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Abstract

The most important hip post-surgery problem is named Edge Loading (EL). This
phenomenon significantly increases the contact pressure on the ball and the socket of
the hip prosthesis hence decreasing the lifetime of the hip prosthesis drastically.
Nowadays millions of patients cannot go under total hip replacement surgery due to the
short lifetime of the hip prostheses. This research mainly focuses on finding solution for
reducing the effect of this phenomenon.

In this research, reasons of EL are investigated and important factors in
designing of the prosthesis are studied. Furthermore, a novel hip prosthesis is proposed.
The model has been successfully patented with PCT number: PCT/GB2015/052933 and
published with International Publication Number: “W02016/055783A1”. In this study
the proposed design is analysed using three methods and the results are compared with
the best available hip prosthesis in the market. The key results of the proposed design

are outlined below:

* Comparison of the features of the proposed design with those of the
available hip prosthesis suggests a promising outcome. This is mostly due to
eliminating of the EL causes, in the new design.

* According to Hertzian Contact Theory, the proposed design reduces contact
pressure during EL by 99.7% in comparison with the best available
prosthesis in the market. This represents an upper limit.

* Finite element method simulation demonstrates up to 63% reduction (lower
limit) of contact pressure during EL and also Neck-Rim/Ring impingement
by the proposed design in comparison with the best available prosthesis in
the market.

Although reduction of contact pressure by the novel design is noticeable,
aforementioned methods show different results. This is due to the limitation of every
method in this study. In this regard the novel design expecting to reduce contact
pressure during EL / Microseparation more than 63% but less than 99.7%.

The novel design may open a new path for the total hip replacement surgery, and

solve the EL problem forever.
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Chapter 1 : Introduction

The hip joint surgery was performed in 1821 for the first time [30]. Since then
this type of surgery has progressed significantly begins with a very rudimentary surgery
and materials to the modern hip replacement surgery with highly durable materials. This
research studies the effect of the most important post-surgery difficulties named Edge
Loading (EL), on the last possible treatment for damaged hip joint, which is total hip
replacement (THR) surgery. Although THR surgery is a highly successful procedure,
EL as the most important difficulty limits this surgery to patients who are fifty years old
and above. Therefore, the young patients must either suffer from pain or consume
medicine and use a wheelchair until they will be able to go under surgery. In this regard
limiting or ideally preventing EL can promise to extend the lifetime of the prosthesis in
human body; hence young patients can go under surgery and do their daily activities
without pain instead of being wheelchair bound for up to thirty years. Furthermore
extending the prosthesis lifetime significantly reduces the risk of revision surgery,

which is critically important for the elderly.

1.1. Aims and Objectives

Our main contribution is to reduce the effect of current total hip replacement
surgeries by proposing a novel hip prosthesis. To achieve this goal, we define the
following aims and objectives:

¢ Identifying the causes of different kinds of EL.

* Finding the solution for reducing the effect of EL hence increasing the lifetime
of the hip prosthesis.

* Finding the important factors in designing of the hip prosthesis that effect EL,

* Proposing a novel hip prosthesis.

* Analysing the proposed model using different methods by comparing the result
of the proposed model with the most advance available hip prosthesis in the
market.

In order to accomplish the above aims and objective, we combine several
approaches and techniques of designing and analysis from different fields such as
material science, mechanical engineering and medical science. In the following
sections, we introduce the problem, its difficulties and the research gap and, sketch the

structure of the approach by which the problem is tackled.



1.2. Structure of the Dissertation
This dissertation consists of 8 main chapters including the Introduction chapter,

which are briefly explained below.

Literature Review

Hip joint is a ball and socket joint, which is the most weight-bearing joint in the
human body. It is supported by number of cartilages, ligaments, muscles, bursa, etc. in
order to have the second largest range of movement after shoulder and provide the
stability of the joint. Part 2.1 mostly explains the anatomy of the hip while part 2.2
discuses hip diseases that cause pain and interrupt daily activities of patients. Some of
diseases could be treated with the consideration and application of the precautions and
advices made by orthopaedics such as resting or taking a medicine. However other ones
such as Osteoarthritis, Rheumatoid arthritis, Traumatic arthritis, Osteoporosis, Paget’s
disease and fracture not only are not relieved by the lapse of time but also deteriorate
and aggravate due to the degeneration of the bone or the cartilage. In this case,
operation of the hip is inevitable for the patients in order to regain their activity and
relieve their pain. Different treatments are explained in 2.3. Although the success rate in
hip surgery is very high, always there is the risk of post-surgery problems such as
infection, femoral fracture, dislocation, change in the leg length, EL and squeaking,
which will be explained in 2.4.

Since 1821 many people have embarked on the investigation on the hip joint to
develop new methods of surgery and highly durable artificial material to be used in the
patient’s body as a hip joint. The result of these investigations was the introduction of
MOP, COP, MOM, COC and Composite prosthesis, which are fitted in body as a total
hip, partial hip, or hip resurfacing depending on the condition of hip joint. Mechanical
as well as medical conditions and properties of all materials used to make the prosthesis
should be studied. Part 2.5 addresses bio tribology of prostheses and important factors
such as wear, friction, lubrication, mechanical properties and biocompatibility of
materials. Furthermore advantages and disadvantages of the hip prostheses made of

different materials are investigated and compared with each other.

Key complication: Edge Loading
EL is the most important hip post-surgery complications, which is still under

investigation in the literature and practice. Ball and socket in hip prosthesis should be
contacted in conformed spherical surface. In this regard, change of the contact shape to
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the edge of the socket produces high force to narrow area, which causes a high stress
and respectively high wear rate. This phenomenon is named EL.

Occurrence of EL is unavoidable with current hip prostheses. This can be due to
the different reasons, which can be categorised to the patient activities, surgeon
experiences and engineering of the prosthesis. These are all explained in chapter 3.

Although patient can forbid some extreme activities such as specific sports like
yoga or martial arts, some daily activities such as normal walking or step climbing
cannot be forbidden. Unfortunately with current hip prostheses, EL happens with daily
activities even if highly expert surgeons fit the prostheses.

EL as an effective factor on the lifecycle of the prosthesis, has come under
investigation. Accordingly simulator machines, which measure the wear rate of the hip
prosthesis, have reflected EL in simulation. Consequently different researches have
been done and hip prostheses with different materials, orientations and sizes are
compared with each other under several types of EL conditions. As a result, various
experimental data, mathematical relationship, modelling information and anatomical
evidences have been developed. Although some advice is given based on this research,

the exact solution for this problem is not certain yet.

Methodology
Mathew Mak et al. [25] said: “Potential solutions to this problem lie in

alternative material and design”. In terms of material; composite ceramic has been
showing the most reliable behaviour during normal and EL conditions with the lowest
wear rate and highest biocompatibility among all today available prostheses. However,
a modification in the design of the prosthesis may solve the problem. In this regard the

methodology in this study is based on 3 main techniques:

1. Study of the effective factors in design of the current prostheses in terms of
limiting the EL, explained in 4.1.

2. Study of the Finite Element Method (FEM) in terms of analysing the current
and the proposed prosthesis with Abaqus software, explained in 4.2.

3. Study of Hertzian contact theory, which mathematically compares the result

of the current and the proposed model, explained in 4.3.



Design of Hip Prostheses
Based on the causes of EL and the information which have been found by

studying the effective factors in designing of the most reliable hip prostheses to date, a
novel model will have been proposed. This model is designed to significantly reduce or
prevent the effect of EL. Furthermore, it helps to reduce the effect of Neck-Rim/Ring
impingements during the extreme movement of the hip and solves another hip post-
surgery complaint named dislocation. The model was successfully patented with PCT
number: PCT/GB2015/052933 and published with International Publication Number:
“W02016/055783Al”.

The features, specifications, advantages and disadvantages of this model are
explained in chapter 5 and the rapid prototype of this model is also shown in 5.4. The
model will be compared with best available hip prosthesis in the market using 3

techniques mentioned earlier

Simulation of IM and CM
In terms of comparing the proposed design and the available one in the market

using finite element method, we model them in Abaqus software. For feasibility of
comparison both models should be made of same materials and tested under same
conditions. Chapter 6 explains the steps needed for simulating these models under

following critical conditions:

* Neck-Rim/Ring impingement

 EL

Results and Discussion
Chapter 7 reports the results from comparison of two models in terms of design,

FEM modelling and Hertzian contact theory and an in-depth discussion will be

provided.

Conclusion and Recommendations
Future works mainly on how to make the proposed design applicable in the

human body are outlined in Chapter 8.



Chapter 2 : Literature Review

2.1. Anatomy

To understand the functions of hip joint and thus their malfunctions and
diseases, anatomical information seems indispensable. Without this information it is
impossible to find the problems and then proceed to propose relevant medicine or
surgery solution. Moreover the invention of the new artificial Total Hip Joint and
improvement of the existing models require a good understanding of anatomy.

Hip joint is made of ball and socket joint, this arrangement gives the ability of
large variety of motions to this particular joint and enables us to do our daily activities
such as: walking, stair climbing, running and sitting.

Hip joint includes several layers of tissue. Deepest layer is the joint and the
bone, the next layer is ligaments and the cartilage and the last layer comprises the
muscles and the tendons, which are tightly in relation with the joint when the nerves,
vessels and the skin are supporting this part of body [1]. So important structures of hip
joint can be categorized as follows:

* Bone and Joint

* Articular Cartilage
* Bursa

* Synovial Membrane
* Ligaments

* Tendons

*  Muscles

¢ Nerves and Blood vessels

2.1.1. Bone and Joint
Bones of the hip are the femur and pelvis; the femur is the longest bone in

human body the head of which is shaped like a ball and named a femur head. The femur
head is connected to the side of the pelvis with a joint, which is like a socket and named
as an acetabulum. The femoral head is joined to the rest of the femur by a narrow bone
called the femur neck. The femur neck is narrower than other parts of the femur and is
located at a 125° angle with the rest of the femur [2], which enables the femur head
joints to the acetabulum; and thus the stable hip joint is made.

At the top of the femur, next to the femur neck, there is a large bump named

Greater Trochanter. This part of femur can be felt from the side of the hip. Different
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parts of hipbone are shown in Figure 2.1. Important muscles are joined to this part of

femur and posterior side of femur is called lesser trochanter.

lliofemoral ligament (cut)

/, /Anterior inferior iliac spine

Acetabular labrum

~ \.— Fat in acetabular fossa

Lunate surface of acetabulum

Articular cartilage

Head of femur

- ' . A
& S ™ Transverse acetabular
/ I|gament
7.
S

Zona orbicularis

Pubofemoral ligament (cut)

Obturator artery

Obturator membrane

ligamentum teres: relaxed during

‘ ‘ adduction - of little importance
lliofemoral | Ischiofemoral Ligament of in adults
ligament (cut) ligament (cut) head of femur (cut)

Figure 2.1. Hip anatomy, Femoral head, Neck, Greater and Lesser trochanter [1]

2.1.2. Articular cartilage
There is an articular cartilage wherever two surfaces of bones move against each

other. The articular cartilage is rubbery material that covers the ends of the bones in the
joint. It is white, shiny and slippery material, which supports the movement of the joint
without rubbing a bone against each other. Furthermore articular cartilage acts as a
shock absorber and contributes to the regular and proper motion of the joint.

Articular cartilage of the hip joint covers the head of femur and acetabulum in
the pelvis. Due to the fact that the backside of the acetabulum sustains more pressure
during walking, the articular cartilage is thicker in the back part of the acetabulum.

Thickness of articular cartilage in hip joint is about 6 mm [3].

2.1.3. Bursa
This is a thin sac of fluid that acts as a lubricant in under friction area such as the

area between the muscles, tendon and bone, tendons and ligaments and between
ligaments and bone. Human body naturally produces the fluid in these sacs in response

to the friction. However due to the injury or impact on the bursa, the body produces a
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lot of fluid in their sacs hence it causes a problem which is called Bursitis. Since there
exists plenty of muscles in the hip, there are twenty bursas available where Greater
Trochanteric, Ischial Tuberosity and Iliopsoas bursas are in critical position in terms of
contacting with hip joint [1].
2.1.4. Synovial Membrane

As mentioned earlier, the head of the femur and the inner layer of the
acetabulum are lined with articular cartilage. Between these two cartilages there are two
to three millimetres gap [4], which is covered by ligaments, hence the joint capsule is
made. Inside of this capsule sealed with a thin layer, which is named as a synovial
membrane. This layer, joint capsule, is filled with synovial fluid that has critical
function for the hip joint. It covers the inner parts of the hip joint like ligamentum teres
[4] to contain and conserve them and lubricate the joint. The cartilage is an important
component in eliminating the friction and guaranteeing the smooth motion of the joint.
Therefore, it needs to be healthy and supplied by oxygen and nutrition. There is no
blood supply for cartilage and it entirely depends on the circulating synovial fluid,
which is the oxygen and nutrition supplier for cartilage and synovial membrane. This is
shown in Figure 2.2. This could be the reason for rheumatoid disease while puncturing
the capsule and as a result drainage of the synovial fluid cause the necrosis of cartilage,

which is the important reason for THR.

Hip Joint
Synovial Fluid ; Articular Cartilage
Ligament and px
Joint Capsule —__ J/"5——

; A
Synovial Membrane\/ S

Ligament and Joint Capsule

Figure 2.2. Synovial membrane and synovial fluid position [1]



2.1.5. Ligaments
Ligament is the soft tissue, which connects bone to bone. There are several

ligaments located in the hip. Three important ligaments are named, Ischiofemoral,
[liofemoral and Pubofemoral ligaments, attach the femur head to the pelvis and form a
joint capsule. These ligaments support the stability of the hip with holding a hip joint in
place. Iliofemoral is the strongest ligament in the human body [1]. It plays an important
role in maintaining the stability of human body. When the person is in the upright
position, this ligament prevents the trunk from falling backward where there is no need
of the muscular activity. It is relaxed while in a sitting position and allows the pelvis to
tilt backward. The significant function of ligaments is to restrain the hip joint from
excessive movement. [liofemoral prevents excessive adduction and prevent the hip joint
from internal rotation with cooperation of Ischiofemoral and Pubofemoral. Pubofemoral
also prevents the excessive abduction of the hip joint.

There is a small ligament at the very tip of the femur head, which connects the
femur head to the acetabulum and is designated as a Ligamentum Teres. It is shown in
Figure 2.1. Although this ligament has no important function in controlling the joint, it
plays an important role in feeding the femoral head on occasional situations. This
ligament consists of a small artery, which is not the only branch of blood supply for
femoral head. However, it could be the only artery if the neck of the femur is broken.
Damage to this ligament and then the artery could be the cause of avascular necrosis,
which is one of the reasons of the THR. This ligament similar to other ones resists the
excessive movement. But due to its position, it precludes further excessive motion when
the hip is dislocated.

There is a special type of ligament around the acetabulum’s edge that plays a
substantial role in avoiding EL and stability of the joint. It is called Labrum which is
shown in Figure 2.1 (The actual picture of Labrum comes in appendix A). This ligament
owing to its being located at the edge of the acetabulum, provides a deeper cup for the
femoral head [6]. If this ligament is injured, it would cause the clicking and pain for the
hip joint.

Inguinal ligament is another ligament in the hip that runs from Pubic Tubercle to

anterior superior iliac spine. Its anatomy is important to operate the hernia patients.

2.1.6. Tendons
Tendon is a soft tissue, which connects muscle to a bone. There is a long tendon

band along the femur from hip to knee, which is called Iliotibial band. Iliotibial band

provides multiple points for hip muscle connectivity [1].



2.1.7. Muscles
Hip as the second most movable part of the human body and the most important

part in retaining balance of the body, consists of seventeen muscles to facilitate Flexion,
Extension, Abduction, Adduction, Lateral and Medial rotation of the hip joint. They are

shown in Figure 2.3.
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Figure 2.3. Muscles and sciatic nerve [1]

2.1.8. Nerves and Blood Vessels
Important nerves which in contact with hip joint are: Sciatic, Lateral femoral

cutaneous, Femoral and Obturator nerves [5]. The joint is supported by various vessels
to supply oxygen and nutrition which are Femoral artery, Internal and External Iliac
artery, Obturator artery, Iliolumbar artery, Pudental artery, Profunda Femoris artery,

Superior and inferior gluteal arteries.

2.2. Diseases
As explained above the hip is a complex organ while its mobility depends on the
cooperation of many other organs; powerful muscles, ligaments, bursa, blood vessels,

nerves etc. support it and make possible hip movement. This harmony enables hip to do



daily activity and to run or stop quickly. Malfunction in any parts of this structure

causes disruption of hip mobility accompanied by severe pain (Figure 2.4).
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Figure 2.4. Comparing the arthritis and healthy hip joint [2]

There are many reasons for disruption of hip mobility. Many of them like
Bursitis, tendonitis, muscle strain, snapping hip syndrome and numerous other diseases
could be cured with non-invasive or minimal invasive medicine treatments. With
respect to the subject of this dissertation, the scope of the discussion and explanation is
confined to the ones lead the patient to THR surgery with considering of the age of the
patients.

Arthritis [7] is the most important hip problem that disturbs the proper functioning of
the hip. It is usually caused by wear and tear, disease or injury. Arthritis is the primary
cause of disability and effects a huge number in Britain amounting to as many as one in

five people [8].

2.2.1. Osteoarthritis

In this case articular cartilage, which covers the end of the femur head and
acetabulum socket is worn out, thus the bones of femoral head and acetabulum rub
against each other and eventually cause severe pain and stiffness in the hip.
Osteoarthritis is a non-inflammatory degenerative joint disease. It is the most common
arthritis, which is more happened in middle age and elder people with age forty-five and
above [8]. There are three million people in Britain who suffer from this disease.

Although the medication and exercise can control this disease, it requires a
surgery when the pain not relieved with non-invasive methods and daily activities of the

patient significantly reduced.
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2.2.2. Rheumatoid Arthritis

This is an autoimmune disease, which means that the immune system of the
body mistakenly attacks the synovial membrane. This causes of inflammation of
synovial membrane. The inflammation causes damaging the cartilage and if it is not
slowed or stopped, could damage the joint.

Rheumatoid arthritis has indirect relation with the lifespan of patient and these
patients have shorter life span than normal people. This is due to side effects of the
medicine, which is used with the patients for controlling of synovial inflammation. Hip
replacement will be done when the cartilage is worn out and thus causes the stiff joint;
hence the movement of the hip is concomitant with pain.

About 1% of the people in the world have rheumatoid arthritis while 75% of this
population are women. People in 40 to 55 years old are more exposed to developing this

disease [9].

2.2.3. Traumatic Arthritis

This is another kind of the arthritis, which is caused by injury to the hip joint.
This injury could be a result of any occurrence like sporting injury, traffic accident or
falling down. If these occurrences cause the wearing out of the cartilage or fracture, lead
the patient to the hip replacement surgery.

Cartilage cannot re-heal itself; therefore scar covers the torn part while scar does
not have the same function as the cartilage. Scar is not only unable to act as a shock
absorber; it does not work as smoothly as cartilage either. Broken bone can cause injury
to other organs like ligament, muscles and tendons which makes the joint unstable.

Traumatic arthritis can arise in 2 to 5 years after the occurrence. Although pain
is the first symptom of the traumatic arthritis, most of the time it disappears without the
application of any medicine and re-emerges after a while. Traumatic arthritis can be
accompanied with inflammation but it is not always necessarily so. In contrast with
other kinds of arthritis, the traumatic one engages specific joint, which is the best way

for distinguished with other ones for doctors.

2.2.4. Avascular Necrosis

Avascular Necrosis happens when blood supplying to the head of the femur is
interrupted. Due to the lack of nutrition and oxygen, the joint will perish gradually. This
phenomenon causes the articular cartilage to collapse and eventually the bones to rub

against each other. This is mainly caused by hip fracture; however there are other
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reasons for this arthritis as well: Diabetes, Kidney problem, gout, excessive use of
alcohol, change the environment from high-pressure to low-pressure, cancer, use of
steroid medicine etc.

The people who suffer from this arthritis, are usually age between thirty and
sixty. This disease is not only healed with the lapse of time but also it gets worse and
leads the patient to the surgery. This disease can be diagnosed with use of MRI. MRI
can help to diagnose it in early stages of development when it is still possible to prevent
cartilage collapse.

If the avascular necrosis i1s diagnosed in early stages, decompression surgery can
save the joint from THR surgery; otherwise the use of the THR is inevitable.

Decompression surgery operates with providing a hole from damaged part of the
bone to the head of the femur while it could be a spark for regeneration of the bone with
linking the blood vessels to it. 80% of the patients in early stage of this disease have
undergone this surgery while the success rate was as much as 75%; hence these people
avoid THR in the future.

In addition to different kinds of arthritis, there are some other reasons, which
lead the patients to the hip replacement surgery; and some of them are listed and

discussed in the following section

2.2.5. Benign and Malignant bone tumours

Basically bone tumour is an abnormal growth of the bone cells could be
noncancerous, which is called Benign; or cancerous which is called as malignant.
Tumour might originate from the bone (Primary) or might be due to the spreading of the
cancer from any other organs in body (Secondary).

The benign bone tumours are more pervasive in comparison with malignant
bone tumours. It does not spread to other organs in the body and remains in the bone.
The most common benign tumour is the one arising from the bone and cartilage
together, which is called Osteochondromas. Tumour is produced by bone cells is called
Osteomas and the one arising from cartilage cells is called Chondromas.

Malignant bone tumour could be primary or secondary although the primary one
is very rare. It can arise from the hipbone or tangent soft tissues such as: muscles,
cartilages and nerves. The most common type of primary malignant tumour is
osteosarcomas [10], which arises from abnormal growth of the bone cell in end of the
femur head and causes its enlargement. Therefore, it cannot fit in the acetabulum and

gives rise to dislocation that is shown in Figure 2.5. Dislocated femur head can destroy

12



the tangent soft tissues. There are two types of primary osteosarcomas: the one which
has few dividing cells and could be curable without surgery, and the one which has
multiple dividing cells and can cause rapid enlargement of femoral head. The latter type
not only needs surgery but also requires chemotherapy as well.

The secondary bone cancer does not arise from abnormal growth of the bone
cells, while the malignant cells are from the primary tumour of other organs, which
spread into the bone. This kind of cancer is hardly curable and the palliative treatment is
advised [10].

Malignant bone tumour usually occurs in the age of ten to twenty; this
corroborates the idea that the bone tumour is happened during the rapid growth when
the males are more exposed to the risk of this tumour than females. Although the basic
symptom of tumour is pain, the osteosarcoma tumour is painless and when exposed
incidentally to X-ray (in other words, when X-ray is used for completely purposes or

other reasons) it can be diagnosed and recognized.

Figure 2.5. 14 Years old boy with osteosarcoma of upper end of femur [4]

2.2.6. Paget’s disease

There are two hormones for calcium circulation in human body: Calcitonin and
Parathyroid hormone (PTH). When the calcium of blood is low, PTH is released, which
triggers off the osteoclasts. These hormones break down the stored calcium in the bone
and release it into blood. The calcitonin is used for the activation of the osteoblasts,
which rebuilds the calcium and stores it in the bone when there is the excessive calcium
in blood. This phenomenon causes the total skeletal replacement in human body; a
phenomenon is called bone remodelling and occurs for children in the first year and for

adults within ten years. This process is not done in the patients with Paget’s disease. As
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a result the bones of these patients are abnormal, large, brittle and more fracture prone,

which is shown in Figure 2.6.

Figure 2.6. Fracture due to the paget's disease [2]

This disease is rampant in old bone of adults rather than children when it is
estimated the patients with this disease are 1% in the US [11].

This disease does not have a specific symptom while it is recognized
accidentally in X-ray test that is obtained for other reasons. Although there is not
specific symptom, it could cause pain, fracture and stiffness and even pinch the tangent
nerves by the enlarged bone. Paget is not a cancer so it is not spread to any other organs
however the medicine treatment does not help it substantially and the most effective

way is THR surgery [11].

2.2.7. Osteoporosis

Osteoporosis means spongy bone, which happens when the mineral density of
the bone decreased. In osteoporosis, the protein of the bone is altered while a density of
the bone is decreased up to two and half times less as much as the normal bone density,
hence this phenomenon leads the patient to the bone fracture though it can be controlled
by some precaution like preventing to fall in down, and activities like diet, exercise and
losing weight. Medication such as calcium and vitamin D. could help the bone to re-
heal. This disease has no symptom though it could be easily diagnosed by modern
scanning. It is very common in Britain due to the low levels of sunshine, which helps
the body to make up vitamin D [12]. It happens mostly in people over the age of 50, and

more commonly in women than men.
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Normal bone matrix Osteoporosis

Figure 2.7. Microscopic difference between normal and osteoporosis bone [6]

2.2.8. Failed previous hip replacement surgery

Prosthesis loosening, wear, breakage, etc. lead a patient to re-surgery
(Provisional surgery'). In this situation there is no other alternative left to the patient
however the chance of success in second surgery is lower than the first one due to the
deterioration apart of the bone in the first surgery. According to the University of
Washington, failure is more common in women than men and it is more happened in

individual more than 65 years old.

2.2.9. Femoral Fracture

Femoral Fracture could happen due to the disease mentioned earlier or severe
accident in normal people. Fracture is categorized into four grades while the first three
of them do not need THR surgery and can be treated with pins and nailing devices. The
first grade happens when the bones are pressed to each other hence there is a stable
fracture; whereas the second grade is complete fracture. However the parts are not
displaced and they are still aligned. In the third grade, displacement occurs when there
is some contact still existent; in the fourth grade displaced bones do not have any
contact with each other hence the blood supply to the femoral head is completely
disrupted and thus the THR is inevitable.

In the UK, 20% to 25% of the people following the femoral neck fracture die in

a year while women constitute 80% of this population [13].

! Provisional surgery is conducted when the hip replacement surgery is done for the second time due to
any failure in the first surgery.
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2.3. Treatments
Due to the condition of the bone, disease, age and gender of the patients, the
treatment could vary from simple advice of the doctor, to the THR surgery, some of

these methods come in as follows.

2.3.1. Non-Surgical (Non-Invasive) methods

Non-Surgical (Non-Invasive) methods are primary methods of treatment, which
would be applied before any further treatments. In these methods the patients do not
undergo surgery; they rather take advice or medicine such as: Exercise, Rest, Heat
Therapy, Cold Therapy, Physiotherapy (either Isometric, Isotonic or daily walking),
Medicine and Drug (Corticosteroid, Anti-inflammatory agents, Glucosamine and

Chondroitin, Viscos Supplementation and so on).

2.3.2. Hip Arthroscopy (Minimally-invasive)
This surgery is done through small incisions instead of a large incision, hence it
has several advantages over THR surgery such as being less traumatic, faster recovery

and outpatient procedure when the patient is discharged after arthroscopy [15].

Figure 2.8. Arthroscopy instrument schema at the left side,the real picture from the arthroscopy camera at the
right,the loose bpdy is removing [7]

The surgery starts with a general anaesthesia or regional anaesthesia. In the
regional anaesthesia the medication is delivered to the spinal cord of the patient which
numbs the lower limb. Patient’s leg is slightly pulled to produce space between femoral
head and acetabulum. The fluoroscope is used during the surgery to show the position
of the instruments and the joint. Two to three small incisions are made while the sizes

vary between 6 mm to 13 mm. The needle is inserted into the joint and placed with
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guidance of the fluoroscope, saline is inserted through this needle with pressure to hold
the joint open, afterward a guide wire is inserted through the needle and then the needle
replaced with camera tube (cannula) to enable the surgeon to observe the condition of
the joint with the monitor connected to the camera. In the second incision, another
instrument is inserted to the joint to cauterize, shave or remove the tissue (Figure 2.8)
depending on the joint problem such as Labrum tears, acetabulum cartilage loose body,
inflammation, degeneration and bone spurs. The third or fourth incisions are rarely
made and depend on the condition of the surgery. The instruments and the camera
replace with each other for precise visualize and hence ease of the decision and
application of the action by surgeons. The surgery lasts from thirty minutes to two hours
depending on the time diagnosis and treatment taken. Eventually the incisions are
sutured with two to three non-dissolvable sutures and swaddled with the bandage. The
patient after surgery is advised to use walking aid for several days. Applying an ice
pack could treat the swelling and pain; the sutures are removed seven to ten days after
the surgery while the full recovery depends on the type of treatment prescribed by

surgeon.

