials (Bowden, 1964; Gong and
Osada, 2002; Katta et al., 2008a). Hence, this decrease of friction could also be
due to the boundary lubricant molecules with beneficial friction properties inherent



-114-

to cartilage, which are exuded into the contact zone between the articulating
surfaces under loading. During this process, when low contact stresses 0.5, 1, and
2 MPa were applied with the same cartilage contact area (9mm diameter), the
contact stress level contributed substantially to the deformation of effective
lubricating surface between the cartilage surface and the metal plate. However,
when the contact stress increased above 2 MPa (e.g. 4, 8, 12, and 16 MPa with the
same contact area 4 mm diameter cartilage pins), due to the increasing contact
stress the cartilage solid and fluid phase in equilibrium was carrying the load in all
cases of the coefficient of friction increased with increasing contact stress. The
contact stress range (0.5 — 2 MPa) for decreasing friction has been explored in this
study, but from 2 MPa to 4 MPa the change of friction is not clearly identified in
short-term loading due to the difference of sample sizes.
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Figure 3.23. Coefficient of friction of bovine articular cartilage at different contact
pressures plotted against loading time (Pickard et al., 1998a).

In short-term reciprocation during the transmission of load support from a fully
fluid phase into a solid and fluid phase in equilibrium, the cartilage friction was
affected strongly by the contact stress at low levels. When the contact stress

 remained low (not more than 2 MPa), the velocity of fluid exuded from the cartilage
increased with the increasing contact stress from 0.5 MPa to 1MPa till 2 MPa,
hence reducing the friction. However, when the contact stress reached the medium
level (4 and 8 MPa) and high level (12 and 16 MPa), the velocity of fluid exuded
from the cartilage reached its limit, hence the friction of cartilage increased similarly
with time under medium and high levels of contact stress.
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For the long-term loading, the coefficient of friction reached a high terminal
value of between 0.35 and 0.4 for stress levels of 0.5 to 4 MPa (Figure 3.7),
however, for 8 MPa contact stress the coefficient of friction continued to rise and
the cartilage was catastrophically damaged (Figure 3.9). When the contact stress
was less and equal to 4 MPa, the cartilage linear wear remained less than 30% of
the cartilage original thickness, we postulate that at this level the cartilage matrix
was not damaged and that the frictional shear stress on the cartilage surface
remained below a “damage threshold”. When the higher contact stress 8 MPa was
applied, the linear wear increased significantly (up to 38%), we postulate the
increased frictional shear stress led to increased damage of the cartilage matrix
hence the coefficient of friction continued to increase with time.

When the contact stress increased, the change in cartilage height of the
reciprocating pins increased, attributed to increased linear wear. The control pins
that were not subject to motion showed that when loaded at low contact stress
levels approximately all deformation was recovered. At medium and high stress
levels approximately 95% of deformation was recovered. This slight difference is
thought to be due to increased cartilage matrix damage under medium contact
stress levels. However, when pins were subjected to reciprocating motion, an
increase in contact stress affected the cartilage height change significantly more
due to the linear wear in addition to deformation. When sliding distance and velocity
were greater (8-8 compared to 4-4) the amount of cartilage height change
increased significantly, this was attributed to the linear wear.

Cartilage permanent deformation increased with the increasing contact stress,
attributed to increased linear wear. The control pins that were not subject to motion
showed that when loaded at low contact stress levels approximately all deformation
was recovered. At medium and high stress levels approximately 95% of
deformation was recovered. This slight difference is thought to be due to increased
cartilage matrix damage under medium contact stress levels. However, when pins
were subjected to reciprocating motion, an increase in contact stress affected the
cartilage height change significantly more due to the linear wear in addition to
deformation.

Catastrophic wear and damage to cartilage occurred after one hour
continuous loading and sliding with 12 MPa contact stress which corresponded to a
peak frictional shear stress of 4 MPa and loading time of over one hour. The
catastrophic wear and damage to cartilage occurred when a threshold for frictional
shear stress and time was reached, above this level and over continued loading
time, the cartilage matrix became increasingly damaged. At these limits, a
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“mushroom effect” where the cartilage was “spread” about the end of the pin as it
was compressed and increasingly damaged was observed.

An interesting finding is there was no clear relationship between the cartilage
friction and cartilage linear wear in these long-term reciprocating motion studies
when the contact stress was not more than 4 MPa. This was due to the biphasic
properties of cartilage mainly influencing the friction, whereas the contact stress
levels strongly affected to the cartilage linear wear. However, under 8 MPa the
coefficient of friction continued increasing with time and this may be due to the
catastrophic damage of the articular cartilage during 24 hours reciprocating motion.

Physiologically the “mushroom effect” type of cartiiage damage observed on
the size of 4mm diameter cartilage pins in medium and high levels of contact
stresses may not be entirely relevant. When the high contact stress was applied
onto the cartilage plug (small surface), the cartilage tissue was “squeezed” to the
edge area due to a lack of support from the surrounding tissue. However, in the
human hip joint hemiarthroplasty is preformed, this is not the case. The whole
acetabular cartilage would be fully supported by the surrounding bone and other
tissue when high contact stress, cartilage would be deformed or broken. When high
contact stresses cause a level of frictional shear stress which is above the “damage
threshold”, the cartilage might be “torn” or “broken” in the contact area instead
responding in this “mushroom effect”. Therefore, the size and shape of the cartilage
plugs have influenced the catastrophic damage phenomenon of the articular
cartilage. However, understanding the damage threshold of biological tissues is
very complex and cannot be solely addressed from such a mechanical perspective.
Biological degradation of the cartilage will also play an important role in such a
threshold. However, investigation of this was beyond the scope of this study.

3.5.2 Effect of Stroke Length and Sliding Velocity on Cartilage
Friction Deformation and Wear

The coefficient, of friction, cartilage deformation and linear wear on metal
counterfaces is affected by the stroke length and sliding velocity differently;

» For contact stresses between 2 MPa and 16 MPa applied for over one hour
loading on cartilage (with no reciprocating motion) less than 5% permanent
deformation of cartilage was observed.

» Loading time (short-term and long-term) does not affect articular cartilage
permanent deformation (with no rec‘iprocating motion) significantly.
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» Longer stroke length and quicker sliding velocity produced significantly higher
cartilage linear wear under low, medium and high contact stresses within
long-term loading (Figure 3.20).

Increased stroke length and sliding velocity increased the coefficient of friction
for stress levels between 0.5 and 2MPa and below, but made no difference at 4 and
8 MPa. Under low contact stress levels, the linear wear of the cartilage was
significantly higher under greater stroke length and higher sliding velocities (8-8
compared to 4-4). However, under medium contact stress levels the cartilage linear
wear increased to over 25% which means increased damage to the cartilage
matrix. This could be caused by the different size of the cartilage plugs used under
low and medium level of contact stress due to the loading limits of the reciprocating
motion pin-on-plate apparatus. The area of the metal plates covered by the
reciprocation of the cartilage pins (4mm and 8mm stroke lengths) is shown in
Figure 3.24. Under low contact stresses (Figure 3.24.a and b.) 9mm in diameter
cartilage pins were used, the repeated contact area was 28.84 mm? with 4mm
stroke length and 2.78 mm? with 8mm stroke length. More repeated area was
observed with the 4mm stroke length and this might decrease the surface
roughness of the cartilage plug, hence it may produce lower coefficient of friction.
However, under medium contact stresses (Figure 3.24.c and d) 4mm in diameter
cartilage pins were used, there was no repeated contact area at 4mm or 8mm
stroke length, and no difference on friction under the same contact stress with
different motion conditions. Even though there were significant differences of the
cartilage linear wear under the same contact stress (at 0.5, 1, 2, 4, and 8 MPa)
between the two different motion conditions, it did not affect the cartilage friction as
the cartilage linear wear did not relate to the friction.

The linear wear of the cartilage was significantly higher under greater stroke
length and higher sliding velocity group (8-8 compared to 4-4). However, under
medium contact stress levels the cartilage linear wear increased to over 25% which
means increasing damage to the cartilage matrix was occurred. Damage was such
that further increases to stroke length and sliding velocity did not further increase
this.

When sliding distance and velocity were greater (8-8 compared to 4-4) the
amount of cartilage permanent deformation (height change) increased significantly,
this was attributed to the linear wear. Cartilage linear wear increased significantly at
longer sliding distance with quicker sliding velocity under the same contact stress

levels, and this was due to the longer contacting counterfaces on the metal plate
increased the material loss.



-118-

Cartilage Contact Area on the Plate

Stroke Length = 4mm Stroke Length = 8mm
R=4.5m

13mm

R=2mm

=2mm R=2mm

8mm ¢ 12mm d

[

Figure 3.24 Cartilage contact areas on the plate with different stroke length and
cartilage diameters.

3.5.3 Effect of Contact Area and Load on Cartilage Friction

The contact area and load affected the coefficient of friction by time;

» The contact area and load affected on the coefficient of friction significantly in
the first two hours loading under the same contact stress level.

» In the long-term friction study after 2 hours loading, under the same contact
stress level, the coefficient of friction was not significantly different with
different contact areas and loads.

Under the same contact stress, the effect of contact area and load was
demonstrated in short-term reciprocating study on friction. When the load was
applied, the fluid started to flow out until equilibrium state (a solid and fluid phase in
equilibrium) was reached in which the applied forces balance the internal pressure
(i.e. ‘'swelling pressure’). During this period, the smaller diameter cartilage pin with
the higher aspect radio reduced the fluid support with a through the side of the
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cartilage, hence the coefficient of friction increased more quickly and more
significantly compared to the larger diameter cértilage pin. However, when this
transferred from the fluid phase to the solid and fluid phase in equilibrium
supporting the load was completed; the coefficient of friction was comparable. The
contact area and load did not affect the coefficient of friction in long-term
reciprocating studies due to the cartilage load support through the equilibrium state
of solid and fluid phase.

» The frictional shear stress level increased with both contact stress and the
coefficient of friction.

» When the frictional shear stress arrived at 6 MPa over one hour static loading,
or when the frictional shear stress reached over 4 MPa over 24 hours static
loading, it caused the severe cartilage matrix damage, and visible linear wear.
Frictional shear stress is a factor that affects the degeneration process in

articular cartilage, when it reaches a certain level the cartilage severe damage and
increasing linear wear.

The results from this study demonstrated that in the simple geometry
hemiarthroplasty model, the contact stress over 4 MPa for long-term reciprocating
motion (over 1 hour) could lead to high friction and severe damage of the articular
cartilage. Longer reciprocating distance and higher sliding velocity could increase
the friction under low level contact stress, but it could cause significant increase of
the cartilage linear wear under a range of contact stress from 0.5 to 8 MPa. When
the contact stress is in low level (s2 MPa) in the long-term reciprocating motion the
cartilage linear wear could be less than 10% of the cartilage thickness. Hence long-
term reciprocating motion with more than 4 MPa contact stress, and long distance
with fast velocity motion should be avoided for patients who have received a hip
hemiarthroplasty to reduce the possibility of cartilage severe damage and
degradation. It may be useful to recommend to patients who recover from hip
hemiarthroplasty to maintain low level of contact stress for long-term activities or
medium and high level of contact stress for short-term activities in hip joint to
reduce the deformation, linear wear and degradation of acetabular cartilage.

However, high speed and long joint movement activities should be avoided after hip
hemiarthroplasty.
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3.6 Conclusion

A series of studies using a hemiarthroplasty simple geometry mode! where

cartilage pins reciprocated against metal plates under different conditions were
conducted, it was demonstrated that:

1.

In short-term studies, the friction coefficient decreased with changes in the
contact stress from 0.5 to 2 MPa, but increased from 2 to 16 MPa.

In long-term studies, the friction coefficient reached 0.35 with contact stress
<4 MPa, but severe damage occurred with contact stresses of 8 MPa which
significantly increased the friction coefficient after 12 hours. When a contact
stress of 212 MPa was applied for more than one hour, catastrophic wear of
cartilage occurred. '

When pins with different contact areas were subjected to the same contact
stress, in the long term studies there was no significant difference in the
friction coefficient

Sliding distance and velocity only affected the friction coefficient under low
contact stress (0.5 to 2 MPa).

Cartilage linear wear increased significantly with contact stress, sliding
distance and sliding velocity.
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Chapter 4 The Effect of Clearance on Cartilage in
Hemiarthroplasty under Constant Load

4.1 Introduction

The current chapter focuses on the study of the friction and wear of cartilage
in a hemiarthroplasty hip simulation with a constant loading regime applied. It
extends the understanding of cartilage tribological properties in the
hemiarthroplasty condition beyond that of the previous simple geometry model
study. The tribological response of the acetabulum in hemiarthroplasty has not
been previously studied in an in-vitro articulating hip joint due to the technical
difficulties associated with central setting of the acetabulum and the complex
calculations of friction and wear. Hence the whole hip joint tribology study in-vitro
began with a study under constant loading and application of a pendulum motion;
this was a precursor to the more complex application of dynamic loading.

Clinically, following hemiarthroplasty (for example, Austin Moore), the acute,
repetitive impact and torsional joint loads have been speculated as causing damage
to articular surfaces causing pain (either groin or thigh), joint dysfunction, and
effusions. The pain is usually due to the pathological processes: acetabular
cartilage degeneration or loosening of the prosthesis in the proximal femur, or
infection and impingement (Amstutz and Smith, 1979; Sharkey et al., 1998; Bilgen
et al., 2000; Cossey and Goodwin, 2002). Furthermore, inappropriate choice of
head size, inadequate calcar seating, subsidence and rotational instability of the
prosthesis (uncemented) may also cause pain (Sharif and Parker, 2002; Yau and
Chiu, 2004). This articular surface damage can lead to progressive joint
degeneration in some cases. Many factors are considered to exacerbate these
pathological processes (Anderson et al., 1964; Hinchey and Day, 1964; Gingras et
al., 1980; Cruess et al., 1984; Kaltsas and Klugman, 1986; Cook et al., 1989;
Cossey and Goodwin, 2002) such as incongruencies between the femoral head
and the acetabulum, the use of cement, excessive neck length, impaction at the
time of injury, active patients, and more importantly the shear forces between the
prosthesis and the articular cartilage.

Cartilage degeneration is one of the most important clinical issues following
hip hemiarthroplasty, and the migration of the prosthesis head through the
acetabular cartilage is a primary mode of failure (Anderson et al., 1964; Salvati and
Wilson, 1973; Kofoed and Kofod, 1983). This may be attributed to the excessive



pressure caused by inappropriate fit between the metallic prosthesis head and the
natural articular acetabulum referred to as mismatched head size (Harris et al.,
1975; Devas and Hinves, 1983; Yamagata et al., 1987; van der Meulen et al., 2002;
Krishnan et al., 2004b).

Little is known clinically about the prevalence, and severity of acetabular
erosion (Timour, 1999) secondary to the hip hemiarthroplasty (Figure 4.1). The
level of physical activity and the duration of follow-up are the factors that have the
highest correlation with the severity of the erosion of acetabular cartilage (Phillips,
1989; McGibbon et al., 1999). In Philips and McGibbon’s studies, it was found that
the erosion through acetabular cartilage into the bone developed in 90% (34 of 38)
of active patients, and 0% (0 of 34) of inactive patients. In active patients, the
severity of the erosion increased with time (at an average rate of 3% per year) and
was associated with pain and disability during walking. However, late acetabular
erosion did not develop in all active patients, one patient still had high acetabular
score (Harries Hip Score: 98 points) at the 11 year follow-up. It has been
demonstrated in operative findings that loosening of the prosthesis and acetabular
cartilage degeneration were the main pathological processes leading to failure of
the hemiarthroplasty (Cossey and Goodwin, 2002). Hence, hemiarthroplasty can
achieve a good long-term result for treating the femoral neck fractures for elder
patients when these pathological processes and appropriate choices i.e. head size,

adequate calcar seating, stable subsidence and rotation etc are applied.

Figure 4.1 Painful Moore prosthesis, with apparent peripheral acetabular erosion
(Timour, 1999).
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The mechanogenesis of cartilage degeneration and erosion is largely
unknown. Although the mechanical and biochemical properties of degenerated
articular cartilage had been analysed previously (Roberts et al.,, 1986a; Roberts et
al., 1986b; Guilak et al., 1994; Wei et al., 1997), the primary cause remains elusive.
Previous fundamental studies (Forster and Fisher, 1996; Forster and Fisher, 1999;
Krishnan et al., 2004a; Krishnan et al., 2004b; Bell et al., 2006b; Carter et al., 2007,
Katta et al., 2007a; Northwood and Fisher, 2007; Northwood et al., 2007; McCann
et al., 2009) of the tribology of articular cartiiage have indicated the complex
relationships among the coefficient of friction, frictional shear stress, contact stress
levels, cartilage deformation, and cartilage wear were due to the biphasic nature

(Mow et al., 1984) of articular cartilage and the time dependency of the tribological
responses.

These studies suggested that the contact area, contact pressure, frictional
shear stress, and loading time were the main factors that influenced the tribological
properties of the acetabular cartilage in hemiarthroplasty. Furthermore, the
clearance between the femoral head and the acetabulum motion direction (FE
direction) not only affects the incongruencies between the femoral head and the
acetabulum, but also is a key factor that influences the contact stress, contact area,
and frictional shear stress in hip hemiarthroplasty. The effect of clearance on the
tribological properties is very important to investigate and understand. It was
hypothesised that increasing the clearance between the femoral head and the
articular acetabulum would increase the contact stress and friction factor. This is
because for the same articular acetabulum, decreasing the femoral head size
increases the clearance; hence the contact stress increases by the decreasing
contact area (as shown in Figure 4.2). For example, for the same porcine
acetabulum, increased the clearance (reduce the metal head size) from small,

medium, large, and to extra large, the contact area decreased as pink, red, green,
to blue area.

This summarised literature review has led to the development of a series of
research questions, which will be investigated under constant loading initially:

1. How does the clearance between the femoral head and the articular
acetabulum (measured in the FE direction) affect cartilage friction?

» What is the effect of clearance on contact area and contact stress?

> What is the relationship between the variation of clearance and the contact
area and the contact stress?

» What is the effect of clearance on the friction factor?
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> What is the effect of clearance on frictional shear stress?

2. How does the clearance (FE direction) affect the cartilage deformation,
degradation and wear?

> What is the effect of clearance on the acetabular cartilage surface
roughness?

» What is the effect of clearance on the cartilage wear grades and area?

» What is the relationship between the variation of clearance and the

cartilage deformation volume value of different clearances?

When the head radius increases;
The clearance decreases;

Then the contact area increases;
Hence the contact stress decreases.

Metal Fé_moral Head

Backward
- 157 |+1 5°f

Loaded Area

Figure 4.2 Contact stress increases when reducing the femoral head size due to the
decreased contact area, and smaller head size — larger clearance causes higher
contact stress

4.2 Objectives

The objectives of this study were to use a simulated hip joint model of the
acetabular cartilage cup reciprocating against a metal head to consider the effect of
clearance on the cartilage tribology. The clearance was considered in the flexion-

extension direction and ranged from small, medium, large to extra large (as
described in Section 2.3.1.5).
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The Effect of Clearance on Cartilage
Friction and Wear under Constant Load

Clearance Levels Small, Medium, Large, and Extra Large

Contact Area and Contact Stress
Friction factor and Frictional Shear Stress
Surface Roughness and Cartilage Wear Grade
Surface Deformation Volume and Depth

Subject

Output

Figure 4.3 Summary of studied tribological properties in pendulum constant loading
study in hip joint

Tribological properties studied were: (1) contact area and contact stress, (2)
friction factor, (3) surface roughness, (4) cartilage wear grade, and (5) surface
deformation after the 2 hours 400N constant loading in a pendulum friction study.

An overview of this study is shown in Figure 4.3.

4.3 Materials

Tests materials used were six-month old porcine acetabula and cobalt chrome
heads (32, 34, 35, 36, and 37mm in diameter), and the lubricant was 25% bovine
serum, as described in Sections 2.3.1.2, 4, 5, and 8 respectively. The porcine
acetabulum was set in PMMA cement at 45 degrees as described in Section
2.3.2.2, and friction tests were conducted using a pendulum friction simulator as
described in Section 2.3.2.1. Microset silicon replicas of the porcine acetabulum
after the friction test were taken, to study wear, as described in Section 2.3.2.3.
Contact areas and stresses were measured using the FUJI pressure film as
described in Section 2.3.2.4. The cartilage wear grade measurements were

completed as described in Section 2.3.2.5, and the surface deformation
measurements were taken as described in Section 2.3.2.6.

4.4 Methods

The constant load chosen was selected as half of the porcine body weight
approximate 400N with a loading time of 2 hours (explained in Section 2.3.2.1.1).
The constant loading profile was set as shown in Figure 2.24.
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Samples with small, medium, large, and extra large radial clearances were
tested as defined in Section 2.3.1.5, Table 2.2. Different femoral heads and
acetabula sizes were chosen to create the same level of clearance.

The average contact area at 0° position was measured using super-low
pressure FUJI film by applying 400N constant loading with no motion for 30
seconds, described in Section 2.3.2.4. The contact areas of six specimens with
each clearance were measured and the mean value was calculated and compared
(ANOVA, p<0.05). The average contact stress was calculated by the load divided
by the average contact area using Equation 2-16. The peak contact stress was
measured using low pressure FUJI film and selecting the six highest points at the O
degree position of each specimen and the mean value of six specimens of each
clearance were calculated and compared (ANOVA, p<0.05).

The friction factor was analysed as the coefficient of friction at the O degree
position where the head was vertically loaded and in contact with the lowest
position of the cup as shown in Figure 2.25. The friction factor (coefficient of friction)
was calculated using Equation 2-13, as described in Section 2.3.2.1.1.1.

The average frictional shear stress and the peak frictional shear stress
were calculated following Equations 2-17, and 2-18 in Section 2.3.2.5. The mean
value of six specimens of each clearance group was calculated and compared
(ANOVA, p<0.05).

The acetabular cartilage surface roughness was measured using microset
replica and a two-dimensional profilometer. The roughness (Ra) of each trace was
calculated using software following Equation 2-19.

The cartilage wear grade area was examined visually using an adaption of
the International Cartilage Repair Wear Grading System (Section 2.3.2.6). The area
of the different wear grades were measured through marking a transparent cling
film covering the microset replica of the acetabulum, as described in Section 2.3.2.6.
Then the wear area of the different wear grades and the whole acetabular lunate
surface area were calculated using Image Pro Plus, and presented as the
percentage of the acetabular lunate surface area. The mean value of each wear
grade area percentage (six specimens) in each clearance group were calculated
and compared (ANOVA arcsine, p<0.05).

The acetabular replicas (n=3) were selected depending on their suitability for
measurements. Intact original surface on both sides of the wear scar on the replicas
was required for two-dimensional profilometer measurements (as described in
Section 2.3.2.6.1, Figure 2.40). The acetabular surface deformation volume and

the average deformation depth were calculated using Equations 2-20, and 2-21.
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The mean deformation volume and average deformation depth of each clearance
group was calculated and compared (ANOVA, p<0.05, n=3).

4.5 Results

4.5.1 Effect of Clearance on Contact Area and Contact Stress

4.5.1.1 Contact Areas

Images of typical contact areas in each clearance group measured by super-
low pressure FUJI film are shown in Figure 4.4, and detailed measurements are
shown in Appendix 2.

: f TRk
Low Pressure Film Low’Pressure Film

Super-low-Pressure Film Super-low.Pressure Film

C .
Low Pressure Film [ Low-Pressure Film W&

Figure 4.4 Contact area was measured by super-low pressure film and contact stress
was measured by low pressure film loading at 0° position with a 400N constant load

for a) small, b) medium, c) large, and d) extra large clearances between a cobalt
chrome head and the porcine acetabula.

The contact area of six specimens of each clearance group was calculated by
Image Pro Plus, and a correlation (R=0.80) between the contact area and the FE
radial clearance was observed (Figure 4.5). The mean contact area of each
clearance group decreased from 85 mm? to 169 mm? as the clearance increased

from small to extra large (Figure 4.6). With extra large clearance, the contact area
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was significantly smaller compared to with small, medium, and large clearances
(n=6, ANOVA, p<0.05).

250
B |ndividual Specimen under 400N Static Loading
— Linear Corelation between Contact Area and Clearance
|
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Figure 4.5 Correlation of specimen clearances (all groups) and contact area. R and P
values were obtained using a regression analysis in Microsoft Excel 2007 (Microsoft
Corporation, Redmond, USA).
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Figure 4.6 Contact area (mmz) in specimens with different clearance levels (n=6, mean
+ 95% confidence limits).



4.5.1.2 Contact Stress

The calculated average contact stresses and the measured peak contact
stresses with different clearances under 400N static load for 30 seconds are shown
in Figure 4.7. Both the calculated average contact stress and the measured peak
contact stress increased with the increasing clearances with correlations of R=0.79
and R=0.87 respectively.

