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Abstract

A challenge in engineering coupling design is the understanding of performance of
contact geometry for a given application. “Wear” is one of a number of mechanical
failures that can occur in mechanical coupling design. “Fretting wear” occurs where
surfaces in contact are subjected to oscillating load and very small relative motion
over a period of time. Fretting has been observed in many mechanical interactions

and is known to be a reason for failure in many designs.

Recent evidence suggests that fretting wear occurs at the taper junction of modular
total hip replacements and leads to failure of the implants. Experimental testing to
determine the wear behaviour that occurs in mechanical devices is time consuming,
expensive and complicated. Computational wear modelling is an alternative method
which is faster and cheaper than real testing and can be used in addition to testing to
help improve component design and enhance wear characteristics. Developing an
algorithm that can accurately predict fretting wear considering linear wear,

volumetric wear and surface wear damage is the main focus of this thesis.

The thesis proposes a new computational methodology incorporating published wear
laws into commercial finite element code to predict fretting wear which could occur
at the taper junction of total hip replacements. The assessment of wear in this study is
solely based on mechanical wear (fretting) as being the primary mechanism causing
surface damage. The method is novel in that it simulates the weakening of the initial
taper ‘fixation’ (created at impaction of the head onto the stem in surgery) due to the
wearing process. The taper fixation is modelled using a contact analysis with
overlapped meshes at the taper junction. The reduction in fixation is modelled by
progressive removal of the overlap between components based on calculated wear

depth and material loss.

The method has been used for three different studies to determine surface wear
damage, linear and volumetric wear rates that could occur at taper junction of total
hip replacements over time. The results obtained are consistent with those found
from observation and measurement of retrieved prostheses. The fretting wear
analysis approach has been shown to model the evolution of wear effectively;

however, it has been shown that accurate, quantitative values for wear are critically




dependant on mesh refinement, wear fraction and scaling factor, wear coefficient
used and knowledge of the device loading history. The numerical method presented
could be used to consider the effect of design changes and clinical technique on

subsequent fretting wear in modular prosthetic devices or other mechanically

coupled designs.
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Chapter 1: Introduction

Chapter 1
Introduction

1.1 Background

A complicated challenge in the design of coupled engineering components is the
understanding of the performance of contact geometry within the design for a given
application, including the loading and/or rotation that the mechanical design needs to

undertake.

From a tribological point of view, one of the characteristic of a material is that all
engineering surfaces are more or less rough and uneven. When the engineering
components are subjected to load and coupling together, surfaces are in contact over
a very small area. Due to this very small contact area, contact stresses generated can

be relatively high.

“Wear” is one of a number of mechanical failures (see Figure 1-1) that occur due to
this high contact stress at the surfaces. It is an inevitable phenomenon occurring

when surfaces of mechanical components are mated together while subjected to load
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Chapter 1: Introduction

and sliding or rolling. During the wear process, material is removed from the
surfaces as particles. This removal of particles occurs in different ways and by
varying mechanisms. In many practical situations high wear rate, and increased

friction occurs, the reduction of which is the greatest aim.

The surfaces of mechanical components in contact under oscillating load and relative
motion will also become contaminated over time. This contamination may appear
due to the chemical reaction of the material with the environment or due to debris
released from worn surfaces. There is evidence that even for perfectly clean rubbing
surfaces in contact with no lubrication, there would be a considerable wear damage

that contaminates the surfaces.

Considering the study of wear, both theoretical and experimental approaches are
needed to answer one essential question, “how is the debris removed from the

surfaces?”

Wear can be associated in two forms, “macroscopic” and “microscopic”.

e Macroscopic wear occurs when specific stress levels or the number of contact
stresses (fatigue) reach the elastic limit of the material with a depth of
material being removed depending on the shear stresses present.

e Microscopic form of wear is similar to macroscopic wear but it is associated
with individual asperity contacts compared to the single larger region of the

contact area.

“Fretting wear” is, generally, associated with very small relative movement
(micromotion) of solid surfaces in contact under load. Fretting wear can be

categorised by the micromotion and loading at the coupling causing adhesion of
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Chapter 1: Introduction

surface asperities that are subsequently torn apart. This leads to transfer of material
or the creation of metal particulate debris. This debris is then oxidised and becomes
harder than the mating surfaces. If the debris remains in the contact zone abrasive

wear can occur resulting in further surface damage (Archard, 1953).

Fretting is observed in many mechanical assemblies such as shrink fitted coupling,
keyway-shaft couplings and the specific example which has motivated this research,

the taper junction of total hip prostheses.

Currently, most joints in the human body can be replaced with mechanical artificial
devices. This procedure is known as “arthroplasty” and is one of the most successful
surgeries performed since 1960’s. The aim of the surgery is to accommodate an
active life style for patients with joint disorders such as osteoarthritis. The
fundamental principle of all arthroplasty is that the portion of affected joint is
removed and replaced with an artificial one. Among all different type of arthroplasty,
hip arthroplasty is the focus of this study. The procedure of hip arthroplasty is called
“Total Hip Replacement” (THR) and the mechanical artificial joint is known as the

“Prosthetic Device”.

Typically an implanted THR will have a 10 to 15 years life (11" Annual Report
2014, NJR for England, Wales and Northern Ireland, 2014) (Aldinger et al., 2003,
Teloken et al., 2002). There is evidence that the wear and fretting wear that occurs in
THRs contributes significantly to the failure of these devices (Aldinger et al., 2003,

Langton et al., 2012).
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1.2 Aim and Objectives

The aim of this work is to develop a computational methodology to predict “fretting
wear” that could occur in THRS. The study proposes a methodology to predict the
wear depth, volumetric wear loss and also the surface damage associated with wear
which could occur in a hip prosthesis over time in service. The aim is to develop this
method as a general tool that is independent of the model and can be used to predict
fretting wear for other prosthetic designs or even other mechanical designs subjected

to oscillating loads.

In order to achieve this aim, a commercial model of a hip prosthesis is used, to
illustrate the wider principles of wear process and wear modelling. Then, the study
develops a new fretting wear model using the programming language (Python) and
finite element (FE) analysis (ABAQUS) by investigating and considering parameters
in the prediction of wear. One of these parameters, for instance, is the effect of initial
assembly such as impaction that provides fixation between components on fretting
wear prediction. Another parameter is the wear fraction that defines the percentage of
the wear that needs to be applied on the components and the effect of change in
geometry during wear analysis. The method, explained in Chapter 3, includes as
many of these parameters as possible to provide an accurate prediction of fretting

wear.

A significant goal is to develop and generalize the algorithm with a graphical user
interface for any FE analysis (axisymmetric or 3D) with the FE package (ABAQUYS)
as an add-in (user plug-in) in order to accurately predict linear and volumetric wear
rate (material loss) in the form of contours of the wear damage occurring on the

surfaces.
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1.3 Scope of the thesis

Figure 1-1 illustrates a simplified “bird’s eye view” of the important aspects causing
mechanical failure in engineering designs. Each type of mechanical failures produces
different forms of failure surfaces. The more vital, crucial and complex the
mechanical design is, the more necessary a good understanding of its failure causes,
to ensure success of their operations over time. Wear as a kind of mechanical failure
occurs in different scales and in different forms, such as adhesive, abrasive,

corrosive, erosive, surface fracture and fatigue wear (see Figure 1-1).

Engineering design for operation
. Environmental .
The way design Load history condition of Material Design
loaded . geometry
operation
Mechanical failure
Ductile and . . .
Brittle fracture Buckling Fatigue Creep Cracking
Wear
. . . . it Fati
Adhesive Abrasive Corrosive Errosive S ace atigue
| fraction wear

Figure 1-1: Mechanical failures

Fretting wear (and the surface damage occurring due to fretting) is known as a very
complex phenomenon to investigate, measure and predict. Being able to predict the
extent of wear that could occur in mechanical designs (specifically in THRs which is
the focus of this study) over time in service is vital in order to improve current and

future designs.
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The work presented here focuses solely on mechanical wear (fretting) as being the
primary mechanism causing damage on contacting surfaces. The method presented
has been used to predict fretting wear in the taper junction of THRs and could be

used for different applications in future.

1.4 Outline of the thesis

The whole structure of this thesis is presented in Figure 1-2.

The main aim of this first chapter was to present an introduction to the thesis as a
whole, the aim of the research and outline of the research. Chapter 1 also contains a

brief description of the motivation of this research.

In Chapter 2, an extensive literature review was conducted to provide and establish a
suitable background for the chapters which follow. This includes a suitable
background on wear, wear characteristics, fretting wear, hip joint, hip arthroplasty,
problems with current THRs, wear in total hip prosthesis and a review of the current

wear modelling available in the literature.

The method presented in this study involves the use of FE analyses and Python
scripting to perform wear modelling. Chapter 3 details the whole methodology
including FE implementation, wear laws and the development of the wear algorithm.
A FE model of a commercial hip prosthesis was modelled both axisymmetrically and
in 3D. A developed fretting wear algorithm was then applied to the FE model to

investigate the likelihood of fretting damage occurring in the taper junction of THRs.

Different studies were performed using the method illustrated in Chapter 3 and all
the findings are detailed in Chapter 4, 5 and 6. The results have been discussed in

separate discussion sections within these chapters.
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Figure 1-2: The thesis structure and research track

In Chapter 4 the axisymmetric model of the THR that has been used to develop the

algorithm, and the results have been presented in detail.

A full description of the 3D results based on the realistic loading conditions from the
wear analysis is depicted in Chapter 5. In this chapter the results from the wear

algorithm have been validated by observation of wear patterns of retrieved

28



Chapter 1: Introduction

prosthesis. The linear and volumetric wear rates obtained are also in the range of the

experimental measurement of the retrieved prostheses.

Chapter 6 illustrates the importance and effects of initial impact assembly on extent

of fretting wear over time in service.

Lastly, a complete conclusion to this research and possible future work are provided

in chapter 7.

1.5 Publications resulting from this thesis

1. “A computational approach to fretting wear prediction at the head-stem taper
junction of THRs” — Wear, 338, 210-220, (2015) (Appendix V)

2. “A computational assessment of taper junction fretting wear in a total hip
replacement due to different assembly loads” — Submitted to Journal of
Engineering in Medicine, August 2015

3. “Effect of impaction force at assembly on fretting wear at the taper junction
of total hip prosthesis” — American Society for Testing and Materials
(ASTM) International, given the option to revise for acceptance, 2015,
(Appendix 1V)

4. “A computational approach to fretting wear modelling in total hip
replacements” — LIMU research conference, 2015, (Appendix 1V)

5. “Finite Element Models for quantitative analysis of wear damage in Metal-
on-Metal modular hip prosthesis” — GERI Annual Research Symposium,

2013, (Appendix V)
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In-preparation journal papers

1. “Effect of the different head sizes and taper lengths of total hip replacements
on extent of fretting wear” — to be submitted to Wear, in August 2015 .

2. “The effect of modular neck geometry on fretting wear potential at the neck-
stem taper interface of the Kinectiv total hip replacement” — to be submitted

to Tribology International in 2015
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Chapter 2

Background - a review

2.1 Introduction

The purpose of this chapter is to present a complete review of current literature and a
summary of the existing fundamental knowledge on wear as a suitable background
for the chapters which follow. In this Chapter, firstly, a general explanation of wear
and its characteristics in tribology is provided. This will be followed by a
comprehensive review of fretting wear and its theoretical laws. A comprehensive
review of literature is also performed relating to the application of THRs. Secondly,
fretting wear and its associated damage that could occur in THRs are explained in
detail and a review on the current state of the art in computational wear modelling is

provided.
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2.2 \Wear and its characteristics

In terms of tribology, all surfaces are rough. Where engineering surfaces nominally
mate together, they contact at the tips of the higher asperities and the contact area is
determined by the deformation of these tip asperities under applied pressure. The real
area of contact is always smaller than the total area of the surfaces and consists of a
number of small surfaces. Increasing the load increases the number and size of these
areas based on the resistance of the material to deformation and consequently,
increases the contact area. So that, finding a relationship between force, real contact
area and the depicted pressure due to them is relatively complex (Archard, 1953).
The asperities at the real contact area might either fracture or plastically deform. If
fracture happened at asperities, particles of material are removed from the surface
and if they are plastically deformed, this may lead to transfer of the material between

the contacting surfaces.

Wear is defined as the gradual removal of material from contacting surfaces under
relative movement. Wear and friction are intimately linked together, wear is
associated with timely and costly mechanical failure, whereas, friction results in

energy loss due to shearing and ploughing.

Wear can be expected only if surfaces in contact under relative motion are not
separated. Generally, lubrication is used to separate contacting surfaces from each
other resulting in reduced wear and friction forces. Lubricant is a fluid that either
completely separates the surfaces in contact (fluid film lubrication) or acts as

boundary lubrication.

Material can be removed from surfaces in a tribological couple by different

mechanisms (see Figure 2-1) such as (Archard, 1953):
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e Adhesive wear: At the sliding asperity tips of the surfaces, material is
welded and transferred to a harder state. It is then removed from the surface
by fracture.

e Abrasive wear: Occurs due to deforming or cutting of material by a harder
material or particles (sometimes harder oxide particles of material)

e Corrosion wear: A layer of film is formed due to environmental reaction and
or lubrication which leads to material removal from the surface by sliding.

e Surface fracture wear: When the normal applied stress exceeds the ultimate
stress of the material the particle removes from the surface by fracture.

e Erosive or percussive wear: Occurs due to impact of particles (solid or
liquid) on a surface.

e Fatigue wear: When a surface is elastically worked, micro-cracks can form,

grow and propagate forming wear particles.

Surface
fatigue
Adhesive and
— corrosion
Erosive or T
Percussive N Adhesive y \
; “ : ! Frettin; "
Wear : g .
/ \ wear /
Fatigue \ 4 Abrasive 4
A 4 Q 4
. ] L
Abrasive and
corrosion
Corrosion

Figure 2-1: Different mechanisms of wear and fretting wear

Measurement of wear is generally performed using wear testing equipment.
Tribologists measure the material loss from surfaces based on contact force, duration

and extent of contact. A typical measurement of wear is the volume of worn material
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per unit sliding distance over time. Therefore, “volumetric wear” is the specific
volume of the material removed by wear in the specific distance over time (Archard,
1953). The volume of worn material (V) per unit sliding distance (L) can be obtained
using Equation (2-1):

V=W/L 2-1)

where W, is the total volume of the material removed. Therefore, the volume loss
per unit distance (V) has units of area and may be expressed per unit time. The real
area (4,) of contact between two mating surfaces depends on the applied load (F,)
and the hardness of the softer material (H) in the friction coupling and can be
calculated using Equation (2-2):

A = Fn/H (2_2)

The wear ratio, known as the wear coefficient (k), is the unit of volume removed per
unit sliding distance over the real interface area of the surfaces in contact. This is

expressed as a dimensionless coefficient and can be calculated using Equation (2-3):

A, FE,/H (2-3)

Assuming the contact surfaces mate at N asperities and n of those form wear debris,
the value of the wear coefficient can be considered as being the ratio of two areas,
the worn area (A4,,) of the n asperities and the real area (4,) of all contact asperities.

As such, the wear coefficient (k) can be obtained using Equation (2-4):
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k:A—Wz
4,

n

N (2-4)
The interpretation of Equation (2-4), along with the finding of a very small value for
k in practice, indicates that all the asperities in contact contribute to the friction
phenomenon but very small numbers of them result in wear (Archard, 1953).
Furthermore, some asperities are just plastically deformed on the surfaces and not
removed from the component. The volume of asperities that belongs to the deformed

zone (V) is also represented in the k value. The k value is proportional to the
removed volume of the component (I#;,) and to the plastically deformed volume (V)

(Equation (2-5)).

W
N (2-5)

2.2.1 Adhesive wear

In adhesive wear theory, the asperities of surfaces mate with each other to form an
adhesive junction. In this wear mechanism, it is assumed that the volumetric wear
results only from adhesion between asperities and material is removed from the
surface. A very first model of Adhesive wear states that the volumetric wear (I,) is
proportional to the contact load (E,) and relative slip (s). So that the wear in terms of

Equation (2-3) can be represented as Equation (2-6):

Wo = g fal (2-6)
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The expression of Equation (2-6) is known as Archard’s wear law. Although this
form of equation was firstly proposed by Holm (1951) on electric contact, Archard

(1953) used this equation for a simplified model of mechanical contact interaction.

The Archard (Adhesive) wear coefficient correlates with the friction coefficient;
however, unlike friction, wear rate varies over a very large range. The experimental
measurement of k indicates a frequently small value in the range of 1073 to 10~°
for metals which depends on several aspects such as lubrication regime, load applied,

relative motion and range of motion (Yang, 2005).

2.2.2 Abrasive wear

Abrasive wear is where hard asperities or third bodies (particles trapped between
surfaces) rub under pressured load. If wear occurs only between two surfaces it is
known as two-body abrasive wear but where oxide particles are involved in the wear

process it is named three-body wear (see Figure 2-2).

(a) Two-body abrasive wear
(b) Three-body abrasive wear

A

- -—

-

Figure 2-2: Two (a) and three-body (b) abrasive wear

There are three modes of abrasive wear, “Ploughing”, “Wedging” and “Cutting”.

“Ploughing” is a ridge formed along the wear track side, “Wedging” is a short wedge
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formed aside of the asperities and “Cutting” is a ribbon shaped chip formed aside of
the asperities. In the all different forms of the abrasive wear, debris formed is
removed from the underlying surfaces. The Adhesive wear theory seems to be useful

to derive for abrasive wear as well.

In “Ploughing” abrasive wear, assuming a surface profile containing conical shaped
asperities with an angle (o) that ploughs through the surfaces in contact, the volume
loss W, from the material is being removed from the ploughed groove over sliding

distance and can be calculated using Equation (2-7) (Zum Gahr, 1988).

k' (2tan(a) kap
Wv=ﬁ< — )FnL= ;IanL

(2-7)
where tan(a) is an average value of tan(a) of all asperities and kg, is the
abrasive wear coefficient which is dependent on profilometry geometry of surfaces

(k' is a constant coefficent).

In “Cutting” abrasive wear, material is removed as in a machining procedure by the
forming of a chip. The chip ({) is based on a hard wedge asperity of width b, shear
plane angle (¢) which is perpendicular to the direction of motion and rake angle («)

and can be determined from Equation (2-8) (Merchant et al., 2002),

_cos(p —a)
~ Tsnp) 28)

where, the thickness of under-formed chip f, is known as feed in machining
applications. The feed parameter, f, is directly proportional to the applied normal

force and inversely proportional to the hardness of the material, as Equation (2-9).
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— k’
f=qt (2-9)

So that, the volume loss from the material by cutting is given by Equation (2-10):

cut

k

where t and U are the cutting time and cutting speed respectively.

2.2.3 Corrosion wear

Materials embedded in a corrosive environment experience chemical reactions which
may result in wear. Fretting wear that occurs under oscillatory load over a small
relative motion, is usually subjected to this chemical attack. When an asperity slides
over and past the surface of the counter-face, material at the counter-face could
rapidly be oxidized. Depending on the material, the asperity might stay in place

(producing a hard oxide layer) or be removed by fracture over subsequent sliding.

A model of corrosive wear can be developed based on consideration of adhesive and
abrasive wear occurring in a reactive environment. This leads to formation of a tribo-
film' on the surfaces. In this condition, wear occurs where the tribo-film reaches a
critical thickness (1) and becomes weak enough to be removed by rubbing.
Considering one single asperity covered with this film of thickness (1) the volumetric

wear loss is ma?A, where a is the radius of a hemispherical asperity shape. Therefore

' Over sliding contact of surfaces, a thin solid film is generated and sticks fast on its worn surface with
different tribological properties, chemical composition and structure.
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the result for n identical asperities can be obtained as Equation (2-11) (Stack and

Jana, 2004):
A A k
_ 2 _ _ cor
W, = o nra“L = _ZaArL T F,L (2-11)

where k.., is the corrosive wear coefficient. Note that the corrosive wear coefficient
is directly proportional to the tribo-film thickness. This hypothesis is very dependent
on aggressiveness of the environment and the temperature which increases the wear

rate as both make the film grows faster.

2.2.4 Surface fracture wear

Brittle material is usually worn out under abrasive wear by subsurface lateral fracture
crack propagation. The volume loss per unit distance over N asperities rubbing on a
surface of fracture toughness( K.), Young’s modulus E and material constant c is

given by Equation (2-12) (Ajayi and Ludema, 1988):

9/8
W, = cN <w> F,L

K, Y/?H5/8 (2-12)

2.2.5 Erosive or percussive wear

Erosive wear is due to the repeated impact by wear particles (erosive) or hammering
with a hard object (percussive), so that material is removed from the surfaces. The
kinetic energy of the impaction is transformed into the plastic deformation on the
asperities of the surface. Then, particles can be removed by cutting (for ductile

material), fracture (for brittle material) or ploughing.
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There are only a fraction of the total impacts (¢) which result in erosive wear. The
erosion ratio (e,), over a total mass of m with impaction velocity (U), can be

obtained using Equation (2-13) (EITobgy et al., 2005),

pU?
& =S o (2-13)

where p is the density of the material. Again, similar to the adhesive wear law, the
applied load (E,) is replaced with pU? and the term E, L represents a sliding energy.
By considering n identical particles of mass m and velocity v, the individual Kinetic

energy (E}) of the particles would be:

(2-14)

As explained the ¢ fraction of the total impacts results in wear, so that the impacting

energy (E;) resulting in wear can be calculated as Equation (2-15):

E; = ¢nEy = cn%mvz

(2-15)
Therefore the volumetric wear can be obtained using Equation (2-16):
W, =Xeop |
v =" Lk (2-16)

where k..., is the erosive wear coefficient and can be interpreted as the fraction of all

the impacts that results in wear.
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2.2.6 Fatigue wear

If subsurface cracks occur on usually ductile material due to cyclic loading, fatigue
wear may proceed on surfaces in contact. Where little adhesive and/or abrasive forms
of wear occur prior to a fatigue event, extensive pitting may be observed once fatigue
sets in. Again, by considering a large number of individual microscopic asperities
mating in contact, where limitation of fatigue reaches at a particular asperity, a
volume of material is removed from surfaces. An expression of volumetric fatigue

wear can be obtained using Equation (2-17) (Karmakar et al., 1996):

kfat

W‘U = kfatArL = H FnL (2_17)

where the fatigue wear coefficient (k) interprets the proportion of the contacts that
produces wear debris by failing. It can also be associated with the number of load

cycles (or stress cycles) to failure Ny (Equation (2-18)).

1
" Krar (2-18)

Ny

2.3 Fretting wear

“Fretting” is a special type of wear process. It refers to a very small relative
movement of solid surfaces in contact (Hutchings, 1992). It occurs where surfaces in
contact are subjected to vibration, repeated oscillating load or varying stresses in any
form, and very small relative motion over a period of time. Fretting causes surface
damage by leading to material removal from one or both surfaces (with equal or

unequal fractions) in contact. In fact, fretting could itself contain adhesive, abrasive
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and/or corrosive forms of wear (see Figure 2-1) while a small relative displacement

occurs between surfaces in contact.

The mechanism of the fretting can be described based on the micromotion and
loading at the coupling surfaces causing adhesion of surface asperities that are
subsequently torn apart. This leads to creation of metal particulate debris. The debris
is then oxidised and becomes harder than the mating surfaces. If the debris remains

in the contact zone abrasive wear can occur resulting in further surface damage.

The difference between fretting wear with the other types of wear is mainly the
magnitude of movement. This movement is known as “slip” which is always
tangential to the surfaces in contact. Fretting and its resulting damage causes failure
in many types of mechanical devices such as pressure armour layers, keyway-shaft

couplings and taper junction of total hip prosthesis.

2.3.1 Fretting wear characteristics

Although fretting occurs in different forms the damage is distinctive. The result of
fretting is manifested on the surfaces in contact in different characteristic ways. One
of these characteristics is the wear debris from fretting and its consequent
oxidization. Typically, fretting wear of steel produces a deep red oxide debris known
as “cocoa” (the size of particles is usually less than 0.2um (Varenberg et al., 2002))

while for aluminium the oxide is presented as a white powder.

Due to the condition of fretting where contact surfaces are always under high contact
stresses, debris cannot usually escape from the gap between the surfaces. This leads
to a third-body damage (abrasive and/or corrosive wear) which increases the wear

rate with further surface damage.

42



Chapter 2: Background — a review

Another characteristic of fretting is the scar of wear that remains on the surfaces,
generally known as a “fretting scar” or “fretting wear pattern”. The scars appear at
contact surfaces undergoing fretting as grey staining (matt surface due to micro
pitting), undulations (in parts metallically smooth), pitting (localised piling up of
particles), compaction zones (plastic indentations within the material), roughening
(plastic deformation in the form of uniform corrugations) and tower like growth
(built up from pasty particles at a few strengthened contact points) (Stowers and

Rabinowicz, 1973).

99 ¢¢

Fretting can be assessed with three regimes, namely, “gross slip”, “partial slip” and
“mixed slip”. Gross slip refers to where the displacement amplitude is higher than
transition amplitude, partial slip occurs where the displacement is lower than the
transition and for intermediate displacement amplitudes, the displacement may
evolve from one sliding to another called mixed slip regime (Hannel et al., 2001).
Vingsbo and Sdderberg (1988) have shown that fretting is significantly dependent on

the slip regime.

Fretting may also lead to a change of surface hardness which is another characteristic
of wear. The surface hardness often (not always) increases mainly because of work

hardening and oxidation.

2.3.2 Fretting wear theories

There are different theories on fretting and its process over time while all are based

on similar foundations.

A strong theory of fretting, proposed by Archard (1953), is that where adhesive,

corrosive and abrasive forms of the wear are all occurring, fretting takes place. Based
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on this theory, fretting has three main stages. Initially, relative displacement between
surfaces in contact causes adhesive wear between the asperities producing particles.
Then, the released particles oxidize rapidly (because of their small size). The
relatively hard oxide particles may further cause abrasive wear to the surfaces. The
abrasive wear occurs because the debris has nowhere to escape from the contacting
surfaces and is trapped between them. Finally, the wear progresses with further

chemical reaction based on the environment causing corrosive wear.

A theory proposed by Engel and Klingele (1981) is similar to Archard’s but not
necessarily in the same order. Another theory stated by Wassef and Schmalzried
(2013) is that, where the existing formed oxide layer on the surface is removed by
physical fretting, adhesive wear due to micromotion, further oxidation and/or

corrosion of the surface is possible.

2.4 Wear laws

As outlined earlier in section 2.2, the wear rate for contacting surfaces is proportional
to the contact load and the relative displacement between them. Theoretical
approaches to the assessment of wear are mainly based on “Archard’s Wear Law” or

the “Dissipated Energy Wear Law”.

2.4.1 Archard’s wear law

The Archard-based wear law is the most common theory to model the wear process
in tribology and is classically used in many studies. This approach relates the
volumetric wear to the product of the normal load and relative sliding distance of the
surfaces in contact. Then a wear coefficient is extrapolated to establish the wear

resistance of the material. The dimensional Archard wear coefficient (K) from
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Equation (2-3) which contains the hardness of the material (K = k/H) can usually be
obtained using Equation (2-19).
W,
K= —
E,s (2-19)
where s is relative sliding distance or “slip”. This wear coefficient, due to correlation
of hardness, has units of Pa~1. Equation (2-19) was originally proposed by Archard

for unidirectional sliding wearing process but it has been widely used for fretting

wear modelling as well.

The relative sliding in fretting occurs tangential to the surfaces with reciprocating
action and Archard’s wear law needs a gradual approach to obtain the sliding

distance. This can be represented as,

W, = KZ E,s; (2-20)

where s; is the relative slip per stroke and ), F,;s; is the sum of E,s products over the

load cycles.

Many studies have demonstrated that the Archard wear coefficient (K) for the same
material combination, is strongly dependant on wear mechanism, progression of
wear, contact geometry, displacement amplitude, loading condition and other
parameters. For instance the K value for unidirectional sliding is completely different
from reciprocating sliding (fretting for example) (Fridrici et al., 2001). Furthermore,
other studies show that it is necessary for the wear rate of metals under fretting to

consider the effect of elasto-plastic response of geometry (Johnson, 1995, Kapoor,
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1997). The stress on the structure will be maintained within an elastic response up to
the critical cyclic stress state where the material then undergoes cumulated plastic
dissipation. This defines a shake-down boundary as a function of the “Hertzian”
pressure. Such a theory has been confirmed with many other studies (Johnson, 1995,
Van and Maitournam, 1994, Fouvry et al., 2001, Fouvry et al., 2003) and
demonstrates that it is essential to integrate the change of friction coefficient for the
assessment of wear rate under alternated sliding situations which is known as the
greatest limitation of Archard’s wear law. Therefore, the Archard wear approach

cannot accommaodate the change of friction coefficient during the wearing process.

2.4.2 Dissipated energy wear law

The wear rate seems to be much more dependent on another significant parameter
which is interfacial shear work (Fouvry et al., 2003, Fouvry et al., 2001, Teoh et al.,
2002). The wear resistance of the material can be evaluated by an Energy wear
approach that relates the wear volume to the friction energy dissipated through the
interface. This method gives the wear volume proportional to dissipated energy (3. E)

given by,

W, = az E (2-21)

where « is an energy wear coefficient. The dissipated energy (E) is the product of

tangential force (Q) and slip (s) given by,

E=Qs (2-22)
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The Energy wear law introduces the energy wear coefficient which allows
rationalizing the quantification of wear and classifying the wear resistance. This
method also interprets different wear mechanisms (such as abrasive, corrosive and
fatigue wear) in a much more appropriate way. Similar to K (the Archard wear
coefficient) in the Archard wear law, the a value (Energy wear coefficient) again
depends on material combination, sliding condition and the contact geometry. In this
law, a minor dissipated energy participates in plasticity with the majority part of the
energy being consumed by debris flow through the interface. It can also
accommodate the change of friction coefficient during the wear analysis. These

advantages show the superiority of this law compared to Archard’s wear law.
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2.5 Hip joint

The Hip joint is fundamentally a ball and socket joint (Figure 2-3) with the large area
of the ball (femur head) surrounded by the socket (acetabulum). It bears more weight
with high stability but carries less range of motion in comparison with other ball-
socket joints such as the shoulder. A hip joint contains the head of the femur bone,

the acetabulum, cartilage, joint capsule (ligaments) and tendons.

The joint is supported with muscles, tendons and ligaments. The whole hip joint is
covered by a joint capsule that helps to stabilize the motion of the hip. This capsule
covers all femur head cartilages and the acetabulum. The fibrous and thick capsule
contains three ligaments, “ilofemoral”, “ischiofemoral” and “pubofemoral” located

beside the labrum and ligmentum teres (see Figure 2-3).

The femur or thigh bone is known as the longest, heaviest and strongest bone in the
human body. Its duty is to support and carry all the body weight during human
activities. There is always extreme force applied on the femur which can be

stabilized with the strength of the muscles attached to it.

The acetabulum is basically a cup dented in the pelvis (the concave surface of the
pelvis) shown in Figure 2-3. The femur head meets the pelvis at this concave surface

to form the hip joint.

The main duty of the cartilage on the acetabulum and head of the femur bone is to
lubricate the joint and provides a smooth surface in order to facilitate a nearly
frictionless and smooth motion. From a mechanical point of view it acts in a similar
way to lubricant in machinery. Its performance in the joint is crucial as if it is

damaged due to overuse, overweight and/or any specific diseases affecting the joint,
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two hard bony surfaces act upon each other causing high stresses in the joint

articulation with high friction making the joint stiff and painful.

Acetabulum

Head of femur

Pelvis Femur neck

Ischiofemoral

ligament
(attached on the
back of the
capsule)

ilofemoral
ligament

Pubofemoral Femur bone

ligament Hip joint capule

Figure 2-3: A human hip joint, model created in SolidWorks

2.5.1 Hip joint disorders

A hip joint can allow a wide range of movement and transmit high dynamic loads. Its
ability to carry loads and provide this mobility is remarkable; however, it is

vulnerable and can lose its functionality due to diseases such as:
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e Osteoarthritis: When the joint cartilage is worn away, bones grind against
each other causing stiffness, pain and immobility.

e Rheumatoid arthritis: This arthritis is a chronic disease which while
progressing leads to severe damage in joint ligaments and erosion of the
bone.

e Avascular Necrosis: This is defined as death of organ cells in the joint
tissue due to lack of blood supply and mostly affects the top of the femur
bone. Avascular necrosis may lead to change of the shape of the bone, joint
stiffness, pain and loss of range of movement.

e Trauma and bone fracture

e Others, such as Tendonitis of the adductors of the hip, Trochantric bursitis,

Snapping hip Syndrome.

Drugs and physio-therapy can help to reduce pain for patients; however, in severe
cases, to eliminate the pain, the effective treatment would be replacement of the
affected joint. At the final stage of severe hip pathologies®, arthroplasty is a key

solution for patients who wish to pursue an active lifestyle again.

2.6 Hip arthroplasty

THR is a common arthroplasty performed worldwide as a key and successful
solution to improve a patient’s lifestyle who is suffering from painful hip joints, hip
joint diseases or joint fracture. Sir John Charnley (1911-1982) carried out the very

first hip arthroplasty in November 1962. He developed a method to replace the whole

2 Pathology is “The science of the causes and effects of diseases, especially the branch of medicine
that deals with the laboratory examination of samples of body tissue for diagnostic or forensic
purposes”. Oxford Dictionary
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hip joint by an artificial one and established a surgical technique for implantation.
Although, implants and surgical techniques have advanced since then, the same
foundation proposed by Charnley is currently being used. The main aim of the

surgery is to accommodate an active lifestyle for patients.

A total hip prosthesis is a ball and socket joint normally comprising of three
components, an acetabular cup, femoral head and stem (see Figure 2-4 and

Figure 2-7).

Head taper

Modular taper
junction

Stem trunnion

Stem

Figure 2-4: A THR, a Birmingham acetabular component, a Freeman
uncemented stem and a Birmingham XL head (retrieved)

Since the very first Charnley hip prosthetic design, this implant has been developed

in terms of design, material, bearing surfaces and resurfacing techniques. The
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success of the design is only based on the longevity of them in-vivo. Although the
sizes of the components are different based on the anatomy of the patients, their basic
geometry is similar. Currently, a wide range of Prosthetic devices are available
commercially in terms of design, type and material. The main joint replacement
manufactures are DePuy, Zimmer, Smith & Nephew, Stryker, Biomet and Link.

Figure 2-5 shows just some of the many different implant designs.

Figure 2-5: Different design of hip implants

In early designs of THRs, the head and stem were manufactured as a single
component (monolithic prosthesis). Using two separate components (modularity) in
THRs allows flexibility intra-operatively to facilitate optimum prosthetic
functionality and anatomical fit for individual patients. Modular connection involves
a male and female junction. Interlocking ridges are machined to a certain roughness
to connect a tapered shank and socket. This allows a surgeon to choose different

prosthesis components dependent on a patients’ anatomy, age and level of activity

52



Chapter 2: Background — a review

without a large inventory. The main advantages of modularity in total hip prosthesis

can be listed as below:

Custom implants that attempts to enhance fit and fill of different hip
geometry.