2.3.3. Hip replacement Surgery (Invasive/Arthroplasty)

Hip replacement Surgery is done when all other treatments, Non-invasive and
minimally invasive, fail or not applicable, and the patient still feels pain for daily
activities or even during the rest condition and stiffness limits a hip movement. Hip
replacement surgery is one of the most successful surgeries in the world with the rate of
80% success [16] and a massive number of the convalesced amounting to more than
86,000 people in Britain in 2012 [19] and 520,000 Americans in the United State in
2006 [17]. In this surgery damaged part(s) is/are removed and replaced with artificial
one(s). The surgery is mainly done through three kinds of hip replacement surgeries;
depending on the condition of the joint, age, gender and type of the patient’s activities,

which are expatiated as follows.

2.3.3.1. Partial Hip Replacement (Hemiarthroplasty)

In this surgery the damaged part is femoral head when the acetabulum turns out
to be ineffective [18]. It usually happens when the femoral head has a fourth grade
fracture. In this case, it is not possible to fix it with nails and pins and thus hip
replacement surgery is inevitable. An artificial femoral part consists of metallic or

ceramic ball that is attached to the vertical stem, goes to the femur shaft. In this surgery
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femoral head is cut off and the femur canal is prepared with a special instrument for

insertion of the stem while the acetabulum is not replaced (Figure 2.9).

Figure 2.9. The fourth grade of fracture at left, hemiarthroplasty at right [2]

The stem is fixed inside the canal with or without cement, which will be more
explained in 2.3.3.5 and 2.3.3.6. This surgery is carried out when the femoral head is
broken and is no longer suitable for the arthritis patients. The reason lies in the fact that
in arthritis patients the acetabulum is gradually damaged with lapse of time and
eventually made unstable for preserving the prosthesis in place. Furthermore due to
bearing of the metal/ceramic ball against acetabulum bone, this method is not
recommended for young or active older patients and the THR is a better option for

them.

2.3.3.2. Hip resurfacing

In this surgery femoral head is reshaped with a special instrument rather than
being cut off, therefore most of the bone remains intact. When the patient is
anesthetized, surgeon makes an incision over the patient’s hip to reach to the hip joint
with cutting the muscles. The leg is turned over for exposure the femoral head out of the
acetabulum and acetabulum is reamed and cleaned from damaged cartilage and bone
tissues. When the acetabulum part is securely installed in place with or without cement,
the size of the femoral head is measured to fit the appropriate cap over it. The centre of
the femur head is marked to insert the rod inside and aligns the further instruments for
reshaping the femoral head to accept the cup, and eventually the cup will be placed over
the remained femoral head and neck, and is fitted with cement. Size of the cup in
femoral part is very important i.e., the larger size is recommended due to more stability;

this will be explained later. Hip resurfacing is more suitable for the patients who
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probably will have the THR in the future, such as young patient with arthritis [18].
Although this surgery has a relatively shorter recovery period than the THR and the risk
of the leg length discrepancy is much lower, there is the risk of the neck fracture

especially in the patient with osteoporosis such as Figure 2.10.

Figure 2.10. X-ray failed resurfacing due to the fracture of neck [15]

2.3.3.3. Total Hip Replacement

THR is the last option for the patients who suffer from the pain and for whom
not only other types of treatments (non-Invasive and minimally invasive treatments)
have been proved ineffectual but also other invasive surgeries are not effective enough.
In this surgery as its name indicates, the hip joint is completely changed; so the
interaction of the both acetabulum and femoral components are crucial and depend on
the sizes, material and position of the prosthesis; all of which will be explained in the
following chapter. The surgery takes 60-90 minutes (Appendix B) and starts with
general anaesthesia or with the spinal anaesthesia when the spinal cord receives the
substance through injection. Therefore the nerves going to the lower limb will be
numbed and the patient will not have any sense during surgery. Because the patient in
the spinal anaesthesia is awake, sedation is delivered to him/her to enable the patient not
to listen to the surgery procedure such noises as produced by reaming, cutting, derailing

and hammering a bone which are not gracious.
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Figure 2.11. THR surgery process [7]

When anaesthesia effects, the intended region for incision is cleaned with an
antiseptic substance. The incision made over the side of the hip joint, as shown in
Figure 2.11, depends on the decision of the surgeon, which normally has a length of six
to eight inches. The muscles and ligaments are slashed to the extent that eventually hip
joint is exposed. The femur of the patient is manoeuvred for dislocation of the femoral
head from acetabulum. The femoral head is cut off from the end of the femur with a saw
and the acetabulum socket is reamed with special reamer to form a hemispherical shape
for accepting the metal shell by screws, bone cement or by pressing which is fitted
tightly and held in place by friction.

The femoral part consists of a ball and a stem. The ball fits into the socket and
the stem runs through the femur. For this purpose, the head of the femur is removed by
power saw and other special instruments are utilized to rasp the shaft of the femur.
While the spongy bone (Cancellous) is removed from inside of the canal, it is shaped to
accept the stem. Apparently the stem should be fixed into the femur as well as socket to
the acetabulum either with cement or without cement which depends on the condition of
the patient’s bone, age and the prosthesis type. Sometimes the combination of these two
is suitable while one of the prosthesis either socket or stem fixed with cement and
another one is not. This method is called Hybrid total hip implant. When the stem is
secured inside of the femur canal, trial balls fit into the socket to assess the proper size

of the ball for each particular patient. Some patients order the customized implant,
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which is made particularly according to the hip anatomy of the patient. Modularity” is
another option for the patient which enables the surgeon to use different sizes of ball in
different angles with different lengths of the stem associated with his/her anatomic
feature”.

When the appropriate ball is chosen, it is pressed on the top of the stem and
locked with friction. This forms the artificial femoral head (in some prosthesis the ball
is attached to the stem and are a single piece) while it gets engaged with the socket and
tested again for its stability and the leg length of the patient. If the result was desirable,
the ligaments are adjusted and the incision layers are sewn. Due to the excretion of the
fluid by the wound a small tube comes out of the hip for draining. Sterile bandage is

applied to the wound and the patient is taken to the recovery room for further services.

2.3.3.4. Bilateral THR

Sometimes it is necessary to change both hip joints due to the arthritis or
stiffness. If the surgeon changes both of the hip joints with the prostheses in one
surgery, that surgery is called Bilateral THR. It is presented in Figure 2.12.

The duration of this surgery is twice the time of the normal THR (about two to
three hours). The patient should be under anaesthesia twice the time that the normal
THR surgery takes as well. In this regard the old patients with pulmonary,
cardiovascular or other diseases, for whom a longer anaesthesia and surgery might

cause some problems, are recommended to undergo two separate THR surgeries.

Figure 2.12. X-ray captures bilateral THR [15]

? Modularity prosthesis is made of separate components while each part can be changed with different
sizes

? There is no significant difference in the hip joint of the patient in the same gender. This is more
common in knee replacement.
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2.3.3.5. Cemented Method

Bone cement is made of poly-methyl-meth-acrylate (PMMA). It is used to hold
the prosthesis in place. We have to keep in mind that the bone cement is not a kind of
glue to stick to the prosthesis or bone, whereas it behaves as filler between the bone and
prosthesis. In order to lock the prosthesis and bone together, cement must extrude into
the cancellous bone either in acetabulum or femur shaft cancellous bone. Bone cement
becomes very hard in fifteen minutes, which can break the weaker part of the bone if it
has not penetrated into the cancellous bone properly. In order to achieve this critical
purpose, fat, blood, debris and damaged cartilage are flushed out by pulse lavage* and
then dried thoroughly to insert the permeable bone cement under pressure.

Cement method is usually used for elderly people who are less active and have
weak bones (osteoporosis). The ones used this method of surgery can stand in his/her
leg almost after the surgery without support and can walk within three to six weeks

without walking aid.

2.3.3.6. Un-cemented method

In this method, the prosthesis has a porous surface or texture that allows the
bone to grow inside the prosthesis so the bone accompanies the prosthesis and locks it
within itself. Certainly this method requires enough time for growing the new bone that
penetrates into the prosthesis, which is usually accompanied with pain. This interval
increases the time of healing and limits the activity of the patient up to three months.

Although more long-term data are available for the cemented method due to the
invention date of this method (1958 by Sir John Charnley) than the un-cemented one
(1964 by Peter Ring) the results of success are comparable. However, it is
recommended for the young patients who are more active and do not have osteoporosis.

Figure 2.13 illustrates these two methods.

* Pulse lavage is a special power washer used in orthopaedic surgery.
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Figure 2.13. Illustration of cemented and un-cemented method [18]

2.4. Complications of Hip Replacement Surgery

Although hip replacement has been one of the most successful surgeries since its
emergence, it involves some risks such as all other surgeries. There are several
complications in this complex surgery while the most common, gravest and important
ones in long term are respectively blood clotting, infection, loosening. EL is one of the
most critical factor which is significantly increases the wear rate (26 fold in COC).

These factors and possible ways to reduce the risks are discussed in following.

2.4.1. Blood clotting
Blood clotting in the veins after hip replacement surgery is a common

complication. If the clot remains in the vein, it can be deemed a minor problem;
whereas if it moves through blood stream and carried from the heart into the lung
vessels it can cause a grave problem which is known as pulmonary embolism [20].
Pulmonary embolism can increase the death potentially. In order to prevent this
phenomenon, doctors prescribe blood-diluting drug such as Coumadin. Exercise is also

recommended.

2.4.2. Bleeding and vessels injury
Bleeding during surgery is normal. There is also expected to be bleeding after

surgery as well. Sometimes bleeding is due to the injury to the main blood vessels’
while the urgent surgery might be necessary by vascular surgeons to stop bleeding. In
some cases excessive use of blood thinner for preventing the blood from clotting bears

detrimental results, which in their own turn cause the bleeding inside the joint. Such

> Most of the arteries supplying the lower limb pass the hip joint closely
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bleeding in the joint culminated in dislocation of the ball from socket. In case of
occurrence, the wound should be opened and the blood removed from the joint
promptly. It is rarely possible the blood is released into urine; however, in case of
occurrence it will be temporary.

Therefore, due to the bleeding either during or after surgery the blood
transfusion might be required so the patient is advised to donate his/her blood two to
three weeks before surgery in order to minimize the risk of disease which is probable in

transfusion of blood bank [27].

2.4.3. Nerve injury
There is a risk of injury to the Sciatic, femoral and obturator nerves when the

acetabulum part changes in the THR. The risk of this complication is 1% to 2% [14] but
in case of occurrence it takes the patient up to six months to recover and on rare
occasions the patient may never recover. Depending on the condition of the damage to
the nerve, they are classified into three main types [28], which are briefly discussed in
the following sections.

e Neuropraxia: It is the least harmful nerve injury while the important parts of the
nerve cell remain intact and only there is some interruption in the signals
conduction. It takes six to eight weeks to recover.

* Axonotmesis: It is more severe than Neuropraxia while it not only one of the
causes of signal interruption but also disrupts the neuronal axon® as well. In this
injury the myelin sheath’ remains intact.

* Neurotmesis: It is the most harmful injury in which the axon and myelin sheath

lose their continuity.

2.4.4. Infection
Due to the massive incision for hip replacement surgery (six to eight inches)

there is a higher risk of infection than other surgeries with smaller exposure area. There
are several preventing measures for this purpose; sterilizing all the equipment are in
contact with the blood flowing in the patient’s body and all other components in the
operation room such as masks, gloves and clothes used by surgeon and his/her
assistances. Laminar flow operation room is another precautionary measure. Operation
room is outfit with several filters, which clean the operation room from bacteria and

reduce the chance of existing bacteria in the operation room environment. The antibiotic

%It is a long part of nerve cell, which conducts the electrical impulse from one neuron to another neuron.
"It is dielectric material that isolates the signal path (Axon) from other environment.
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medicines, which are given to the patient before, during and after the surgery, play an
important role indeed. Bacteria existing in other parts of body could travel with blood
streaming and causes infection in implanted part of body so it is important to be treated
that before hip replacement surgery.

Infection can be detrimental enough to cause loosening of the prosthesis while it
may not appear in a year but sometimes appear as quickly as the patient haven’t
discharged from hospital. The People with Rheumatoid arthritis are more exposure to

the risk of infection due to the disorder of their immune system [21].

2.4.5. Fracture of the femur or Acetabulum

There is a chance of the fracture either during the surgery or after surgery (Post-
surgery). The fracture during the surgery is more probable in the revision surgery
though there is a risk of fracture in the primary one as well. The fracture could be major
or minor. The major fracture of femur needs a separate surgery to fix, which force the
patient to remain on crutches from three weeks to three months depending on the extent
of the fracture, while the minor fracture, crack, can be treated with the circlage wires
during the same surgery. The post-surgery fracture could be due to the trauma, which is
discussed in traumatic arthritis earlier, or prosthesis condition. Because femur is
hollowed out and retains the femoral stem, it can be in the risk of the fracture.

Acetabulum can be fractured due to the aggressive reaming on the medial [23].

2.4.6. Limb length inequality

Although all the efforts are made to maintain leg length, it is not possible in
some cases. This difference of the leg length could be due to the femoral neck offset,
defect of prosthesis or femoral cut but it could not cause any problems if it is less than a
quarter of an inch; while a difference beyond this measure could compel the patient to
use the shoe lift. Sometimes the surgeon makes this change deliberately. Increasing the
leg length causes tightening of the muscles around hip which increases the stability of
the joint. In the first several days after surgery, most of the patients bemoan about their
leg length (they usually complain of its elongation) even if they leg length is exactly
same in effect. This sense is referred to as the artificial sensation, which is resolved

during the first several months after surgery [27].

2.4.7. Extra bone formation (Heterotopic ossification)

There are a few probabilities, approximating 1% of cases, for extra bone

forming around the joint, which cause stiffness and pain. Although the smaller amount
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of these bones appear frequently without marring the patient lifestyle, a large amount of
the ectopic bones causes an acute pain and makes some difficulty for the movement of
the patient. If the orthopaedic recognizes possibility of extra bone formation around the
patient’s hip, the radiation treatment will be advised. It should be done less than two to
three days after surgery. The mature heterotopic ossification [27] is illustrated in Figure
2.14. In case of appearance of the ectopic bone it will be removed by surgery either

invasive or by arthroscopy.

Figure 2.14. Class three of the heterotopic ossification [27]

2.4.8. Loosening
If any fixed parts of prosthesis, stem or socket, is loosed more than 2 mm or the

position is changed, the prosthesis considered as a loosed one [22]. This is the most
important difficulty in the long run after surgery while it can have several reasons,
which have been outlined and explained as follows.
2.4.8.1. Patient Activity

This is an important factor in loosening prosthesis. When stress is intensified
with the higher activity, there is a risk of loosening. This does not mean that the patient
cannot participate in any activities such as normal walking. They are not only not

forbidden but also recommended for regaining the muscle strength.

2.4.8.2. Weight of the body
It is important to keep the body weight in balance after surgery and maintain the

weight as healthy as possible, because each one-pound weight makes four pounds of

pressure on the hip.
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2.4.8.3. Quality of the bone
If the bone is hard and relatively healthy it forms a tighter, more long-lasting

bond with prosthesis. Therefore the risk of the loosening is lower, in contrast with
patients with the osteoporosis bone or rheumatoid arthritis who have spongy bone and

soft bone respectively [23].

2.4.8.4. Cemented or un-cemented prosthesis
Although the success of these two types of fixation is comparable, it entirely

depends on the proper use of them with regard to the specific case of each patient such
as age, activity and bone quality. Cemented prosthesis is usually loosed due to the
cemented socket while in un-cemented prosthesis failure due to the stem as a result of
osteolysis. Generally un-cemented method, due to the penetration of the bone in the
porous surface of the prosthesis (The bone envelopes the prosthesis) has the lower
chance of loosening in long term while cemented prosthesis has the lower chance of

loosening in short term [24].

2.4.8.5. Surgeon experience
The surgeon’s experience is indubitably one of the important factors for the

quality of the surgery. Surgeons who work especially on the joint know the potential
risks, precautions and how to tackle them in case of occurrence. Also the feedbacks of
his/her patients could be the best guide in choosing the appropriate prosthesis model and

surgical method [23].

2.4.8.6. Prosthesis design
From the engineering point of view prosthesis design is the most challenging

problem while the material, size and positioning can be vital in loosening or fostering
other problem of post-surgery life. The materials with higher abrasion rate are more

prone to loosening, which are explained in 2.5.3.

2.4.9. Dislocation
Stability of the hip joint is the most important factor in the success of the

surgery. The ball is held in socket with the tension of the muscles. Because the muscles
are slashed in the surgery, it takes time to retrieve their strength. In this time, which is
approximately about six weeks after surgery, there is more risk of dislocation, which
happens when the ball slips out of the socket. Mal-alignment of socket or stem can
cause of dislocation as well. This phenomenon is more likely to happen in patients with

MOP and COP prosthesis due to the nature of the polyethylene and relatively small size
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of the ball. To prevent this problem physiotherapists advise to avoid some certain
movements such as high step climbing.

The overweight patient and the patient with poor muscle are more susceptible to
dislocation; thus, they are advised to use brace in the first six weeks after surgery. In
case of dislocation physiotherapists or surgeons pull intensely on the leg and pop the
ball into the socket or reduces the acute setting of the prosthesis through revision

surgery [24].

2.4.10. Edge Loading

If the ball contacts the edge of the lining, causes a long and narrow visible damage
called wear stripe. It causes excessive erosion in the ball and the edge of the socket than the
normal wear rate does while the stripe wear sign is illuminated much faster than normal

abrasion signs [25]. This research addresses this problem in details at chapter 3.

2.4.11. Squeaking

It is an acoustic noise, which is seen in 6% of COC prosthesis by patients for
several months (about 20 months) after surgery. Although this problem is not harmful
and not associated with pain, it is annoying to the patient and may lead to change the
prosthesis even if there is no any mechanical failure [26]. Walter [26] believes this

phenomenon has a direct relation with the EL, which will be discussed in 3.4.

2.4.12. Other complications
Some other difficulties such as heart attack, fat embolism, anaesthetic

complicity, Pain, allergy to the medicine, failure of the prosthesis or death are other

risks of surgeries.

2.5. Mechanics in THR

THR is one of the most successful surgeries in terms of lowest failure rates,
while its success i1s more than 90% [16]. More than 332,000 procedures were done in
2010 in the United States [29] and more than 75,000 ones in 2012 in the United
Kingdome [19]. The rate of the surgeries is increasing every year. (i.e., more than 7% in
2013 in the United Kingdome compared to 2012 [19]). However due to the wear, the
lifespan of the prosthesis is limited to 10 — 15 years only. Furthermore revision
surgeries are increasing (i.e. more than 12% in 2013 in the United Kingdome compared

to 2012 [19]). Increasing of revision surgery is due to the younger patients activity.
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Nowadays, there are numbers of hip prosthesis brands, among which surgeons
choose one of them depends on the condition of the patients (i.e. age, anatomy, gender
etc.) and his/her experiences.

Although all materials are used in human body must be biocompatible, the
materials are used in the head and the socket, are more essential. These are mostly
plastic (P), Metal (M) and Ceramic (C). The couple surfaces in the hip prostheses are:
Metal on Plastic (MOP), Ceramic on Plastic (COP), Metal on Metal (MOM) and
Ceramic on Ceramic (COC). The first letter in these acronyms refers to the ball material
and the last one to the socket.

This section is more focusing on the mechanical properties of the materials in

hip replacement surgery since it was emerged.

2.5.1. The History of Hip Replacement
Since its emergence, THR surgery had significant progress while it begins with a

very rudimentary surgery to the modern THR surgery with highly durable materials.
The following material will review this development during these years.

In the first time, in 1821, Anthony White (1782-1849) of the Westminster
Hospital in London had done the surgery; however he did not publicize or even make a
report of it [30]. In this operation surface of the joint was changed hence it provided the
mobility and relief the pain, though it failed in the case of stability.

In 1826, for the first time hipbone was cut and some part was removed by John
Rhea Barton (1794-1871) in Philadelphia. He did this surgery without anaesthesia in
seven minutes and the patient could walk with cane, three months after the operation.
Although this surgery had primary successes, it failed in six years later. Borton was the
first person who proved that the motion prevents the bone fusion. He reported the
surgery in the North American Medical and Surgical Journal [31].

Vitezlav Chlumsky (1867-1943) was the Czech surgeon who experimented with
many materials for the hip prosthesis like: celluloid, rubber, Magnesium, Muscle, glass,
zinc, pyres, decalcified bone, wax and silver plate [32]. He tested these materials in
animals before implanting in his patients.

In 1891, Professor Themistocles Gliick was the first person who implanted the
actual total hip prosthesis in human body. He made the femoral head and socket with
ivory and screwed them to the bone with nickel plated screws. “Furthermore he
experimented with mixture of plaster of Paris, and powder pumice with resin for

fixation” [33]. Gliick was also the first person who proposed the biocompatibility of the
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material in human body. Due to this idea he used ivory for his artificial hip joint in
human body, the material of which is very akin to human bone. Also he found that the
cavity in the bone, bone marrow cavity, could accept the stem of the artificial hip joint
if it 1s stably fixed in.

In early 1900, Foedre (b.ca. 1860), a French surgeon, noted that the pig bladder
could withstand the stress and the intra articular pressure. In 1918, William Steven Bear
(1872-1931) used pig bladder at the John Hopkins Hospital while there were not the
modern surgical procedures and the surgery had been done with Hippocratic tradition
which was a surgery with no anaesthesia [34].

During this period of time Sir Robert Jones (1855-1933) covers the made
femoral head with a strip of gold. It was effective for twenty-one years in the body of a
patient such that the patient could retain the motion of the joint for twenty-one years. He
reported this success [35] as it was the longest duration of effective technique in the
history of arthroplasty.

In 1924, Royal Whitman (1857- 1946) reported the first new method in surgery
of osteoarthritis other than fusion. He described the surgery in annals of surgery [36]
when he worked in Hospital for Rupture and Crippled in New York City. In the
operation, the femoral head was removed and the trochanter and its attached muscles
were cut obliquely. Hence the new area was provided together with the remained part of
the neck, which could provide a secure weight.

American surgeon Marius Smith Petersen (1886-1953) made a hollow
hemisphere, which was made with moulded glass, in 1923; this piece could fit on the
femoral head and form the smooth interposition material between femoral head and
acetabulum. He believed that the glass has not only a good biocompatibility but also it
has a smooth surface with low friction. He fitted this device over the femoral head of
the patient in 1932, however this method failed quickly due to insufficient withstanding
of glass in the face of the stress of walking and weight pressure. Although he obtained a
significant success in case of biocompatibility and smoothness, stubbornness of the
patient convinced him to abandon glass. After that he used celluloid, Pyrex and Bakelite
until he met his dentist in 1937 when he advised to use Vitallium by him. In that time
Vitallium had recently been introduced to the dentistry market. Smith Petersen used 500
Vitallium in the hip joint [37], which had the predictable result in arthroplasty history

when it had 10 years successful clinical result. Vitallium is made of cobalt, chromium
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and molybdenum, which it not only does not react to the human tissues also it is very
strong and resistant to the corrosion. Therefore, it is still used nowadays.

In 1948, French Judet brothers, Robert (1901-1980) and Jean (1905-1995), used
acrylic to make a hip resurfacing [23] while in this process the cartilage of the femoral
head is removed and replaced by the metal cap. This process could save the hip joint 20-
30 years but unfortunately this material is loose and fails very quickly.

In 1950, Frederick Roeck Thompson (1907-1983), Harold R. Béhlman (1893-
1979) and Austin Moore (1899-1963) refined the concept of Judet brothers and
developed a use of the vitallium to make a hip joint prosthesis. They worked separately
to achieve similar aims, which were to make a stable, high durable and biocompatible
hip joint and could withstand the stress of walking and pressure of the human weight.
By this time the mentioned aims became clear and the artificial hip joint had been made,
consisting of a single piece with ball fitting to the acetabulum and a vertical stem
inserted into the bone marrow cavity. Dr. Moore was honoured to be the first person,
who replaced the twelve inches of the destroyed femur by a tumour, with a new
vitallium prosthesis at John Hopkins in 1940 [24]. The prostheses is illustrated in Figure
2.15.
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Figure 2.15. Twelve inches prothesis was replaced by Dr.Moore in 1940 [24]

Kenneth McKee (1905-1991) used dental acrylic as a cement to fix the femoral
and acetabulum components. He also used Thompson prosthesis for the femoral side,
which was fixed to the three-claw type cup acetabulum component. The cup was
screwed into the acetabulum but it failed due to loosening. Moore and Bohlem
developed the invented prosthesis to the one with pores to allow the femur bone in
growth, in 1952. Although Moore and his colleagues had a significant progress in
making femoral head parts, they failed to make the acetabulum component.

In 1958, a British orthopaedic surgeon, Sir John Charnley (1911-1982),
introduced the new technique to reduce the wear of the socket, which was replaced

under eroded parts of the socket with a Teflon material. Although Teflon component
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failed, it posed the idea and paved the way for replacing the eroded part of the socket
with soft material with flexibility. He used polyethylene polymer when Teflon failed.
He used PMMA as a bone cement, to fix the socket to the acetabulum; and the ball and
the stem to the femoral bone [40].

In 1964, another British surgeon, Peter Ring (b.1922) worked on the cement-less
fixation with a metal on metal hip joint prosthesis. He achieved some good result in the
first several surgeries with up to 97% success within 17 years of follow up [21].
Although his fixation method abandoned in 1970 due to the some advantages of
Charnley’s model (Figure 2.16), pursued by British and Swiss surgeon in 1980s.
Nowadays various kinds of materials including metal on metal bearing are under

investigation.

)
Figure 2.16. Evolution of Charnley prostheses, which is from the flat black stem to the C shape stem [21]

In the 1970’s, first Ceramic on Ceramic hip prosthesis was implanted in the
body of the vice president of ceramic company by French surgeon Pierre Boutin. Boutin
started to work with him to develop the ceramic prosthesis. In 1974 the first generation
of ceramic prosthesis, Al,Os3, produced, which had large grain size causing low
mechanical strength and failed. In 1992, the second generation of ceramic was produced
with finer grain size and lower level of impurity. In 1995 using Hot Isostatic Pressing
(HIP) technique, the grain size reduced further thus the mechanical properties in terms
of durability, wear rate and resistance to fracture were improved in the third generation
of ceramic (Biolox Forte). In 2000, the fourth generation of ceramic (Biolox Delta) was
produced with composite of the 82% Alumina, 17% Zirconia, 0.3% Chromium oxide

and 0.6% Strontium Oxide that reduced the wear rate by absorbing the crack energy
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which will be explained further in this chapter. The properties of the ceramic prosthesis

from first generation to fourth one, has been written in Figure 2.17.

Property 1st Gen 2nd Gen 3rd Gen Biolox Forte 4th Gen Biolox Delta

Density (g/cn®) 394 396 398 >4.36
Grain size (Um) <45 <32 <18 <15
4-Point bend strength (MPa) 400 500 580 1000
Fracture toughness (MN/m*?) 278 2.78 2.78 5.7
Young's modulus (GPa) 380 350

Figure 2.17. The properties of first, second, Third and Fourth generation of Ceramics [42]

2.5.2. Biotribology
Previously, scientists thought a patient walk about one million cycles a year

therefore fifteen million cycles represented the 15 years activity. However nowadays,
they believe younger patient and more active patients can walk up to 5 million cycles a
year [43, 44]. Therefore they need better hip prosthesis to long last about 80 years,
which arise 400 million cycles. This service is not only necessarily for daily activities
but also should sustain sport activities, which impose excessive stresses on the joint.

The major risk factor for long-term prosthesis survival is wear and debris [45].
Mechanical Tribology studies wear, friction and lubrication between two surfaces.
These are critical in designing and optimizing new prostheses. In this regard pre-clinical
tests such as tribological simulation are required. Tribology of the hip joint prosthesis
should consider both engineering and biological reaction of the debris computationally
and experimentally.