B Calculated Average ¢ Peak
— Linear (Calculated Average) —— Linear (Peak)

y = 1.4483x + 3.4458
R = 0.8667, P = 0.0003

y = 0.9968x +1.9717
B R=0.7938, P =0.0330

Contact Stress (MPa)
(6]

0 0.4 0.8 1.2 1.6 2 2.4 28 32
Clearances (mm)

Figure 4.7 Correlations of calculated average contact stress / measured peak contact
stress and specimen clearance. R and P values were obtained using a regression
analysis in Microsoft Excel 2007 (Microsoft Corporation, Redmond, USA).

The calculated contact stress and measured peak contact stress of
specimens in each clearance group is shown in Figure 4.8. The calculated average
contact stress increased from 2.4 MPa to 4.7 MPa as the clearance of specimens
increased from small to extra large. The average contact stress was significantly
higher in specimens with extra large clearance compared to the average contact
stress for specimens with small, medium, and large clearances (n=6, ANOVA,
p<0.05). The measured peak contact stress increased from 3.9 MPa to 7.2 MPa
with increasing clearance of specimens from small, medium, large to extra large.
The measured contact stress in specimens with extra large clearances was found
to be significantly higher compared to specimens with small and medium
clearances and significantly higher contact stress was observed with large
clearance specimens compared with specimens with small clearance (n=6, ANOVA,
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p<0.05). The measured peak contact stress is shown 1.625~1.71 times greater
than the calculated average contact stress in specimens at each clearance level, a

parabolic form relationship is assumed (n=6, T test, p<0.05).

10 7 = calculated Average ®Measured Peak

9 1 | I 1

- Significant Difference (ANOVA, p<0.05)
71 | | |
6 - Significant Difference (T test, p<0.05)

5.3

Contact Stress (MPa)

Small Medium Large Extra Large
x<0.6mm 0.6<x<1.2mm 1.25x<1.8mm x21.8mm
Clearance

Figure 4.8 Calculated average contact stress and measured peak contact stress
(MPa) with different clearances (peak contact stress is shown 1.625~1.7 times greater
than the average contact stress, n=6, mean * 95% confidence limits).

4.5.2 Effect of Clearance on Friction and Frictional Shear Stress

4.5.2.1 Friction Factor (Coefficient of Friction)

The coefficient of friction measured under a constant 400N load with +15°
pendulum motion of specimens with small, medium, large, and extra large
clearances were analysed at the 0 degree position through a 2-hour friction test,
and the results are shown in Figure 4.9-12 for the specimens with different
clearances.

The coefficients of friction of six specimens with small clearances (from 0.15
to 0.55 mm) are shown in Figure 4.9. The mean coefficient of friction increased to a
value of 0.3+0.05 during the first 2700 cycles (45 minutes) of pendulum friction
loading. The coefficient of friction then remained at a similar value of 0.33+0.01

after 45 minutes to the end of the test.
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Figure 4.9 The coefficient of friction for specimens with small clearances (FE radial
clearance < 0.6mm) under constant loading (n=6, mean * 95% confidence limits) (S,-
x.xx: S-Small clearance, n-specimen number, x.xx-FE radial clearance).
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Figure 4.10 The coefficient of friction for specimens with medium clearances (0.6mm
< FE radial clearance < 1.2 mm) under constant loading (n=6, mean * 95% confidence
limits) (Mn-x.xx: M-Medium clearance, n-specimen number, x.xx-FE radial clearance).
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Figure 4.11 The coefficient of friction for specimens with large clearances (1.2mm <
FE radial clearance < 1.8 mm) under constant loading (n=6, mean * 95% confidence
limits) (Ln-x.xx: L-Large clearance, n-specimen number, x.xx-FE radial clearance)
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Figure 4.12 The coefficient of friction for specimens with extra large clearances
(1.8mm < FE radial clearance < 2.4 mm) under constant loading (n=6, mean * 95%

confidence limits) (XLn-x.xx: XL-Extra large clearance, n-specimen number, x.xx-FE
radial clearance).
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Six specimens with medium clearances (from 0.65 to 1.05 mm), the
coefficients of friction are shown in Figure 4.10. During the first 3600 cycles (60
minutes) of pendulum friction loading, the mean coefficient of friction increased to a
value of 0.25+0.04. After then to the end of the test, the coefficient of friction
remained at a similar value of 0.29+0.02.

With large clearances (from 1.25 to 1.75 mm), the six specimens coefficients
of friction are shown in Figure 4.11. From the beginning of the test till 2700 cycles
(45 minutes) of pendulum friction loading, the coefficient of friction increased to a
value of 0.2+0.04. From 45 minutes to the end of the test, the coefficient of friction
remained at a similar value of 0.24+0.03.45.

Six specimens with extra large clearances (from 1.85 to 3.45 mm) the
coefficients of friction are shown in Figure 4.12. During the first 3600 cycles (60
minutes) of pendulum friction loading, the mean coefficient of friction increased from
a value of 0.05+0.03 to 0.23+0.03. The coefficient of friction then remained at a
similar value of 0.23+0.03 from 60 minutes to the end of the test. However, a rapid
decreasing coefficient of friction was observed in each specimen during the two
hour pendulum constant loading (circled in Figure 4.12). It is postulated that this is a

measurement artefact when the cartilage surface changed (i.e. became damaged).
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Figure 4.13 The coefficient of friction for specimens with small, medium, large, and
extra large clearances under constant loading (n=6, mean * 95% confidence limits)
(S: small, M: medium, L: large, and XL: extra large clearance).



-134-

The mean value of the coefficient of friction for specimens tested with different
clearances is compared in Figure 4.13. A trend of decreasing coefficient of friction
with an increasing clearance (from small to large) is shown. The coefficient of
friction was significantly higher in small clearance specimens compared to large
and extra large clearances specimens (ANOVA, p<0.05), but no significant
difference in the coefficient of friction between large and extra large clearance
specimens was observed (ANOVA, p>0.05).

The correlation of coefficient of friction at 2 hours time point and the FE radial
clearance under +15 degree 400N static load is shown in Figure 4.14. The
coefficient of friction decreased with the increasing clearances with a correlation of
R=0.78.
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Figure 4.14 Correlation (R=0.78) between the coefficient of friction and FE radial
clearance following 2 hours of constant load testing. R and P values were obtained

using a regression analysis in Microsoft Excel 2007 (Microsoft Corporation,
Redmond, USA).

4.5.2.2 Frictional Shear Stress

The calculated average frictional shear stress and the calculated peak
frictional shear stress in specimens with different clearance groups are shown in
Figure 4.15 and 4.16. The average frictional shear stress was lower compared to
the peak frictional shear stress in specimens for each clearance level.
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The average frictional shear stress increased with time during the first hour of
loading, and then remained at constant with small, medium, and large clearance
specimens. After one hour of pendulum 400N constant load testing, the average
frictional shear stress increased to 0.7+0.02 MPa for specimens with small,
medium, and large clearances. However, for extra large clearances specimens, the
average frictional shear stress increased to 0.7 MPa in the first 15 minutes of

loading, and then continued increasing to 1.07 MPa at the end of the test (2-hour
time point).
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Figure 4.15. Comparison of calculated average frictional shear stress for specimens
with small, medium, large, and extra large clearances under constant loading ( mean,
n=6) (Ave: average value, S: small, M: medium, L: large, and XL: extra large).

The peak frictional shear stress increased with time during the first hour of
loading, and then remained at similar levels for specimens with small, medium, and
large clearances. After one hour of pendulum constant loading, the peak frictional
shear stress reached 1.3+0.5 MPa for specimens with small, medium, and large
clearances, for specimens with extra large clearance it was approximately 1.65
MPa. Both average and peak frictional shear stress for specimens with extra large
clearance were found to be significantly higher compared to specimens with small,
medium, and large clearances from 1800 to 7200 cycles (n=6, ANOVA, p<0.05).
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Figure 4.16. Comparison of calculated peak frictional shear stress for specimens with
small, medium, large, and extra large clearances under constant loading ( mean, n=6)
(Peak: peak value, S: small, M: medium, L: large, and XL: extra large).

4.5.3 Effect of Clearance on Cartilage Surface Roughness and
Wear

4.5.3.1 Surface Roughness

Comparison of the surface roughness (R.) of cartilage in samples with
different clearances is shown in Figure 4.17. The surface roughness of the replicas
in different clearances groups was 5.59 (¢ 0.49) — 7.85 (+1.48) um. It is shown that
there was no significant difference in the surface roughness in specimens among
the four clearances groups (n=3, ANOVA, p<0.05).
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Figure 4.17. The acetabular replica surface roughness with small, medium, large, and
extra large clearances following testing with constant load testing for 2 hours (n=3,
mean * 95% confidence limits).

4.5.3.2 Cartilage Wear Grade

Wear grades 1, 2, and 3 were observed on all the acetabular cartilage
specimens used in tests with different clearances. However, wear grade 4 was only
observed in specimens used in extra large clearances tests. The six specimens
used in extra large clearances tests after two hours of 400 N constant loading in the
pendulum friction test are shown in Figure 4.18.

Three types of cartilage damage were found in these six specimens:

a) Specimen 1, 3, and 5, the acetabular cartilage was delaminated, specimens 1
and 5 a small piece of delaminated cartilage was repositioned, and the
cartilage was still attached to the specimen 3;

b) Severe cartilage wear and the damage was down to the cartilage Tide Mark
(shown as pink colour in Figure 4.18), this was also observed in specimen 2;

c) In specimens 4 and 6, the acetabular cartilage was fractured in the middle of
the lunate surface.
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Figure 4.18. Acetabular cartilage damage types in extra large clearance specimens
under 400N constant loading: specimens 1, 3, and 5, the acetabular cartilage was
delaminated; severe cartilage wear and the damage was down to the cartilage Tide

Mark was observed in specimen 2; in specimens 4 and 6, the acetabular cartilage was
fractured in the middle of the lunate surface.

The percentages of the different wear grade areas are shown in Figure 4.19.
In specimens with extra large clearances wear grade 4 was observed and this was
up to 1.7% area of the acetabular lunate surface, which was significantly higher
compared to the grade 4 damage in specimens with small, medium, and large
clearances (ANOVA arsine, p<0.05, n=6). A significant increase in the size of wear

grade 3 areas was found in specimens with medium compared to specimens with
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large and extra large clearances (ANOVA arsine, p<0.05, n=6). In specimens tested
with large and extra large clearances wear areas graded as 2 were significantly
smaller compared to the wear areas graded as 2 in specimens with small, medium,
and large clearances (ANOVA arsine, p<0.05, n=6). No significant difference in the
area of wear graded as 1 was observed among specimens with small, medium, and
large clearances (ANOVA arsine, p>0.05, n=6).
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Figure 4.19 The acetabular replica surface wear grade area percentage for specimens
with small, medium, large, and extra large clearances following constant load testing
for 2 hours (n=6, mean * 95% confidence limits, G1, 2, 3: wear grade 1, 2, 3).

The total unworn area (wear grade 0) in specimens with small, medium, large
and extra large clearances is shown in Figure 4.20. The unworn area in specimens
with extra large clearances was significantly higher compared to specimens with

small, medium, and large clearances (ANOVA arsine, p<0.05, n=6).
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Figure 4.20. Unworn area (wear grade 0 area) percentage in specimens with small,

medium, large, and extra large clearances following 2 hours of constant load testing
(n=6, mean * 95% confidence limits).

4.5.4 Effect of Clearance on Cartilage Surface Deformation

4.5.4.1 Cartilage Deformation Volume

The acetabular surface deformation volume was affected by both the average
deformation area and the trace gap. For example, a small deformed surface area
with a deep deformation depth can result as the same deformation volume with a
large deformed surface area with a shallow deformation depth. The deformation
volume is compared for specimens with small, medium, large and extra large
clearances in Figure 4.21. It was found that the deformation volume in specimens
with small clearances was significantly higher compared to with medium and large
clearances (ANOVA, p<0.05, n=3). For specimens with medium clearances the
deformation volume was significantly lower compared to specimens with extra large
clearances (T-test, p<0.05, n=3).

No significant difference of the deformation volume in specimens with small

and extra large clearances, and with medium and large clearances (ANOVA,
p>0.05, n=3).
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Figure 4.21. Comparison of acetabular deformation volume of acetabular cartilage in
specimens with small, medium, large, and extra large clearances under 400N
constant loading (n=3, mean * 95% confidence limits).

4.5.4.2 Cartilage Deformation Depth

The average deformed depth in the studied area is compared in specimens
with small, medium, large and extra large clearances in Figure 4.22. It was found
that the average deformed depth was significantly higher in specimens with extra
large clearances compared with the specimens with small, medium, and large
clearances (ANOVA, p<0.05, n=3). The average deformation depth was
significantly higher in specimens with small clearances compared to specimens with
medium and large clearances (ANOVA, p<0.05, n=3). No significant difference of
the average deformation depth between specimens with medium and large
clearances (ANOVA, p>0.05, n=3).
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Figure 4.22. Comparison of average deformation depth of acetabular cartilage in the
studied area in specimens with small, medium, large, and extra large clearances
following 2 hours of constant load testing (n=3, mean * 95% confidence limits).

4.6 Discussion

4.6.1 Effect of Clearance on Contact Stress and Contact Area

The hip contact stress is considered as one of the major most important
factors influencing the development of articular cartilage in the hip joint. When half
of the porcine body weight was applied constantly to acetabulum with a range of FE
radial clearances 0.05~3.45mm, the average contact stress on the acetabulum was
found to be approximately 2.4~4.7 MPa, and the peak contact stress was
approximately 3.9~7.2 MPa. This peak contact stress range is close to values in the
literature of the hip peak contact stress measured by in-vitro pressure-sensitive film;
these are cited as approximately 2.90~9 MPa in human hip joint: 2.9~8.6 MPa
(Afoke et al., 1987), 4.0~6.0 MPa (Bay et al., 1997), 7.5~9.0 (Hak et al., 1998), and
7.7 MPa (von Eisenhart et al., 1999).

In this hemiarthroplasty hip model, the contact stress increased in specimens
with increasing clearance due to the decreasing contact area in specimens. With
extra large clearances the contact stress was significantly higher compared to
specimens with small, medium, and large clearances (ANOVA, p<0.05, n=6). This

was due to the significantly reduced contact area in specimens with extra large



-143-

clearances (ANOVA, p<0.05, n=6). However, the contact area measurements taken
using the super-low pressure FUJI fiim appeared to contain errors in some
specimen measurements due to the sensitivity of super-low pressure film. When the
load was applied to acetabulum, we postulate that the metal head slid and then
fitted (located) inside the acetabulum, during this process all the contact area was
marked on the super-low FUJI film. Hence there appeared to be “extra” unexpected
regions of contact that were considered in the measurement of the contact area.
This may be due to the geometry of the individual acetabulum. For example, as
shown in Figure 4.23 as the white circled area. The contact stress in the circled

area is significantly higher compared to the loaded contact area average contact
stress.

Figure 4.23. “Extra” contact areas marked on the super-low FUJI film when the metal

head loaded (slid and then fit red) into the acetabulum due to the geometry of the
individual acetabulum.

From the results of the FUJI film testing, it is concluded that the small
clearances in the acetabula may reduce both the average and peak contact stress
by enlarging the contact areas. Although the smaller clearances may also cause
high local contact stress in some “extra” unexpected contact areas which might be
harmful to the deformation and degeneration of articular cartilage in this in-vitro
study. However, when the femoral head implant is placed in the natural acetabulum
clinically, this “extra” unexpected contact areas would not occur during the patients
daily life. In specimens with extra large clearances, both average and peak contact
stresses are significantly higher, which might cause severe damage of the articular
cartilage when it articulates against a metal counterface. In this case, extra large
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clearances between the acetabulum and the implant metal head should not be
recommended for hip hemiarthroplasty.

4.6.2 Effect of Clearance on Friction and Frictional Shear Stress

In this hemiarthroplasty hip model, the coefficient of friction increased with
time in the first hour loading, and then remained at a relatively constant level till 2
hours with all different clearances. This was due to the biphasic property of
cartilage, when load was applied, the biphasic support phases of articular cartilage
was transferred from full fluid phase into a combined fluid and solid phase in
equilibrium. When the supporting phase reached the equilibrium value the
coefficient of friction remained at that level. The loading area and fluid movements
in acetabular cartilage under constant loading is shown in Figure 4.24. Under
constant loading, the fluid moved from the centre of the acetabular cartilage loading
area to the edge, a small amount of fluid moved from the unloaded area to the
loading area edge when the contact area migration was occurred.

It is hypothesed that when the clearance increased between the orbicular
head and the regular orbicular shape of cup, there is a decrease of the contact
area, hence the contact stress increase and this leads to increase of coefficient of
friction. However, in this hemiarthroplasty hip model, the friction findings are
contrary to the hypothesis. The coefficient of friction was found decreased (from
0.33 to 0.23 at the 2-hour time point) when the clearance increased (from small, to
medium, to large, till extra large) under constant loading, and this was due to two
factors: the geometry of the cup (porcine acetabulum), and the biphasic property of
articular cartilage counterface. Firstly, the geometry of porcine acetabulum is
irregular and it is varying from specimens to specimens. Hence, the contact area
between the metal head and the acetabular cartilage was not regular or even from
area to area. Secondly, the contact surface was articular cartilage, and the biphasic
property of cartilage transferred the load from fluid phase to a solid and fluid phase
in equilibrium. Hence, when there was increased translation and fluid support
during the contact area migration in the cartilage, hence, the increase of fluid
support led to the coefficient of friction to decrease.

In Figure 4.25, for example, for the same porcine acetabulum, increased the
clearance (reduce the metal head size) from small, medium, large, and to extra
large, the contact area decreased as pink, red, green, to blue area. When the
pendulum reciprocation motion was applied the contact area migration was created,

smaller contact area had more fluid support phase following the migration of contact
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area, and the coefficient of friction decreased. Previous friction studies on the
“unconfined” cartilage pin on metal plate simple geometry model by Pickard et al,
(1998) have reported increased contact stress decreased the coefficient of friction
with the range of contact stress of 0.5~4 MPa. After 45 minutes reciprocation in
25% bovine serum solution the coefficient of friction was: 0.48 under 0.5 MPa, 0.32
under 2 MPa, 0.28 under 4 MPa (Pickard et al., 1998b).
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Figure 4.24 Loading area and fluid movements of the acetabular cartilage during the
pendulum motion under constant loading.

However, in specimens with extra large clearances under constant loading,
an increased contact pressure and frictional shear stress was observed and this
exceeded the durability limit of the cartilage. For specimens with extra large
clearance, after one hour of pendulum reciprocation, the average frictional shear

stress reached 1.1 MPa, and the peak frictional shear stress was approximately 1.7
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MPa. Both the average and the peak frictional shear stress were significantly higher
compared to other clearance groups (small, medium and large) (ANOVA, p<0.05,
n=6). The combined effects may cause the cartilage surface fibres and collagen to
fracture, and delaminate / separate the cartilage from the attached bone. When this
damage occurred, the damaged acetabular area deformed and then reduced the
contact area between the metal head and the cartilage with (over) time, until a
piece of cartilage was delaminated from the bone. This delaminated cartilage my
remain in the same position, or it may be removed from the bone and repositioned
(Figure 4.18 specimens 1, 3, and 5 may be related to this). The artifact in the
coefficient of friction that was observed when the cartilage damage was being
occurred (Figure 4.12). However, the damaged cartilage surface did not cause the
coefficient of friction to increase significantly further. It is postulated that the
coefficient of friction artifact was caused when (as) the cartilage surface was
changing: either being broken or removed. It is speculated that after the damage, a
new biphasic load support phases was built and the coefficient of friction remained.
The damaged cartilage area lost GAGs and when the molecules were forced out
from the matrix a gel-like lubricant was formed between the metal and cartilage

articulating surface, hence, the coefficient of friction was remained or even reduced.

Contact areas

\
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Figure 4.25 Contact are on the acetabular cartilage with small (pink), medium (red),
large (green), and extra large (blue) clearances.

Similar observations of damaged cartilage have been reported in previous
studies: A study on survival of articular cartilage after controlled impact showed
that, structural damage of cartilage occurred at the surface of cartilage if the stress
levels on impact exceeded 25 MPa (Repo and Finlay, 1977). In a knee
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hemiarthroplasty friction test that mimicked meniscectomy, it was shown that
contact stress was an important factor influencing friction and wear (Figure 4.26.d)
(McCann et al., 2008). For articular cartilage and stainless steel counterfaces, the
average contact stress at low load (16.7~259N) was 8.93MPa and at high load
(66.6~1036N) it was 31.3 MPa. However, in this hemiarthroplasty hip model the
measured peak contact stress with extra large clearance was found to be
approximately 7.2 MPa, which led to the catastrophic cartilage damage. Hence, the
porcine hip acetabular cartilage presented lower limitation of contact stress
compared to human knee and bovine knee cartilage.

Figure 4.26 Wear of femoral surfaces articulating against stainless steel (a) surface
fibrillation at low load (b), (c) and (d) catastrophic wear of cartilage through to
underlying bone (McCann et al., 2008).

4.6.3 Effect of Clearance on Cartilage Surface Roughness and
Wear

A solid surface has a complex structure and complex properties depending on
the nature of the solids. Properties of articular surfaces are crucial to surface
interaction due to the surface properties affect the real area of contact, friction, wear
and lubrication. Although the coefficient of friction was observed to decrease with
the increasing clearance in this hemiarthroplasty hip model with 2 hours constant
pendulum reciprocation, no significant difference of surface roughness was
observed among the specimens in different clearance levels (an R, value between
5.59 uym to 7.85 pym) (ANOVA, p>0.05, n=3). The surface roughness of the replica
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only presented the texture of cartilage surface, but the roughness value does not
provide information about the cartilage wear and deformation level.

Different cartilage wear grades 1, 2, and 3 were seen in specimens with small,
medium, large, and extra large clearances, but wear grade 4 (full thickness
cartilage loss with exposure of the subchondral bone) was only observed in
specimens with extra large clearances. It is postulated that the constant loading
with high local contact stress in specimens with extra large clearance produced
frictional shear stress that was beyond the damage threshold of the acetabular
cartilage. Hence, the pieces of cartilage were delaminated and repositioned. It was
also found that the examined percentage of unworn cartilage area increased, when
clearance increased. Clinically, an articular cartilage chondral fracture occurs when
there is trauma to the joint articular surface without breaking the underlying bone.
This mostly happens when the bones are forced to slide across one another with
marked force. In this study, the cartilage chondral fracture occurred (wear grade 4)
in the hemiarthroplasty hip model under constant load in specimens with extra large
clearances, where the metal head and the articular acetabular met, and may be
caused by the high friction force and frictional shear stress within 2-hour loading

time with the pendulum reciprocation.

4.6.4 Effect of Clearance on Cartilage Deformation Degradation
and Degeneration

In addition to tribological functions, surface deformation is important at
providing information about the damage level of the articular cartilage. It is
postulated that the cartilage damage (deformation, degradation, and wear) was
occurred mostly due to the failure mechanisms of collagen fibres in the articular
cartilage. In this hemiarthroplasty hip model, cartilage deformation included both
permanent deformation (due to the loading which damaged the extracellular matrix)
and cartilage wear (material loss of cartilage). It was shown that the deformation
volume and the average deformation depth were affected by clearance.

Specimens with small and extra large radial clearances produced higher
deformation volume and average deformation depth compared to specimens with
medium and large clearances. When the clearance was small (<0.6mm), the metal
head contacted a greater cartilage area during the pendulum reciprocation, and due
to the geometry of porcine acetabulum the metal head caused squeezing of some
acetabular cartilage areas to fit in. The porcine acetabulum specimens geometry

had been studied before the friction test, and it was found that the dimension on the
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FE (flexion-extension) direction was mostly a few millimetres greater than the
dimension on the ML (Medial-lateral) direction (Figure 2.21). Hence, during the fit in
process it caused deeper deformation, and then with the larger cartilage contact
surface higher deformation volume was created. When specimens with extra large
clearance (=2.4mm) were tested, the contact area between the metal head and the
acetabulum reduced and this caused an increase in contact stress. Previous pin on
plate hemiarthroplasty studies demonstrated higher contact stress increased both
cartage permanent deformation and linear wear. Hence, in this hemiarthroplasty hip
model in specimens with extra large clearances the increased contact stress led to
deeper deformations. Furthermore, the increased frictional shear stress caused

chondral fracture of cartilage hence the deformation depth reached the full cartilage
thickness.
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Figure 4.27 a. A typical trace analysis result of the specimen with small clearance; b.
A typical trace analysis result of the specimen with extra large clearance.