Better adjustment of head size, leg length offset, neck length, anteversion®
Decrease implant inventory

An ability to remove the femoral head at revision surgery to improve
exposure or change head size without stem component removal.

Use of different materials for components (different material combination to
provide good bearing properties mainly low friction and high wear resistance)

Self-lock with no screw

Beside all the advantages of modularity, clinical experience has witnessed significant

drawbacks associated with modularity, such as:

Introduction of one or two more interfaces which may lead to increased
fretting wear

Dissociation of implant, possible loosening of the parts

Possible corrosion of mixed metals,

Possible fracture below the head and neck

Reduced range of motion

% Anteversion is an angle between an imaginary transverse line that runs medially to laterally through
the knee joint and the imaginary transverse line passing through the centre of the femoral head and

neck.
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- Cost of modular implants is relatively higher than a monolithic prosthesis
(McCarthy et al., 1997), however, Srinivasan et al. (2012) believed that the

use of modularity results in cost savings.

2.6.1 Procedure of total hip replacements

THR is a surgical procedure. The surgery involves the replacement of the hip joint
with an artificial mechanical one. During the surgery the whole hip joint is removed

and replaced by a prosthetic device (see Figure 2-3and Figure 2-6).

Acetabular cup

Femur bone
Head of femur

bone cut

Figure 2-6: Schematic of the THR in service, model created in SolidWorks, JRI
implant, AEON cemented hip system
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On reaching the hip joint, the surgeon dislocates the femoral bone from the socket
and cuts the head of the femur bone (the top of the thigh bone). The inside of the
femur bone is cleaned (using various techniques) and the stem placed into the bone.
The stem fixes into the femur canal using either a cement mantel (typically Plexiglas)
or biological ingrowth that allows the bone to grow into and onto the metal stem

surface coated with a porous or rough material.

Then a perfect hemispherical bone socket, matched with the external shape of the
acetabular cup, is made in the pelvis acetabulum (hip socket) by a reamer and the

acetabular cup is placed into that.

A trial head is placed on the top of the femoral stem in order check the size and
adequacy of the hip motion. When the appropriate head size is found, the actual head
is placed on the stem trunnion and usually fixed with impaction. Generally, one to

three firm impactions are applied to the top of the head.

2.6.2 Femoral head and stem assembly

As discussed, the assembly of the femoral head onto the stem trunnion at surgery is
achieved by impaction by the surgeon. In order to apply impaction on the head,
surgeons use a polymer tipped impactor instrument and a mallet to avoid damaging

the prosthesis (see Figure 6-1 in Chapter 6).

It is known that the magnitude of this impaction force affects the initial taper strength
for long-term and safe fixation. The strength of fixation is obviously dependent on
the impaction force, design of the taper, the condition of the taper surfaces, mismatch
angle, angle of impaction, environment (dry or wet) and number of impactions

(Heiney et al., 2009, Pennock et al., 2002). It has been postulated that attaining
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maximum fixation is crucial in minimizing problems associated with these tapers

such as corrosion, fretting, micromotion and unintended disassembly.

A number of experimental studies have investigated parameters that affect taper
fixation (Heiney et al., 2009, Pennock et al., 2002, Rehmer et al., 2012, Lavernia et
al., 2009) with taper “pull-off” force being used as the measure to assess taper
strength. All of these studies involved (at least) the simulation of the assembly and

disassembly of cobalt chrome alloy heads with a titanium alloy stem.

The magnitude of the impaction forces used were determined initially using tests in
Heiney et al. (2009), Pennock et al. (2002), and Lavernia et al. (2009) where
surgeons were required to apply an impact typical of that used intra-operatively to
assemble the head to the stem. The average of the measured forces from the three
studies were approximately 5000N (1 surgeon x 11 impacts) (Pennock et al., 2002);
1633N, Standard Deviation 422N (8 surgeons x 5 impacts each) (Lavernia et al.,
2009); and 4409N (10 surgeons x 1 impact) (Heiney et al., 2009). Rehmer et al.
(2012) used impact forces of 2000N, 3000N and 4000N (to cover the typical range of
force applied by surgeons) describing them as light, medium and firm hammer blows
for seating the femoral head on to the stem. A linear relationship was found by
Heiney et al. (2009), Pennock et al. (2002), and Rehmer et al. (2012) such that
increased impaction resulted in increased pull-off forces (with the ratio between pull-
off and impaction being around 0.4 (Pennock et al., 2002) and 0.48 (Heiney et al.,
2009)). Lavernia et al. (2009) found much reduced pull-off forces where biological

debris (blood, fat) existed on the taper during assembly.

Pennock et al. (2002) and Rehmer et al. (2012) stated multiple impacts did not

increase taper fixing strength, whereas Heiney et al. (2009) advised two firm blows
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would attain maximum fixation. Pennock et al. (2002) suggested that surgeons
should apply an in-line maximum impaction but Heiney et al. (2009) and Rehmer et
al. (2012) recommended a firm blow (4000N) so as not to risk damage to the femur.
However, Mroczkowski et al. (2006) used an impact load of 6700N and hand
assembly to represent the extremes of what may be seen “clinically” in an
experimental study into the effect of impact assembly on fretting corrosion of hip

tapers.

These studies highlight the non-standard nature of the surgical assembly process for
the prosthetic femoral head and stem with evidence of significant variation by
surgeons with regard to impaction force and technique used. This variation occurs
due to a surgeon’s differing experience; the type of head (metal or ceramic); and

crucially, the quality of the bone stock of the patient.

So, there is not only evidence that the magnitude of the impaction force affects taper
fixation (Heiney et al., 2009, Pennock et al., 2002, Rehmer et al., 2012), but also,
Mroczkowski et al. (2006) suggest that the extent of taper fixation may have an

effect on corrosion, micromotion and fretting wear.

Surgeons are provided with general guidelines and training by manufacturers on how
to assemble a head to a particular stem; however, manufacturers’ guidelines are
vague for the assembly of the head and stem with statements such as ‘slightly’ or
‘firmly” impacted the norm to describe the magnitude of any impaction force to be
used. In reality, the magnitude of the impact used is based on a surgeons’ preference,
experience, the type of prosthetic femoral head, and the quality of the patients’ bone

stock.
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2.6.3 Material and material combination of total hip replacements

All materials used to manufacture THRs must be biocompatible in order to reduce

the risk of rejection of the implants and possible toxicity. Increases in the number of

young active patients using hip prostheses has led to an amplified use of alternative

bearing materials. In the highly corrosive human body environment, the material

properties of different components of implants play a significant role in their

longevity.

Acetabular cup. The acetabular cup is fitted into the pelvis and the bearing
surface is typically manufactured from Ultra-High-Molecular-Weight
Polyethylene (UHMWPE) which has low friction and wear rate, high toughness,
good impact resistance and good biocompatibility. In some designs it is
manufactured from highly cross-linked polyethylene (HXLPE), ceramic (such as
alumina or zirconia) or to a lesser extent recently a cobalt-chrome alloy (Jeffers
et al., 2009).

Femoral head. Prosthetic femoral heads are normally made from a cobalt-
chrome alloy, but also either ceramic or high grade stainless steel. The main
advantage of ceramic used for a femoral head is low friction which leads to a
low wear rate and reduced wear debris; however, it is brittle. Cobalt-chrome
alloy provides very good biocompatibility, corrosion resistance, high hardness,
reduced inflammation and superior wear resistance for bearings especially where
it is combined with itself or on a UHMWPE cup. It provides relatively
successful performance and has been widely used in orthopaedic applications
(Brown and Lemons, 1996).

Modular stem. The stem which needs to be fitted into the medullary cavity of

the femur is usually made from titanium alloy (typically Ti-6Al-4V) which has
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similar elasticity as bone, good tissue tolerance, high strength to weight ratio and
lighter weight than other orthopaedic alloys. It is rarely made from a cobalt-

chrome alloy or stainless steel (Head et al., 1995).

The combination of different materials for the components also creates different

interfacial properties. When the term “material combination” arises, it means the

material of the femoral head and acetabular cup (bearing material combination).

There are several different material combinations for the articulating surfaces in

THRs, such as Metal-on-Plastic (MoP), Ceramic-on-Plastic (CoP), Ceramic-on-

Ceramic (CoC) and Metal-on-Metal (MoM).

MoP and CoP. Plastic which is usually UHMWPE or high cross-linked
polyethylene (see Figure 2-7) has high wear resistance compared to other types
of plastics, however, compared to metal and ceramic it has a high wear rate. It
allows the use of a larger femoral head. Further, UHMWPE allows the bearing
to act as a good shock absorber and this helps to possibly allow greater activity
levels.

CoC. This type of prosthesis reduces the possibility of scratches on the surfaces
and therefore, makes the couples less vulnerable to wear. The wear rate is 10
percent less than MoM. In this type of prosthesis, it is possible to use a thinner
acetabular cup (because of its strength) and therefore, it is possible to choose a
bigger femoral head fitted into a smaller acetabular shell. It provides a wider
range of motion and higher stability and is a good bearing for young active
patients. This type of prosthesis, however, is expensive, brittle and “squeaking”

has been widely reported which is unpleasant for patients (Mai et al., 2010).
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Head

Modular taper VZ A
junction Stem trunnion ¥

¢

Stem

Figure 2-7: Metal-on-Plastic total hip replacement
MoM. The difference in hardness is the main advantage of this kind of
prosthesis. The MoM prosthesis (see Figure 2-4) is fabricated from different
metallic alloys such as cobalt-chromium alloy. One of their biggest advantages
to ceramic is that they are hard but not brittle. Their advantage over plastic is
that they are more resistant to wear and scratching. Another advantage of this
coupling is that it can be made with a bigger femoral head diameter for the same
sized acetabular shell. Therefore, it provides a wider range of motion for the hip.
This combination is also supposed to provide less wear, less bone resorption,
fewer offset problems, less risk of dislocation and make it easy for revision
surgery. The MoM hip prosthesis has been developed to help the failure rate;
however, it leads to other serious problems that increase the failure rate such as

metallosis (Milosev et al., 2000) and infection.
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The acetabular cup and femoral head need to provide a smooth articulating bearing
surface to allow necessary hip movement and to minimize wear. There is evidence
that cobalt-chrome femoral head with UHMWPE acetabular cup provide a good
combination for bearing surfaces. Furthermore, the advantages of titanium and
cobalt-chrome alloy brought these two materials in combination as a titanium
modular stem and cobalt-chrome femoral head and these combinations have been

widely used in orthopaedic devices.

2.6.4 Surface characteristics of total hip replacements

e Bearing

British standard (BS 1SO 7206-2:1987) suggested that for articulating surfaces
(bearing) of implants the surface roughness finish should not exceed 70um and
30um in average (R,) for metals and ceramic respectively. In fact, due to advanced
manufacturing and polishing techniques, these surface finishes are much smoother
than suggested. Recently, available femoral heads are manufactured from an average
R, of less than 0.03um to 0.1um (Hosseinzadeh et al., 2012). This has helped to
reduce wear at bearing surfaces significantly (Smith et al., 2001). The material
investigations and advanced manufacturing techniques on bearings have fairly well

reduced the wear rate that could occur at bearings.

e Modular stem

The modular stem of earlier THRs was initially developed with stainless steel with a
relatively smooth surface and developed further to a high degree of surface finish.
This detrimentally effected fretting wear between stem and bone (Ohashi et al., 1998,

DANIEL M ESTOK and Harris, 1994). In the 1970’s studies tried to change the
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surface finish of the modular stem from what was highly polished to a rough surface
with a matt appearance in order to have better fixation between the stem and bone.
Coating has commonly been used on some modular stems to encourage bone

ingrowth and better fixation.

e Taper junction

The focus of this study, however, is the taper junction or taper interface of THRs.
The taper junction contains of female taper or head taper surface namely “taper” and
male taper or stem taper surface namely “trunnion” (See Figure 2-4). Although the
taper and trunnion are manufactured to produce a component geometry as a specific
locking mechanism, micromotion between them is inevitable. Therefore, good
fixation between them is of the greatest importance to reduce micromotion and

subsequently reduce the wear rate.

A change of friction coefficient at the surfaces will affect the relative micromotion
which in turn affects the wear rate. Between the 1980s and 1990s, theoretical studies
tried to decrease the contact pressure as a means of decreasing wear in the taper
junction (Bartel et al.,, 1985, Fessler and Fricker, 1989, Jin et al., 1999).
Subsequently, Wang et al. (2001) used a joint simulator to determine the effect of
contact pressure on wear and friction coefficient. They showed that increasing the
contact pressure reduces both the coefficient of friction and wear rate. They
suggested that higher taper friction is a desirable condition in order to provide better

fixation and reduce wear.

Water and blood only reduce the magnitude of the friction coefficient slightly
(Fessler and Fricker, 1989). Water has no effect (in comparison to a dry condition)

on the friction coefficient at the taper junction; however, blood reduces the friction
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coefficient slightly due to the protein complexes that enhance boundary lubrication

(Fessler and Fricker, 1989).

Ceramic and metal tapers are typically (but not always) manufactured relatively
smooth and polished (see Figure 2-8); however, some prosthetic devices have
threaded trunnion surfaces (see Figure 2-9) in order to increase friction and improve
fixation of the components. Threaded tapers provide better fixation especially for a
metal trunnion and ceramic taper. Hallab et al. (2004) performed an in-vitro fretting
test comparing possible fretting corrosion between metal-stem/metal-head and metal-
stem/ceramic-head combination. They showed approximately 11-fold greater metal
debris released from metal-stem/metal-head. This is due to the hard on soft
mechanical interlocking of the harder ceramic and softer metal contact interface that

could reduce the potential relative mictomotion.

1.5+ 7 ' 1.5

0.54

um

0.0 = s =s — - —

-0.54

T

2.0 L o0

T

T Ty T YT | AR BARAS RARAS T L T T
83.0 83.5 84.0 84.5 85.0 85.5 86.0 86.5 87.0 87.5 88.0 88.5 89.0 89.5 90.0 90.5 91.0 91.5 92.0 92,5 93.0
mm

Figure 2-8: An example of head taper surface topography

Figure 2-8 and Figure 2-9 show the surface topography on a commercial head taper
and stem trunnion respectively using a contact profilometer (Talysurf PGI 840,
Taylor Hobson, Leicester, UK). The arithmetic mean value (R,) of 0.4um on the
head taper surface roughness and 2.1um on threaded stem trunnion are visually

apparent.
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Figure 2-9: An example of threaded stem trunnion surface topography

2.6.5 Failure of total hip replacements

Modern THRs are a major clinical success with expected lifetimes of 10 to 15 years
(Aldinger et al., 2003, Teloken et al., 2002). Failure after this is known as a “fair

success” of the implant and any failure below that called “premature failure”.

Recent data from the National Joint Registry (NJR) indicates that around 89,000 hip
operations were performed in the UK using arthroplasty in 2013 (11™ Annual Report,
NJR for England, Wales and Northern Ireland, 2014). The American Academy of
Orthopaedic Surgeons (AAOS) has indicated that more than 285,000 THRs are
performed each year in the United States (National Hospital Discharge Survey, USA,
2010) with this number expected to rise with an ageing population. The number of
patients receiving THRs has increased over the past decade by 14% in the United
Kingdom and 35% in the United States (Smith et al., 2012). In addition, as these
devices are becoming more common place, younger patients are adopting this
solution too and as such there is a need to improve existing designs further to

accommodate their more active lifestyle and to extend the prostheses life.
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Instances of premature failure of these implants (< 5 years) has been reported and
attributed to aseptic loosening (Langton et al., 2011, Mattei et al., 2011). Aseptic
loosening which is a loss of fixation of the implants is known as the main factor of
failure of THRs. This loss of fixation may be a result of inadequate initial fixation,
mechanical loss of fixation over time or biologic loss of fixation happening due to
wearing process. It could occur at modular stem-bone (cemented or uncemented) or
the head-taper interface (Abu-Amer et al., 2007). The Sweetish Hip Arthroplasty
Registry reported that 75% of premature mechanical failure is due to aseptic
loosening and the rest is due to dislocation, infection and rarely fracture (see
Figure 2-10) around the implant. Mostly, all the recalls are due to unexpected pain or
pain due to Adverse Soft Tissue Reaction (ASTR) to debris released. Thus, one of
the main mechanical requirements for an improved prosthetic design is to minimise

wear to increase device longevity.

Fracture

Figure 2-10: Fracture occurred at Polyethylene cup of a total hip prosthesis

When failure happens, revision surgery is needed to replace the failed implant.
Revisions are less successful than primary due to the much more complex procedure
and also the reduction of the bone quality. It is also much more costly than primary

surgery with more discomfort and pain for patients.
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The failure rate varies with the type, design and brand of the prosthesis. For instance,
for MoM THRs, the failure rate at seven years is around 13.6%, compared with
4.9% failure rate for those made of other materials (Smith et al., 2012, Cohen, 2012).
For articular surface replacement (ASR; DePuy, United Kingdom) the NJR (2014)
announced more than 29% failure in 2013. In general, the registry has shown the
MoM THRs have not performed satisfactorily enough as bearing surfaces. Large
numbers of recalls of MoM hip prostheses are due to the ASTR in patients (Pandit et
al., 2008). Metal ions released into the body may enter the blood vessels or other

organs of the body and increase the iron percentage in the blood (Smith et al., 2012).

Another concern with MoM THRs is the possibility of metallic cancerous ions.
Smith et al. (2012) investigated 40,576 patients with MoM and 248,995 with
alternative bearings hip replacement. Based on the results, there is no evidence on the
risk of cancer diagnosis in the first seven years after MoM implantation with no
increase in the risk of malignant melanoma, Prostate or Renal cancer. Although all
the data presented is reassuring, this kind of finding is observational with a short

follow-up using hospital statistics.

Consequently, an understanding of all clinical failure (mainly wear for this research)
at all interfaces is needed to reduce the number of revisions, increase longevity and

provide more comfort for patients.

2.7 Wear and fretting wear in total hip prosthesis

Wear is inevitable at each interface of a total hip prosthesis due to the cyclic load. As
a matter of fact, wear occurs in all different types of prosthetic devices in varying
amounts. Prosthetic wear produces different types of wear particles in terms of size

and shape. The wear debris produced from these devices is created at:
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Head and acetabular cup interface. The wear occurring at this interface has
been minimised significantly with the introduction of advanced materials with
low wearing rate, improvement of manufacturing and polishing techniques, and
optimisation of size and geometry.

Although generation of wear at the head and acetabular cup has reduced
significantly, the amount of debris released from this interface is generally
inevitable and acceptable due to the nature of bearing and interaction between
those components.

Stem and cemented stem interface. In cemented THRs the femoral stem is
secured typically using Plexiglas (Poly-Methalmethacrylate PMMA). The wear
occurring between stem and the bone cement is well documented in the literature
(Brown et al., 2007, Zhang et al., 2008b, Buly et al., 1992, Zhang et al., 20083,
Hailer et al., 2010, Morshed et al., 2007).

Head taper and stem trunnion (taper junction) interface. The form of wear
occurring at this interface is fretting wear. The main issue with fretting in
arthroplasty is that the oxide debris released has no escape route, and is
accumulated either on surrounding tissue within the body or trapped between
contacting surfaces which has a damaging effect. It may lead to ASTR and
trapped particles causing further abrasive and corrosive wear. Tissue reaction to

metallic wear debris plays a major role in aseptic loosening of joint implants.

As well as the benefits associated with modularity there are inherent difficulties
associated with the release of wear debris at both the acetabular cup-head articulating
surface and also the head taper-stem trunnion junction which have led to ASTR in

recipients (Langton et al., 2011, Mattei et al., 2011).
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2.7.1 Fretting wear at taper junction of total hip replacements

Traditionally the debris released at the head stem interface has been assumed
negligible compared to the wear occurring at bearing surfaces. The determination of
wear in THRs up until recently has mainly focused on the articulating surfaces
between the head and (plastic) acetabular cup (Fialho et al., 2007, Maxian et al.,
1996a, Maxian et al., 1996b, Maxian et al., 1997, Patil et al., 2003, Raimondi et al.,
2001, Teoh et al., 2002, Wu et al., 2003); however, fretting and its resulting damage
at the taper junction causes failure in many types of prosthetic device. Corrosion
occurs due to fretting which not only leads to implant failure but also causes serious

problems such as ASTR.

As discussed, MoM prostheses incorporate a metal femoral head and cup articulation
and have a much reduced wear rate in comparison to MoP. Modern large diameter
MoM prostheses (Figure 2-4) were introduced around 1997 (Cohen, 2012) as an
option for young active patients to provide a device with reduced wear debris and
risk of dislocation, greater strength and longer life than MoP types. However, under
certain circumstances, metal debris can be generated at the articulating surfaces
which can damage the surrounding soft tissues leading to ‘“aseptic lymphocyte
dominated vasculitis-associated lesions” (ALDVAL) and Metallosis and cause

immobility in patients (Sporer and Chalmers, 2012).

Importantly, evidence of metal wear debris has been reported in MoP (case-report
level) and CoC THRs too, implicating taper wear and also neck-cup impingement
(Langton et al., 2011, Mao et al., 2012). Langton et al. (2012) and Bolland et al.
(2011) have shown damage at the taper junction in retrieved MoM prostheses where

there is correspondingly minimal wear at the bearing surfaces but still serious soft
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tissue damage. Langton et al. (2012) presented Scanning Electron Microscope (SEM)
images of taper junction surface damage occurring in the femoral heads from
retrieved large diameter MoM prostheses. The images show surface peaks (created
by the impression of the machining grooves from the trunnion) having been sheared
off leading to significant material loss, and evidence of the formation of pits with
inclusions which it was hypothesised were primarily due to mechanical fretting wear.
There was evidence of only small amounts of chlorides and oxides suggesting
corrosion was not the primary mechanism of material loss, contrary to the opinion of

Malviya et al. (2011), Goldberg et al. (2002), and Gilbert et al. (1993).

As the junctions would have been subject to oscillatory loads and small relative
displacements (micromotion), the type of mechanical wear taking place is likely to
have been fretting wear. There is evidence in the literature of experimental
investigations relating to fretting in THRs (Hallab et al., 2004, Duisabeau et al.,
2004) but only a limited number of studies on the numerical simulation of this type
of wear (Zhang et al., 2013, Elkins et al., 2014). Due to this serious problem large

diameter MoM prostheses are no longer used for arthroplasty.

ASTR and Metallosis have been shown to not only be an issue for MoM prostheses,
there have also been reports of them due to metallic wear debris produced from the
taper-trunnion interface for both MoP (Mao et al., 2012) and CoC (Milosev et al.,
2000) prostheses. This indicates that damaging metal debris can also be created at the

taper junction between a metal head and stem even in MoP or CoC prostheses.

2.7.2 Fretting wear of cobalt-chrome and titanium

As discussed, the advantages of titanium for the modular stem and cobalt-chrome for

the femoral head brought this combination of materials in THRs together. Besides all
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the material advantages of cobalt-chrome and titanium, recent studies show a
different scenario for the cobalt-chrome and titanium taper junction combination of
modular head and stem (Bishop et al., 2013, Bone et al., 2015, Moharrami et al.,
2013). This combination seems to lead to a risk of significant enhancement of
potential wear and corrosion. Significant damage on the surface of the harder cobalt-
chrome has been reported (Cook et al., 1994, Mears, 1975) and a large number of
failures have been reported due to the wear occurring between the cobalt-chrome

head and titanium stem (Bolland et al., 2011).

Unexpectedly, the harder cobalt-chrome shows more surface damage than the softer
titanium alloy. This is due to fretting wear and the tribocorrosion mechanism
between these materials (Moharrami et al., 2013). Moharrami et al. (2013) undertook
an investigation on the Young’s Modulus and hardness of both materials considering
in-vivo corrosive environment to determine how titanium with lower hardness can
wear cobalt-chrome with higher hardness. Their investigation showed that in-vivo
oxidation has a significant effect on the surface material properties of titanium alloy
making it harder but makes no difference to the hardness of cobalt-chrome. The
hardness of cobalt-chrome remains relatively constant as it is more resistant to

oxidation.

Therefore in fretting between these two materials, titanium significantly abrasively
wears cobalt-chrome. Experimental measurement of fretting wear for this
combination showed the wear rate on the cobalt-chrome head taper was almost 10
times higher than on the titanium stem trunnion (Bone et al., 2015, Langton et al.,

2012).
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2.7.3 Wear particles released from hip implant

Wear particles release into the body from THRs can be found in different organs
such as the blood, kidneys and bladder (Maloney et al., 1995). During revision
surgery, debris accumulated around the joint and surrounding tissue has been clearly
presented (Kusaba and Kuroki, 1997). The debris contains metal and plastic
particles dependant on the type of prosthesis. Even for MoP THRs, analysis of the
debris has showed that particles are not only from UHMWPE (which come from the
acetabular cup) but also from metallic particles generated mostly from the head-stem

interface (Minakawa et al., 1998, Shahgaldi et al., 1995, Young et al., 1998).

Observations of the failed implants show significant damage at the taper junction
(visible with the naked eye). The metal debris released leads to serious problems and
infection of the surrounding tissue. Bolland et al. (2011) has shown damage at the
taper junction in retrieved prostheses. Although there is correspondingly minimal
wear at the bearing surfaces, serious wear damage on the taper and trunnion surfaces

was visible.

2.8 Wear assessment

As explained, theoretical and computational approaches to the assessment of wear
are mainly based on ‘Archard’s Wear Law’ or the ‘Dissipated Energy Wear Law’. In
both methods an experimentally determined wear coefficient is required which
encompasses a variety of parameters affecting wear such as material combination
and properties, geometry, surface roughness, friction coefficient, lubrication regime,

temperature, and loading frequency.
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2.8.1 Archard and Energy wear assessment

In the gross slip regime it can be seen that there is a relationship between Archard

and the Energy wear coefficient as follows,

“=4 (2-23)

where u is the friction coefficient. However, in the partial slip regime where the
traction force (Q) is lower than the product of the friction coefficient and normal load
(Q < uE,) the Archard and Energy approaches will not provide the same results

(Zhang et al., 2011).

The Energy wear approach considers the interfacial shear work as the main
parameter controlling the wear modelling. This approach uses a single Energy wear
coefficient that unifies prediction of wear across a wider range of stroke (from 50um
to 1.3mm) than Archard (Magaziner et al., 2008). Therefore, this approach has a
greater range of application than Archard’s wear law (Fouvry et al., 2001, Fouvry et

al., 2003, Liskiewicz and Fouvry, 2005).

2.8.2 Wear coefficient

For engineering application the quantity of dimensional wear coefficient (K = k/H)
is often more useful quoted by units of Pa™! or MPa~!. Due to a lack of a standard
test method, the value of wear coefficients obtained from different investigations
available in the literature vary significantly by a deviation of 1000% or more (Yang,
2005). The wear coefficient encompasses a variety of parameters affecting wear and

in addition it is known to change during the wearing process.
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The values of “taper-trunnion” (fretting) wear coefficients can only be obtained
accurately by controlled in-vitro studies using hip simulators or specially designed
fretting rigs, as basic techniques such as pin on disk do not provide the necessary

geometries, in-vivo loading conditions or environment to facilitate this.

The vast majority of research into wear modelling of hip prostheses has involved the
analysis of wear occurring between the cup and head articulation of MoP types
(Fialho et al., 2007, Maxian et al., 1996a, Maxian et al., 1996b, Maxian et al., 1997,
Patil et al., 2003, Raimondi et al., 2001, Teoh et al., 2002, Wu et al., 2003).
However, there has been a limited number of in-vitro studies considering metallic
interactions for both cup and head wear (hip simulators/pin-on-disk) and to consider
taper junction wear due to fretting (by means of fretting test rigs) (Chiba et al., 2007,

Fridrici et al., 2001, Liu et al., 2008, Magaziner et al., 2008, Zhang et al., 2013).

Liu et al. (2008) determined wear coefficients from wear volumes obtained from the
cup and head of cobalt chrome (CoCr) MoM hip resurfacing implants after simulator
tests by Leslie et al. (2008). The wear coefficients were obtained by a trial and error
method using a computational wear simulation of the experimental tests and
comparing the computed volumetric wear with the hip simulator values. Archard

wear coefficients of 1.13 x 10~ 1*MPa~! and 0.12 x 10" 1*MPa~1 were obtained

for the bedding-in (0- 1 million cycles) and steady-state (1- 15 million cycles) wear

phases respectively.

Uddin and Zhang (2013) used wear coefficients of similar value to Liu et al. (2008)
in a study to predict wear in hard-on-hard hip prostheses. For wear between a Co-Cr-
Mo alloy cup and head, Archard coefficients of 0.5 x 10"1*MPa~! and 0.15 x

1071*MPa~1 for bedding-in (0-1million cycles) and steady state (1-3 million cycles)
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were used by Uddin and Zhang (2013) following hip simulator tests undertaken by

Chan et al. (1999).

Chiba et al. (2007) used a traditional pin on disk unidirectional technique with
Archards wear law to determine wear coefficients for cast CoCr/CoCr and forged
CoCr/CoCr alloys. The volumetric wear was calculated from gravimetric
measurement of mass loss producing overall values of K = 3.8 x 107°MPa~'and

2.0 X 107°MPa™1 respectively.

Fridrici et al. (2001) investigated the effects of shot peening on the fretting wear
behaviour of Ti-6Al-4V using a fretting wear rig with a cylinder on plane geometry.
A number of tests were undertaken with different normal loading resulting in contact
pressures of 525MPa and 830MPa respectively, and displacement amplitudes
(£5um to £50um). The tests were carried out in dry conditions at a frequency of
5Hz up to a maximum of 10° cycles. A coefficient of friction was determined as
being around 0.8 to 1 after 10° cycles. Profilometry was used to determine the wear
volume with similar wear occurring on both the cylinder and plane. Energy wear
coefficients were calculated for the different experimental conditions showing
differences dependant on changes in the contact pressure or relative displacement.
For a contact pressure of 830MPa and a displacement amplitude of +50um for a
test of duration 250,000 cycles, the energy wear coefficient was determined as

29 x 1078MPa™t,

Magaziner et al. (2008) used a modified servo-controlled MTS testing machine with
two actuators and fretting fixture to study the fretting-reciprocating sliding of
titanium alloy Ti-6Al-4V on itself as cylinder on flat contact. The relative

displacement range was 872 — 1381um and the range of test cycles 1000 — 60000.
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Profilometry determined the wear volume which was found to be nearly linearly
proportional to the cumulative product of contact load and relative slip (2E,s) and
total dissipated energy (XE) producing an Archard wear coefficient K = 3.703 X

10~7MPa~1 and an energy wear coefficient « = 7.121 x 10~"MPa™1.

Zhang et al. (2013) used pin on disk with linear reciprocating motion (+2mm) to
determine the energy wear coefficients for two head-stem material combinations
(Co-28Cr-6Mo / DMLS Ti-6Al-4V and Co-28Cr-6Mo / forged Ti-6Al-4V) with the
dissipated energy wear law approach for application to fretting at THR taper
junctions. The authors state that with this approach « is fairly insensitive to the
magnitude of the relative displacement and is constant over a comparatively wide
range of motion (Liskiewicz and Fouvry, 2005, Magaziner et al., 2008). Contact
stresses were generated of similar magnitude to those at a THR taper junction and the
volumetric wear was measured using SEM and profilometry. For Co-28Cr-6Mo /
forged Ti-6Al-4V average energy wear coefficients of @ = 9.9 x 1078MPa~! and
1.6 X 1078 MPa~! were determined using SEM and profilometry respectively (a
difference in magnitude of 6.2 due to the measurement techniques used). For Co-
28Cr-6Mo / DMLS Ti-6Al-4V the values for a were 4.16 X 1078MPa~! and
3.34 x 107°MPa~! using SEM and profilometry respectively (a difference in

magnitude of 12.46).

The wear coefficient is of the fundamental importance. This value provides a
valuable means of wear modelling in different systems. The wear coefficients
obtained from the studies explained in this section should be treated with caution as
their values are dependent on the specific test machines used, component design, test

configurations and test conditions (Cawley et al.,, 2003). Furthermore, a direct
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comparison of the wear performance of a particular material is difficult due to the
reasons stated. The wear coefficients obtained in literature are summarized in

Table 2-1 and Table 2-2.

2.8.3 Wear fraction

In the process of wear, material can be removed from both components in contact by
different amounts. This depends on their surface material properties such as
hardness, wear resistance and surface roughness. The proportion of wear that is
removed from each of the contacting components in this work is specified by a “wear
fraction”. Simplistically, for example, a wear fraction of (1: 0) would remove all of
the wear volume from one component, whereas a wear fraction of (0.5:0.5) would

remove the wear equally from both components.

Typically, in studies that attempt to predict wear or fretting wear between a pair of
components one part is modelled as a rigid body and wear is only considered to
occur on the other. For instance, Zhang et al. (2014) in a recent study assumed that
fretting wear, between titanium stem and cobalt-chrome alloy head, only occurs on
the titanium stem trunnion. They stated that the cobalt-chrome head was a harder
material and as such can be assumed as a rigid body. In the light of their study three
main issues need to be considered. First, they have neglected the effect of geometry
change during the wearing process. Second, there is a large limitation of applying
accurate loading and boundary condition on an axisymmetric model. Finally and
more importantly, as discussed in Section 2.7.2, recent studies show the softer
titanium alloy abrasively wears the harder cobalt-chrome due to oxidation of titanium

(Bishop et al., 2013, Bone et al., 2015, Langton et al., 2012, Moharrami et al., 2013).
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In a 3D FE analysis of a MoM THR (femoral head-acetabular cup), Uddin and Zhang
(2013) only updated the geometry of the cup stating that the femoral head surface
normally wears equally to the cup surface and as such the wear analysis of the head
would be repetitive. However, the change of geometry on both parts during wear
modelling has a significant effect on the wear rate and the prediction of the final

surface damage.

To the author’s knowledge, the wear fraction is one of the main parameters in wear
modelling and cannot be neglected by simplification of the model. The wear method
proposed in this study permits wear to occur on one component only, both

components equally or by unequal amounts.

2.8.4 Effect of frequency on the wear rate

Regarding the experimental set-up for wear analysis, using a high frequency has an
effect on assessment of wear rate. For instance, a high frequency of the pin-on-disk
apparatus leads to vibrate the test samples. Chowdhury et al. (2010) indicate that
increasing the frequency, vibrates the pin-on-disk experimental set-up that leads to

increase the wear rate.

Furthermore, accelerating the fretting wear test by using a high frequency has an
effect on fretting wear tests (Schaaff et al., 2006). Schaaff et al. (2006) used a piezo-
electrically driven fretting test device and determined the volume loss using
radiotracer technique to assess the effect of frequency on fretting wear rate of Co-
28Cr-6Mo on Ti-6Al-4V. Their results for different frequencies (1 to 8Hz) show

higher wear rate for lower frequencies.
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Consequently, the examples above indicate that accelerating the fretting wear tests of

materials must be considered extremely carefully.