Experimental studies mostly focus on measurement of wear volume, linear
penetration, characteristic of produced debris; which is time consuming and costly.
Computational studies can be an alternative. Moreover with integrating with
experimental studies, the long-term effects can be predictable.

Tribology in life science known as biotribology [46] Lubrication of blood cells
in capillaries; wear of artificial heart valves, screws and plates in bone and denture;
friction of skin and comfort of clothes, shoes and socks; synovial fluid and different
prosthesis are some example of biotribology studies.

Tribology of all bearing is related to the contact surfaces. All surfaces have
specific roughness but measuring is not quite straightforward, in this regard
Profilometry or Interferometry is used respectively for contacting or non-contacting

method. Although average surface roughness, R,, is the most common parameters, its
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limitations e.g., two surfaces with different peaks and valley could have the same R,
should be recognised. Therefore, other parameters are introduced to describe the
roughness of hip prosthesis [47, 48]. Furthermore the roughness of the material can be
changed after implantation in the body owing to wear. For example changing
polyethylene roughness is reported [49] and self-polishing of metal on metal bearing
reduces the asperity of the surface and helps lubrication [50]. Nevertheless R, is the first
approximation to indicate the roughness of the surfaces and the quality of finishing.

Table 2.1 compares R, of typical engineering and orthopaedic surfaces [51].

Table 2.1 R, of typical engineering components and orthopaedic ones [51]

Components R, (pm)
Plain bearings in turbines 0.12—-1.2
Rolling bearing in gear boxes 0.05-1.2
Gears in engines 0.25-1
Articular cartilage 1-6

Metal (Such as cobalt chromium)  0.005-0.025
Ceramics (such as alumina) 0.005-0.01
Plastic (such as Polyethylene) 0.1-2.5

Combined roughness of two bearing composite surface of the hip prosthesis

defined by following equation [60]:

R, = (R, Head)? + (R, Cup)? 2.1)

Composite roughness values of the hip prosthesis materials are shown in Table 2.2.

Table 2.2 Composite roughness values of different hip prosthesis [60]

Bearing Couples Femoral Acetabular Composite R, (um)
Metal on plastic Cobalt Chromium UHMWPE® 0.1-2.5

Metal on Metal Cobalt Chromium  Cobalt chromium 0.0071-0.035
Ceramic on Ceramic  Alumina Alumina 0.0071-0.014

2.5.2.1. Contact Mechanics
When two bodies contact each other, under load, a contact area is developed.

Contact area and contact stress are important to solve the contact problems. This is an
important factor to design the hip prosthesis, because the contact stress should not

exceed the strength of contact area to prevent rapid fatigue failure. Polyethylene has

¥ Ultra High Molecular Weight Polyethylene
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been tested; an increase in a thickness and conformity leads to a decrease in the stress
[52]. This was an important criterion in designing the rim sleeve with polyethylene
however failing of UHMWPE due to the oxidation and reduction of fatigue strength
rather than contact stress. In this regard recent studies show the less contact and
conformity in polyethylene can result in a reduction of the wear rate if the polyethylene
has enough strength and stress is not excessive [53]. Contact stress in MOM and COC is
more important in terms of preventing the EL phenomenon [54].

Finite Flement (FEM) is the most common method to solve the contact
mechanic problems in hip prosthesis. This is owing to complexity of available and
proposal geometries and the material in used. However, the first approximation in
analytical solution can be based on Hertz contact Theory [55], which will be explained
in 4.3.

Theoretically, nominal contact area is considered which is smooth surface of the
bearing. While real contact area includes roughness and asperity of the contact area that

should be measured with sensor or pressure sensitive film [60].

2.5.2.2. Friction
Friction is defined as a resistance to motion, which can be rolling or sliding. The

friction majorly is due to the reaction of the asperities, adhesion or deformation.
Adhesion is only detectable in dry surfaces with no oxide or other films in between,
which is not applicable to the hip prosthesis. Deformation depends on the material and
the surface geometry while asperities can be deformed elastically or plastically.
Friction follows three main laws:

1. Force of friction, F', and applied load, W, are directly proportional.

2. F'is independent of apparent contact area.

3. F'Kkinetic is independent of sliding speed.
Coefficient of friction u is defined in Equation (2.2). Lubricant fluid, surface roughness
and materials in contact play important roles in changing the value of coefficient of
friction in the hip prosthesis. For example for experimental simulation of hip prosthesis,
bovine serum is used while the protein and lipids in bovine serum can significantly

change the coefficient of friction.

(2.2)

Fr
L=
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The coefficient of friction, pu, of steel and polyethylene combinations are shown in
Table 2.3. However coefficient of friction of the ball and the socket in the hip prosthesis
is modified with frictional torque, 7, and the radius of the ball, Rj,,4. Therefore friction
factor, f, computed by the following equation and the average friction factor of some

combination materials are used for hip prosthesis reported in Table 2.4.

f_ T

= 23
WRpead ( )
The above equation states that, with increasing the radius of the ball, friction torque
increases as well. In this regard the stress at the fixation interface can be increased
which stables the fixation. For example the metal ball with diameter of 50mm and a
friction factor of 0.12 under 2500 N load can provide 7.5Nm frictional torque which is a

large number [60].

Table 2.3 Coefficients of friction for dry Steel and Polyethylene in the presence of air [51]

Material combination Coefficient of friction
Steel on steel 0.6-0.8
Polyethylene on steel 0.3

Polyethylene on polyethylene 0.2-0.4

Table 2.4 Average friction factors for some materials are used in the hip prosthesis in the presence of bovine serum
[60]

Bearing Couples Average friction factor
Metal on UHMWPE 0.06
Ceramic on UHMWPE  0.06

Metal on metal 0.12
Ceramic on ceramic 0.04
Ceramic on metal 0.05

2.5.2.3. Wear
Any material loose due to the motion can be defined as a wear. There are five

different types of wear explained below:
* Abrasive: Hard particles displacing the materials.

* Adhesive: Transferring of material from one surface to another surface.
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* Erosive: solid particles in fluid removing the material from the solid surface. It
can be impingement erosion or abrasive erosion as well. Presence of solid
particles in the fluid is not compulsory such as rain erosion and cavitation.

* Fatigue: Due to the cyclic stresses, some part of the material is removed.

* Corrosive: Reaction of the chemical or electrochemical with the material such as
oxidative wear.

Wear in hip prosthesis depends on the material of the components, for example
in MOP prosthesis; two types of wear happen: fatigue (Pitting and delamination) and
abrasive (Scratching and burnishing) wears. Wear in MOM prosthesis usually is
scratching and polishing which are specific forms of abrasive wear however corrosive
wear is also reported as well [56].

Wear volume, V', is proportionally related to the load, ¥, and sliding distance, X’ which

is shown in following equation; k (mm3/ (Nm)) is wear factor [60].

V' = kwx’ (2.4)

Three important laws of the wear are:

1. Wear volume, V', is increasing with increasing of the load, W.

2. Wear volume, V', increasing when sliding distance, X', increases.

3. Wear volume, V', decreasing with increasing the hardness, H, of the material.
Although comparing the wear factor of material combination is very common,
lubrication, multi directional motion and pressure can change this factor significantly
[57]. Equation (2.4) is based on metallic bearing and derived from Archard wear law.
Therefore this equation is not applicable for polyethylene in the hip prosthesis. If the
elastic modulus of polyethylene is low (such as UHMPWE), the real contact area can be
similar to the nominal one (A4) under the load. Therefore C is a dimensionless wear
coefficient and following equation will be more suitable for measuring the polyethylene

wear volume [58].
V' = CAX' (2.5)

Quantifying the wear and investigating the wear mechanism in hip prostheses
can involve several types of laboratory equipment, methods and measuring systems.
Simple screening devices and joint simulators are the two major ones. In simple
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screening devices such as pin on plate, constant load and motion apply to the object

while it is rotating [60].

2.5.2.4. Lubrication
Friction and wear dispute energy with heat and elastically and plastically deform

asperities, however lubricant can reduce wear and friction between two surfaces and
assist the motion. In biotribology, tears and synovial fluid are two lubricants that
facilitate the motion of the eyelid and articular joints, respectively. Lubricant can be
fluid or solid that is placed between contact surfaces to either separate asperities from
each other or reduce the interaction. Lubrication depends on the thickness of the

lubricant (/imin) and the roughness of the combined surfaces (Rq—_peqq and Ry ¢y 1n the

hip prosthesis). 1 is the ratio of these two factors which is computed by [60]

Rmi hmi
/‘L — Mmin _ min 2.6
Rq [(Ra-head)?+(Ra—cup)?] /2 2.6)

A Stribeck diagram (Figure 2.18) shows the relationship between A and
coefficient of friction as following:

* Full film lubrication (4 > 3): where contact surfaces are absolutely separated
from each other then the applied load is equilibrated with lubricant pressure.

* Mixed lubrication (1 < A < 3): where some asperities are contacted with each
other hence the applied load is equilibrated partially with fluid pressure and
partially with contact of the asperities.

* Boundary lubrication (4 < 1): where lubricant thickness is in the molecule scale
and the applied load is equilibrated fully with the asperities that adsorbed
lubricant molecules.

Friction factors are measured as a function of load (W), velocity («) and lubricant

viscosity (1) and then its variation compared with bearing characteristic number or

Sommerfeld number (S) where:

S o (2.7)
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Coefficient of frictiion

S

Boundary Mixed Full film
lubrication lubrication lubrication
r<1 1= <3 L>3

Figure 2.18. Stribeck diagram and different lubrication categories [63]

The lubrication regimes and the friction factor for the hip prosthesis are presented in

Table 2.5.

Table 2.5 lubrication regimes and the friction factor for the hip prosthesis [60]

Lubrication regimes Friction factor
Boundary lubrication 0.1-0.7

Mixed lubrication 0.01-0.1
Fluid-film lubrication 0.001-0.01

It is significantly important to measure the surface roughness (R,) accurately and
predict the lubricant film thickness (h,,;), for assessment of the lubrication regimes.
The first attempt for estimating the lubricant film thickness in the hip prosthesis was

developed by Jin ZM et al [59] as following:

hmin __ NU~0.65, W \-0.21
= 2.8(E,R) (E,RZ) (2.8)

Equivalent radius (R) considering the ball diameter (d) and prosthesis diameter

clearance (c,) is calculated as following

_ d(d+cq) _ d d_
R = T2, " 32 1+ 2cd) (2.9
Velocity (u#) can be calculated from angular velocity (w) as well with following
formulation:
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u=2 (2.10)

Equivalent elastic modulus (E") is computed with Equation (2.11) where E and v

are elastic modulus and Poisson’s ratio respectively.

1

E = 2.11)

2 — 2
'"Vhead 1 "Vcup
Ehead  Ecup

Complex three-dimensional models need numerical method in addition to
determining the lubrication thickness.
2.5.3. Biotribology in Hip Prosthesis

Although section 2.5.2 studied friction, wear and lubrication individually,
participating of these in the hip prosthesis is essential [60]. Diameters (d) of the
prosthesis and clearance diameters (c;) in different kinds of the available hip prostheses

are mentioned in Table 2.6.

Table 2.6 Geometries of the hip prosthesis [63]

Prosthesis d(mm) c; (um)

MOP 22.2-44  160-400
COP 22.2-36 . 160-400
MOM 22.2-54  50-150
MOMgs 42-62 50-300
COC 22.2-48  20-100

2.5.3.1. Materials
Contact bearing surfaces in hip prostheses are mainly made of plastics, ceramics

and metals. The main mechanical properties of these materials are summarized in Table

2.7.

Table 2.7 Materials properties of the Hip Prosthesis [63]

Material E (GPa) v R, (nm)

P (UHMWPE) 0.5-1 04 0.1-2

M (CoCrMo) 230 0.3  0.01-0.05

C (Biolox delta) 350 0.26  0.001-0.005
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2.5.3.1.1. Plastic
As mentioned earlier, Sir John Charnley used plastic in 1958 for the first time in

the socket due to its flexibility. Since 1958, the mechanical properties of the traditional
polyethylene have been improved to the Ultra High Molecular Weight Polyethylene
(UHMWPE) and then with gamma or electron beam radiation to the highly cross
linked’” UHMWPE (HCLUHMWPE) one [61, 62]. Although irradiation improves wear
rate of the polyethylene, it generates some free radicals when the oxidation of them
cause mechanical defect in the material [62]. In this regard the radiation dose was kept
below 10 MRad' and further treatments had been applied. In the first generation of
HCLUHMWPE (1998) one of the following techniques was chosen as a further
treatment:

* Melting: this eliminates free radicals in HCLUHMWPE,

* Annealing: this maintains mechanical properties of HCLUHMWPE.

Both of the aforementioned techniques have their own advantages. In order to
gain all advantages, one of the following two techniques is applied for manufacturing
process of the second generation of HCLUHMWPE which was introduced in 2005 [61].

* Repetition of annealing and irradiation cycles

* Annealing in presence of vitamin E, which acts as an antioxidant
Clinical follow up of the first and the second generation of HCLUHMWPE has shown
80% reduction of the wear compared with UHMWPE [64, 65].

2.5.3.1.2. Metal
The metals are used for hip prosthesis are mainly: Cobalt Chromium

Molybdenum (CoCrMo), Cobalt Chromium (CoCr) and stainless steel. However,
CoCrMo is widely used. This material is obtained from either wrought or cast materials.
The manufacturing process has no effect on the mechanical properties of the alloy [67,
68]; however the carbon content plays an important role in the wear resistance of the
alloy. More than 0.15% carbon content reduces the wear rate 64% to 94% compared to

the carbon content of less than 0.08% [66].

2.5.3.1.3. Ceramic
As it was mentioned earlier, the first generation of ceramic was implanted as a

hip prosthesis in the human body in 1974. Since then the mechanical properties of this

¥ When the standard polyethylene exposure to radiation, its structure changed (The molecular bond
become very tight) this changing the structured is named as a crosslinking when it is more resists to the
wear.

' It is absorbed radiation dose while I RAD = 0.01Gy = 0.01 Joule/ Kilogram
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material were improved with refining the grains size when in 1992, the second
generation and in 1995 the third generation (Biolox Forte) were made. The fourth
generation of this material was introduced to the market in 2007, which is called Biolox
Delta. Biolox Delta is the gold standard ceramic that is made of the mixture of oxide
ceramics and shows an excellent mechanical behaviour. It owes its behaviour to the
combination of the excellent tribological behaviour of Alumina and mechanical
properties of the Yttrium stabilized Zirconia [69]. Biolox Delta is made of 82%
Alumina, 17% Zirconia, 0.3% Chromium oxide, 0.6% Stronttum Oxide and other
materials. Toughness and strength of the Alumina matrix are increased by Yttrium
stabilized Zirconia when its Nano-particles are obstructing crack propagation.
Furthermore Strontium Oxide deflects the crack by its platelet crystal. However the
hardness of the prosthesis must be improved to enhance the wear properties. This is
done by chromium oxide. The only disadvantage of this material is its cost. Figure 2.19

compares the average prices of different hip prosthesis.

GBP

Figure 2.19. Average hip prosthesis prices [63]

2.5.3.2. Friction in Hip Prosthesis
As it was mentioned earlier, the coefficient of friction, u, adjusts with system

conditions. In hip prosthesis, geometry, lubricant fluid types, surface roughness,
materials properties and loading conditions are important factors in changing the value
of u. Some experimental studies [70-71] on the hip prosthesis show that increasing the

ball size decreases pu. However increasing the load increases p. Table 2.8 compares p of
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different bearing couples in the same conditions (flexion-extension motion +25 with 1
Hz frequency, Sinusoidal loading on the 60% of the gait cycle, with 100 N load during a
constant swing phase and a peak of 2 kN, the size of the heads are 28mm except
MOMgs which is 55mm). They are tested with 2 lubricant types, 25% and 100% bovine
serum, [70, 72]. As they are shown in this table MOM has the highest p with average
value in the range of 0.096-0.12 and COC has the lowest pu; with 0.04-0.056. Likewise,
the type of the lubricant effects u. Table 2.8 clearly shows that the values of p in all
couples are increased when they are interfaced with the lubricant with higher protein
(i.e. 100% bovine serum). But this rule is not applicable when metal surfaces are
contacting with each other. Metal bearing couples can get the advantage of a protein
protective layer over their surfaces. In this regard for measuring p of the hip prosthesis
in vitro, the lubricant with similar rheological behaviour of the synovial fluid should be
used. In the most of the hip simulators, 25% bovine serum is used more widely than

100% one [63].

Table 2.8 Coefficient of Friction («) of different prosthesis in 25% and 100% Bovine serum [63]

Prosthesis p (in presence of 25% pn (in presence of 100%
Bovine Serum) Bovine Serum)

MOP 0.062 (+0.008) 0.064 (£ 0.01)

COP 0.056 (+ 0.01) 0.06 (£ 0.012)

MOM 0.12 (£ 0.02) 0.096 (£ 0.012)

MOMgg 0.098 (£ 0.02) 0.079 (£ 0.011)

COC 0.04 (+0.007) 0.056 (£ 0.01)

2.5.3.3. Wear in Hip Prosthesis
Wear is the most critical object in biotribological aspect and it is the main reason

for the hip prosthesis failure. Although experimental study of friction and lubrication is
possible just in vitro, experimental study of the wear is possible in vivo as well as vitro.
Vivo study is achievable by MRI'' or testing the failed prostheses, which are discovered
from hip revision surgeries.

Although the material of the prosthesis is the main effective factor in the wear
rate, patient’s anatomy, physiology, pathology, gender, daily activity, age, weight etc.
can affect the wear rate as well. In this regard, wear rates of the prosthesis are scattered.

Table 2.9 shows typical linear (L) and volumetric (¥) values of the prostheses wear rate.

1 Magnetic Resonance Imaging
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Table 2.9 Linear (L) and volumetric (V) wear rate. [63]

Prosthesis L (um/Million cycles) ¥ (mm’*/Million cycles)
MOP 50-500 (50) 10-500 (80)

COP 30-150 15-50

MOM (New) 1-50 0.1-25

MOM (steady) 0.1-1 0.05-4

MOMgs (New + Steady) 0.2-10 0.2-2.9

MOMgs (Tissue reaction) 1.5-46 0.2-95

COC 0.01-1 0.005-2

Produced debris from the worn materials might have unfortunate affects in the

human body which are explained in following:

2.5.3.3.1. Wear of MOP and COP
MOP and COP prosthesis have the highest wear rates due to the existing of the

polyethylene as a soft bearing material. The average L and V' of MOP are 50 um/ year
and 80 mm’/year respectively. By replacing the metal ball with ceramic one,
polyethylene finds the chance of interaction with smoother, harder material with lower
R, which guarantees the lower wear rate of the polyethylene in a year and reaches
average L and ¥ of COP to 30 pm/ year and 50 mm’/ year respectively. However such a
high amount of polyethylene debris in the human body motivates the enzyme that
resolves the bone (osteolysis) as well as the polyethylene particles. As a result the

prosthesis loosening is feasible.

2.5.3.3.2. Wear of MOM and MOMgg
Eliminating the polyethylene liner increases the size of the ball to the size as big

as the natural femoral head. This is increasing the range of the motion and stability with
the lower risk of dislocation in long-term use of the prosthesis. Furthermore, hard
bearing surfaces and protein boundary layer protectors reduce the wear rate efficiently.
MOM has biphasic wear behaviour; Phase 1 starts from a day when the new prosthesis
is placed in the patient’s body. In this phase wear rate is relatively high with L and V of
1-50pum/year and 0.1-25mm’/year respectively. After about 1 million cycles, phase 2
starts when the prosthesis reaches to the steady state L and /' of MOM are 0.1-1um/year
and 0.05-4 mm’/year respectively. MOMgs shows slightly more wear rate due to the
bigger size and fluid lubrication regime with L and V of 0.2-10 pm/year and 0.2-
2.9mm’/year respectively. Movement of the metal on metal produces metallic ions,
which is harmful for the human body. Cobalt ions diffusing from prosthesis can be
eliminated through urine [35] but evacuation of Chromium is very slow and passes

through storage of the tissues [24] that causes of body reaction. If the concentration of
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metal debris is low to moderate (i.e. phase 2), Cytokines are stimulated to release,
which lead to osteolysis and respectively loosening of the prosthesis. Higher
concentration of metallic debris, which can be generated by EL phenomena, is
Cytotoxic. This volume of ions alters the phagocytic activity of the macrophages and
will be the cause of cell death. ALVAL' is the name of disease which is due to the
plenty of chromium and cobalt ions accumulate about the joints so it causes severe pain,
inflammation near the hip, pressure on the nerves and rash. It is shown in Figure 2.20.
Furthermore, if the dead cells of the inflammatory tissue are combined with the protein
around the hip joint, it might cause pseudo-tumours, which are diagnosed by MRI,

Ultrasound or CT"? scan.

Figure 2.20. ALVAL: Due to the chromium and cobalt ions accumulation about the joint [12]

2.5.3.3.3. Wear of COC
COC is the most wear resistance prosthesis, which is getting the benefit of the

hardest surface has been ever implanted in the human body. COC has L and V" of 0.01-1
um/year and 0.005-2 mm?*/year respectively. Furthermore ceramic has hydrophilic ionic
surface, which attracts the polar water based fluids. This means the water based fluids
are spreading over the ceramic surface and make low contact angle with ceramic rather
than high angle contact which they make with polyethylene surface. This helps lubricant
regime to be more effective to minimize the wear rate of the COC prosthesis. Moreover
ceramic is extremely biocompatible and inert in Macro, Micro and Nano scales because
of its high level of oxidation. It is classified as a bioactive material, which biologically

bonds to bone (Osteoconductive property) without arising a biological reaction. The

2 Aseptic lymphocyte-dominated Vasculitis-associated lesion
'* Computed Tomography
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only disadvantage of the ceramic is its cost while its brittleness is highly improved with

the fourth generation of this material [63].

2.5.3.4. Lubrication in Hip Prosthesis
Lubrication is a complex phenomenon and depends on mechanical, chemical

and tribological conditions of the hip prosthesis. In this regard, its performance cannot
be generalized with specific hip replacement assessment. Nevertheless the reference test
for hip is gait cycle.

Friction and wear are mainly studied experimentally while lubrication studied
theoretically [73]. Hence just a few experimental tests have been done in this regard
[74-75]. All studies, experimental and theoretical, aim to investigate h,,;, to compare
R, and A.

The hip prostheses presented in Table 2.6 are made of the materials which are
reported in Table 2.7 (E= 1GPa for plastic) and according to Equation (2.6), hy,ir, » Ra
and A are summarized in Table 2.10. This table demonstrates that the plastic liners in
MOP and COP have the boundary to mixed lubrication regime with the A < 1. This is
mainly due to the high value of R, in comparison with h,,;,,. Lubrication in MOM is
slightly improved with 0.6 < A < 2.9. Although R, is much lower in metal than the
plastic one, h,,;, is also thinner due to the less elasticity of this material. Although
lubrication regime of the MOM is mixed but the experimental test [76] shows that it can
span the lubrication regime from boundary to fluid film. Theoretical and experimental
studies show that A of MOM highly sensitive to the prosthesis geometry [74, 75-77]
bearing manufacturing [77] and the load condition [78,79]. More precisely; increasing
the prosthesis size with decreasing the surface clearance improves the lubrication
regime in MOM and MOMrs) and enables the prosthesis operate in fluid film regime.
COC has the best lubrication behaviour in all the prosthesis; this is mainly due to the
surface finishing of the ceramic which has very low R, that balances with the h,,;,, and
enables the prosthesis to operate in fluid film regime with 5.3 < A4 < 28.3. Radial
clearance is highly important particularly in the prosthesis with hard bearing material.
Large value of “C;” leads the prosthesis to the boundary regime and the low value

causes EL which disrupts the lubrication regime.
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Table 2.10 Lubrication regimes measured according to Equation 2.9 [63].

Prosthesis  h,,;, (um) R, (um) A Lubrication
regime

MOP 0.065-0.144 (0.105)  0.1-2 0.1-1 Boundary to Mixed

COP 0.076-0.107 (0.092)  0.1-2 0.05-0.9  Boundary to Mixed

MOM 0.020-0.061 (0.041) 0.014-0.071 0.6-2.9 Boundary to Mixed

MOM rs 0.082-0.049 (0.066)  0.014-0.071 0.9-4.6 Boundary to Fluid-
film

COC 0.035-0.045 (0.04) 0.0014-0.0071  5.7-28.3  Fluid-film

Figure 2.21 presents a further clarification on the effects of the sizes and the

materials on the lubrication regime in the hard couple prostheses [63]. Increasing the

radial clearance, C,; decreases h,,;, and A (Figure 2.21 A and C), however when

diameter of the ball, d, is increased, h,,;, and A are increased as well (Figure 2.21 B and

D). In this regard, lower values of C; and higher d promise more conformal couple that

makes thicker lubrication film. Figure 2.21A and 2.21B respectively show if hard

bearing couples have equal C; and d, COC has the lowest h,,;, because the metal is

more elastic than ceramic. However due to the smoother surface of the ceramic, COC is

the only prosthesis that undergo fluid film lubrication regime almost independently

from the size (Figure 2.21C and 2.21D). Figure 2.21 confirms the results of Table 2.9.
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Figure 2.21. Effect of C; and d of hip implants on the lubrication hy,;, and A [63]

2.5.4. Statistical Analysis

National Joint Registry of the UK collects statistical clinical procedures data of
the hip prosthesis from 2003 to 2012 [19,63]. Procedures of the prosthesis per year are
illustrated in Figure 2.22 and Figure 2.23. MOP as a traditional prosthesis are still used
significantly more than other prostheses, with covering of 60% to 70% of all THR
surgeries. Improving the polyethylene material to HCLUHMWPE was an effective
reason in this regard. Improving the ceramic material to the Biolox delta was also an
effective reason to propagate the use of the COP and COC cover respectively 16% and
22% of THR surgeries in 2012. Although the usage of the metallic couples (MOM and
MOMgs) is increased since 2003 to 2008 (peak), from then it has been decreased
significantly. The reason of this incident was the harmful effects of metallic ions in the
human body, which was explained in section 2.5.3.3.2. Based on the same reason,

Depuy recalled their MOM and MOMgs prostheses in 2010.
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Figure 2.22. Statistical data in THR from 2003 to 2012 [63]

As it was explained earlier, larger size of the head reduces u and increases
hpnin and A, which makes a more conformal couple that promotes the lubrication.
Furthermore, increasing the size of the head increases the range of motion and reduces
the risk of dislocation and more similar to the natural femoral head size. All of which
are in agreement with experimental and theoretical studies. In this regard, gradual
increasing the size of the prosthesis up to the anatomical size of the femur and
acetabulum is rational. Figure 2.22 also proves this claim. Since 2003, prosthesis with
22.25 mm and 26 mm are almost disappeared from the market in 2012 and usage of the
26 mm ones decreased in favour of the ones with larger balls (32 mm and 36 mm).
Larger balls with diameter more than 38 mm, which are mostly metals, are decreased

from 2008 (Peak) with the same reason is explained earlier.
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Figure 2.23. Usage of the hip prosthesis with different head sizes from 2003 to 2012 [63]
49



The risk of prosthesis failure according to the type of the couples and fitting
methods are studied [19,63]. In this regard, the risk of revision surgeries for the hip
prostheses, which are fitted with cemented and un-cemented methods during the first 9
years after primary surgery, is illustrated in Figure 2.24 and Figure 2.25 respectively.
The highest risk of revision surgeries belongs to the metal couples with 17.7% and
12.3% for un-cemented MOM and MOMgs respectively and 33% for cemented MOMgg
while the lowest rate of 2% belongs to COP, MOP and COC.
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Figure 2.24. Risk of revision surgeries in the prosthesis, fixed with cemented method [63]
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Figure 2.25. Risk of revision surgeries in the prosthesis, fixed with un-cemented method [63]
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Chapter 3 : Edge Loading (EL)

The ball and the socket are in concentric contact when the ball moves on the
spherical polished surface of the socket without reaching the edge of the socket [81].
Concentric wear forms a circular pattern, which is very low in the MOM [82] and
negligible in the COC [83]. However EL happens when the ball does not contact with
conformed spherical surface of the socket subsequently but loads the edge of the socket
which is producing the excessive wear on the edge and the ball. EL is not following the
circular wear pattern but it makes a long and narrow damaged area in COC prosthesis
called stripe wear [84, 85]. Some authors believe that there is a close relationship
between the squeaking of the COC prostheses and the stripe wear [86], which is
discussed in 3.4. EL in the prosthesis with polyethylene liner makes higher wear on
polyethylene, which is encountered with osteolysis and dislocation of the prosthesis
[89-91] but it is unlikely that polyethylene can damage the metal or ceramic ball. EL in
MOM causes some catastrophic problems such as pseudo-tumour and ALVAL [87, 88],
which were explained earlier.