Although no significant differences in deformation volumes between
specimens with small and extra large clearances were observed (ANOVA, p>0.05,

n=3), the cartilage wear grades and the deformation area were significantly
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different. Typical traces analysis result on small and extra large clearances
specimens is shown in Figure 4.27. The trace in a specimen with small clearance
(Figure 4.27.a) the maximum deformation depth was approximate 150 ym, and the
deformation depth was not even - it was deeper in the middle and shallow on both
sides. However, in the specimen with extra large clearance (Figure 4.27.b) the trace
deformation depth was approximate 600 pym (equal to the deformed cartilage
thickness) and spread evenly.

4.6.5 Clearance Recommendation in Clinical Practice

In this hip joint hemiarthroplasty constant loading model, four categories of
clearances were chosen. The clearance was calculated from two parameters
(femoral head size and acetabulum size). This type of categorisation was selected
because clinically, patients have different sizes of acetabula, and it is realistic for
different femoral head sizes to be selected to provide a specific clearance. The
results have shown that small clearance limited the space between the femoral
head and acetabular cartilage especially in the ML direction as in general the
dimension in FE direction was greater than the dimension in ML direction. When the
clearance was small, more cartilage wear was caused during the pendulum motion,
and the metal head caused deeper levels of deformation into the cartilage. in
acetabula tested with heads to produce extra large clearance, severe damage to
the acetabular cartilage was observed, this was due to the increased frictional
shear stress. The greater space between the head and acetabulum caused the
head motion to delaminated the cartilage, it then became fully removed and this
cartilage segment could be repositioned. These findings suggest that the patient’s
acetabulum size in FE direction should be measured after removing the natural
femoral head during the surgery. From the 2 hours constant loading cartilage

friction and deformation results small clearance (0.1-0.6 mm) and extra large
clearance (>1.8 mm) should be avoided clinically.

4.7 Conclusion

Good correlations of contact area (R?=0.63), contact stress (average and
peak, R?=0.63 and R?=0.75), and coefficient of friction (R?=0.61) with the FE radial
clearance were observed under constant pendulum reciprocation in this
hemiarthroplasty hip model. The effect of clearance on cartilage friction,
deformation, degradation, and degeneration was as follows:
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. With increasing clearance, the contact area decreased, and both average
contact stress and peak contact stress increased.

. A trend of decreasing coefficient of friction with increasing clearance under
constant loading conditions was observed. |

. Low levels of friction (less than 0.35) and short term (2 hours) durability were
seen for a range of clearances (up to 1.8mm) under constant loading.

. There is some evidence that extra large clearances (>1.8mm) may cause the
frictional shear stress limits of the cartilagé to be exceeded and severe damage /
degradation of the acetabular cartilage to occur. This was due to the combined
effects of higher frictional average and peak shear stress above the critical
threshold. :

. The wear area decreased and the wear grade increased with the increasing
clearance.

. The deformation area and average wear depth was significantly high in
specimens with extra large clearances due to the increase in frictional shear
stress.

. Cartilage deformation volumes were similar in specimens with small and extra
large clearances, and in specimens with medium and large clearances, this was
due to the clearance effects to the deformation area and deformed surface area.
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Chapter 5 The Effect of Clearance on Cartilage in
Hemiarthroplasty under Dynamic Loading

5.1 Introduction

This chapter focuses on studying the effect of clearance on acetabular
cartilage friction and deformation in a hemiarthroplasty hip simulation when a
dynamic loading regime is applied. It continues on from the previous study, when a
constant loading regime was applied (Chapter 4) and extends the understanding of
cartilage tribological properties under a simplified walking cycle in a

hemiarthroplasty hip model.
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Figure 5.1 Variation with time of force in a simplified walking cycle as defined by I1SO
standard 14242-1 (Standard, 2002)

The human walking gait in the natural hip joint has been examined in the last
twenty years in both experimental studies and modelling studies (Paul, 1999;
Bergmann et al., 2001; Standard, 2002; Yoshida et al., 2006). The British Standard
Implants for surgery wear of total hip-joint prostheses (BS ISO 14242-1: 2002)
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recommendation has been widely used to provide (Figure 5.1) loading and
displacement parameters for hip simulator wear-testing machines.

Friction studies (Broom et al., 1996; Graindorge et al., 2004; Krishnan et al.,
2005; Graindorge et al, 2006) that apply dynamic loading and reciprocation
between cartilage and metal or glass counterfaces have mostly used a simple
geometry model, such as a pin on plate configuration. Experimental studies of
cartilage plugs have found that the repetitive loading disrupted the tissue and the
severity of the damage increased with increasing load and 'inc‘reasing number of
loading cycles (Zimmerman et al., 1988). Three main effects of repetitive loading -
were concluded from Zimmerman’'s experiments: (1) propagation of vertical
cartilage fissures from the joint surface to calcified cartilage; (2) extension of the
damage of oblique fissures into areas of intact cartilage; (3) creation of cartilage
flaps and free fragments.

However, few studies have investigated the frictional characteristics of
articular cartilage under physiological activities conditions such as walking and
running in the entire acetabulum specimens. For example, animal experiments in-
vivo on hip hemiarthroplasty replacement have been reported mainly in canine hip
joints (Cruess et al., 1984; Cook et al, 1989; Maistrelli et al., 1991). However,
under dynamic loading the tribological properties of confined cartilage samples in-
vitro remain Iargély unknown. In the previous chapter under constant loading the
coefficient of friction was found to decrease with the increasing FE radial clearance,
which was contrary to the hypothesis. When specimens had extra large clearances
and were subjected to constant loading, severe acetabular cartilage damage was
observed due to the smaller contact area which increased the frictional shear stress
to a threshold limit. It is interesting to know how the FE radial clearance affects the
friction and cartilage damage under dynamic loading because this more closely
implicates the clinical situation mimics the human walking gait motions.

This summarised literature review has led to the development of a series of
research questions, which will be investigated under dynamic loading:

» Wil the coefficient of friction increase with the increasing clearances as has
been hypothesis?

> Wil severe cartilage damage be observed with extra large clearance under
dynamic loading as under constant loading?

> How does dynamic loading affect the acetabular cartilage tribological
properties compared to constant loading?
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5.2 Objectives

The objectives of this study were to use a hip joint model of the acetabular
cartilage cup reciprocating against a metal head to consider the effect of clearance
on cartilage tribological properties under a dynamic loading regime. The clearance
was considered in the flexion-extension direction and ranged from small, medium,
large to extra large (as described in Section 2.3.1.5). Properties studied were: (1)
contact area and contact stress, (2) coefficient of friction and frictional shear stress,
(3) surface roughness, (4) cartilage wear grade, and (5) surface deformation
volume and depth after the 2 hours £15° (FE direction) 25~800 N dynamic loading
pendulum friction study. An overview of this study is shown in Figure 5.2.

The Effect of Clearance on Cartilage
Friction and Wear under Dynamic Load

Clearance Levels Small, Medium, Large, and Extra Large

Contact Area and Contact Stress
Friction factor and Frictional Shear Stress
Surface Roughness and Cartilage Wear Grade
Surface Deformation Volume and Depth

Subject

Output

Figure 5.2 Summary of studied tribological properties in pendulum dynamic loading
study in hip joint

5.3 Materials

Test materials used were six-month old porcine acetabula and cobalt chrome
heads (32, 34, 35, 36, and 37mm in diameter), and the lubricant was 25% bovine
serum, as described in Sections 2.3.1.2, 4, 5, and 8 respectively. The porcine
acetabulum was set in PMMA cement at 45 degrees as described in Section
2.3.2.2, and friction tests were conducted using a pendulum friction simulator as
described in Section 2.3.2.1. Microset silicon replicas of the porcine acetabulum
after the friction test were taken, to study wear, as described in Section 2.3.2.3.
Contact areas and stresses were measured using the FUJI pressure film as
described in Section 2.3.2.4. The cartilage wear grade measurements were
completed as described in Section 2.3.2.5 and the surface deformation

measurements were taken as described in Section 2.3.2.6.
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5.4 Methods

The peak load of dynamic loading was chosen as the whole porcine body
weight approximate 800 N with a loading time of 2 hours (explained in Section
2.3.2.1.1.) The dynamic loading profile was set as shown in Figure 2.24, and is a
single sinusoidal peak load (800 N) over 60% of the cycle. This dynamic loading
profile provides a simplified cycle representing the two peaks walking cycle, and
avoids the difficulties and instabilities a twin peak cycle would cause in the
pendulum friction simulator. The friction study was focused on peak loading point of
each cycle and the coefficient of friction changes with time during a 2-hour test.

Samples with small, medium, large, and extra large radial clearances were
tested as defined in Section 2.3.1.5, Table 2.2. Different femoral heads and
acetabula sizes were chosen to create the same level of clearance.

The average contact area at 0° position was measured using super-low
pressure FUJI film by applying 800 N static loading with no motion for 30 seconds,
described in Section 2.3.2.4. The contact area ‘of sbecimens (n=6) in each

_clearance range were measured and the mean value was calculated and compared
(ANOVA, p<0.05). The average contact stress was calculated by the static load
(800 N) divided by the average contact area using Equation 2-16. The peak
contact stress was measured using low pressure FUJI fiim and the six highest
measurements of stress at the 0 degree position of each specimen were selected
and the mean value specimens (n=6) of each clearance were calculated and
compared (ANOVA, p<0.05).

The friction factor was analysed as the coefficient of friction at the 0 degree
position where the head was vertically loaded and in contact with the lowest
position of the cup as shown in Figure 2.25. The coefficient of friction was
calculated using Equation 2-15, as described in Section 2.3.2.1.1.2.

The average frictional shear stress and the peak frictional shear stress
were calculated following Equations 2-17, and 2-18 in Section 2.3.2.5. The mean
value of six specimens of each clearance group was calculated and compared
(ANOVA, p<0.05).

The acetabular cartilage surface roughness was measured using microset
replica and a two-dimensional profilometer. The roughness'(Ra) of each trace was
calculated using software following Equation 2-19.

The cartilage wear grade area was examined visually using an adaptation of
the International Cartilage Repair Wear Grading System (Section 2.3.2.6). The area
of the different wear grades were measured through marking a transparent cling
film covering the microset replica of the acetabulum, as described in Section 2.3.2.6.
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Then the area of the different wear grades and the whole acetabular lunate surface
area were measured using Image Pro Plus, and presented as the percentage of the
acetabular lunate surface area. The mean percentage of each wear grade area
(n=6) in each clearance group was calculated and compared (ANOVA arcsine,
p<0.05).

The acetabular replicas (n=3) were selected depending on their suitability for
measurements. Intact original surface on both sides of the wear scar on the replicas
was required for two-dimensional profilometer measurements (as described in
Section 2.3.2.6.1, Figure 2.40). The acetabular surface deformation volume and
the average deformation depth were calculated using Equations 2-20, and 2-21.
The mean deformation volume and average deformation depth of each clearance
group was calculated and compared (ANOVA, p<0.05, n=3).

5.5 Results

5.5.1 Effect of Clearance on Contact Area and Contact Stress

5.5.1.1 Contact Areas

Images of typical contact areas in each clearance group measured by super-
low pressure FUJI film are shown in Figure 5.3, and Appendix 2.

The contact area of six specimens within each clearance group from the FUJI
film was measured by Image Pro Plus, and inverse correlation between the
clearance and the contact area of R=0.86 was observed (Figure 5.4). The mean
contact area of specimens in each clearance group ranged from 129 mm? to 239
mm? as the clearance decreased from extra large to small (Figure 5.5). Specimens
with extra large clearance had significantly smaller contact areas compared to
specimens with small, medium, and large clearances (n=6, ANOVA, p<0.05). No

other significant difference of contact areas among different clearance groups
existed.



-157-

£

f’ﬂW Pressiire Film I'nw Prassuire Film

N USTiber-InwW PressiralE

Low:Pressure Film ! AW Praseire Film “** Medium Pressure Film

Figure 5.3 Contact area as measured by super-low pressure FUJI film and contact
stress as measured by low pressure FUJI film in specimens with a) small, b) medium,
c) large, and d) extra large clearances. Medium pressure FUJI film was used to
measure the peak contact stress specimens with extra large clearance.
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Figure 5.4 Correlation of specimen clearances (all groups) and contact area. R and P

values were obtained using a regression analysis in Microsoft Excel 2007 (Microsoft
Corporation, Redmond, USA).
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Figure 5.5 Contact area (mm’) in specimens with different clearance levels (n=6, mean
+ 95% confidence limits).

5.5.1.2 Contact Stress

The calculated average contact stress and measured peak contact stress in
specimens with different clearances under 800 N static load applied for 30 seconds
are shown in Figure 5.6.

Both the calculated average contact stress and the measured peak contact
stress increased in specimens with increasing clearances. Correlations of R=0.85
and R=0.88 for the average contact stress and peak contact stress to the FE radial
clearance were observed respectively.

Both the calculated contact stress and measured peak contact stress of
specimens in each clearance group is shown in Figure 5.7.
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Figure 5.6 Correlations of calculated average contact stress / measured peak contact
stress and specimen clearance. R and P values were obtained using a regression
analysis in Microsoft Excel 2007 (Microsoft Corporation, Redmond, USA).
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Figure 5.7 Calculated average contact stress and measured peak contact stress
(MPa) in specimens with different clearances (n=6, mean * 95% confidence limits).

The calculated average contact stress was significantly lower compared to the
measured peak contact stress in specimens at each clearance level (n=6, T test,
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p<0.05). The calculated average contact stress increased from 3.4 MPa to 6.3 MPa
as the specimen clearance increased from small to extra large. The average
contact stress was significantly higher in specimens with extra large clearances
compared to the average contact stress in specimens with small, medium, and
large clearances (n=6, ANOVA, p<0.05). The measured peak contact stress
increased from 5.6 MPa to 10.6 MPa in specimens with increasing clearance from
small, medium, large to extra large. The measured contact stress in specimens with
extra large clearances was significantly higher compared to specimens with small
and medium clearances (n=6, ANOVA, p<0.05). Significantly higher contact stress
was observed in specimens with large clearances compared to specimens with
small clearances (n=6, ANOVA, p<0.05). The measured peak contact stress was
1.65 to 1.85 times greater than the calculated average contact stress in specimens
at each clearance level, a parabolic form relationship is assumed (n=6, T test,
p<0.05).

5.5.2 Effect of Clearance of Friction and Frictional Shear Stress

5.5.2.1 Friction Factor (Coefficient of Friction)

The coefficients of friction measured under dynamic loading of specimens with
different clearances during 2-hour friction tests are shown in Figures 5.8-11 for
specimens with different clearances.

The coefficients of friction of specimens (n=6) with small clearances (from 0.1
to 0.5 mm) are shown in Figure 5.8. The mean coefficient of friction continued to
increase from 0.07+0.03 to 0.16+0.03 during the 2-hour test.

In Figure 5.9, it is shown the coefficients of friction of specimens (n=6) with
medium clearances (from 0.85 to 1.15 mm). During the 2-hour test, the mean
coefficient of friction continued to increase from 0.06+0.02 to 0.15+0.02.

With large clearances (from 1.2 to 1.75 mm, n=6), the coefficients of friction
are shown in Figure 5.10. The coefficient of friction kept increasing from 0.04+0.02
to 0.12+0.02 during the 2-hour test.

Specimens with extra large clearances (from 1.8 to 3.5 mm, n=6) had the
coefficients of friction as shown in Figure 5.11. The coefficient of friction, during the
2-hour test, increased from 0.0410.01 to 0.08+0.02.
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Figure 5.8 The coefficient of friction for specimens with small clearances (FE radial
clearance < 0.6mm) under dynamic loading (n=6, mean * 95% confidence limits), (S,-
x.xx: S-Small clearance, n-specimen number, x.xx-FE radial clearance).
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Figure 5.9 The coefficient of friction for specimens with medium clearances (0.6mm <
FE radial clearance < 1.2 mm) under dynamic loading (n=6, mean * 95% confidence
limits) (M,-x.xx: M-Medium clearance, n-specimen number, x.xx-FE radial clearance).
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Figure 5.10 The coefficient of friction for specimens with large clearances (1.2mm <
FE radial clearance < 1.8 mm) under dynamic loading (n=6, mean * 95% confidence
limits) (L,-x.xx: L-Large clearance, n-specimen number, x.xx-FE radial clearance).
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Figure 5.11 The coefficient of friction for specimens with extra large clearances
(1.8mm < FE radial clearance < 2.4 mm) under dynamic loading (n=6, mean * 95%

confidence limits) (XL,-x.xx: XL-Extra large clearance, n-specimen number, x.xx-FE
radial clearance).
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Figure 5.12 The mean coefficient of friction for specimens with small, medium, large,
and extra large clearances under dynamic loading, (n=6, mean * 95% confidence
limits) (S: small, M: medium, L: large, and XL: extra large clearance).
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Figure 5.13 Correlation (R=0.78) between the coefficient of friction and FE radial
clearance following 2 hours of dynamic load testing. R and P values were obtained

using a regression analysis in Microsoft Excel 2007 (Microsoft Corporation,
Redmond, USA).
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The mean value of the coefficient of friction in specimens with different
clearances is compared in Figure 5.12. A trend of decreasing coefficient of friction
in specimens with increasing clearance (from small to extra large) is shown. The
coefficient of friction was significantly lower in specimens with extra large
clearances compared to specimens with small, medium, and large clearances (n=6,
ANOVA, p<0.05).

The correlation of the coefficient of friction at 2 hours and FE radial clearance
is shown in Figure 5.13. The coefficient of friction decreased in specimens with

increasing clearances with a correlation of R=0.78.

5.5.2.2 Frictional Shear Stress

The calculated average frictional shear stress and the calculated peak
frictional shear stress in specimens with different clearance groups are shown in
Figure 5.14.
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Figure 5.14. Comparison of calculated average frictional shear stress and the
calculated peak frictional shear stress in specimens with small, medium, large, and
extra large clearances under dynamic loading (mean, n=6) (Ave: average value, Peak:
peak value, S: small, M: medium, L: large, and XL: extra large).

Both the average and the peak frictional shear stress continued to increase

with time during 2 hours of dynamic loading in specimens with small, medium,
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large, and extra large clearances. No significant difference of both the average and
the peak frictional shear stress was found between specimens with small, medium,
large, and extra large clearances (n=6, ANOVA, p>0.05). However, the peak
frictional shear stress was significantly higher in specimens at each clearance level

compared to the average frictional shear stress (n=6, T test, p<0.05).

5.5.3 Effect of Clearance on Cartilage Surface Roughness and
Wear

5.5.3.1 Surface Roughness

Comparison of the surface roughness (R,) of cartilage (using acetabular
replicas) from specimens with different clearances is shown in Figure 5.15. The
surface roughness of the replicas in different clearances groups was 5.84 (+ 3.25) —
10.31 (£2.40) um. No significant difference in the surface roughness was observed

between the different clearances groups (n=3, ANOVA, p>0.05).
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Figure 5.15. The mean acetabular replica surface roughness (R,) in specimens with
small, medium, large, and extra large clearances following testing with a dynamic
load for 2 hours (n=3, mean  95% confidence limits).
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5.5.3.2 Cartilage Wear Grade

The percentage of the different wear grade areas are shown in Figure 5.16.
Wear grades 1, 2, and 3 were observed in specimens of all clearance levels. In
specimens tested with both large and extra large clearances wear areas graded as
1 were significantly smaller compared to the wear areas graded as 1 in specimens
with both small and medium clearances (ANOVA arcsine, p<0.05, n=6). No
significant differences in the size of wear grade 1 areas were found between
specimens with small and medium clearances, or between specimens with large
and extra large clearances (T-test, arcsine, p>0.05, n=6). No significant differences
in the area of wear graded as 2 and graded as 3 were observed among specimens
with small, medium, large, and extra large clearances (ANOVA arcsine, p>0.05,
n=6).

The unworn area in specimens with extra large clearances was significantly
higher compared to specimens with small, medium, and large clearances (Figure
5.17, ANOVA arcsine, p<0.05, n=6). The unworn area in specimens with large

clearances was significantly higher compared to specimens with small clearances
(T-test, arcsine, p<0.05, n=6).
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Figure 5.16 The acetabular replica surface wear grade area percentage for specimens

with small, medium, large, and extra large clearances following dynamic load testing
for 2 hours (n=6, mean * 95% confidence limits).
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Figure 5.17. The wear grade 0 area (unworn area) percentage in specimens with
small, medium, large, and extra large clearances following 2 hours of dynamic load
testing (n=6, mean * 95% confidence limits).

5.5.4 Effect of Clearance on Cartilage Surface Deformation

5.5.4.1 Cartilage Deformation Volume

The deformation volume of acetabular cartilage following 2 hours of dynamic
load testing is compared for specimens with small, medium, large and extra large
clearances in Figure 5.18. It was found that the deformation volume in specimens
with small and extra large clearances was significantly higher compared to
specimens with medium and large clearances (ANOVA, p<0.05, n=3). In specimens
with large clearances the deformation volume was found to be significantly smaller

compared to in specimens with small, medium, and extra large clearances
(ANOVA, p<0.05, n=3).

5.5.4.2 Cartilage Deformation Depth

The average deformation depth of acetabular cartilage is compared in
specimens with small, medium, large and extra large clearances following 2 hours
of dynamic load testing in Figure 5.19. It was found that the average deformed
depth was significantly higher in specimens with extra large clearances compared
to specimens with medium and large clearances (ANOVA, p<0.05 n=3).
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Specimens with small clearances the average deformed depth was significantly

higher than specimens with medium clearances (T-test, p<0.05, n=3).
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Figure 5.18. Comparison of deformation volume of acetabular cartilage in specimens
with small, medium, large, and extra large clearances following 2 hours of testing
with dynamic load (n=3, mean + 95% confidence limits).
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Figure 5.19. Comparison of average deformation depth in acetabular cartilage in
specimens with small, medium, large, and extra large clearances following 2 hours
testing with dynamic load (n=3, mean * 95% confidence limits).
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5.5.5 Comparison of Different Parameters Measured under
Constant and Dynamic Loading

5.5.5.1 Contact Area and Contact Stress

A comparison of the contact area in specimens with different clearances when
loaded with 400 N or 800 N static loading was applied for 30 seconds is shown in
Figure 5.20. Rgoo n=0.86 and Ry v=0.79 correlations of the contact area to the
clearance was observed under a load of 800 N or 400 N.

Comparison of the mean value of the contact area in specimens with different
clearance levels (small, medium, large, and extra large) when loaded with 400 N or
800 N static loading for 30 seconds is shown in Figure 5.21. It was found that the
contact areas in specimens subjected to 800 N were significantly larger compared
to the contact areas in specimens following 400 N loading at the same clearance
level (T test, p<0.05, n=6). The mean contact area in specimens with extra large
clearance was significantly smaller compared to in specimens with small, medium,
and large clearances under both 400 N or 800 N static loading (ANOVA, p<0.05,
n=6).

Comparison of the calculated average contact stresses and the measured
peak contact stresses in specimens with different clearances when loaded with 400
N or 800 N static loading for 30 seconds is shown in Figure 5.22. Similar
correlation between the peak contact stress and the clearance was observed under
400 N or 800 N static loading (R400nv=0.87, Rsoon=0.88). Better correlation between
the average contact stress and the clearance was found under 800 N static loading
compared to 400 N static loading (R40onv=0.79, Rgoon=0.85).

Comparison of the mean value of the calculated average and measured peak
contact stresses in specimens with different clearance levels (small, medium, large,
and extra large) is shown in Figure 5.23. Significantly higher contact areas were
observed in specimens under 800 N loading compared to under 400 N loading with
the same clearance level (n=6, T test, p<0.05). Under both 400 N and 800 N static
loading the average and peak contact stresses in specimens with extra large

clearance were found significantly higher compared to small, medium, and large
clearances (n=6, ANOVA, p<0.05).
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Figure 5.20 Comparison of the contact areas in specimens with different clearances
when 400 N or 800 N static loading was applied for 30 seconds. R and P values were
obtained using a regression analysis in Microsoft Excel 2007 (Microsoft Corporation,
Redmond, USA).
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Figure 5.21 Comparison of the mean contact area in specimens with different
clearance levels when 400 N or 800 N static loading was applied for 30 seconds (n=6,
mean * 95% confidence limits).
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Figure 5.22 Comparison of the calculated average and the measured peak contact
stress when under 400 N or 800 N static load was applied for 30 seconds (n=6, mean
+ 95% confidence limits). R and P values were obtained using a regression analysis
in Microsoft Excel 2007 (Microsoft Corporation, Redmond, USA).
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Figure 5.23 Comparison of the mean contact area for specimens with different
clearance levels when 400 N or 800 N static loading was applied for 30 seconds (n=6,
mean t 95% confidence limits).
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5.5.5.2 Coefficient of Friction and Frictional Shear Stress

A comparison of the coefficient of friction in specimens with different
clearances tested with 400 N constant or 25~800 N dynamic loading for 2 hours is
shown in Figure 5.24. The coefficient of friction was significantly lower in specimens
tested under dynamic loading compared to constant loading within each clearance
level (n=6, ANOVA, p<0.05).