2.9 Computational wear modelling

Experimental testing to determine the wear behaviour that occurs in mechanical
devices is time consuming, expensive and complicated. Computational wear
modelling is an alternative method which is faster and cheaper than real testing and
can be used in addition to testing, to help improve the wear characteristics of
mechanical designs (Elkins et al., 2014, Elkins et al., 2011, Liu et al., 2008, Uddin

and Zhang, 2013, Zhang et al., 2013).

A computational approach to wear prediction is a useful tool for use in design or
improving an existing design. When validated experimentally or in-vivo, it could be
used to assess different gait cycles, functional performance of prosthetic devices and

refine critical points of a design.

There is some evidence that work has been successful in the prediction of fretting
wear experimentally and computationally to assess functional aspects of new and
existing designs. All methods presented in the literature have been significantly
simplified due to the complexity of the prediction. Some of these considerations are

summarized in Table 2-3.

Zhang et al. (2011) investigated the fretting performance of two 2D contrasting
contact geometries transmitting a normal load and tangential displacement. They
tried to investigate the effect of three different contact geometries on fretting to
understand which geometry performs better in terms of fretting wear and fatigue.

McColl et al. (2004) developed a 2D FE model to simulate fretting wear, validated
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experimentally based on Archard equation. They highlighted the effect of slip
amplitude on evolution of multiaxial contact stress and fretting parameters. Their
work was followed by Madge et al. (Madge et al., 2007b, Madge et al., 2008) who
used an Archard based wear simulation with FE based method to predict multiaxial
fretting wear on fretting wear life validated experimentally with a rounded punch-on-
flat fretting test rig. The effect of incremental plasticity during fretting wear analysis
has been investigated by Tobi et al. (2009). On the assessment of fretting wear
fatigue, Ding et al. (2004) used a combined 2D numerical and experimental approach
to predict fretting fatigue life using wear scars due to gross slip, partial slip and

mixed slip.

There are also some studies on the development of adhesive wear modelling. For
instance, Abdelgaied et al. (2011) proposed a new computational wear model to
predict wear in knee implants using the Archard wear law based on a non-
dimensional wear coefficient. They used a laboratory joint simulator to validate
predicted wear volume. Fialho et al. (2007) developed a computational framework to

simulate the wear and heat generation between the head and acetabular cup of THRs.

Liu et al. (2008) presented a computational wear model based on the Archard wear
equation and FE analysis to predict wear on MoM hip resurfacing prostheses. They
performed short and long term tests using a hip simulator to investigate the wear
coefficient up to 50 million load cycles. They obtained 6 to 8um wear depth with no
edge contact at the cup and head. This result was obtained using average linear
triangular interpolation of contact stresses rather than actual incremental contact

stresses.
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Different theories on wear modelling have also been presented to simplify the wear
prediction. For instance, Elkins et al. (2014) tried to develop an investigation on the
fretting wear behaviour using a “potential wear rate”. However, in their study the
effect of changing geometry due to wear evolution was ignored. They used only two
parameters of the Archard based wear law, contact pressure and slip to assess
potential wear rate. The study tried to parametrically compare different head

diameters on potential fretting wear rate.

Donaldson et al. (2014) considered varying parameters (four hundred) to investigate
a “fretting work done” on the head neck taper and trunnion junction. They defined
fretting work done as (u X P X s), where u is the friction coefficient, P is contact
pressure and s is micromotion. Their investigation showed that fretting work was
correlated with only three parameters, which are angular mismatch, centre offset and
body weight. The “fretting work done” may be considered as a “potential wear rate”
using the dissipated energy wear law and assuming an energy wear coefficient as

unity.
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Table 2-1: Values of wear coefficient for the same material combination of reviewed wear models

Same material Wear ) Wear coefficient
o Wear law Experiment Wear measurement Reference
combination model (MPa™1)
Computational wear ) )

Cobalt-chrome _ o ) ] _ Bedding: 1.13 x 10711 (Liu et al., 2008) and

) Archard  Adhesive Hip simulator simulation (trial and )
on itself Steady-state: 0.12 x 10711 (Leslie et al., 2008)

error)
Computational wear )

Co-Cr-Mo alloy _ _ _ ) ] _ Bedding: 0.5 x 10711 (Chan et al., 1999)

) Archard  Adhesive Pin-on-disk simulation (trial and )
on itself Steady-state: 0.15 x 10711 (Uddin and Zhang, 2013)

error)
Varying from

Co-Cr-Mo alloy ) o

el Archard  Abrasive Hip simulator SEM 0.95x 107 ° to (Cawley et al., 2003)
on itse

1.24 x 107°
Cast Cobalt- Archard ) ) ) Gravimetric measurement
_ Adhesive Pin-on-disk 3.8x107°
chrome on itself of mass loss ]
) ) (Chiba et al., 2007)

Forged CoCr on ] ] ] Gravimetric measurement
_ Archard  Adhesive Pin-on-disk 2.0x107°
itself of mass loss
Ti-6Al-4V . Servo-controlled . )

) Archard Fretting ) Profilometry 3.703 x 1077 (Magaziner et al., 2008)
on itself MTS testing
Ti-6Al-4V . Cylinder-on-flat . Gross sliding: 8.5 x 1077 )

] Archard Fretting . ] Profilometry / SEM (Tobi et al., 2009)
on itself fretting test rig Partial slip: 4.5 x 10~°
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Same material Wear . Wear coefficient
o Wear law Experiment Wear measurement Reference

combination model (MPa™1)
Ti-6Al-4V ) ) ] ) o

) Energy Fretting Fretting wear rig Profilometry 29x 1078 (Fridrici et al., 2001)
on itself
Ti-6AlI4V ] Electrodynamic

) Energy Fretting T SEM 1.12x 1078 (Fouvry et al., 2003)
on itself fretting rig
Ti-6Al-4V ) Servo-controlled ) ]

) Energy Fretting ) Profilometry 7.121x 1077 (Magaziner et al., 2008)
on itself MTS testing
High strength steel . .

. Archard  Fretting None FEA 1.0 x 1077 (Ding et al., 2004)
on itself

_ _ 185N:2.8 x 1078

High strength steel ] Cylinder-on-flat SURFCOM 200 scanning

_ Archard  Fretting ) _ _ 500N:5.1 x 1078 (McColl et al., 2004)
on itself fretting test rig stylus Profilometry

1670N: 2.8 x 1078
Varying from

Aluminium alloy ) ) ) )

el Archard  Adhesive Pin-on-disk Weight loss 0.2 x 107> to (Yang, 2003)
on itse

25x 107°

Metal-matric Varying from
composite on Archard  Adhesive Pin-on-disk Weight loss 2.7 x 107> to (Yang, 2005)
itself 24.6 X 1075
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Table 2-2: Values of wear coefficient for the different material combination of reviewed wear models

Different material Wear ) Wear coefficient
o Wear model Experiment Wear measurement Reference
combination law (MPa™1)
Co-28Cr-6Mo / _ 5.35 x 1078 and
] Energy Fretting SEM
DMLS Ti-6Al-4V 2.97 x 1078
Co-28Cr-6Mo / _ Pin-on-disk with 10.6 x 1078 and
] Energy Fretting SEM
forged Ti-6Al-4V linear 9.18 x 108
) ] (Zhang et al., 2013)
Co-28Cr-6Mo / ) reciprocating ) 3.91 x 1079 and
) Energy Fretting . Profilometry
DMLS Ti-6Al-4V motion 2.76 x 107°
Co-28Cr-6Mo / _ ] 1.31 x 1078 and
) Energy Fretting Profilometry
forged Ti-6Al-4V 1.88 x 1078
(Madge et al., 2007a)
Ti—6Al-4V on . From (McColl et ) )
Archard Fretting Fretting fatigue test 2.75x 1078 (Madge et al., 2008)
High strength steel al., 2004)
(Madge et al., 2007b)
Polyethylene / ) o )
CoC Archard  Adhesive Hip simulator FEA 10.6 x 1077 (Fialho et al., 2007)
oCr
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Table 2-3: Different approach to wear prediction of reviewed wear modelling

Auteurs Method Application Loading Consideration

FEA(ANSYS) / T Nodal position updates in constant radial direction for all updates
Uddin and Zhang (2013) WM’: Manually ;;Hsr IS_IS**’:' 22r(1)1(|)II(;88 Manually updated the geometry

9 Archard 'ul?\ction WF**.**'l' 0 Wear damage pattern presented in 2D

Adhesive ] o Wear coefficient from Pin-on-disk

EAMEAQUS o Lcamilion NP D hotel it et osing condion
Zhang et al. (2013) and WM: Adaptive meshing SF: 50,000 . : ip g

taper oS Press fit rather than impaction

Zhang et al. (2014) Eergy . . WEF: 1:0 . o .

Erettin junction Assumption of Titanium wears only, however as discussed softer

9 Titanium wears Cobalt-Chrome

FEA (ABAQUYS)

WM: Mathcad THR LC: 1 No geometry update, Wear potential
Elkins etal. (2014) Archard taper SF: None Nong—converyedpFE e{nal sisa‘ound in their work

Fretting junction WF:1:0 9 y

FEA (ANSYS) LC: 1million

. WM: None THR A Wear damage pattern obtained based on one analysis
Fialho et al. (2007) Archard head and cup SF: .1rr.1|II|on Not applicable for MoM
. WF: 1.0
Adhesive
FEA (ABAQUS) _ LC: 50million Just super_lor-lnfe_rlor hip I_oadmg ap_plled on th_e model
. _ Hip i - Average linear triangular interpolation to obtain contact stress

(Liuetal., 2008) WM: Manually resurfacin SF: 50million Updated on radial direction and not normal direction

Archard 9 WF:05/05 P

Adhesive

*WM: wear modelling
*LC: Number of Load Cycles,

***SF: Scaling Factor,
***x*\WF, wear fraction ABAQUS
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Auteurs Method Application Limitation
FEA (ABAQUS) LC™: 5million
. WM MATLAB Artificial - The method allow to obtain volumetric wear only
Abdelgaied et al. (2011) Modified Archard knee joint SF *5 0(_)’000 No presentation of wear damage pattern
. WF 1.0
Adhesive
Not applicable for 3D models with realistic loading condition
FEA Need of highly refined mesh: 10um element size
_ . . LC: 300,000 Nodal adjustment assigned: 0.001um
Tobi et al. (2009) WM: Adaptive meshing Fretting test ~ SF: 3,000 Wear depth accuracy: 1um
Archard iy .
Fretting WF:0.5:0.5 ngh_frequency, 20I—!z _
Considered the last time increment only
FEA/ Not applicable for 3D models with realistic loading condition
Madge et al. (2007a) WM: MATLAB Need of highly refined mesh: 16um element size

Madge et al. (2008)
Madge et al. (2007b)

McColl et al. (2004)
(Ding et al., 2004)

(Zhang et al., 2011)

Adaptive meshing
Archard
fretting

ABAQUS/

WM: Fortran
Adaptive meshing
Archard

Fretting

FEA/

WM: Fortran
Adaptive meshing
Energy

Fretting

Fretting test

Fretting test

Pressure
armour layer
of a marine
riser

LC and SF from
(Ding et al., 2004)

FWC: 18000
SF: 30
WF:0.5:0.5

FWC: 100,000
SF: 2,000
WF:0.5:0.5

Missing of nodal coordinate, due to adaptive meshing
procedure

Not applicable for 3D models with realistic loading condition
Need of highly refined mesh: 10um element size

High frequency, 20Hz

Assumption of displacement as a total local slip

Assumption of constant nodal contact pressure and slip during
the wear analysis

Manually run the Fortran program after each analysis

Wear depth accuracy: 5um

Not applicable for 3D models with realistic loading condition
Wear depth accuracy: 1um
Need of highly refined mesh

*WNM: wear programing
**LC: Number of Load Cycles,

***SF: Scaling Factor,
***+*\WF, wear fraction ABAQUS
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2.10 Discussion and rationale

Fretting is known as one of the most significant and complicated mechanical failures
that occur (see Figure 1-1). There is evidence the wear that could occur in total hip
implant is still an issue in orthopaedics. The wear debris produced from these devices
occurs mainly from the acetabular cup and head articulating surface and the head-
stem taper connection. In the past, fretting wear occurring between the fixed parts of
the modular prosthesis (head-stem) had been neglected in investigations claiming
that debris released is mostly from the bearing surfaces; However, fretting wear can
remove the effect of initial impaction assembly, which is used to fix these parts
together and lead to aseptic loosening of the implant. Further, the fine wear debris
released due to the fretting can lead to adverse side effects such as ASTR or
metallosis. As demonstrated in this chapter there is evidence that more investigation
is needed to determine why artificial joints are failing prematurely. Currently,

fretting wear is known as one of the main reasons of failure in modular THRs.

The review presented in this Chapter reveals possible gaps in research for prediction

of fretting wear in THRs and wear modelling. These gaps are:

e Long term effects of current and new design of THRs remain unknown.
There is no specific statistics on the failure rate in THRs for the more recent
designs as their long term behaviour in-vivo needs time in service before this
can be established. Although experimental simulation (such as hip
simulators) could provide insight into long term behaviour in service, these
tests have many limitations such as applying accurate loading conditions,
providing accurate corrosive environment and timing and costly procedure.

Furthermore, a limited number of tests can be carried out using the
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experimental simulations for a specific design and therefore it cannot be used
for all the parameters that may affect the wear phenomenon.

Success of the prosthetic devices in service depends on variable factors, such
as design, initial fixation, material combination, method of manufacture,
surface roughness and manufacture tolerances. All of these parameters
highlight the possible differences on their long term behaviour in service.
Currently there is no accurate, standard and straightforward experimental and
computational approach to incorporate all these aspects together to predict the
exact behaviour of the prosthetic devices.

There is a lack of understanding and guidelines to provide adequate assembly
of the prosthetic devices. For instance the effect of variability of impaction
forces on fretting wear at the taper junction is still unclear (Wassef and
Schmalzried, 2013). Manufacturing guidelines are vague and the THR
procedure is very dependent on the surgeons’ experience.

There are a number of experimental research investigations to determine the
extent of fretting wear in these devices; however, there is a lack of a fast,
user-friendly and accurate computational approach reported in the literature
(referenced in Table 2-3). Further, most studies that have tried to predict
fretting wear computationally, in general, include many simplifications. For
instance, the effect of changing the geometry due to material removal during
the wear process has been commonly neglected.

Wear coefficients are known to change during the wearing process based on
the change in material surface properties and surface geometry. Accurate
wear coefficients occurring at prosthesis taper junctions during the wear

analysis have yet to be determined.
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The overall aim of the research in this field is to develop the prosthetic devices which
will last the life of the patients. Further, patients with implanted total hip or knee
replacement are mostly advised to minimise any activity outside walking which is
not satisfying for young active patients who wish to pursue an active life. This aim is
achievable by further research and investigation to develop the design of the
prosthetic devices to increase the longevity of them up to the natural end of a
patient’s life with better performance in service in terms of providing higher

functionality.

Increasing the longevity of joint implants is also an economic benefit as the revision
surgery is more costly than the primary one, less successful and not in the comfort
zone of the patients. Reducing the number of revisions also helps to minimise the

input of resources from the health authorities in terms of equipment and finance.

To increase the prosthetic devices life, being able to predict the extent of wear that
could occur in the device over several years in service in the body is vital. This is the
main aim of this study to introduce a new methodology to predict fretting wear
between the head-stem of a modular hip prosthesis using FE analysis. In order to
fulfil the requirements of minimal invasive surgery and for an attempt to bridge the
above gaps, a comprehensive wear model is proposed in Chapter 3. This method is
used in different studies in Chapter 4, 5 and 6 to investigate the long term
performance of hip prosthetic implants in service considering different parameters
affecting fretting wear. The following objectives are met in order to achieve this

goal:

e The method proposed in Chapter 3 could consider the initial locking effect of

impaction at assembly for modelling fretting wear.
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e The method is user-friendly in order to be used in different parametric
studies. Automation of the method has been performed with a graphical user
interface (Python scripting) that allows using the method for different studies.

e The wear model is applicable to both axisymmetric and 3D FEA models. The
FE analysis of axisymmetric models is much faster than 3D models with of
course their limitations. This type of analysis would be useful for parametric
studies such as the effect of mismatch angle.

e The wear algorithm is capable of considering different wear fractions for each
material.

e The method is capable of considering varying wear coefficients during wear

analysis, if this data is available from actual testing.

2.11 Conclusion

Firstly, this Chapter presented a comprehensive review of wear and its
characteristics. Different wear mechanisms and theoretical approaches to calculate
them were explained followed with an explanation on fretting wear which is the main
focus of this study. Then the wear laws and their assessment using theoretical
approaches were discussed. Secondly, the human hip joint and its possible disorders
have been demonstrated followed by a detailed explanation on hip arthroplasty, the
procedure of THRs, different designs and material combination of modular hip
implants and reasons of failures in THRs. Thirdly, the fretting wear that could occur
in THRs over time was discussed in detail. Fourthly, a review on the current
experimental and computational methods to predict and investigate fretting wear

proposed in literature was presented.
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Finally, a discussion on the gaps in current research, overall aim of the present study
and the considerations of the proposed methodology were presented. This study
attempts to close these gaps by developing a wear model that is explained in Chapter

3 with illustration of three different studies following in Chapter 4, 5 and 6.
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Chapter 3

Computational method of fretting wear

prediction

3.1 Introduction

In this Chapter both Axisymmetric and 3D models of a commercial total hip
prosthesis are used to demonstrate the method and to highlight key features of a
bespoke wear algorithm. The models together with the wear algorithm can be used
effectively to study certain aspects of taper junction design. The method presented in
this chapter can subsequently be used to identify key factors leading to debris release
at the taper junction so that appropriate prosthesis design and surgical procedural
modifications can be made to mitigate against this damaging problem. The method
proposed is also independent of model geometry and can be used for any FE models
(not only prosthetic devices) to predict fretting wear. The method and the FE models
that are to be explained in this Chapter will be, unless stated otherwise, the main

analysis implementations for chapters that follow (4, 5 and 6).
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3.2 Theoretical wear calculation

In what follows, the general wear equations to calculate volumetric and linear wear
will be explained. The methodology described in this study allows for the
implementation of either the ‘Archard’ or the ‘Dissipated Energy’ wear law for the

prediction of fretting wear.

As discussed in section 2.8.1, the energy wear approach considers the interfacial
shear work as the main parameter controlling wear modelling. There is evidence in
literature that this approach is superior to the Archard’s wear law (Fouvry et al.,
2001, Fouvry et al., 2003, Liskiewicz and Fouvry, 2005). However, it is not
necessary to use the energy wear law over Archard (both can be used in the
methodology presented here), mainly the energy wear approach is used in this study
to present all the results. The main reason for using the Energy wear law in this study
is that the fretting wear coefficients are better defined in the literature for this
approach. In this section, the theoretical approach and the implementation of both

laws to the FE analysis are described.

3.2.1 Dissipated Energy wear law

The energy wear law, Equation (3-1), bases the calculation of volumetric wear on the
interfacial shear work being the predominant parameter determining wear. It shows
that the total volumetric wear (,) is obtained from the product of the total local

accumulated dissipated energy (E) and an energy wear coefficient a:

W, = aE (3-1)

where
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E =0Qs (3-2)

and Q is the shear traction and s the relative displacement between the contacting

surfaces, giving:

W, = aQs (3-3)

By dividing both sides of Equation (3-3) by a contact area, the linear wear depth W,

can be calculated using Equation (3-4), where t is the contact surface shear stress:

W, = arts (3-4)

For the numerical implementation of this wear law, the process used here is to first
determine the wear depth at contacting surfaces generated by a single loading cycle
on the components (such as the in-vivo loading applied on a hip for a single walking
step); subsequently, as the components will typically be subject to millions of
loading cycles during their lifetime, this single cycle wear depth is multiplied by a
‘wear scaling factor £’ so as to make the execution of an analysis achievable in an
acceptable period of time. The ‘wear scaling factor’ represents a specific number of
loading cycles (e.g. 10°) and its value depends on how accurately the evolution of
wear is to be calculated, with a trade off against computer run time. After scaling the
wear depth, the geometry of the contacting surfaces of the components is then
modified to reflect the wear that would have occurred over the period of B cycles.
The calculated wear can be applied to one component only, or to both in either equal
or unequal amounts. The process is then repeated using the updated geometry until a
specified number of cycles of loading have been applied or a pre-specified wear

depth has been reached.
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In order to model accurately the effect on wear of a time-variant load distribution
during a loading cycle (such as occurs during walking) it is necessary to discretise
the loading cycle into a number of time intervals n. As such, the wear depth for a
single cycle of loading (the cyclic wear depth W) can be calculated using Equation
(3-5), where 7; and s; are respectively the surface shear stress and relative

displacement calculated at the end of a specific time interval i.

n
We = z at;s; (3-5)

The cyclic wear depth W, will be very small and if unmodified will have negligible
influence on the evolving taper junction surface geometry due to wear. As such,
‘wear scaling factors 5’ are employed to increase W, to a value which would have
occurred over a much larger number of loading cycles. The total wear depth W, that
is generated over a specified total number of loading cycles N can be determined
from Equation (3-6), where j represents a specific ‘analysis stage’ reflecting the

evolution of wear:

Wy = Z ,an: at; ;S;; (3-6)

The accuracy and efficiency of this approach is dependent on numerous factors, not
least of which is the magnitude of the energy wear coefficient a used. In addition,
the number of intervals i used to discretise the loading cycle, and the magnitude of
the ‘wear scaling factor 8’ need careful consideration in terms of their influence on

accuracy and analysis run times.
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3.2.2 Archard’s wear law

As discussed in section 2.4.1, according to Archard’s wear model, volumetric wear

W, on the articulating surfaces can be described by,

W, = KFs (3-7)

where K is a dimensional Archard wear coefficient MPa™1, F is the contact force
and s is the relative slip. Linear wear depth can be calculated by dividing both sides

of Equation (3-7) by an area,

W, = KPs (3-8)

where P represents the normal contact stress. Again similar to energy wear law, the
cyclic wear depth W, at any point of the surfaces in contact can be derived by

discretising the whole load cycle for the load gait, given by,
n

W, = Z KP;s; (3-9)
i=1

where P; and s; are respectively the surface contact pressure and relative
displacement calculated at the end of a specific time interval i for the number of time

intervals n.

Then, the total wear depth W, that is generated over a specified total number of
loading cycles N can be determined (as described in section 3.2.1) by Equation

(3-10) to calculate the evolution of wear.

(N/B)  n
W, = Z ﬁz KPl',jSl',j (3_10)
j=1 i=1
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The Archard’s wear method is an option in the algorithm to be considered for the
wear analysis by a graphical user interface (GUI) in ABAQUS which will be

explained later in section 3.9.

3.3 Wear implementation

The energy or Archard wear law in the form of Equation (3-6) and (3-10)
respectively can be used in conjunction with the FE analysis to calculate wear depth
at the contacting surfaces of an FE model. The FE analysis can produce the nodal
relative displacement and required nodal contact stresses to be used with an

appropriate wear coefficient (Energy or Archard) to calculate wear depth.

The calculation of relative displacement at the contact interface is facilitated by
creating sets of ‘paired nodes’ at the contacting surfaces (Figure 3-1 for
axisymmetric model and Figure 3-2 for 3D models). This ‘pairing’ is achieved by
determining which nodes on opposite mating surfaces are closest to each other
geometrically prior to loading (at the start of the analysis and following a geometry

update).

Paired Six
Master nodes

Surface \\ 1( \{fl/ \

1 Slave Surface Sy Sip

Figure 3-1: Nodal pairing and relative displacement of the paired node on
axisymmetric models
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Figure 3-2 Nodal pairing and calculation of relative displacement on 3D models

The surface shear stress (or contact pressure) and displacements of all nodes which
have been paired are extracted from the FE analysis at the end of each loading time
interval i. These extracted values are then processed to provide values for use in the

calculation of the wear depth.

As the paired nodes may not be exactly coincident (before and after loading) an
average value of shear stress 7;;, or contact pressure is calculated for each nodal
pairing as defined by Equation (3-11) and (3-12) , where T,,aster, Tsiave » Pmaster
and Pgq,. are the surface shear stresses and contact pressures on the master and

slave surface respectively for each set of paired nodes.

Tip = |Tmaster|2+ |Tslave| (3_11)
Pip — Pmaster2+ Pslave (3_12)

For the FE models, the relative displacement between paired nodes which has
occurred during a time interval s, is calculated from the displacements of both the

master and slave nodes in a pair at the end of the time interval i (see Figure 3-1 and
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Figure 3-2). Specifically, for each set of paired nodes, s;, is calculated from

Equation (3-13),

Sip = \/Sixz + Siyz + Sizz (3'13)

where s;, , s;, and s;, are the Cartesian component relative displacements of the
paired nodes in the x, y and z directions respectively (s;, is zero for axisymmetric
models) and can be determined from Equation (3-14),

Six = Aiam) — Auy(s)

Siy = Avi(m) - Avi(s) (3-14)
Siz = AWim) — Awys)

where Au;,), duy) are the nodal displacements that have occurred during time
interval i in the x-direction for the paired master and slave nodes respectively, with
(Avimy, Avics)) and (Aw;an), Awy(s)) being the corresponding displacements in the y
and z-direction (see Figure 3-1 and Figure 3-2). The nodal displacements in an
interval are calculated using Equation (3-15) and are the difference in the total nodal
displacement values u, v and w at the end of a time interval i + 1 and the start i (w is
zero for axisymmetric models).

Ali(m) = Uit1(m) — Ui(m)

Auysy = Upris) — Uis)

AVi(m) = Vit1(m) — Vi(m) (3-15)
AVisy = Vizis) — Vis)

AWi(m) = Wit1(m) — Witm)

AWi(s) = Wit1(s) = Wi(s)

Then, the total wear depth at the point locations of the paired nodes Wy, is found

from Equation (3-16) and (3-17) respectively for Energy and Archard wear laws,
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N/B)  n

Wap = Z BZ ATip,jSip,j (3-16)
=1 =
N/B)  n

de = Z ,8 Z KPip,jSip,j (3-17)
=1 =

3.4 Finite Element implementation

The geometry of a commercial THR (taper junction) was used in all studies
illustrated in the chapters which follow to assess the algorithm’s ability to predict the
extent of fretting wear that could occur at the head-stem interface over a period of
time in-vivo and to apply this wear to one component only or to both in either equal
or unequal amounts. This section describes and highlights key aspects and

considerations regarding the FE models and analysis used in the simulations.

3.4.1 Material properties and interaction behaviour

In this study fretting wear is modelled in a commercial THR consisting of a cobalt-
chromium alloy femoral head and a titanium alloy stem. As discussed in section 2.6
the most common and widely used material for the stem of THRs is titanium. The
advantage of the material properties of cobalt-chrome used in the femoral head have
brought this combination together and it is widely used in most of the hip prosthetic
devices. Therefore, in this study the material properties of cobalt-chrome and
titanium as shown in Table 3-1 were assigned on the FE models of head and stem
respectively and used in all analysis in chapters following. Both components were

modelled as deformable and linearly elastic in ABAQUS.
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Table 3-1: Material properties

. Young’s Modulus  Poisson's Density .
Material (GPa) ratio (kg/m>) Wear fraction
Co-28Cr-6Mo 210 0.3 7800 0.9
Ti-6Al-4V 119 0.29 4400 0.1

The contact interaction between the head and stem trunnion was modelled as ‘finite
sliding’ using the ‘penalty’ contact formulation in ABAQUS. The friction force
generated at the contact interface fixes the femoral head onto the trunnion at
assembly. The associated friction coefficient is dependent on several factors such as
material combination, surface finish and surface cleanliness. Values for the
coefficient of friction u at different total hip prosthesis modular taper junctions have
been documented by Fessler and Fricker (1989). For the purposes of this study a
constant isotropic coefficient of friction is defined on the FE models as shown in

Table 3-2.

Table 3-2: Tribological material combination

Material Combination Friction coefficient

Co-28Cr-6Mo / Ti-6Al-4V 0.21

The wear coefficient as discussed in detail in section 2.8.2 is experimentally
determined and encompasses a variety of parameters affecting wear. The fretting
wear coefficient used was taken from Zhang et al. (2013) (see Table 2-2) who used a

pin on disk reciprocating sliding test for Co-28Cr-6Mo fretting on forged Ti-6Al-4V.

3.4.2 Wear fraction

The wear methodology can facilitate wearing of different trunnion-taper material

combinations whereby the proportion of wear that is removed from each of the
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contacting parts is specified by a ‘wear fraction’ (explained in section 2.8.3). As
such, the wear depth removed from each part at the end of each analysis “stage” is
calculated as the product of the parts’ “wear fraction” and the total wear depth

determined for that particular “stage”.

The wear fractions associated with the cobalt chrome ‘head’ and titanium ‘stem’ in
this work and the chapters that follow have been specified as 0.9 for the Co-28Cr-
6Mo and 0.1 for the Ti-6Al-4V following work by Bone et al. (2015), Bishop et al.

(2013), Moharrami et al. (2013) and Langton et al. (2012).

Bone et al. (2015) found a median wear volume of 0.14mm3 from a retrieval study
of 28 DePuy Corail titanium stem trunnions (23 of which were paired with metal
femoral heads). Langton measured median wear volumes in excess of 2mm?3 (from a
sample of 111 retrieved cobalt-chrome MoM femoral heads (all mated with either
DePuy Corail or Summit titanium stems). The findings from their work indicate that
the cobalt chrome head taper wears by around a factor of 10 more than the titanium
alloy stem trunnion surface. This significant finding is supported further by work by
Bishop et al. (2013) and has been explained by Moharrami et al. (2013) as occurring
due to the preferential oxidation of titanium alloy over cobalt chrome thus increasing
the hardness of the titanium trunnion which subsequently wears the un-oxidised

CoCr head taper surface.

3.4.3 Finite element models

Axisymmetric and 3D FE models of the commercial THRs were modelled with the
head taper and trunnion stem assembled as a perfect fit with a zero taper mismatch

angle (see Figure 3-3).
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Head

(@)

Stem

Figure 3-3: Mesh assigned on (a) axisymmetric model and (b) 3D model

The head and stem were assembled independently and then meshed in preparation
for dynamic analysis in ABAQUS (version 6.13-1 ABAQUS Inc, Providence, Rhode
Island) using eight-node linear brick, reduced integration hourglass controlled
elements (C3D8R) for 3D models and four-node bilinear axisymmetric quadrilateral

reduced integration elements (CAX4R) for axisymmetric models.

3.4.4 Impaction Load

As discussed in section 2.6.2 the head and stem of the THRs are assembled during
surgery using impaction. The loading applied on the model included an initial impact
to simulate the assembly of the head onto the stem and then time variant loading
cycles to approximate hip loading during walking. The magnitude of the initial
impaction force applied intra-operatively affects both the contact pressure and
micromotion at the taper junction and ultimately the extent of any subsequent fretting

wear.

In an attempt to simulate the impact event accurately a drop tower was used in this

study to determine the impulse time associated with a particular impact (Figure 3-4).
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Test samples were manufactured based on the dimensions of the commercial THR
and a peak impact force from 2 to 6kN was applied by the drop mass to the test

assembly (Heiney et al., 2009, Pennock et al., 2002, Rehmer et al., 2012, Lavernia et

al., 2009).
e
o Accelerometer
I I ] Guide rods
Drop mass

l Plastic cap

Stem Trunnion

Head taper

Accelerometer

Figure 3-4: Drop rig to investigate impulse time and impact magnitude

The measured impact duration for a polymer tipped impactor with a metal “test”
head was measured as 0.7ms. The load amplitude-time history obtained from the
tests and the modified history used for the head-stem assembly event are shown in
Figure 3-5. During this impaction the base of the stem trunnion is fixed in all

degrees-of-freedom for both 3D and axisymmetric model.

=
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Figure 3-5: Impaction assembly load amplitude
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Figure 3-6: Boundary conditions and impaction loading assigned on (a)
axisymmetric and (b) 3D model

3.4.5 Walking load and boundary conditions

For the most common activity of a human body, a physiological walking cycle, the

in-vivo Superior-Inferior, Medial-Lateral and Anterior-Posterior hip loading (see

Figure 3-7) with their

respective Internal-External, Flexion-Extension and

Adduction-Abduction rotations (see Figure 3-8) have been documented in literature

(Bergmann et al., 2001, Bergmann et al., 1993, Elkins et al., 2014, Fialho et al.,

2007, Liu et al., 2008, Mattei et al., 2011, Maxian et al., 1997, Zhang et al., 2013).
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Figure 3-7: Hip loadings during a single walking cycle
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Figure 3-8: Hip rotations during a single walking cycle

The loading and boundary conditions prescribed to the 3D model during the walking
cycle are shown in Figure 3-9. This includes both time variant rotations and loadings
about the three global coordinate directions. The rotations are applied to a point
located at the centre of the head, this point being coupled to the proximal end of the
stem trunnion. In addition, the outer head surface is coupled with a second point
located at the centre of the head which has all of its translational degrees of freedom
restrained but is allowed to rotate. This constrains the outer head surface so that it
can only rotate about this centre point and therefore locates the head virtually in the
acetabular cup. The hip forces were applied to the model via a third remote point
(located virtually in the femur) coupled to the distal end of the truncated stem
component providing realistic load transfer to the prosthetic components. These
loads and boundary conditions provide a realistic and efficient model with no
requirement to model acetabular cup and femoral bone. The hip load history was
applied to the model with a peak force of 2000N which is 2.5 times higher than body

weight (assuming a patient has a weight of 800N).
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Figure 3-9: loading and boundary condition assigned on 3D FE model

For the axisymmetric models, only the Superior-Inferior load cycle (shown in
Figure 3-7) was applied on the head of the model with a peak force of 2000N and
the base of the stem trunnion was fixed in the y translational degree-of-freedom only

(see Figure 3-6).

A guantitative assessment of walking activity in patients with various types of hip or
knee joint replacements was published by Schmalzried et al. (1998). Electronic
digital pedometers were used in the study of 111 patients which indicated that on

average a patient would take 910,310 walking steps per year (the estimation being
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very dependent on age, activity and gender). In this study an average of 1 million
walking steps per year has been assumed based on the work by Schmalzried et al.

(1998).

The walking cycle is discretised into 10 equal time intervals during the 1.2 second
cycle time period. This number of time intervals is adequate to accurately simulate
the load-history for this problem; other loading histories may require more or fewer

intervals dependant on their detail and complexity.

The loading applied on the models for each study in the chapters to follow included
an initial impact to simulate the assembly of the head onto the stem trunnion and then

time variant loading cycles to approximate hip loading during walking.

3.5 Updating the geometry

The wear determined at each time interval is summed to provide a ‘cyclic’ wear
depth which itself is then scaled by /g to provide a sensible wear depth for updating

purposes as described in section 3.3.

Then the contact surface normal directions at the positions of the paired nodes need
to be obtained. The opposite direction of the normal direction for each paired node is
extracted from its nodal contact normal force (CNORMF) which is available from
the output database of ABAQUS. The CNORMF global Cartesian force components
are divided by their magnitude to obtain the inner normal directions of the paired

nodes (see Figure 3-10).
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(a)

- J—

Figure 3-10: Opposite of nodal normals indicating the direction of wear evolution,
(a) axisymmetric and (b) 3D model

Wear is then applied to the paired nodes (by updating their coordinate positions)
inward to their nodal normals in order to create the new geometry for execution in
the next ‘stage’ of the analysis. The normal directions need to be calculated

following each geometry update as they will change due to the wearing process.