During the EL, ball may load the edge anterosuperiorly or posteriorly depending
on the condition of the EL. They can be differentiated with studying of wear
orientations on the ball [85]. They are distinguished by tilt angle which is an angle
between the stripe wear and a latitude line going to the centre of the stripe wear. If
superior part of the ball contacts anterosuperior part of the edge of the socket in the left
hip, it produces the negative (anteverted) stripe wear on the ball. However in the case
of the contact of posterior part of the edge with the ball, positive (retroverted) stripe
wear is formed on the ball of the left hip prosthesis these are illustrated in Figure 3.1.

Esposito C.I et al. [92] tested 54 pairs of COC prosthesis after a mean of 3.5
years (0.2 — 10.6). He and his colleagues found 45 of the all prostheses (83%) had stripe
wears while 7 of them are with anterosuperior EL, 32 of them with posterior EL and 6
of them with two kinds of stripe wears which are made by anterosuperior and posterior
ELs. The median volumetric wear rate of all 54 prosthesis balls was 0.2 mm’/year,
while the balls with anterosuperior EL had 1.9 mm’/year (0.2 — 7.2), the ones with
posterior EL had 0.2 mm®/year (0 — 3.0) and the ones with both negative and positive
stripe wears had 1.5 mm?®/year. In this regard, anterosuperior EL causes higher wear rate

than posterior EL while posterior EL happens more frequently than anterosuperior one.
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Figure 3.1. Tilt angle in the left and right hip prosthesis made by EL [85]

If the socket (liner) wear width of the stripe wear which is extended into the
conformal surface, is more than 1 mm, then there will be a close relationship with the

volume wear of the ball and the liner wear width, which is shown in Figure 3.2.
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Figure 3.2. Wear relationship between the ball and the socket with EL condition [92]

Bearing surfaces of the socket comprise a concave spherical surface and the
edge. However these two surfaces are machined in two separate discontinuous steps and
it 1s difficult to merge these two surfaces to make a unit tangential smooth surface. In
this regard it may present a small distinct artefact part called “crest” which has 9 to 11°
deviation from edge of the sockets and is palpable by fingernail (Figure 3.3) [85]. The
crest is postulated to be touched firstly during the EL.
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Figure 3.3. Concave spherical surface and the edge with presenting the crest [85]

Anthony P et al. [93] studied the wear volume and the size of destruction of the
ball due to the contact with Crest and Edge in the prostheses which were made by
Ceramtec, Germany (28mm Biolox Forte, 36mm Biolox Delta and 36mm Biolox Forte).
In both cases 200N was applied to the edge and the crest of the sockets through the balls
when they directly contact to the crest and smoother surface of the edge (Imm above
the crest). The results showed that the wear rate due to the crest was 2 to 15 times
higher than the wear rate due to the edge. Furthermore a scar made on the ball by crest
was wider than the one made by an edge. Table 3.1 summarises this study and Figure

3.4A and 3.4B illustrate the worn surfaces by Crest and Edge, respectively.

Table 3.1 Wear scars on the balls due to the contact with Crest and Edge of the sockets [93]

Volume (mm?)

Height x Width (mm)

Bearing Smooth Crest Smooth Crest

@36 AMC  0.087 x 10— 1.362x 107> 0.90 x 1.79 1.11 x 4.17
@36 AlLLO; 0.235x 107 0.527 x 10> 0.87 x 1.43  1.05 x 2.71
@28 ALLO; 0.338 x 10 5.080 x 107> 0.90 x 1.41 1.00 x 3.70

Figure 3.4. Morphology of the worn surfaces on the ball due to contact with Edge (A) and Crest (B) [93]
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Another important factor in the coincidence of EL is the study of x. Elhadi
Sariali at al [94] tested 3 prostheses (32 mm Biolox forte made by Ceramtec, Germany)
with Leeds Prosim simulator which can apply dynamic load similar to the vivo
condition [95]. Sinusoidal forces with maximum amplitude of 500N, 1500N and 2500N
were applied vertically and 50N during the swing phase. Prostheses are tested during
EL and concentric condition. 2500N, 1500N and 500N loads in the concentric condition
show u = 0.02, u = 0.018 and u = 0.026, respectively while during EL condition they
are increased to 4 = 0.12, u = 0.12 and u = 0.07, respectively. Although EL increased u
up to 6 times, the magnitude is still low and similar to the magnitude of 4 in MOM
under concentric condition [70, 96].

Furthermore Elhadi Sariali at al [94] studied x4 with the presence of three doses
of third body particles (0.02, 0.04 and 0.08 grams of alumina powders with
concentration of 0.001, 0.002 and 0.005 g/mL in the 25% bovine serum) and a large
alumina particle was placed between ball and edge of the socket. Third body particles
increase u to 0.32 once alumina powders exist, and to 0.53 once alumina chips exist.
Consequently, third body particles could increase the magnitude of x4, 15 to 26 times,
but doses of the particles did not affect x4 significantly. Likewise alumina chips smashed
after first 15 cycles and p remained in the region of 0.32.

EL could be related to an improper fixing of the socket, design and the material
of the prosthesis, certain activities of the patient, surgical technique or just normal
walking [97]. Understanding how this phenomenon happens, should help us to predict
clinical consequences, analyse the problem more efficiently and possibly prevent EL by
advising the patient or modifying prosthesis design or surgical techniques. Furthermore,
we may need to improve basic hip simulators to the ones that involve EL condition

which simulate more realistic behaviour of the hip in vivo.

3.1. Microseparation
EL was reported in the first and the second generation of COC. Researchers

expected that the problem raised from the cup positioning either when it was fitted
improperly or loose socket migrated to the steep position. Hence it was hoped with
better positioning, proper fixing, stability of the socket and better material, EL could be
prevented [98]. However, studying the third generation of COC with well positioned,
well fixed and improved material showed that there is another problem that causes EL
as well [99]. Lombardi et al [100] studied this phenomenon in vivo with video

fluoroscopy and approved microseparation of the ball from the socket during normal
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walking cycles. The ball is separated (up to 2 mm in MOP [100]) from the centre of the
socket during the swing phase in walking cycle. Although ball was displaced in the
direction of the socket axis, it did not come back to the centre of the socket in the stance
phase. When the load applied at heel strike. Instead, the ball loads the socket
anterosuperiorly to relocate in the socket and remains anteverted stripe wear on the ball,
which was observed in most of the retrieved prostheses [101,102,103]. In this regard,
modern hip simulators apply a microseparation condition as an inevitable element for

testing the hip prosthesis.

3.1.1. Simulation of Microseparation
Stewart T D et al. [97] studied three bearing couples, COP, MOM, COC, with

Prosim simulator (I) and Leeds II simulator (II). All of the prostheses are tested under
standard and microseparation conditions. They are tested for 5 million cycles at a
frequency of 1 Hz. 25% bovine serum is used as a lubricant, which was changed every
333,000 cycles. The wear rate is determined and surfaces were analysed every million
cycles. Two simulators simulate the heel strike which happens in vivo with following

methods in vitro:

Insert 35°
Insert 45°
Vertical Stem
Spigot Anteverted
10°
Figure 3.5. Prosim microseparation [97] Figure 3.6. Leeds II microseparation [97]

* Prosim hip simulator: In this simulator, an inferior load is applied to the ball
by actuator that simulates microseparation of about 0.7 mm between the ball and
the socket [101]. With this separation ball contacts with inferior part of the
socket; which produces lateral displacement of the ball (Figure 3.5: ball moves
from position 1 to C). Then heel strike results the superior translation of the ball
and contacts the ball with superior part of the socket before it was relocated in

the centre of the socket (Figure 3.5: position 2).
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* Leeds II hip simulator: In this simulator the load is applied to the socket
lateromedially by a spring which makes about 0.4 mm medial and superior
translation of the socket (Figure 3.6: Position 1 to 2) [102]. Thereafter superior
part of the socket contacts the ball during the heel strike (Figure 3.6: Position 2)
and makes a momentary stress before the ball relocated in the centre of the
socket (Figure 3.6: Position 1). This simulator is able to produce mild or severe
microseparations with adjusting the swing phase loads. Reducing the swing
phase load from 400N to 50N makes a sever microseparation condition. Once
the load is decreased, springs can overcome the friction easier and enables
translation of the socket superiorly (Figure 3.7). Therefore the velocity of the
socket is increased and during the impact (Figure 3.6: Position 2) momentum

and impact energy are increased as well, which represent the higher laxity.

Load
Cup Internal/external
holder (— 5 rotation
Return Separation
Spring\ S;?ring Lubricant
bath
\
¥
L /S ] Flexion/extension
Head/stem /
holder

Figure 3.7. Leeds II hip simulator schematic [103]

Both simulators make a small separation between the ball and the socket to
contact ball and the superior chamfer of the socket at heel-strike. Therefore, momentary
stress 1s made before the ball is fitted in the centre of the socket. The wear is higher in
the first million cycles of testing which is named bedding-in phase while it is reduced
after one million cycles (steady-state phase). Average wear rate of the tested couples are
listed in Table 3.2 and compared with retrieved ones in vivo [104]. All the tested

prostheses expose higher wear rate comparing with standard condition (conventional
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simulation), except COP, which showed a reduction of the wear rate by a factor of 4
[101]. This may be due to the squeezing of the film Ilubrication made by

microseparation.

Table 3.2 Average wear rate in simulators I & II compare with vivo wear rate [97]

Component In vivo mm’/year  Standard mm’/ mc¢  Separation mm®/ mc
COP (I) 25-100 25.6£5.3 5.6+42

MOM (I) 0.3-5 0.09 +0.05 23+1.2

CoC (O 0.1-1 0.05+0.03 0.2 +0.03

coc nmild  0.1-1 0.07 +£0.02 0.1 £0.05

COC (IT) Severe 1.8+0.4

MOM and COC were tested with Prosim simulator. Results showed respectively
25 and 4 times higher wear rates under microseparation test condition comparing with
standard one. The wear rates of the retrieved prostheses from revision surgeries are
almost in contract with the wear rates of the prostheses tested with Prosim simulator
[101]. Furthermore testing of the COC with Leeds II simulator showed the rising of the
wear rate by a factor of 2 and 36 under mild and severe microseparation conditions
respectively [101, 102]. Both simulators under microseparation made stripe wears on
the ball and the socket of the COC prostheses which are the same to the colour of the

alumina, they are rubbed with pencil and shown in Figure 3.8a, 3.8b and 3.8c.

Figure 3.8. a:COC (I) [97] 3.8b: COC (II) Mild [97]  3.8c: COC (II) Severe [97]

Proceeding surgery, it takes surgically cut muscles several weeks to regain their
strength. During this period of time, muscles do not have sufficient strength to keep the
joint in place therefore microseparation is more probable. Bergman et al. [105] believed
that contraction of the hip muscles positively loads the ball toward the socket, which

reduces microseparation during the walking cycles.
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3.1.2. Mild and Severe Microseparation in Bedding-in and Steady-State phases
Stewart et al [102] studied the effect of the mild and sever microseparation on

the COC prostheses. They then compared results with the retrieved ones from revision
surgeries and the ones tested with standard simulators. In this regard, nine pairs of
Alumina Biolox Forte COC (Three with mild, three with severe and three under
standard condition) are tested with Leeds II simulator using the method explained
earlier. As it is shown in Figure 3.9, wear rate of the COC is significantly increased with

mild and severe microseparations in comparison with COC without separation.
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Figure 3.9. Wear volume rate of COC with mild, severe and no separations [102]

Figure 3.10 summarized the mentioned COC prostheses during Bedding-in, steady-state
and overall phases. Wear rates of the COC prostheses for standard conditions were
respectively 0.11+£0.05 mm®/million cycles and 0.05+0.02 mm® /million cycles and 0.55
mm’/million cycles and 0.1 mm® /million cycles under mild separations and 4
mm’/million cycles and 1.3 mm®/million cycles under severe separation. As it was
discussed earlier, the wear rate is relatively high in bedding-in phase and is decreased
after about 1 million cycles when steady-state phase started. COC with severe
microseparation shows overall wear rate of 1.8 mm®/million cycles. The study shows
mild and severe microseparation of the COC increased the wear rate by 5 and 36 fold in
bedding-in phase and 2 and 26 fold in steady-state phase respectively in comparison

with the standard wear rate.
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Figure 3.10. Average wears rate of COC with mild, severe and no separations in respect of Bedding-in, Steady State
and Overall Phases [102].

The stripe wears (intragranular fractures) produced by mild and severe
separations increase R, from less than 0.01um to the range of 0.14 pm to 0.3 um. These
stripe wears are similar to the ones retrieved clinically [99]. Although the stripes widths
were narrower than the ones found in the first generation of COC [99], they were very
similar to the retrieved HIP COC. Wear debris remained from the COC under standard
condition have the size of about 10 nm while the mild and the severe microseparation

leave the particles in the range of 10 nm to 1000 nm [102].

3.1.3. Advance COC behaviours under microseparation condition

Since 1970s when the first generation of the COC was made, the ceramic
materials have been improved. The current one is Hot Isostatic Pressed (HIP'*) Alumina
(AL/Biolox Forte) and Alumina matrix composite (AMC/Biolox Delta). Todd D.
Stewart et al. [103] tested the Biolox Delta ball against Biolox Delta socket and also
against Biolox Forte socket under microseparation condition. The results developed by
this study, were compared to the complete Biolox forte COC, which was studied by
Stewart et al [102] and mentioned earlier in 3.1.2.

Six pairs of COC (three Biolox Delta balls against three Biolox Delta sockets

and three Biolox Delta balls against three Biolox Fortes sockets) tested under severe

' With HIP technique, the porosity of the alumina is removed, the grain size is refined and the
strength is improved significantly comparing to the 1 and 2™ generation of COC.
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microseparation conditions by Leeds II hip simulator; with the same techniques are
explained in 3.1.1.

Bedding-in and Steady-state wear rates of AMC heads on AL socket were
respectively 0.99 mm®/million cycles and 0.51 mm’ /million cycles under severe
microseparation. Bedding-in and steady-state wear rates of AMC couples under same
condition were 0.32 mm’/million cycles and 0.21 mm®/million cycles respectively.
Figure 3.11 summarises these results and compares them with the results are evoked
from previous study (3.1.2) during bedding-in, steady-state and overall phase under

severe and no microseparations.
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Figure 3.11. Wear rate of AMC/AMC, AMC/AL, AL/AL with severe and no separations during bedding-in, steady-
state and overall phases [102]

Overall wear rate of Biolox Delta couple was 0.16 + 0.08 mm’/million cycles
during the severe microseparation condition which is 3 times lower that overall wear
rate AMC/AL couple and 12 times lower than overall wear rate of Biolox forte couple.
Furthermore Todd D. Stewart found the wear of the prostheses with the ball and the
socket made of same material remained equal wears while Biolox Delta ball remained
65% wear if rubbed against Biolox Forte socket [103]. Stripe wear on the Biolox Delta
couples increased R, from less than 0.005 um to the range of 0.02 — 0.13 pum. In this
regard severe microseparation increased R, less effectively in Biolox Delta than Biolox
Forte. Stripes wear on the balls of all couples (Biolox Delta, AMC/AL and Biolox
Forte) are measured [103]. Stripe wear size on the ball of AMC/AL couple had 4-5 mm

width and 17-53 pm deep but stripe wear on Biolox Delta was much shallower with the
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size of 4-5 mm width and 1.5-16 um depth. Stripe wear on Biolox Forte studied by
Stewart et al [102] showed deep stripe wear with size of Smm width and 90 pm depth.
The prostheses were tested under severe microseparation condition and run for 5 million
cycles. The images of the exposed stripe wears on the balls of AMC/AMC, AMC/AL
and AL/AL prostheses were taken by scanning-electron microscopy (SEM) [102,103],
which are shown on Figure 3.12, 3.13 and 3.14 respectively with scale bar of 25 pm.

Figure 3.12. SEM of stripe wear on the head of Biolox Delta couple which is made by severe microseparation [103]

Figure 3.13. SEM of stripe wear on the head of AMC/AL couple which is made by severe microseparation [103]

Figure 3.14. SEM of stripe wear on the head of Biolox Forte couple which is made by severe microseparation [102]
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3.1.4. Numerical relationship between Microseparation and EL
M M Mak et al. [106] found a mathematical relationship between EL,

microseparation, radial clearance and socket inclination. This relationship is shown as a
formulation in Formula (3.1), where distance between the centre of the ball before and
after separation is shown with ” S", the cup inclination angle with “6” and the radial

clearance between ball and socket with “C;”.

’ 1
§'z (1+—)Cq 3.1)

EL starts with the contact of the ball to the edge in point “4” in Figure 3.15. In
this figure point “o0” is the centre of the socket. A distance from the centre of the ball
“Cs” to the centre of the socket “0” is the radial clearance “C,;”. Having considered the

triangle OC,Cs on the opening area of the socket we can have Equation (3.2).

Cq

oC, = Py (3.2)
Therefore the microseparation is needed for EL is “S” which is described in

following.

SI = OCl + OCZ (33)

From Equation (3.2) and (3.3) we can have Equation (3.4) hence Formula (3.1)

can be driven from this equation.

Cd
tanf

S'=Cyq+ (3.4)

Based on Formula (3.1), a socket fixed with 45° inclination can be loaded with
the ball which is displaced from the centre of the socket for more than 2C,. Therefore if
the ball and the socket have 40 um radial clearance [107], EL happens when ball gets
more than 80 um distance from the centre of the socket. This postulation is supported

with Finite Element Analyses (FEA) as well [25].
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Figure 3.15. Schematic of microseparation for explaining Formula (3.1) [107]

3.2. Relationship between EL and socket positioning
Posterior EL happens even with a well-fixed socket. This is contradicting the

claim that EL can be fully eliminated with proper fixing of the socket [98]. EL with
current prostheses may be inevitable but can be controlled with well positioning of the
socket as to reduce the wear rate effectively.

Three surgeons, WKW, WLW and BAZ [92] had done 54 revision surgeries
while 32 of them were studied by radiography before revision surgery (17 Posterior, 3
anterosuperior, 6 both and 6 no wear). They had found that the prostheses with
anterosuperior EL had the fixed sockets with median inclination angle of 54° (52° - 66°),
which are similar to the ones with posterior EL with median inclination angle of 49°
(40° - 63°). However the sockets had different anteversion angles. The ones with
anterosuperior EL had fixed socket with median anteversion angle of 22° (22° - 30°) and
the ones with posterior EL had fixed socket with median anteversion angle of 15° (5° -
25°). All prostheses with anterosuperior EL had high wear rate and squeaked with more
than 22° anteverted sockets [92]. Figure 3.16 illustrates the median wear rate of the
sockets corresponding to their positions. Well positioning of the socket is important for
all prostheses including hard bearing couples [87, 108, 109]. As it is shown in Figure
3.16, positioning of the socket should be considered in a combination of inclination and
anteversion. Esposito C.I et al. [92] found that a socket with 55° inclinations and 15°
anteversion had low wear rate, but a socket with 55° inclination and 25° anteversion had
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high wear rate. The corollary is also correct, a socket with 35° inclination and 15°
anteversion had high wear rate but a socket with 35° inclination and 25° anteversion had

low wear rate.

55
=~ 50 > 0.2 mm?/year
=
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=
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Figure 3.16. Socket median wear rate corresponding to the orientation zone [92]

Full extension may be the cause of the anterosuperior EL while deep flexion
may be the cause of the posterior EL. High inclination and high anteversion tend to
promote anterosuperior EL. while if one of these positioning, either inclination or
anteversion, is low, early anterosuperior EL may be prevented. Vice versa; low
inclination with low anteversion cause the posterior EL. Socket positioning affects the
contact force magnitude and direction across the hip [27] which disturbs the contact
mechanics and lubrication mechanism of the prostheses [16, 28].

Although some authors [26,19, 31] believed there is a square safe zone for fixing
the socket into the acetabulum to prevent dislocation and EL, and some just accepted
45° inclination and 15° anteversion as a lowest at-risk values for dislocations [29], the
real safe zone is more difficult to be mathematically described. However Esposito C.I et
al. [92] believed if the socket orientation satisfies (3.5), it is most likely that COC would
have the lowest wear rate.

Approximated safe zone is calculated with following formulation (3.5) [92]. In
this formula (y) is the inclination angle and (x) is the anteversion angle of the socket.
The result further from 0° increases the risk of the wear rate. In this regard, positive
value as a result leads the joint to anterosuperior EL and negative value to posterior EL.

Furthermore, another study [33] showed that the inclination does not have enough
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effects on EL but most of the authors [92, 84] agree the anteversion is an effective
factor in this regard (i.e. posterior EL was significantly increased with less than 15°

anteversion).

Y+ (7/5) x — 75° = 0° 35°<y<55° (3.5)

The optimum socket position entirely depends on the anatomy of the patients
and their range of the movement therefore for each patient this orientation can be

different.

3.2.1. Does inclination affect EL in COC?
Some studies [114] showed that inclination does not have enough effects on EL

in COC but other studies did not agree with this conclusion. Some of these studies are
discussed in following.

Elhadi Sariali et al. [115] studied the combined influence of microseparation and
the socket inclination to investigate the contact area and also the contact pressure, first
under normal condition with no microseparation and then under EL condition. For this
purpose a 32 mm COC ball and socket modelled with FEM. The material was defined
to be similar to the Biolox forte and the simulation condition was similar to the Leeds II
hip simulator. The radial clearance was 30 um and socket fixed with 45° inclination.

This study showed with no microseparation and no further inclination of the
socket contact area was on the centre of the head with circular shape with radius of 4.6
mm and contact pressure was 64 MPa. These values were close to the predicted values
by Hertzian theory; 4.3 mm and 64.4 MPa respectively. However EL is started to be
generated with displacement more than 30 um separation and is fully generated with 60
um displacement which confirms Formula (3.1). Increasing the microseparation shifts
contacted area laterally from the centre of the ball, where 500 pm separation displaced
the centre of the contact area to 10.4 mm further from the centre of the ball. EL had
been starting with no microseparation but when the socket inclined more than 75°.
However EL was fully developed with 90° inclination of the socket. Figure 3.17
illustrates this.

Therefore when the inclination angle of the socket was increased, the contact
pressure was increased as well. During no separation, if the socket is inclined from 45°

to 90°, contact pressure would be increased form 66 MPa to 137.2 MPa.
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Figure 3.17. Effect of the socket inclination and microseparation on the contact pressure [115]

Despite this result, Elhadi et al. [115] believed the effect of the socket
inclination would be negligible if microseparation is increased from 60 um. However
this contribution, supports the idea that microseparation is the main factor in increasing
of the contact pressure rather than socket inclination or other factors.

Saverio Affatato et al. [116] tested several COC prostheses with hip simulator
machine and found that the worst socket inclination angles are 23° and 63° [117,118]. In
this regard, 12 pairs of 28 mm COC prostheses (made by Ceramtec) with radial
clearance of 86 pum were tested with 12-station hip simulator (Shore Western,
Monrovia, USA), 6 sockets mounted with 23° angle and other 6 with 63° angle. The rest
of the configuration of simulation was similar to the one explained in 3.1.1. A 400N-
force was applied for making 0.5 mm microseparation. The result was not the same as
their first hypothesis. Although microseparation caused 12 fold higher wear rate in

comparison with the standard condition, different angles did not affect the EL condition
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during microseparation. Saverio Affatato et al. [116] found that after 2 million cycles
23° and 63° inclined sockets during 0.5 mm microseparation had the volumetric wear of
0.11 + 0.03 mm’ and 0.12 + 0.03 mm’ respectively which showed insignificant
difference on the wear patterns as well.

Mazen Al-Hajjar et al. [119] tested 6 COC (28 mm Biolox Delta) with six-
station Leeds II hip simulator, 3 mounted with 55° and other 3 with 65° inclined sockets.
They are tested under standard condition and also under microseparation condition. The
wear rates for both of them under standard condition were as low as 0.05 mm’/million
cycles hence inclination of the sockets had no effect on the wear rate. Moreover,
inclination of the sockets under microseparation condition also had no effect on the
wear rate of the Biolox delta prostheses in that study, while the mean wear rate of the
COC with 55° inclined socket was 0.13 mm®/million cycles and the mean wear rate of
the COC with 65° inclined socket was 0.11 mm®/million cycles. These are summarised
in Figure 3.18.

From these studies we can conclude the COC with sockets inclined less than 75°
have no effects on the wear rate and EL. Furthermore a socket with more than 75°
inclination is not feasible to be fitted in human body. Therefore, inclination of the COC

under microseparation has no significant effect on the wear rate any further.
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Figure 3.18. Mean wear rate of Biolox Delta prostheses with 55° and 65° socket inclinations under standard and
microseparation conditions [119]

3.2.2. Does Inclination affect EL in MOM?
Some other studies in vivo [87, 120] investigate this issue in MOM and they

believed increasing the inclination of the socket increases the wear rate of MOM,
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however data from these clinical studies are not limited to the cup inclination hence the
results cannot prove this assertion. Ian J. Leslie et al. [121] tested 15 MOM prostheses
which had internal diameter of 39 mm, 5 fixed with 60° inclined sockets which were
tested by Prosim hip simulator, 5 fixed with 45° inclined sockets which tested by the
same hip simulator and the other 5 fixed with 55° inclined sockets under
microseparation and tested with Leeds II hip simulator. The result showed that there
were differences in the wear rate of the tested cobalt chromium prostheses under three
defined conditions. The MOM prostheses with 60° inclination sockets had 9 fold and 20
fold higher wear rate than the ones with 45° inclined sockets during bedding-in and
steady-state phases respectively. They believe increasing the socket inclination caused a
reduction of film lubrication, hence increased the wear rate. This is in agreement with
Williams S, et al. study [122]. Furthermore the amount of ions left from 60° inclined
socket is similar to the one is reported by De Haan R et al. [87]. This study shows the
MOM prostheses are more sensitive to the socket positioning than the COC ones [114,
115, 116, 119 and 123]. Ian J. Leslie et al. [121] found that the prostheses with 55°
inclined sockets and tested with the Leeds II simulator had the highest wear rates. The
reason was due to the microseparation condition applied to those set of prostheses by
Leads II simulator. Where other prostheses were tested under normal condition. Figure

3.19 summarises the result.
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Figure 3.19. Wear rate of 39 mm MOM prostheses with 45°, 60° and 55° inclined sockets, which are tested under
standard, no separation and separation conditions respectively [121]
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3.2.3. Neck-Rim Impingement

A poor combination of ball and socket, dislocation, hypermobile'

hip,
misalignment of the socket or simply stoop or flexion more than 100° depending on the
socket inclination [124] can cause of the Neck-Rim impingement. In case of emergence
the two sides of the socket will be damaged: firstly the edge of the socket, where the
neck is impinged with (It is named “impingement site” shown Figure 3.21), and
secondly the opposite side of the socket where it goes under EL with superior part of the
ball (It is named ‘“egress-site” shown in Figure 3.21). Furthermore Neck-Rim
impingement lifts the ball and may cause dislocation of the joint. Neck-Rim

impingement is illustrated in Figure 3.20.