A similar correlation of the FE radial clearance and coefficient of friction
following 2 hours testing was observed in specimens tested under 400 N constant
or 25~800 N dynamic loading (Figure 5.25, Raynamic=Rconstant=0.78)

A comparison of the mean value of the average frictional shear stress in
specimens tested under 400 N constant or 25~800 N dynamic loading is shown in
Figure 5.26.

The average frictional shear stress was observed to be significantly lower in
specimens with large and extra large clearances following 2 hours testing under
dynamic load compared to specimens tested under constant load at all different
clearance levels (ANOVA, p<0.05, n=6).
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Figure 5.24 Comparison of the coefficient of friction in specimens with small,
medium, large, and extra large clearances in testing with 400 N constant or 25~800 N
dynamic loading (n=6, mean * 95% confidence limits).
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Figure 5.25 Correlation comparison (R’=0.61) between coefficient of friction and FE
radial clearance after 2 hours of testing under 400 N constant or 25~800 N dynamic
loading. R and P values were obtained using a regression analysis in Microsoft Excel
2007 (Microsoft Corporation, Redmond, USA).
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Figure 5.26. Comparison of the average frictional shear stress in specimens with
small, medium, large, and extra large clearances tested under constant and dynamic
loading (n=6, mean), (C400: 400 N constant loading, D: 25~800 N dynamic loading).
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Comparison of the mean value of the peak frictional shear stress in
specimens tested under 400 N constant or 25~800 N dynamic loading is shown in
Figure 5.27. The mean peak frictional shear stress was observed to be significantly
higher in specimens under 400 N constant loading compared to under 25~800 N
dynamic loading in specimens at each different clearance level (ANOVA, p<0.05,
n=6).
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Figure 5.27. Comparison of the peak frictional shear stress in specimens with small,
medium, large, and extra large clearances tested under 400 N constant or 25~800 N
dynamic loading (n=6, mean), (C400: 400 N constant loading, D: 25~800 N dynamic
loading).

5.5.5.3 Cartilage Surface Roughness and Cartilage Wear Grades

Comparison of cartilage surface roughness, cartilage wear grade percentage
and percentage of acetabular cartilage unworn area in specimens with different
clearance levels following testing under 400 N constant or 25~800 N dynamic
loading are shown in Figure 5.28-30.

No significant difference of the cartilage surface roughness was observed in
specimens tested under 400 N constant or 25~800 N dynamic loading at each
different clearance levels (T test, p>0.05, n=3, Figure 5.28).
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Figure 5.28. Comparison of the acetabular replica surface roughness in specimens
with small, medium, large, and extra large clearances tested under 400 N constant or
25~800 N dynamic loading (n=3, mean * 95% confidence limits).
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Figure 5.29 Comparison of acetabular wear grades in specimens with different
clearances tested under 400 N constant or 25~800 N dynamic loading (n=3, mean %
95% confidence limits, G1, 2, 3: wear grade 1, 2, 3).
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Significantly higher grade 1 wear area percentages were found in specimens
with large and extra large clearances tested under 400 N constant loading
compared to those tested under 25~800 N dynamic loading (n=6, T test, p<0.05,
Figure 5.29). The wear area percentage graded 2 in specimens with extra large
clearances was observed to be significantly lower in specimens tested under 400 N
constant loading compared to those tested under 25~800 N dynamic loading (n=6,
T test, p<0.05, Figure 5.29).

Significantly higher unworn areas were observed in specimens with both large
and extra large clearances tested under 25~800 N dynamic loading compared to
specimens tested under 400 N constant loading (T-test, p<0.05, n=3, Figure 5.30).
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Figure 5.30 Comparison of acetabular unworn area in specimens with different

clearances tested under 400 N constant or 25~800 N dynamic loading, (n=3, mean %
95% confidence limits).

5.5.5.4 Cartilage Surface Deformation Volume and Depth

Comparison of the mean value (n=3) of the deformation volume, and the
average deformation depth between specimens tested under 400 N constant or

25~800 N dynamic loading with different clearance levels are shown in Figures
5.31, and 32 respectively.
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Figure 5.31. Comparison of acetabular wear volume of acetabular cartilage in
specimens with small, medium, large, and extra large clearances after 2 hours tested
under constant or dynamic loading (n=3, mean * 95% confidence limits).
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Figure 5.32. Comparison of average deformation depth of acetabular cartilage in
specimens with small, medium, large, and extra large clearances after 2 hours testing
under constant or dynamic loading (n=3, mean * 95% confidence limits).
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In specimens with small and extra large clearances, the mean deformation
volume was significantly lower following testing under 400 N constant loading than
following 25~800 N dynamic loading (Figure 5.31, T test, p<0.05, n=3). For
specimens with large clearances, the deformation volume was found to be
significantly higher following testing under 400 N constant loading compared to
following testing under 25~800 N dynamic loading (Figure 5.31, T test, p<0.05,
n=3).

In specimens with extra large clearance, the average deformation depth was
significantly higher following testing under 400 N constant loading compared to
under 25~800 N dynamic loading (Figure 5.32, T test, p<0.05, n=3).

5.6 Discussion

5.6.1 Effect of Clearance on Contact Stress and Contact Area

Contact stress in the hip has been shown as one of the most important
factors influences the friction, deformation, degradation and degeneration of
acetabular cartilage in the hemiarthroplasty hip model under constant loading
(Chapter 4). In this dynamic loading study, the entire porcine body weight was
applied statically to the metal heads in the acetabula with a range of FE radial
clearances (0.1~3.5mm), the average contact stress on the acetabulum was
between 3.4 and 6.3 MPa, and the peak contact stress was approximately 5.6 to
10.6 MPa. This peak contact stress range is close to those in the literature for
human hip joints, where the hip peak contact stress measured in-vitro in humans by
pressure-sensitive films was between 2.90 and 9 MPa (Afoke et al., 1987; Bay et
al., 1997; Hak et al., 1998; von Eisenhart et al., 1999).

In this hemiarthroplasty hip model under 800 N static loading for 30 seconds,
the contact stress increased with increasing clearance due to the decreasing
contact area in specimens. In specimens with extra large clearances the contact
stress (both average and peak) was significantly higher compared to specimens
with small, medium, and large clearances (ANOVA, p<0.05, n=6). This was due to
the significantly reduced contact area in specimens with extra large clearance
(ANOVA, p<0.05, n=6). However, similarly to when 400 N static loading was
applied for 30 seconds, there were some errors due to the sensitivity of super-low
pressure film, this was when the load was initially applied onto the porcine

acetabulum as the metal head slid to fit inside the acetabulum due to the narrow
clearance.
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The significantly decreased contact area may cause severe damage to the
articular cartilage when it articulates against a metal counterface. To avoid higher
contact stress on the articular acetabulum after hip hemiarthroplasty, extra large FE
radial clearances (21.8 mm) are not recommended.

5.6.2 Effect of Clearance on Friction and Frictional Shear Stress

The coefficient of friction for metal (cobalt chrome alloy) heads articulating
with cartilage was shown as a time-dependent response due to the continued
dynamic loading applied on the tissue and ensuing loss of fluid load support.

In this hemiarthroplasty hip model, fluid flow in the cartilage during the
pendulum motion and dynamic loading was controlled by the contact area and
contact stress. Hence, the change in the dynamic loading during the cycle and
motion were important to understand the changes to friction. In the hemiarthroplasty
hip model, the fluid in the loaded area of cartilage was transferred towards to
unloaded areas. For example, in each cycle, the metal head moved from 0° through
-15°, 0°, +15°, back to 0°, with the load increasing from 25 N to 800 N and then
decreasing to 25 N (Figure 5.33). When the load first was applied from 25 N to 800
N, a large proportion of it was carried by the fluid phase of the cartilage, and the
increasing load increased the proportion of the load carried by the fluid (from the
loading centre to the edge of loading area, Figure 5.33, blue arrows). When the
load decreased from 800 N to 25 N, an increasing area of acetabular cartilage was
“recharged” with fiuid and therefore more fluid exuded back to the loading area
(from the edge of loading area to the centre of loading area, Figure 5.33, green
arrows) and was ready for the fluid support in the next cycle of loading. Hence, the
fluid load support phase was “recharged” in each cycle when the load was reduced
from the peak load to the minimum load, and this increased the fluid transaction
during the pendulum motion of the femoral head.

The coefficient of friction under pendulum dynamic loading decreased with
the increasing clearances from small, medium, large, to extra large which is
contrary to the hypothesis. Increasing clearances reduced the contact area, and
therefore the contact stress was increased, the fluid support increased following the
contact area migration in the whole articular acetabulum; hence the coefficient of
friction was reduced. When the pendulum reciprocating motion was applied the
contact area migrated and smaller contact area had more fluid support phase
following the migration of contact area, and the coefficient of friction decreased
(similar to the explanation in Chapter 4, Figure 4.24).
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Figure 5.33 Loading area and fluid movements of the acetabular cartilage during the
pendulum motion under dynamic loading.

5.6.3 Effect of Clearance on Cartilage Surface Roughness and
Wear

No significant differences in cartilage surface roughness (R,=6.52~10.32um)
was observed between specimens with different clearance levels (ANOVA, p>0.05,
n=3). However, the roughness value only partially presents the cartilage surface
damage texture, deformation, and wear.

Significantly higher cartilage wear graded as 1 was observed in specimens
with small and medium clearances, compared with specimens with large and extra
large clearances (ANOVA, p<0.05, n=6). Wear grade 1 was the lowest level of
damage in porcine acetabular cartilage in this study, and it occupied over 50% of

the total worn area. The reduced proportion of wear grade 1 was related to the
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reduced contact area due to the increasing FE radial clearance. Similarly,
significant lower total unworn area percentage was found in specimens with extra
large clearances and this was due to the reduced contact area with significant
increased clearances.

Different cartilage wear grades 1, 2, and 3 were seen in specimens with small,
medium, large, and extra large clearances, and this was caused by the pendulum
sliding motion of the metal head contacting the articular acetabulum. When the
motion occurred between hard and soft (metal head on acetabular cartilage)
counterfaces, the cartilage deformed and lost material in the contact area.
However, due to the individual geometry of each porcine acetabulum, the different
contact areas were subjected to different contact stress. Hence, the difference of

wear grade 1, 2, and 3 percentages was not clear and obvious between each
different clearance level.

5.6.4 Effect of Clearance on Cartilage Deformation

The deformation volume and the average deformation depth was found to be
affected by clearance in this hemiarthroplasty hip model under dynamic loading.
The cartilage deformation volume is a combination of the cartilage deformation area
on the lunate surface, and the cartilage deformation depth. In this hemiarthroplasty
hip model, after 2 hours of pendulum dynamic loading, significantly higher
deformation volume was observed in specimens with small and extra large FE
radial clearances compared to specimens with medium and large clearances
(ANOVA, p<0.05, n=3).

It is postulated that the increase of the deformation volume in specimens with
small and extra large clearances was caused by different factors:

For specimens with small clearances, although the cartilage deformation
depth was not significantly increased compared to specimens with other
clearances, the contact area between the metal head and the articular cartilage was
increased. This enlarged the deformation area, hence the deformation volume
increased.

For specimens with extra large clearances, the increased clearance
decreased the contact area between the metal head and the articular cartilage, and
this increased the contact stress. This increased the acetabular cartilage
deformation depth which increased the deformation volume. Hence, the
deformation volume changes depending on the greater increase of these two
factors (surface deformation area, and deformation depth). In this hemiarthroplasty
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hip dynamic loading model, the increase of the deformation depth was more
significant than the decrease of the contact area (pgetormation-gepth = 0.037 < Pcontact-area
= 0.045), hence, the deformation volume increased.

Significantly higher average deformation depths were observed in specimens
with extra large clearances, due to the increased contact stress. As previous metal
on cartilage indentation tests have demonstrated: increased contact stress
increases the deformation of articular cartilage (Forster and Fisher, 1996;
Northwood and Fisher, 2007; Northwood et al., 2007; Pawaskar et al., 2007; Katta
et al., 2008b; McCann et al., 2008).

5.6.5 Effect of Loading on Cartilage Tribological Properties

5.6.5.1 Contact Area and Contact Stress

After hip hemiarthroplasty, information regarding the hip joint contact area and
contact stress distribution during the patients’ daily activities is essential in
predicting the acetabular cartilage degeneration mechanism, friction, and wear. In
this hemiarthroplasty hip model, good correlation between the clearance and the
contact area, average contact stress and peak contact stress was observed under
both 400 N and 800 N static loading for 30 seconds. When the load was increased
from 400 N to 800 N, the contact area, average contact stress, and the peak
contact stress were increased by about 40%. This result demonstrates the biphasic

properties of articular cartilage, the increased load increases both contact area and
the deformation of the articular cartilage.

5.6.5.2 Friction and Frictional Shear Stress

The coefficient of friction was significantly lower under 25~800 N dynamic
load compared to 400 N constant load within each different clearance group. This is
due to the different proportion of load carried by the fluid phase and solid phase of
the total or aggregate friction force during the pendulum motion. The overall friction
and friction coefficient has been simply expressed by Forster and Fisher (1996), as
Equation 1-2 described in Chapter 1

In the pin on plate simple geometry model, when the constant loading time
was increased the load carried by the fluid phase decreased and the load carried by
the solid phase increased. This was due to the articular cartilage pin remaining
loaded, therefore a large amount of load was carried by the fluid phase of the
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cartilage (Ateshian et al., 1994). Hence, following Equation 1-2, for py<<pys the
coefficient of friction yrincreased as the proportion of load carried by the solid
phase increases with time.

However, in this hemiarthroplasty hip model, under the dynamic loading
regime the fluid support phase support decreased slowly. Hence, the proportion of
load carried by the solid phase contributed less to the total (aggregate) friction force
of the two phases due to the replacement of fluid support when the load moved to a
different area of the acetabular cartilage. This caused the proportion of load carried
by the solid phase to increase slowly, as the ability of the cartilage to “recharge” the
fluid phase support under motion was diminished. Following Equation 1-2, for
ur<<ys the coefficient of friction increased slowly as the proportion of load carried by
the solid phase increased with time. Interstitial fluid pressurization of articular
cartilage has been measured experimentally (Oloyede and Broom, 1991; Soltz and
Ateshian, 1998, Park et al, 2003; Basalo et al., 2004), these results have
demonstrated that the load supported by interstitial fluid can be in excess of 90% of
the total applied load immediately upon loading, but this subsides to zero under
prolonged static loading. The theoretical predictions in the late 90's have confirmed
the above experimental measurement results (Ateshian et al., 1994; Macirowski et
al., 1994; Ateshian and Wang, 1995; Kelkar and Ateshian, 1999).

Figure 5.34 Fluid movements in the acetabular cartilage loading area: a. under
constant loading, and b. under dynamic loading, green arrows: fluid moves from the

centre to the edge of loading area, blue arrows: fluid moves from the edge to the
centre of loading area.

When dynamic loading fluid movements were compared to the movements

generated by constant loading in the hemiarthroplasty hip model, there was an
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additional influence due to the variation in the dynamic load cycle (Figure 5.34.a,
green arrows). When the load is applied there is greater opportunity for fluid phase
support to be maintained. For example, for the same porcine acetabulum, under
constant loading the fluid moves from the centre of loaded area of cartilage to the
edge (Figure 5.34.a, blue arrows). However, under dynamic loading, the fluid
moves out and in from the centre of the contact area when the load applied
increased and reduced (Figure 5.34.b, blue and green arrows. Hence, the loading
area was rehydrated partially under dynamic loading, and more fluid support carried
the applied load, this led to the significantly lower of coefficient of friction. It has
been reported that when compared to static loading, dynamic loading reduced the
coefficient of friction of articular cartilage and maintained this reduction over a wider
range of normal stresses (Malcom, 1976).

5.6.5.3 Surface Roughness and Wear Grades

As discussed in the previous chapter, the surface roughness changes
partially present the cartilage surface texture, and from the microscopic point of
view it presents the fissures levels of articular cartilage surfaces. Surface fissures
may be created by the relatively stiff tangential layer of cartilage when it is being
stretched by radial movements of the softer underlying cartilage as it attempted to
move away from the loaded region (Adams et al., 1998; Flachsmann et al., 2001,
Korhonen et al., 2002b; Kerin et al., 2003). Hence, cyclic loading does not cause
significant differences in surface roughness following testing under constant and
dynamic loading.

In this hemiarthroplasty hip model, different wear grades 1, 2, and 3 were
shown in specimens with different clearance levels under both constant and
dynamic loading cycles. It is postulated that during the pendulum reciprocation, the
cartilage surface roughness was created and due to the geometry of individual
porcine acetabulum between the metal on cartilage hard-soft bearing counterfaces.
The fissures possibly propagate across the surface when the cartilage is subjected
to cyclic loading.

Previous impact loading studies of cartilage-on-bone have found that
cartilage fissures that extended down into the intermediate zone were produced
when the cartilage-on-bone specimens were repeatedly impacted with a pendulum
device (Silyn-roberts and Broom, 1990). Zimmerman et al. (1988) found that 250
cycles of a 6.89 MPa contact stress caused surface abrasions, 500 cycles
produced primary fissures penetrating to the calcified cartilage, and 1000 cycles
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produced secondary fissures extending from the primary fissures. After 25~8000
cycles the fissures coalesced and undermined cartilage fragments (Zimmerman et
al., 1988). Histological studies have shown cartilage fissures can propagate
mechanically under cyclic compressive loading in-vitro, and cyclic loading caused
cartilage fissures to increase in length and width, but not depth (Kerin et al., 2003).
In this study after 2 hours pendulum reciprocation, cartilage surface fissures were

produced to varying extents generating different wear grades on the acetabular

cartilage surface in FE direction unevenly.
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Figure 5.35 Histological Section of cartilage stained with Masson’s blue trichrome
showing a fissure that has opened up in width as a result of cyclic loading. Note the
blunt crack tip, and the manner in which the surface layer has fractured. (Bar length =
200 pm.) (Kerin et al., 2003)

Wear grade 4 is the damage down to the Tide Mark of the cartilage, which
means the cartilage surface fissures have been developed to a greater extent
leading to cartilage fracture. Wear grade 4 was only seen in specimens with extra
large clearances under constant loading. It is postulated that this was due to the
increased average and peak frictional shear stress within the loading time in
specimens with extra large clearances causing fracture of articular cartilage. A
histological image of a typical cartilage fracture is shown in Figure 5.35 (Kerin et al.,
2003). In this study when the acetabular cartilage surface was loaded constantly in
2 hours pendulum reciprocating motion with extra large clearances, it is postulated

that this kind of cartilage fractures were created. Hence, after the fracture depth
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reached to the deepest (radial) zone of articular cartilage, with the pendulum
reciprocation friction force with higher frictional shear stress, the piece of cartilage
was delaminated and removed. Although the extra large clearance affected the
contact area and contact stress similarly under dynamic loading compared to under
constant load, the “fluid recharged” loading area on cartilage reduced the coefficient
of friction significantly under dynamic loading. Hence the cartilage fracture did not
occur due to the frictional shear stress not reaching the cartilage threshold level,

and no wear of grade 4 was observed after 2 hours pendulum dynamic loading
friction test.

5.6.5.4 Acetabular Deformation Volume and Average Depth

When the load was applied to the acetabulum, the loaded cartilage was
supported naturally by the surrounding cartilage and subchondral bone. A previous
study (Korhonen et al., 2002a) has shown that the lateral support from surrounding
cartilage greatly affects cartilage deformation, and the natural support provided in
hip hemiarthroplasty mode! lies in-between the two extreme conditions of
“confined” and “unconfined” compression. In this hip hemiarthroplasty model,
specimens with extra large clearances created smaller contact areas and this
reduced the lateral support from surrounding cartilage. Hence, the deformation
volume and depth was increased.

Differences of deformation volume and depth between specimens tested
under constant and dynamic loading were due to the difference of worn area.
Additionally, different characterised and types of deformation traces may result in
similar deformation volumes with different average deformation depth. For example,
with extra large clearances the deformation area and volume of one specimen
under constant loading, and one specimen with dynamic loading is shown in Figure
5.36.

With extra large clearance one trace of deformation in a specimen under
constant loading (Figure 65.36.a) shows approximately 0.6 mm of cartilage
deformation (equal to the deformed cartilage thickness) and evenly distributed.
However, under dynamic loading (Figure 5.36.b) the maximum deformation depth
was approximate 0.42 mm, and the deformation depth was not evenly distributed -
it was deeper in the middle and shallower on both sides. However, the deformation
areas in both traces were similar, (2.45 mm? in specimen under constant loading
and 2.16 mm? in specimen under dynamic loading).
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Figure 5.36 A typical trace analysis result of the specimens with extra large
clearances, a. under constant loading; b. under dynamic loading; c. one specimen
tested under constant loading; d one specimen tested under dynamic loading.

The different worn area (studied) and characters of deformation trace led to
the significantly smaller deformation volume of specimens under constant loading
or dynamic loading with extra large clearances (Figure 5.36.c: one typical specimen

tested after 2 hours under constant loading, d: one typical specimen tested after 2
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hours under dynamic loading). Although the average deformation depth was deeper
in specimen ¢ (under constant loading) compared to specimen d (under dynamic
loading), the deformation area of specimen ¢ and d was similar, and the
deformation volume in specimen ¢ was smaller than in specimen d. Hence, the
cartilage deformation volume is a complex parameter which presents the combined
effects of deformation area, deformation depth, and total worn area.

5.6.6 Clearance Recommendation in Clinical Practice

In this hip joint hemiarthroplasty dynamic loading model, four categories of
clearances were chosen. The clearance was calculated from two parameters
(femoral head size and acetabulum size). This type of categorisation was selected
because clinically, patients have different sizes of acetabula, and it is realistic for
different femoral head sizes could to be selected to provide a specific clearance.
The results have shown that small clearances limited the space between the
femoral head and acetabular cartilage especially in ML direction as in general the
dimension in FE direction was greater than the dimension in ML direction. When the
clearance was small, more cartilage wear was caused during the pendulum motion,
and the metal head caused deeper levels of deformation into the cartilage. In
acetabula tested with heads to produce extra large clearances, severe damage to
the acetabular cartilage was observed, this was due to the increased frictional
shear stress. The greater space between the head and acetabulum caused the
head motion to delaminate the cartilage, it then became fully removed and this
cartilage segment could be repositioned. Compared to samples tested with
medium clearances, samples tested with large clearances demonstrated lower
results in friction and cartilage deformation, and this may due to the combination of
contact area, frictional shear stress and lubrication within this level of clearance
providing a more suitable condition for better cartilage tribological properties.
Hence, the patient's acetabulum size in FE direction is recommended to be
measured after removing the natural femoral head during the surgery, and from the
2 hours dynamic loading cartilage friction and deformation results large clearance
(1.2-1.8 mm) is ideally recommended clinically.
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5.7 Conclusion

In conclusion, this study assessed the effect of clearance on cartilage friction,

and deformation in hip hemiarthroplasty under dynamic loading. The findings were
as follows:

1.

With increasing clearance, the contact area decreased, and both average
contact stress and peak contact stress increased. Good correlations of contact
area (R?=0.73), contact stress (average and peak, R?=0.73 and R*=0.77), with
the FE radial clearance were observed.

A trend of decreasing coefficient of friction with increasing clearance under
dynamic loading conditions was observed. Good correlations of coefficient of
friction (R?>=0.61) with the FE radial clearance were observed.

Low levels of friction (less than 0.171+0.03) and short term (2 hours) durability
were seen for a range of FE radial clearances (up to 3.5mm) under dynamic
loading.

Cartilage deformation volumes and depths were similar in specimens with
small and extra large clearances, and in specimens with medium and large
clearances, this was due to the clearance effects to the contact area and
deformed surface area.

The contact area and contact stress increased by 50% when the applied load
increased by 100%, and this improved the cartilage biphasic load support.
Significantly lower coefficients of friction were observed under dynamic loading
compared to under constant loading in specimens at each clearance levels.
This was due to a greater proportion of load being carried by the fluid phase
and the loading area of cartilage being partially rehydrated under dynamic
loading.

A trend of increased unworn area with increased clearance was observed
under both constant and dynamic pendulum reciprocation; and this was due to
the reduced contact area with increased clearance.

Significantly greater deformation volume and deformation depth were observed
for specimens with extra large clearances after 2 hours under both constant
and dynamic loading cycles.