3.6 Computational framework

The method to predict wear contains three main phases which are necessary in order
to accurately simulate the effect of impaction of the head onto the stem and the

subsequent walking cycles.

In phase 1, a single dynamic impaction analysis is performed on the model with
head and stem assembled just into contact. Then, as explained in section 3.8, the
average displacement of the parts is extracted and imported into a new FE input file

for use in phase 2 of the wear analysis method.

In phase 2, the method consists of two steps; in the first step the parts are assembled

overlapped based on the displacements obtained from phase 1 which create
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interference between the components at the contact interface (a general static
analysis); in the second step, an implicit dynamic analysis is defined and the walking
loads with relative rotations (explained in section 3.4.5) are applied on the 3D model

(just a single superior-inferior load for axisymmetric model).

Using the results from the FE analysis, for nodal shear stress (or contact pressure)
and displacement in the contact zone, and the wear law explained in section 2.4, the
extent of fretting wear at the taper junction can be determined as a ‘wear depth’ for a
single walking cycle. This ‘cyclic’ wear depth is then scaled up by S to provide a
wear depth for the specified number of loading cycles (defined by £) and the part
geometry updated as explained in section 3.5. This updating of part geometry will
partially remove the initial overlap of the parts therefore gradually removing the
effect of impaction. The updating of part geometry continues in this manner until the

overlap has been entirely removed at which point the method continues into phase 3.

In phase 3, the static overlapped analysis step is removed and only a single implicit
dynamic step (representing the walking loads) is maintained for the rest of the
analysis until the specified number of cycles or wear depth for the study has been

reached.

This method is illustrated in a flowchart shown in Figure 3-11.
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Figure 3-11: Quantitative procedure to predict fretting wear.

3.7 Initial assembly of components

The initial fixation (locking) of the femoral prosthetic head on the stem trunnion is
generated by the surgeon impacting the head onto the stem intraoperatively. This is
simulated here (in phase 1) by a single dynamic implicit analysis undertaken using
the FE models described earlier and the load-time history shown in Figure 3-5. It has

been postulated that the initial fixation of the prosthetic head on the stem trunnion is
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reduced over time by fretting wear at their contacting surfaces. A key aspect of the
wear methodology presented in this work is the use of an overlapped mesh at the
taper interface with a static contact analysis step to model the weakening of this
fixation (which is facilitated by the gradual removal of overlap with respect to time).
As such, the contact conditions prevalent at the taper interface on completion of the
dynamic analysis step (phase 1) need to be replicated at the start of step 2 in phase 2
by use of the static contact analysis step incorporating mesh overlap (step 1, phase

2).

The dynamic analysis undertaken in phase 1 provides part displacements that are
used at the start of phase 2 to position the head and stem relative to one another so as
to provide the necessary overlap for the static contact analysis step. Figure 3-12
shows contact pressure distributions along the stem trunnion interface at the
completion of phase 1 and at the commencement of step 2 in phase 2 (following the
static contact analysis step). The figures show that the contact pressures computed
from the dynamic (phase 1) and static contact (phase 2 step 1) analyses are almost
identical and that use of a static contact analysis step (with overlap) can facilitate

accurate modelling of the effect of impaction on head-stem fixation.

Figure 3-12 shows a comparison of the contact pressure obtained from the dynamic
impaction analysis and the corresponding overlap analysis. The pressure distribution
is symmetrical which is due to the axisymmetric geometry and impaction force
applied. The distributions along the taper interface for both an axisymmetric and 3D
model are approximately the same. These results validate the use of the overlap

analysis rather than the impaction analysis. The error shown in Figure 3-12 is less
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than 10% and is due to creating the overlap model based on the average displacement

of the parts from the impaction analysis.
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Figure 3-12: Contact pressure distribution along stem trunnion surface at the end of
phase 1 and at the commencement of step 2 of phase 2, (a) 3D model and (b)
axisymmetric model (swept by 80°)

3.8 Impaction and Overlapped analysis

To predict wear accurately, the model must be capable of accounting for the initial
effect of impaction of the femoral head onto the stem trunnion in surgery with the
prosthesis then subject to time variant loading cycles to approximate hip loading

during walking.

The “locking” of the femoral head onto the stem trunnion intra-operatively is
important regarding the stability of the assembly and the extent of any subsequent
fretting wear occurring at the taper interface. This “locking” is achieved by the
surgeon impacting the head onto the stem (a single event as already discussed). It has
been postulated that the “locking effect” is diminished over time due to fretting wear

at the taper interface. Consequently, the best approach to modelling this reduction in
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the taper fixation over time was best facilitated by utilising a “static contact analysis

incorporating mesh overlap in the contact zone”. The reasons why the initial

impaction is handled in such a distinct manner (in comparison to the gait cycle) are

best explained by considering other possible options/analyses for modelling this:

a dynamic explicit step for the initial ‘impaction’ (short duration) would have
to be followed by a dynamic explicit step for the ‘walking cycle’ (1.2 second
duration) which would result in an inefficient analysis computationally.

on completion of the walking cycle, a wear depth is calculated, scaled up and
then removed from the taper interface surfaces (thus separating them using
this approach). At this point therefore the ‘locking effect’ generated by the
impaction will be removed completely. To rectify this, another impaction step
would need to be undertaken, however, the required magnitude of this force
will be unknown (it would need to be different to the initial impaction force
to account for the wear that has taken place).

a dynamic implicit step (for impaction) would need to be followed by a
dynamic implicit step for the walking cycle. However, this “implicit”
approach also suffers from not being able to enforce a reduction in the
“locking effect” due to wear (for the same reasons as the ‘explicit’ approach

explained above).

In this method, considering phase 1, a single, separate dynamic implicit analysis is

used to model ‘impaction’. The displacement of the head onto the stem from this

analysis is recorded and used to produce an initial “overlap” model for the

subsequent wear analysis. This initial static contact analysis (phase 2, step 1)

provides the same contact pressure distribution at the taper interface as the phase 1
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dynamic implicit analysis (see Figure 3-12). The subsequent wear analysis (phase 2)
consists of “stages”, with each ‘stage’ of the analysis consisting of a “static” contact
analysis step to model the effect of impaction, a dynamic implicit step to model the
walking cycle, calculation of wear for a specific number of cycles f, and a geometry
update of the contacting surfaces). By using a contact analysis (with overlap) it is
possible to model the reduction in the “locking effect” due to wear by removing the
calculated wear depth for a particular “analysis stage” from the “overlap” value at the

commencement of that particular “stage” (i.e. the geometry update).

It has been hypothesised therefore, the use of a static “contact” analysis (with
overlap) to model the reduction in the locking effect of the head onto the stem seems
to be the most efficient and plausible approach to adopt. The efficiency of the
approaches is even more significant on extension to 3D and the multiple “stages”

expected to return an accurate analysis.
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3.9 Algorithms

Calculating wear for the paired nodes at the contact interface and updating their
coordinate positions manually to reflect this, is time consuming and difficult.
Consequently, the wearing process explained has been automated using a Python
script* linked within ABAQUS as a user plug-in. This helps to develop a generalized

fretting wear algorithm that could be used for different studies and models.

The script is executed during phase 2 and 3 of the wear analysis. The script is
runnable straight from ABAQUS CAE (as a plug-in) requesting initial input data
from users. Figure 3-13 shows a graphical user interface of the algorithm written in
the ABAQUS Python environment in order to request input data from a user.

Different tabs of this window are shown in the appendix.

After obtaining the input data from the user, the script initially submits the FE input
file to ABAQUS at which point the head and stem are assembled into contact
(overlapped). The programme then pairs nodes in the contact zone by identifying
which nodes on the two parts are closest to one another prior to application of the hip
loading. On completion of each time interval i the script extracts the contact stress
and displacements for all of the paired nodes. Using these values the script calculates
the average contact stresses based on the requested wear law (z;, or P;,) and relative
displacement s;,, between paired nodes and subsequently the associated wear depth
for a time interval. The wear depth calculated is then scaled up by the requested
value of scaling factor (f). The script then obtains the contact surface normal

directions at the positions of the paired nodes as described in section 3.5. Wear is

* Around 2000-line script installable on ABAQUS
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then applied to the paired nodes by updating their coordinate positions in the
opposite direction to their nodal normals in order to create the new geometry for
execution in the next “stage” of the analysis. The normal directions need to be
calculated following each geometry update as they will change due to the wearing

process.

e Ariyans Wear Algorithm &J

Directory | Recovery | Computer Spec

Set Work Directory

. =
File name:

ZCopy and paste the path of the directory

Modes in contact

Select the nodes on Stemm (Mone)
Select the nodes on Head (Mone)

Note: Parts must be assembled dependently

Mote: For A models, pick nodes from assembly viewport

Wear Data

Wear method | Field cutput | Report |

Wear law:

@ Energy () Archard

Archard or Energy wear coefficient | 1.3E-008

Update Mumber | Scaling Factor

Update Number

Total number of update | 54

Model Data
Model | Element | Element size | Material Properties
Model Type
@ 3D () Axisymmetric

Figure 3-13: Graphical user interface of the wear algorithm, other tabs of this
window are presented in the Appendix |
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The Python script contains a numbers of script functions which are called by the

“Kernel” in a main script. In this section, these functions are described in detail.

3.9.1 Input requested from user

In order to run the wear algorithm in ABAQUS, the user needs to assign initial data
for wear modelling. This data can be provided in the graphical user interface window

shown in Figure 3-13.

Algorithm 1: inputRequest

Input: ABAQUS dialog box builder
Output: Initial data from user

1 Requested data:

2 INP: Initial FE input file

3 NS: Node set

4, NS1: Node set in contact for partl
5. NS2: Node set in contact for part2
6 UN: Number of update required

7 WM: Wear method

8 Arc: Archard

9. Enr: Energy

10. SF: Starting scaling factor

11. OR: wear depth, output request:

12. Off;

13. On: for specific spaced geometry update (SSGU)
14, WC: Archard or Energy wear coefficient
15. MT: Model type:

16. Axi: Axisymmetric

17. 3D: Three dimension

18. ET: Element type

19. Lin: 4 or 8-node linear element

20. Quad: 8 or 20-node quadratic element
21. WF: Fraction of wear depth to be applied on parts
22. WF1: Wear fraction for part 1

23. WF2: Wear fraction for part 2

An ABAQUS input file (*.inp file) of the model at the commencement of phase 2 is
required to be browsed from the GULI. This file can be generated in ABAQUS CAE.
Nodes in contact can be selected from the ABAQUS viewport in the mesh module.

The number of geometry updates, wear method, scaling factor, model type, type of
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elements used and the fraction of wear to be applied on the parts must also be

assigned.

Furthermore, the user has an option to request the “nodal wear depth” results to be
written in the output database (*.odb) of ABAQUS and/or as a report text file. These
can be set for either all or specifically spaced geometry updates. Reducing the
number of results requested can significantly reduce the computational time. There is
also a recovery option embedded in the program that allows the user to restart from a

crashed analysis. All the input data will be saved as variables shown in Algorithm 1.

3.9.2 Initial coordinates of the nodes in contact

From the node sets (NS) for both parts that have been assigned in section 3.9.1, node
labels and initial coordinates are extracted from the model data bases (MDB) (see

Algorithm 2).

Algorithm 2: nodeCoordinates

Input: NS
Output: NC
1. For each part:
2. For all nodes in NS:
3. nodeLabel, Extract node label
4, nodeData, Extract node coordinate
Save the date extracted to NC
Where:

NC is an array containing all nodes label and relative coordinates
nodeLabel is a function that returns node label from MDB
nodeDat is a function that returns node coordinate from MDB

3.9.3 Extract data from input file

In order to read results from the ODB, the name of the parts and the name of the
dynamic step defined by the user are required to be extracted from the initial
ABAQUS input file. This data can be obtained and saved in variables shown in

Algorithm 3.
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Algorithm 3: dataFromInputFile

Input: INP
Output: PN1, PN2 and SN
1. Search in the whole INP file
2. Extract part names, PN1 and PN2
3. Extract step name, SN
4. Extract number of Frames in Dynamic step, FN
Where:

PN1 and PN2 are the part names,
SN is the dynamic step name
FN is the number of frames in dynamic step

3.9.4 Nodal normal direction

The wear depth needs to be removed in the nodal normal direction of the paired
nodes. This nodal normal direction is an average of the normal direction of the
elements attached to that node. Therefore, in the function shown in Algorithm 4, the
normal direction of the nodes is extracted from the nodal contact normal force

divided by its magnitude.

Algorithm 4: nodalNormalDirection

Input: NC
Output: NND
1. For each part:
2. For all nodes in NC:
3. Open ODB
4, If contact stress is not zero:
5. Read CNORMF from ODB for the relative node
6. Read CNORMFmag from ODB for the relative node
7. Divide the CNORMF components by CNORMFmag
8. Save the division vector with its node label in NND
9. Return NND
Where:

NND is an arrays contains node label and their nodal normal directions,
CNORMEF is the elements of nodal contact normal force in 3 direction
CNORMFmag is the magnitude of CNORMF

3.9.5 Node deformed coordinate

The updated coordinates for the nodes at the last interval are required to pair the

nodes at the contact interface. The relative displacement for the nodes in contact is
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much smaller than the element size so that the paired nodes are not changing during
the step time. Therefore, picking the updated coordinate at any time interval satisfies
the pairing node function. The updated coordinates for nodes in contact can be

obtained using the function shown in Algorithm 5.

Algorithm 5: nodeDefCoordinate

Input: NND
Output: NDC
1.  Open ODB for the last frame
2. Foreach part:
3. For all nodes in NND:
4, Extract updated coordinate, defCOORD from ODB
5 Save the data with relative node label in NDC
6.. Return NDC
Where:

NDC is an array contains node label and their updated coordinate at the last intervals
defCOORD is the deformed coordinate in ODB

3.9.6 Pairing nodes in contact

As explained in section 3.3 nodes in the contact area on one part need to be paired
with the closest node on the other part. This is facilitated by calculating the distance
between the nodes of the parts in contact. The function illustrated in Algorithm 6

returns an array which contains all pair nodes.

Algorithm 6: pairNode

Input: NDC for both parts

if dis is smallest:

Pair node x with b, pairNode[i]
. Add pairNode[i] to PN array
10. Return PN

Output: PN
1. Open ODB for the last frame
2. ForiinNDC1:
3. For j in NDC2:
4. x = NDC1[i]
5 y = NDC2[j]
6. dis=|ly — x||
7.
8.
9

Where:

|| — l]|is the Euclidean distance between x and y,

NDC1 and NDC?2 are sets for node updated coordinate for part 1 and 2 respectively
PN is an array contains arrays of paired nodes
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3.9.7 Wear depth calculation

The wear depth at paired nodes can be calculated based on either Archard or the
Energy wear law. Algorithm 7 calculates the total wear depth for a set of paired

nodes.
Let:

e <a;, b;>: paired nodes contained in PN

e UM b is the displacement vector for node a or b (e.g. for node a: Uit = (uf,
ud, ud) at jt" time intervals)

o D" is the displacement between (j+1)™ and j" time intervals

o S§¥ is the relative displacement for node a and b between (j+1)" and j" time
intervals

e P} orb 57 orb are the contact pressure and shear stress for node a and b at j"
time interval

o P57 b 5 b is the average of the contact pressure and shear stress at

consecutive time intervals for node aand b

J ngb Is the wear depth calculated at consecutive time intervals
e W@ibD js the wear depth for the step time

e W2iPi js an array containing the scaled up wear depth
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Algorithm 7. wearDepth

Input: PN, SF, WM, WC

Output: W)

1. Open ODB
2. Length (frame) =
3. For < a;, b;> in PN:
4. For j=0:(m-1)
5 Uj* = DisFromODB (a; , j)
6. U/41=DisFromODB (a; , j+1)
7 U = DisFromODB (b , j)
8. U},,= DisFromODB (b; , j+1)
9. D6j: chfi-l_Uja
10. Dg; =U}, - U
11. Sgb=||p}; — D
12. if WM is Archard:
13. P% = CPRESSfromODB(a; , j)
14. P%,, = CPRESSfromODB (a; , j+1)
15. Pb = CPRESSfromODB (b , j)
16. ,+1 = CPRESSfromODB (b; , j+1)
1. = AVg(Pf, P )
o Pé’,b = Avg(P!, P )
20: ) P§ = Avg(P5]’P5])
if WM is Energy
21. = CSHEARfromODB(g; , j)
;é 1+1 = CSHEARfromODB (a; , j+1)
" = CSHEARfromODB (b; , )
25, t2,, = CSHEARfromODB (b; , j+1)
26. Ta, = Avg(T}, 741 )
27. T = AVG(T], T741)
28. T8 = Avg(ty;, T5)
29. if WM is Archard:
30. W] = WCyy, % PR x SP
31. if WM is Energy
32. wg; HNE WCppg % 15] x S
33. Webi= sum (wi?[j])x SF
34. Return W@
Where:

||x — l]|is the Euclidean distance between x and y,
Avg(l, m) returns average of a and b,
DisFromODB is a function that returns displacement from ODB,

CPRESSfromODB is a function that returns contact pressure from ODB,

CSHEARfromODB is a function that returns contact shear stresses, if model type is 3D, returns the

resultant of contact shear stresses components, tangential to contact surface,
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3.9.8 Geometry update

Section 3.5 described how the geometry of the parts needs to be updated. This

procedure is facilitated by a function illustrated in Algorithm 8.

Algorithm 8: geoUpdate

Input: W4, PN, NND, INP
Output: newINP

Create a new input file, newINP, based on the old INP
For < a;, b;>in PN:
Find NNDJi], and NNDJi], , normal directions for node a;and b; in NND
Find W@Pi the wear depth for pair node < a;, b;> in W
In inputRequest find WF1 and WF2 for part 1 and 2
Calculate wear Fraction, W@ and W®?, by Multiplying Wi with WF1 and WF2
for node a;and b;respectively
7. Calculate wear Array, wArrayl and wArray2, by Multiplying W @9 and W 9 with
NND[i],and NNDJi], for node a;and b; respectively

ok wnPE

8. Reverse wArrayl and wArray?2 to opposite side of their normal direction

9. Search for COOR|[i], and COOR([i],, initial coordinates of node a;and b; for part 1
and 2 in the newINP

10. Subtract wArrayl and wArray2 from COOR[i], and COOR[i], and save in newINP

11. Return newINP

3.9.9 Results report (*.txt format)

A report on the results and data extracted can be requested to be written to a text file.
Data such as the total number of load cycles, input data, paired node set and results
such as the wear depth calculated for each paired node at each update and also in

total. Algorithm 9 produces this report (A sample of the results is shown in Appendix

).

3.9.10 Writing results in output databases of ABAQUS (*.odb

format)

At the end of each wear analysis the total wear depth can be requested to be written
in the ABAQUS output databases. Algorithm 10 writes the results into the ABAQUS

output database (A sample of the results is shown in Appendix I11).
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Algorithm 9: resultsReport

BOooNookwNE

Input: inputRequest, PN, We?
Output: Results.txt

IfUNis “1”:
Create an empty text file, Results.txt
Write inputRequst in the Results.txt
At each update:
Write update number in the Results.txt
Write the pair node array for the current update, PN in the Results.txt
For < a;, b;>in PN:
Write W4Pi in the Results.txt
Write PN1, node a; and W@ for part 1 in the Results.txt
Write PN2, node b;and W9 for part 2 in the Results.txt
... total wear depth .............
Write the number of load cycle, SFxUN in the Results.txt

Algorithm 10: resultsODB

Nooakr~wbdpE

Input: inputRequest, PN, WeP
Output: Abaqus output database

IfOR is”on”:
Open ABAQUS *.ODB (not read only)
For < a;, b;>in PN:
Find the relative nodes in ODB
Write PN1, node a; and W@ for part 1 in the ODB
Write PN2, node b;and W for part 2 in the ODB
Close the ODB file

3.9.11Error detection

The algorithm contains an error detection function to aid in the continual running of

the program.

During the wear analysis, due to the removal of material from the model, in phase 3

of the analysis (when the overlap is removed completely), a gap is produced between

parts on updating the geometry. If the gap is small, there is no difficulty to converge

the FE analysis. Proceeding into phase 3, can lead to a relatively large gap between

the parts and that creates either incorrect contact stresses or convergence problems.

At this point the algorithm turns to the error detection section and firstly reassembles
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the parts to remove the gap. The distance to reassemble the parts is calculated based
on the last updated average wear depth. This brings the parts again into contact. If
this does not help to converge the result for the next analysis, the script turns on the

“contact stabilization” for the analysis in the input file.

The “contact stabilization” is found helpful to converge the results. Reducing the
scaling factor is also helpful to have the FE analysis converge. In all analyses
executed in this study, the error detection function allows continuous wear analysis

without an FE convergence problem (see Algorithm 11).

Algorithm 11: errorDetection

Input: failedinputFile
Output: Try to continue mainAlgorithm

1. If jobMessage is Job-Aborted:

2. Open the failedInputFile which has not been converged

3. Calculate an average of sum of all wear depth, sumWear, for all pair nodes

4, Reassemble the new INP with the sumWearv /*to have the parts into contact*/
5 Resubmit the newINP

6. If jobMessage is Job-Aborted:

7. Remove the over closure that might happen due to the reassembling the parts
8. Resubmit the newINP

9. If jobMessage is Job-Aborted:

10. Turn on the “contact stabilization” in ABAQUS input file

11. Resubmit the newINP

12. If jobMessage is Aborted:

13. Reduce the SF by half

14. Resubmit the newINP

15. If jobMessage is Job-Aborted:

16. Write “The analysis cannot be converged further”
17. Break from mainAlgorithm

3.9.12 Main algorithm

All the functions explained in this section are called in a main algorithm in a “while”
loop as shown in Algorithm 12. This main algorithm is called by the “Kernel” in

ABAQUS.
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Algorithm 12: mainAlgorithm

Input: inputRequest, nodeCoordinates, dataFromlnputFile

Output:
1. inputRequest, request data from user
2. nodeCoordinates, obtain node lables and their relative initial coordinates
3. dataFromlInputFile, extract initial data from first input file
4. update=1
5  While update < UN:
6. Create a FE job from INP[update], Job-[update]
7. Submit the Job-[ update]in ABAQUS
8. From the model data bases read the message for job situation
9. Open jobMessage from ODB
10. If jobMessage is Job-Completed:
11. Open ODBJ[update]
12. NodalNormalDirection, obtain nodal normal direction
13. NodeDefCoordinate, obtain the deformed coordinate for nodes at last frame
14. PairNode, pair nodes in contact
15. WearDepth, calculate wear depth for all pair nodes
16. geoUpdate, write a newINP[update+1] and update the geometry
17. resultsReport, write results as a report
18. resultsODB
19. update+=1
20.
21. Else:
22. Return the input file which has been failed to converged, failedlnputFile
23. Run errorDetection
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3.10 Computer specification and computational time

All analyses described in the chapters that follow were executed on a 64-bit
Windows 7 professional operating system with twin dual six-core processor Intel
Xeon central processing unit platforms at 2.60GHz configured with 128GB of

random access memory.

The FE analysis and wear algorithm running time for each axisymmetric model (first
geometry update) is around 5 minutes but increasing to around 6 hours for each

single 3D model update.

3.11 Convergence

3.11.1 Finite element mesh study

Initially a uniform density mesh was generated and a mesh convergence study
undertaken based on contact pressure in the model’s femoral head. For the FE model
used in this study an element size of approximately 1mm in the contact zone proved

adequate in achieving converged results (Figure 3-14).
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Figure 3-14: Mesh study
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3.11.2Mesh study for wear modelling

Wear depth is calculated at the paired nodes from the product of the Energy or
Archard wear coefficient, relative displacement and average contact stress. As with
any FE analysis model it is vital that a suitably refined mesh is generated in order to
determine accurate results. It was found for both axisymmetric and 3D models when
there is a large variation in contact stress across individual elements in the contact
zone (due to a too coarse mesh) vastly different wear depths for adjacent paired
nodes will be calculated (as W,; = ats or W; = Kas). This generates an uneven
worn surface and can lead to future solution convergence problems and the

calculation of an inaccurate wear depth (see Figure 3-15).
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Figure 3-15: Wear evolution convergence. Interface distance is shown in
Figure 3-12

It is therefore important that the mesh is further refined in the contact zone so that
variations in contact stress values across an individual element are kept to a
minimum. To model the wearing process accurately and efficiently an element size
of 0.2mm (in the contact zone) was found appropriate which allowed a smooth wear

pattern to develop on the model as the solution progressed. Figure 3-15 shows the
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wear depth distribution for element sizes of 1mm and 0.2mm at the interface

indicating a smooth wear pattern for the smaller element size.

3.11.3 Scaling factor (B)

The scaling factor B used in the analysis has a major impact on solution times, wear
evolution and solution accuracy. A large scaling factor will facilitate a relatively
quick analysis but may detrimentally affect the accuracy of the final calculated wear
for a specified number of loading cycles. A comparatively small value for the scaling
factor will increase solution times but should provide an accurate result and wear
profile. This is demonstrated in Figure 3-16 which shows the average wear depth that
has occurred on the stem trunnion surface over 2 million load cycles (2 years) when

using scaling factors ranging from 50,000 to 2 million.
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Figure 3-16: Effect of different scaling factor values.
A scaling factor of B = 10° was seen as necessary to produce the accuracy
required for the wear depth (a scaling factor of 1 million developing around a 30%
error, see Figure 3-16). The scaling factor in the algorithm can be varied (increased

or decreased if there is any convergence problem in wear analysis stage) throughout
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the analysis in order to optimise solution accuracy and run times. This needs
consideration of the contact stress distribution and wear depth calculated during each
analysis stage and the wear progress during the analysis. In the following studies
f = 10> has been used for the start of the wear analysis as it shows a smooth and
relatively uniform wear profile created on the models, and if necessary, can be

reduced throughout the wear analysis.

3.12 Summary and Conclusion

The wear modelling presented in this thesis could be important in different aspects of
engineering. The method has been developed by considering as many parameters as
possible that affect an accurate prediction of fretting wear damage in engineering
designs over time in service. A computational method, presented to predict the extent
of fretting wear can be used in addition to testing (Elkins et al., 2014, Elkins et al.,
2011, Liu et al., 2008, Uddin and Zhang, 2013, Zhang et al., 2013) to help reduce the

wear damage in engineering designs.

The method has been automated using a Python script to extract the required results
from the FE analysis and update the geometry to reflect the extent of wear that has
occurred during the period analysed. The quantitative analysis of wear attempts to
express linear wear rate, volumetric wear rate and also material removal which are

all associated with wear surface damage or “wear pattern”.

The method has been applied to an axisymmetric and 3D FE model of a THR for a
comprehensive illustration of the wear model. It has been successfully used to
accurately predict the extent of fretting wear which can occur at the taper junction
between the head and stem of a modular THR during its expected operational

lifetime. The method could be used in design or applied to clinical practice to help
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facilitate a reduction in wear. These models could be used to identify key factors
leading to debris release at the taper junction so that appropriate prosthesis design
and surgical procedural modifications can be made to mitigate against this damaging

problem.

The method presented here can contribute to research in this area with the following

advantages over the current methods proposed so far in the literature:

- The method is unique in that, it models the progressive weakening of the
taper “fixation” due to the fretting wear process. This “reduction” in fixation
is modelled using a static contact analysis incorporating mesh overlap at the
taper interface. As wear occurs at the interface over time the overlap is
removed accordingly by updating the contacting nodes positional coordinates.
Simulating the reduction in the initial fixation strength of the head-stem
assembly is seen as important to the accurate assessment of wear.

- As the wear coefficient changes during wear progression, assigning and
changing the wear coefficient during the wear analysis is important. If the
variation of the wear coefficient during the wear analysis is known by using
controlled fretting wear tests, the method is capable of assigning this
variation into the wear model.

- The method is user-friendly and generalized for any FE analysis with a
graphical user interface. There is no complicated preparation needed to run
the wear analysis.

- All the results can be requested (or results by specified spaced update) to be
written to the output databases of ABAQUS. This helps to plot the predicted

wear damage on the surfaces but also allows obtaining required results
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straight from ABAQUS. Reducing the number of requested results (by
requesting the results by a specified spaced update), though, will reduce the
computational time. This part of the setting can be found on the graphical
user interface window attached in appendix.

The main algorithm contains an error detection function (see Algorithm 11)
that can detect possible errors that may occur in the FE analysis due to
convergence problems and resolve these problems without any further
requirement and effort from the user.

Due to the timing analysis, a recovery point has been considered in the
algorithm. If the analysis fails due to any reason, the algorithm allows the
users to recover the previous results and continue the analysis from that point.
The recovery tab shown in the graphical user interface attached in the

appendix.

As with any proposed method and hypothesis, there are possible shortcomings. The

limitations of the proposed method are as follows:

The assessment of wear in this study is solely based on mechanical wear
(fretting) as being the primary mechanism causing damage.

The method is highly dependent on the value of the fretting wear coefficient.
In addition, the significance of the wear coefficient needs to be considered
due to its effect on resulting wear depth calculated. This coefficient can only
be obtained from controlled experiments.

Accurate determination of wear of THR components in contact can only be

realised by measurement from retrieved prostheses or from fretting wear tests
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which may provide credible wear fractions for application in computational
wear analysis.

- At this stage the role of oxide and other naturally occurring surface films will
be avoided and the study concentrated on physical unlubricated wear process
only.

- The boundary conditions used (although creating an efficient model by
excluding the requirement to model the acetabular cup), create non-
physiologic resisting moments at the centre of the head which need to be
acknowledged when interpreting any results from an analysis. Further, the
boundary conditions provide a restriction to the analysis of certain design /
operational considerations which may be related to fretting wear such as head
size and frictional torque. The analysis of these aspects of prosthesis design
will require a modified model to that described here which by necessity will
require the inclusion of the acetabular cup and an additional contact region

thus increasing computational effort considerably.

In what follows in Chapter 4, 5 and 6, the results for different studies are presented

with more detailed explanations of the aspects of present methodology.

133



Chapter 4: Prediction of fretting wear damage using axisymmetric model

Chapter 4

Prediction of fretting wear damage using
an axisymmetric model of a total hip

replacement

4.1 Introduction

An axisymmetric model of a commercial total hip prosthesis, as described in
section 3.4, has been primarily used to develop the algorithm. This model has helped
to investigate the principal parameters, with a wider sight on the subject, that are
critical for predicting fretting wear accurately. Due to the long computational time of
3D FE analysis, this axisymmetric model could be useful for different parametric
studies such as the effect of mismatch angle (manufacture tolerance) on fretting
wear. This chapter describes key aspects and considerations regarding the
axisymmetric model used in the simulations. The intention is to highlight the
variation of contact stresses and relative micromotion with their relationship to

fretting wear.
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4.2 Wear analysis input

The input data shown in Table 4-1 was assigned for the wear analysis. In phase 1, the

impaction force creates the necessary overlap for the wear analysis in phase 2.

Table 4-1: Input data for wear analysis of this study

Input data

AXxisymetric

Model (Figure 3-6)

Head: Cobalt-chrome

Material combination Stem: Titanium
(see Table 3-1)

Impaction force 000N

P (Figure 3-5)
Walking load Superior-inferior
and boundary conditions (see Figure 3-7)
Wear law Dissipated Energy
Wear coefficient 5.35x 1078 MPqa™1

Wear fraction Cobalt-chrome: 0.9

Titanium: 0.1
Scaling factor 10°
Number of load cycles 107

The time taken for each analysis “stage” was on average around 5 minutes on the
system specification stated in section 3.10. Therefore, for an analysis of 10 million
cycles (10 years), there would be 100 “stages” summing to a total run-time of

around 8 hours.

4.3 Results

Although an energy wear law is used in this study which is based on shear traction,

the results which follow are demonstrated based on contact pressure distribution for

135



Chapter 4: Prediction of fretting wear damage using axisymmetric model

clarity. For the axisymmetric model contact shear stress has a component tangential
to the contact surface. This can be either positive or negative based on direction. As
such, shear stress distributions are difficult to interpret in the context of wear and so

contact pressure has been presented instead.

Values for relative displacement and contact pressure will be equal and opposite on
the head and stem taper surfaces. The change in relative displacement (or “slip”),
contact pressure and the wear pattern damage, in this chapter, are only demonstrated
on the head taper. In this chapter, in order to enhance illustration of the results, the
model is swept by 80 degrees. Therefore, although the results are shown in 3D, they

are fundamentally axisymmetric.

4.3.1 Initial contact stress and slip variation

Figure 4-1 shows the variation of contact pressure and relative slip during the first
analysis and for one walking cycle only. As discussed earlier, to predict wear
accurately, the model must be capable of accounting for the initial effect of
impaction of the femoral head onto the stem trunnion in surgery with the prosthesis
then subject to time variant loading cycles to approximate hip loading during

walking.

The first image in Figure 4-1 (at zero interval) shows the contact pressure at the end
of static overlap analysis (step 1). Then the walking cycle discretised into 10 time
intervals is subsequently shown. As expected, a symmetrical contact pressure and

relative micromotion are visible.
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Figure 4-1: Contact pressure and slip distribution throughout a walking load discretised to 10 intervals during 1.2s
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The very small slip (between —0.7 to 0.7um) is due to the high contact pressure
along the interface with a peak value of around 270MPa at the edges of contact (see
Figure 4-1). This indicates that a higher initial contact pressure results in very small
relative micromotion between the mating surfaces. The majority of the contact

surface, however, is subjected to a contact pressure of approximately 60MPa.

For each analysis stage and at each time interval, the product of the contact stress,
simultaneous contact slip and the wear coefficient value are used to calculate the
interval wear depth. The sum of these interval wear depths provides the cyclic wear

depth.

4.3.1 Variation in contact stress, slip and wear depth

Figure 4-2 shows the variation of contact pressure, slip and wear depth during phase
2 of the wear analysis at intervals of one million load cycles. It can be seen that
during phase 2 of the analysis the value of contact pressure reduces resulting in an
increase in micromotion. The value of contact pressure from the start of the analysis
(approximately 65M Pa) reduces to around 30M Pa (start of phase 3) for around half;
however, the slip increases from around 0.7 to 1.7um i.e. around 2.4 times. This
leads to a relatively constant wear rate in phase 2 of the analysis (see Figure 4-7).
The associated wear depth as shown in Figure 4-2 starts increasing at the edges
initially due to the high contact stress and slip. A relatively smooth wear depth at the

end of phase 2 from 1um at centre to 2.4um at edges of contact is visible.
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Figure 4-2: Contact pressure, slip and wear pattern evolution during phase 2 of the analysis (from 1 million to 6.8 million load cycles)
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Figure 4-3: Contact pressure, slip and wear pattern evolution during phase 3 of the
wear analysis (from 7 million to 10million load cycles)

Figure 4-3 contains the variation of contact pressure, slip and wear depth during
phase 3 of the analysis. The magnitude of the relative motion increases in phase 3
due to removal of the overlap from around 1.7um (end of phase 2) to 0.2mm (end of
phase 3). This slip follows a varying contact pressure between 25 to 100MPa. Due
to the large increase in relative displacement, the magnitude of the wear rate jumps

significantly in phase 3 of the analysis (see Figure 4-7).