Figure 3.20. Neck-Rim impingement [125]

Although concern of the impingement is mainly due to its role in dislocation,
attention to its role in EL is also important. Impingement was observed in 70% of the
hip prostheses [126, 127]. Clinical concerns in this regard are releasing the excessive
ions in MOM [128, 129], fracture in COC [130, 131] and reduce stability in general. In
COC and MOM the contact area between neck and socket is physically smaller than
MOP and COP and respectively the concentric stress is much higher, hence this part
mainly studies the effects of this phenomenon on EL in MOM and COC. Incidentally
Jacob M. Elkins et al. [132] simulated the Neck-Rim impingement with FEM to find the
severity of EL and also its relation to the socket inclination. Figure 3.21 shows this

model.

"1t is referred to the joints, which stretched further than normal joints (i.e. some people can bend their
thumb backward to their wrist).
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VM Stress

Figure 3.21. Impingement simulation model in FEM [132]

The ball size was 28 mm. MOM was defined with radial clearance of C;= 0.029
mm, elastic modulus of E=210 GPa, friction coefficient of = 0.1, Poisson’s ratio of v
= 0.3 and density of p = 9.2 g/cc [70]. COC defined with C4= 34 um, E=380 GPa, u =
0.04, v = 0.23 and p = 3.98 m/cc. The wear rate in this simulation was based on
Archard-Lancaster formula, which is presented in Equation (3.6) where @ is local wear
rate, o is local mechanical stress, k is wear factor and s is the local sliding speed of two

surfaces [133].

&=csk (3.6)

The aforementioned study simulated 148 times with 44 variable socket
orientations (inclination and anteversion corresponding to pelvic reference [134]) and
found that the orientation of the socket had linear relation with Von Mises stress of the
egress-site and impingement site (Figure 3.22). Furthermore the egress-site showed a
higher Von Mises stress than the impingement site. This shows the area under EL
condition is damaged more severely than even the area that is impinged with neck of the
stem. Additionally the study showed higher peak stress on COC than MOM at the
egress-sites (Figure 3.22, A and B), but lower effect on impingement sites (Figure 3.22,
C and D).

Due to the higher elastic modulus of the ceramic material in comparison with

metal, higher peak stress on COC is feasible.
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Figure 3.22. Von Mises (VM) stresses applied to the socket during impingement by stooping: A) MOM at Egress-site
B) COC at Egress-site C) MOM at impingement site. D) COC at impingement site [132]

3.3. Posterior EL by Muscles contraction during Deep Flexion

Previous studies [41, 92] found that posterior EL occurs more frequently than
the anterosuperior one. While the majority of the wear stripes due to the posterior EL
have been observed in the absence of the impingement [85, 92, 110], this question
arises: can the lines of action of the hip muscles be the reason for the posterior EL in the
well positioned prostheses? If the answer is yes then: A) How does it happen? B) Is
there any possible way to improve muscles line of action corresponding to the posterior
EL?

In order to investigate these questions, the muscles origin and insertion points of
the cadaver’s right leg was developed and modelled [135, 136]. Furthermore in addition
to the muscles that wrap the hip muscles, iliopsoas muscle (Originated from T12-L5 of
spinal cord, wraps the pelvic and inserted to the lesser trochanter) was included in this
model to ensure the femur was pulled in correct direction. Richard J. van Arkel et al.
[136] discretised the full range of motion [137] to the numerous 5° of motions therefore
6,426 orientations were studied for flexion (-10° to 120°), rotation (-40° to 40°) and
abduction (-25° to 40°) [138]. The model was designed with OpenSim version 2.4.0. It
was modelled with MatLab version 2011b and the force vector for each muscle either
its contraction pulled the ball into the socket concentrically (concentric area was 5° to

edge) or contribute EL were calculated with Plugin. Diameter of the ball was 28 mm,
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socket was subtended 168° and positioned with 45° inclination and 20° anteversion
[139].

The result was unexpected; all muscles were inserted to the distal femur, tibia or
patella can be contributed to EL even in the well-positioned socket. However large
muscles like gluteus did not participate. Figure 3.23 illustrates the percentage of

muscles contribution in EL during full range of motion of the hip.
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Figure 3.23. Active muscles for hip motion with percentage of their contribution in EL [136]

Posterior EL by muscles is common when the hip is deeply flexed. Rising from
the chair or step climbing require about 90° flexion and -10° to 20° abduction [38, 110].
These activities require contraction of muscles, which are distally inserted to
hamstrings, rectus femoris and gluteus maximus [124, 140, 141]. Therefore during sit-
to-stand, the muscles which can contribute to EL, are highly active while the ones
supporting a protective function are not. Morlock M. reported [142] the patient with
THR rise from the chair 76 times a day and stair climbing 42 cycles a day, which are
more than 27000 times and 15000 cycles per year respectively, therefore there is always
a risk of posterior EL with available prostheses. During such activities, the muscles pull
the femur posteriorly and levy the maximum pressure of the superior part of ball to the
posterior side of socket, while joint reaction force during rising from the seat is twice as
much as body weight [110] and during the stair climbing is 2.5 times as much as body
weight [110]. Furthermore, the force can be increased if there is no armrest or faster
rising from the seat or stair climbing. If the socket is well positioned and hip is in the
neutral position of abduction and rotation, increasing the hip flexion from 80° to 100°
(i.e. rising from the lower seat height or climbing the higher step), activates nine of
twenty-three muscles (39%) contribute in posterior EL. This study illustrates posterior

EL, which was reported clinically [88, 92, 143,144,145].
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3.3.1. Abduction during flexion
Hip abduction during hip flexion can change the line of action of the muscles

contributed to EL from the edge to the concentric area in the socket. This is because of
tying up the line of actions of the distal femur muscles to the position of the femur [136]
and adduction has the opposite effect (Figure 3.24). Internal or external rotation has
little effect in this regard.

Abduction more than 20° brings the line of action of all muscles in the position
of the femur with flexion up to 95° while 50° flexion of the hip can cause of EL with 20°
adduction. Furthermore abduction during flexion may solve Neck-Rim impingement as
well, because it moves the femoral neck away from the anterior part of the socket where

it is the common area for impingement [124, 146].
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Figure 3.24. Effect of the abduction on the flexion of the hip [136]

Richard J. van Arkel et al. [136] believed abduction during deep flexion can
reduce the posterior EL significantly and possibly dislocation. He believed this finding
is applicable to all patients who have hip prostheses regardless to design and fixation of
the prosthesis. This is simply applicable with separating of the knees before flexing the
hip.

3.3.2. Relationship between socket orientation and flexion

Figure 3.25 is based on 45° inclination and 20° anteversion while orientation of
the socket was the combination of anteversion of 5° (low), 20° (medium), and 35°
(high) and inclination of 30° (low), 45° (medium) and 60° (high). In this regard socket

with lower anteversion caused posterior EL by lower flexion of the hip and higher
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anteversion had an opposite effect. It allowed the hip to flex with higher angle before
the muscles contributed in EL [136].
Low inclination of the socket had two effects on the muscles action:
¢ Increases the number of the muscles, which can contribute to EL in all flexion
angles.
* Reduces the effect of abduction during flexion of the hip.
However high inclination of the socket had four effects:
¢ Decreases the number of the muscles, which can contribute in EL in all flexion
angles.
* Increases the effect of the abduction during flexion of the hip.
* Enables the iliopsoas muscles to contribute in EL during lower flexion or
extension of the hip.
* Enables distally inserted muscles to contribute in EL with lower flexion or
extension of the hip.
Therefore combination of the inclination and anteversion of the socket can be
suitable as it was discussed in section 3.2. Figure 3.25 illustrates the effect of the socket

orientation corresponding to the adduction or abduction of the hip.
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Figure 3.25. Study of hip flexion with neutral, 20° abducted and 10° adduction corresponding to the sockets
orientation which is combination of inclination and anteversion [136]

3.3.3. Relationship between subtended angle of the socket and flexion
Decreasing the subtended angle of the socket arc increases the muscles

contribution to posterior EL also EL with lower flexion. This is in agreement with
Underwood R et al. [144], which showed the socket of MOM with decreased subtend

angle suffered from sever EL and respective wear rates. Reducing the subtend angle of
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the socket reduces the safe coverage area for the ball. Likewise changing the risk-zone
on the edge has same effect. For example, the socket with 168° subtend angle and a risk-
zone of 13° has the same performance of socket with 152° subtend angle and a risk-zone
of 5°. Figure 3.26 compares the prostheses with different subtended angle corresponding

to the angle of the flexion.
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Figure 3.26. The prostheses with different subtended angle corresponding to the angle of the flexion [136].

3.4. Squeaking

Squeaking noise has been described in 1950s with the Judet acrylic
Hemiarthroplasty [149]. Charnley [150] noted squeaking in vitro when he was testing
Boutin COC bearing with “pendulum friction comparator” in his laboratory. However
reasons of this phenomenon are still under investigation. Scientists have different
beliefs about this problem. However like any other arthroplasty problems, it may be due
to the prosthesis design, patient or surgical factors.

Patients who reported the squeaking with some specific activities, advised to
modify their movement to eliminate the noise (i.e. to change the model of bending or to
use other leg for bearing the burden). These patients are not recommended for revision
surgery. Rarely patients with squeaking are advised for revision surgery due to the
much higher risk of revision surgery compared with the primary THR surgery, though
the people with squeaking during their walking can persuade the surgeon to do the
revision surgery. Walter [26] studied squeaking in different group of patients to find the

reason. He found the patients with squeaked prostheses were younger (56 years old
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compared with 65, P=0.01) heavier (90 kg compared with 76, P=0.001) and taller (179
cm compared with 169, P=0.003) than the ones had non-squeaked prostheses. Some
hips squeaked at the end of stance of walking when hip was extended. Other ones
squeaked when the patient stooped to pick up an object from the floor when hip was
flexed. He found the hips squeaked with walking had more anteverted socket (40°
anteversion) than the ones squeaked with stooping (19° anteversion). He described the
reasons with anterosuperior EL and posterior EL related to orientation of the socket,
which were explained in Section 3.2. He said squeaking is due to passing the stripe
wears of the ball over the stripe wear of the socket; the passes of stripe over each other
cause the vibration in the range of the human hearing while the normal resonation of the
ceramic on ceramic bearing is above enough frequency of the human hearing range. In
same regard he and Restrepo C et al. [147] reported; squeaking is not occurred in first
fourteen to eighteen months after surgery, while this is the time for EL to makes the
stripe wear but it starts upon the stripe wear fully developed. Furthermore Lusty P.J et
al. [84] reported all squeaked hip prostheses were retrieved from revision surgery had
EL with stripe wear, which hypothesises EL may causes squeaking.

Squeaking more commonly reported in hard bearing couples [109]. Squeaking in
COC was reported when the ball and socket made of zirconia and alumina respectively
[151]. In general zirconia ball should articulate with polyethylene liner only because it
has shown catastrophic wear rate in vitro when articulated either with alumina or
zirconia sockets [152]. However squeaking remained unreported with ultra-low wear
rate composite ceramics [109]. This can show the relationship of squeaking and wear
rate. Transient squeaking also reported in MOM prostheses with incidence of 3.9%
[153]. Squeaking can be transient in MOM due to the self-polishing ability of the metal
while it remains in COC because ceramic has not this ability. Self-polishing of metal
may hide stripe wear on MOM as well.

Elhadi Sariali at al [94] also studied squeaking in the mentioned 3 prostheses in
Chapter 3. He found no squeaking in the prostheses with sockets inclined less than 75°
in the absence of third body particles. He heard squeaking for the period of 1s when
0.02 gram alumina powder was added to the simulator although it was not reproducible.
Likewise ceramic chip made 15s squeaking including the sound of the chip that was
being crushed. Recorded sounds had major frequency of 2.6 kHz and harmonic
frequencies of 5.3 kHz, 7.9 kHz and 10.4 kHz. This is shown in Figure 3.27. Major

frequency of 2.6 kHz almost meets squeaking in vivo (2.4 kHz) which was reported
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clinically [154]. Lower frequency in vivo can be due to damping effect of the soft
tissues surround the prosthesis. Squeaking occurs in mentioned study with increasing of
p with 15 to 26 fold. This can show that increasing 1 can produce squeaking which
seems relevant with Walter study [26] also Yakoi et al. [155] who believed squeaking
was made by vibration induced by friction. The vibration can be due to the instable
contact of the surfaces which is made because the static p is much higher than dynamic
p [156,157] while this differential in p generates a “stick-slip” phenomenon. In this
study although Elhadi Sariali at al. [94] could not find direct relationship between EL
and squeaking, they found that adding a third body particle can cause squeaking which
may be indirectly related to stripe wear and EL to the squeaking. Ecker et al. [158]
found all COC with squeaking had impingement of titanium- titanium with no any
damage to the ceramics which can show the effect of the metallic ions to the squeaking
as it agrees with Cheviollotte et al.’s study [159] that tested COC under different
conditions to study squeaking. COC was tested by hip simulator with/without lubricant
fluid under metal transfer, high load, EL, stripe wear, micro fracture etc. The result
showed the prostheses under all conditions squeaked with absence of lubricant.

However under lubricated condition COC squeaked just under metal transferring.

Figure 3.27. Squeaking in vitro with major frequency of 2.6 kHz [94]

Stephen B. Murphy [125] studied 2778 COC prostheses in 11 years period of
time. Five patients underwent revision surgery for squeaking when all of them had neck

to rim impingement and hence metal transferring. Furthermore it was found the
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prostheses with beta titanium alloy stem had higher squeak rate of 7.6% and the ones
with conventional titanium alloy stem had 3.1% and the ones with conventional
titanium alloy and flush-mounted socket had 0.6%. Mai et al. [165] found all squeaked
prostheses (10%, 32 out of 320 COC) had Trident socket. Swanson et al. [166]
experienced 4 different sockets while 5 out of 6 squeaked prostheses had Stryker
Trident socket and Accolade TMFZ stem. This can show the effect of the prostheses
design on squeaking.

Although Walter et al. [26,109], Restrepo et al. [147], Lusty et al. [84], Glaser et
al. [160] and Jarret et al. [161] believed squeaking happens with EL and
microseparation. Stewart et al. [97,102,103] Elhadi et al. [94,162] didn’t agree with
them. They tested COC with hip simulator and found that squeaking had not been found
with microseparation in COC if it is made of AL/AL or AMC/AMC. However they
believed if the couple are made of zirconia head and alumina socket, squeaking occurs.
This is due to the excessive wear rate of this couple which were contaminated the
lubricant fluid with worn particles [151]. Therefore when the lubricating fluid was
refreshed in this test, squeaking was eliminated. Elhadi et al. [162] believed passing the
stripe wears of the ball over the stripe wear of the socket during EL called “chattering
movement”, could make a noise. But this noise is in the main frequency of 65 Hz which
is although in audible range, was much lower than the squeaking frequency that was
reported for COC in THR by Weiss, C et al. [163] or Parvizi et al. [164].

As a conclusion we can say squeaking is indirectly related to EL either in terms
of Neck-Rim impingement or particles released in the synovial fluid made by higher

wear rate due to EL or making the stripe wear.
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Chapter 4 : Methodology

As it was explained in Chapter 3, many factors contribute in occurrence of EL such as
patient’s activities, surgical techniques, positioning of the socket, material and design of
the prosthesis or simply just normal walking or contraction of the muscles. These
factors are discovered with different methods. Experimental data received from patients
case studies or from simulating the hip prostheses, have some limitations such as
availability, cost, time and ease of use where advance development in engineering
science offers other rational solutions in this regards. Virtual design and simulating of
the hip prostheses with different materials, under desirable conditions in reasonably
lower cost of time and fee in comparison with experimental test, encourage scientists to
enjoy from analytical software that is based on Finite Element Method. Furthermore
rudimentary contact theory called Hertzian contact theory can help them to have better
expectation from the contact of the ball and the socket either in normal or EL condition.
Therefore in this research all models are studied with FEM and Hertzian contact theory.
Certainly experimental data has helped us to have wider assessment from
studying the EL phenomena and better validation of the results from virtual simulation
study; all of which facilitate the understanding of the reasons of EL and may help us to
solve the problem. Without these studies, hip prostheses would never have been
invented or modified. We all hope with further study and analysing of the EL, this
problem can be solved to increase the life cycle of the prostheses and improve the

lifestyle of millions young patients.

4.1. Prostheses design

The following sections of 4.1 explain all of the effective factors in designing of
hip prostheses with a focus on the significant factors in limiting EL in terms of
geometry and design of the components, which have been found with other scientists to
date. The information can help us to improve the available prostheses or to propose a

new prosthesis, which can significantly limit the effect or ideally prevent EL.

4.1.1. Socket Design

The socket is the most important component of the hip prosthesis in terms of the
occurrence of EL. The reason is that the edge of the socket is loaded with the ball and
causes the EL phenomena and respective unfortunate consequences. Mathew Mak et al.

[25] analysed 3 sockets under EL phenomenon to find influence of the edge geometry
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on contact stress. New (With sharp edge of 90°), Worn (geometry was taken from tested
socket by hip simulator under microseparation after 1 million cycles [102]) and
Chamfer (Edge has 2.5 mm radius chamfer which is available in the market and
reported by Mak and Jin [107] as well). The sockets were modelled with Abaqus
software to have dimension of 28 mm diameter, alumina material properties (E=380
GPa and v = 0.26) with radial clearance of C;= 40 pm with 3 different geometry of the
edges. The models analysed with FEM with 2500 N vertical force and 0 to 250 pum
microseparation. Ball and socket friction assumed to be zero as they were COC
prostheses, which could be well lubricated.

The results of the analysed sockets with new, worn and chamfer edge are in
agreement with Formula (3.1). Where the prostheses with C; = 40 um, were affected
by EL with 80 um displacement. In this regard, maximum contact pressures of 81.6
MPa were developed with all 3 sockets while increasing separation between balls and
sockets significantly increased the maximum contact pressure which are shown in Table

4.1. Increasing maximum Von Mises stress are also shown in Table 4.2.

Table 4.1 Maximum contact pressure in new, worn and chamfer sockets during 80 um to 250 pm separation [25]

Maximum contact pressure (in MPa)

Micro-separation

. New Worn Chamfer
distance (um)
80 81.6 81.6 81.6
100 273 112 157
120 245 191 287
250 672 425 437

Table 4.2 Maximum Von Mises stress in new, worn and chamfer sockets during 100 um to 250 um separation [25]

Maximum Von Mises stress (in MPa)

Micro-separation

. New Worn Chamfer
distance (um)
100 576 179 162
120 1295 333 339
250 1740 1116 646

Figure 4.1 compares the 3 sockets during 250 um microseparation. If we use
New socket as a reference, the result shows the reduction of 35% and 63% Von Mises
stress in Worn and Chamfer sockets respectively. This study showed that a chamfer on

the edge of the socket could reduce contact pressure and Von Mises stress effectively.
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New (1740 MPa) Worn (1116 MPa) Chamfer (646 MPa)

Figure 4.1. Von Mises stress in New, Worn and Chamfer sockets during 250 pm separation [25]

Socket geometry has different aspects, which are explained in following.

4.1.1.1. Edge Chamfer radius

Part 4.1.1 showed that the chamfer on the edge significantly decreases Von
Mises stress during EL, however optimising geometry of the chamfer is challenging.
Because decreasing the chamfer radius (i.e. from 2.5 mm to 1 mm) increases the effect
of EL [25] and increasing it reduces ball coverage and socket articular arc (SAA) [87,
167] that causes EL earlier.

Jacob M. Elkins [168] considered seven pieces of 36 mm diameter MOM
sockets (E=210 GPa, v = 0.3, ¢= 29 um, pu = 0.1 and p = 9.2 g/cm’) with chamfer
radiuses of 0, 1, 2, 3, 4, 5, 6 mm. These are modelled with FEA when the hip was in
fully extension and proceeded to 103° of flexion, 7° of internal rotation and 22° of
adduction. The Von Mises stress and contact pressure on the lip was registered. Jacob
M. Elkins [168] studied the geometry of the edge in all 148 cases of his previous study
[132], which was explained in 3.2.3. This study found that the range of motion (ROM)
depends on edge geometry and socket orientation. ROM was increased with inclination
of the socket regardless of the chamfer radius effect. Larger chamfer radius was more
effective in increasing ROM by inclination, i.e. socket with 6 mm chamfer radius,
increased 1° of ROM with every 5° inclination of the socket while ROM increased just
with 0.03° with every 5° of socket inclination when the chamfer radius was 0 mm.
Similar relationship was discovered with anteversion, ROM and chamfer radius
although anteverted socket more than 10°, neglected the effect of chamfer radius on
ROM.

Increasing the chamfer radius decreases the EL stress [25, 106] but reducing the

ball coverage can make the joint unstable and promotes EL occurrence. For example if
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we consider 35° inclination for socket with chamfer radius of 0 mm, EL occurs later due
to the maximum coverage of the ball. However when the chamfer radius is increased to
3 mm, SAA decreases and EL occurs earlier. However the socket with chamfer of more
than 3 mm radius reduces the intensity of the EL. Hence contact stress was reduced as
well. Consequently chamfer radius and corresponding SAA are effective factors in
occurrence of EL by different socket orientation [167, 168].

Furthermore as it was explained in 3.3.3, subtended angle, which was related to
SAA affects EL as well. In general regardless of socket orientation, ROM decreases

with sharper edge due to the faster Neck-Rim impingement [169].

4.1.1.2. Thickness

Mak et al. [107] studied the effect of 2.5 mm to 7.5 mm thickness of the COC
sockets on contact stress and contact area of the socket. COC was modelled with
Abaqus software to have dimension 28.04 mm inner diameter, alumina material
properties (E=380 GPa and v = 0.26) with radial clearance of C;= 40 pm under 2500 N
force. Furthermore these prostheses were studied with Hertzian contact theory as well to
have a better analysis.

The result shows a significant effect of the socket thickness on contact pressure
while this is more considerable i.e., when the thickness is decreased below 5 mm the
effect 1s significant. For example the socket with thickness of 2.5 mm shows maximum
contact pressure of 40 MPa in FEA and 94.1 MPa in Hertzian contact theory. 5 mm
thickness shows 80 MPa and 94.1 MPa of contact pressure while 7.5 mm thickness
shows 90 MPa and 94.1 MPa respectively in FEA and Hertzian contact theory which
are summarized in Figure 4.2 and Table 4.3. [107].
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Figure 4.2. Effect of socket thickness to the contact pressure in COC [107]

Although reducing the thickness of the socket significantly reduces contact
pressure, it increases tensile stress on the out of the COC socket to 96.1 MPa which can
increase the likelihood of ceramic socket fracture. In this regard, choosing the thickness
of the socket depends on multiple factors, which should be studied sensibly.

Similar behaviour is consistent with polyethylene liner thickness in MOP and
COP. P. Triclot et al. [170] believed thickness of the polyethylene liner should not be
less than 8 mm to limit the effect of the stress, fracture, fatigue and delamination of the

liner by metal or ceramic balls while this thickness affects the size of the ball.

Table 4.3 Study the effect of radial clearance and thickness of the socket in FEA and Hertzian contact theory[107]

Contact half-angle Maximum contact

Ceramic (deg) pressure (MPa)
Radial insert
clearance  thickness  Finite Finite
(um) (mm) element Hertz element Hertz
40 2.5 20 14.6 40 94.1
40 5.0 17.5 14.6 80 94.1
40 7.5 15 14.6 90 94.1
20 5 22.5 18.4 50 59.3
80 5 12.5 11.6 140 149.0

4.1.2. Size of the Ball
P. Triclot et al. [170] believed a bigger head increases the head-neck ratio hence
the Neck-Rim impingement was delayed therefore implant ROM was increased.

Furthermore ball needs to be separated more than the radius of the socket for dislocation
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where the ball with larger diameter increases the range of subluxation before dislocation
occurs [171]. Burroughs et al. [172] in his experimental study found, the ball with more
than 32 mm diameter increased the ROM and also reduced the risk of dislocation
significantly.

Some authors [173, 174, 175] believed when the size of the balls were increased
in COP and MOP, the wear rate of the polyethylene was increased. This was due to the
increase of the contact distance and related speed in comparison with the smaller ball.
Indeed the material of the ball is important while ceramic ball makes 50% less wear on
the polyethylene than metal ball. BM. Wrobleski et al. [176] believed 22.2 mm diameter
MOP caused the same wear that 32 mm COP did. As it was mentioned earlier,
increasing of the liner thickness reduces the maximum size of the ball i.e. the socket
with 58 mm diameter (8-10 mm polyethylene thickness, 3-5 mm metal-back insert) can
receive the ball with 28 to 36 mm diameter. However HCLUHMWPE with thinner
profile not only receives the balls with larger diameter up to 42 mm which improved
COP and MOP in terms of dislocation but also shows a better mechanical behaviour in
vivo [177, 178] and vitro [179-181].

When eliminating the polyethylene liner in MOM and COC, the size of the ball
can be significantly increased (Figure 4.3). Available MOM and COC prostheses in the
market have the balls with diameters up to 58 mm and 48 mm respectively which are
more similar to the natural size of the femoral head of mean 48.4 mm in male [182].
AG. Rosenberg [183] believes in terms of increasing the stability of the prostheses the
ball with diameter of 36 mm and above is needed. Dislocation in 28 mm COC was 4.5%
while this is just 1.8% in 36 mm COC [184]. Furthermore 36 mm diameter ball in COC
did not cause higher wear rate comparing with 28 mm one [185].

Although MOM comes with biggest possible size of the ball hence is the most
stable prosthesis in the market, the risk of releasing ions facing this prosthesis with
some difficulty, which was explained in 2.5.3.3.2 and 2.5.4.

Eric Mark et al. [186] compared 28mm diameter ball with 38 mm one in vivo
and found that the ROM was not improved with increasing the diameter of the ball. This
is in contrast with studies in vitro [172] where 38 mm ball has 7° and 12° ROM more
than 32 mm and 28 mm, respectively. However in this study head-neck ratio was at
least 2 [187] and Neck-Rim distance did not exceed 25 mm [188, 189] hence the
absolute size of the ball may affect stability of the joint but does not affect ROM unless

Neck-Rim or/and Neck-Ball ratio are considered.
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Figure 4.3. Comparing the size of the ball in different hip prostheses [63].

4.1.3. Radial Clearance

Radial clearance between ball and socket has been addressed as a variable value.
From 1977 to 1993 radial clearance was chosen between 7 um to 10 um [190, 191]
while in last two decades relatively larger range of radial clearances, 5 pm to 86 pm
[25, 107, 116, 192, 193] have been addressed. Larger radial clearances enable
unmatched balls and sockets to be used. Furthermore cost of manufacturing can be
reduced as well. However as it was explained earlier in 2.5.3.4, increasing the radial
clearance, Cy, decreased, h,,;, and A (Figure 2.21 A and C) at the same time it
decreased the conformity of the ball and socket, which can disrupt the lubrication
regime. Therefore a large value of “C,;” leads the prosthesis to the boundary regime and
a low value to the EL. In this regard, radial clearance should be in the safe margin and
depends on design of the socket, size of the ball and also material in use.

Mak et al. [107] also studied the effect of radial clearance on contact stress and
contact area regardless to the lubrication fluid behaviour. The study showed that the
reduction of C; increased contact area and therefore contact pressure decreased

significantly. This is shown in Table 4.3 and Figure 4.4.
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Figure 4.4. Effect of socket thickness to the contact pressure in COC [107]
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4.2. Finite Element Method (FEM)

In order to analyse a mechanical problem, mathematical models called
governing equations are defined. The resulting model is usually deferential equations
with sets of initial and boundary conditions. In similar engineering problems, there are

two kinds of variables that affect a system.

e The first type of variables defines the material behaviour such as Elastic
modulus, Poison ratio, Viscosity etc.
* The second type of variables presents the outside situation or its impact to the

object such as external forces, moment of inertia, pressure, temperature etc.

Every differential equation contains both of the aforementioned variables, which
will be explained in detail. If differential equations have an exact solution, then the
result will be exact. However, there are many difficult problems for which there is no
exact solution. Also some other problems are very difficult to solve or computationally
very expensive due to their complexity or initial and boundary conditions. In this
scenario numerical methods have been used to find solutions, which are approximation
to the exact solutions.