Metallic heads and porcine acetabula with the FE radial clearances in a range
of 1.2~1.8mm (large clearance group) in-vitro showed lower wear volume
(2.99+0.84 mm?®) and lower coefficient of friction (0;1310.02) compared to other
clearance groups, and the choice of head size in this range is possibly
recommended for clinical practice. |
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Chapter 6 The Effect of Head Material on Cartilage in
Hemiarthroplasty

6.1 Introduction

Previous chapters have discussed the effect of FE radial clearance on
acetabular cartilage contact stress, friction, surface roughness, wear, and
deformation under both constant and dynamic loading in a hip hemiarthroplasty
model in-vitro. In addition to the effect of clearance in hip hemiarthroplasty the
acetabular cartilage tribological properties will be affected by the direct contact with
the articulating counterfaces of the implant (femoral head). Hence, the material
used for the femoral head in hip hemiarthroplasty may play a very important role on
the acetabulum friction and wear.

Clinically Biolox delta ceramic material is highly recommended and widely
used, particularly as the femoral heads in ceramic-on-ceramic articulations. This is
due to the material having excellent wear performance, good wettability, good
biocompatibility, high hardness (1925 HV) and being highly polished (BIOLOX,
2008). The excellent wettability of the ceramic material is due to the hydrophilic
atomic structure which attracts molecules such as water. The Biolox delta ceramic
consists of Alumina (Al,O;) and Zirconia (ZrO;) and other additives. Its

microstructure is shown in Figure 6.1.

Platelet formed by
strontium oxide

Figure 6.1 Microstructure of Biolox delta ceramic (BIOLOX®* delta OPTION Ceramic
Femoral Head - Data sheet / surgical technique, 2008) (BIOLOX, 2008)
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Although little is known about the clinical outcome and benefit of various
materials used for hip hemiarthroplasty, a few studies in-vivo have discussed the
effect of different implant materials on the cartilage degeneration, and wear.

One of the earliest reports of ceramic heads as endoprostheses found erosion
of cartilage down to the bone, however, despite articulation with bone no scratching
of the ceramic head was observed in 20 dogs after 2 years in-vivo (Lade et al.,
1983). Later a study compared hip hemiprostheses made of ceramic or cobalt
chromium that were implanted in 30 dogs (Yoshinaga, 1987). The dogs were
examined after 1, 3, and 6 months postoperatively, and progressive destruction of
cartilage was observed with almost full thickness wear of the acetabular cartilage at
6 months. Somewhat more favourable results for the ceramic group were shown at
6 months. The long-term effects of cobalt-chromium or ceramic heads articulating
with acetabular cartilage was compared in 20 dogs (Maistrelli et al., 1991). After 5
months implantation, less severe degenerative changes were observed in the
cartilage articulating with the ceramic implants compared to the cartilage articulating
with the metal implants, although equal cartilage damage was evident in both
groups at 8 months postoperatively. Recently a retrospective review of 471 patients
with an average age 81.5 years, who were treated with hip hemiarthroplasties using
Biolox Delta ceramic heads for head fractures was conducted. There were 140
surviving patients with a mean prosthesis longevity of 55.8 months and with a mean
Harris hip scores of 70.6 (Muller et al., 2000).

Generally, in-vivo studies comparing cobalt chromium to ceramic
hemiarthroplasties have shown advantages in reducing the degeneration of
acetabular cartilage in the hip joint after 6~56 months of articulation. However, the
benefits of ceramic shown in hip hemiarthroplasty were not observed in knee
hemiarthroplasty, this may be due to the different geometry and contact of the
implants. A study reported an in-vivo knee hemiarthroplasty study of rabbits
implanted with cobalt chrome implants on the femoral condyle side. Knees were
examined after 3 months, less damage to the articulating cartilage surface was
observed in the cobalt chromium group compared with the ceramic group (p<0.03)
of rabbits (Jung et al., 2007).

It has been demonstrated that aluminium oxide ceramics have better
lubricating properties due to their better wettability compared to steel, and therefore
ceramic head prostheses exhibit less frictional resistance (Dawihl et al., 1979;
Dawihl and Dérre, 1980; Maistrelli et al.,, 1991; Willmann, 1993). However, the real
friction values between ceramic femoral head and natural acetabular cartilage
compared to cobalt chrome alloy heads have not been commonly reported. The
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only reports of consistent findings regarding friction were observed in an in-vitro
study using a pendulum (HEPF1Ex) hip simulator (Muller et al., 2004). The friction
tests were conducted with a dynamic load (double peak, 2.5 kN peak load) in new
born calf serum mixed with Ringer’s lactate solution lubricant (in a ratio of 1:3), and
had a swivel range of +30/-18° with a 45° angle set-up of the apparatus at 37°C
temperature-controlled condition in 900 cycles. The mean coefficient of friction
against porcine acetabula (n=20) was u=0.065 for ceramic and y=0.081 for metal,
against human cadaveric acetabula (n=10) u=0.066 for ceramic and u=0.099 for
metal. The authors concluded that the lower coefficient of friction of ceramic (Al,O3)
against fresh cadaveric acetabulum may have a clinical impact on the process of
the protrusion of the femoral head through the acetabulum compared with metal.

Some studies have shown that advantages of ceramic hip implants compared
to metal hip implants when articulated against soft bearing like Polyethylene. It was
evaluated the differences of polyethylene wear in-vivo between metal and ceramic
on polyethylene hip prosthesis in a biopsy post-mortem study (Bos et al., 1991). It
was demonstrated that three times fewer polyethylene wear particles (wear debris
analysis) were revealed in the ceramic on polyethylene prostheses group compared
to the metal on polyethylene group. Hence, in this study when articulating against
soft tissue cartilage, it was hypothesed that the ceramic heads would reduce the
cartilage wear compared to metallic (cobalt chrome) heads.

Although several experimental studies assessing in-vivo hip hemiarthroplasty
have demonstrated superior tribological properties of ceramic implants compared to
metallic implants, the tribological properties of the tested specimens may be
influenced other variables, such as activities (loads) and movements (motions) of
each sample. Hence, examining the tribological properties in-vitro is essential.
However, the evidence in-vitro is limited. This study limited all the other variable
factors that may affect cartilage tribology, and focused on the effect of the femoral
head material on the acetabular cartilage friction, surface roughness, wear,
deformation area, defoﬁnation volume, and deformation depth. The purpose of this
study was to determine whether hip hemiarthroplasty in-vitro using a ceramic head
provides better tribological performances compared to a cobalt chrome head under
constant or dynamic loading. Ceramic heads articulated against porcine acetabular
cartilage with small clearances (<0.6mm) for 2 hours in a reciprocating pendulum
simulator with constant or dynamic loading to answer the following questions:

» Wil the coefficient of friction with a ceramic head be lower compared with a
cobalt chrome head (Chapters 4 and 5) as shown in in-vivo studies?



-193-

» What is the acetabular cartilage surface roughness after 2 hours pendulum
reciprocation? What is the difference of roughness compared to previous
studies with cobalt chrome heads?

» What kind of cartilage damage will be observed after 2 hours pendulum
reciprocation with ceramic heads? What are the wear grade levels and the
wear area of the lunate acetabular cartiiage? How does this compare to
cartilage that has articulated against metal heads?

v

What is the difference in acetabular cartilage deformation area, volume, and

depth when cartilage that articulated against ceramic heads is compared to
cobalt chrome heads?

6.2 Objectives

The objectives of this study were to use a hip joint model of the acetabular
cartilage cup reciprocating against a ceramic head to consider the effect of head
material on cartilage tribological properties under constant or dynamic load. The
clearance was considered in the flexion-extension direction and small clearances
(<0.6 mm) only were studied. Tribological properties studied were: (1) contact area
and contact stress, (2) coefficient of friction and frictional shear stress, (3) surface
roughness, (4) cartilage wear grade, and (5) surface deformation volume and depth
after the 2 hours +15° motion and 400 N constant or 25~800 N dynamic loading in a

pendulum friction study. An overview of this study is shown in Figure 6.2.

Subiect The Effect of Head Material and Prothesis
J Desing on Cartilage Friction and Wear
I
Loading Profiles Constant and Dynamic (Small Clearance)
I
Friction factor
Output Surface Roughness and Cartilage Wear Grade
Surface Deformation Volume and Depth

Figure 6.2 Summary of studied tribological properties in pendulum constant loading
study in hip joint
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6.3 Materials

Test materials used were ceramic heads Biolox Delta, (supplied by DePuy
International Ltd, UK, 36 mm in diameter, surface roughness R,=0.004 £0.001um)
and six-month old porcine acetabula, and the lubricant was 25% bovine serum, as
described in Section 2.3.1.2, 4, 5, and 8 respectively. The 12 porcine acetabula
were chosen as FE direction diameter from 36.1 to 37.1 mm, and set in PMMA
cement 45 degrees as described in Section 2.3.2.2. The friction tests were
conducted on the pendulum friction simulator as described in Section 2.3.2.1.
Microset silicon replicas were taken from the porcine acetabulum after the friction
test for the wear study described as Section 2.3.2.3. The cartilage wear grade
measurements were taken as described in Section 2.3.2.5, and the surface
deformation measurement were taken as described in Section 2.3.2.6.

6.4 Methods

The constant load was chosen as half porcine body weight approximate 400 N
(as described in Chapter 4), and the dynamic peak load was selected as the whole
porcine body weight approximately 800 N (as described in Chapter 5), with a
loading time of 2 hours (n=6) (explained in Section 2.3.2.1.1). This protocol was the
same as previous studies (Chapters 4 and 5). The constant and dynamic loading
profile was set as shown in Figure 2.24.

The friction factor was analysed as the coefficient of friction at the 0 degree
position where the head was vertically loaded and in contact with the lowest
position of the cup as shown in Figure 2.25. The friction factor (coefficient of friction)
was calculated using Equation 2-13 for constant loading, and Equation 2-15 for
dynamic loading, as described in Section 2.3.2.1.1.1 and 2.3.2.1.1.2.

The acetabular cartilage surface roughness was measured using the
microset replica and a two-dimensional profilometer. The roughness (Ra) of each
trace was calculated using software following Equation 2-19.

The cartilage wear grade area was examined visually using an adaption of
the International Cartilage Repair Wear Grading System (Section 2.3.2.6). The area
of the different wear grades were measured through marking a transparent cling
film covering the microset replica of the acetabulum, as described in Section 2.3.2.6.
Then the wear area of the different wear grades and the whole acetabular lunate
surface area were calculated using Image Pro Plus, and presented as the
percentage of the acetabular lunate surface area. The mean value of each wear
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grade area percentage (six specimens) in both constant and dynamic loading
groups were calculated and compared (ANOVA arcsine, p<0.05).

The acetabular replicas were selected based on the records of the original
surface on the replicas (described in Section 2.3.2.7.1, Figure 2.36). Three most
measurable replicas of each group were measured using a two-dimensional
profilometer across the wear scar as described in Section 2.3.2.6.1, Figure 2.40.
The acetabular surface deformation volume and the average deformation depth
were calculated using the Equation 2-20, and 2-21. The mean value of deformation

volume and average deformation depth of each group was calculated and
compared (T-test, p<0.05).

6.5 Results
6.5.1 Effect of Head Material on Cartilage Friction

6.5.1.1 Coefficient of Friction under Constant Loading

The coefficients of friction measured under constant loading for specimens
with small clearances (from 0.05 to 0.55 mm) articulating with ceramic heads for 2
hours are shown in Figure 6.3 (n=6). The mean coefficient of friction in specimens
continued to increase from 0.08+0.03 to 0.32+0.03 during the 2-hour test (n=6).

A comparison of the mean coefficient of friction in specimens that articulated
against different femoral heads (ceramic or cobalt chrome) under constant loading
for 2 hours is shown in Figure 6.4. No significant difference of the coefficient of
friction was observed in specimens that articulated with different materials at all
time points (T-test, p>0.05, n=6).
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Figure 6.3 The coefficient of friction for specimens articulated against a ceramic head
(n=6, mean * 95% confidence limits), (CS,-x.xx: C- Constant loading, S-Small
clearance, n-specimen number, x.xx- FE radial clearance).
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Figure 6.4 A comparison of the mean coefficient of friction in specimens with small
clearances articulated against a ceramic head (Ceramic-Mean) and a cobalt chrome
head (CoCr-Mean) under constant loading (n=6, mean * 95% confidence limits).



-197-

6.5.1.2 Coefficient of Friction under Dynamic Loading

The coefficients of friction under dynamic loading of specimens articulating
with ceramic heads are shown in Figure 6.5. The coefficient of friction in specimens

increased from 0.05+0.02 to 0.13+0.03 during the 2-hour test.
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Figure 6.5 The coefficient of friction for specimens articulated against a ceramic head
(n=6, mean * 95% confidence limits), (DS,-x.xx: Dynamic loading with Small
clearance, specimen number — FE radial clearance).

A comparison of the mean coefficient of friction for specimens articulating
against ceramic or cobalt chrome heads under dynamic loading is shown in Figure
6.6. No significant difference of the coefficient of friction was observed for
specimens articulated against different materials (T-test, p>0.05, n=6).
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Figure 6.6 A comparison of the mean coefficient of friction for specimens with small
clearances articulated against a ceramic head (Ceramic-Mean) and a cobalt chrome
head (CoCr-Mean) under dynamic loading (n=6, mean * 95% confidence limits).

6.5.1.3 Coefficient of Friction Comparison

A comparison of the mean coefficients of friction in specimens with small
clearances that articulated against a ceramic head or a cobalt chrome head under
constant or dynamic loading is shown in Figure 6.7 (n=6). Significantly higher
coefficients of friction were observed in specimens under constant loading
compared to under dynamic loading when articulating against a ceramic head. A
similar result was shown for cobalt chrome in Section 5.5.5.2) (T-test, p<0.05, n=6).
However, as previously described there was no significant difference in samples
that articulated against metal or ceramic heads.
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Figure 6.7 A comparison of the mean coefficients of friction in specimens with small
clearances articulated against a ceramic head (Ceramic-Mean) or a cobalt chrome

head (CoCr-Mean) under constant or dynamic loading (n=6, mean * 95% confidence
limits).

6.5.2 Effect of Head Material on Cartilage Surface Roughness and
Wear

6.5.2.1 Cartilage Surface Roughness

A comparison of the surface roughness (R;) of cartilage in replicas of samples
following 2 hours articulation against different femoral head materials under
constant or dynamic loading is shown in Figure 6.8. No significant difference was
found in the surface roughness of cartilage in replicas that articulated against
ceramic head under dynamic loading compared to under constant loading (T-test,
p>0.05, n=3). The surface roughness replicas from acetabula that articulated
against ceramic heads were significantly lower compared to samples that
articulated against cobalt chrome heads under constant loading and under dynamic
loading (T-test, p<0.05, n=3).
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Figure 6.8. Comparison of the mean acetabular replica surface roughness in
specimens with small clearances articulating against cobalt chrome and ceramic
heads under both 400N constant and 25~800N dynamic loading (n=3, mean * 95%
confidence limits).

6.5.2.2 Cartilage Wear Grade

A comparison of the percentages of the different wear grade areas of

specimens after 2 hours articulation against ceramic and cobalt chrome heads are

shown in Figure 6.9.

For specimens tested with a ceramic head:

1)

2)
3)

2)

Wear grades 1, and 2 were observed in all the specimens used in tests under
both constant load and dynamic load,;

Wear grade 3 was only seen in specimens tested under constant load;

Wear grade 1 area percentage was significantly smaller under constant
loading compared to the wear grade 1 area in specimens tested under
dynamic loading (T-test, p<0.05, n=6).

Compared to specimens tested with cobalt chrome heads:

Under constant loading: wear grade 1 percentage in specimens tested
against ceramic heads was significantly smaller compared to wear grade 1 in
specimens articulated against cobalt chrome heads (T-test, p<0.05, n=6);
Under dynamic loading: Wear grade 3 was only seen in specimens used in
tests against cobalt chrome heads.
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Figure 6.9 Comparison of acetabular replica surface wear grade areas for specimens
with small clearances articulated against a cobalt chrome (CoCr) or a ceramic head
under constant or dynamic loading (n=6, mean * 95% confidence limits).
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Figure 6.10. Comparison of unworn areas (wear grade 0) in specimens with small
clearances articulated against a cobalt chrome (CoCr) or a ceramic head after 2 hours
constant or dynamic loading (n=6, mean * 95% confidence limits).
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The comparison of total unworn area (wear grade 0) percentage for
acetabular specimens after 2 hours articulating with ceramic or cobalt chrome
femoral heads is shown in Figure 6.10.

The unworn area in specimens tested with a ceramic head under constant
loading was significantly larger compared to specimens under dynamic loading (T-
test, p<0.05, n=6). The unworn area in specimens articulating against ceramic head
were significantly larger compared to specimens that articulated with cobalt chrome
heads (T-test, p<0.05, n=6).

6.5.3 Effect of Head Materials on Cartilage Surface Deformation

6.5.3.1 Cartilage Deformation Volume
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Figure 6.11. Comparison of acetabular deformation volume for specimens with small
clearances articulated against a cobalt chrome or a ceramic head under constant
loading or dynamic loading (n=3, mean * 95% confidence limits).

The deformation volume is compared in specimens after 2 hours of
articulation against ceramic or cobalt chrome femoral heads under constant or
dynamic loading in Figure 6.11.
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In specimens tested against ceramic femoral heads, it was found that the
deformation volume following constant load testing was significantly smaller
compared to under dynamic loading (T-test, p<0.05, n=3).

In specimens that articulated with cobalt chrome femoral heads, it was
observed that the deformation volume was significantly greater compared with
specimens that articulated against a ceramic head under constant loading or under

dynamic loading (T-test, p<0.05, n=3).

6.5.3.2 Cartilage Deformation Depth

The average deformed depth of acetabular cartilage in specimens that
articulated against a ceramic femoral head or a cobalt chrome femoral head under

constant or dynamic loading is shown in Figure 6.12.
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Figure 6.12. Comparison of average deformation depth of acetabular cartilage in
specimens with small clearances articulated against a cobalt chrome head or a
ceramic head under constant loading or dynamic loading (n=3, mean * 95%
confidence limits).

In specimens tested against ceramic femoral heads, significantly smaller
average deformation depth was observed in those tested under constant loading
compared to under dynamic loading (T-test, p<0.05, n=3).
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In specimens tested against a cobalt chrome femoral head, it was found that
the average deformation depth was significantly greater compared to those that
articulated against ceramic heads under constant loading or under dynamic loading
(T-test, p<0.05, n=3).

6.6 Discussion

This study conducted the tribological tests on porcine acetabula with ceramic
femoral heads with small radial clearances (FE direction), to examine the effect of

femoral head material on cartilage tribological properties under constant or dynamic
loading.

6.6.1 Effect of Head Materials on Cartilage Friction

No significant difference was observed in the coefficient of friction in
specimens that articulated against ceramic and cobalt chrome heads either under
constant loading or under dynamic loading. However, the mean value of the
coefficient of friction (Figure 6.7) of the ceramic group was lower compared to the
cobalt chrome group under both constant and dynamic loading. This may indicate
improved friction properties created between a ceramic on cartilage counterface
compared to a cobalt chrome alloy on cartilage counterface. This result is possibly
due to the better wettability of ceramic compared with cobalt chrome (Dawihl et al.,
1979; Dawihl and Dérre, 1980; Maistrelli et al., 1991; Willmann, 1993). This better
wettability of ceramic may also be the main factor that results in significant lower
surface roughness compared to cobalt chrome.

Similar findings have been reported in a previous in-vitro study, the coefficient
of friction was significantly lower (Figure 6.13.a) when testing was conducted with a
ceramic head compared to with a metal head when 2.5 KN double-peak dynamic
loading was applied for 900 cycles (Mdller et al.,, 2004). A greater coefficient of
friction for metal heads compared to ceramic heads was observed in both human
cadaver acetabulum specimens (n=10) and porcine acetabulum specimens (n=20).
A greater difference of coefficients of friction between two different materials

(ceramic and metal) was observed in human acetabulum samples compared to
porcine acetabulum samples.

The test variables and results between Muller et al (2004) study and this study
are shown as Tables 6-1 and 6-2 respectively.
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Table 6.1.Differences of the tests variables between the study by Miiller et al. (2004),

and this study.
Tests Variables Miiller et al., 2004 This Study
Dynamic Loading Double Peak Single Peak
Peak Load (N) 2500 800

Lubricant

New born calf serum mixed with
Ringer's lactate solution (1:3)

New born bovine serum
mixed with PBS (1:3)

Temperature (°C)

37

211

Swivel Angle (°)

+30/-18

+15/-15

Sample Number

20 (porcine); 10 (human cadaver)

6x2 (porcine)

Calculation of y.»

3
ZﬂAHU
- J=!

H="3

_ fde,—2m + fde,+2m

fdzfp 2

Measurements

Against each acetabulum three
measurements (j) of one material
of each cycle (i), same porcine
acetabulum was tested by both
ceramic head and metal head.

f, was calculated form friction
torque at peak load, and the
f, was taken off the
transducer drift and off-set of
the setting; different
specimens with same
clearance control..

When Miuller et al (2004) study is compared to this study, differences test
variables are observed e.g. numbers of peak load each cycle, peak load value, test
temperature, lubricant, range of swivel angle, and calculation method for the

coefficient of friction. However, in both studies similar findings have been observed
when porcine acetabula articulated against ceramic or metal heads (see Table 6-2):

Table 6.2.Similarities of tests results at 900 cycles of dynamic loading between the
study by Miiller et al., (2004) and this study.

Tests Results Miller et al., 2004 This Study
; (900 Porcine Ceramic: 0.082; Metal: 0.101 Ceramic: 0.075; Metal: 0.096
cycles) Human Ceramic: 0.083,; Metal: 0.118 N/A

Au Porcine 0.019 0.021

metal-
c(erar:ic) Human 0.035 N/A

1. Lower mean coefficient of friction (ZZ) when porcine or cadaveric acetabula

articulated with ceramic material compared to metal;
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2. The difference of mean coefficient of friction between the two materials (A;)

after 900 cycles of dynamic loading was 0.02.

The coefficient of friction was slightly higher in Miller et al. (2004) study. The
reasons for this may be higher peak load increasing the frictional shear stress, and
also the double-peak reducing the proportion of fluid transferring back to the loading
areas. In this study, the difference of coefficient of friction between ceramic and
metal materials was not found to be significant, this may due to the small number of
samples (n=6).

6.6.2 Effect of Head Materials on Cartilage Surface Roughness
and Wear

The acetabular surface was significantly smoother in specimens following
articulation against ceramic heads compared to specimens tested with cobalt
chrome heads for 2 hours pendulum reciprocation under constant or dynamic
loading (R, T-test, p<0.05, n=3). For specimens that articulated against cobalt
chrome heads compared to specimens tested with ceramic heads, the surface of
lunate acetabular cartilage (measured areas) was 250% rougher under constant
loading, and approximate 500% rougher under dynamic loading (Figure 6.8).

It is postulated that the significant difference of the acetabular cartilage
surface roughness is due to the different material properties of the articulating
surfaces. Ceramic has an improved wettability and much higher hardness
compared to metal (cobalt chrome), and this enhances the lubricating properties
when articulating with cartilage, hence the damage of cartilage was reduced. The
better hardness of the femoral head reduced the damage of the head during
friction, and this provided a smoother contact surface onto the acetabular cartilage
which reduce the cartilage damage and wear.

Similar to the previous results in Chapter 4 and 5, no significant difference of
the acetabular cartilage surface roughness was seen between samples selected
under constant loading or under dynamic loading when articulated against ceramic
heads. Hence, it is concluded that the surface roughness of acetabular cartilage is
mainly dependent on the femoral head material which it articulates against, but not
the loading.

In specimens tested under constant loading, significantly lower proportions of
wear grade 1 area were observed in specimens after 2 hours of articulation against
ceramic femoral heads compared to against cobalt chrome heads (Figure 6.9);
Under dynamic loading, significantly lower wear grades were seen in specimens
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tested against ceramic femoral heads compared to against cobalt chrome heads.
This is due to the improved wettability of the ceramic material causing less cartilage
damage compared to the cobalt chrome material. With the same load applied to the
different heads, the total contact area and contact stress was similar, the less wear
grade 1 areas (demonstrating less wear) led to the smaller total unworn area in
ceramic group under constant loading, and lower wear grades observed overall
under dynamic loading (wear grade 3 was not seen in ceramic group, Figure 6.9).
Hence, the wear grade level and wear area depends on the articulating surface
material properties under constant loading and dynamic loading. The different
reduction of wear grade area, and wear grade level in the ceramic group when
constant and dynamic loading are compared is possibly dﬁe to the type of loading.