Figure 4-4 and Figure 4-5 details the wear depth at the interface of the mating
surfaces at the end of phase 2 and 3 of the wear analysis respectively. In phase 3, a

relatively uniform wear is generated across the interface. A wear depth of 1.9um can
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be observed on the Titanium stem compared with 17um wear depth on the cobalt

chromium head.
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Figure 4-4: Wear depth along contact interface after 6.8 million load cycles (when
initial overlap is removed),(contact interface shown in Figure 3-12)
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Figure 4-5: Wear depth along contact interface after 10 million load cycles (contact

interface shown in Figure 3-12)

Figure 4-6 shows the evolution of the wear depth at specific times (millions of load

cycles) during the wearing process. It can be seen that the wear is fairly uniform

along the contacting surfaces throughout the analysis. In addition, the graphs show
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that at the commencement of an analysis the wear rate is significantly less
(demonstrated by the ‘closeness’ of the lines for the calculated wear depths) than that
found for the rest of the analysis up until 10 million cycles of load (demonstrated by

the “greater spacing” of wear depth lines).

There is a clear indication of the transition in the analysis from phase 2 to phase 3
and the anticipated increase in wear rate. The transition from phase 2 to phase 3
occurs at 6.8million walking cycles for this particular axisymmetric model. The

transition points are clearly dependant on the wear coefficients used in the studies.
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Figure 4-6: Wear depth evolution (from 1 to 10 million load cycles) along the head
taper interface (contact interface shown in Figure 3-12)

4.3.2 Linear and volumetric wear rate

The average volumetric wear rate generated at the head taper, stem trunnion and in

total during the wear analysis is shown in Figure 4-7. The transition points between
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phase 2 and phase 3 can be clearly identified as a jump in the bars demonstrating the

increase in wear rate that occurs in phase 3. This is due to the removal of the overlap

and subsequent increase in relative displacement of the paired nodes in contact.
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Figure 4-7: Variation in volumetric wear rate with respect to time

Table 4-2 compares the linear and volumetric wear rate. It can be clearly seen here

that the wear rate in phase 3 is significantly larger than phase 2. The linear and

volumetric wear rate, from phase 2 to phase 3, increases by a factor of around 15.5.

Table 4-2: Linear and volumetric wear rate of the head, stem and in total

Head Stem Total
Phase 2 Phase 3 | Phase 2 Phase 3 (range)
Average linear wear 1.781
rate (um/yr) 0.237 3.650 0.026 0.405 (0.24-5.49)
Average volumetric 0.055 0.882 0.006 0.095 0.428

wear rate (mm?>/yr)

(0.050-1.311)

4.4 Theoretical validation

When the overlap analysis is performed (namely a shrink-fit analysis) between the

head and stem, a contact pressure will be generated. The model presented in this

143



Chapter 4: Prediction of fretting wear damage using axisymmetric model

study is fundamentally axisymmetric and the shrink-fit analysis is axisymmetric too.
Therefore the analytical solution can be calculated based on Burr (1981). As shown

in Figure 4-8 a taper and trunnion are overlapped by distance x to provide pre-

Head

f
Cross section: n | !1/j/) stem |

stresses on the given surfaces.

_»4_

Figure 4-8: Overlap analysis (theoretical approach)
Contact pressure P is generated at the inner surface for each cross section n by

shrink-fit procedure.

Let:

R: radius of head at cross section;

r: radius of stem at cross section;

x: total overlap;

P: contact pressure

Ey, 9y, E and 9, are the Young's modulus and Poisson's ratio of the head and

stem respectively defined based on Table 3-1

then, a relationship between total overlap (x) and contact pressure (P) can be

expressed implicitly as:
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Figure 4-9 shows a comparison of contact pressure between theoretical calculations
(using Equation 4-1) and FE analysis. Differences are seen at the contact edges
where the theoretical solution is not capable of calculating the singularity; otherwise

a very good agreement is obtained for the random locations considered.

300

& Theoretical result

N

(o]

o
L

-------- Static overlapped analysis

N

o

()
1

150

100

Contact pressure (MPa)

a1
o
I

0 2 4 6 8 10
Interface distance (mm)

Figure 4-9 A comparison between theoretical and FE results

4.5 Discussion

As stated, the initial taper overlap enforced at the commencement of phase 2 is
determined from the dynamic impaction analysis of phase 1 where the impulse

applied to the femoral head is detailed in Figure 3-5.

The analysis undertaken in phase 1 is important as it models the actual assembly
event of the surgeon impacting the head on to the stem during an operation. The
subsequent displacements of the parts can be used at the start of phase 2 to position
the head and stem relative to one another and provide the necessary overlap to
generate the same contact conditions, pressures and stresses as seen at the end of

phase 1.
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At the start of phase 2 (prior to the application of the walking load cycle), the initial
contact stresses generated by the overlap analysis create reaction forces on the parts
that help to maintain the head on the stem trunnion without having to over constrain
the model (see Figure 4-10). It is the initial normal contact forces at the taper
junction (due to the static overlap analysis) and the specified coefficient of friction
that provide the necessary friction forces tangential to the contacting surfaces that
maintains the head on the stem. For this to occur, the magnitude of the friction force
must be equal to or more than the resultant force created due to the stresses
distributed on the head (see Figure 4-10). This fact is crucial for the wear analysis

methodology as it can illustrate when the procedure needs to transfer to phase 3.

Resultant component

N force in Y direction due
\  tothe initial stresses

\ distributed in the model

\
| \
1

|
|
|

/

/ Friction force in Y

Y \ /" direction due to contact
! I\ pressure and friction
x L coefficient

Figure 4-10: Reaction forces generated by overlap analysis

During phase 2 the progressive wear that occurs due to the application of the walking
load cycles results in a reduction in the magnitude of the contact stresses at each
geometry update. Eventually the wearing process reduces the overlap to such an
extent that the associated normal contact forces produce lower friction forces than
head reaction forces and at this point the head will lose its fixation to the stem. This
loss of fixation generally occurs when the initial overlap is almost completely

removed namely “limiting overlap” (although this is also dependant on the total
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overlap and the value of the friction coefficient used). At this point it is necessary to

move into phase 3 of the analysis.

In phase 3 of the analysis the overlap has been completely removed and only the
walking load cycle is applied to the model. It is seen here that due to the removal of
the overlap (and therefore loss of the effect of initial fixation), in comparison to
phase 2, the contact stresses are reduced in magnitude but the relative displacements
of paired nodes have increased by a greater proportion leading to a rise in the wear
rate. The significant increase in relative displacements in phase 3 for some sets of
paired nodes leads to large differences in wear depth calculations at discrete points
across the contact interface leading to an uneven wear pattern. To mitigate against
this occurring, the scaling factor is reduced automatically within the algorithm which
effectively reduces the wear depth applied for a particular update encouraging the
development of a smooth wear pattern. The scaling factor is modified during the
wear analysis based on changes in stress and displacement from the previous update.
Furthermore, the script is able to reassemble the model automatically if any gap

occurs during phase 3 due to the wearing progression.

4.6 Conclusions

It has been demonstrated that the total dissipated energy wear law incorporated into
the method can predict linear wear depth and subsequent volumetric wear rate
effectively over a period of time when compared to a simple controlled experiments.
The comparisons undertaken here showed considerable promise but are clearly
dependent on the use of an appropriate wear coefficient and knowledge of the

retrieved prostheses’ loading history.
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The accurate and smooth evolution of wear across the contact interface has been
demonstrated with the guideline to refine the mesh in the contact zone to an element
size of 0.2mm to avoid local ‘spikes’ in the contact stresses due to too larger element

size.

The methodology and FE model incorporates the effect of initial head-stem assembly
in surgery on the wearing process by modelling this effect as a static overlap analysis
procedure. The work presented here shows that a static overlap analysis can model
this effectively. The wear algorithm removes the effect of assembly impaction as the
solution progresses by removing overlap in line with the calculated wear depth for a
particular stage of the analysis. As the overlap is removed the contact pressure and
shear stresses at the interface decrease, however, the relative displacements increase

proportionally more, leading to a greatly increased wear rate.

The advantage of this analysis is the axisymmetric nature of the model. Although this
inhibits the application of more realistic loading and boundary conditions (as the
loads necessarily needs to be applied in three directions following three rotations), it
reduces the computational time and is useful for comparative and parametric studies.
As such, the following Chapter will demonstrate a 3D version of this wear model

with realistic loading conditions.
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Chapter 5

Fretting wear evaluation and evolution at

taper junctions of total hip replacements

5.1 Introduction

In this chapter, the computational methodology presented in chapter 3 is used to
predict fretting wear at the taper interface between the head and stem of THRs using
a 3D FE model. The following sections are presented to demonstrate and discuss key
features and functionality of the methodology and the findings from the THRs taper
junction wear analysis on the 3D model with realistic loading conditions applied in

three directions following three rotations.
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5.2 Wear analysis input

The input data shown in Table 5-1 is used for the 3D wear analysis. The realistic gait

cycle loading and rotation (as shown in Figure 3-7 and Figure 3-8) applied to the FE

model over 1.2 second duration.

The wear analysis for this 3D model has been considered up to 5 million load cycles.

This is because the instances of premature failure of these implants (<5 years) has

been reported and attributed to aseptic loosening (Langton et al., 2011, Mattei et al.,

2011).Based on the impaction analysis in phase 1, the overlapped model is prepared

for the wear analysis in phase 2.

Table 5-1: Input data for 3D wear analysis

Input data

Model

Material combination

Impaction force

Walking load
and boundary conditions

Wear law

Wear coefficient

Wear fraction

Scaling factor

Number of load cycles

3D
(see Figure 3-9)

Head: Cobalt-chrome
Stem: Titanium
(see Table 3-1)

4000N
(Figure 3-5)

Loads with relative rotations
(see Figure 3-7 and Figure 3-8)

Dissipated Energy
2.97 x 1078 MPa™?

Cobalt-chrome: 0.9
Titanium: 0.1

10°
5 x 10°
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The time taken for each 3D analysis “stage” was on average around 6 hours (slightly
longer in phase 3) on the system specification mentioned in section 3.10. Therefore,
for an analysis of 5 million cycles (5 years), there would be 50 “stages” summing to

a total run-time of 300 hours.

5.3 Results and discussion

Similar to what has been explained in Chapter 4, in this Chapter instead of presenting
shear traction that was used to calculate the wear depth, all the results shown are
based on contact pressure distribution for clarity. This is because in 3D models,
contact shear stress has two components tangential to the contact surface and can be
either positive or negative based on direction. Due to this fact, this has been found
difficult to interpret in the context of wear and so contact pressure has been presented

instead.

As values for relative displacement and contact pressure will be equal and opposite
on the head and stem taper surfaces, the change in relative displacement (or ‘slip’) is
shown on figures as distributed on the stem trunnion, whereas the variation in contact

pressure is shown only on the head taper surface.

5.3.1 Variation in contact pressure and relative displacement

during the walking cycle

In Figure 5-1 the distributions shown at time interval zero seconds are those
determined from the initial static contact analysis (the contact conditions
immediately after assembly of the head onto the stem). It can be seen that both the
contact pressure and ‘slip’ distributions are symmetrical (as expected) and that

maximum values occur at the edges of the taper contacts (both proximal and distal)
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with values of around 350MPa and 9um. The majority of the taper surface is subject
to a contact pressure of around 120MPa, whereas the relative displacements are seen

to reduce in magnitude from the taper edges to the taper central contact.

Figure 3-7 in section 3.4.5 indicates that the largest loading on the hip occurs in the
“superior-inferior” direction with the load increasing to its largest magnitudes
between time intervals of 0.3s and 0.7s of the gait cycle (the same could “loosely”

be said about loading in the “medial-lateral” and “anterior-posterior” directions too).

Without considering the edge contacts, it can be seen that during the gait cycle the
distribution of contact pressure changes, such that the largest pressures occur at the
centre of the taper “superior” surface (right hand side of taper plots), and the lowest

values occur at the centre of the taper ‘inferior’ surface (left hand side).

The maximum value for contact pressures occur between 0.3 and 0.7seconds
(240MPa at 0.72s) in parallel with the applied loading. The relative displacements
are seen to vary throughout the gait cycle with the largest values due to edge contact
(9um) occurring also during the time intervals when the loading is maximum (0.3 to
0.7s) and reducing nearer to the end of the cycle. It can be observed that the
micromotion values are very small as these distributions are those occurring

immediately after impaction.
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Figure 5-1: Variation in contact pressure and relative displacement during a walking cycle
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5.3.2 Variation in taper wear over 5 year period

Figure 5-2 shows the variation of contact pressure and relative displacement as well
as the evolution of taper wear over a five year period of time. During the first 2.6
million cycles of loading it can be seen that the contact pressure generally reduces
from the initial uniform distribution of 120MPa following assembly (Figure 5-1) to
a non-uniform distribution with the majority of the taper surface subject to contact
pressure values of around 30MPa at the last time interval (Figure 5-2c). Conversely,
the ‘bulk’ values of taper relative displacement (“slip”) are seen to increase during the
same time period from a value of around 2um (Figure 5-1) at assembly to around
38um at 2.6million cycles (Figure 5-2b). This reduction in contact pressure and
increase in ‘slip’ is due to the gradual weakening of the taper fixation (modelled by a
reduction in mesh overlap due to wear) with respect to time. At 2.6million cycles the
initial overlap has been completely removed and the analysis moves from phase 2 to

phase 3 of the methodology.

During the loading period 3 to 5million cycles the contact pressure distribution
remains relatively constant with only a small reduction in contact pressure. During
the same time period the relative displacements continue to increase on the inferior
taper surface (left side) with values approaching 100um in localised areas ; on the
superior taper surface (right side) the values of ‘slip’ tended to decrease with
localised areas indicating values of between 0 and 30wm. The greater relative
increase in ‘slip” with minimal change to contact pressure in phase 3 creates an

increase in wear rate in localised areas.
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Figure 5-2: Evolution of
contact pressure, slip and
wear pattern during wear
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show the pattern of wear
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It can be seen from Figure 5-2 that the wear depth on the titanium stem trunnion
(Figure 5-2a) and in the cobalt chrome head taper (Figure 5-2d) at 5 million cycles
are different by a factor of around 10 (as dictated by the ‘wear fractions’ associated
with each part) at 2um and 18.6um respectively on the inferior surface taper edges
(left hand side of plots). It is necessary in the wear analysis of metal head-stem taper
junctions (and for MoM prostheses) to update the contact surface geometry of both
parts of the prosthesis as this has an effect on the wear rate and wear pattern
following each analysis “stage”. The wear pattern develops from a uniform zero wear
pattern at the outset of the study to a non-uniform pattern with maximum wear
occurring at the taper edges and on the superior surface of the taper, and minimum

wear on the inferior surface at 5million cycles (5 years).

5.3.3 Volumetric and linear wear rate

The volumetric wear rate was determined based on the reduction of element volume
for all elements in the contact zone. The volumetric wear rate was calculated
following each 1million cycles as the solution progressed (Figure 5-3). It can be seen
that the lowest wear rates occurred during the first 2 years (2million cycles) with
total values of 0.4 and 0.36mm?3/yr. Subsequently it can be seen that the wear rate
increases to a value of 0.66mm3/yr at 4 years. This is around a 50% increase in the
wear rate and can be attributed to the removal of the initial taper locking effect and

the subsequent increase in relative displacement at around 2.6million cycles.

The increase in wear rate can be linked to a “transition” point whereby the initial
locking effect of the head-stem taper has been fully removed and increased

micromotion occurs resulting in an increase in wear rate.
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Figure 5-3: Variation in volumetric wear rate with respect to time

Table 5-2 details the average linear and volumetric wear rates over the 5 year period
of study. The wear rates for the head were 1.917um/yr and 0.467mm3/yr,

whereas the stem wear rates were 0.213um/yr and 0.0459mm3 /yr.

Table 5-2: Average linear and volumetric wear rate on head taper and stem trunnion

Head (Co-Cr) Stem (Ti) Total
Wear fraction 0.9 0.1 1
Average linear wear rate 1.917 0.213 N/A
(um/yr) (range) (0.8 -18.5) (0.01-0.4)
Average volumetric wear 0.467 0.0459 0513
rate (mm®/yr) (range) (0.329 - 0.603)  (0.024 -0.065) '

5.4 Validation

The results for taper wear (Figure 5-2) determined from the numerical wear analysis
can be compared favourably with images and measurements from retrieved
prostheses (retrieval prior to 5 years service). Figure 5-4 shows a comparison of the
wear patterns associated with the numerical analysis and images of wear occurring
on the head taper of a retrieved Birmingham XL femoral head. Several retrieved
prostheses were available for inspection, all of which demonstrated similar wear

damage as that shown in Figure 5-4.
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It can be seen in Figure 5-2 that the wear pattern at any stage of phase 3 of the
numerical analysis tends to be fairly constant and can be effectively compared
against the wear observed in retrieved prostheses where common wear patterns tend
to prevail too (as walking is overwhelmingly the most common activity in patients
with a hip implant). Observation of Figure 5-4 shows that the extent of wear damage
and patterns on the FE model are similar to the areas of wear shown on the images of

the retrieved prosthesis.

The wear damage seen on the surface of the retrieved prosthesis has been categorised
as severe, moderate and minor. In the areas of severe wear it is likely that initial
adhesive wear due to fretting has developed into abrasive wear due to retained wear
particles which have subsequently promoted corrosion. In the areas shown as having
moderate damage it is possible that any wear particles have been able to exit the
contact zone so exhibiting a less damaged surface likely generated by adhesive wear

and corrosion.

The smooth surface highlighted as minor wear will be the result of adhesive wear
only. It can be seen that the wear algorithm has identified accurately the areas of
severe, moderate and minor wear damage based purely on the assumption of
mechanical fretting wear. This is to be expected as any corrosion occurring on the
taper surface will be due to Mechanically Assisted Crevice Corrosion (MACC)
whereby fretting wear continually disrupts the protective surface oxide passivation
layer of the taper junction materials exposing the metal and making it more

susceptible to corrosion.

158



Chapter 5: Fretting wear evaluation and evolution at taper junction of THRs

Retrieved
prosthesis
head taper

FE model
head taper

WearDepth (mm)

0.018589
A 0.017815
0.017040

0.016266
0.015491
0.014717
0.013942
0.013167
0.012393
0.011618
0.010844
0.010069
0.009295
0.008520
0.007746
0.006971
0.006196
0.005422
0.004647
0.003873
0.003098
0.002324
0.001549
0.000775
— 0.000000

Area of severe wear
(abrasive wear and corrosion)

Area of moderate wear
(adhesive wear and corrosion)

Increase in wear

_____ Area of minor wear
(adhesive wear)

Increase in wear

™)

Figure 5-4: Validation against retrieved prostheses; figures are rotated anticlockwise based on a label shown as (*)

159



Chapter 5: Fretting wear evaluation and evolution at taper junction of THRs

In addition to these observations, the wear pattern and wear rates determined in these
studies are similar to those obtained by Langton et al. (2012) for measurements
obtained for retrieved Articular Surface Replacement XL THRs (ASR; DePuy,
Leeds, United Kingdom). Langton et al. (2012) used a highly accurate CMM
(accuracy 0.8um) to measure linear and volumetric wear occurring at the head taper
surface of retrieved large diameter MOM THRs (Articuleze (48 components) and
ASR XL (63 components), Depuy). The median time in vivo for the Articuleze and
ASR XL prostheses was approximately 1 to 5 years respectively with the mean
volumetric wear rate for Articuleze being 0.127mm3/yr (range 0.01 — 3.15) and
the ASR XL measured at 0.44mm?3/yr (range 0.02 — 8.34). The small differences
in volumetric wear rate determined in this study (see Table 5-2) in comparison to
Langton et al. (2012) can be attributed to differences in the head-stem material
combinations, wear coefficient, material loss due to corrosion and THR design. In
addition, the effect of initial assembly of the head and stem is unclear and could be

one of the reasons for the slight differences in wear rates too.

Malviya et al. (2011) also used the same CMM as Langton et al. (2012) and
presented the wear pattern on the 2-year follow up of a retrieved Birmingham hip
replacement . The investigation showed no material loss or corrosion on the articular
bearing surfaces, but a wear depth of 6um on the head taper. The wear pattern shown
in Figure 5-2 at 2 million load cycles (2 years) on the head taper is within the same
range of wear depth presented by Malviya et al. (2011). The results obtained are also
comparable with the experimental results demonstrated by Hart et al. (2013) and

Matthies et al. (2013).
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Figure 5-5 shows a comparison between FE wear simulation and CMM measurement
(after Langton et al. (2012)). The wear pattern damage obtained here compares
favourably with the CMM measurement results. Figure 5-5a shows the FE fretting
results after applying 3.9million walking load cycles. Figure 5-5b shows the CMM
measurement on a retrieved prosthesis that had been in service for less than 5years®

(the exact loading history is not available).
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Figure 5-5: (a) wear modelling and (b®) coordinate measuring analysis of the
retrieved head taper

The close similarities shown between the numerical analysis and the observed and
measured wear damage of retrieved prostheses demonstrates the effectiveness of the

3D FE model, loading, boundary conditions and wear algorithm used.

> Figure 5-5b was contributed by Prof Thomas Joyce and Mr David Langton, Newcastle University,
Newcastle upon Tyne, UK, and it is reproduced here with permission.
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5.5 Conclusions

A 3D FE model of a commercial THR is used to demonstrate the method and to
highlight key features of the wear algorithm. The wear damage, depth, rate and
patterns of wear are shown to be comparable with those found in the literature and

from observation from available retrieved prostheses.

The methodology demonstrates that a static contact analysis incorporating mesh
overlap can effectively model taper fixation (created during assembly of head and
stem in surgery) and also the progressive weakening of this fixation due to the
wearing process. This is achieved by removing overlap in line with calculated wear

as the solution progresses and is seen as a novel aspect of the wear method described.

The total dissipated energy wear law and the 3D FE model described can predict
linear wear depth and damage patterns effectively when compared to typical
observed wear patterns and measured wear depths from retrieved prostheses. The
comparisons undertaken show considerable promise but are clearly dependent on the
use of an appropriate wear coefficient and knowledge of the retrieved prostheses
loading history. Accurate determination of wear of individual THR components can
be realised by measurement from retrieved prostheses or from fretting wear tests.
These measurements can then provide accurate wear fractions for application in

computational wear analysis.

In addition, it should be noted that the wear coefficient « is related to the component
pair in contact and is used in the calculation of total wear, it does not differentiate as
to the extent of wear occurring on each surface, as such, the use of component “wear

fractions’” is required.
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The accurate and smooth evolution of wear across the contact interface has been
demonstrated with the guideline to incorporate a highly refined mesh in the contact
zone to avoid local “spikes” in the contact stresses due to a too large element size.
Further, the wear scaling factor used in the analysis has a major effect on simulation
run times and can affect the accuracy of the analysis results and the evolution of
wear. A too large scaling factor can create an uneven wear profile across the contact
interface due to cyclic wear “hot spots” being overtly increased. In contrast, a
comparatively small scaling factor will facilitate an accurate and smooth
development of wear but with the cost of a much increased run time. In this specific

application, a scaling factor of 0.1million was appropriate.

163



Chapter 6: Effect of different taper fixation on the extent of fretting wear

Chapter 6
Effect of different taper fixation of the

head and stem on the extent of fretting

wear

6.1 Introduction

Non-standard assembly of the prosthesis femoral head onto the stem taper during
surgery is known to have an effect on the stability of the fixation. As discussed in
Chapter 2, the effect of variability of impaction forces on fretting wear is unclear and
could be one of the reasons for higher initial wear rates (Wassef and Schmalzried,
2013). This chapter investigates and compares the effect of varying the initial head-
stem assembly from a hand press force up to a high impaction force (6kN) on the
extent of subsequent fretting wear. This chapter also describes key aspects and
considerations regarding the impaction tests, pull off tests and the results obtained
from the computational impaction and wear analysis that is described in Chapter 3,

with regard to the effect of magnitude of assembly force on fretting wear. The results
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obtained have been compared with observation and also measurement of fretting

wear damage of available retrieved prostheses.

6.2 Experimental procedure

Several impaction tests were performed to determine typical impact magnitudes that
could be applied during the surgeries. After impaction tests, pull off tests were
performed to determine the stability of the fixations. As discussed in Chapter 2, in
order to assemble a head to a particular stem, manufactures usually provide general
and vague guidelines for surgeons with statements such as “slightly” or “firmly”
impacted being the norm to describe the magnitude of any impaction force to be
used. In fact, the magnitude of the force used to assemble the components is based on
a surgeons’ preference, experience, the type of prosthetic femoral head, and the

quality of the patients’ bone stock.

6.2.1 Impaction tests

Figure 6-1 shows a schematic of an impaction applied on the head of a total hip
prosthesis. In order to investigate and quantify typical impaction cases, several
primary and revision surgeries have been attended at Broadgreen Hospital,
Liverpool, UK (2014-2015) to explore what could be a realistic impaction force
applied during surgery. After replacing the modular stem and acetabular cup, trial
heads are placed on the top of the femoral stem in order to check the size and
adequacy of the hip motion. When the appropriate head size is found, the trunnion is
being carefully cleaned and dried and the actual head is placed on the stem trunnion.
Most of the surgeons normally apply two firm impactions in order to fix the head
into the stem trunnion. Some surgeons check the stability of the fixation by hand-

pulling the head slightly to be confident of the fixation condition.
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Mallet

Impactor

Modular head

Modular stem

Femur bone

Figure 6-1: Total hip replacement in situ, impaction of the modular head onto the
stem trunnion

In addition to the controlled drop test, explained in section 3.4.4, a more realistic
experiment has been performed to further investigate the impaction of the head onto
a THR stem. In this experiment, a simple model of a head and stem was assembled
(just into contact) and placed and fixed on a single-pedestal load cell with a force and
moment transducer. Four different scenarios were used to fix the components,
namely “hand-press”, “low impaction”, “medium impaction” and “high impaction”
(see Figure 6-2). The “low”, “medium” and “high” impactions have physically been
assessed and applied based on the observation of the surgeon’s performance during

the primary total hip replacements.

For all of the impaction cases, a mallet and impactor was used as shown in
Figure 6-2. A hand press, although it is rare in clinical practice, was also performed
in this experiment. For each scenario, the experiments have been performed several

times to determine the approximate magnitude of the different assembly forces.
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Figure 6-2: Impaction experiment on single-pedestal load cell

Considering the hand press assembly case, the loading duration was recorded for
around 2 seconds. The amplitude of the force is shown in Figure 6-3 with the peak

force being recorded as 160N .
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Figure 6-3: hand press load (press-fit) amplitude

For low impaction cases, peak forces between 1.6 to 2.2kN were recorded giving an

approximate load amplitude as shown in Figure 6-4 with a maximum value of 2kN
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(the curve has been modified to remove noise). Impaction forces between 3.5 to
4.4kN and 5.9 to 6.7kN were recorded for the medium and high impaction cases
respectively. Therefore, impaction forces of 2, 3, 4 and 6kN have been defined for
“low impaction”, “medium impaction” and ‘“high impaction” respectively (see

Figure 6-4).

On consideration of 6kN impaction force, it would seem prudent to apply as large an
impact force at assembly as possible within the limits of safety for the patient and

structural integrity of the prosthesis design.
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Figure 6-4: Approximate average impaction force from tests

6.2.2 Pull-off test

The effect of varying the assembly forces has an effect on the stability of the taper
trunnion connection and has typically been assessed and based on the pull-off force
after assembly in the literature (Heiney et al., 2009, Pennock et al., 2002, Rehmer et

al., 2012, Lavernia et al., 2009) (section 2.6.2).
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A Tinius Olsen tensile testing machine (H50K-S UTM Benchtop Tester) was used to
determine the magnitude of pull-off forces for the assembly described in
section 6.2.1 (see Figure 6-5). An average pull-off force around 40% to 47% of the

impaction force was recorded for all of the different test assemblies.

Tinius Olsen,
tensile tester

Assembly of the
head and stem
shown in

Figure 6-2 after
impaction

Figure 6-5: Tinius Olsen, tensile testing machine

Based on this experiment, the greater impaction forces have indicated the greater
pull-off forces and as such better stability and fixation between the head and stem;
however, the effect of different assembly forces on the extent of fretting wear at the
taper-trunnion interface has not been reported in the literature. This study
investigates how increasing the assembly force could have an effect on the extent of

fretting wear damage, wear rate and total volume loss during the wear process.

6.3 Finite element modelling of the initial forces (phase 1)

In phase 1 of the wear analysis, a single separate dynamic implicit impaction analysis
is executed with the head and stem initially assembled just into contact. The load
histories obtained from the experiments (see Figure 6-3 and Figure 6-4) are used for
this analysis. Figure 6-6 shows the variation of contact pressure along the trunnion

surface obtained from phase 1 of the wear analysis.
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Figure 6-6: Variation of contact pressure for different assembly load (MPa)
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The effect of increasing the assembly force from “hand press” (160N) to “high
impaction” (6kN) increases the initial contact pressure at the taper-trunnion interface
(see Figure 6-6). An increase in the impaction force also results in an increase in the
axial displacement that is used to create the static overlap assembly model for phase

2 of the wear analysis.

Figure 6-7 shows the magnitude of the overlap used to start the wear analysis in
phase 2. The contact pressures obtained from the impaction analysis are equivalent to
those obtained at the end of step 1 (static overlap analysis) of phase 2 of the wear

analysis for all specific cases (similar to Figure 3-12).

6
: -
4
§ =
~ 3
) /.
S 2 m
o
1 3 ==
O T T 1
0 2000 4000 6000

Load (N)

Figure 6-7: Initial overlap created for phase 2 of the wear analysis based on
different assembly loads

6.4 Wear analysis input (phase 2 and 3)

The input data shown in Table 6-1 was used for the four different wear analyses,

(hand press, 2, 4 and 6kN impaction force).

Each wear analysis took around 300 to 500 hours to simulate fretting wear over

5million load cycles using the computer specification specified in section 3.10.
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Table 6-1: Input data for wear analysis

Input data

Model

Material combination

Assembly force

Walking load
and boundary conditions

Wear law

Wear coefficient

Wear fraction

Scaling factor

Number of load cycles

3D
(see Figure 3-9)

Head: Cobalt-chrome
Stem: Titanium
(see Table 3-1)

Hand-press (160N)
(see Figure 6-3)
2000N, 4000N and 6000N
(see Figure 6-4)

Loads with relative rotations
(see Figure 3-7 and Figure 3-8)

Dissipated Energy
1.31x 1078 MPa™?

Head, Cobalt-chrome: 0.9
Stem, Titanium: 0.1

10°
5 x 106

6.5 Results

Similar to Chapter 4 and 5, contact pressure is used to demonstrate the results rather

than shear stress. The contact pressure and relative displacement are symmetrical and

opposite on the head taper and stem trunnion, as such the results can be presented on

either.

6.5.1 Transition point from phase 2 to 3 of the wear analysis

The transition point is defined as the time at which the wear analysis transfers from

phase 2 to 3. This is the time at which the overlap is completely removed from the

model and there is no requirement for a static overlap analysis in the further analysis.
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At the transition point, it can be hypothesised that the effect of initial assembly has
been removed from the model. The transition point is therefore very important as far
as the production of wear debris is concerned and its implications to ASTR following

arthroplasty.

Maintaining the locking effect due to impaction for as long as possible in phase 2 is
the key to reduced wear rates. For assembly forces of “hand press” and impaction of
2,3, 4 and 6kN, the transition points occur after approximately 0.8, 1.4, 3.1, 4.1 and

6.9 million load cycles respectively (see Figure 6-8).

2 Va

Millions of load cycle

0 2000 4000 6000
Impaction force (N)

Figure 6-8: Transition point from phase 2 to 3 of the wear analysis

Figure 6-8 shows an early transition into phase 3 for the models assembled using
“hand press” force and 2kN force. This subjects the prostheses to a much increased

wear rate which could explain the early failure of some devices.
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6.5.2 Evolution of wear pattern damage (phase 2 and 3)

Figure 6-9 details the evolution of wear along the head taper over a period associated
with 5million load cycles (approximately 5 years of walking activity) following the

application of varying head-stem initial assembly forces.

Figure 6-9a (“hand press”) shows that the evolution of wear along the head taper
surface is of a fairly smooth wear pattern with a variation of around 1um at each
million of load cycles. After 5Smillion load cycles, the majority of the head taper
surface shows a wear depth of around 8.5um (with a peak value of 16.3um at the

proximal edge of the taper inferior surface).

Figure 6-9b, c and d (2kN, 3kN and 4kN wear analyses) show a similar wear pattern
distributed at the taper surface albeit with lower wear depths shown for the 4kN
impaction analysis. The largest wear damage occurs at the proximal and distal edge
of the taper inferior surface for both analyses; however, the edge wear is at its
smallest at the distal edge of the taper superior surface for the 4kN impaction

analysis.

Again, the largest wear depth is distributed at the distal and proximal edge of the
taper inferior surface for the 6kN analysis (Figure 6-9e). Almost no wear damage
occurs at the distal edge of the taper superior surface. This is due to the high contact
pressure and very small relative displacement at this area during the time intervals

and at each “stage” of the wear analysis.
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Figure 6-9: Evolution of wear pattern during wear analysis in mm; row (a) for hand
press, (b), (c), (d) and (e) for different impaction force, results shown at the last time
interval of cycle.
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6.5.3 Variation of contact pressure and slip during the wear

analysis (phase 2 and 3)

The contact pressure and slip are the key factors to assess the wear depth and rate.

e Contact pressure

Figure 6-10 details the contact pressure distribution along the head taper surface
during phase 2 and 3 of the analysis. The results are shown at the last time interval of
the loading cycle. Figure 6-6 showed that the average contact pressure increases with
increasing assembly force (phase 1). This is also the case shown here with the
magnitude of the contact pressure increasing with increasing impact force
(Figure 6-10 (a) to (e)). Also, it can be seen in Figure 6-10c, d and e that during
phase 2 the initial contact pressure reduces continuously until the overlap is removed
from the model. In phase 3, the contact pressure distribution remains relatively
constant over the contact interface for the remainder of the analysis (see

Figure 6-10).

Figure 6-10a shows the variation of contact pressure for the hand press wear
analysis. The model transfers to phase 3 at 0.8 million load cycles. The contact

pressure, then, remains relatively constant over the taper surface.

Considering the 2kN impaction (Figure 6-10b), the average contact pressure reduces
up to 1.4 million load cycles and then remains relatively constant throughout the
remainder of the analysis. It can be seen that after 2 million load cycles the
maximum contact pressure occurs at the distal and proximal edge of the taper
superior surface with values around 91MPa.The majority of the taper surface is

subject to a contact pressure of around 42M Pa at each analysis stage.