In contrast with exact solution method, which gives the absolute result in every
point of indiscrete domain of equation, numerical method can provide approximations
to the absolute result in discrete domain. In this regard, the domain of the differential
equation is divided into the pieces (piecewise approximation). Each part is called
element and each vertex of an element is named node. Numerical methods for solving

the differential equations are mainly categorised into two groups:

* Finite Difference Method (FDM): In this method a differential equation of each
node is written and derivatives are replaced with difference equations, hence the
result will be linear in specific time. This method can solve simple mathematical
problems.

* Finite Element Method (FEM): In this method a differential equation of each
element considering its solved interpolation equation and other applied
equations are studied. As a result of the approximation for all elements, general
mathematical equation can be obtained which will be replaced with linear or

nonlinear algebraic system.

86



FEM is a numerical method solution which is applicable to the most of the
engineering problems such as analysing stress, thermal conductivity, fluid,
electromagnetic etc. R. Courant [194] developed this method in 1943. He utilized
the mathematical equations to find the solution for vibration systems. The next step
was done with M. J. Turner [195] who applied this method in Boeing in 1950’s
where FEM used for analysing the wings of the airplanes. M. J. Turner et al. [195]
developed a numerical analysis and published a paper with title “stiffness and
deflection of complex structures”. Some years later R. W. Clough [196-200]
transferred this technology from aerospace engineering to a wider field of
engineering. However until 1970’s FEA was being only used in aeronautic and
mainframe computers owned by automotive, nuclear and defence industries due to
the expensive cost of the computer in that time. With dramatic decreases of

computer cost, the usage of FEM has spread widely in the engineering sciences.

4.2.1. Differential equation in geometrical problem
As it was explained, governing equations of the geometrical problem is usually

deferential equations with sets of initial and boundary conditions. This chapter with a
simple example tries to with solving the mechanical problem with FEM method
explains this method.

Figure 4.5 illustrates a trapezoid beam under horizontal force of P. Stress of
Figure 4.5c is defined in Equation (4.1) where A(x) is the cross section area in the
distance of x from 0 to L where ¢ is a thickness of the beam, which is calculated by

(4.2).

P

7w

(4.1)

Alx) = [W1 + (Wzlwl)x] t. 4.2)
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Figure 4.5. Trapezoid beam under horizontal force of P: a) 3D view b) length (L) and Width (W) are shown c)
Displacement corresponding to the differential of the cross section

If changing length is defined as du, the strain is defined in Equation (4.3). From

Hooke’s law we have Equation (4.4).

du

= (4.3)

o= E¢ (4.4)

Replacing Equation (4.1) and Equation (4.3) in Equation (4.4) will result in
differential equation of this problem defined by Equation (4.5), which is a first degree
differential equation and can be solved easily. This equation can be solved with

numerical methods of differential equation solution as well.

P du du

In this study, the differential equation is solved to obtain the result of whole
model while in FEM, differential equations of every element will be solved instead of
entire model. Weighted residual methods are among the most common methods in
solving the numerical solution of differential equations. The solution is based on

postulated results which should meet initial and boundary conditions; thus the result is
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not an exact amount i.e. the residue always exists. This method solves through
collection method, subdomain method, Galerkin method and least square method.

In general steps of the FEM are as follows:

1. Discretize a domain of the governing equation to the piecewise domain.
Define shape functions for every element.

Define the equations for every element.

Assemble the elements and find the general equations for the model.
Apply initial and boundary conditions.

Solve the general equations of the model.

NS RN

Carry out post processing and find other important information.

4.2.2. Discretize a domain of the governing equation to the piecewise domain
Regarding to the condition of the problem, the domain of the differential

equation can vary. For example in Equation (4.5) in Figure 4.5, a domain of differential
equation (x) is a distance between 0 to L. Hence, the domain of this equation contains
the whole physical range of the model. In this equation, we denote the applied force by
P and a displacement, which is the answer of the question, by u. In other words the
result of this equation shows a displacement in every point of trapezoid beam during the
applied load of P. studying of this example in FEM only provides an approximate
solution to some discrete points in the domain (approximated domain), which is
illustrated in Figure 4.6. The points are known as nodes and the area confined between
the nodes are called elements. In this regard, instead of solving the equations in all
points of the domain, the equation will be approximately solved in the nodes and the
final result for the whole domain will be suggested with solving the interpolation
equations. The number of effective variables in every node of the system is called
degree of freedom (DOF). For example in Figure 4.5 the model has 1 DOF, which is the

displacement (U) in x-axis and the result of the differential equation.

Approximated

Domain p
domain

=

FEM

Figure 4.6. Domain and Approximated domain
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In Figure 4.5, x domain is between 0 to L. Figure 4.7 discretizes the continuum
domain to 4 elements and 5 nodes in one-dimension scale. Figure 4.8a and 4.8b show
this element which contains 2 nodes, i and j. Both nodes have one DOF which is a
displacement in x-axis. The relationship is defined in (4.6) and (4.7). The symbol of e
on {U}¢ and {F}¢ means that these relationships belong to the nodes of each element. U;
and U; are displacements in node 1 and j, and F; and F; are applied forces to these nodes,
respectively. F; and F; are external forces applied to one element when all elements are
integrated into an entire model, these node forces cancel internally and are therefore not

considered.

P 2 3 4 5 Pj1 2 B 4 @ 5 P
1/j)5>1 }/13()2()3)()

Figure 4.7. Discretised Trapezoid domain of Figure 4.5 to 4 elements and 5 nodes in one-dimension scale

vy ={U;,U;} (4.6)
{F}¢ = {F; ,F;} 4.7)
hl‘ j b ;I_ j »
Ui ’ Uj ’ Fi ’ Fj ’
a b

Figure 4.8. 2 nodes of 1D element: a) U; and U; are displacements in node i and j b) F; and F; are applied forces to
node i and j

2D and 3D elements have more nodes and depend on the existing variables (i.e.
forces on x-axis, y-axis, z-axis, moments and respective displacements) have different
DOF. For example {U}¢ and {F}¢ in Figure 4.9a and 4.9b and Figure 4.10a and 4.10b
mentioned in (4.8), (4.9), (4.10), and (4.11) respectively.
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Uj2 Fi2 Fj2

. Ui2
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a b

Figure 4.9. 2 nodes of 1D element with 2 forces and moments a) U;y , Ujz , U3, Uy, Uj, Ujs are displacements in node
iandj b) Fi1, Fip , M;, Fjq, Fj, M are applied forces and moments to node i and j

e
(U} = {Ui1, Uiz, Uiz, Uj1, Uj, Uy} (4.8)
e
{FY¢ = {Fiy, Fiz, My, Fj1, Fyo, M;} (4.9)
f i
a
Un2 Um2 Fn2 Fm2
-~ -~ -~ -~
Un1 N n m %Um1 Ent , n m y Fm1
b
Ui1 Fi1 4
>Li 9 %Uj1 #Li 3] » Fil
Ui2 Uj2 Fi2 Fj2
a b

Figure 4.10. 4 nodes of 2D element with 2 forces to every node a) Uiy, Uiy, Ujy, Ujz, Up1, Unz , Uy, Upyp are
displacements in node i, j, nand m b) Fj; , Fiy , Fj1, Fjp, Fr1, Fna , Fin, Fip are applied forces to node i, j, n and m

{U}e = {Ull ) ULZ ) Ujll Uj21 Unl ) Unz ) Uml' UmZ} (410)
{F}* = {Fi1;Fi2’F}'1:P}'2’Fn1'Fn2:Fm1:Fm2} .11

4.2.3. Definition of shape functions for every element
Shape function is the function that finds a solution of every point in one element

corresponding to the value of nodes. Therefore, if the values of the nodes in the element
are known, this function explores all other points in the element. In other words this
function is a simple first, second or third degree of interpolation function.

Shape function can be linear (one degree), quadratic (second degree) or cubic

(third degree) in 1D'®, 2D'" and 3D'® elements. The cubic elements are more matching

'® One dimension

7 Two dimensions
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to the real geometric domain which can be seen in Figure 4.11. For the sake of

explanation, we here describe the basic one, which is linear in 1D element as follows.

True deformation Linear element Quadratic element Cubic element
% A= % :: %\O M

Figure 4.11. Linear (one degree), quadratic (second degree) and cubic (third degree) Shape functions in FEM

4.2.3.1. Linear shape equation in one dimension element
As explained before, the displacement of node 1 and j were shown by U; and U; .

Displacement in every point of the element is shown by u® written as a linear function
(4.12) where ¢; and c, are unknown constants and X is a position vector in relation to

the coordinate system.
u® =c; +cX (4.12)

With replacing the nodes values in (4.12) the following equations are defined with

Equation (4.13) and Equation (4.14):

Ui =C1+C2Xl' (413)
U] = + Csz (414)

With solving of linear system of Equation (4.13) and Equation (4.14), ¢; and c, are
explained with Equation (4.15) and Equation (4.16) respectively.

Ui Xi—-U;X;
= (4.15)
Uj—Ui
c, =21 4.16
27 x-x; (4.16)

Therefore, displacement distribution along the element can be written in (4.17).

"% Three dimensions
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_ Uin—Uin Uj—Ui
Xj_Xi Xj—Xi

e

u X - ue=(j .>Ui+(x‘—xi_>Uj 4.17)

From (4.17), shape function of S; and S; are shown in Equation (4.18) and Equation

(4.19), respectively where [, is a length of the element.

Y — 2
S; = P (4.18)
X—Xi _ X—Xi
S =%x T 1 (4.19)

Hence displacement distribution along the element can be formulated in (4.20)

or the matrix shape of (4.21).

U.
we = (S S (U‘_> (4.21)
j)

Shape functions have three interesting features, which are presented as follows:

* In every node of the element, one shape function is equal to 1 and the

other one is equal to 0. ((4.22) and (4.23))

SilX:Xi == ;Xl = % =1 SilX:X]- = Xj;Xj = % =0 (4.22)
* Summation of the shape functions is equal to 1 (4.25).
e | (4.25)
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* Summation of their derivatives respect to X equals to 0 (4.26).

=0 (4.26)

Normally increasing the shape function degree to 2 or 3 increases the accuracy
of the interpolation functions as well as more conforming of the elements with the
whole model feature (Figure 4.11). In this regard one or two nodes need to be added to
the each 1D element respectively, because for solving the second degree equations at

least 3 known points and for third degree equations, 4 known points are required.

4.2.4. Definition of equations for every element
Always applying a force to the element changes the value of the nodes in that

element. The relation between force and nodes value is shown in (4.27). In this
mathematical relation, [K]¢ is named a stiffness matrix which is the most important part
in FEA. In other word, finding the stiffness matrix is equivalent to the solution of the
problem in domain of one element. Let {F}¢ be the force vector and {U}¢ be

displacement vector.

{F}* = [K]*{U}* (4.27)

There are three methods to find [K]¢ which are: 1) direct stiffness method, 2)
minimum potential energy method, and 3) weighted residual method. In this chapter,
direct stiffness method will be explained due to its application to the underlying

problem.

4.2.4.1. Direct stiffness method
If one of the elements in Figure 4.5 is given, the stress and strain of this part are

defined in Equation (4.28) and Equation (4.29) respectively where [ is the length of the

element.

F
o=~ (4.28)
e= N (4.29)
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With replacing of Equation (4.28) and (4.29) in Equation (4.4) (Hooke’s law),

Equation (4.30) is formulated where E is elastic modulus.
F
o=Fe => L=f% => F=(%)al (4.30)

Corresponding to Figure 4.8a Al can be defined with Equation (4.31) and due to the

equilibrium of the element in Figure 4.8b, Equation (4.32) is explainable.

Al

U — U 4.31)

Fy = —F, (4.32)

Substituting Equation (4.31) and Equation (4.32) in Equation (4.30) results in Equation

(4.33) and the matrix form of this equation can be written as (4.34).

N
I

—F, = (%) W, — Uy (4.33)

=210 7 (4.34)

Respecting to (4.27), the stiffness matrix for this element is formulated with

(4.35).

[Kle =2F | 1 _1] (4.35)

4.2.5. Assembling the elements and find the general equations for the model
When the stiffness matrix of the element is computed, all elements of the model

should be assembled together to find the stiffness matrix of the entire model. Figure 4.7
discretizes Figure 4.5a to 4 elements and 5 nodes and (4.35) is the stiffness matrix of
every element in this model. Therefore, the stiffness matrix of the first element in this
model is presented in (4.36), and (4.38) shows the position of this matrix in the whole
model stiffness matrix, respecting to the all nodes DOF. (4.37) is a DOF vector in this

model.
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k=281 ] (4.36)

rl-1 1
{uy=1[U, U, U; U, U5]T (4.37)
1 -1 0 0 01U
L1 1 0 0 ofU2
[K]“G):% 0 0 0 0 0|Us (4.38)
0 0 0 0 ofU,
0 0 0 0 oly,

Furthermore, the positions of the second, third and fourth elements stiffness

matrix are presented in (4.39), (4.40) and (4.41) respectively.

0 0 0 0 0 gl

6y g 0 1 -1 0 ofU:
[KIe9 =221 0 -1 1 0 0|Us (4.39)

o0 o o o oflu,

o 0o 0 o oly,

0 0 0 0 0 51

- a0 0 0 0 0V
[KIG? =220 0 1 -1 0 |Us (4.40)

00 -1 1 o0]fu,

00 O 0 0y,

00 0 0 O gl

o apl0 0 0 0 0|
[KI4®="=10 0 0 0 0f Us (4.41)

o0 0o 1 -1|u,

o0 0 -1 1y

Stiffness matrix of the entire model is the summation of all elements stiffness

matrices. (4.42) is the stiffness matrix, [K]©, for entire model in Figure 4.5 which was

separated by four 1D elements. This can be written with (4.43) where K; = 4E

(K19 = [K1'¢ + [K]*¢ + [K]*¢ + [K]*¢ (4.42)
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K, —K; 0 0 0
-K, K +K, —K, 0 0
[K]® =] o ~K, K,+Ky —K; 0 (4.43)
0 0 -K;  K;+K, -K,
0 0 0 —K, K,

4.2.6. Apply initial and boundary conditions
When [K]© is computed, the application of the initial and the boundary

conditions to the models leads to DOF of the model (i.e. the value of nodes
displacements). The relation between total stiffness matrix, displacement and applied

forces is shown in (4.44) where G denotes this relation is for the entire model.

{F}¢ = [K]°{U}° (4.44)

Equation (4.44) is a basis of the most static problems where {F} can be force,
heat, charge etc. [K] may denote stiffness, conductivity, viscosity etc. and {U} is usually
the answer of the equation which can be displacement, temperature, velocity etc. Figure
4.12 summarizes all. In a static system, time is not considered while in reality all
systems performing dynamically where time is addressed. However, if the application
of the load or displacement was slow enough, system is assumed to behave statistically
where the inertial forces were neglected. Dynamic system needs more complex
equations, which is not the concern of this study. For dynamic analysis of the hip joint,

we refer to El'Sheikh [201] and Senalp [202].

Unknown
Property [K] Behavior {u} Action {F}
Elastic stiffness displacement force
Thermal conductivity temperature heat source
Fluid viscosity velocity body force
Electrostatic dialectri permittivity \ electric potential/ Charge

S/

Figure 4.12. Different parts of Governing equation in static system
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In Figure 4.5, the external force, P, is applied to the end of the Trapezoid beam.
Therefore a force (actually P) is applied only to the fifth node of the elements in Figure
4.7. Therefore, the force matrix can be written in (4.45). Furthermore, the first node in
Figure 4.7 is unable to have displacement due to the attachment of the beam to the wall

leading to U; = 0 hence (4.46) is a general equation for this model.

0
0
{F}=40 (4.45)
0
P
1 0 0 0 01 (Vs 0
K, K +K, -K, 0 0| |U; 0
0 K, K,+K; —K; 0 |{Us%=X0 (4.46)
0 0 -K, K:+K, -K,||U, 0
0 0 0 —K, K, \Us p

4.2.7. Solution of the general equations of the model
The final step in FEM is to solve the general equation of the model. In the

example of Figure 4.5, if £ = 10.4x10° —_ P =1000N, w; =2m, w, =1m,
t = 0.125m and L = 10 m from Equation (4.2), the cross section area of the Trapezoid
beam along x is provided by Equation (4.47). Therefore, cross-section areas of the

model in five mentioned nodes in Figure 4.7 are as follows. A; = 0.25m?, A, =

0.21875m?,A; = 0.1875m?, A, = 0.15625 m? and A5 = 0.125 m?.

A(x) = [w1 + (WZ‘Lwl)x] t= [2 + (11—‘02)x] (0.125) = 0.25 — 0.0125x (4.47)

Cross section area of one element is equal to the summation of the cross section
AjtAijy

areas of its nodes divided by the quantity of them where in this example A = .

If L = 10 m, every node in Figure 4.5 has the length of 2.5 m and the stiffness matrixes

(K; = %) of the four elements in this figure are as following: K; = 975x103 %,

K, = 845%x103 %’ K; = 715x103 % and K, = 585x103 % and the matrices are as

following. Assembling these matrixes results in the general equation matrix of this

example in (4.48).
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1 _ .n3[ 975 =975
[K]* =10 [—975 975
2 _ .~3[ 845 —845]
[K]* =10 [—845 845 |
s .n3[ 715 =715
K] =10 [—715 715 |
4 _ 3 [ 585 —585]
[K]* =10 —585 585 |
975 —975 0 0 0
—975 975 + 845 —845 0 0
[K]€) = 0 —845 845+ 715  —715 0 (4.48)
0 0 —715 715+ 585 —585
0 0 0 —585 585

Having taken the initial and boundary conditions of this example into account,

the general equation of this example is developed in (4.49).

1 0 0 0 0 Uy 0
—975 1820 —845 0 0 U, 0
103 0 —-845 1560 —715 0 U;p=<{ 0 (4.49)
0 0 —-715 1300 —585]| |U, 0
0 0 0 —585 5854 \U; 103

Solving the general equation (4.49) leads to the results which are displacement

of every nodes in Figure 4.7 as follows:

U =0m

U, =0.001026 m
U; =0.002210 m
U, =0.003608 m
Us = 0.005317 m

4.2.8. Post processing and other important information
In terms of post processing, other important information can be obtained by

model stiffness matrix. For example, the average stress of every element in Figure 4.7
can be defined by Equation (4.50). Hence the stress of the four elements are obtained as

following:
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0= Ee=F ("5 (4.50)

E (%) = 4268
E(%12) = 4925
E (%) = 5816
E (%) = 7109

4.2.9. FEM with Abaqus software

Abaqus software analyses models with FEM. From sketching the geometry of

the model to analysing, there are 9 modules, which are briefly explained here:

4.2.10.

Sketch module: This module enables us to sketch the geometry of desired
models.

Part module: With this module different parts of the model are made in 2D or
3D.

. Property module: This module defines the properties of the material(s) is/are

used in the parts.

Assembly module: With this module the parts can be sit together, in other words
this montages the model.

Step module: Different types of analyses are explained in this module.
Interaction module: This module defines a type of contact between different
surfaces.

Load module: Initial and boundary conditions are set in this module.

Mesh module: When the above 7 steps have been done; this module discretizes a
domain of the model.

Job module: In this module, a completed finite element model is transferred to

one of the analysers i.e. Abaqus/Standard or Abaqus/Explicit.

Different types of elements in Abaqus software
In Abaqus, elements can be categorised with their dimensions or the method of

analysing.

Elements in terms of dimension divided to 1D, 2D, 3D and in terms of analysing

are divided to the following:
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* Stress-Strain elements

*  Coupled Temperature-Displacement
* Acoustic

* Cohesive

* Continuum shell

* Heat transfer

* Piezoelectric

* Pore Fluid/Stress

* Thermal electric

e User defined

To analyse our model in this research, 3D elements are chosen with Stress-Strain
analysing. DOF in this type is displacement and chosen elements are quadric continuum
elements with the name of C3D20R in Abaqus. This name in Abaqus shows the
information of the element. For example in the aforementioned element, C means
Continuum, 3D means three dimensions element, 20 is the number of the nodes in every
element and R means reduced integration. If this element is changed to the linear one
number of the nodes reduced to 8, hence the name of the element will be C3D8R.
Reduced integration means, the number of the chosen points for calculating of
integration is reduced. This increases the speed of calculation but slightly reduces the
accuracy of computation. There can be some other elements in naming of the element
for example C3D20RHT, where H means hybrid which is used when the model is not
dense, and T means this element is used for coupled temperature-displacement.

However because it is not our concern in this study will not be explained further.

4.3. Hertzian Contact Theory

As explained in part 2.5.2.1, the best method to study the contact mechanic
behaviour of the hip prostheses is FEM, however the first approximation in analytical
solution can be based on Hertzian contact Theory [203] which is both explained in this
chapter and used to analyse EL phenomena in Chapter 7.

When any two curved surfaces contact each other, the contact initiates with
point or along a line. With a small load, elastic deformation spreads these into contact
areas and the load is distributed as a pressure. This is first explained by Hertz in 1881
[203] based on four assumptions, which are:

1. Material should be homogeneous, isotropic and linear elastic
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2. Contact surfaces should be smooth and frictionless

3. Contact surfaces should be continues and non-conformed

4. Contact radius should be much smaller than radius of the surfaces are in
contact.

In our study there is a contact of the ball and socket which is named conformal
contact and also EL contact which is not conformal contact and basically ball is
contacted with smaller ball which is the chamfer part of the edge of the socket. In this
regard just the spherical contact of Hertzian contact theory explained in this dissertation
and parallel or inclined axis cylinders are not explained further.

If elastic sphere 1 with radius of R, pushed to the sphere 2 with radius R, with
force of W (Figure 4.13), the contacted area will be circular with radius of (a) this can
be defined by Equation (4.51). The effective contact modulus E’ is defined in Equation
(4.52) and R which is the effective radius of curvature, is defined by Equation (4.53)
where convex curvature (ball in our study) has a positive radius and the concave one
(socket in our study) has negative radius. Equation (4.52) and Equation (4.53) can be
rewritten as following when they apply to the ball and socket of our study. v and E are
Poisson’s ratio and Young’s modulus, respectively and Cy = Ry — Rpeqq 18 the radial

clearance between ball and socket [60].

3WR 1,

a ={—}" 4.51

sy (4.51)
1 1-v?  1-v2 1 1- v? 1-v%,
L= 1 2 N = = head 4 P (4_52)
E Eq E; E Ehead Ecup
1 1 1 R Rhead R R +C
1141 N R = —cupthead _ head(Rhead+Cd) (4.53)
R R Ry Rcup—Rhead Ca
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Figure 4.13. Elastic sphere 1 with radius of R4 contacts with force of W to the sphere 2 with radius R, and made
circular area with radius of (a)

The result of the distributed pressure P(7) is presented as a semi elliptical, it is
shown in Figure 4.14 and calculated with Equation (4.54). The mean pressure, P, is

defined with Equation (4.55), which can be rewritten in the favour of finding P,.

Po

p(r)

Figure 4.14. Contact of 2 surfaces result of the distributed pressure P(7) as a semi elliptical

P(r) = Py |1— Z—z (4.54)

3Py _ 3W
2 2ma?

P,=20= 2= - Py = (4.55)
From Equation (4.51) and Equation (4.55) we can have Equation (4.56), which

helps us to find P, without having to consider the contacted area of a.

6WE/?

Po = (s} (4.56)
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Proof:

p. = 3w _ 3w _ 3w
0= 2 3WR 1., 9W2R2
2ma 21-[({W} %) 2mf - 15
3 3 12 12 ,2
P 3 _ 27W __ 27W°>x16E __ 3W=x2E -~ P. = 6WE' |1,
0o - 83 x9W2xR2 - 87.[3*9W2*R2 - 7T3*R2 - 0 — { 7T3R2 }
16E"%
a H b
w A

- g
S &

Figure 4.15. Application of Hertzian contact theory to a) Ball-on-plane b) Hip prosthesis [60]

4.3.1. Analysis of EL with Hertzian Contact Theory
Hertzian theory validated FEA [107] while this method is more applicable to the

EL condition than the normal condition. This is due to its closer condition to the main
four assumptions of the Hertzian contact theory. The first two assumptions are mainly
related to the material of the prostheses, where ceramic in both studies can closely meet
the assumptions, however assumptions three and four mostly meet the EL condition
more than the normal one. Firstly, this is due to the fact that in EL condition, the ball is
not conformed with edge of the socket (which is the reason of the EL). Although in both
cases surfaces are not continues, in EL condition the ball surface can be assumed
continuous with respect to the surface of the contacted area but this is not the case for
edge surface or for conformal contact in first case where the surfaces were conformed
and non-continues. Secondly, a ball with much bigger radius (i.e. 24 mm) contacts the
chamfer of the edge has a radius of almost one-tenth of the ball radius (i.e. 2.5 mm).
This meets the Hertzian fourth assumption for ball surface in EL condition but not in the
normal condition.

Nevertheless part 5.2 explains a novel hip prosthesis that accommodates ball

with conformal contact area of the socket, which ideally can prevent EL. In this regard
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Hertzian contact theory less applicable to study of this prosthesis during EL condition,
because the new design provides similar condition that the conformal contact of the ball
and the socket does before EL; hence the same limitation would be existed. This is more

explained in Chapter 7.
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Chapter 5 ¢ Design of Hip Prostheses

As mentioned in Chapter 3, many factors contribute in the occurrence of EL
while some of them can be limited with improving the surgical technique, well
positioning of the prostheses or patient’s activities. However other ones have not been
improved yet. The problem such as microseparation happens with every walking cycle
and causes EL. In this regard, scientists have been investigating EL with different
techniques such as those explained in Chapter 3 and Chapter 4. Nevertheless; in all
circumstances, solution of EL may only be, change of the material and/or design of the

prostheses [25, 39, 107]. Mathew Mak et al. [25] states:
“Potential solutions to this problem lie in alternative material and design”

In terms of material; ceramic has shown the most reliable behaviour during
normal and EL conditions with the lowest wear rate and highest biocompatibility among
all today available prostheses. Furthermore as discussed in 3.1.3, AMC as a gold
standard ceramic material has the best mechanical behaviour comparing with other
available COC. Although we hope future science develops a new material that shows
even better mechanical properties than AMC, it seems it will be unlikely to solve EL
without modifying the design of prostheses. Moreover, we believe a modified/new

design can solve the problem even with the available materials.

5.1. Important factors in conventional hip prostheses
The most effective factors in design of the hip prostheses which were explained
in methodology of designing in Chapter 4, are summarised below:

* Increasing the chamfer radius decreases the EL stress [25, 106] but coincidently
reduces the ball coverage which can make the joint unstable and promotes EL
occurrence. 2.5 mm chamfer is usually chosen by manufacturer and scientists
[25, 107, 206, 207]

* According to Part 4.1.1.2 when the thickness of the socket was decreased below
5 mm, the effect of the contact pressure and Von Mises stress are reduced but
tensile stress would be increased significantly which was a reason of a crack in
COC [107]. This is in line with Ceramtec decision in using of the socket with 5
mm thickness for their Biolox delta prostheses [102,103, 204, 205, 206].
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* Higher ratio between neck and ball increases ROM and the bigger ball can
stabilise the joint. Nowadays there are hip prostheses with the maximum size of
60mm in MOM and 48mm in COC [170].

* Increase in Cy, decreases h,,;, and A (Figure 2.21 A and C) and at the same time
decreases the conformity of the ball and socket which can disrupt the lubrication
regime. Therefore large value of the “C,” leads the prosthesis to the boundary
regime and the low value to the EL. CeramTec [204] addressed the radial
clearance of 40 um as the most reliable Cy, for their COC with 28mm to 48mm
diameter balls [25, 107, 204, 205, 206].

All the above features can improve performance of the hip prosthesis in terms of
effecting on EL. However, they cannot solve it yet. Biolox Delta which
considers all above features show the best performance in terms of mechanical
behaviour between all available hip prostheses in the market while EL in this
prosthesis still shows significant wear rate in comparison with prostheses with
no EL (Figure 3.12, 3.13 and 3.14). Therefore, the presence of EL is still
affecting the prostheses significantly unless the ball is restricted to the radial

clearance which may disable EL.