6.6.3 Effect of Head Material on Cartilage Surface Deformation

Significantly smaller deformation volume, and average deformation depth was
observed in specimens that articulated against ceramic head compared to in
specimens that articulated against metallic (cobalt chrome) heads under both
constant and dynamic loading (Figure 6.11~12).

This difference was 1.7~3.3 times greater in deformation area, 2.9~3.7 times
greater in deformation volume, and 1.8~2.9 times greater in average deformation
depth created by a metallic cobalt chrome head compared to a ceramic head

following articulation against acetabular cartilage under constant or dynamic
loading.

Typical deformation traces generated following articulation against ceramic or
cobalt chrome heads under constant or dynamic loading are shown in Figure 6.13.
Smoother surface (significantly smaller R,) and reduced wear areas are seen in
ceramic constant and dynamic groups (Figure 6.13. a, and ¢) compared to in cobalt
chrome constant and dynamic groups (Figure 6.13. b and d). Hence, the ceramic
material makes an improved bearing surface due to the increased hardness, and
high wettability compared with metallic material (e.g. cobalt chrome alloy). When
ceramic compared to metal on soft bearing surfaces (hard-on-soft counterfaces),
similar observations have been reported. For example, ceramic and metal on
polyethylene in-vivo, the polyethylene wear with ceramic was three times fewer
compared to metal hip prostheses (Bos et al., 1991).
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6.6.4 Other Factors

In this study, biological specimens were used and clearances were matched.
However, some differences between samples remould including the precise
acetabulum geometry, the lunate acetabular cartilage thickness, variation in the
size of the fat pad, and difference the removing portion of the ligament size
following dissection. These factors would also affect cartilage friction, surface
roughness, cartilage wear, and cartilage deformation during the pendulum
reciprocation. Additionally, the femoral head and the acetabulum sizes used in this
study should be considered. All specimens were matched in regard to clearance,
however, the ceramic head used for both constant and dynamic loading tests was a
36mm in diameter ceramic head, and porcine acetabula in the range of 36.1~37.1
mm in the FE direction were chosen. However, cobalt chrome heads were available
in three different sizes; 35, 36, and 37mm in diameter, and therefore the porcine
acetabulum specimens were in a larger range of 35.1~38.2mm in diameter in the
FE direction. The different sizes of femoral heads and acetabula may also have
some effect on the tribological properties during the pendulum reciprocation. For
example, the different sizes of metal heads may affect slightly the contact area,
contact stress, and wear area percentages on the lunate surface cartilage.

6.7 Conclusion

In hip hemiarthroplasty, the material of the femoral head affects the
tribological properties of cartilage. The effects of head material on cartilage friction,
deformation, degradation, and degeneration during 2 hours pendulum reciprocation
were as follows:

1. When articulated against acetabular cartilage, compared to metallic femoral
heads, ceramic femoral heads caused significantly less increase of cartilage

surface roughness, less cartilage wear, lower cartilage wear grade levels, less
acetabular cartilage surface deformation volume and deformation depth.

2. Ceramic material may be recommended for the femoral head in hip
hemiarthroplasty due to the lower coefficient of friction examined in-vitro, and
less acetabular cartilage degeneration reported clinically.
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Chapter 7 The Effect of Prosthesis Design on
Hemiarthroplasty Function

7.1 Introduction

In Chapter 4, 5, and 6 the effects of clearance in FE direction, loading
regimes, and femoral head materials on the cartilage friction and deformation in a
hemiarthroplasty hip simulation have been discussed. The lowest coefficient of
friction, least surface damage of the acetabular cartilage, and the minimum
cartilage deformation was observed with large FE radial clearance level (21.2 mm
and <1.8 mm) with cobalt chrome heads under dynamic loading in this hip
hemiarthroplasty model (Chapter 4 and 5). Additionally, it was observed that
ceramic heads generated significantly less cartilage surface damage and
deformation compared to cobalt chrome heads within the same level of clearance
(Chapter 6). Hence, it is hypothesised that ceramic heads with large FE radial
clearances level would provide the optimum cartilage tribological properties with
unipolar heads in this in-vitro hip hemiarthroplasty model.

However, these studies all investigated a unipolar prosthesis design, and
there is interest to investigate the tribological properties of acetabular cartilage
versus a novel design of a bipolar prosthesis. Hence, this chapter focuses on the
effect of prosthesis design, and investigates the effect of a novel bipolar
hemiarthroplasty on cartilage tribological properties.

Unipolar prostheses have generally been satisfactory in the short-term
clinically. Problems occur with increasing time, for example: pain, femoral head
loosening, and on occasions progressive protrusion of the acetabuli. Bipolar
hemiarthroplasty prostheses (also called bipolar endoprostheses) were first used in
the 1970's. The development of bipolar femoral-head prostheses have been
reported by Bateman (1974, Figure 7.1) and Giliberty (1974), with a monoblock
femoral head and stem, and a polyethylene bearing insert covered with a metal
bearing surface (Bateman, 1974; Gilberty, 1974). The polyethylene bearing insert
articulates with the femoral head (22 mm in diameter in the Bateman prosthesis and
32 mm in diameter in the Gilberty prosthesis), and the insert is covered with a metal
bearing surface which articulates with the acetabulum.



-211-

LEFT HIP

Figure 7.1 Bipolar Bateman prosthesis (http://www.freepatentsonline.com/)

The bipolar design is intended to distribute the friction force at both the inner
and the outer articulation surfaces, and to diminish the motion and therefore wear at
the acetabular cartilage interface. This type of prosthesis also reduces the
dislocation risk, the advantages of the bipolar design have been reported in
different clinical studies:

1) The bipolar design diminishes friction and impact forces of the prosthetic
head on cartilage without compromising hip stability, and can be easily
converted to a total hip joint replacement by cementing in an acetabular
component (Bhuller, 1982).

2) Patients with bipolar hemiarthroplasties received pain relief and early
mobilisation and restoration of function compared to patiénts receiving
unipolar hemiarthroplasties, loosening and acetabular bone loss were not
major problems due to less motion occurring on the outer surfaces (Bochner
et al., 1988).

3) When a bipolar prosthesis was compared to a unipolar prosthesis, they
provided better stability, permitted earlier weight bearing and ambulation,
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shortened hospital stays, increased rehabilitation, and decreased subsequent
operations (Lestrange, 1990).

4) Patients with a bipolar hemiarthroplasty had an increased satisfaction in
terms of postoperative pain, more rapid return to unassisted activity, greater
range of movement, no acetabular erosion and fewer unsatisfactory results
compared to patients with an Austin-Moore unipolar hemiarthroplasty in 4
years follow-up (Malhotra et al., 1995).

5) Superior long-term results of the bipolar prosthesis have been reported
compared to unipolar bearings in the treatment of femoral neck fracture. This
was due to the delayed acetabular wear which reduced motion, and shear
forces at the prosthetic~bone interface (Gaine et al., 2000b).

Over the last 30 years, indications for using a bipolar component have
broadened to include femoral head avascular necrosis, and degenerative
osteoarthrosis (Calton et al., 1998). This is due to the perceived advantages of
bipolar prostheses compared to unipolar bearings, including wear and protrusion of
the acetabular component and pain relief, different designs have been developed
(for example, Charnley-Hastings prosthesis) and used as an effective treatment for
femoral neck fracture and femoral head necrosis. However, problems with
polyethylene wear are associated with fixed acetabular components and
subsequent osteolysis can also occur in bipolar implants. The linear rate of
polyethylene wear has been reported as 0.07~0.6 mm per year in patients who
received a hip arthroplasty in 2~15 year follow-up after a THR (Charnley and
Halley, 1975; Griffith et al., 1978, Collier et al., 1990). It was reported that with a
bipolar implant, a decrease in the thickness of polyethylene bearing to less than
6~8 mm was associated with a rapid increase in stress within the polyethylene
(Bartel et al., 1985; Bartel et al, 1986). The minimum acceptable polyethylene
thickness was estimated to be 6 mm (Wright et al., 1989; Calton et al., 1998), or 8
mm (Calton et al., 1998). However, the greater thickness of the polyethylene
bearing may increase the possibility of the metal head dislocation due to the
decreased inner friction torque, but also produce higher volumes of polyethylene
wear debris which may develop ostéo|ysis. Limited range of motion and neck
impingement on the rim of existing bipolar have also been reported as one major
problem with small diameter heads in polyethylene bearings (Schaffer et al., 1991,
McGrory and Lawhead, 2005). These impingements may result in polyethylene and
! or metal wear debris, leading to early femoral stem loosening (Messieh et al.,
1994, Nohuhiro et al., 2001).



This novel design of bipolar prosthesis used in this study is very different
compared to normal bipolar designs (e.g. Bateman prosthesis, Giliberty prosthesis,
etc), it excludes a polyethylene bearing and hence avoids polyethylene wear.
However, it may still provide reduced motion and therefore cartilage degeneration
at the acetabular interface. The large metal head with thin metal cup of this bipolar
design allows improvement of the range of motion and rotation of hip joint.
Clinically, this bipolar design reduces the requirement of surgical preparation of the
acetabulum as in this design, the cup is expected to set naturally into the acetabular

cartilage compared to THR and surface replacement.

Few studies have investigated the tribological characteristics of articular
cartilage in-vitro with a bipolar prosthesis under physiological walking condition due
to the complicated analysis of the frictional properties. For example, the coefficient
of friction between the cadaver acetabular cartilage and the metal cup in a bipolar
prosthesis under a pendulum trial has been reported as 0.014-0.07 at 100-600 N for
a Batemann UPF Il Bipolar prosthesis (Tsukamoto et al., 1992); 0.02-0.06 at 2 kN
for a Hasting bipolar prosthesis (Wetherell et al., 1992).

This chapter focuses on a novel bipolar prosthesis (Figure 7.2) with a metal
femoral head and a metal cup to understand the following research questions:

» What are the frictional properties in-vitro with this novel design of bipolar
prosthesis?

» Where does motion occur when a dynamic load and motion is applied?

» What is the difference between this bipolar prosthesis and the previously

reported unipolar prostheses on cartilage friction, deformation and wear?

~

Bipolar Cup (Metalf)}:}\
Acetabular
Cartilage
\

Bipolar Head (Metal)

Figure 7.2 The biomechanics of the bipolar prosthesis
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7.2 Objectives

The objectives of this study were to use a hip joint model of the acetabular
cartilage cup reciprocating against a novel bipolar prosthesis to consider the effect
of the different prosthesis design by comparing to the friction, and cartilage
deformation due to articulation against a unipolar bearing when tested under
dynamic load.

7.3 Materials

Tests materials used were six-month old porcine acetabula and a bipolar
prosthesis which consists of a 28 mm in diameter cobalt chrome head and a 28/36
cobalt chrome cup (shell) (inner diameter 28 mm, and outer diameter 36 mm,
described in Section 2.3.1.3, Figure 2.19 and Figure 7.2). Small radial clearance
(<0.6 mm) in FE direction between the porcine acetabulum and the bipolar cup
outer surface was chosen for this test, and six specimens were used at the range of
FE direction diameter 36.2~37.1 mm, and the lubricant was 25% bovine serum. The
porcine acetabulum was set in PMMA cement at 45 degrees as described in
Section 2.3.2.2, and friction tests were conducted on the pendulum friction
simulator as described in Section 2.3.2.1.

7.4 Methods

The peak dynamic load was chosen as the entire porcine body weight (800N)
with a loading time of 2 hours (described in Section 2.3.2.1.1). The dynamic
loading profile was set as shown in Figure 2.24.

The friction factor was analysed as the coefficient of friction at the 0 degree
position where the head was vertically loaded and in contact with the lowest
position of the cup as shown in Figure 2.25. The friction factor (coefficient of friction)
was calculated using Equation 2-12, as described in Section 2.3.2.1.1.

However, due to the two bearing surfaces of the bipolar prosthesis, the
biomechanical analysis of the friction factor in bipolar prosthesis was calculated in
two bearing surfaces — the inner friction factor and the outer friction factor. The
pendulum friction test was recorded by video to examine the motion surfaces, and
the true friction torque (T;) was measured through the piezoelectric sensor followed
the same equation (Equation 2-12). The motion might occur at the two bearing

interfaces during the pendulum friction test (Table 7.1 and Figure 7.3):
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1. When the motion occurred at the inner bearing: T, = T; < To
2.  When the motion occurred at the outer bearing: T; > To=T;

3. When the motion occurred at both inner and outer bearings: T) = To=T;

Where, T, is the friction torque at inner bearing (Nm), Ty is the friction torque
at outer bearing (Nm), and T, is the true friction torque measured through the

pendulum friction simulator (Nm).

Table 7.1 Friction torque analysis of bipolar prosthesis in three types of motions

Friction Torque Analysis T, <To T,>To T, =To
Motion : . Inner Bearing &
Surface(s) Inner Bearing | Outer bearing Outer Bearing
. ; Metal Cup & | Metal Head &
Combined as one Object Acetabilun Metal Cup None
Measured Friction Torque (T ) T, To T
1. T/ =T:<To 2 T/>T¢=To 3.T/=To=T;

4

-

) Bipolar Head (Metal) (X Bipolar Cup (Metal) @8 Acetabular Cartilage

20 ~--Demand Motion ’ 20 | -=- Demand Motion | 20 [--- Demand Motion |
—Head Motion | 15 — Head Motion ! 15 | —Head Motion
- = Cup Motion ‘ - = Cup Motion ‘ - = Cup Motion
L | 10 + ‘A 10 |
P g5 185 |
2 ‘g 0 - ‘g, 0
< <\ < N
- w5 0 w g 0 153 204 255
w w D) w |
= 10 - 10 } {
15 15 | ‘
20 OneCycle | | 20 One Cycle | -20 OneCycle

w The forces on the cup analysed at 0° position: when
the load was applied on to the acetabulum, the metal
head moved from backward to forward, and the inner
and outer friction forces were applied onto the inner

Load and outer surfaces of the metal cup.

Figure 7.3 Schematic diagrams of the bipolar prosthesis demonstrating how three
different types of motion can occur
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The inner friction factor and the outer friction factor was calculated by
Equations 7-1 and 7-2

X 1,
I = : Equation 7-1
R, xL
i 1
fo =—f Equation 7-2
R,» L

Where, f;is the inner bearing friction factor, R, is the inner surface radius (m),
fo is the inner bearing friction factor, Ro is the inner surface radius (m), L is the load
(N).

During the dynamic load bipolar friction study, the off-set and transducer drift
were ignored due to the unstable motion interface. Motions occurred at both
interfaces and varied during the pendulum reciprocation; hence a video was
recorded of each test to examine where the motion occurred. However, when the
metal cup was pushed to one side of the acetabulum, it became ‘locked’ in that
position and the test needed to be stopped due to the friction was not occurred on

the outer surfaces between the metal cup and the porcine acetabulum.

7.5 Results

7.5.1 Motion Bearing Surface

From observations during testing and reviewing the recorded video clips of the
pendulum friction test, motions were found to occur at both the inner and outer
bearing surfaces in the first 5~20 minutes of testing. Images of the bearing surface

motion were taken during the test, and a typical motion pattern is shown in Figure
7.4.

During the dynamic pendulum reciprocation, the metal cup was pushed by the
metal head forward (Figure 7.4.c) and backward (Figure 7.4.d) in the FE direction of
each cycle. However, following between 5 and 20 minutes of testing, the metal cup
was always pushed further to an extreme forward or backward position, and was
locked at that extreme position in the porcine acetabulum, then the test was
manually stopped.



217-

M ema L ELL
LI R

L L
s

Moo

.
-
-
.
.
.
-
-
3

§

Figure 7.4 A typical motion process of a bipolar prosthesis during dynamic pendulum
reciprocation: a. metal cup was positioned inside the porcine acetabulum at 45° in
lubricant; b. metal head set inside the metal cup before starting the test; ¢ and d. the
cup was pushed forwards / backwards with motion of the head.

7.5.2 Coefficient of Friction on Both Bearing Surfaces

During the friction testing, motion was observed at both bearing surfaces, and
following the principles described in Section 7.4; the outer friction torque was
speculated to be equal to the inner friction torque. The longest dynamic pendulum
reciprocation prior to locking was 22.5 minutes of one specimen, and inner and

outer coefficients of friction of this specimen are shown in Figure 7.5.
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Figure 7.5 Inner and outer coefficients of friction with a bipolar prosthesis in 22.5
minutes dynamic pendulum reciprocation on one porcine acetabulum specimen.

The coefficient of friction at the inner bearing was found to be 1.3 times the
outer coefficient of friction at the outer bearing in the same specimen due to the
same frictional torque being created at both bearing surfaces (with 14 mm and 18
mm in radiuses). The drop of coefficient of friction at 7 minutes (421 cycles, Figure
7.6) was due to the metal cup becoming locked in the porcine acetabulum for one
cycle (as observed on video). After that, the metal cup was released and continued
to move forward and backward following the metal head.

The dynamic pendulum reciprocation lasted approximately 6 minutes on
average prior to the metal cup becoming locked, hence, the coefficient of friction
was recorded and analysed in 360 cycles. The inner and outer coefficients of
friction of six specimens (from 0.1 to 0.5 mm) in six minutes dynamic pendulum
reciprocation are shown in Figure 7.7, and 7.8.

Both mean coefficients of friction on the inner and outer bearing surfaces
increased 20% in the first six minutes of dynamic loading: the coefficient of friction
between the metal head and metal cup bearing surface was from 0.08 + 0.02 to 0.1
+ 0.02, and between the metal cup and the porcine acetabular cartilage bearing
surface the coefficient of friction was from 0.07 + 0.02 to 0.08 + 0.01 (Figure 7.9).
The coefficient of friction on the inner bearing between the metal head and metal

cup is 1.29 times of the coefficient of friction on the outer bearing between the metal
cup and acetabular cartilage.
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Figure 7.6 Coefficient of friction on the inner surfaces with a bipolar prosthesis in 6
minutes dynamic pendulum reciprocation.
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Figure 7.7 Coefficient of friction on the outer surfaces with a bipolar prosthesis in 6
minutes dynamic pendulum reciprocation.
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Figure 7.8 Mean coefficients of friction on inner and outer surfaces (+ 95% confidence
limits, n=6).
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Figure 7.9 Comparison of the mean coefficients of friction between the metal and
acetabular cartilage counterfaces in the first 6 minutes among specimens with a
unipolar ceramic head, a unipolar cobalt chrome head, and a bipolar cobalt chrome
prosthesis, (mean * 95% confidence limits, n=6).
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On the porcine acetabular cartilage surface, the mean outer coefficient of
friction in specimens with a bipolar prosthesis is compared with the mean coefficient
of friction in specimens with a unipolar cobalt chrome head (Chapter 5) and a
unipolar ceramic head (Chapter 6) (Figure 7.9). No significant difference was found
between the mean coefficient of friction with a metal unipolar head and a metal
bipolar head in six minutes dynamic loading. However, the coefficient of friction was
significantly lower in specimens articulated with a unipolar ceramic head compared
to in specimens with a bipolar metal prosthesis in the first 4 minutes dynamic
pendulum reciprocation.

7.5.3 Cartilage Surface Deformation

No wear scars (wear grade 1~4) were seen on the acetabular cartilage
surfaces in five specimens tested in 6 minutes dynamic pendulum loading with the
bipolar prosthesis. Cartilage surface deformation was seen in the specimen tested
for 22.5 minutes after removing the load, shown in two circled red areas in Figure
7.10. The acetabular cartilage was deformed into two red circled pink areas and
damaged in the two blue circled areas.

Figure 7.10 Deformation areas (red circled areas) and damaged areas (blue circled

areas) of cartilage on the acetabular lunate surface after in 22.5 minutes dynamic
loading with a bipolar prosthesis.
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7.6 Discussion

7.6.1 Tribological Properties of Bipolar Prosthesis

This design of bipolar endoprosthesis is expected to achieve low-friction
metal-on-metal inner bearing motion while decreasing shear stress across the
acetabular cartilage, and increase the range of motion. This design provides a
greater range of rotation and motion of hip joint movement, and also avoids
polyethylene wear, and hence, reduces the likelihood of dislocation and loosening
due to osteolysis.

The result of this bipolar hip hemiarthroplasty study is that the motion
unexpectedly occurred on both inner and outer bearing surfaces. During the
dynamic pendulum reciprocation, similar frictional torques at both the inner and
outer surfaces occurred, and the coefficient of friction on the inner surface (metal-
on-metal) was 1.3 times of the coefficient of friction on the outer surface (metal-on-
cartilage) due to the outer radius of the metal cup being 1.3 times that of the metal
head radius when the equal load and the equal friction torque was applied as
Equation 7-3.

T,  f,xRxL -1

S = =
' Ty JfoxRyxL
LSk
fo R
Hence, this design of bipolar prosthesis cannot achieve a bearing where most
motion occurs at the inner bearing.

Equation 7-3

Compared to the previous unipolar studies, the coefficient of friction results
(Chapter 5) between the metal head and the porcine acetabulum, this novel bipolar
prosthesis was shown to demonstrate no advantages when the outer friction
between the metal cup on the porcine acetabular cartilage in short period 6 minutes
dynamic loading are compared. Furthermore, the outer coefficient of friction in this
novel bipolar prosthesis was found to be significantly higher compared to a unipolar
ceramic prosthesis in the first 4 minutes of dynamic pendulum reciprocation. Hence,
in terms of the coefficient of friction, this bipolar design was not ideal to reduce the
friction.

Although no wear scars were observed on the acetabular cartilage surface in
approximate 6 minutes dynamic reciprocation, the cartilage surface deformation
was more severe when the dynamic loading was applied for approximately 25
minutes. Compared to the deformation of specimens which articulated with a
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unipolar head (metal or ceramic), this novel bipolar design may cause more
damage of the acetabular cartilage if reciprocation continued for 2 hours. It is
concluded that this novel bipolar prosthesis increased the cartilage surface
deformation (by visual observation) in over 25 minutes dynamic loading compared
"to a unipolar prosthesis. _

This novel bipolar design has not delivered lower friction or reduced cartilage
deformation compared to a unipolar prosthesis in this in-vitro study. However, this

bipolar prosthesis design may still achieve the expectation of a larger range of
motion and function in the hip joint.

7.6.2 Advantages of Bipolar Prosthesis:

To summaries this novel bipolar design provides:

1. This bearing successfully avoided using polyethylene inner bearing, and hence
it reduced the risk of osteolysis as no polyethylene wear debris;

2. This bipolar delivered better mechanical function compared to a unipolar
prosthesis, by providing a larger range of motion and rotation of the femoral
head due to the large femoral head size and the thin metal cup.

3. This bipolar mainly reduced the amount of motion between the outer metal cup
sphere and the acetabular cartilage after on average 6 minutes of dynamic
loading and motion.

4. When motion mainly occurred in the inner surfaces, low friction, less wearing
was expected for metal on metal contacts (Williams et al., 2004; Williams et al.,
2006; Brockett, 2007).

7.6.3 Disadvantages of Bipolar Prosthesis:

The disadvantages in this bipolar design were mainly due to the larger range
of motion:

1. The cup angle kept changing during the dynamic loading. This may cause
more cartilage degeneration, pain, and impingement clinically.

2. The instability of the metal cup as it was only temporarily ‘locked’ in the
acetabula; it may be repositioned following the metal head’'s movements. This
repositiqn of the metal cup may cause pain in patients clinically.

3. The migration of the cup may also cause dislocation of the metal femoral head
in some extreme movements in-vivo.
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No benefit of lower coefficient of friction between the metal cup and cartilage
compared to unipolar (metal or ceramic) prosthesis in short-term in-vitro.

If in the long-term the metal cup would be settled firmly inside the acetabulum
and most motion occurs at the inner bearing (metal on metal), the metal wear
ion levels may be similar to the metal wear in THR (Williams et al., 2004,
Brockett et al., 2008; Ogunwale et al., 2009) of hip resurfacing (Brockett, 2007;
Mont et al., 2008; Afolaranmi et al., 2010) in long-term clinically which is of
increasing concern.

7.7 Conclusion

The tribological properties study of this bipolar prosthesis was limited due to

the failure of free-moving under dynamic pendulum reciprocation in long-term.
However, compared to the unipolar prosthesis, this bipolar prosthesis design has
not shown any advantages on the acetabular cartilage frictional properties. The
findings of this bipolar prosthesis were as follows:

1.

Motions occurred at both inner and outer bearing surfaces in the short-term (6

minutes of dynamic reciprocation on average).

. The metal cup was repositioned by the metal head during the pendulum

reciprocation, and it was easily locked or repositioned by the acetabulum.

With the same radial clearance in FE direction, the coefficient of friction with this
bipolar metal prosthesis was similar to with a unipolar metal prosthesis.

With the same radial clearance in FE direction, the coefficient of friction with this
bipolar metal prosthesis was higher compared to specimens with a unipolar
ceramic head.