176



Chapter 6: Effect of different taper fixation on the extent of fretting wear

1 million 2 million 3 million 4 million 5 million

1
! Phase 3 00
' 52.031 —T
1 QD
1 & >
1 . o
1 - o]
1 : -
1 - @D
| 230 8B
—> 813
1 . (o))
1 - o
| 65.938 Z
1 N
1 R
— 1
N
x
L—) z
S
o
QD
2,
o
>
S
2 N
el BN o e uuill) NN » N
NS : CPRESS
) Phase 2 ' e tes
z ase i Phase 3 901125
Proximal ! 83.688 L
) 77.250 S
: 70.813
. 64.375 =
\ k 57.938
(© J . 51:500 3
, - 8
1 . —
1 32.188 ©
i 25.750 5
h 19.313
N 12.875
| 6.438
1 0.000
____________________________________ I___________________________________
i Phase 3 CPRESS
e
100,923 &
93.715 X
86.506 Z
pi s
64.879 é
d 57.671 o
(d) 8
=,
o
=]
(o))
x
Pz
N =
o
QD
2,
o
(e) S

1 million 2 million 3 million 4 million 5 million

Figure 6-10: Variation of contact pressure during wear analysis in MPa, row (a) for
hand press, (b), (c) and (d) for different impaction force, results shown at the last
time interval of cycle.
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In Figure 6-10 d and e, it can be seen that the average contact pressure reduces
during the wear analysis. After applying one million load cycles, the majority of the
taper surface is subject to contact pressure of 60MPa and 77MPa with maximum
values of 115MPa and 124MPa at both proximal and distal edges for the 4kN and
6kN analyses respectively. The contact pressures then reduce over the duration of
the analysis to approximately 36 MPa and 46MPa for 4kN and 6kN impaction

analysis respectively.

e Contactslip

Figure 6-11 shows the variation of resultant contact slip which occurs simultaneously
with the contact pressure shown in Figure 6-10 (results shown at the last time
interval of the loading cycle). Comparing the contact pressure and the slip in
Figure 6-10 and Figure 6-11 shows that when the contact pressure is highest the

contact slip is correspondingly low.

It can be seen here that as the impaction force increases, the “general” slip magnitude
reduces (Figure 6-11 (a) to (e)). Furthermore, it can be seen in Figure 6-11 that, in

general, for all cases, the slip increases during the wear analysis.

Figure 6-11a shows that the contact slip increases significantly with a peak value
of 0.151mm localised at the distal and proximal edge of trunnion superior surface

during the analysis.

The magnitude of slip is reduced to peak values of around 0.136mm at localised
areas on the trunnion superior surface after 5 million load cycles for the 2kN
impaction analysis. It is further significantly reduced to a fairly uniform value of

8um for the 4kN wear analysis (see Figure 6-11 (b) to (d)).
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Figure 6-11: Variation of contact slip during wear analysis in mm, row (a) for hand
press, (b), (c) and (d) for different impaction force, results shown at the last time
interval of cycle.
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Figure 6-11e again shows a lower and more uniform contact slip of around 3um at
the trunnion surface for the 6kN impaction analysis. This significant change is due to
the early transition into phase 3 for the models assembled using “hand press” and

2kN impaction.

In general, it can be said that the contact pressure reduces in phase 2 due to the
reduction in initial overlap and then remains relatively constant in phase 3; however,

the magnitude of slip is low in phase 2 and then increases significantly in phase 3.

6.5.4 Volumetric wear rate for different impaction loads

Figure 6-12 shows the variation in volumetric wear rate over the period of 5 million
load cycles for the different assembly models. In general, it can be seen that in phase

2 of the wear analysis the wear rate is relatively small in comparison to phase 3.

Monitoring the results in phase 2 of the wear analyses shows that increasing the
assembly force leads to an increase in the initial contact stresses but a significant
reduction in the magnitude of the slip. Progressing through phase 2 of the wear
analysis leads to a gradual reduction of the contact stresses (due to the reduction in
the initial overlap) and a slight increase in the contact slip. The proportional increase
in slip is slightly less than the proportional reduction of contact stresses. For instance,
there is 59% reduction in contact pressure (approximately 77MPa to 46MPa) and a
50% increase in slip (2 to 4um) for the 6kN analysis over the duration of the
analysis in phase 2. This leads to a continuous (small) reduction in volumetric wear

rate in phase 2 of the analysis (see Figure 6-12 for 6kN impaction force).
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Figure 6-12: Total volumetric wear rate with respect to assembly load and over the
wear analysis

Where the overlap is removed completely from the model, the magnitude of slip is
increased. Therefore, the wear rate increases at the transition point. This is because

the slip increases but the contact pressure stays relatively constant.

After transferring to phase 3 of the wear analysis, the magnitude of the contact
stresses remain relatively constant; however, the slip increases significantly. This
leads to dramatically increase in wear rate during phase 3 of the analysis (for
instance, from the 3 to 4™, or from the 4™ to 5™ million load cycles for hand press

and 2kN wear analysis respectively, see Figure 6-12).

Comparing the magnitude of contact pressure after each 1 million load cycles, for
different assembly forces indicates that from “hand press” to 4kN impaction the

initial contact stress at the contact interface increases (see Figure 6-10). This increase
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in contact pressure leads to a reduction in the magnitude of the contact slip (see
Figure 6-11). The proportional increase in contact stress is lower than the
proportional reduction in the magnitude of contact slip. This leads to a reduction in
wear rate from “hand press” to 4kN impaction analysis. For instance, during the 3"
million load cycle the wear rate reduces from 0.2mm3/yr to 0.11mm3/yr from
hand press to 4kN impaction. Comparatively, from 4kN to 6kN impaction, the
contact pressure increases with no significant change in contact slip. This leads to a
slightly higher wear rate for the 6kN model than for the 4kN model (0.12mm?3 /yr
during the 3 million load cycles for the 6kN wear analysis, see Figure 6-12).
Further, the total initial overlap is higher for the 6kN analysis which causes the
model to stay in phase 2 for a longer time. In phase 2 the wear rate keeps reducing
and as such the model will take longer to transfer into phase 3 (the relationship for

transferring to phase 3 is not linear as shown in Figure 6-8).

Table 6-2 details the average volumetric wear rates for different initial assembly over
a 5-year period. The wear rates were 0.353mm?3/yr and 0.213mm?3 /yr for the hand
press and 2kN impaction. The average wear rate, though, is reduced to 0.170mm3/
yr, 0.128mm3/yr and 0.132mm3/yr for the 3, 4 and 6kN impaction assembly
respectively (slightly higher for 6kN due to the larger overlap and higher initial

contact pressure).

Table 6-2: Average of total volumetric wear rate

Hand press  2kN 3kN 4kN 6kN

Wear rate (mm?>/yr) 0.353 0.213 0.170 0.128 0.132
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Figure 6-13 details the total volume loss after application of 5million load cycles for
the different assembly forces from the cobalt chrome taper, titanium trunnion surface
and in total. The highest material loss occurs for “hand press”, the material loss then
reduces as the assembly force increases up to 4kN. Similar volume loss can be seen

for the 4kN and 6kN impaction analysis.

6.6 Validation

The results for taper wear obtained in this study from the numerical wear model can

be compared with observation and measurements of retrieved prostheses.

Sixteen retrieved prostheses have been scrutinised in order to determine the possible

fretting wear damage that could occur on the taper surface. Twelve of those have
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shown similar fretting wear damage as seen in Chapter 5 (see Figure 5-4). The
observation of these twelve retrieved prostheses have shown high fretting wear
damage on the taper inferior surface and comparatively lower wear damage on the
taper superior surface. Circumferential edge wearing has also been observed on all of

these twelve prostheses.

In this study, the fretting wear damage obtained from the 2kN to 4kN impaction
wear analyses has shown fairly similar wear patterns to those observed on the 12

retrieved prostheses (similar to what has been shown in Chapter 5, Figure 5-4).

Nonetheless, the 2kN impaction wear analysis shows higher circumferential edge
wear damage than the 4kN impaction analysis. Observation of five (out of 12)
retrieved prostheses has shown similar edge wear which is higher on the taper

inferior surface and slightly lower on the superior surface (see Figure 6-14).
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Figure 6-14: Comparison of fretting wear damage between FE wear model (2kN
initial impaction) and a retrieved prosthesis; figures are rotated 180° based on a
label shown as (*)
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Figure 6-14 compares favourably the 2kN wear model with one of the retrieved
prostheses. The differences in wear damage distribution specifically at the centre of
the taper surfaces in the wear modelling in comparison to the retrieved prosthesis,
could possibly be attributed to differences in the head-stem taper mismatch angle,
wear coefficient, material loss due to corrosion and THR design. In addition, the load
history of the retrieved prosthesis is unclear and could be one of the reasons for the

slight differences in wear damage distribution too.

The wear analysis performed with the 6kN initial impaction has shown a different
wear pattern compared to the other analyses. In this analysis, a significantly high
wear distribution has been obtained at the distal and proximal edge of the taper
inferior surface and very low wear distribution at the taper superior proximal edge
with almost no wear damage at the taper superior distal edge. Figure 6-15 compares
the wear analysis that has been performed with the 6kN initial impaction with a
retrieved prosthesis. Similar wear damage has been observed in three more different

retrieved prostheses.

One of the retrieved prostheses (out of 16) has shown a relatively high and smooth
wear damage which is circumferentially distributed at the taper interface. Figure 6-16
shows high and smooth wear damage at the taper surface (both inferior and superior)
of this prosthesis compared with the area which was not in contact. The extent of
wear damage and pattern obtained from the wear analysis with the “hand press”
assembly is similar to the areas of wear damage shown on the images of this

particular retrieved prosthesis (see Figure 6-16).
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In addition to the observation of the retrieved prostheses, the average volumetric
wear rates calculated here, as shown in Table 6-2 for different assembly forces, are in
the range of the values obtained by Langton et al. (2012) for measurements obtained

at the head taper for retrieved MOM THRs (0.127mm?3/yr for Articuleze and
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0.44mm?3 /yr for DePuy ASR XL at around 1 to 5 years in vivo). Differences can be
attributed to differences in material combinations, THR design, as well as the loading

history and the wear coefficient used in the numerical study.

It should be noted that although the wear distributions and wear rates for the different
assembly models have been shown to be similar to that from retrieved prostheses, it
has not been possible to prove how the retrieved prostheses were initially assembled
or their loading history. As such, the retrieved prostheses used for the validation here
have been assumed to have been assembled using a “light, medium and high”
impaction based on their wear patterns and the comparison of the wear patterns from

the wear models.

6.7 Discussion

The wear algorithm proposed calculates wear depth at the taper interface following a
specified number of wearing cycles and then modifies the surface geometries
gradually by removing the overlap based on the accumulated wear. Furthermore, the
algorithm is able to consider the effect of initial fixation of the head-stem of the total
hip replacements. The impaction force applied during assembly of the prosthetic
femoral head to the stem intra-operatively is seen to have an effect on subsequent
fretting wear at the taper junction of THRs. The gradual removal of overlap
simulates the effect of wear on weakening the initial fixation which then has an

effect on the magnitude of contact pressure and slip.

The greater the magnitude of the impaction force the longer the period of time the
beneficial effects of fixation remain with the taper junction only subject to low wear
rates. A transition point exists where the beneficial effects of fixation are completely

removed and a significant increase in wear rate occurs.
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It was found that increasing the impaction loads led to an increase in contact stresses
but a significant reduction in slip resulting in a decrease in the initial wear rate. As
the taper locking effect diminishes during the wear analysis due to the fretting wear
process, it was observed that the slip increases leading to a significant increase in
wear rate. The results demonstrate the relevance of the impaction force used intra-
operatively by medical professionals to provide an optimum fixation to minimize

wear due to fretting.

When the model is still in phase 2 of the analysis it can be hypothesised that the wear
debris may remain trapped at the contact interface and only a small portion of the
debris may be released into the body. When the model transfers to phase 3, debris
can potentially escape from the taper junction, be released into the body and

accumulate at the surrounding tissue which may lead to ASTR.

Design features such as taper angle and taper mismatch angle (see Figure 6-17) have
been hypothesised to have a significant effect on the strength of the taper fixation
and edge wearing (Hohman et al., 2011, Langton et al., 2012, MiloSev et al., 2000,
Pennock et al., 2002, Schmidt et al., 1997). In the opinion of Hohman et al. (2011)
the head stem taper mismatch angle has a significant effect on the wear rate. Milosev
et al. (2000) showed high edge wear damage in the taper junction of THRs and
presumed that fretting wear accelerates due to the mismatch angle between the taper-
trunnion interfaces. Langton et al. (2012) have shown taper wear damage more
pronounced on one side than the other. They postulated that this might be due to the

taper mismatch angle but this needs to be investigated by further analysis.

Although the taper mismatch angle is seen to have an effect on stability, strength and

edge wearing of the taper-trunnion surfaces, this study has illustrated that even with a
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zero mismatch angle there would be significant edge wearing and side wearing due

to the initial assembly forces.
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A study was performed using the same wear algorithm with an axisymmetric model
of the same head and stem of THR used here. The results from this axisymmetric
model with different impaction loads showed a linear relationship between the wear
rate and increasing the impaction force. This wear analysis using the axisymmetric
model indicated that increasing the initial impaction force reduces the wear rate
significantly with a linear relationship. Furthermore, the impaction force and pull-off
force has also showed to have a linear relationship where increasing the impaction
force increases the pull off forces. These results were obtained due to the limitations
of the axisymmetric models. This study showed that wear rate depends on many
different factors. The initial contact stress, contact pressure distribution during a
walking step and during the wear analysis and the contact slip variation under the
accurate loading and boundary conditions all have an effect on the wear rate, depth
and wear damage pattern. Therefore, it can be said that a simplified axisymmetric

model cannot simulate this process accurately.

It has been suggested in the literature (Heiney et al., 2009, Pennock et al., 2002,

Rehmer et al., 2012) that impaction forces of between 4000-5000N will maximize
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taper strength whilst mitigating against damage to the femur. In this study, the total
volume loss for 4kN and 6kN impaction analysis was almost equal; however, the
analysis with 4kN impaction transferred to phase 3 after 4.1 million load cycles and
from this transition point a higher wear rate can be expected (compared to 6kN
impaction wear analysis). Furthermore, the wear analysis with 6kN initial impaction
showed significantly high edge and side wear on the taper inferior surface with very
low wear damage on the taper superior surface and also limits of safety for the
patient and structural integrity of the prosthesis design needs to be considered while

applying very high impact.

Maintaining “good fixation” for as long as possible is the key to reduced wear rates
and as such the transition point should occur after the longest time in vivo as
possible. As such, to minimize fretting wear, surgeons should apply a relatively large
impaction force at assembly (ideally around 4kN and not less than 3kN) whilst

ensuring the integrity of the patient femur and prosthetic device.

The limitation of this study is again due to the magnitude of the wear coefficient
used. Increasing the wear coefficient increases the wear rate and the transition point
may occur earlier than has been predicted. As such, further investigation is required
to obtain accurate fretting wear coefficients by controlled experiment. Another
parameter that could affect the results is the magnitude of the friction coefficient.
The friction coefficient could change the magnitude of slip and consequently wear
rate. Further study is required to investigate the effect of the friction coefficient on

the fretting wear damage.

Furthermore, as discussed in Chapter 2, some prosthetic devices have threaded

trunnion surfaces (see Figure 2-9) in order to increase friction and improve fixation
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of the components. The initial impaction assembly may plastically deform these
threads. As such, further investigation is required to investigate the effect of threaded

stems on the fixation of the components and also on the fretting wear occurred.

6.8 Conclusion

The wear algorithm and FE model presented here is able to model the effect the
impaction forces (used to assemble the femoral prosthetic head to the stem trunnion)
have on subsequent fretting wear at the taper junction in a THR. This is achieved by
modelling the effect of assembly as a static overlap analysis procedure then
simulating the development of wear by removing overlap in line with the calculated

wear depth for a particular stage of the analysis.

Prior to the “transition” point, as the overlap is removed by wear, the contact
pressure and contact stresses at the interface decrease whereas the relative
displacements increase slightly. At the transition point (when the overlap is
completely removed) a significant decrease in contact pressure occurs coinciding
with a proportionally greater increase in relative displacement at the interface leading
to a much increased wear rate. Subsequent to the transition point the contact pressure
stays relatively constant with the magnitude of the relative displacement increasing
gradually over several years resulting in increasing wear rates. It can be seen that in
this application a reduction in the interface contact pressure results in an increase in
relative displacement (slip); whereas an increase in contact pressure (due to

increased initial impaction) results in reduced slip and fretting wear.
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Chapter 7

Conclusion and future work

7.1 Conclusion

Research in tribology which is based on theories aided with computational capability
and experiment can indeed complement each other in order to increase the longevity
of mechanical devices in service. Furthermore, a theoretical approach with
computational capability can be used to predict long term behaviour of these devices

which otherwise require expensive and time consuming tests.

Experimental testing to determine wear that occurs in a prosthesis is time consuming,
expensive and complicated. Therefore, computational wear modelling is an
alternative method to predict wear. A computational method to determine fretting
wear is a useful tool. It will allow speedy assessment of designs and its performance
in service to determine functionality of the prosthetic device and to validate existing
and new designs. It could also provide guidelines for clinical practice so as to

perform surgical procedures more efficiently.
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The aim of this research was to develop a computational methodology to predict

fretting wear accurately at the taper interface between the head and stem of a THR.

Based on the wear model presented in this thesis, the main contributions of this

research can be summarised as follows:

e The fretting wear method presented has been developed based on an
axisymmetric model of a commercial total hip replacement. The
axisymmetric model reduces the computational time and is useful for
comparative and parametric studies.

e The uniqueness of the methodology is that the method is able to simulate the
progressive weakening of the initial head-stem fixation due to the wearing
process. Simulating the reduction in the initial fixation strength of the head-
stem assembly is seen as important to the accurate assessment of wear and
has not been reported in the literature before.

e The fretting wear method has been developed as a 3D model of the total hip
prostheses with realistic loading and boundary conditions.

e The results obtained using the 3D model have been compared against
observation of retrieved prostheses and from fretting wear measurements
found in literature. From these comparisons, the results computed show
considerable promise but are clearly dependant on the use of an appropriate
wear coefficient.

e The fretting wear method presented has been generalized to be used for
different design of THRs and also for other prosthetic devices such as knee

and shoulder modular implants.
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e The method has been used to investigate the effect of different taper fixation
of the head and stem on the extent of fretting wear.

e The computational results from the different initial assembly forces were
compared with different wear damage occurring at the taper surface of
several retrieved total hip prostheses. This comparison showed that the side
wearing and edge wearing that occur at the taper surface could be due to the
different assembly forces used to fix these components.

e The method can consider different material combinations and specific wear
fractions for different design of the THRs to predict fretting wear at the taper
junction.

e The method is able to vary the wear coefficient during the analysis. This
variation of the value of the wear coefficient can be obtained from a
controlled fretting test.

e The method could be also used for any FE analysis subjected to oscillatory

loads and micromotion.

It is hoped that the method and algorithm developed in this study can be used for
further investigations in the future. These investigations could indeed help designers,
physicians and surgeons to minimise the effects of fretting wear, give a good
indication of the fretting wear pattern, surface damage and increase the longevity of

the designs in operation.
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7.2 Future work

Fretting wear is a very complex phenomenon to be predicted computationally. This

research is a step to predict fretting wear between components that are in contact and

under oscillatory loads. As discussed in Chapter 2, a review of literature has

highlighted areas that need further investigations. The present study completed a

computational approach to fretting wear prediction in total hip replacements which

again warrants further investigations. Future research can be listed as below:

It is apparent that further research is required to help inhibit the effects of
corrosion; however, the work presented here focuses solely on fretting wear
as being the primary mechanism causing damage at the head-stem taper
junction in THRs.

Accurate wear coefficients for this application have not yet been presented in
the literature and as such this is an area for further investigation and testing.
The wear coefficient will change during the wearing process and as such
specific applications will benefit from knowledge of time dependant wear
coefficients (in terms of loading cycles). A controlled fretting test could be
carried out to obtain the variation of wear coefficient during the wear
analysis.

Friction plays a critical role in the wear process mainly due to the change in
the magnitude of the slip. The effect of increasing the friction coefficient on
fretting wear at taper junction of THRs could be an area to be investigated.
The method can be developed for Adhesive, Abrasive wear with longer

relative displacements, for instance, for the head-cup bearing.
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Appendix I: Graphical user interface of the wear algorithm

P
o= Ariyans Wear Algorithm g

Directory | Recowvery | Computer Spec

Set Work Directory

File names; |

#Copy and paste the path of the directory

Modes in contact

Select the nodes on Stem (Mone)
Select the nodes on Head (Maone)

Mote: Parts must be assembled dependently

Mote: For Axi models, pick nodes from assembly viewport

Wear Data

Wear method | Field output | Report |

Wear laws:

|:§-:| Energ}r l:::' Archard

Archard or Energy wear coefficient |13 E-003

Update Mumber | Scaling Factor

Update Murmber

Total number of update|5q |

Model Data

Model | Element | Elementsize | Material Properties

Madel Type
i@ 3D (01 Axisymmetric

Graphical user interface of the wear algorithm (1% tabs)
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-

= Ariyans Wear Algorithm

Directory | Recovery | Computer Spec

Recovery:
|: ::I I:]-n |§| I:}H:

Recover from update Mumber: |1

Modes in contact

Select the nodes on Stemn (Moneg)
Select the nodes on Head (Mone)

Mote: Parts rmust be assernbled dependently

Mote: For Axi models, pick nodes from assembly viewport

Wear Data

Wear method | Field output | Report

Write wear depth in Field Qutput
|§| On |:::| Off
1
11
Every spaced update

Update Mumber | Scaling Factor

Scaling Factor
Each analysis Scaled up by | 100000

Model Data

Model | Element | Element size | Material Properties

Element Type

@ Linear (71 Quadratic

Graphical user interface of the wear algorithm (2" tabs)
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-

L.

¢ Ariyans Wear Algorithm

Directory | Recovery | Computer Spec

Murnber of Threads: | 24 =

Modes in contact

Select the nodes on Stem (Moneg)
Select the nodes on Head (Mong)

Mote: Parts must be assembled dependently

Mote: For Axi models, pick nodes from assembly viewport

Wear Data

Wear method | Field output | Report

Write nodal results in a report text file:

@ Yes i No

Update Mumber | 5caling Factor

Scaling Factor
Each analysis Scaled up by | 100000

Model Data

| Model | Element | Element size | Material Properties

Wear fraction for:
Stem: |01 Head |0.9

Concel

=

Graphical user interface of the wear algorithm (3™ and 4™ tabs)
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Appendix I1: An example of output request, text format (*.txt); Axisymetric model

HH
### The following parameters have been submitted for the wear analysis:

###  Input file and work directory: D: \ * \ Job-1.inp
### Total load cycles: 15000000

### Wear method chosen is Energy

###  Scaling factor is: 100000

### Energy wear Coefficient is: 5.75e-08

###  Model is Axisymmetric

### Elements are Linear

##  Approximate element size: 0.08

###  Wear fraction for the Stem: 0.1

###  Wear fraction for the Head: 0.9

HH

Update Number: 1

SR A L i L R B s B i B B B A L L S L

Paired Nodes:

[[3, 4], [6, 1], [31, 140], [32, 139], [33, 138], [34, 137], [35, 136], [36, 135], [37, 134], [38, 133], [39,
132], [40, 131], [41, 130], [42, 129], [43, 128], [44, 127], [45, 126], [46, 125], [47, 124], [48, 123],
[49, 122], [50, 121], [51, 120], [52, 119], [53, 118], [54, 117], [55, 116], [56, 115], [57, 114], [58,
113], [59, 112], [60, 111], [61, 110], [62, 109], [63, 108], [64, 107], [65, 106], [66, 105], [67, 104],
[68, 103], [69, 102], [70, 101], [71, 100], [72, 99], [73, 98], [74, 971, [75, 96], [76, 95], [77, 94], [78,
93], [79, 92]]

SR R R R R

Wear depth, for paired nodes:

Wear depth, paired node No: 3-4 = 0.000106920437805

Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:

6-1 =0.000176679257303
31-140 = 8.95696756702e-05
32-139 = 5.34792177971e-05
33-138 = 4.9755629996e-05
34-137 = 4.37857901799¢-05
35-136 = 4.3385366419e-05
36-135 = 4.09283949178e-05
37-134 = 4.1065003234¢e-05
38-133 = 3.98432674453e-05
39-132 = 3.97773780692e-05
40-131 = 3.71853742114e-05
41-130 = 3.44526546335e-05
42-129 = 3.13630973387e-05
43-128 = 2.88436992342e-05
44-127 = 2.62088672693e-05
45-126 = 2.38356877073e-05
46-125 = 2.1589010518e-05
47-124 = 1.95367795943e-05
48-123 = 1.76223446098e-05
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Wear depth, paired node No: 49-122 = 1.62769660811e-05
Wear depth, paired node No: 50-121 = 1.50753420008e-05
Wear depth, paired node No: 51-120 = 1.39930521899¢-05
Wear depth, paired node No: 52-119 = 1.29137126909e-05
Wear depth, paired node No: 53-118 = 1.18814587366e-05
Wear depth, paired node No: 54-117 = 1.08690391276e-05
Wear depth, paired node No: 55-116 = 9.90218112351e-06
Wear depth, paired node No: 56-115 = 9.06097257701e-06
Wear depth, paired node No: 57-114 = 8.76553975768e-06
Wear depth, paired node No: 58-113 = 8.49008428891e-06
Wear depth, paired node No: 59-112 = 8.815645237e-06

Wear depth, paired node No: 60-111 = 9.20351089621e-06
Wear depth, paired node No: 61-110 = 9.59619393682¢e-06
Wear depth, paired node No: 62-109 = 1.01920402996e-05
Wear depth, paired node No: 63-108 = 1.12839941697e-05
Wear depth, paired node No: 64-107 = 1.28152137132e-05
Wear depth, paired node No: 65-106 = 1.43456794671e-05
Wear depth, paired node No: 66-105 = 1.59070948136e-05
Wear depth, paired node No: 67-104 = 1.74704407685e-05
Wear depth, paired node No: 68-103 = 1.92595597966e-05
Wear depth, paired node No: 69-102 = 2.10927866895e-05
Wear depth, paired node No: 70-101 = 2.29729495003e-05
Wear depth, paired node No: 71-100 = 2.49099994721e-05

Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:

72-99 = 2.68367734789e-05
73-98 = 2.91264146577e-05
74-97 = 3.11607899686e-05
75-96 = 3.41929586369e-05
76-95 = 3.66605432559e-05
77-94 = 4,20367861935e-05
78-93 = 4.66107638941e-05
79-92 = 7.06182494067e-05

R R R R A R R R R R R R R R R R T

Total Wear, Stem

Total wear depth after 1st updates on Stem node No 3:
Total wear depth after 1st updates on Stem node No 6:
Total wear depth after 1st updates on Stem node No 31
Total wear depth after 1st updates on Stem node No 32
Total wear depth after 1st updates on Stem node No 33
Total wear depth after 1st updates on Stem node No 34
Total wear depth after 1st updates on Stem node No 35
Total wear depth after 1st updates on Stem node No 36
Total wear depth after 1st updates on Stem node No 37
Total wear depth after 1st updates on Stem node No 38
Total wear depth after 1st updates on Stem node No 39
Total wear depth after 1st updates on Stem node No 40
Total wear depth after 1st updates on Stem node No 41
Total wear depth after 1st updates on Stem node No 42
Total wear depth after 1st updates on Stem node No 43
Total wear depth after 1st updates on Stem node No 44
Total wear depth after 1st updates on Stem node No 45
Total wear depth after 1st updates on Stem node No 46
Total wear depth after 1st updates on Stem node No 47

1.069e-05
1.767e-05
: 8.96e-06
: 5.35e-06
: 4.98e-06
: 4.38e-06
. 4.34e-06
: 4.09e-06
1 4.11e-06
: 3.98e-06
: 3.98e-06
: 3.72e-06
: 3.45e-06
: 3.14e-06
. 2.88e-06
. 2.62e-06
: 2.38e-06
: 2.16e-06
: 1.95e-06
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Total wear depth after 1st updates on Stem node No 48:
Total wear depth after 1st updates on Stem node No 49:
Total wear depth after 1st updates on Stem node No 50:
Total wear depth after 1st updates on Stem node No 51.:
Total wear depth after 1st updates on Stem node No 52:
Total wear depth after 1st updates on Stem node No 53:
Total wear depth after 1st updates on Stem node No 54:
Total wear depth after 1st updates on Stem node No 55:
Total wear depth after 1st updates on Stem node No 56:
Total wear depth after 1st updates on Stem node No 57:
Total wear depth after 1st updates on Stem node No 58:
Total wear depth after 1st updates on Stem node No 59:
Total wear depth after 1st updates on Stem node No 60:
Total wear depth after 1st updates on Stem node No 61.:
Total wear depth after 1st updates on Stem node No 62:
Total wear depth after 1st updates on Stem node No 63:
Total wear depth after 1st updates on Stem node No 64:
Total wear depth after 1st updates on Stem node No 65:
Total wear depth after 1st updates on Stem node No 66:
Total wear depth after 1st updates on Stem node No 67:
Total wear depth after 1st updates on Stem node No 68:
Total wear depth after 1st updates on Stem node No 69:
Total wear depth after 1st updates on Stem node No 70:
Total wear depth after 1st updates on Stem node No 71.:
Total wear depth after 1st updates on Stem node No 72:
Total wear depth after 1st updates on Stem node No 73:
Total wear depth after 1st updates on Stem node No 74:
Total wear depth after 1st updates on Stem node No 75:
Total wear depth after 1st updates on Stem node No 76:
Total wear depth after 1st updates on Stem node No 77:
Total wear depth after 1st updates on Stem node No 78:
Total wear depth after 1st updates on Stem node No 79:

1.76e-06
1.63e-06
1.51e-06
1.4e-06
1.29e-06
1.19e-06
1.09e-06
9.9e-07
9.1e-07
8.8e-07
8.5e-07
8.8e-07
9.2e-07
9.6e-07
1.02e-06
1.13e-06
1.28e-06
1.43e-06
1.59e-06
1.75e-06
1.93e-06
2.11e-06
2.3e-06
2.49e-06
2.68e-06
2.91e-06
3.12e-06
3.42e-06
3.67e-06
4.2e-06
4.66e-06
7.06e-06

HEHBHA R R R

Total Wear, Head

Total wear depth after 1st updates on Head node No 4: 9.623e-05
Total wear depth after 1st updates on Head node No 1: 0.00015901
Total wear depth after 1st updates on Head node No 140: 8.061e-05
Total wear depth after 1st updates on Head node No 139: 4.813e-05
Total wear depth after 1st updates on Head node No 138: 4.478e-05
Total wear depth after 1st updates on Head node No 137: 3.941e-05
Total wear depth after 1st updates on Head node No 136: 3.905e-05
Total wear depth after 1st updates on Head node No 135: 3.684e-05
Total wear depth after 1st updates on Head node No 134: 3.696e-05
Total wear depth after 1st updates on Head node No 133: 3.586e-05
Total wear depth after 1st updates on Head node No 132: 3.58e-05
Total wear depth after 1st updates on Head node No 131: 3.347e-05
Total wear depth after 1st updates on Head node No 130: 3.101e-05
Total wear depth after 1st updates on Head node No 129: 2.823e-05
Total wear depth after 1st updates on Head node No 128: 2.596e-05
Total wear depth after 1st updates on Head node No 127: 2.359e-05
Total wear depth after 1st updates on Head node No 126: 2.145e-05
Total wear depth after 1st updates on Head node No 125: 1.943e-05
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Total wear depth after 1st updates on Head node No 124:
Total wear depth after 1st updates on Head node No 123:
Total wear depth after 1st updates on Head node No 122:
Total wear depth after 1st updates on Head node No 121:
Total wear depth after 1st updates on Head node No 120:
Total wear depth after 1st updates on Head node No 119:
Total wear depth after 1st updates on Head node No 118:
Total wear depth after 1st updates on Head node No 117:
Total wear depth after 1st updates on Head node No 116:
Total wear depth after 1st updates on Head node No 115:
Total wear depth after 1st updates on Head node No 114:
Total wear depth after 1st updates on Head node No 113:
Total wear depth after 1st updates on Head node No 112:
Total wear depth after 1st updates on Head node No 111:
Total wear depth after 1st updates on Head node No 110:
Total wear depth after 1st updates on Head node No 1009:
Total wear depth after 1st updates on Head node No 108:
Total wear depth after 1st updates on Head node No 107:
Total wear depth after 1st updates on Head node No 106:
Total wear depth after 1st updates on Head node No 105:
Total wear depth after 1st updates on Head node No 104:
Total wear depth after 1st updates on Head node No 103:
Total wear depth after 1st updates on Head node No 102:
Total wear depth after 1st updates on Head node No 101:
Total wear depth after 1st updates on Head node No 100:

1.758e-05
1.586e-05
1.465e-05
1.357e-05
1.259-05
1.162e-05
1.069e-05
9.78e-06
8.91e-06
8.15e-06
7.89e-06
7.64e-06
7.93e-06
8.28e-06
8.64e-06
9.17e-06
1.016e-05
1.153e-05
1.291e-05
1.432e-05
1.572e-05
1.733e-05
1.898e-05
2.068e-05
2.242e-05

Total wear depth after 1st updates on Head node No 99: 2.415e-05
Total wear depth after 1st updates on Head node No 98: 2.621e-05
Total wear depth after 1st updates on Head node No 97: 2.804e-05
Total wear depth after 1st updates on Head node No 96: 3.077e-05
Total wear depth after 1st updates on Head node No 95: 3.299e-05
Total wear depth after 1st updates on Head node No 94: 3.783e-05
Total wear depth after 1st updates on Head node No 93: 4.195e-05
Total wear depth after 1st updates on Head node No 92: 6.356e-05
HH

Total No of load cycle is 100000

O T
R R R R R A R R R R R R A R R R R T
R R R R A R R R R R R R R R R R T

HEHBHA R R R

Update Number: 2

R

Paired Nodes

[[3, 4], [6, 1], [31, 140], [32, 139], [33, 138], [34, 137], [35, 136], [36, 135], [37, 134], [38, 133], [39,
132], [40, 131], [41, 130], [42, 129], [43, 128], [44, 127], [45, 126], [46, 125], [47, 124], [48, 123],
[49, 122], [50, 121], [51, 120], [52, 119], [53, 118], [54, 117], [55, 116], [56, 115], [57, 114], [58,
113], [59, 112], [60, 111], [61, 110], [62, 109], [63, 108], [64, 107], [65, 106], [66, 105], [67, 104],
[68, 103], [69, 102], [70, 101], [71, 100], [72, 99], [73, 98], [74, 97], [75, 961, [76, 95], [77, 94], [78,

93], [79, 92]]
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HHHEHHHH A
Wear depth, for paired nodes:

Wear depth, paired node No: 3-4 = 0.000102829952488

Wear depth, paired node No: 6-1 = 0.000157613616695

Wear depth, paired node No: 31-140 = 8.62276321532e-05

Wear depth, paired node No: 32-139 = 5.6820338098e-05

... and so on up to:

R R R R R R R

Update Number: 153

R R R R

Paired Nodes

[[3, 175], [6, 137], [31, 136], [32, 135], [33, 134], [34, 133], [35, 132], [36, 131], [37, 130], [38, 129],
[39, 128], [40, 127], [41, 126], [42, 125], [43, 124], [44, 123], [45, 122], [47, 120], [48, 119], [49,
118], [50, 117], [54, 113], [55, 112], [56, 111], [57, 110], [58, 109], [59, 108], [79, 176], [199, 1],
[200, 140]]

HEHBHA R R R

Wear depth, for paired nodes:

Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:
Wear depth, paired node No:

3-175=0.00037085212738
6-137=0.00058901912849
31-136=1.10227527029¢-05
32-135=0.000113908290225
33-134=9.3301333299¢-05
34-133=0.000285674751725
35-132=0.000207459581091
36-131=5.07588150853e-05
37-130=0.00010663823987
38-129=7.35394502589¢-05
39-128=9.04853831394e-05
40-127=3.98880606902e-05
41-126=9.37404410961e-05
42-125=6.66798222269¢-05
43-124=0.000328204563419
44-123=0.00029646901692
45-122=6.67196957019e-05
47-120=7.06586537356e-05
48-119=0.000731150787109
49-118=0.000447425021158
50-117=5.30217862197e-05
54-113=0.000122520909333
55-112=0.00135313136862
56-111=0.00192006356796
57-110=0.000858041218831
58-109=0.000371850426631
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Wear depth, paired node No: 59-108=0.00131849908208
Wear depth, paired node No: 79-176=4.96583022221e-05
Wear depth, paired node No: 199-1=5.83227863443e-05
Wear depth, paired node No: 200-140=0.000338778904776

HEH R R R R R R

Total Wear, Stem

Total wear depth after 153 updates on Stem node No3: 0.01062128
Total wear depth after 153 updates on Stem node No 6: 0.0037176

Total wear depth after 153 updates on Stem node No 31:
Total wear depth after 153 updates on Stem node No 32:
Total wear depth after 153 updates on Stem node No 33:
Total wear depth after 153 updates on Stem node No 34:
Total wear depth after 153 updates on Stem node No 35:
Total wear depth after 153 updates on Stem node No 36:
Total wear depth after 153 updates on Stem node No 37:
Total wear depth after 153 updates on Stem node No 38:
Total wear depth after 153 updates on Stem node No 39:
Total wear depth after 153 updates on Stem node No 40:
Total wear depth after 153 updates on Stem node No 41:
Total wear depth after 153 updates on Stem node No 42:
Total wear depth after 153 updates on Stem node No 43:
Total wear depth after 153 updates on Stem node No 44:
Total wear depth after 153 updates on Stem node No 45:
Total wear depth after 153 updates on Stem node No 46:
Total wear depth after 153 updates on Stem node No 47:
Total wear depth after 153 updates on Stem node No 48:
Total wear depth after 153 updates on Stem node No 49:
Total wear depth after 153 updates on Stem node No 50:
Total wear depth after 153 updates on Stem node No 51:
Total wear depth after 153 updates on Stem node No 52:
Total wear depth after 153 updates on Stem node No 53:
Total wear depth after 153 updates on Stem node No 54:
Total wear depth after 153 updates on Stem node No 55:
Total wear depth after 153 updates on Stem node No 56:
Total wear depth after 153 updates on Stem node No 57:
Total wear depth after 153 updates on Stem node No 58:
Total wear depth after 153 updates on Stem node No 59:
Total wear depth after 153 updates on Stem node No 60:
Total wear depth after 153 updates on Stem node No 61:
Total wear depth after 153 updates on Stem node No 62:
Total wear depth after 153 updates on Stem node No 63:
Total wear depth after 153 updates on Stem node No 64:
Total wear depth after 153 updates on Stem node No 65:
Total wear depth after 153 updates on Stem node No 66:
Total wear depth after 153 updates on Stem node No 67:
Total wear depth after 153 updates on Stem node No 68:
Total wear depth after 153 updates on Stem node No 69:
Total wear depth after 153 updates on Stem node No 70:
Total wear depth after 153 updates on Stem node No 71:
Total wear depth after 153 updates on Stem node No 72:
Total wear depth after 153 updates on Stem node No 73:
Total wear depth after 153 updates on Stem node No 74:

0.00330802
0.00337916
0.00340185
0.00335303
0.00330533
0.00342166
0.00351946
0.00330615
0.00328778
0.00353012
0.00335119
0.00329491
0.00338817
0.00340746
0.00339765
0.00349141
0.00336716
0.00340137
0.00340226
0.00326029
0.00334663
0.00342553
0.00340296
0.00334831
0.00343209
0.00336561
0.0033625

0.00327721
0.00339932
0.0034075

0.00322452
0.00324147
0.00328411
0.00317278
0.00329568
0.00340147
0.0032128

0.00322062
0.00339012
0.00318755
0.00328931
0.00326759
0.00330292
0.00328102
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Total wear depth after 153 updates on Stem node No 75: 0.0034053
Total wear depth after 153 updates on Stem node No 76: 0.0031567
Total wear depth after 153 updates on Stem node No 77: 0.00362169
Total wear depth after 153 updates on Stem node No 78: 0.0035986
Total wear depth after 153 updates on Stem node No 79: 0.00314197

Total wear depth after 153 updates on Stem node No 201
Total wear depth after 153 updates on Stem node No 200
Total wear depth after 153 updates on Stem node No 199

Total Wear, Head

Total wear depth after 153 updates on Head node No 4: 0
Total wear depth after 153 updates on Head node No 1: 0
Total wear depth after 153 updates on Head node No 140
Total wear depth after 153 updates on Head node No 139
Total wear depth after 153 updates on Head node No 138
Total wear depth after 153 updates on Head node No 137
Total wear depth after 153 updates on Head node No 136
Total wear depth after 153 updates on Head node No 135
Total wear depth after 153 updates on Head node No 134
Total wear depth after 153 updates on Head node No 133
Total wear depth after 153 updates on Head node No 132
Total wear depth after 153 updates on Head node No 131
Total wear depth after 153 updates on Head node No 130
Total wear depth after 153 updates on Head node No 129
Total wear depth after 153 updates on Head node No 128
Total wear depth after 153 updates on Head node No 127
Total wear depth after 153 updates on Head node No 126
Total wear depth after 153 updates on Head node No 125
Total wear depth after 153 updates on Head node No 124
Total wear depth after 153 updates on Head node No 123
Total wear depth after 153 updates on Head node No 122
Total wear depth after 153 updates on Head node No 121
Total wear depth after 153 updates on Head node No 120
Total wear depth after 153 updates on Head node No 119
Total wear depth after 153 updates on Head node No 118
Total wear depth after 153 updates on Head node No 117
Total wear depth after 153 updates on Head node No 116
Total wear depth after 153 updates on Head node No 115
Total wear depth after 153 updates on Head node No 114
Total wear depth after 153 updates on Head node No 113
Total wear depth after 153 updates on Head node No 112
Total wear depth after 153 updates on Head node No 111
Total wear depth after 153 updates on Head node No 110
Total wear depth after 153 updates on Head node No 109
Total wear depth after 153 updates on Head node No 108
Total wear depth after 153 updates on Head node No 107
Total wear depth after 153 updates on Head node No 106
Total wear depth after 153 updates on Head node No 105
Total wear depth after 153 updates on Head node No 104
Total wear depth after 153 updates on Head node No 103
Total wear depth after 153 updates on Head node No 102
Total wear depth after 153 updates on Head node No 101
Total wear depth after 153 updates on Head node No 100
Total wear depth after 153 updates on Head node No 99:

: 0.00328025
:0.00201367
:0.00084378

.03108249
03327276

: 0.03259467
:0.0305635

: 0.02923528
:0.03307427
: 0.03033169
- 0.03045535
- 0.03042903
: 0.03065642
- 0.03055048
- 0.03036886
:0.03037759
:0.03061305
- 0.03045112
: 0.0304696
:0.03047995
- 0.03048722
- 0.0305234
:0.03044921
- 0.03057558
:0.03124722
: 0.03056599
: 0.03059766
- 0.03050126
- 0.03034412
: 0.03033095
- 0.03049722
- 0.03041046
: 0.03023158
: 0.03066356
- 0.03121623
- 0.03027695
- 0.02989742
- 0.03045828
- 0.02936342
- 0.02939366
:0.0294623

- 0.02938912
- 0.02989556
- 0.0294816
:0.02941148
- 0.02960983
0.02962093
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Total wear depth after 153 updates on Head node No 98: 0.02939543
Total wear depth after 153 updates on Head node No 97: 0.02955586
Total wear depth after 153 updates on Head node No 96: 0.02957698
Total wear depth after 153 updates on Head node No 95: 0.02960646
Total wear depth after 153 updates on Head node No 94: 0.0297007
Total wear depth after 153 updates on Head node No 93: 0.02955171
Total wear depth after 153 updates on Head node No 92: 0.02938088
Total wear depth after 153 updates on Head node No 178: 0.02934043
Total wear depth after 153 updates on Head node No 177: 0.0333092
Total wear depth after 153 updates on Head node No 176: 0.02960112
Total wear depth after 153 updates on Head node No 175: 0.02170698
R R R R R T R R R R

Total No of load cycle is 15,000,000

R R R R R
HH R R R
HH R R R

The wear analysis reaches to 15,000,000 load cycles

End of the wear analysis
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Appendix Il1l: An example of output request, from ABAQUS Field Output database

(*.ODB); Axisymetric model

B R o e R R S R R R R R R R R R R R S S R R R R R S R R S R S R e

First update

B R o o R S R R R R R R R R R R R S S e R R R S R R T T S R

Field Output Report,

Source 1

ODB: D:/ * /Job-1.0db
Step: Step-2-DlI

Frame: Increment
Loc 1 : Nodal values from source 1
Output sorted by column "Node Label".

Field Output reported at nodes for part: HEAD-1

Node
Label

WearDepth

@Loc 1

1
4
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116

159.011E-06
96.2284E-06
63.5564E-06
41.9497E-06
37.8331E-06
32.9945E-06
30.7737E-06
28.0447E-06
26.2138E-06
24.1531E-06
22.4190E-06
20.6757E-06
18.9835E-06
17.3336E-06
15.7234E-06
14.3164E-06
12.9111E-06
11.5337E-06
10.1556E-06
9.17284E-06
8.63657E-06
8.28316E-06
7.93408E-06
7.64108E-06
7.88899E-06
8.15488E-06
8.91196E-06

10: Step Time =

1.250
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117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140

Minimum

At Node

Maximum
At Node

Total

Field Output reported at nodes for part: STEM-1

Node
Label

9.78213E-06
10.6933E-06
11.6223E-06
12.5937E-06
13.5678E-06
14.6493E-06
15.8601E-06
17.5831E-06
19.4301E-06
21.4521E-06
23.5880E-06
25.9593E-06
28.2268E-06
31.0074E-06
33.4668E-06
35.7996E-06
35.8589E-06
36.9585E-06
36.8356E-06
39.0468E-06
39.4072E-06
44.7801E-06
48.1313E-06
80.6127E-06

7.64108E-06

113

159.011E-06

1

1.43835E-03

WearDepth
@Loc 1

3 10.6920E-06
6 17.6679E-06

31
32
33
34
35
36
37
38
39
40
41
42
43

8.95697E-06
5.34792E-06

4.97556E-06
4.37858E-06
4.33854E-06
4.09284E-06
4.10650E-06

3.98433E-06
3.97774E-06
3.71854E-06
3.44527E-06
3.13631E-06
2.88437E-06
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44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79

Minimum

At Node

Maximum
At Node

Total

2.62089E-06
2.38357E-06
2.15890E-06
1.95368E-06
1.76223E-06
1.62770E-06
1.50753E-06
1.39931E-06
1.29137E-06
1.18815E-06
1.08690E-06
990.218E-09
906.097E-09
876.554E-09
849.008E-09
881.565E-09
920.351E-09
959.619E-09
1.01920E-06
1.12840E-06
1.28152E-06
1.43457E-06
1.59071E-06
1.74704E-06
1.92596E-06
2.10928E-06
2.29729E-06
2.49100E-06
2.68368E-06
2.91264E-06
3.11608E-06
3.41930E-06
3.66605E-06
4.20368E-06
4.66108E-06
7.06182E-06

849.008E-09

58

17.6679E-06

6

159.816E-06
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B R R R R e R R R R R R R R R R R R R R R R R R R R R R S R R R R R S R R R R T R S R R e e

After 15000000 load cycles

AAKEEEAAKAAREAAAR KA AAAAAKR AR AA A AR AAAAKRAAAAAA A AAAAAXA R AXAAXAAAAAAAAAAAA XA AhAiiddik

Field Output Report,

Source 1

ODB: D:/ * [Job-153.0db
Step: Step-2-Dl

Frame: Increment
Loc 1 : Nodal values from source 1
Output sorted by column "Node Label".

Field Output reported at nodes for part: HEAD-1

Node
Label

WearDepth
@Loc 1

1

33.2728E-03

4  31.0825E-03

92

93

94

95

96

97

98

99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122

29.3809E-03
29.5517E-03
29.7007E-03
29.6065E-03
29.5770E-03
29.5559E-03
29.3954E-03
29.6209E-03
29.6098E-03
29.4115E-03
29.4816E-03
29.8956E-03
29.3891E-03
29.4623E-03
29.3937E-03
29.3634E-03
30.4583E-03
29.8974E-03
30.2769E-03
31.2162E-03
30.6636E-03
30.2316E-03
30.4105E-03
30.4972E-03
30.3309E-03
30.3441E-03
30.5013E-03
30.5977E-03
30.5660E-03
31.2472E-03
30.5756E-03

21: Step Time =

1.250
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123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
175
176
177
178

Minimum

30.4492E-03
30.5234E-03
30.4872E-03
30.4799E-03
30.4696E-03
30.4511E-03
30.6130E-03
30.3776E-03
30.3689E-03
30.5505E-03
30.6564E-03
30.4290E-03
30.4553E-03
30.3317E-03
33.0743E-03
29.2353E-03
30.5635E-03
32.5947E-03
21.7070E-03
29.6011E-03
33.3092E-03
29.3404E-03

21.7070E-03

At Node 175

Maximum

33.3092E-03

At Node 177

Total

Field Output reported at nodes for part: STEM-1

Node
Label

1.66063

WearDepth

@Loc 1

3
6
31
32
33
34
35
36
37
38
39
40
4
42
43
44
45

10.6213E-03

3.71760E-03
3.30802E-03
3.37916E-03
3.40185E-03
3.35303E-03
3.30533E-03
3.42166E-03
3.51946E-03
3.30615E-03
3.28778E-03
3.53012E-03
3.35119E-03
3.29491E-03
3.38818E-03
3.40746E-03
3.39765E-03
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46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
199
200
201

Minimum

At Node

Maximum
At Node

Total

3.49141E-03
3.36716E-03
3.40137E-03
3.40226E-03
3.26029E-03
3.34663E-03
3.42553E-03
3.40296E-03
3.34831E-03
3.43209E-03
3.36561E-03
3.36250E-03
3.27721E-03
3.39932E-03
3.40750E-03
3.22452E-03
3.24147E-03
3.28411E-03
3.17278E-03
3.29568E-03
3.40147E-03
3.21280E-03
3.22062E-03
3.39012E-03
3.18755E-03
3.28931E-03
3.26759E-03
3.30292E-03
3.28102E-03
3.40530E-03
3.15670E-03
3.62169E-03
3.59860E-03
3.14197E-03
843.781E-06
2.01367E-03
3.28025E-03

843.781E-06

199

10.6213E-03

3

184.515E-03
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Appendix IV: Publications

Journal of Wear, 2015

Available online: http://www.sciencedirect.com/science/article/pii/S0043164815003488
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A computational approach to fretting wear prediction in Total
Hip Replacements

A Ashkanfar'’, R English"” and G Rothwell"*
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Abstract. A challenge in engineering couphng desizn 15 the understanding of performance of
contact geometry for a gven appheaton. “Wear™ 15 one of a2 number of mechamieal farlwes
that can ocouwr . mechameal coupling design. Freting has been observed 1in many mechamcal
coupling and known as a reason of failure of the designs. Fecent evidence suggests that fretiing
wear that ocours at the taper junchon of modular total hap replacement leads to falure of the
1mmplants. The present studyv proposes a compuiational methodology uwhbising an energy wear
law and a 3D fimie element model to predict freting wear at the taper junction of total up
replacements. The proposed method 15 used to determune surface wear damzage, linear amd
volumetric wear rates that could ccowr at taper Junchon of total lup replacements over tome.
The results obtamed are consistent with those fourd from obzervation and measurement of

retmeved prostheses. The methed presented could be used to consider the effect of desizn
changes and chnical techmoue on subsequent freting wear m total hip replacements.

Eeywords. Wear, Freting, Firute Element Analysis

L. Imtroduction

Wear 15 one of a number of mechanical failures. It is known as an inevitable phenomenon ocouming
when surfaces of mechanical components are mated together while subjected to load and sliding or
relling. Duning the wear process, matenial removes from the surfaces as particles. Fretting 15 observed
n many mechanical assemblies such as shrink fitted coupling, pressure armour layer, keyway-shaft
couplings and the specific example which has motivated this research, the taper junction of total hap
prosthesis.

Total hip replacement (THR) is a common arthroplasty performed werldwide as a key and successful
solufion to improve a patient’s lifestyle who i3 su.ﬁ‘enng from hip joint diseases or joint fracture.

Modermn THEs are a major clinical success with expected lifetimes of 10 to 15 years which 15 a
relative success[1, 2].

Traditionally the debnis released at the head stem interface has been assumed negligible compared to
the wear occumng at bearmg surfaces. The determination of wear in THEs up untl recently has
mainly focused on the articulating surfaces between the head and (plastic) acetabular cup [3-3];
however, fretting and its resulting damage at the taper junction causes fallure in many types of
prosthetic devices. Corrosion occurs due to fretting which not only leads to implant farlure but also
canses serious problem such as adverse soft tissue reaction.

This study tries to develop a computational methodelogy to predict “freting wear™ that could occur m
THEs. The study propeses a methodology to predict the wear depth, volumetric wear loss and also the
surface damage associated with wear which could oceur in a hip prosthesis over fime in service.

1. Method

In this study fretting wear is modelled in a commercial THE. consisting of a cobalt chromium alloy
femoral head and a titanium alloy stem. The matenal properties of cobalt-chrome and titanium as
shown in table 1 were assigned on the FE model of head and stem respectively. Both components were
modelled as deformable and linearly elastic in ABAQUS. For the purposes of this study a constant
1sotropie coefficient of fnction is defined for the FE models as shown in table 1 [6].

224



Appendixes

Table |: matenial and interaction properties

Matarial Young's Poisson's Density Wear Wear coefficient Frichion

Moduhis (GPa) rmato (kg/m3) fracion ~ (MPa™) coefficient
CT}EECI-% 210 0.3 TBOO 09 so7e— 38 0.1
Ti-6A14V 119 0.29 4400 ol

The energy wear law bases the calculation of wear depth on the interfacial shear work being the
predominant parameter determining wear. It shows that the total wear is obtamed from the product of
the total local accumulated dissipated energy and an energy wear coefficient o, The total wear depth
Wy that 13 generated owver a specified total number of loading cycles N can be determuned by equation
1 to calculate the evolution of wear,

NB) m
Wy = ]EI'ZRTEE,' (n
J=1 =1

where 7; and 5; are respectively the surface contact shear stress and relative displacement calculated at
the end of a specific time interval i for the mumber of time intervals n and § is a wear scaling factor.
The freting wear coefficient used (table 1) was taken from Zhang, et al. [7] who used a pin on disk
reciprocating sliding test for Co-28Cr-6Mo fretting on forged Ti-6A1-4W.

The loading and boundary conditions prescribed to the 3D model dunng the walking cycle are shown
m figure 1. This includes both fime vanant rotations and loadings about the three global coordinate

-4
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Head of
ur 4
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Head
F emuer Fy
bome
: F:
(a) i) ¥ (c) Fz *
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Figure 1: (a) lup joint, (b) hip arthroplasty, (c) finite element model of head and stem of commercial
total ip replacement and (d) load and rotation dunng one step of walking cycle.

The method to predict wear contains three main phases. This method has previously been developed
and illusirated by English, et al. [8] and used in this study. The method 15 summansed m figure 2.
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Figure 2: computational wear algonithm [8]

3. Resulis

Figure 3 shows the contact pressure and slip as well as the wear pattemn affer applying 5 millicn
walking lead cycles. It can be seen that the wear depth on the titanium stem trunmion and in the cobalt
chrome head taper at 5 mullion cycles are different by a factor of around 10 (as dictated by the *wear
frachions” associated with each part) at 2um and 18.6pm respectively on the infenior surface taper
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Figure 3: contact pressure, slip and wear depth distribution on the taper and tunnien of the THE.

3.1 Falidation

The wear pattern and wear rates determuned in these studies are simular to those obtamed by Langton,
et al. [9] for measurements cbtained for retreved THRs. Figure 4 shows a comparison between FE
wear simulation and CMM measurement. The wear pattern damage obtained here compare favourably
with the CMM measurement results. Figure 4(a) shows the FE fretting results after applymg 3.9
mullicn walking load cycle. Figure 4(b) shows the CMM measurement on a retrieved prosthesis that
had been in service for less than Syears.

4. Conclusion
The wear damage pattern, depth and rate are shown to be comparable with those found in the literature
and from observation from available retneved prostheses.

226



Appendixes

The total dissipated energy wear law and the 3D FE model deseribed can predict linear wear depth and
damage patterns effectively when compared to typical cbserved wear patterms and measured wear
depths from retrieved prostheses. The comparisons undertaken show considerable promise but are
clearly dependent on the use of an appropriate wear coefficient and knowledge of the retneved
prostheses loading history.
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Figure 4: (a) FE wear simulation, head taper, 3.9 million lead cycle and (b) Measurement of head taper
of retrieved prosthesis, | in serviee less than 5 years, afterLangton, et al. [9]
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Abstract: In the past two decades. changes to hip prosthesis design and surgical techmque
have led to reports of wear debris release from taper junctions. It 15 believed that thus occurs
parily due to fretting which can lead to adverse soft-tissue reaction and subsequent revision
surgerv. The non-standard assembly of the prosthesis femoral head onto the stem taper at surgery
1s known to have an effect on the stability of the fixation. However, the effect of variability of
impaction forces on fretting wear is unclear. This study investigates the effect of ‘L“"{l'j-'].llg the
initial impact assembly forces on the extent of any subsequent fretting wear using an
axisymmetric finite element model with an algorithm based on the dissipated energy wear law.
Impulse data for the finite element simulations were extracted from controlled drop tests with an
initial impaction analysis undertaken to provide part displacements for use 1 subsequent wear
analyses. The wear analysis consists of a semes of shnnk-fit simulations to model the
dimimmishing effect of impaction during the wearing process. It was found that increasing the
impaction loads led to an increase in contact stresses but a reduction 1 micromotion resulting in
a decrease in the mitial wear rate. As the taper locking effect diminishes during the analysis due
to the fretting wear process. it was observed that the micromotion increased leading to a
significant increase in wear rate. The results demonstrate the relevance of the impaction force
used intra-operatively by medical professionals to provide an optimum fixation to mininize wear
due to fretting. Linear wear rates presented in this study are comparable to those found in
literature but are dependent on the use of an accurate wear coefficient for specific simulations.

Kevwords: wear modeling, fretting, wear, fimite element modeling, total hip replacements,
prosthesis, energy wear law

Introduction

Modemn Total Hip Replacements (THRs) are a major clinical success with expected lifetimes
of 10 — 15 years. There are approximately 80,000 hip replacement operations each year i the
UK (tenth anmual report of NJR for England. Wales and Northern Treland, 2013) and 285,000 1n
the USA (National Hospital Discharge Survey, USA. 2010) with this number expected to rise
with an ageing population. In addition. as these devices are becoming more commeon place,

! School of Engineering, Technology and Maritime Operations, Liverpool John Moores University, Byrom
Street, Liverpool, L3 3AF. UK

: Cormresponding author Tel: +44 151 231 2028 and +44 759 198 0721, E-mail address:
a.ashkanfar@@ 2012 ljmm ac uk and arryan ashkanfaris smail com (4. Ashkanfar).
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2 EFFECT OF IMPACT ASSEMBLY ON FEETTING WEAR IN THE

younger patients are adopting this solution too and as such there 15 a need to improve existing
designs further to accommodate their more active lifestyle and to extend the prostheses life.

THR Head -~

- -~
f a/(}--# ¢ Head taper
-

/  Stem trunmion

—

Stem

Fig. 14 commercial THR

THRs normally comprise of three components, an acetabular cup, femoral head and stem.
The modulanty of the THR allows flexibility intra-operatively to facilitate optimum prosthetic
functionality and anatomacal fit for the patient. The acetabular cup 1s fitted mto the pelvis and the
bearing surface 1s typically manufactured from Ultra-High-Molecular-Weight Polyethylene
(UHMWPE), lughly cross-linked polyethylene (HXILPE), ceranuc or to a lesser extent recently a
cobalt chrome alloy. Prosthetic femoral heads are normally made from either a cobalt chrome
alloy, ceramic or stamnless steel The acetabular cup and femoral head provide a smooth
articulating beanng surface to allow necessary hip movement and to minimize wear. The stem 1s
made from either titanium alloy, a cobalt chrome alloy, or stainless steel and is fitted into the
medullary cavity of the femur. The femoral head 1s assembled to the stem by means of a Morse

taper fixation (Fig. 1).

As well as the benefits associated with modulanity there are inherent difficulties associated
with the release of wear debris at both the acetabular cup-head articulating surface and the head
taper-stem trunmion junction which has led to adverse soft-tissue reactions (ASTR) 1n recipients
[1, 2]. The determunation of wear n THRs up until recently has mamnly focused on the
articulating surfaces between the head and (plastic) acetabular cup [3-10]. Modem large diameter
metal-on-metal (MoM) THRs were mtroduced around 1997 [11] with the promuse of much
reduced wear rates at the metal cup-head articulation i comparison to the UHMWPE cups.
However, it has been reported [1. 11-14] that under certain circumstances metal wear debris can
be generated at these articulating surfaces which can lead to Metallosis and immobility in
patients [15]. Due to this serious problem large diameter MoM THRs are no longer used for
arthroplasty.

Importantly, there have also been reports of ASTR due to metallic wear debnis produced
from the head — trunmion taper junction for both metal-on-plastic (MoP) [15] and MoM
prostheses [1, 12]. Langton et al. [13] presented Scanning Electron Microscope (SEM) images
of taper junction surface damage in large diameter MOM THRs. It was hypothesized that the
material loss was pnimarily due to mechanical fretting wear and not corrosion, contrary to the
opinion of Malviya et al. [16], Goldberg et al. [17], and Gilbert et al. [18].
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Femoral head and stem assembly

The assembly of the femoral head onto the stem trunnion at surgery 1s achieved by impaction
by the surgeon using a mallet and polymer tipped impactor. It 15 known that the magmitude of
this mmpaction force affects the initial taper strength and it has been postulated that attaming
maximum fixation 15 crucial m numnuzing problems associated with these tapers such as
corrosion, fretting, nucromotion and umntended disassembly. A number of expenimental studies
have investigated parameters that affect taper fixation [19-22] with taper ‘pull-off’ force bemng
used as the measure to assess taper strength. All of these studies involved (at least) the
simulation of the assembly and disassembly of cobalt chrome alloy heads with titanium alloy
stem trunmons.

The magnitude of the impaction forces used in the studies were determined initially using
tests m [19]. [20]. and [22] where surgeons were required to apply an impact typical of that used
intra-operatively to assemble the head to the stem. The average of the measured forces from the
three studies were approximately 5000N (1 surgeon = 11 mmpacts) [20]; 1633N, Standard
Deviation 422N (8 surgeons = 5 mmpacts each) [22]; and 4409N (10 surgeons = 1 mmpact) [19].
Fehmer et al. [21] used impact forces of 2000N, 3000N and 4000N (to cover the typical range of
force applied by surgeons) describing them as light. medium and firm hammer blows for seating
the femoral head on to the stem.

A linear relationship was found by [19]. [20]. and [21] such that increased impaction resulted
in mncreased pull-off forces (with the ratio between pull-off and impaction being around 0.4 [20]
and 0.48 [19]). Lavermia et al. [22] found much reduced pull-off forces where biological debris
{blood, fat) existed on the taper during assembly. Pennock et al. [20] and Rehmer et al. [21]
stated multiple 1mpacts did not increase taper strength, whereas Hemey et al. [19] advised two
firm blows would attain maximum fixation. Pennock et al. [20] suggested that surgeons should
apply an in-line maximum impaction but Hemey et al. [19] and Rehmer et al. [21] recommended
a firm blow (4000N) so as not to risk damage to the femur. However, Mroczkowski et al. [23]
used an impact load of 6700 and hand assembly to represent the ‘extremes of what may be seen
climcally” 1n an experimental study mto the effect of 1mpact assembly on fretting corrosion of

hip tapers.

These studies highlight the non-standard nature of the surgical assembly process for the
prosthetic femoral head and stem with evidence of sigmficant vanation by surgeons with regard
to mmpaction force and techmque used. This vanation occurs due to a surgeons diffening
expenience; the type of head (metal or ceramic); and crucially. the quality of the bone stock of
the patient. In addition. manufacturers gumdelines are vague, with statements such as “shightly” or
‘firmly” impacted the norm to describe the magnitude of any tmpaction force to be used. There 1s
evidence that the magnitude of the impaction force affects taper fixation [19-21]. further. [19-21,
23] suggest that the extent of taper fixation may have an effect on corrosion, micromotion and
fretting wear. However, the effect of vanability of impaction forces on fretting wear at the taper
junction 15 still unclear [24]. As such, this study mnvestigates the effect of varying the initial
impact assembly forces (2000-7000N) on the extent of any subsequent fretting wear at the taper
junction over a period of 15 vears using an axisymmetric finite element (FE) model with a wear
algorithm based on the dissipated energy wear law [25]. The assessment of wear in this study 1s
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4 EFFECT OF IMPACT ASSEMBLY ON FEETTING WEAE IN THE

solelv based on mechanical wear (fretting) as bemng the primary mechanism causing damage at
the head-trunnion taper junction.

Wear

The dissipated energy wear law implemented in this study bases the calculation of
volumetric wear on the interfacial shear work bemg the predominant parameter determining
wear. Based on this, for axisymmetric analysis, the linear wear depth at the taper junction 7y can
be obtained using Eq 1

W; = ars (1)

where:
a = energy wear coefficient. MPa™ (determined experimentally).
T = contact surface shear stress, MPa, (determined using FE analysis), and
s = relative displacement between contacting surfaces. mm (determined using FE analysis).

In order to calculate wear at the taper junction numerically. the method used here 1s to first
calculate the wear depth that would occur during one loading cycle (such as the supenor-inferior
hip loading duning walking). Due to the complex load-time history mvolved, this 1s facilitated by
discretizing the loading cycle into a number of time intervals n and calculating (then summing)
the contribution to the wear depth of each specific time interval i over the cycle. As such, the
wear depth for a single cycle of loading (the cvelic wear depth W) can be calculated using Eq 2

W, = Z T 55 (2}
i=1

where:
T;= surface shear stress, MPa, and
5; = relative displacement, mm_ both calculated at the end of a specific time interval i.

The cyclic wear depth 7, will be very small and 1f unmodified will have negligible influence
on the evolving taper junction surface geometry due to wear. As such, ‘wear scaling factors -
are employed to mcrease 17} to a value which would have occumred over a much larger number of
loading cyeles (e.g. 10°). The total wear depth 77 that is generated over a specified total number
of loading cycles V can be determined from Eq 3

w/g) n
Wy = Z 5ZHT:'5:' (3)
_]:=J. i=1

where:
J = a specific ‘analysis stage” reflecting the evolution of wear
N = total number of loading cycles
5 =wear scaling factor
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It should be noted that the accuracy and efficiency of this approach i1s dependent on the
magnitude of the energy wear coefficient a used. the number of time intervals i used to discretise
the loading cycle, and the magmtude of the “wear scaling factor #° The approach is described
and illustrated i detail in [25].

The energy wear coefficient a encompasses a variety of parameters affecting wear and in

addition it 15 known to change during the wearing process. To the authors knowledge accurate
wear coefficients occurring at prosthesis taper junctions have yet to be determined. However,
there has been a limited number of in-vifre studies considenng MoM interactions for both cup
and head wear (lup simulators/pin-on-disk) and to consider taper junction wear due to fretting
gby means of fretting test ngs) [26-30]. The wear coefficient used i this study (a=5.75<107
MPa™) was the average of the two values obtained by Zhang et al. [30] for Co-28Cr-6Mo /
forged T1-6A1-4V from wear measurements taken using SEM and profilometry. Zhang et al. [30]
used a pin on disk apparatus with linear reciprocating motion (£2mm) to determine o for
application to fretting at THR taper junctions.

Finite Element Model

Geometry and Material

The taper junction geometry of a commercial THR shown in Fig. 1 was used to assess the
effect of variability in the magnitude of the impact force used at assembly of the head to the stem
trunnion in surgery on the extent of fretting wear that could occur at the taper junction over a
period of time fn-vivo. To predict wear accurately, the model accounts for the mitial effect of
impaction of the femoral head onto the stem trunnion in surgery with the prosthesis then subject
to tume vanant loading cycles to approximate hip loading dunng walking.

*— Impaction / Walking
load

I B2 8

|

|

Stem trunnion

Fig. 2. An axisymmeiric FE model of the THR shown in Fig. 1

232



Appendixes
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An axisymmetnic FE model was used with the head and trunnion tapers modeled as a perfect
fit with a zero taper mismatch angle (see Fig. 7). The head and stem trunnion were assembled
independently and then meshed in preparation for dynamic analysis in ABAQUS 6.13-1 using
four-node bilmear axisymmetric quadrilateral reduced integration elements (CAX4R).

The cobalt chrome alloy head and titanium alloy stem trunnion of the prosthesis were
modeled as deformable, linearly elastic and assigned material properties as shown in Table 1.
The base of the stem trunnion was fixed in the y translational degree-of-freedom only (see Fig.
2). The contact mteraction between the head and stem trunmon was modeled as “finite slhiding’
using the ‘penalty’ contact formulation in ABAQUS, a constant isotropic coefficient of friction
of 0.21 was used [31].

Table 1. Material properties of THR components

) Young's Poisson's Densi
Matenal  Modulus (GPa)  ane (ke/md)

Head Co-28Cr-6Mo 210 0.3 7800
Stem  Ti-60Al-4V 119 0.29 4400
Loading Conditions

The loading applied on the model for each study included an 1mtial impact to simulate the
assembly of the head onto the stem trunnion and then time vanant loading cycles to approximate
hip loading during walking.