5.2. Novel design

Part 5.1 explained important factors in designing of the hip prosthesis in terms
of reducing the effect of EL and improving the mechanical behaviour of the prostheses
during patient’s activity. Considering these factors and understanding EL. phenomena,
which were explained in depth in Chapter 3, paved the way to invent a new hip
prosthesis that is patented with PCT number: PCT/GB2015/052933 and published with
International Publication Number “WO02016/055783A1” with Title of “AN
ACETABULAR CUP FOR A HIP REPLACEMENT JOINT” (Appendix D). The
Invented Model (IM) feature is explained in this chapter and will be tested, analysed
and compared with the best available prostheses in the market in Chapter 6 and 7.

As explained earlier, EL occurs if the ball loads the edge of the socket. For this
purpose; firstly the ball should be able to get enough distance from the centre of the
socket for loading the small area of the socket’s edge (Formula (3.1)) and secondly the
ball must reach to the edge of the socket. In this regard, limiting these two factors were
the main objectives in devising the IM.

The IM is designed with minimum changes applied to the features of the

conventional prosthesis, which are known to be reliable and simultaneously obtains the
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maximum improvement in mechanical behaviour of the prostheses in terms of EL.
Furthermore the ease of use, practicality and simplicity of the IM encourage
manufacturers, surgeons and patients to appreciate the design and facilitates the way of
being accepted as a new hip prosthesis in the market. The IM is designed to be very user
friendly, in this regard the IM preserves the main structure of conventional model (CM)
prostheses and just a tiny ring is attached to the main socket in specific way which is

explained in following.

5.2.1. Features of the IM
In IM, only an acetabulum component is modified and the ball remains as it was

in all other hip prostheses. The ring of the IM effectively continues the inner surface of
the main socket with no interruption, to narrow the opening area of the IM socket. This
feature stops the ball from coming out of the socket. The end face of the main socket
(Figure 5.1b) and the corresponding face of the ring (Figure 5.1c and 5.1¢) are provided
with complimentary alignment features to align the ring with respect to the main socket.
This alignment feature is in the form of a circumferential rib and groove extending
around the circumference of the ring and the cup respectively to joint these two
together. The attachment of the groove and the rib (Figure 5.6d) could be done by
biocompatible adhesive (Loctite made by Henkel-Germany) for all IM prostheses or
simply press fitting if they are made of metal (i.e for MOM). In terms of using the
adhesive, the rib and groove have enough spaces between the bonding surfaces for
placing the adhesive. Having a number of these surfaces increases the bonding strength
significantly. These are shown in Figure 5.1d and Figure 5.2b. In terms of press fitting,
the rib may be slightly larger than the groove or provided with some barbs (Figure 5.1e
and Figure 5.1f) to undergo plastic deformation and lock the main socket to the ring and
makes the complete IM socket. Press fitting is possible with or without using of
biocompatible adhesive. In press fitting, adhesive can be placed between the spaces
which are between barbs and/or the end surfaces of the ring and groove.

The face of the ring is flat with the same slope of the neck in the time of meeting
the ring in extensive motion of the hip. Therefore neck and ring are conformed in this
occasion. Furthermore the inner (Figure 5.2¢) and outer (Figure 5.2d) edges of the ring
at the end of the ring have convexly curved chamfers. This feature prevents the contact
of the sharp edge to the neck or ball interiorly and eliminates the risk of contacting of
the soft tissues around a joint to the sharp outer edge of the socket in the human body

which may causes injury.
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Figure 5.1. IM a) Complete set. b) Main socket. ¢) Ring for adhesive. d) Rib. e) Ring for press fitting f) Rib with
barbs

5.2.2. Main advantages of the IM
As 1s conceived from the features of IM, the opening area of the IM socket is

smaller than the diameter of the ball hence ball cannot move out of the IM socket or
separated more than radial clearance in all directions. This limitation not only solves the
dislocation problem but also increasing the coverage area, and prevents the ball from
meeting the edge of the socket. Furthermore, dispersing the load to the wider area (ring
circumference) significantly reduces the stresses which possibly prevents EL or
significantly limits it. In comparison with conventional prostheses the reduction of
stress in the IM is postulated either during normal activity where microseparation is
inevitable or during Rim-Neck impingement. The next chapter explores this hypothesis
further.

The flat surface of the ring enables the neck to contact a more conformed

surface of the ring and the load will be distributed respectively across the surfaces more
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than on the point on the edge. The inner chamfer of the ring (Figure 5.2c) effectively
eliminates the impingement of the ball and the neck to the sharp edge. The outer
chamfer (Figure 5.2d) makes smoother contact of the IM socket with human tissues as
well as the neck. The radius of the chamfer is small to leave maximum contact area
during Neck-Ring impingement (Figure 5.3).
The low profile nature of the IM ring has following advantages:
1. The size of the ball can be maximised for any given anatomy.

The cost of manufacturing is minimized.

Simple design is more acceptable for manufacturer, surgeon and patient.

Sl

Makes it applicable to all kind of hip prostheses with any size, though it is more
preferable for MOM and COC with reasonably larger size of the ball.
5. ROM is maximised and just decreased about 10% (Figure 5.3) in comparison

with CM (Figure 5.4).
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Figure 5.2. Schematic of IM in detail which are sketched with Solid Work. a) Complete IM prosthesis b) bonding
surface tolerance in COC c) Inner chamfer of the ring d) Outer chamfer of the ring e) ring in detail
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5.3. Range of Motion in IM and CM

The schematic and range of motions of the IM and conventional hip prostheses
(Biolox Delta COC) are shown in Figure 5.3 and Figure 5.4 respectively. The size of the
IM ball is 48mm which is the maximum size of the ball which has been used in COC
(Biolox Delta made by Ceramtec) with radial clearance of 40um. IM and Biolox Delta
48 mm Alumina-Zirconia which is the best available hip prostheses in the market, are

compared and analysed under same condition in Chapter 6 and 7

Figure 5.3. Dimensions and range of motion in 48mm IM hip prostheses

Although the range of motion in IM was slightly reduced by the ring, still the
remained range of motion is more than enough for patient’s daily activities in normal
conditions. Boone DC et al. [137] believed the full range of motion of the hip joint is as
following:

* Flexion: -10° to 120°
* Rotation: -40° to 40°
* Abduction: -25° to 40°

Hence the maximum range of motion which belongs to flexion with 130° of
range of motion, is still less than ROM of the IM with 141°. Indeed this is applicable to
the normal daily activities and does not include some sports which include

hypermobility of the hip such as yoga, gymnastic and martial arts. Furthermore, the
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optimum fixation of the prosthesis in the acetabulum should be considered which was

explained earlier.

Figure 5.4. Dimensions and range of motion in 48mm Biolox Delta hip prostheses

5.4. IM Rapid Prototype

Physical examination of the prototypes showed that the design is workable and
could easily be handled by surgeons in theatre, furthermore IM and CM can be
compared in all aspects.

There are two 3D-Printing machines available in our School which are UP Plus
(Figure 5.5a) and Stratasys Objet24 (Figure 5.5b). UP Plus prints/makes the object by
Acrylonitrile-Butadiene-Styrene (ABS) plastic with minimum layer resolution of
150pum which is relatively rough. Low cost of printing is the main advantage of this
machine in comparison with Stratasys Objet24 which prints the object by rigid white
opaque photopolymers (VeroWhitePlus) with layer resolution of 28um.

The rapid prototype of IM is made with UP Plus 3D printer in the Engineering
laboratory of The University of Warwick. Three components of full IM prosthesis are
shown in Figure 5.6a when they are disassembled. Figure 5.6b shows it when they are
assembled. Figure 5.6¢ shows the face of the ring and the groove of the main socket

and Figure 5.6d shows rib of the ring which is fitted in the groove of the main socket.
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Figure 5.6. IM prototype which is made with UP Plus 3D printer in The University of Warwick. a) Dissembled IM. b)
Assembled IM. c) Face of the ring. d) Rib and groove
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Chapter 6 « Simulation of the Invented Model (IM) and the

Conventional Model (CM)

The most common method for studying contact mechanic is FEA [175] which
was explained in Section 4.2. Contact mechanics study of the hip joint is studied with
this technique due to the complexity of the geometry and material involved [176, 177]
in the prostheses. Furthermore simulating with FEA is not only cost effective comparing
with hip simulator machines, but also can comprehensively analyse behaviour of the
prostheses in different mechanical points of view and save enormous amount of time.
Indeed experimental data from the latest hip simulators that tested the hip joint under
EL conditions and Hertzian contact theory enables us to validate the results.

In this chapter the best hip prosthesis in the market [205, 207] (Biolox Delta-
Zimmer (BDZ)) is compared with the IM to find whether the design of the IM is
effective in reducing of the EL phenomenon and respective wear rate. Abaqus is one of
the most advance software packages in analysing the problems with FEM. Therefore
this software is used for this study with the same sequences explained in 4.2.8.

FEM compares IM and CM in 2 main aspects, which are:

* Analysing EL in IM and CM

* Analysing the Neck-Rim/Ring impingement in IM and CM

6.1. Defining Features of IM and CM

Important factors in designing CM are explained in Section 4.1 which are all
considered in the BDZ [207] and will be considered for simulation in this chapter. The
same aspect is considered in making IM, which is based on the given details in Chapter
5. These two prostheses will be analysed by Abaqus software. For most accurate result
with the lowest cost of time which is possible in simulation, the components are divided
to critical parts (Region 1) and non-critical parts (Region 2) where the Region 1 is in the
domain of our study and the Region 2 is not. In terms of studying EL, Region 1 will be
a close region to the latitude of the ball and the area near to the edge of the socket.
However Region 1 in Neck-Rim/Ring impingent study is the neck and the ring/rim of
the socket. During both studies usually only the half of the region 1 is under maximum
contact pressures while more than half are not, due to the symmetry feature of the

prostheses.
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6.1.1. CM Design feature
Based on Section 4.1, ball of the BDZ is sketched with diameter of 48 mm

which involves the cavity for receiving a taper 12/14.

Due to the reason explained in Section 6.1, femoral parts are divided to 5 parts
and made with sketching of 3 main features. Figure 6.1 and Figure 6.2 show the features
of the Region 1 and Region 2 of the ball, respectively. They make 2 halves of every
region. The cavity is illustrated in both regions in Figure 6.1 and Figure 6.2 is for
receiving a 12/14 taper/neck, which is the other component of the femoral part and
sketched in Figure 6.3 with slope angle of 5.66° (based on BDZ dimension which is
shown in appendix C). Femoral stem is attached to the ball through the taper. However

the stem 1s not studied in this paper due to its irrelevancy to the mentioned studies.

Figure 6.2. Region 2 of IM and CM ball Figure 6.3. Taper 12/14 in CM and IM
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A CM socket is sketched in Figure 6.4. It is made of two halves where one half
contains Region 1 and the other one Region 2. The socket inner surface diameter is
48.08um to leave 40um radial clearance for assembling of the ball. The CM socket has

2.5mm chamfer of the edge and thickness of Smm.

R24.04

Figure 6.4. Feature of the CM socket

6.1.2. IM Design feature
All femoral parts of IM are made exactly the same as the ones explained in

Section 6.1.1. The IM socket also has the same dimension of CM with 48.08 mm inner
diameter and 58.08 mm outer diameter. The IM socket includes the ring that explained
in Chapter 5. The angle between surface of the ring and the horizontal axis is 19.15° in
this study that makes conformal contact between neck and ring during impingement.
The IM socket also contains Region 1 and Region 2, which is made of 2 halves. The
feature is shown in Figure 6.5.

In both CM and IM, all parts are sketched accurately with help of variable tools
in Abaqus such as for adding different constraints to make the most desirable sockets
and ball. CM socket must have an open area with diameter of 48.08 mm. The IM socket
should have 48.08 mm diameter where the ring attaches to the main socket. However
opening area becomes 0.25% narrower with the ring therefore 99.75% of the inner
diameter, which is 47.95 mm in this study, prevents ball from coming out of the socket.
This is also sufficient to provide a reasonable contact surface between the ring and the
ball to spread the load as mentioned earlier. However, it also allows the greatest ROM
for the ball as it can move more than 141° before the neck meets the ring, which was

explained in Chapter 5.
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Figure 6.5 Feaure of the IM socket

6.2. Part module for IM and CM in Abaqus

Due to the symmetric nature of CM and IM, all components are made by the
revolving technique. In this regard, sketched parts in Figure 6.1, Figure 6.2, Figure 6.4
and Figure 6.5 are revolved vertically by 180° around the vertical line passed from the
centre point. Therefore 8 halves are made. Figure 6.6 shows Region 1 (for EL analysis)
of the ball and Figure 6.7 shows half of the region 2 of the ball. Figure 6.9 and Figure
6.10 show half of the CM and IM sockets, respectively. The other halves of these parts
are made by mirroring about x-y plane to complete the features with pair attachments.
The sketched taper in Figure 6.3 is revolved by 360° vertically around the vertical axis

passed through centre point to make the whole taper which is shown in Figure 6.8.

Figure 6.6. half of the region 1 of the ball Figure 6.7. half of the region 2 of the ball ~ Figure 6.8. The Neck
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Figure 6.9. Region 1 of CM socket Figure 6.10 Region 1 of IM socket

6.3. Properties of the material

Both models, CM and IM, are made of Biolox Delta, which is an Aluminium
oxide matrix composite ceramic that consists of approximately 82% Alumina (Al,Os3),
17% Zirconia (ZrO;) and other trace elements, such as chromium oxide (Cr,O3) which
was explained in 2.5.3.1.3. This material has shown the best mechanical and biological
performance during EL condition which was discussed in 3.1.3 in depth. Table 6.1
shows the mechanical properties of this material which has been assigned to the all
components of CM and IM in this study. However the Taper/Neck should be fitted into
taper cavity in the ball with press fitting technique, hence needs more elastic material
than ceramic. The taper of BDZ made of titanium alloy (TisAl4V), which is appointed to
the taper for this study. The property of this material is described in Table.6.2

Table 6.1. Alumina Zirconia Properties

Hardness (HV) 1925
Density (g/cm’) 4.37
Young’s modulus (GPa) 350
Fracture toughness 8.5
Poisson’s ratio 0.22

Table 6.2. Titanium Alloy Properties

Hardness (HV) 349
Density (g/cm’) 4.43
Young’s modulus (GPa) 113.8
Fracture toughness 75
Poisson’s ratio 0.342
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6.4 Assembly and Positioning

Before getting started, the simulation parts should be assembled and positioned
in the study situation. In this regard, Regionl and Region 2 of the ball are matched and
the taper is fixed in the cavity. Afterward femoral components are tied together to make
the union shape of the femoral component which is shown in Figure 6.11 and Figure
6.12.

Region 1 and Region 2 of the CM and IM are also assembled and shaped the
final shape of CM and IM sockets. They are also obliged to be union shapes with tie
constrain. They can be seen in Figure 6.11 and Figure 6.12 respectively. Subsequently
the balls are accurately fitted into the centre of the sockets.

In this module, desirable surfaces of the balls, sockets and tapers, which are 18
surfaces, described for every model. Furthermore, 2 reference points (RP) are defined
for every model for an easier control of the ball and the socket during loading or
displacing. In this regard, RP-1, either in CM or IM, is coupled with the taper or taper
cavity (in terms of eliminating the taper for study of the EL) and RP-2 is coupled with
outer surface of the sockets.

In order to analyse the contact pressure which is caused due to the impingement
of the neck to the rim of CM and to compare the result with the same coincident in IM,
the neck should be positioned just about to contact with the CM rim or IM ring. These

are shown in Figure 6.11 and Figure 6.12 respectively.

Figure 6.11. CM assembly for Neck-Rim impingement  Figure 6.12. IM assembly for Neck-Ring impingement

As it was mentioned earlier in Chapter 3, EL happens when ball is separated
from the centre of the socket and gets enough distance to load the edge. For simulating

of EL in Abaqus ball and socket should get enough distance from each other (based on
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Formula 3.1). In this regard, the latitude of the ball should contact the edge of the CM
socket or in case of IM it may contact the ring. These are shown respectively in Figure
6.13 and Figure 6.14. Furthermore, the completed IM and CM prostheses should be well
located for simulation. As it was explained in Sections 3.2 and 3.2.1, positioning of the
socket in the acetabulum may affect EL. Therefore, the ideal positioning of 45°
inclination and 20° anteversion of the sockets are considered from Formula (3.5) and

applied to the final location of CM and IM in all cases in different studies.

Figure 6.13. CM assembly for EL study Figure 6.14. IM assembly for EL study

6.5. Step module

The type of analysing must be described in advance to the loading, displacing
and meshing of the models, as the analysing type can affect them. Steps module in
Abaqus not only allows us to describe type of the analysis in every model but also
enables a user to define several steps if needed.

Here, the models are analysed statically and the equations are solved with direct
method, which was studied in 4.2.4.1. Time period is set to be 1 s, however this does
not mean a real time in static study. Time period is divided to the maximum number of
1,000,000 increments in this study, to satisfy the static behaviour of the model as it was
discussed earlier in 4.2.6. The initial increment size is 1msbut it is set to be
controllable with Abaqus in the range of Min: 10711 s to Max: 1 s. Increasing or
decreasing the size of the increment is due to the accuracy of the assumption in
numerical solution by Abaqus. This software based on initial boundary condition and
shape functions, tries to find the solution for every element as it was explained in 4.2

and 4.2.3, however if the model is complex, the initial value should be small enough for
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solving the differential equations. The result from the first increment defines the next
increment condition. In this regard in every increment, equations are solved several
times and the result is compared with the result of the previous increment to be used for
the next increment. If the error of the obtained results in every increment is less than the
certain amount, iterations will be stopped and the equation will be ready for solving the
next increment. Hence if the result is being converged, the increments are solved one by
one up to the final increment to give final result, which is the final position of the
model. In this regard, if the initial increment size is much higher than the one it should
be, Abaqus automatically reduces the size of the increment gradually up to the
minimum possible increment size to find more accurate result and convergence result.
Vice versa, if the chosen initial increment size is too small, the software increases the
increment size gradually to the maximum possible increment size to speed up the
processing and find the final solution faster. In this case some increments are eliminated
from calculation and will not be shown in results increments.

Depending on the condition and requested data of the study, step module can be
defined differently. When analysing is completed, software gives some output as a
result of its analysis. By default, some outputs are requested and selected in step module
while the user can change them. In our study, during all circumstances, default output is
not changed and accepted to be shown either in contour shape (Field output) or
graphically (History output).

IM and CM will be analysed during impingement by different loads ranged from
1kN to 6kN. The load will be applied to the neck when it only contacts the rim of CM
or ring of IM. In this study our concern is the contact pressure (CPRESS), which
directly affects wear rate of the prosthesis. However Von Mises stress (S) and
translation and rotation (U) are also selected for further investigation. The time
increment starts with 0.001 s which will be gradually increased to 0.292 s by Abaqus
due to the excellent meshing technique of the regions under study. Respectively,
because the load is applied by ramp linearly over step, first increment analysed with just
0.1% of the applied load which was 6N (in terms of study with 6kN load) while it is
gradually increased to 29.2% of the load after 16 increments. The increase leads to the
result within 17 increments. It is shown in Appendix E.

For analysing EL due to microseparation, the same steps are defined while
different displacements are applied to the ball and the socket of IM and the CM. In this

regard ball is separated from the centre of the socket for 50 um - 0.5 mm which loads
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the edge of the sockets. CPRESS will be studied in this test, and CM and IM are
compared with each other. For example during 250um, the first increment starts with 1
ms which will be gradually increased to 0.292 s due to the excellent meshing which was
easing the calculation for Abaqus. Respectively displacement is also started with 250
nm and increased to 72.98 um, which also will give the result within the same 17

increments of Neck-Rim/Ring Impingement study (Appendix E).

6.6. Interaction module

In all circumstances of this study surface to surface contact is studied. During
Neck-Rim/Ring impingement, surface of the neck and surface of the CM rim or IM ring
contact each other. However during EL study, surface of the ball contacts with the
surface of the CM rim or may IM ring. Region 1 of the IM and CM sockets are our
concern hence they should be meshed finer and selected as a slave while ball
components are always defined as a master. Master and slave parts are shown with red
and purple colour respectively in both conditions in Figure 6.15 and Figure 6.16.
Furthermore slaves are adjusted only to remove over closure and all surfaces are
automatically smoothed for 3D geometry surfaces when applicable.

All contacts in this study are defined to be frictionless during tangential contact
and Hard when they are in a normal contact. Therefore the contacted parts cannot

penetrate in each other.

Figure 6.15. Interaction for studying EL Figure 6.16. Interaction for studying Neck-Rim/Ring
Impingement
6.7. Load and Boundary Conditions
In every study of this paper all boundary conditions (BC) and loading conditions

are applied to both IM and CM exactly in the same manner. As explained earlier, these
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two prostheses are studied under 2 different circumstances hence they have different
loading and boundary conditions for every study.

During Neck-Rim/Ring impingement, socket should be fixed while neck is
contacting ring/rim with different forces. In this scenario, socket is fixed by defining the
displacement/rotation BC to the RP-2 where it is restricted to zero displacement and
rotation in every direction (Appendix F-b). However ball and neck, which are tied
together and controlled by RP-1, should be able to move in y-axis only. Therefore they
are restricted to zero displacement and rotation in every other direction (Appendix F-a).
Consequently several concentric loads are applied to the y-axis of the RP-1 (Appendix
F-c).

In terms of studying EL, no load is defined and simulation of EL based on the
natural incidence that is microseparation. Therefore in this study RP-1 disables the ball
to move or rotate in every direction (Appendix G-a) and RP-2 restricts the socket to
move only in x-axis with the selected displacement with no any rotation or displacement
in all other directions (Appendix G-b). Although microseparation is not applicable to
IM due to the nature of this design, it will be applied to study IM in the same condition
that is applied to CM.

6.8. Mesh

As 1t was explained in 4.2.2, the geometric domain of balls and sockets
components should be discretised to the element base domain. In this regard, every part
explained in 6.1.2 is discretised to the several elements which is known as Meshing.
This module directly effects on the result of the processing. In this regard different parts
may mesh with different type of the elements, seeding, and meshing techniques, which
are explained in following.

Size of the element is crucial. If the size of the element is small, the mesh
density will be improved which causes increasing the number of the elements.
Discretising of geometric domain with extensive number of elements increases the
accuracy of the processing while it results in extremely high processing time. In this
regard, not only critical parts are made separately but also they are well meshed with
local seeds (elements with 1 mm in EL study and 0.1 mm in Neck-Rim/Ring
impingement study and maximum deviation factor of 0.05). However the parts which

are not under investigation, are meshed with rough elements with global size of 3 mm.
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IM and CM have complex features thus they should be divided to the simpler
parts to be well meshed'. In this regard, every part has been partitioned into the several
particles which can be meshed, with structured and/or sweep techniques which are
suitable for these models. Because every partition can be meshed with local seed,
desirable parts of the IM and CM are partitioned well. For Neck-Rim/Ring impingement
study; the expecting contact parts of the neck, the rim of CM and the ring of IM are
partitioned well that results in the excellent meshing of these areas which are shown in
Figure 6.17. Contacting parts of the ball and the sockets in IM and CM during EL
position, which are at the middle of the ball and edge of the sockets, are also well
partitioned and meshed in the same way which are shown in Figure 6.18.

All models are made of hex-dominated elements with advancing front algorithm.
When the parts are made with revolution type, Hex-dominated elements tries to use
mostly hexahedral elements while use tetrahedral elements in the areas were contacted
with centreline in part module. This enables the nodes of the elements matched with
seeds. Advancing front algorithm fills the front borders of the partitions with hexahedral
elements and tries to follow the same manner into the parts where it is possible. This
helps the seeds and nodes to be matched together as well.

The element type (shape function) in meshing has an important effect on
simulation processing which was discussed in 4.2.3. Regions 2 are made of the elements
with linear geometric order (C3D8R), while the expected contact parts in regions 1 are
made of the elements with quadratic geometric order with 20 nodes (C3D20R). These
elements were explained in 4.2.10.

Figure 6.17a and Figure 6.17b respectively show meshed CM and IM during
Neck-Rim/Ring impingement. The expected contact areas of IM and CM in this study
are meshed with fine local seeds, while the rest of the areas are roughly meshed. The
number of elements which make the ball components, is 21,227 (4,067 elements for ball
which is region 2 in this study and 17,160 elements for the neck which is Region 1 in
this study). This is shown in Figure 6.17c. CM and IM sockets respectively are 15,672
(15,084 elements for Region 1 and 588 elements for Region 2) and 16,434 elements
(17,650 elements for Region 1 and 760 elements for Region 2), which are shown in

Figure 6.17d and Figure 6.17e respectively.

' If these models are not well partitioned, the only technique possible to be applied for
meshing, will be free technique with Tet shape elements which is the easiest but the
most inaccurate meshing technique.
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Figure 6.17. CM and IM meshed components for Neck-Rim/Ring impingement study a) Assembled meshed CM b)
assembled meshed IM c¢) Meshed ball and neck d) Meshed CM socket ) Meshed IM socket
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Figure 6.18. CM and IM meshed components for EL study a) assembled meshed CM b) Assembled meshed IM c)
Meshed ball d) Meshed CM socket ) Meshed IM socket
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Figure 6.18a and Figure 6.18b show meshed IM and CM for EL study. They are
finely meshed on the Region 1 of this study, which is almost half of the ball and the
socket in IM and CM. However Region 2 for this study is roughly meshed. Total
elements made the ball domain in this study are 11,073 (3132 elements for ball which
is region 2 in this study and 7,941 elements for region 1 in this study) which are shown
in Figure 6.18c. CM and IM sockets respectively are 8,432 (7,392 elements for the half
in region 1 and 1040 elements for the other half in region 2) and 10,125 elements (8,500
elements for the half in region 1 and 1625 elements for other half in region 2) which are

shown in Figure 6.18d and Figure 6.18e respectively.

6.9. Job

Here, two situations are studied, while IM and CM are studied in exactly same
condition in every situation. Therefore, the results could be comparable.

In Neck-Rim/Ring impingement 5 different loads are applied to the neck when it
contacts the rim in CM and the ring in IM hence 10 jobs should be run in this situation.
In EL condition, IM and CM prostheses are studied under 6 different microseparation to

contain the following situations:

* Before incidence of EL on CM.
*  When EL is developing on CM.
* Fully developed EL on CM.

e Extreme EL condition.

All created 22 jobs run with parallelization of all 8 available processors cores of
our computer to minimize the processing time. Processing of the simulation can be seen

in a monitor page (Appendix E).
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Chapter 7 : Result and Discussion

IM and CM are analysed based on 3 different methods mentioned in Chapter 4.
Although improving the design of IM, which eliminates the EL requirements, postulates
promising results, Chapter 6 studied IM and CM with Abaqus. Furthermore Hertzian
contact theory investigates EL in CM and IM for further verification in 7.3. The main
concern in this study is limiting EL, which is likely to happen with IM. However Neck-
Rim/Ring impingement is also considered with IM as an additional advantage of this
design. In every condition of this study, CM and IM are tested under same condition,
orientation and sizes but design feature, hence comparing the results of CM and IM are

meaningful.

7.1. Analysis of Neck-Rim/Ring impingement with FEM

Boone et al. [137] believed that the hip maximum range of motion during
normal daily activities is 130° (-10° to 120°) which is during a hip flexion, Therefore in
both CM and IM respectively with 157° and 141° range of motion there should be low
risk of impingement in normal daily activities. However if surgeon does not ideally fix
the prosthesis, patient performs some excessive hip flexing activities either voluntary or
involuntary etc., the risk of impingement will be increased significantly. Surprisingly
impingement have been observed in 70% of all kinds of the hip prostheses
[126,127,131] as it was shown in Figure 3.20 and explained in 3.2.3. In this regard, with
small change on design of the socket, IM tries to reduce the impact of impingement as
well as EL problem, which is our main concern in this study.