. This bipolar prosthesis design was not a better option on cartilage friction and

deformation compared to unipolar prosthesis (metal and ceramic).



-225-

Chapter 8 Overall Discussion and Conclusions

Due to the several reasons such as increased life expectancy, patient
demands, and social influences, (e.g. alcohol, smoking, medications, obesity, and
extreme sports, etc), there is an increase in the population suffering from
musculoskeletal conditions. Hence, there are increasing demands for investigations
into the efficacy of existing treatments (e.g. hip hemiarthroplasty) to ensure they are
used optimally. There is also a desire to design and validate in-vitro simulation
systems for pre-clinical investigations.

This research has investigated the tribology of hemiarthroplasty, when
articular cartilage has articulated against biomaterial (metal or ceramic)
counterfaces. The main factors that affect cartilage tribological properties have
been examined in-vitro in both unconfined plug specimens (bovine articular
cartilage plugs) and whole joinf confined specimens (entire porcine acetabula). The
factors investigated include: contact stress, contact areas, sliding distance and
velocity, clearances between the femoral head and the acetabular cartilage, types
of loading, different implant materials, and design of prostheses. Cartilage friction,
deformation, wear in the unconfined pin-on-plate (PoP) model, cartilage friction,
wear, surface damage, deformation in the confined hip joint hemiarthroplasty model
have been studied and compared to both the simulation studies in-vitro and clinical
studies in-vivo.

8.1 Cartilage Tribological Properties in a Plug Model

The contact problem between cartilage and metals is very complex when
addressed from a bioengineering perspective. The biomechanical and tribological
properties of articular cartilage has been investigated over the past 20 years in-vitro
through pin-on-plate or sphere-on-disk (Lipshitz et al., 1975; Zimmerman et al.,
1988, Forster et al., 1995; Forster and Fisher, 1996; Pickard et al., 1998a; Pickard
et al., 1998b; Forster and Fisher, 1999; Freeman et al., 2000; Basalo et al., 2004;
Krishnan et al., 2004b; Basalo et al., 2005; Basalo et al., 2006; Bell et al., 2006b;
Katta et al., 2007b; Northwood and Fisher, 2007; Northwood et al., 2007; Katta et
al., 2008b; Katta et al, 2008a), and computer modelling (Armstrong and Mow,
1983; Ateshian et al, 1994; Ateshian et al., 1997; Wu and Herzog, 2000;
DiSilvestro and Suh, 2002; Ateshian et al., 2003a; Park et al., 2003; Krishnan et al.,
2004a; Krishnan et al, 2005; Pawaskar et al, 2007). More recently some
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investigations of articular cartilage have moved to the tribological properties study in
the entire joint simulation in-vitro and in-vivo: the friction and cartilage wear has
been reported in a few in-vitro studies in hemiarthroplasty model in knee (McCann
et al., 2008; McCann et al., 2009), in hip (Muller et al., 2004; Démarteau et al.,
2006), in modelling studies (Boschetti et al., 2004; Cilingir et al., 2008). and in-vivo
studies (Cook et al., 1982; Cruess et al., 1984; McGibbon et al., 1999; van der
Meulen et al., 2002; Kyoung Ho et al., 2008). In all cases the measured coefficient
of friction was shown to be time-dependent, however, friction and cartilage wear

under higher contact stress (over 4 MPa) for longer loading times (over 8 hours)
conditions have not been reported.

The study of friction of cartilage against metal counterfaces in these
conditions was essential in consideration of hemiarthroplasty applications. The
study in Chapter 3 replicated an in-vitro hemiarthroplasty condition in order to focus
on the mechanical effects on cartilage friction and wear, although it did not consider
the compounding effects of biological factors and cartilage degeneration in PBS at
20+2°C. It expanded previous investigations of friction and wear properties of
cartilage under low (0.5, 1, and 2 MPa), medium (4, and 8 MPa), and high (12, and
16 MPa) levels of contact stress for longer loading times (over 8 hours) in cartilage-
on-metal configurations in consideration of hemiarthroplasty applications.
Importantly, this study is the first to quantify such parameters, and so provides a
unique understanding of the wear characteristics in a in-vitro hemiarthroplasty.

In short-term (one hour) loading, the contact stress affected the coefficient of
friction: the coefficient of friction was shown to be time- and load-dependent due to
the biphasic properties of articular cartilage. The coefficient of friction increased
with time under loading, and different contact stress, it decreased from 0.38 to 0.22
with increasing contact stress from 0,5 to 2 MPa, but remained at 0.35 when
contact stress increased from 4 MPa to 16 MPa.

In long-term studies, the comparison of the coefficient of friction and cartilage
linear wear, and the coefficient of friction and frictional shear stress with increasing
contact stress are shown in Figures 8.1 and 8.2. Both the cartilage linear wear and
frictional shear stress increased proportional to the contact stress, but the
coefficient of friction showed no significant difference under a range of contact
stresses (0.5-8 MPa).

Severe cartilage damage and catastrophic wear occurred, when high levels of
contact stresses (212 MPa) were reached with over one hour static loading and

reciprocation, or when frictional shear stress approached over 4 MPa in long-term
static loading and reciprocation.
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Figure 8.1 Long-term studies in the plug model: coefficient of friction and cartilage %
Wiinear cOrrelates to contact stress under 4-4 and 8-8 conditions.
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Figure 8.2 Long-term studies in the plug model: coefficient of friction and frictional
shear stress correlates to contact stress under 4-4 and 8-8 conditions.

In terms of the effect of contact area on the coefficient of friction under the
same contact stress (e.g. 3.5 MPa): in short-term loading, the smaller contact area
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increased the coefficient of friction due to the lower aspect radio. However, in long-
term loading, there was no significant difference in the coefficient of friction due to
the load supported by the cartilage fluid phase being completely transferred to the
solid and fluid phase in equilibrium support of the cartilage. It is concluded that
under the same contact stress (<4 MPa), the coefficient of friction with a smaller
contact area is higher compared to the larger contact area in short-term loading due
to the lower aspect ratio, but in long-term loading, the different contact areas do not
cause any significant difference in the coefficient of friction. However, the contact
area effects on the friction may be different when the contact stress is higher than 4
MPa due to the cartilage severe damage (8 MPa in long-term loading) and
catastrophic wear (12 and 16 MPa in short-term loading) that were observed at
higher contact stresses.

Sliding distance and velocity only affects the friction coefficient under low
contact stress (0.5 to 2 MPa), and this finding was similar to the recently reported
studies which have shown how that a shorter stroke length increased friction and
due to the decreased fluid film (Bell et al., 2006a; Caligaris and Ateshian, 2008).
However, cartilage linear wear increased significantly with sliding distance and
sliding velocity under the same contact stresses after long-term (24 hours) constant
loading due to the longer friction distance causing more material loss.

8.2 Cartilage Tribological Properties in a Joint Model

Studies using a joint hemiarthroplasty model of the entire porcine acetabulum
have enhanced the understanding of the tribological characteristics of articular
cartilage under different contact stresses due to varying clearances in this model.
Tribological properties in this simulation were compared to other hemiarthroplasty
experimental and clinical hemiarthroplasty studies in-vitro and in-vivo.

Chapters 4 and 5 considered the tribological properties of articular cartilage
that were studied in a joint model of hemiarthroplasty in an entire hip joint in-vitro
with pendulum motion under both constant and dynamic loading with different levels
of clearances. With increasing clearance, the contact area decreased, and both

average contact stress and peak contact stress increased under both constant and
dynamic loading.
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Figure 8.3 Short-term (2 hours) studies in the joint hemiarthroplasty model:
coefficient of friction and cartilage deformation depth correlates to contact stress
under constant loading (C) or dynamic loading (D).
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Good correlations of contact area (Reonstant=0.63, Raynamic-=0.73), contact
stress (average: Rionstant=0.73, Ruynamic>=0.73; and peak: Reonstant =0.75
Raynamic>=0.77), with the clearance were observed. Hence, clearance, contact area,
and contact stress can be considered simultaneously and this relationship to
cartilage deformation and the coefficient of friction, and frictional shear stress and
coefficient of friction which are shown in Figures 8.3 and 8.4 respectively. The
conclusions are:

1. A trend of decreasing coefficient of friction with increasing contact stress under
both constant and dynamic loading conditions was observed (Figure 8.3).
Significantly lower coefficients of friction were observed under dynamic loading
compared to under constant loading when similar range of contact stress was

applied due to a greater proportion of load being carried by the fluid phase
under dynamic loading. ' '

2. After 2 hours of pendulum reciprocation, the deformation depth increased
significantly when the contact stress increased to a certain level under either
constant (>4.7 MPa) or dynamic (>6.3 MPa) loading cycles (Figure 8.3).

3. The frictional shear stress increased with the decreasing coefficient of friction
under constant loading (Figure 8.4), but it decreased with the decreasing
coefficient of friction under dynamic loading (Figure 8.4). Some evidence has
shown that when the frictional shear stress limit of the cartilage was exceeded
(above the critical threshold) under constant loading, severe damage /
degradation of the acetabular cartilage occurred.

4. Metallic heads and porcine acetabula with contact stress level at 3.98 MPa (in
a range of 1.2-1.8mm radial clearances) in-vitro showed lower deformation
depth 37pm, deformation volume 2.99 mm?, and lower coefficient of friction

*0.13 compared to other contact stress levels, and this range of clearance is
possibly recommended for clinical practice.

The counterface material was another key factor which affected the cartilage
tribological properties, and was investigated in Chapter 6. Compared to metallic
femoral heads, ceramic femoral heads caused significantly lower increases in
cartilage surface roughness, less cartilage wear, lower cartilage wear grade levels,
and less acetabular cartilage surface deformation when articulated against
acetabular cartilage. However, there was no significant difference in the coefficient
of friction with ceramic material heads compared to metal heads when articulating
against the acetabular cartilage with the same clearance. This finding is consistent
with the limited clinical follow-up studies conducted (Dawihi et al., 1979; Knahr et
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al., 1981; Yoshinaga, 1987; Trabelsi et al., 1989). This is also similar to the
comparison studies in-vitro reported by Muller et al. (2004) which compared human
and porcine acetabular cartilage friction when articulating against ceramic or cobalt
chrome alloy femoral heads. Hence, ceramic material demonstrated some
advantages and may be recommended as the first choice of femoral head material
in hip hemiarthroplasty due to less acetabular cartilage degeneration reported
clinically. This result is possibly due to the better wettability of ceramic compared
with cobalt chrome (Dawihl et al., 1979; Dawihl and Dérre, 1980; Maistrelli et al.,
1991; Willmann, 1993; Motta et al., 2004).

Over the last 30 years, indications for using a bipolar component have
broadened (Calton et al., 1998) and compared to unipolar prosthesis, superior long-
term results of bipolar hemiarthroplasty have been reported in many clinical studies.
This includes reduced friction (Bhuller, 1982); increased pain relief, early
mobilisation and restoration of function (Lestrange, 1990; Malhotra et al.,, 1995).
This was possibly due to the delayed acetabular wear because the motions are
decoupled by the bipolar prosthesis (Gaine et al., 2000b). Therefore, a novel design
of bipolar prosthesis which included a thin metal shell with a metal head was
examined in chapter 7. However, this novel bipolar prosthesis did not succeed due
to the failure of the free-moving cup under dynamic pendulum reciprocation. The
metal cup was repositioned by the metal head during the pendulum reciprocation,
and it was then locked in an inappropriate position in the acetabulum. With the
same radial clearance, the coefficient of friction with this bipolar metal prosthesis
was similar to with a unipolar metal prosthesis and higher compared to specimens
with a unipolar ceramic head in the first 6 minutes dynamic loading.

8.3 Differences in-vitro and in-vivo

Cartilage tribological properties in-vitro studies have demonstrated to be
affected by the mechanical factors (such as contact stress, contact area, the
geometry of articulating surfaces, materials, and sliding speed), biological factors
(such as matrix changes), chemical factors (such as temperature, lubricant), and
other time-dependent factors may influence the cartilage tribological properties.

However, the exact physiological circumstances are very difficult to obtain
with simulators in-vitro due to the effects of different variables (e.g. lack of soft
tissue around the joint, dynamic biological processes, clinical techniques, the
medication of patients, soft tissue biological response and environment, the diet
and life style of the patients, etc) in-vivo cannot be displayed. Hence, the cartilage
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tribological properties in-vivo need to be considered both the test results in
mimicked in-vitro conditions and the influences of the different variables (i.e. the
level of activity of the patients and the aging of materials, surrounding tissues
supporting, and the biological environment in the body, etc) in-vivo conditions.
These differences of variables in-vivo and in-vitro may sometimes cause the
different results which may lead to different conclusion and resolution.

However, for most studies in in-vitro and in-vivo which have investigated in
similar conditions, the results are consistent. The author believes that the results
concerning the performance of different contact stress, contact area, sliding
distance and velocity, contact surface geometry, implant clearance, loading type,
contact materials, prosthesis design, articulating against cartilage must be
evaluated as the essential key factors that affect the cartilage tribological properties
in hemiarthroplasty. Hence, the findings in this study are valuable for both the

clinical practice and the development of hip hemiarthroplasty from the mechanical
and tribological point of view.

8.4 Discussion

8.4.1 Key Methods in Hemiarthroplasty Tribology Study

The essential model of hemiarthroplasty tribology study was in the whole hip
joint confined model in pendulum articulation simulation, which was based on the
extended understanding and foundation examination of articular cartilage on the
simple geometry pin-on-plate unconfined model.

A study of the tribology of hemiarthroplasty has been conducted, and
examined such as coefficient of friction, cartiiage deformation and wear
volume/depth. The principal novel methodologies in this study were: 1) the
calculation of the coefficient of friction under dynamic loading, 2) the wear grade
assessment and acetabula measurement techniques and 3) the developed
statistical analysis of cartilage surface deformation and wear. In the future the
methods of calculation on wear grade areas may be improved using some software
which can pick up colour automatically (e.g. MatLab 7.8 (Mathworks, Natick, USA),

Stradwin 4.0 (Stradwin, Cambridge, UK) instead of Image Pro plus which needs
highlighting the areas manually.

Cartilage surface roughness was found to be somewhat insensitive to test
conditions. Contact stress, contact area, and cartilage wear grades were examined
through FUJI Pressure film, but critically speaking, due to the sensitivity and flat
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texture of the FUJI film which limited its measurements on the curved acetabular
counterfaces, this area would benefit from the development of a new measurement
method in the future.

For the study hip hemiarthroplasty in-vifro, friction, cartilage deformation and
wear are considered essential parameters to examine, and contact stress, contact
area, and wear grade areas may provide compatible information when more
developed methods are used.

8.4.2 Clinical Implications

For patients who have a hip hemiarthroplasty, it is recommended to avoid high
contact stress and long static loading time due to the cartilage severe damage and
wear which has been demonstrated in both the unconfined model (observed as the
as ‘mushroom effect’) and confined model (seen as ‘delaminated or broken or
severe wear' cartilage). The radial clearance between the metal head and the
natural acetabulum FE direction has been demonstrated to have a significant effect
on the tribological properties in hip hemiarthroplasty, and it is suggested that the FE
direction dimension of the acetabulum be measured when selecting a suitable
femoral head size ~ a radial clearance of 1.2-1.8 mm is recommended from the in
vitro studies undertaken. For unipolar hip hemiarthroplasty, ceramic heads‘have
better wettability and hardness (and are therefore more resistant to third body
damage) compared to CoCr heads and should therefore be considered favourably.

8.4.3 Future Work

In the future, the hemiarthroplasty tribological studies could be developed to
further investigate ceramic materials and different bipolar design in long-term (e.g. 8
hours, 24 hours, 3 days, etc) in-vitro, deformation, wear, surface changes can be
examined based using the developed hemiarthroplasty system. Better wear
resistance and reduced surface roughness are believed to be possible with ceramic

femoral head compared to metal heads. In further tests of unipolar hemiarthroplasty
head roughness measurements should be also be completed.

Although the particular design of bipolar in this study (Chapter 7) has shown
poor stability, locking, and no significant difference of friction in short-term (6
minutes), most clinical reports have shown that bipolar hemiarthroplasty presents
better clinical results (e.g. wider motion range, better stability, longevity, and less
impingements) compared to unipolar devices(Vazquez-Vela and Vazquez-Vela,
1990; Vazquez-Vela et al., 1990; Marcus et al., 1992; Gaine et al., 2000a; Ong et
al., 2002; Cantu, 2004, Bhattacharyya and Koval, 2009). Due to the cartilage wear
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and the developed techniques in hip replacements, unipolar hemiarthroplasty is no
longer used in the United States. The advantages of bipolar designs are due to the
double (triple) bearing surfaces which increase the hip functional activities, reduce
the friction and wear of acetabular cartilage, and prolong the duration of implants.
Hence, further cartilage tribological studies in-vitro on different designs of bipolar
and tripolar hemiarthroplasty could be important to clinical practice.

This simulation system and developed methodology used in this study can
also be expanded in the future to include tribological studies of the natural hip (ie
femoral head cartilage articulating against acetabular cartilage) to consider
ostechrondral replacements and minimally invasive interventions.

8.5 Conclusions

1. In both plug and joint hemiarthroplasty models, the cartilage coefficient of
friction has time-dependent property in short-term (2 hours) static loading due
to the biphasic supporting phases of cartilage. The coefficient of friction is
shown an inverse proportional correlation to the contact stress: in a range of
0.5 to 4 MPa in the plug model; and 2.4—4.7 MPa under constant loading, 3.4-
6.3 MPa under dynamic loading in the joint model.

2. In the plug model, the coefficient of friction remains after the cartilage fluid
phase support is fully transferred into the equilibrium state of solid and fluid

phase support of the loading from 2-24 hours’constant loading in the plug
model with a less than 8 MPa contact stress.

3.  The frictional shear stress is proportional to the contact stress in the plug
model, when it is over 4 MPa with over one hour loading, catastrophic wear of
cartilage occurs; in the joint model under constant loading due to the
geometry characterises of the specimen, the cartilage is broken and
delaminated when the frictional shear stress reaches 1.2 MPa.

4. The cartilage deformation is shown proportional to the contact stress in the
plug model, but in the joint model it increases only when contact stress

reaches a certain level (3 MPa under constant loading, and 4 MPa under
dynamic loading).

5.  Inthe joint model dynamic loading leads to lower friction and less deformation
compared to constant loading due to the rehydration of cartilage in the
loading area when the peak load is removed.
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Ceramic (Biolox Delta) material is a superior material for femoral head in hip
unipolar hemiarthroplasty due to the reduced surface roughness, and
deformation of cartilage may caused by the better wettability of the material
compared to metallic materials, although the friction is not shown significant
difference in 6 minutes testing.

The novel design of bipolar prosthesis with larger metal head and thin metal
cup failed due to the ‘locking’ of the metal cup giving poor stability.
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Appendices

Appendix-1. Mechanical drawings of the porcine acetabulum
setting device designs
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Metal head height blocks
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3D images of porcine setting devices
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Appendix-2. Images of FUJI pressure film measurements of
contact area and contact stress
1. Specimens with small clearances under 400 N (left) or 800 N (right) static loading at

0° position for 30 seconds, with super-low pressure film (upper), and low pressure
film (n=6).

2. Specimens with medium clearances under 400 N (left) or 800 N (right) static loading
at 0° position for 30 seconds, with super-low pressure film (upper), and low pressure
film (n=6).
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3. Specimens with large clearances under 400 N (left) or 800 N (right) static loading at
0° position for 30 seconds, with super-low pressure film (upper), and low pressure
film (n=6).

4. Specimens with extra large clearances under 400 N (left) or 800 N (right) static
loading at 0° position for 30 seconds, with super-low pressure film (upper), and low
pressure film (n=6).
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16" congress of the European Society of Biomechanics, Luzern,

Switzerland, Jul, 2008. Abstracts — presented as a 15 minutes oral

presentation.

FRICTION OF ARTICULAR CARTILAGE UNDER DIFFERENT
PRESSURES AND SLIDING VELOCITIES

J L Zhang. A. P. Burton, Z M Jin, J Fisher and S Williams

School of Mechanical Engineering, University of Leeds, Leeds UK, LS2 9JT

Background

The More conservative tissue substitution therapies
such as hemiarthroplasty of the hip would maintain the
healthy bone and cartilage tissue and avoid the
mmmediate  need for total jomt replacement
surgery However, development of these treatment
options 1s hindered by the lack of in vitro pre-clinical
expenimental simulation systems.

Purpose

The aim of this study was to assess the tribological
properties and functional response of cartilage against
cobalt chromium duning long term (24hours) multi-
directional sliding friction tests, 1n particular to assess
the effect of different pressures and different sliding
velocities on the friction coefficient and cartilage
deformation.

Method and materials

Cartilage/bone plugs (diameters of 9 and 4 mm) from
18 months old bovine patello-femoral groove were
used to articulate agamnst a cobalt chromium plate
(Ra=0.006pum) under different loads (define loads).
The friction test was conducted on a reciprocating
motion pin-on-plate apparatus, and friction assessed by
means of a piezoelectric transducer. Samples were
lubricated with 25% bovine serum. The deformation of
the cartilage pin was assessed using a Nikon Profile
Projector and a height gauge.

Result

It was found that as the contact pressure increased.
both the coefficient of friction and the cartilage
deformation increased. The effect of sliding velocity
had little effect on the cartilage deformation. The
higher shiding speed increased the surface damage of
the cartilage duning the movement, but did not alter the
friction coefficient. These studies indicate the
unportance of contact stress on the tribological
performance of articular cartilage in hemi arthroplasty.

Equations

_ . Friction
FrictionCoefficient = ——— (1)
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ABSTRACT

Hemi-arthroplasty may offer a conservative option to total hip
replacements in the early stages of osteoarthritis. However, the
conditions required for a successful hemi-arthroplasty are not
fully understood.  This study has mvestigated a hemi-
arthroplasty in vitro model, to assess the friction and wear of
acetabulum cartilage agawnst a metal head. It has demonstrated
that loading has an effect on the friction, additionally, the
clearance between the head and cup and the contact area
affected friction.

INTRODUCTION

Currently osteoarthritis of the hip is treated with a total hip
replacement, which removes the healthy tissue as well as the
diseased and degenerated cartilage. A more conservative option,
that can be used for elderly patients who have suffered neck of
femur fractures or 1n some cases osteonecrosis of the femoral
head which replaces only the head of the femur is hem-
arthroplasty. However, for young active patients with higher
physical demands. the mcidence of early hemi-arthroplasty
failure is substantial. This has been attributed to prosthests
loosening and acetabular cartilage degeneration, due to the
friction between the metal head and acetabular cartilage [1].

In Japan, over 50% of hip replacements are bi-polar hemu-
arthroplasty.  This has a sphencal beanng, onto which a
UHMWPE bearing is locked, this 1s capped with a metallic cup
[21. A low fnction inner articulation is produced and the
potential for acetabular erosion [3.4] 1s reduced. However
clinical results remain vanable. There 1s little understanding of
the tribology of hemiarthroplasty 1n the hip

Previous simple geometry pin on plate testmg [5] has
demonstrated that if cartilage stress 15 mamntamned between
approximately 1 and SMPa the friction 15 reduced, compared to
stresses »SMPa. It is postulated that if the stress applied to
cartilage 1n a henu-arthroplasty 1s reduced by altemative
designs, and munimusing clearances between the metallic
femoral head and cartilage acetabulum, friction (and therefore
cartilage degradation) could be reduced. If the conditions
required for a successful hemi-arthroplasty could be better
understood then this may offer a conservative option m the early
stages of osteoarthritis 1n some patients.

AIM

The aim of this study was to develop an m vitro system to
wvestigate the tnbology (cartilage friction, degradaton and
wear) and functional response to a metallic femoral head. The
parameters investigated 1 this mtal study mcluded the
clearance between the head and cup; loading (dynamic and
constant), different levels of flexion-extension motion (=15° and
£25°) and lubnicants (23% bovine serum and PBS).

MATERIALS AND METHODS

Porcine hip joints were dissected wathin 36 hours of slaughter
from 12 month old animals. The acetabulum was mounted at an
angle of 45 degrees n PMMA cement (Figure 1). A silicon
rubber mould (Synthetic Rubber Replicanng Compound.
Microset Product Ltd. UK) was made of the acetabulum and the
dimensions shown 1n Figure 1 measured were 1 the flexion-
extension [F-E] and medial - lateral [M-L] directions.

il
Figure 1 Porcine acetabulum mounted at 45 degrees in bone
cement for friction testing, mould measurement: F-E direction
(flexton-extension) acetabulum dimension. M-L direction
(medsal-lateral) acetabulum dimension

Cobalt chrome alloy heads, 34, 35, 36 and 37mm 1n diameter
were supplied by DePuy Intemational Ltd, The surface
roughness (Ra) of the untested heads was 0.008um (measured

using a contact profilometer. Talysurf, Taylor Hobson, Leciester,
UK).

|
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The friction test was conducted using a pendulum motion
friction sumulator (Simulator Solutions, Stickport, UK) (Figure
3). Components were mounted mn an inverted configuration
compared to the anatomical position (1.e. the head supenor to the
cup). A flexion-extension motion of £15 degrees was applied to
the head. A constant load test with a 400N load and dynamic
load regime (Figure 2) were carnied out. The lubricant was 25%
bovine serum (18g/1 protein) or PBS. Detailed swzes of the
acetabulums tested and clearance variables as measured from the
moulds taken are shown i Table 1.
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Figure 2 Demand load and measured load in each cycle of dynamuc load
fegime



Tests were conducted for 2 hours and data recorded at the peak
load / high velocity part of the cycle, data was logged every 5
cycles 1n the first 100 cycles, every 30 cycles from 101 cycles to
1000 cycles, and every 150 cycles from 1001 cycles to 7200
cycles). The coefficient of friction was calculated using
Equation 1.

, FE ML FE ML
Growp diameter | dlameter | clearance | clearance
68 | 139 040 BT
402 | 386 10 1.30
400N [372 | 33 0.60 015
comstant [ 362 | M0 0.10 1.00
406 | 384 230 1.20
i kN 030 | 0.6
303 380 I3 1.00
sN [ 353 | Mo | 3 | 1m0
~ 362 | 344 0.10 .80
800N [ 364 [ 353 0.20 0.3
dymmc 367 | 3438 035 .60
376 | 356 0.80 020 |

Fd
=
E

LT

Table 1 Detailed sizes tested and clearance variables

f = L Equation |
RL

P

The friction factor (f, Equation 1) 1s similar in magnitude to the
co-efficient of friction, but variable with the finite contact area,
(R) 15 the bearing radws (m), and (L) 15 the peak load (N)

Figure 3 A Pendulum Friction Simulator
RESULTS
Six porcine acetabulum specimens were tested agamst 36mm
diameter metal head under 400N constant load for two hours and

the friction coefficient was measured over time (Figure 4).
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Figure 4 Two hours friction coefficient under 400N constant load
friction test, tubricant: 25% bovine serum, angle: +15°, head size:
36mm. Legend: case number-FE clearance-ML clearance.

As the number of cycles increased so did the coefficient of
friction. There was no obvious variation i friction over time

compared to clearance.

0
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A second study was conducted, where six porcme acetabulum
specimens were tested agamnst a 36mm diameter metal head
under 800N peak dynamic load for two hours. The friction
coefficient against time was recorded (Figure 5). As 1n testing
with a constant load the friction increased with time, however,
the rate of this increase was less under dynamuc loading
compared to the testing under constant loading.
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Figure S Two hours friction coefficient under 800N dynamic load
friction test, lubnicant: 25% bovine serum, angle: =15° head size
36mm. Labels: case number-FE clearance-ML clearance

The wear area of the tested porcine acetabulum specimens 1s
shown 1n Figure 6.

Figure 6 Differeat wear areas of cmil;ge on the porcine acetabulum
surface after two hours friction test

An acetabulum with a clearance of FE-0 6mm and ML-0.15mm
tested for 2 hours with a 400N constant load 1s shown tn Figure
6A the carhlage was degraded to bone in the area shown.
Following a 2 hour 800N dynamic load friction test with FE-
2.15mm and ML-1 Omm clearance, two areas of cartilage were
degraded as shown (Figure 6B).

DISCUSSION

This study has investigated wear of cartilage in an in vitro hemi-
arthroplasty simulation. Friction increased wath time in the
constant and dynamic load test. This was due to biphasic nature
of cartilage, with increasing time the fluid phase support
decreases and the solid-phase support mcreases. This effect was
less n the dynamic testing; the dynamic load allows some
recovery of the cartilage fluid-phase dunng the unloaded period
of the cycle. The radial clearances had a marked effect on the
contact mechanics and tnbology.

This 1tial study forms part of an on-going study to continue to
develop this method to test the parameters in vitro that effect
cartilage degeneration.
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INTRODUCTION

Currently ostecarthnitis of the hip 1s treated with a total hyp
replacement which removes the diseased and healthy tissue. A more
conservative option that can be used for elderly patients who have
suffered osteonecrosis of the head or neck of femur fractures 1 henu-
arthroplasty. a procedure which replaces only the femoral head.
However, for young active patients with higher physical demands, the
mcidence of early henu-arthroplasty failure has increased. This has been
attnbuted to prosthesis loosening and acetabular cartilage degeneration.
due to the loading and friction between the metal head and cartilage.

It 15 postulated that 1f the stress applied to the cartilage was reduced
by altemative designs of herm-arthroplasty, and optumising clearances
between the metallic femoral head and cartilage acetabulum. friction.
frictional shear stress (product of contact stress and friction coefficient)
and therefore cartilage degradation would be reduced. If the conditions
required for a successful hem-arthroplasty could be better understood
then this could be a feasible conservative option 1n the early stages of
osteoarthritis in some patients The aim of this study was to assess the
effect of contact area. contact stress, shiding distance and veloaity of a
cartilage pin against a metal plate m this simple model to mumic the
henu-arthroplasty model and better understand the effect of these
parameters on friction and degradation of cartilage.

METHODS:

Cartilage/bone plugs (diameters of 4 and 9 mm) from 18 months old
bovine patella femoral grooves were used to articulate against a cobalt
chromium plate (R=0.006pm) under different contact stresses (between
0.5 and 16MPa). This simple geometry friction test was conducted on a
reciprocating motion pin-on-plate apparatus, and fnction assessed by
means of a piezoelectnc transducer. Samples were lubnicated with PBS
(Phosphate Buffered Solution).

The effect of the following parameters on friction was studied:

1. Same constant contact stress (3.5MPa) due to different loads and pin
diameters (44N and 4mm pin compared with 220N and 9mm pin) for
24 hours long-term studies.

2. Varying constant contact stress conditions:

» Low contact stress: 0.5, 1, and 2MPa for long-term 24 hours

studies;

» Medium contact stress: 4 and 8MPa for long-term 24 hour studies;

» High contact stress: 12 and 16MPa for short-term one hour studies.
3. Stroke length and velocity:

7 4mm stroke length with 4mm per second velocity (4-4)

» Smm stroke length with 8mm per second velocity (8-8)

To calculate the friction coefficient () and frictional shear stress,
the following equations were used (7 1s the radws of the cartilage pin).

5 Friction )
" Load
x Load
Frictional Shear Stress = ﬂ"}r—ero,a— @
RESULTS:

1. Effect of different contact load and area with same contact stress:
In the 44 condition. the p.g of 4mm diameter pin was significantly
higher than 9mm pin duning the first 2 hours study as the stress at the
center of the pin was higher for the smaller diameter. No sigmficant
differences were observed between the 2 and 24 hours friction studies
as the load was gradually transferred to the solid phase (Figure 1).
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Figure 1. 24 hours friction test at 4-4 setting jia vs. tume different
contact area with same contact stress (3.5MPa), n=6
2. Effect of contact stress conditions:

a. For low and medium contact stress m 24 hour studies: m both
the 4-4 and 8-8 conditions. the pa ncreased quickly dunng the
first 40 munutes of testng, then remamed stable under low
contact stress but continued to mcrease under medium stress
over 24 hours study. The pex decreased from very low stress
(0.5MPa) to approxmately 2-4MPa (Figure 2). then mereased

with increasing contact stress

2.0k 36
Cuntimns Siew MPa

Figure 2. 1 to 24 hours friction study at 44 setting frction
coefficient vs. contact stress (0. 5~-8MPa). n=6

b. High contact stress: In both the 44 and 8-8 conditions, no
sigmficant difference 1n fnction coefficient was observed When
the contact stress exceeded 8MPa and loading time exceeded
one hour, carilage damage was observed.

c. Fnctional shear stress mcreased with both contact stress and
loading time (g ): 1n both the 4-4 and 8-8 condimons, hugh
frichional shear stress (over 4MPa) also caused the cartilage
damage (Figures 3)

E O IR P TIRT }

it W P

Figure 3. 1 to 24 hours friction study at 4-4 setting frictional shear stress
vs. contact stress (0.5-8MPa), n=6

3. The influence of sliding distance (stroke length) and velocity
under low contact stress (0.5 and 2MPa) the p was sigmficantly
hugher for 4-4 conditions than 8-8 conditions as the cartilage was
under the biphasic and boundary lubrication condition; under medium
contact stress (4 and 8MPa) the pg was not signficantly different
(Peax=0.005) durmg the first 9 hours friction study as the carnlage
surface transferred to solid phase, (ju followed equationl). but afier
9 hours the surface wear and degradation due to the 8-8 conditions
caused higher frnction, thus pey 1ncreased more rapidly than when
tested under the 4-4 conditions.

DISCUSSION:

Fnction coefficient and fnction force have been used to descnibe the
tribological properties of hyaline cartilage in articular jomts[1] It was
concluded that for the same contact stress different contact loads and
areas had little effect on friction coefficient after the cartilage loses a
certain amount of water (following 2 hours of loading). as the contact
surface transfers mnto solid phase.

However, contact stress wfluenced friction with higher fnction
coeffictent at both low and high contact stress levels. Degradation and
wear only occurred under high contact stress conditions and 1t was
shown that mcreased values of frictional shear stress were related to
degradation and wear, thus providing a better understanding of the
tnbology response of the cartilage. High frictional shear stress was
largely responsible for cartilage damage and degradation. It was found n
this model that when the frichonal shear stresses 4MPa, damage and
wear of carulage surface resulted This study was undertaken for
constant load only and other work under dynamuc loading m the knee
indicates degradation at lower levels of frnctional shear stress. This wall
be pursued w further work 1 a heun arthroplasty model w hip.
REFERENCE
[1] Zhang et al., Euro Soc Biomect,, Lucerne 2008
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Introduction

One of the main issues of hip hemiarthroplasty main is the cartilage wear and degradation after the
surgery. This study investigated the cartilage wear and degradation in the natural acetabulum
articulating against a metallic femoral head under two hours dynamic loading with different clearances.
We hypothesise that the outcome of hemiarthroplasty could be improved if the clearance is optimised.

Methods and Materials

Cartilage wear and degradation was measured after 2 hours dynamic pendulum friction test on the -
month old porcine acetabulums. The Microset silicon rubber replica was made from the porcine
acetabulum immediately after the friction test. Then the mould surface was covered by the cling film
and marked different wear grades with different colours followed the ICRS cartilage wear grading
system. The picture of the cling film was take with a ruler and analysed through image Pro Plus
software, the cartilage lunate area and different wear grade areas were calculated. Porcine
acetabulums were dissected from 12-month old animal's hip joints and mounted in PMMA at 45° with
respect to the loading, and then a silicon rubber replica was made to assess dimensions. The cobait
chrome alloy head diameters were 34, 35, 36, or 37mm with 0.008um roughness (Ra). Clearances
were small (<0.7mm), medium (>0.7 & $1.4mm), and large (>1.4mm).

Two-hour 400 N constant load friction tests were conducted using a pendulum motion friction simulator
with a flexion-extension motion of +15° in 25% bovine serum, The friction coefficient (j4m) was

measured throughout testing and wear damaged assessed visually at the end of the test and classed
as zero, mild and severe.

Result

The friction coefficient (the friction factor at 0° position) was not significantly different in testing with
different clearances, and it was approximately 0.27 following 7200 cycles (range+0.025). However, if
wear and friction were correlated: the friction coefficient of zero-wear group (um=0.20) was
significantly lower (T test p=0.0037) than both mild and severe wear groups (iem =0.28).

Conclusions

The friction of hemi-arthroplasty under constant load was dependent on both the clearance and the
acetabulum geometry, cartilage is damage led to elevated friction.
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Introduction:

Hemi-arthroplasty (replacement of the femoral head only) can be used to treat
fractured neck of femurs. For patients with high activity levels however, the incidence
of early failure is high. Failure is attributed to acetabular cartilage degeneration and has

been reported as resulting from high friction levels between the metal head and
acetabular cartilage [Yamagata, 1987).

This in vitro study investigated hemi-arthroplasty tribology (friction, degradation and
wear) and functional response of acetabular cartilage to metallic femoral heads.

Methods:

The diameter of 12-month old porcine acetabulum were measured in the flexion-
extension direction and mounted at 45 degrees to loading axis in the pendulum friction
simulator. Cobalt chrome heads (34-mm diameter, Ra=0.008 jun) were assembled
with the acetabuli. in an inverted configuration compared to anatomical position. This
was lubricated with 25% bovine serum. Flexion-extension (115 degrees) and constant
load (400N) were applied to the head and friction measured for 2hrs. Head/acetabular
diametral clearances were chosen as follows: large (21.4 mm); medium (between 0.7

mm and 1.4 mm) and small (<0.7 mm). Following testing, acetabulum cartilage was
visually assessed for wear/damage (zero. mild and severe).

Results and Discussion:
1. Effect of clearance on friction and wear

Clearance did not have a significant effect on friction coefficient. Larger clearances
allowed the contact area to translate, thus maintaining fluid-phase support in the
cartilage through rehydration. However, clearance affected the levels of wear.

2. Effect of friction and clearance on cartilage wear

Increased friction caused mild or severe cartilage wear while low friction showed no

visual signs of damage (zero wear). Smaller clearances reduced wear: due to reduced
contact pressures.

Clearances and sizing of the femoral head appear to be a significant factor in
biotribological performance of hemi arthroplasty.

Acknowledgements:
EPSRC, and DePuy International Ltd
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INTRODUCTION:

Hemi-arthroplasty offers a more conservative option compared to
total hip replacement in cases of fractured neck of femur as it replaces
only the femoral side. However, the incidence of early hemi-arthroplasty
failure is substantial and has been attributed to acetabular cartilage
degeneration due to the friction between the metal head and acetabular
cartilage [1]. It is hypothesized that an increase 1n clearance between the
head and natural acetabulum and resulting increase 1 cartilage contact
stress will increase cartilage degradation.

This study wvestigated the biotribology of hemi-arthroplasty n an in
vitro model to assess cartilage tribology (friction, degradation and wear)
as a function of clearance between head and cup under constant and
dynamic loading cycles.

METHODS:

Porcine acetabulums were dissected within 36 hours of slaughter
from 12 month old animals, mounted at an angle of 45 degrees
inclination in PMMA cement and measured in the flexion-extension
(FE) and medial-lateral (ML) directions. The diameters of the Cobalt
Chrome alloy heads were 32, 34, 35, 36 and 37mm each having a
surface roughness (Ra) of 0.008uum prior to testing (measured using a
contact profilometer, Tatysurf, Taylor Hobson, Leciester, UK).

The tribological sumulation was conducted using a pendulum motion
simulator (Simulator Solutions, Stockport, UK; Figure 1). Componeats
were mouated in an inverted configuration compared to the anatomical
position (i.¢. the head superior to the cup). A FE motion of +15 degrees
was applied to the head. A constant load test with a 400N load regime or
a dynamic load test with a 75~800N load regume was applied at a
frequency of 1 Hertz. The lubricant was 25% bovine serum.

Motor —+— Motor Posion/100 W

/! D800-Load
Pockion/\0” Coat 1aad Wr\m
s

on
0s4 ’ 5
vy -

Figure 1 - Left: Pendulum Simulator; Top Right: 400N constant load and
75~800N dynamic load regime profile; Bottom Right: porcme
acetabulum and Cobalt Chrome heads

The radial FE clearance ‘x’ was defined as Small (S: x<0.6mm),
Medmum (M: 0.6<x<12mm), Large (L: 1.2<x<1.8mm), and Extra Large
(XL: x21.8mm). The friction factor (f, Equation 1) was calculated using
R (the bearing radius [meters]), Ly (peak load [N]) and T (friction torque
[Nm]). Friction factor magnitude is similar to the coefficient of friction
(1e), but varies with the finite contact area. The coefficient of friction
(Her) Was calculated when the head was passing the lowest position of
the acetabulum (ie. at 0 degree FE).

f= L (Equation 1)
RL,
Porcine acetabulum specimens (8 variables studied, n=6 per group)

were tested with different clearances under constant load or dynamic
load for two hours and coefficient of friction was measured over time.

RESULTS:

The coefficient of friction was significantly lower with increased
clearance (ANOVA single factor, 0.005; be tested at 10, 20, 120 minutes
time points), contrary to the hypothesis. The coefficient of friction
decreased as the clearance was increased under both dynamic loading
(Figure 2) and constant loading, The coefficient of friction was higher

under constant load and showed a trend of decreasing with increasing
clearance.

T
T Ze=$Mem —o—Mblas —o— LMem ——XLMem

»e
ettt “
)
(4 -----mmmcmcccccccccca- A po g -
/r",l v -

Coeflicient of Friction

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000 6600 7200
Cyeles (seconds, 1Hz)

Figure 2 - Mean (n=6) coefficient of fiction of different clearances
under dynamic loading, +15 degrees FE, 25% bovine serum

Under constant loading with XL clearance, cartilage was damaged/
removed from bone and cartilage frichion was reduced. It is postulated
that this was when the cartilage damage occurred (Figure 3)
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Figure 3 - Coefficient of friction under 400N constant loading with XL
clearance (reduced frction due to cartilage damage relating to circled
potnts)

DISCUSSION:

Friction coefficient under constant load was higher than under
dynamic load due to the biphasic properties of cartilage. The coefficient
of friction did not, however, increase with clearance as hypothesized but
instead reduced as the clearance increased (over the range of <0.6
to >2mm). This was due to an increase in translation of the contact potnt
over the surface of the cartilage in the cup allowing for fluid to re-
imbibe into the cartilage when unloaded, such that the flud phase
supported the load when reapplied. For extra large clearances under
constant load this was not the case and cartilage was disrupted and
damaged. This was due to contact pressures and frictional shear stress
exceeding the durability limit for articular cartilage (as reported for in
the knee following memiscectomy [2]). This study indicates that low
levels of friction and short term durablity is achievable for a range of
clearances in hemi-arthroplasty of the hip (up to 1.8mm), whereas extra
large clearances (>1 8mm) should be avoided

REFERENCE
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INTRODUCTION:

Hemi-arthroplasty offers a conservative treatment option for femoral neck fractures. Early hemi-arthroplasty
failure has been attributed to acetabular cartilage degeneration due to friction between the metal head and
acetabular cartilage. It was hypothesised that an increase in clearance between the head and acetabulum and
resulting cartilage contact stress increase, will accelerate cartilage degradation. The biotribology of hemi-
arthroplasty in an in vifro model was assessed in terms of cartilage friction, degradation and wear, as a function of
clearance under constant and dynamic loading.

METHODS:

Porcine acetabulumus were dissected, mounted at an angle of 45° and measured in the flexion-extension (FE)
direction. These were paired with CoCr heads (diameters 32, 34. 35. 36, 37um), to give radial FE clearance
clearances (x): Small (x<0.6mm). Medium (0.6<x<1.2mm), Large (1.2<x<1.8mm). Extra Large (x21.8mum). A
pendulum simulator was used and components were mounted in an inverted configuration (compared to
anatomic). A FE motion of £15° was applied. A constant 400N or a dynamic 75~800N load regime was applied
at 1 Hz in 25% bovine serum. Head and acetabular samples were tested in each clearance range and friction
coefficient (FC) measured over time.

RESULTS:

The FC was significantly lower with increased clearance (contrary to hypothesis), The FC decreased as the
clearauce increased under both dynamic and constant loading. The FC was higher under constant load and
decreased with increasing clearance. Under constant loading with XL clearance, cartilage was damaged/ removed,
however. cartilage friction was reduced.

DISCUSSION:

The FC under constant load was higher than under dynamic load due to the biphasic properties of cartilage. The
FC did not increase with clearance as hypothesised but reduced as clearance increased (over the range of <0.6
to >2mm). This was due to an increase in translation of the contact point over the surface of the cartilage in the
cup allowing for fluid to re-imbibe into the cartilage when unloaded, such that the fluid phase supported the load
when reapplied. For extra large clearances under constant load this was not so, and cartilage was
disrupted/damaged. This was due to contact pressures and frictional shear stress exceeding the durability limit for
cartilage (as reponed in knee meniscectomy). This study indicates that low levels of friction and short term
durability is achievable for a range of clearances in hemi-arthroplasty of the hip (up to 1.8mm), whereas extra
large clearances (>1.8mm) should be avoided.
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Introduction

Hemi-arthroplasty of the hip provides a more conservative treatment option for femoral neck
fractures, compared to a total hip replacement. However, hemi-arthroplasty failure has been
attributed to acetabular cartilage degeneration and wear due to friction between the metal head
and acetabular cartilage. It was hypothesised that an increase in clearance between the metallic
head and acetabulum and the resulting increase in cartilage contact stress and frictional shear
stress will accelerate cartilage degradation. The biotribology of hemi-arthroplasty in an in vitro
model was assessed in terms of cartilage friction, degradation and wear, as a function of
clearance under constant and dynamic loading.

Methods

Porcine acetabulums from 12-month old animals were obtained from a commercial abattoir and
dissected, mounted using PMMA at an angle of 45® and dimensions measured in the fiexion-
extension (FE) direction. These acetabulums were paired with CoCr heads (diameters 32, 34, 35,
36, 37mm; supplied by DePuy Intemational Ltd.), to give radial FE clearances (x) as follows (n=6):
small (x<0.6mm), medium (0.6<x<1.2mm), large (1.2<x<1.8mm), extra large (x21.8mm). These
pairs were mounted in an inverted configuration in a pendulum simulator (Simulation Solutions,
UK). A FE motion of +15° was applied to the head, tests were conducted using two different
loading regimes; a constant 400N or dynamic (between 75-800N) cycle was applied at 1 Hz in
25% bovine serum for 2 hours. The coefficient of friction was measured throughout testing and
cups were assessed for cartilage damage post-test.

Resulits
Higher friction was always observed for the same clearance when constant loading was compared
to dynamic loading. The friction coefficient was significantly lower with increased clearance

(contrary to hypothesis) under constant and dynamic load regimes. However, under constant
loading with XL clearance, cartilage was significantly damaged.

Discussion

The friction observed in testing with a constant load was higher than dynamic loading due to the
biphasic fluid load supporting properties of cartilage. Friction did not increase with clearance as
hypothesised; but reduced as clearance increased (between <0.6 to >2mm). Increased
clearances caused an increase in the translation of the contact point over the surface of the
cartilage in the cup allowing for fluid to re-imbibe into the cartilage when uniloaded, this mitigated
for the effect of the increased contact stress. However, with extra large clearances under constant
load a threshold limit of the cartilage was reached (in terms of frictional shear stress) and cartilage -
was permanently damaged. Similar effects in terms of cartilage damage are seen following knee
meniscectomy (McCann et al., 2008). This study indicates that low levels of friction and short term
durability is achievable for a range of clearances in hemi-arthroplasty of the hip (up to 1.8mm),
whereas extra large clearances (>1.8mm) should be avoided.
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Purpose

Hip hemiarthroplasty is used in elderly patients following femoral neck fracture. However,
longevity of this treatment is limited by the metal or composite prosthesis degrading the cartilage
over time. Inappropriate sizes of implant in hip hemiarthroplasty may cause early cartilage wear
(Beksag et al, 2008). This study investigated the effect of clearance (between acetabular
cartilage and metal head) on cartilage wear area and volume. We hypothesised that the
outcome of hemiarthroplasty could be improved if the clearance is optimised.

Methods and Materials

Acetabulums (from 8-month old porcine hips) were dissected and mounted at 45° in a pendulum
friction simulator, Cobalt Chrome heads were set homocentric to the acetabulums and applied a
dynamic (75~800N) load and a flexion-extension motion (£15°) in 25% bovine serum for 2 hours.
Components were set up to allow the different radial clearances: Small (<0.6mm), Medium (>0.6
& 1.2mm), Large (>1.2 & £1.8mm), Extra Large (>1.8mm), n=3 per group.

A silicon rubber replicate was made of the acetabular surface after testing to investigate wear.
The wear area was traced onto flexible film and the area of different cartilage damage grades
(followed ICRS wear grades) measured. Additionally, the replica surface was measured by a
two-dimensional profilometry across the wear area with approximately 20 traces, and this was
multiplied by the wear area length to provide a volume (Figure 1).

Results

Different cartilage wear grades (1~3) were seen in different clearances, and when clearance
increased contact area decreased, hence the percentage of unworn cartilage area increased
(Figure 2.a). Wear volumse increased significantly with XL due to the increase in contact stress
above a critical threshold and the increase of cartilage wear depth clearance (Figure 2.b).

Conclusions

Cartilage wear in hip hemiarthroplasty is affected by clearance which influences both wear area
and wear grade, and significantly higher wear is produced with extra large clearance.
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