IM socket consists of a flat surface, which is conformed with neck during
impingement. There are 2 small inside and outside 1mm chamfers as well to eliminate a
point contact with sharp edges during impingement (Figure 5.2). However CM only get
the benefit of 2.5 mm chamfer which reduces the stress and contact pressure during
impingement and EL in comparison with the older prostheses with sharper edges which
was explained in 4.1.1 in depth. Although 2.5 mm radius chamfer has been selected
with most of the manufacturer nowadays ([204, 205, 206, 207]), the nature of the CM
design not only disables providing the flat surface on the edge but also encounters with
the optimum chamfer radiuses which explained in 4.1.1.1. In this study Abaqus analyses
the IM ring with the 2.5 mm radius chamfer of BDZ [207]. The neck of the ball contacts
the CM rim with 5 different loads which are 1kN, 2kN, 2.8kN, 3.4kN and 6kN and the
same loads are applied to IM when the neck is impinged with the ring of the IM.
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7.1.1. CM and IM under 1kN force during Neck-Rim/Ring impingement
When 1 kN force is applied to the neck in y-axis, the neck is displaced vertically

and presses the chamfer of the CM rim, or the flat surface of the IM ring. Distribution of
the load on the flat surface of the IM ring shows the reduction of contact pressure by
63% in comparison with CM one. Figure 7.1a and Figure 7.1b are showing the contour

results of contact pressures in CM and IM respectively due to the neck impingement.

CPR

Figure 7.1. Contour results of Neck-Rim/Ring impingements on CM and IM under 1kN load a) Maximum 11.87 GPa
Contact pressure on CM b) Maximum 4.4 GPa Contact pressure on IM

7.1.2. CM and IM under 2kN force during Neck-Rim/Ring impingement
Walking speed of 1 kmvh could apply 280% of Human Body Weight (HBW) to

the hip [95]. If the average patient HBW 1is 70 kgs, hip will be loaded under about 2kN
force. With this assumption, the neck loads the rim of CM and the ring of IM with 2kN.

The result shows excellent behaviour of the IM ring under 2 kN force with reduction of

contact pressure by 59%. The contour result is illustrated in Figure 7.2a for CM rim and

Figure 7.2b for IM ring.

Figure 7.2. Contour results of Neck-Rim/Ring impingements on CM and IM under 2 kN load a) Maximum 15.6 GPa
Contact pressure on CM b) Maximum 6.3 GPa Contact pressure on IM
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7.1.3. CM and IM under 2.8 kN force during Neck-Rim/Ring impingement
Stair climbing may increase the force on the hip by 400% of HBW [208, 209],

which can be a source of Neck-Rim/Ring impingement during high step climbing. In
terms of occurrence almost 2800N force is applied to the neck which is pushed to the
rim of CM or the ring of IM. Fortunately the result showed that the IM ring reduces the

impact of neck impingement in comparison with the conventional rim of CM. Therefore

contact pressure is reduced by 57%. This is illustrated in Figure 7.3a and Figure 7.3b.

Figure 7.3. Contour results of Neck-Rim/Ring impingements on CM and IM under 2.8 kN load a) Maximum 17.4
GPa Contact pressure on CM b) Maximum 7.5 GPa Contact pressure on IM

7.1.4. CM and IM under 3.4 kN force during Neck-Rim/Ring impingement
If walking speed is increased from 1 kmh to 5 kmvh, the median peak force

would be increased from 280% HBW to 480% HBW [95, 209, 210]. In this regard a 3.4
kN force will be applied to the neck when it impinges the rim of CM or the ring of IM.
The result in this test also shows the reduction of 56% of contact pressure by IM ring.
Figure 7.4a and Figure 7.4b compare the contact pressures made by neck to the CM rim

and the IM ring, respectively.

Figure 7.4. Contour results of Neck-Rim/Ring impingements on CM and IM under 3.4 kN load a) Maximum 18.9
GPa Contact pressure on CM b) Maximum 8.3 GPa Contact pressure on IM
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7.1.5. CM and IM under 6kN force during Neck-Rim/Ring impingement
Bergmann G et al. [95] reported the maximum applied force to the hip was due

to the stumbling when the force was raised to 870% HBW. Figure 7.5a and Figure 7.5b

compare CM and IM contact pressures during stumbling when IM ring shows 52%

reduction in association with CM rim. Fortunately the hip joint can withstand up to

1500% HBW before fracture [209].

a b

Figure 7.5. Contour results of Neck-Rim/Ring impingements on CM and IM under 6 kN load a) Maximum 23.1 GPa
Contact pressure on CM b) Maximum 11.1 GPa Contact pressure on IM

7.1.6. Discussion
All results showed significant reduction of contact pressure by the IM ring in

comparison with the CM rim. The result was predictable in general term from the IM
design, because once the given forces press the neck to the CM rim, relatively small part
of the neck loads small area of the rim chamfer, which is more similar to point-to-point
contact. Conversely when the same forces push the neck to the IM ring, relatively wider
part of the neck loads the conformed flat surface of the IM ring (Figure 7.1b, 7.2b, 7.3b
7.4b and 7.5b demonstrates this graphically as well). This is more like surface-to-
surface contact than point contact. Hence the distribution of the loads on the surfaces
can reduce the contact pressure effectively. In terms of practicality of this idea,
crowning technique may be needed for manufacturing. Table 7.1 and Figure 7.6
summarise the results of this study. The level of improvement shown give added

confidence in the benefits of the new design.
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Table 7.1. Comparison of the maximum contact pressure due to the impingement of the neck to CM rim and IM ring
under 1kN, 2kN, 2.8kN, 3.4kN and 6kN

Load Contact pressure (GPa)
(kN)
CM M
1 11.87 4.4
2 15.9 6.34
2.8 17.43 7.5
3.4 18.95 8.32
6 23.1 11.11
CM vs IM during Neck-Ring/Rim
25 7 Impingement
= 20 1
a
% 15 - MCM
2 10 -
g
a
s
g 0 - T T T T
()
1 2 2.8 3.4 6
Load (KN)

Figure 7.6. Maximum contact pressure of CM (blue bars) and IM (Red bars) during Neck-Rim/Ring Impingement
under 1kN, 2kN, 2.8kN, 3.4kN and 6kN

7.2. Analysing EL. with FEM

Surgeon or patient’s cautions can eliminate some EL sources, but
microseparation as the most effective factor in EL, cannot be prevented. Due to
microseparation inevitability, EL happens with every walking cycle and affects the wear
rate significantly. Therefore to simulate EL in this study, ball and socket are separated
from each other with specific distances. We again stress that to investigate EL, IM and
CM are studied under the same conditions such as boundary conditions, displacements,
material properties, dimensions etc. Therefore, any differences observed in the results of
comparing CM and IM are due to the difference in their designs.

Analysing EL has the 4 following milestones:

* Microseparation, which does not cause of EL
* Microseparation that may develop EL
* Developed EL

* Extreme microseparation condition and EL
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The above conditions are reviewed with 6 studies for every model (12 in total)
to evaluate contact pressures which are made by EL on the CM and IM sockets.

The numerical method in Section 3.1.4 (Formula (3.1)) proves that prosthesis
with radial clearance of 40 pm could experience EL with 80pum separation if the ball
can reach to the edge of the socket. However, the nature of the IM design disables the
ball from coming out of the socket or being separated more than radial clearance (40 um
in this study), Therefore, sources of EL by microseparation can be eliminated in the IM
design. Therefore, we will have reduction of contact pressure and respective wear rate.
To validate this claim, CM and IM are analysed with FEM and Hertzian contact theory

in this chapter.

7.2.1. Microseparation, which does not cause of EL (50pum)
Based on Formula (3.1), ball should be separated from the centre of the socket

by at least twice of the radial clearance, to load the edge of the CM. Therefore;
microseparation below 80um in this study cannot make EL. In this regard, if 50um
displacement is applied to CM and IM in this study, none of them will experience EL.
This statement is verified with simulation and corresponding contour results shown in
Figure 7.7a and Figure 7.7b where maximum contact pressures in both CM and IM are
relatively low and almost equal with 99.6 MPa and 99.5 MPa, respectively. This means
ball and socket in both CM and IM should be in conformal contact surface, which can
be graphically seen in Figure 7.7a and 7.7b as well. Hence CM and IM under
microseparation of 50um show the similar behaviour and none of them experience EL,

which is in agreement with Formula (3.1).
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Figure 7.7. Contour results of EL made by 50 um displacement a) Maximum 99.6 MPa Contact pressure on CM
socket. b) Maximum 99.5 MPa Contact pressure on IM socket
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7.2.2. Microseparation that may develop EL (80pm)
As mentioned earlier, based on Formula (3.1), 80um separation can be a critical

value that may cause EL. Therefore 80um distance is applied to CM and IM to analyse
their performance. This study also agrees with Formula (3.1) and shows conformal
contact of the ball and the socket in CM just are interrupted by moving toward the edge,
while the majority part of the ball and socket are in conformal contact. However the ball
and the socket of IM are perfectly in conformal contact. Therefore as it was suggested
with Formula (3.1), CM socket with maximum contact pressure of 212.2 MPa slightly is
affected by EL and shows marginally higher value of contact pressure in comparison
with IM socket in Figure 7.8b with maximum contact pressure of 207.2 MPa which is

not affected by EL at all.

Figure 7.8. Contour results of EL made by 80 pm displacement a) Maximum 212.2 MPa Contact pressure on CM
socket. b) Maximum 207.2 MPa Contact pressure on IM socket

7.2.3. Developed EL (150 pm - 250 pm)
Section 7.2.2 shows that microseparation more than 80um develops EL in CM

but not postulated in IM. In this regard, different microseparation (150um, 200um and
250 um) are applied to our study to investigate EL in CM and IM when they are well

beyond the critical microseparation distance of 80um.

7.2.3.1. Study EL in CM and IM under 150 um displacement
Microseparation of 150 pm is well beyond the critical value of the

microseparation; hence we expect that EL should be developed in CM. Microseparation
of 150 um is simulated with Abaqus to investigate EL in CM and IM. Figure 7.9a and
7.9b respectively show contact pressure due to this microseparation on CM and IM.
Contour result shows EL is fully developed in CM while it was not developed in IM.

Consequently, IM shows 26% reduction of contact pressure comparing with CM socket.
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Figure 7.9a shows maximum contact pressure of 513 MPa on the edge of CM and
Figure 7.9b shows maximum contact pressure of 378 MPa on the conformal area of the

IM socket.
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Figure 7.9. Contour results of EL made by 150 um displacement a) Maximum 513.2 MPa Contact pressure on CM
socket. b) Maximum 378.8 MPa Contact pressure on IM socket

7.2.3.2. Study EL in CM and IM under 200 um displacement
Microseparation of 200 pm shows maximum contact pressure of 914.6 MPa on

the edge of the CM socket and 489 MPa on the conformal contact surface of the IM
socket. In this regard under the same condition, IM reduces contact pressure by 46%
comparing with the CM socket, which are shown in Figure 7.10a and Figure 7.10b,

respectively.

b

Figure 7.10. Contour results of EL made by 200 pm displacement a) Maximum 914.6 MPa Contact pressure on CM
socket. b) Maximum 489 MPa Contact pressure on IM socket
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7.2.3.3. Study EL in CM and IM with 250 um displacement
250 pm is the maximum displacement applied to the ball and socket for

investigating the EL phenomenon [25, 97, 106]. A 250 um displacement is also applied
to CM and IM in our study. The result shows maximum contact pressure of 1.44 GPa on
the narrow area of the CM edge (Figure 7.11a) while IM with 59% less contact pressure
shows the maximum contact pressure of 590 MPa. Contour result remarkably shows
conformal contact in IM under 250 pum displacement which is illustrated in Figure

7.11b.

a b

Figure 7.11. Contour results of EL made by 250 um displacement a) Maximum 1.44 GPa Contact pressure on CM
socket. b) Maximum 590.7 MPa Contact pressure on IM socket

7.2.4. Extreme EL condition on CM
Although 250 pym was a maximum displacement applied to CM in some other

studies [25, 97, 106], in our study 500 um displacement is also considered for further
investigation and test CM and IM in exaggerated conditions as well.

The result of this test is interesting where the edge of CM is significantly loaded
with maximum contact pressure of 4.39 GPa in comparison with own conformal surface
of the socket with maximum contact pressure of 1.09 GPa. This can be recognisable
with colour spectrum Figure 7.12a as well. In other words the edge of CM is pressed
300% more than the maximum contact pressure of the conformal part of the CM socket.
However, the IM ring is loaded with maximum contact pressure of 1.62 GPa where the
conformal surface of the socket is loaded with maximum contact pressure of 1.27 GPa
which means the IM ring is loaded only 27% more.

In this scenario IM not only shows better performance with 63% reduction of the

contact pressure in comparison with CM design but also corresponding to the
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distribution of the load on the IM socket which is shown in Figure 7.12b EL cannot be
defined for IM.
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Figure 7.12. Contour results of EL made by 500 pm displacement a) Maximum 4.4 GPa Contact pressure on CM
socket. b) Maximum 1.62 GPa Contact pressure on IM socket

7.2.5. Discussion
EL happens if the ball can load the edge of the socket. If the ball is limited to the

conformed surface of the socket, it does not reach to the edge of the socket. Therefore,
the main requirement for EL to occur is eliminated and EL may be prevented. The IM
Ring with unique design restricts the ball to the radial clearance. Also it makes the
conformed surface in the socket for encountering with the ball even when it tries to
come out of the socket during swing phase of walking cycle when the limb is lifted
from the ground. The result from FEM shows the effectiveness of the IM design which

is summarised in table 7.2.

Table 7.2. Summarising results of CM and IM in term of maximum contact pressure

Microseparation Contact pressure (GPa)
(nm) CM IM

50 99.6 99.4

80 212.2 207.2

150 513.2 378.8
200 914.6 489

250 1443 590.7

500 4397 1623

The results show that displacement under 80 um has the same effect on IM and

CM performances due to the conformal contact of the ball and the socket when EL is
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not happened. However when the patient with CM prosthesis lift his/her leg from the
ground to start walking cycle, ball gets more than 80 um distance from the centre of the
socket. In this case CM ball reaches to the edge of the CM socket and loads it with
strike hill. However even in a normal condition like walking cycle, this may reach to
250 um depending on the strength of the soft tissues surround the joint and in an
unusual condition such as accident it can be fully dislocated from the socket. In terms of
increasing the microseparation distance ball can more significantly loads the edge of the
CM socket which is studied with FEM as well and illustrated in Figure 7.13. However
the IM ring withstands the weight of the leg and prevents ball to get more than 40 pm
separation from the centre of the IM socket and consequently the IM ball cannot load
the IM socket with strike hill. In order to compare the results of CM and IM under
microseparation, the same displacements are applied to CM and IM. The conformability
of the IM ring shows a significant reduction of the contact pressure, which is reported in

Figure 7.13.

CM vs IM during Microseparation/Edge
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Figure 7.13. Contact pressure of CM vs IM during Microseparation of 50 pum to 500 pm

Increasing the microseparation between the ball and socket of CM and IM better
indicates the advantage of the IM socket. When EL is fully developed by 150 um
microseparation, the CM socket is affected by contact pressure of 513.2 MPa, while the
same microseparation is 26% less effective on IM socket. However when
microseparation is increased to 500 um, IM is affected with 63% less contact pressure
than CM socket. Figure 7.14 compares the CM and IM socket when the microseparation

Increases.
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CM Vs IM during Microseparation/Edge
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Figure 7.14. Reduction of maximum contact pressure by IM during Microseparation of 50 um to 500 pm

7.3. Analysing EL with Hertzian Contact Theory

As explained in 4.3, we can study EL in CM and IM using Hertzian contact
theory as well. When CM is undergone the EL condition, ball comes out of the socket
and loads the CM chamfer. In terms of applying the Hertzian contact theory in this
situation, we can assume that 2 balls with different radiuses (R, ¢y = 24 mm and
R, ¢y = 2.5 mm in this study) contact each other. However IM ball only can loads the
conformal surface of the IM socket either only to the concave area of the main socket or
to the concave area of the IM Ring. Therefore, we can apply Hertzian contact theory to
the ball with radius of 24 mm and the socket with 24.04 mm radius (Rq;y =
24 mm and R, )y = —24.04 mm).

CM and IM analysed with Hertzian contact theory and then compared based on
this theory as well. From Table 6.1, Young’s modulus and Poisson’s ratio of the
material which are used in CM and IM, are 350 GPa and 0.22 respectively. Therefore,

the effective contact modulus E’ can be calculated by Equation 4.52 as following:

1 1- (0.22)3 1— (0.22)2 1.903
1 _ 1= 022heeq 1= 02Dy _ = 5.437x10712
E 350%10° 350%10° 350%10°

=> E' =1.839x10! Pa
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7.3.1. Analysis of the CM with Hertzian Contact Theory:
In this study microseparation makes a contact between ball with 24 mm radius

and chamfer with 2.5 mm radius. Thus using Equation (4.53), the effective radius of

curvature of CM chamfer and ball is equal to:

1 1 N 1 o 1 (24+25)x1073
R R, R, Rey  24%1073 x2.5 X103

=> Rcy = 2.264x1073m
From Equation (4.51), contact radius of a is calculated as following:

WR,, __ | 3XWx2.264x107%
250 = %em =1 39%100

a ={

= (W)%x(9.233x1071%)%

__ (Wx6.792x107%\"
N 7.356%x1011

=> agy = 2.098x105x(W)% m

and maximum contact pressure of P, is computed by Equation (4.55) as follows:

p W 3w
07 2ma 77 0T 2x3.14%(2.098x 105X (W) *)2

3w
2.765x10~-9xW /3

=> Pycm =

=> Pycy = 1.085%10°xW /3 Pa

Py -m can be calculated with Equation (4.56) as well which does not need the

value of the CM contact radius (This method for this study is explained in Appendix H).
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7.3.2. Hertzian Contact Theory in IM
In this study, microseparation makes a contact between ball with 24mm radius

and the concave ring of the IM socket with 24.04 mm radius. As it was explained
earlier, ball has a positive radii and the concave ring has negative radii. Therefore using

Equation (4.53), the effective radius of curvature of IM ring and ball is equal to:

_ RewpRueaa _ R = 24x24.04x1076
RCUP - Rhead 4‘X10_5

=> Ry = 14424 m

From Equation (4.51) contact radius of “a” is calculated as following:

3WR 3XWx14.424

= 1/3
4w = {731 839x1011

Wx43.272\"
:>( ) = (W)%x(5.882x10-11)%

7.356x1011
=> a;, = 3.889 Xx10~*x(W)* m

Therefore maximum contact pressure of Py, 1s computed based on Equation

(4.55) as following

W, 3w
2ma? O™ 7 2x3.14x(3.889 x10~*x (W)%)2

Py

3w
9.503x10~7xW /3

=> Py =

=> Py = 3.156X106xW /3 Pa

Py ;v also can be directly computed with Equation (4.56) which is s explained

in Appendix I.
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7.3.3. Discussion
Once the load (W) in Equations (7.1) and (7.2) is set, the maximum contact

pressure on of CM and IM can be determined, respectively. Comparing Equation (7.1)
and Equation (7.2) clearly demonstrates that the IM design reduces the maximum

contact pressure by 99.7%.

Pooy = 1.085x10°xW /3 Pa (7.1)

Py, = 3.157x105xW '/ Pa (7.2)

Furthermore once the load (W) in Equations (7.3) and (7.4) is set, the maximum
contact radius of CM and IM can be calculated respectively. CM and IM are made of
the same material, therefore, if the same load is applied to Equations (7.3) and (7.4),
then higher contact radius shows higher conformity. Equation (7.4) shows an increase in
the IM contact radius by 94.6% in comparison with CM contact radius which is

calculated by Equation (7.3).
acy = 2.098x1075x(W)” m (7.3)

As it was explained in part 4.3.1, studying of EL with Hertzian contact theory is
extremely rational. However the assumptions of this theory, which are explained in part
4.3, are more compatible with CM than IM. Third assumption of Hertzian contact
theory said; “Contact surfaces should be continues and non-conformed”, while the ring
of IM makes conformed contacted surfaces to the ball, even though during
microseparation.

Although both of the studies either with FEM or Hertzian contact theory clearly show
better performance of the IM comparing to CM during EL, the result from Hertzian
contact theory is better than the expected one. Contrary the result from FEM is worse
than the expected one. Therefore we can expect the reduction of contact pressure during
microseparation / EL by the IM will be at least 63% with an upper bound of more than
99%.
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Chapter 8 : Conclusion, Recommendations and Future works

8.1. Conclusion

Edge loading (EL) is a key effective reason for increasing the wear rate of the
total hip replacement prosthesis. This reduces the lifetime of the hip prostheses, which
stops millions of young patients to go under THR surgery. Therefore these patients must
remain wheelchair bound until they reach the right age for surgery.

Although there are many different reasons in occurrence of EL, some of them
can be related to surgeons or patient cautions. However, some others could not be
prevented or limited yet. Microseparation as the most important factor in occurrence of
EL appears in every walking cycle. When the ball is separated from the centre of the
socket, loads the edge of the socket before it is relocated in the centre of the socket. All

kind of EL satisfy following conditions:

e Ball is separated from the centre of the socket.

* Ball loads the edge of the socket.

Consequently if these two reasons can be eliminated, EL can be limited
respectively. The anatomy of the healthy hip joint prevents joint from EL while THR

destructs this harmony as following:

* Hip capsule, which is sealed the joint with Ischiofemoral, Iliofemoral,
Pubofemoral ligaments are slashed and punctured for exposing the hip joint for
THR surgery.

e Labrum, which is an anatomical ring surrounding the acetabulum is completely
removed for THR.

* Ligamentum teres attaches the tip of femoral head to the inside of the socket

does not exist after THR.

We have proposed a novel hip joint prosthesis which reduce the effect EL in
current total hip replacement surgeries. This research has studied the new hip joint
prosthesis both medically and mechanically to be suitable for Biomedical research.
Investigating the effective factors in EL and designing of the new hip prosthesis to
preventing EL developed a novel design (IM) which has been patented with
International Publication Number: WO2016/055783Al.
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The IM not only eliminates the mentioned factors in EL but also solves
dislocation problem. Moreover it significantly reduces the impact of the Neck-Rim/Ring
impingement during excessive movement.

The IM has been analysed with three methods and the results are compared with
the best available hip prosthesis in the market which is Biolox Delta Hip prosthesis. All
results considerably support the effectiveness of the IM design.

Comparing the IM design with the available hip prosthesis suggests a promising
result. This is mostly due to the eliminating of the EL causes by IM. Further analysing
with FEM and Hertzian contact theory supports this theory as well. Hertzian contact
theory shows reduction of contact pressure during EL by 99.7% and FEM simulation
shows up to 63% reduction of contact pressure during EL and also Neck-Rim/Ring
impingement.

99.7% reduction of contact pressure by Hertzian contact theory might be better
than the expected results that postulated from IM. Third assumption of Hertzian theory
said: Contact surfaces should be continuous and non-conformed, while this assumption
was not exactly met by the IM. In contrast a considerably better result than 63%
reduction of contact pressure by FEM is predictable. This is mostly due to the nature of
the IM. IM disables the ball to get more than 40 um dislocation; hence applied
displacements more than 40 um cannot be applicable to the IM. However due to the
condition of the tests it was examined at all the same displacements as the CM.

If IM successfully passes the experimental tests and satisfies MHRA?® in the UK
and FDA?! in the US, it can be implemented in human body. This not only significantly
improves the lifestyle quality of younger patient but also with increased lifetime of the
prosthesis, elderly rarely go under revision surgery which eliminates the respective risk

of this surgery as well.

% Medicines and Healthcare products Regulatory Agency
! Food and Drug Administration
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8.2. Recommendation and Future works
There are some challenging points in the IM design, which can be improved, by

further research in the future as follows:

* Fixing the IM ring on the IM main socket: Although there are some
recommendations in this thesis about fixing of the ring with press fitting for
MOM or using biocompatible adhesive (Loctite made by Henkel-Germany) for
COC and MOM, further study needs for ideal fixing method or making better
adhesive for this purpose.

* Material of the IM Ring: Although ring can be made with the same material of
the main socket, it might be more flexible material can be used to prevent the
joint dislocation during outrageous condition.

* Manufacturing of IM and getting an experimental data.

* Approving by MHRA and/or FDA.

* Implementing in the human body.
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Appendixes

Appendix A: Labrum; the Natural Ring
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Labrum, a natural ring of the socket

Appendix B: Total Hip Replacement Surgery video

COC Total Hip Replacement Surgery video can be found in following link:

https://www.youtube.com/watch?v=fN10ycgxw ¢
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Appendix C: Taper properties

Neck and Taper cavity (Biolox Delta, CearmTec [206])
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Appendix D: IM Patent file

All 28 pages of this patent with international publication number:

WO02016055783A1 available in the following link:

http://www.sumobrain.com/patents/wipo/Acetabular-cup-hip-replacement-

joint/WO2016055783A1.pdf
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Appendix E: Monitoring of the increments in the Abaqus job page

l Log I Errors I ! Warnings I Output I Data File I Message File | Status File

1

Abaqus/Standard 6.13-2
SUMMARY OF JOB INFORMATION:

ITERS
1 1 1 0
1 2 1 0
1 3 1 I
1 4 1 0
1 5 1 0
1 6 1 I
1 7 1 I
1 8 1 0
1 9 1 0
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{; 13 1; g
1 14 1 7
1 15 1 7
1 16 1 6
1 17 1 4

O R

2% IM-48-250 Monitor —_ C=2LC]
Job: IM-48-250 Status: Completed

| et Mo T T Tl g Tean
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1 0.00575 0.00575 0.002250
1 0.00913 0.00913 0.003375
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1 0.0218 0.0218 0.007594
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Search Text
Text to find:
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17 Processed increments monitoring in the job page
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Appendix F: BC and Load in Neck-Rim/Ring impingement

Name: Ball

Type:  Displacement/Rotation

Step:  Impingement (Static, General)
Region: Ball Control [

CSYS: (Global) [y L
Distribution: | Uniform

ul: 0

[ v2:

U3:

URL:

UR2:

UR3:

5

radians
radians
radians

H P

Amplitude: | (Ramp)

Note: The displacement value will be
maintained in subsequent steps.

Name: Socket

Type:  Displacement/Rotation

Step: Impingement (Static, General)
Region: Socket Control Point [y

CSYS: (Global) [y L
Distribution: | Uniform

ul: |0

u2: 0

U3 0

UR1: 0

UR2: ‘0

UR3:

5 @

radians
radians
M

Amplitude: | (Ramp)

Note: The displacement value will be
maintained in subsequent steps.

,0 radians ||

a) BC of the ball

b

Name: Load

Type:  Concentrated force

Step:  Impingement (Static, General)
Region: Ball Control [

csvs: (Global) [y L

ERC)

Distribution: | Uniform
CF1: 0

CF2:

CF3: 0
Amplitude: | (Ramp) E] PV
[7] Follow nodal rotation

Note: Force will be applied per node.

b) BC of the socket ¢) Applied load to the neck

Appendix G: BC in EL study

Ball

Displacement/Rotation

Edge Loading (Static, General)
: (Picked) [

Name: socket

Type:  Displacement/Rotation

Step: Edge Loading (Static, General)
Region: (Picked) [

CSYS: {Global) [y 2E
Distribution: | Uniform H fix)
uL: 0

U2
u3:
URL:
UR2:
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Amplitude:

radians
radians
0 radians

A

(Ramp)

Note: The displacement value will be
maintained in subsequent steps.

CSYS: (Global) [y LIS
Distribution: | Uniform E] fix)
Ul: 0.25

u2: 0

u3:
URL:
UR2: 0

UR3: 0

0
0

radians
radians
radians

Amplitude: | (Ramp)

Note: The displacement value will be
maintained in subsequent steps.

a

b

a) BC of the ball, b) BC of the socket
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Appendix H: Direct solution to find maximum contact pressure in CM

o L SWE? . (6XWx(1839x101)%\ "
0_{n3R2} => Foem = 31x(2.264x1073)2

~ _(2.03x1023xW "
=> Poem = {7 5g9%x104

=> Pyom = 1.085x10°xW /3

Appendix I: Direct solution to find maximum contact pressure in IM

b SWE? L (6xWx(1839x101)%\ "
o ={ m3R?2 ¥ => P = 31x(14.424)2

2.03x1023><W)1/3

=> FPom =< 6.45x103

=> Py = 3.157x106xW /3
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