Impaction Load

The magmitude of the imtial tmpaction force applied mtra-operatively affects both the
contact pressure and micromotion at the taper junction and ultimately the extent of any
subsequent fretting wear. Manufacturers only provide vague guidelines for the assembly of the
head and stem_ in reality, the magmitude of the impact used is based on a surgeons experience,
the type of prosthetic femoral head, and the quality of the patients bone stock.

In an attempt to simulate the impact event accurately a drop tower was used n this study to
determine the impulse time associated with a particular impact (Fig. 3). Test samples were
manufactured based on the dimensions of a commercial THR and a peak mmpact force of 4kN
was applied by the drop mass to the test assembly.

o Accelerometer
I ‘I +— Guide rods
J' Drrop mass
/ Plastic cap
s Stem Trunnion
ﬁ" Head taper
Accelerometer

Fig. 3. Drop rig to investigate impulse time and impact magnitude
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The measured mmpact duration for a polymer tipped impactor with a metal “test” head was
measured as 0.7ms. The load amplitude-time history obtained from the tests and the modified
history used for the head-stem assembly event in this study are shown in Fig. 4 . The impaction
forces investigated during the wear analysis simulation ranged from 2000 to 7000N [19-22].

Walking Load

The in-vivo superior-inferior hip loading during walking was applied on the models as
shown in Fig. 5 [32]. The load was applied on the head of the model with a peak force of 2500
with the walking cycle discretized into 20 equal time intervals during the 1.2 second cycle tume
period. A quantitative assessment of walking activity in patients with vanious types of hip or
knee jomt replacements was published by Schmalzned et al. [33]. based on this work, m thus
study. an average of 1 million walking steps per vear has been assumed.

. - - - - Experimental results 5 |
PR — Modified amplitude T 2000 -
= 71 - ‘B
= F % E
208 - o R £ 1500
= ’ "\ S
=06 - J . =
£ 04 K ' £ 1000 -
E. . r‘I - = _
02 ¢ T § 300
g ﬂ AN E
0 0.00035 00007
: 0 02 04 0.6 0.3 1 12
T
ime (5) Time (s)
Fig. 4. Impac fion assembly load Fig. 5. Superior-inferior load amplitude of a
amplitude walking cycle applied on the hip.

Wear algorithm and methodology

The FE method incorporating the previously developed wear algonthm [25] 15 implemented
as a user plug-mn for ABAQUS and contains three phases to determine the wear depth at the THR
taper junction. In phase 1 the impaction load 1s applied to the top of the head to simulate the
process of assembly of the head onto the stem in surgery. The displacements of the parts from
this mmitial analysis are extracted for use in phase 2. In phase 2 the parts are assembled as a
shrink-fit based on the displacements obtained from phase 1 which create interference between
the components at the contact interface; subsequently, a dynamic analysis 1s defined and the
walking load 1s applied to the top of the head. The advantage of using a shnink-fit analysis rather
than an actual impaction analysis here 1s that the impaction effect can be dimmnished gradually
from the model duning the weanng process by removing the overlap based on accumulated wear.
Using the results from the FEA and the energy wear law as defined by Eq. 3. the extent of
fretting wear at the taper junction can be determuined as a “wear depth’ for § walking cycles and
the part geometries updated as appropriate. This updating of geometry will partially remove the
initial overlap of the parts therefore gradually removing the effect of impaction. For this study,
wear 1s only removed from the titanium alloy stem, although the method can accommodate
removal of material from both components dependent on a specified relative wear fraction. The
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updating of part geometry continues m this manner until the shrink-fit overlap has been almost
enfirely removed at which pownt the method continues into phase 3. In phase 3, the shnnk-fit
analysis step 1s removed and only a single dynamic step (representing the wallkang load) 1s
maintamed for the rest of the analysis until the specified number of cycles or wear depth for the
study has been reached. The method 1s summarized in Fig 6.

4

[ Start

Phase 1: Impaction analysis
¥
Phase 2: Shrink-fit analysis and a walking load step
v
> Execute the (new) FEA _‘———————

¥
Pair nodes in contact
(Calculate wear depth for each set of paired nodes
Scale up the wear depth calculated

s

Update the geometry in a new FE input file

Femove shrink-fit analysis
enter phase 3

Fig 6. Computational approach to predict fretting wear considering the initial impact assembly

Convergence

In order to achieve accurate results for wear, three convergence criteria must be met [25]. It
was found that an element size of 0.15mm (in the contact area) was appropriate to model a
smooth wear pattern on the model. The scaling factor § used in the analysis has a major impact
on solution times, wear evolution and solution accuracy. A large scaling factor will facilitate a
relatively quick analysis but may detrimentally affect the accuracy of the final calculated wear
for a specified number of loading cycles. A comparatively small value for the scaling factor will
increase solution times but should provide an accurate result and wear profile. The scaling factor
in this study 1s vaned throughout the analysis in order to optimuse solution accuracy and run
ttmes. This 1s achieved by consideration of the shear stress distrbution and wear depth calculated
duning each analysis stage. Here the value of £ starts from 1 million i phase 2 and reduces to
0.1 million in phase 3 of the analysis.
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Results and Discussion

The following section details the results from the wear simulations regarding the effect of
magnitude of impaction force on fretting wear.

Femoral head and stem assembly

The effect of mcreasing the assembly impact force on the contact pressure and displacement
(in the Y-direction) of an interface node on the femoral head at end of phase 1 of the wear
analysis 15 shown m Fig. 7. It can be seen that an increase in the impaction force results 1 a
linear increase m both the Y-displacement and contact pressure. The displacements (in the Y-
direction) for all nodes on the head are almost identical and as such this displacement 15 used to
create the overlap assembly model for the shrink-fit analysis in phase 2.

Displacement in Y direction

0.12 - _ : — 120
se=se=s Dhisplacement in Y direction
0.1 { = == Contact pressure 1“:‘,_#.-— - 100 g
Lo
0.08 - e - 80 ‘g
."1". -
0.06 T - 60
0.04 1 - 40 g
- g
0.02 2 g
cl T T T D
1000 3000 5000 7000
Impaction load (V)

Fig 7. The effect of increasing the assembly impact force on the contact pressure and
displacement (in the Y-direction) aof an interface node at end of phase 1 of the wear analysis

0.05 -
0.045 -
0.04 -
0.035 -
= o003 -
0025 -
% 002 4
g 0.015 -
0.01 -
0.005 -

0

(mm}

0

e

5 10
Walking cycles (million)

Impaction
load

——2000M
—a—3000M
—a— 4000M
—»— 3000M
—— G000N
—a—T000M

Fig. 8 Wear depth evolution with varying head-stem assembly impaction force

Evolution of wear

Fig. 8 details the evolution of wear along the stem trunmon over a period associated with 15
vears of walking activity (15 million load cycles) following the application of varyving head-stem
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assembly impaction forces. The “knee’ that can be observed in each curve is the transition point
in the wear analysis from phase 2 to phase 3 and can be explained as the point where the
‘locking” effect caused by the assembly impaction has been fully removed due to the wearing
process.

The ‘linear wear rate’ 15 categorized as the gradient of the curves and is seen to be faurly
constant both 1n phase 2 and 3 for all studies but with a sigmficant increase in wear rate
following the transition pomt (Fig.8). The transition point 1s therefore very important as far as
the production of wear debris 1s concemed and its mmplications to early ASTR following
arthroplasty. In general. 1t can be said that a larger impact force at assembly will matially result in
higher contact pressures but reduced micromotion at the taper junction. The larger impact forces
result 1n a greater head movement onto the stem and as such a greater taper overlap for the
associated shrink-fit analysis. The wear algonthm calculates wear depth at the taper interface
following a specified number of wearmng cycles and then modifies the surface geometnies
gradually by removing the overlap based on the accumulated wear. The gradual removal of
overlap simulates the effect of wearmg and this has an effect on the magmitudes of contact
pressure and micromotion. It can be seen that impact forces of 2000N and 3000N result in
transition occurring after only 1 and 4 vears respectively before significantly greater wear rates
commence. On consideration of Fig. & 1t would seem prudent to apply as large an impact force at
assembly as possible within the linuts of safety for the patient and structural mtegrity of the
prosthesis design. Maintamming the effect of impaction for as long as possible (in phase two) 1s
key to reduced wear rates. For impaction forces of 4000, 5000, 6000 and 7000N, the transition
pomts occur after approximately 5, 7. 10 and 12 years respectively with associated wear depths
after 15 years of 43um. 36um. 32um and 22um. Fig. 9 shows an approximately linear
relationship between the impaction force and the transition point line (for an impaction force
interval from 2000N to TOOON).

14 - _
¥  FE analysis
7127 --- - Transition line __.?{
510 - X
E 8 P
= P 4
= &6 - __.-"
:3 _-"x
Z 4- X -
= e
= 24 e
x
D T T T
1004 3000 5000 7000
Impaction force (V)

Fig 9. Variation in transition point (in years) with head-stem assembly impaction force

Fig. 10a. b, ¢ and d detail the wear occurring along the stem taper after different periods of
time (1. 5, 10 and 15 years). In general it can be seen that the evolution of wear along the stem
trunnion surface 15 of a fauly uniform depth indicating a smooth weanng out as would be
expected for the conforming contacts throughout the time period analyzed.

Fig. 10a and b show the early transition into phase 3 for the models assembled using a
2000N and 3000N mmpact force. It can be seen that the wear depths along the interface are
significantly greater at 1 and 5 million cyveles than that for models impacted with a force greater
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than 4000N (all of which remain 1n phase 2 until at least 5 million cvcles (5 years)). Fig. 8 shows
that the 2000N and 3000N mmpaction models enter phase 3 of the analysis after less than 1
million cycles and 4 million cyeles respectively. This subjects the prostheses to a much mcreased
wear rate which could be attnbuted to the early failure of these devices. In terms of the
simulation. the early high wear rates and subsequent wear depths cause convergence problems
for the FE analysis at around 10 mullion load cycles and as such these results have not been
included 1n Fig. 10c and d. It has been suggested [19-21] that impaction forces of between 4000—
5000N will maximize taper strength whilst mitigating agamnst damage to the femur. Fig. 8 shows
that the 4000N impaction model enters phase 3 (and the much increased wear rate) after
approximately 5 mullion cycles (5 years) ; whereas the 5000 impaction model enters phase 3
after around 7 mullion cycles (7 years). The models associated with impaction forces of 6000
and 7000N are maintained m phase 2 up until 10 million cycles (Fig. 10). The 6000N impaction
model enters phase 3 at 10 million cycles whereas the 7000N impaction model enters at 12
million cycles. This late entry mnto phase 3 would indicate mimimal wear debnis generation over
10 to 12 years in vivo.

== 2000 ==3000N
—i—4000MN = SNO0MN
==5000M =8=TDOON

it H rmin
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= 0005 4
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© o | @
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Fig. 10. Wear profile evolution along stem trunnion after {a) 1, (b) 5, (c) 10, and {d) 15
million load cycles
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Wear rafe

Fig. 11 shows the variation in wear rate over a period of 15 mullion cycles for the different
assembly impaction models. It can be seen that m phase 2 the wear rate 15 relatively small (in
comparison to phase 3) with values of around 0 4pm/year for all models. It is clear that there 15 a
significant increase in wear rate at the transition points for each model with a wear rate just after
this point of around 6 2um/vear for all models. The severity of the transition 1s considered to be a
numerical effect caused by a remaining small residual overlap term at the transition between
phase 2 and 3, in practice, this transition 1s likely to be less severe. In phase 3 it can be seen that
the wear rate reduces over time but 1s still much greater than that occurring in phase 2 (10 to 15
times greater).

g -

%7_ —ir— 20002
76

=

= 51

g

24

ETN

M

23 5

81

=

]

0 3 [ 9 12 15

Walking cyeles (mullion)
Fig. 11. Linear wear rate during the wearing process for different impaction assembly forces

From Fig. 11 1t can be seen that the mean wear rates in phase 3 for the 4000N, 5000N.
6000M and 7000N impaction models are approximately 4.83, 563, 592 and 6. 15um/vear
respectively. The lower mean wear rate at the lower impactions 1s due to their earlier entry into
phase 3. The mean wear rates calculated here compare favorably (in phase 3) with values
obtamed by Langton et al. [13] for measurements obtained at the head taper for retrieved large
diameter MOM THRs (5.92um/yr for DePuy ASR XL at around 3.5 vears in vivo). Differences
can be attnbuted to differences m matenal combinations, THR design. head-stem assembly,
loading lustory as well as the idealized FE model and the wear coefficient used in the numernical
study.

The area under the curves shown m Fig. 11 are the product of wear rate and the number of
loadmng cycles considered (in this case 15 mullion cycles). As such. the areas under the curve
represent the average linear wear depths after 15 million load cycles and are shown in Table 2.

Table 2. Average [inear wear depth after 15 million load cycles for different initial
impaction assembly forces

Impaction force (V) 4000 5000 6000 7000
Average linear wear depth

after 15 million load cycle 4371 3546 3114 2193
(pm)
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Variation in contact pressurve and relative displacement

Fig. 12 details changes i wear rate and wear depth occurmng at an interface node on the
model stem with respect to contact pressure and relative displacement over a period of 15 years
for the 4000 mmpaction model. The nodal contact pressure imtially has a value of 60MPa at the
commencement of phase 2 with this gradually reducing 1n value dunng the first 5 nullion loading
cvcles as the interface wears. At the transition pomt the contact pressure has a value of 48MPa
before it reduces significantly to a value of 22MPa at the start of phase 3. The contact pressure
reduces only slightly during phase 3 maintaining a value of around 17MPa throughout. During
phase 2 the relative displacement occurring at the taper junction is only around 2pm. At the
transition point this mecreases rapidly to 32pum at 5—6 mullion cycles. However, unlike the contact
pressure which stays fairly constant, the relative displacement reduces i phase 3 to a value of
12pm at 15 million cycles. It can be seen that the wear rate 1s mainly affected by changes n the
relative displacement over the time peniod considered. As mentioned previously, the wear rate
mcreases from a value of around 0 4pm/vear m phase 2 to a value of 6 4pm/vear immediately
following the transition point. During phase 3 the wear rate 1s heavily influenced by the reducing
relative displacement (rather than the more constant contact pressure) attaining a value at 15
million cycles of 3 4um/year. The wear depth does not increase much during phase 2. however it
mncreases fairly uniformly between 5 and 9 million cycles reaching a depth of 26pum. From this
point onwards the wear depth still increases but at a lesser rate due to the reducing wear rate and
relative displacement.

Relathe

displacement {mm) Contact stress (MFPa)
/ Contact stress (MPa) ——Wear rate (Lm/yr) Wear rate {jm/yr)
0.0 80 - —s—Relative displacement (mm) s
Wear depth{um
0.035 _ pih(m)
] -6
03 &0
- 5
0.025 .
0.02 4
0.015 -
]
0,01 7 2
0.005 10 - -1
—_———,,
0 u T T T T T T 4
] 2 4 & B 10 12 14 16

Walking cycles (million)
Fig. 12 The evolution of wear rate and wear depth with respect to contact stress and
relative displacement aver 15 years (results for 4000N impaction force), values have been
averaged for each set of a million cyeles
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Conclusions

Clinical

The impaction force applied during assembly of the prosthetic femoral head to the stem
intra-operatively has an effect on subsequent fretting wear at the taper junction of THEs

The greater the magnitude of the impaction force the longer the period of time the beneficial
effects of fixation remain with the taper junction only sulyect to very low wear rates.

A “transition’ point exists where the beneficial effects of fixation are completely removed
and a sigmficant increase m wear rate occurs.

Maintaining ‘good fixation™ for as long as possible 1s kev to reduced wear rates and as such
the transition point should occur after the longest time in vive as possible. As such. to minimize
fretting wear, surgeons should apply as large an impaction force as possible at assembly (ideally
greater than 4kN) whilst ensuning the integrity of the patient femur and prosthetic device.

Numerical

The wear algorithm and FE model presented here 1s able to model the effect the impaction
forces (used to assemble the femoral prosthetic head to the stem trunmion) have on subsequent
fretting wear at the taper junction in a THE. This 15 achieved by modeling the effect of assembly
as a shnnk-fit procedure then simulating the development of wear by removing overlap m line
with the calculated wear depth for a particular stage of the analysis.

Prior to the “transition’ point. as the overlap 1s removed by wear, the contact pressure and
contact stresses at the interface decrease whereas the relative displacements mcrease slightly. At
the transition point (when the overlap 1s completely removed) a significant decrease in contact
pressure occurs coinciding with a proportionally greater increase mn relative displacement at the
mnterface leading to a much mncreased wear rate. Subsequent to the transition pomt the contact
pressure stays relatively constant with the magnitude of the relative displacement reducing
gradually over several years resulting in reducing wear rates. It can be seen that in this
application a reduction in the interface contact pressure results i an increase in relative
displacement (micromotion) ; whereas an increase in contact pressure (due to increased
impaction) results m reduced micromotion and fretting wear.

Limitations of the method and FE model are the axisymmetric nature of the model and the
assumption that the wear coefficient 1s a constant over the wearing process. These limitations are
currently being addressed by the authors with the development and extension of the existing
methodology to 3D and the determmation of more realistic and accurate wear coefficients for
typical THE. head-stem material combinations from controlled experiments.

Acimowledgment

This work 1s funded by the School of Engineering. Technology and Maritime Operations,
Liverpool John Moores University, Liverpool, UK. The authors would like to acknowledge the
contribution of Professor Thomas Joyce from Newcastle Umiversity, Newcastle, UK. We would

241



Appendixes

15 EFFECT OF IMPACT ASSEMBLY ON FEETTING WEAR IN THR

also like to thank Mr Viju Peter, Mr Alasdair Santini, and Mr Andrew Phlullipson orthopedic
surgeons from Broadgreen Hospital, Liverpool, UK., for their advice and cooperation.

References

[1] Langton. D Jameson. S._ Joyee, T, Gandhi. J., Sidaginamale. B, Mereddy. P.. Lord, J. and
Nargol. A . "Accelerating Failure Rate of the Asr Total Hip Replacement”, Jowrnal of Bone &
Joint Surgery, British Volume, Vol 93, 2011, pp. 1011-1016.

[2] Mattei, L.. D1 Puccio, F.. Piccigallo, B. and Ciulli, E., "Lubrication and Wear Modelling of
Artificial Hip Joints: A Review", Tribology International, Vol. 44, 2011, pp. 532-549.

[3] Fialho, J. C_. Femandes. P. ., Ecca, L. and Folgado, J.. "Computational Hip Joint Simulator
for Wear and Heat Generation". Journal of Biomechanics, Vol. 40, 2007 pp. 2358-2366.

[4] Maxian, T. A, Brown. T. D, Pedersen. D. E. and Callaghan J. J. "3-Dimensional
Shding/Contact Computational Simulation of Total Hip Wear". Clinical Orthopaedics and
Related Research, Vol. 333, 1996, pp. 41-50.

[5] Maxian, T. A Brown, T. D, Pedersen, D. E. and Callaghan J. J, "A Shding-Distance-
Coupled Fiite Element Formulation for Polyethylene Wear in Total Hip Arthroplasty”, Jowurnal
of Biomechanics, Vol. 29, 1996, pp. 687-692.

[6] Maxian. T. A Brown. T. D_, Pedersen. D. F_, McKellop. H. A Lu. B. and Callaghan, J. J.
"Finite Element Analysis of Acetabular Wear: Validation. and Backing and Fixation Effects”.
Clinical Orthopaedics and Related Research, Vol. 3441997 pp. 111-117.

[7] Patil. 5., Bergula, A.. Chen, P. C.. Colwelllr, C. W. and D'Lima_ D. D, "Polyethylene Wear
and Acetabular Component Orientation"”, The Jowrnal of Bone & Joint Surgery, Vol. 85, 2003,
pp. 56-63.

[8] Faimondi, M., Santambrogio, C., Pietrabissa, B, Raffelini, F. and Molfetta, L., "Improved
Mathematical Model of the Wear of the Cup Articular Surface in Hip Joint Prostheses and
Comparison with Retrieved Components", Proceedings of the Institution of Mechanical
Engineers, Part H: Journal of Enginearing in Medicine, Vol. 215, 2001, pp. 377-390.

[9] Teoh. 5. Chan. W. and Thampuran K. "An Elasto-Plastic Finite Element Model for
Polyethylene Wear in Total Hip Arthroplasty”, Jowmal of Biomechanics, Vol 35, 2002, pp.
323-330.

[10] Wu. J. 5. S, Hung, J. P, Shu, C. S. and Chen. J. H., "The Computer Sumulation of Wear
Behavior Appeanng in Total Hip Prosthesis", Computer Methods and Programs in Biomedicine,
Vol. 70, 2003, pp. 81-91.

[11] Cohen. D, "How Safe Are Metal-on-Metal Hip Implants?". BMJ: British Medical Jowrnal,
Vol 344, 2012,

[12] Bolland. B.. Culliford. D, Langton, D, Millington, J.. Arden. W. and Latham I, "High
Failure Rates with a Large-Diameter Hybnd Metal-on-Metal Total Hip Replacement ", Journal
of Bone & Joint Surgery, British Volume, Vol 93, 2011, pp. 608-615.

[13] Langton, D, Sidaginamale, B, Lord, J.. Nargol. A and Joyce, T., "Taper Junction Failure in
Large-Diameter Metal-on-Metal Bearings", Bone and Joint Research, Vol. 1, 2012, pp. 56-63.

242



Appendixes

16 EFFECT OF IMPACT ASSEMBLY ON FRETTING WEAR IN THE.

[14] Sporer. S. M. and Chalmers, P. N, "Cutaneous Mamfestation of Metallosis in a Metal-on-
Metal Total Hip Arthroplasty after Acetabular Liner Dissociation”. The Journal of Arthroplasty,
Vol. 27, 2012, pp. 1580-e13.

[15] Mao. X, Tay. G. H., Godbolt, D. B. and Crawford, R. W_, "Pseudotumor i a Well-Fixed
Metal-on-Polyethylene Uncemented Hip Arthroplasty”. The Jowrnal of Arthroplastv, Vol 27,
2012, pp. 493-e13.

[16] Malviva. A . Ramaskandhan J. Bowman, R Hashnu M., Holland. J. Kometa, S. and
Lingard, E.. "What Advantage Is There to Be Gamed Using Large Modular Metal-on-Metal
Bearings in Routine Primary Hip Replacement? A Preliminary Report of a Prospective
Randomised Controlled Trial", Journal of Bone & Joint Surgery, British Volume, Vol 93, 2011,
pp. 1602-1609.

[17] Goldberg, J. B, Galbert. J. L.. Jacobs. J. J.. Bauer. T. W., Paprosky. W. and Leurgans. 5., "A
Multicenter Retrieval Study of the Taper Imterfaces of Modular Hip Prostheses". Clinical
Orthopaedics and Related Research, Vol 401_ 2002, pp. 149-161.

[18] Galbert. J. L. Buckley, C. A and Jacobs, I J, "In Vivo Corrosion of Modular Hip
Prosthesis Components in Mixed and Similar Metal Combinations. The Effect of Crevice, Stress,
Motion, and Alloy Coupling”, Journal of Biomedical Materials Research, Vol. 27, 1993, pp.
1533-1544.

[19] Heiney, J. P, Battula, S_, Vrabec, G. A, Parikh, A Blice, R, Schoenfeld, A J. and Njus,
G. O, "Impact Magnitudes Applied by Surgeons and Thewr Importance When Applyving the
Femoral Head onto the Morse Taper for Total Hip Arthroplasty”. Archives of Orthopaedic and
Trauma Surgery, Vol 129, 2009, pp. 793-796.

[20] Pennock, A. T.. Schomdt. A H. and Bourgeault. C. A | "Morse-Type Tapers: Factors That
May Influence Taper Strength During Total Hip Arthroplasty”. The Journal of arthroplasty,
Vol. 17, 2002, pp. 773-778.

[21] Fehmer, A , Bishop. N. E. and Morlock, M. M., "Influence of Assembly Procedure and
Material Combination on the Strength of the Taper Connection at the Head—Neck Junction of
Modular Hip Endoprostheses”, Clinical Biomechanics, Vol 27, 2012, pp. 77-83.

[22] Lavernia, C. J., Baerga, L., Barrack, R. L., Tozakoglou, E., Cook, S. D, Lata, L. and Rossi,
M. D, "The Effects of Blood and Fat on Morse Taper Disassembly Forces", Am J Orthop (Belle
Mead NJ), Vol. 38, 2009, pp. 187-90.

[23] Mroczkowsks, M. L, Hertzler, J. S Humphrey, S. M., Johnson, T. and Blanchard. C. R,
"Effect of Impact Assembly on the Fretting Comrosion of Modular Hip Tapers", Journal of
orthopaedic research, Vol. 24, 2006, pp. 271-279.

[24] Wassef, A and Schmalzried. T.. "Femoral Taperosis an Accident Waiting to Happen?".
Bone & Joint Journal, Vol. 95, 2013, pp. 3-6.

[25] English, R, Ashkanfar, A and Rothwell. G., "A Computational Approach to Fretting Wear
Prediction at the Head-Stem Taper Junction of Total Hip Replacements ", Submitted for
Publication, 2014,

243



Appendixes

17  EFFECT OF IMPACT ASSEMBLY ON FRETTING WEAR IN THE.

[26] Cluba, A, Kumagai, K.. Nomura, N. and Miyakawa, S, "Pin-on-Disk Wear Behavior i a
Like-on-Like Configuration i a Biological Environment of High Carbon Cast and Low Carbon
Forged Co-2%cr-6mo Alloys", Acta Materialia, Vol. 55, 2007, pp. 1309-1318.

[27] Fndnci. V., Fouvry. S. and Kapsa, P., "Effect of Shot Peening on the Fretting Wear of Ti—
Gal-4v". Wear, Vol 250 2001, pp. 642-649.

[28] Liu. F.. Leslie, I. Williams, S_. Fisher. J. and Jin. Z_. "Development of Computational Wear
Simulation of Metal-on-Metal Hip Resurfacing Replacements". Jowurnal of Biomechanics, Vol
41, 2008, pp. 6806-694.

[29] Magaziner, B, Jain. V. and Mall. 5., "Wear Characterization of Ti—6al—4v under Fretting—
Feciprocating Sliding Conditions”. Wear, Vol 264, 2008, pp. 1002-1014.

[30] Zhang. T., Harmson, N., McDonnell, P., McHugh, P. and Leen, 5., "A Finite Element
Methodology for Wear-Fatigue Analysis for Modular Hip Implants”, Tribology International,
Vol. 65, 2013, pp. 113-127.

[31] Fessler. H. and Fricker, D., "Friction in Femoral Prosthesis and Photoelastic Model Cone
Taper Jomts", Proceedings of the Institution of Mechanical Engineers, Part H:- Journal af
Engineering in Medicine, Vol 203, 1989_ pp. 1-14.

[32] Bergmann, G.. Graichen, F. and Fohlmann, A "Hip Joint Loading During Walking and
Running, Measured in Two Patients", Jouwrnal of Biomechanics, Vol. 26, 1993, pp. 969-990.

[33] Schmalzried. T. P.. Szuszczewicz, E. S Northfield. M. E_, Akizuki, K. H. Frankel, E_ E..

Belcher. G. and Amstutz. H. C., "Quantitative Assessment of Walking Activity after Total Hip or
Enee Replacement®”, The Jowrnal of Bone & Joint Surgery, Vol 80, 1998, pp. 54-9.

244



Appendixes

GERI Annual Research Symposium, 2013

Finite Element Models for quantitative analysis of wear damage
in Metal-on-Metal modular hip prosthesis

A Ashkanfar'?, R English’ and G Rothwell’.

Mechanical Engineering and Materials Research Centre,

Liverpool John Moores University, Byrom Street, 13 3AF, UK

E-mail: a.ashkanfar@2012 ljpw ac vk, renglish@ljom ac.uk, grothwell@liom. ac uk

Abstract. Wear 15 known as one of the main reasons for fallure of modular medical moplants
such as metal-on-metal (Moll) Total Hip Feplacements (THEs) which are subject to
oscillatory loads. Wear debnis from Mol THESs is curently a major 1ssue. The wear debns
produced from these devices ocours from the acetabular eup and head articulating surface and
the head-stem taper comnection Fretting wear occurs between the fixed parts of modular
prosthesis (head and stem) and has been neglected in mvestigations so far. Frettiing wear can
remove the effect of mmpaction, which is used fo fix these parts together. Moreover, the fine
wear debris released due to the fretting can lead fo adverse side effects such as metallosis. To
mncrease the prosthetic devices life, being able to predict the extent of wear that could eccur
the device over several years in service in the body is vital. Expenmental testing to determine
wear that ocours in the prostheses 1s time consuming, expensive and complicated. Therefore,
conyputational wear modelling is an altemative method to predict wear. The aim of this study is
to introduce a methodology to predict fretting wear between the head and stem of a modular
MoM prosthesis using finite element analysis (FEA). The method has been automated nsing a
Python script to extract the required results from the FEA and update the prosthesis geometry
to reflect the extent of wear that has occwred during the period analysed. The method
considers the imtial locking effect of impaction at assembly. The method has been applied
successfully to beth axisymmetnic and 3-d FEA models. Cumently, the results have been
compared against those found in the literature. From these companisons, the results computed,
show considerable promise but are clearly dependant on the use of an appropriate wear
coefficient and accurate loading history.

1. Introduction
A hip joint can allow a wide range of movement and transmit high dynamic leads. Its performance to
carry loads and provide this mobility is remarkable; however, it i3 volnerable and can lose its
fonctionality due to disease such as ostecarthritis or bone fracture. At the final stage of severe hup
pathologies. arthroplasty is a key solution for patients. Sir John Charnley carried out the first hip
arthroplasty in November 1962, He developed a method to replace the total hip joint by an artificial
one and established a surgical technique for implantation. Implants and surgical technigques have
advanced since then but they vse the same foundation proposed by Charnley. The aim of the surgery is
to accommodate an active lifestyle for patients. In general, a hip prosthesis consists of a head, stem

' Corresponding author; Tel.: +44 151 7213662
* Mechanical Engineenng and Matenial Research Centre, School of Engineenng, Teclnology and Mantime
Operation, Liverpool John Moores University, Byrom Street, Liverpool, United Kingdom, L3 3AF
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and cup (Figure 1). There are two main types available for selection by a surgeon dependant on the
age, activity and biclogical condition of individual patients, these are; total hip replacements (THEs)
and hip resurfacing replacements (HREs). THR consists of a femoral head, tapered stem and cup;
HEF. are based on a spiggoted hollow head (which references the surgically prepared head of the
fermr bone) and an acetabular cup compenent. The femoral stem primarily carries the body lead and
replaces a considerable portion of the bone.

Head diameter = 18 nam

B /
s
=/

Cap

Head 3
i
Mimimumm Slem
Diameter = H mn
Stem
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1'.'!!11.:1 angle is
18

) Y.

Figure 2. Axisymmetric FE model of DePuy

Figare 1. (4) Conail THR. (b) ASR HRR 8000 & "0

(DePuy, United Kingdom)

Cwrrent data from the Mational Joint Registry (NJR) indicates that arcund 20,000 hip operations per
vear are performed in the UK using arthroplasty [4]. It has been recorded that a large number of
implants fail at either an early stage after surgery due to dislecation of parts or disassembly, or later
due to adverse biological reaction to wear debris [5].The failure rates vary with the brand of the
prosthesis. For Articnlar Surface Replacement (ASE: DePuy, United Kingdom) the NJE. announced
more than 29% failure between 2008 and 2011 [4]. The failure rate at 7 years is around 11.8% for
MoM HERSs and 13.6% for MoM THEs. This compares with 3.3% to 4.9% failure rate for those made
of other materials. It is clear therefore that a large percentage of MoM prostheses have failed recently
and it can be claimed that the implants are not a complete success and still require further
development. A significant increase in the number of young active patients wsing hip prosthesis has
led to much research to raise the longevity of the prosthetic device. These investigations include
mnprovement in design nse of alternative bearing surfaces, materials and surgical technigques [6-9].

It is known that wear is one of the main characteristics that cavses implant failure [3, 10]. Thus, one of
the main mechanical requirements of an improved prosthetic device design would be to minimize wear
to increase device longevity. Experimental testing to determine wear that occurs in a prosthesis is time
consuming, expensive and complicated. Therefore, computational wear modelling is an alternative
method to predict wear. It can be wsed to highlight the reasens for failure after arthroplasty and can
help to improve prosthesis design for individual patients to increase the prosthetic devices functional
life.

Cwrrent artificial hip joints may typically last 10 to 15 vears with around 10% of patients requiring
revision surgery. A Cobalt Chrome head on Polyethylene cup (Metal-on-plastic MoP) produces 10
times more wear debris each year than a Cobalt Chrome head on a Crossfire Polyethylene cup
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combimation [11]. MoP modular prosthesis combinations can have a short life in service and lead to
revision surgery. A ceramuc head on ceramic cup (CoC) produces the least wear debns of all the
material combinations used, 200 times less than Cobalt Chrome on Polyethylene. Using CoC also
guarantees less nisk of any side effects but they are bnttle and not suitable for young active pafients.
The MoM hip prosthesis was developed to decrease fanlure rates and imcrease the longevity of the
prosthesis. Current MoM prostheses have a much reduced wear rate in companson to MoP and are the
most popular prostheses for young active patients [12]. Scientifically, MoM THESs are supposed to
provide less wear debns, less nsk of dislocation, greatest strength and longer life [4]. However, as well
as the numerous benefits of the MoM prostheses, there 1s a unique nsk in using them that can lead to
other serious problems and possible mereased failure rates. The metal debns may cause damage to the
bones or soft tissues around the implants and metal ions released inte the body may enter blood
vessels and move to other parts of the body that may lead to the presence of cancerous metal 1ons.
Nonetheless, Smuth et al. claimed that there 13 no evidence of the nisk of cancer in the first seven years
after MoM implants [13] but thus debnis increases the nsk of metallesis (Figure 3) and mfechion that
cause immobility in patients [14].

Figure 3: Metallosis [14]

Wear does not only occur between parts shding with what could be considered long relative
displacement (the head and cup), but fretimg wear can occur between those parts that are fixed
together and faced with oscillatory load in pressured contact (the head and tapered stem trunnion®). In
fact, a small amount of wear produced by frething at this mterface could be sigmificant after millions of
load cycles and could cause looseming or failure of the prosthesis. This method of assembly of head
and stem can produce a considerable amount of very fine wear debns over many years which is
thought to be more damaging than the wear produced at the head-cup articulation [1]. The wom
tapered surfaces could lead to implant disassembly and the fine metal debns may lead to adverse side
effects such as metallosis (Figure 3). Many recent recalls of MoM hip prostheses have been due to
unexpected pain and adverse soft fissue reactions [13].

The aim of this research is to develop a computational capability to gquantfy the extent of wear
damage occurnng between head and stem of MoM hip prosthesis and 1dentify factors leading to debnis
release, so that appropniate design and procedural modifications can be made to increase the hife of the
prosthetic device. The research pnmanly focusses on the development of an accurate axisymmetric FE
model of a hip prosthesis. This process 1s automated by a dedicated Python seript in order to extract
contact pressures and relative displacements to calculate wear and update the geometry for subsequent
loading cycles. Future research will then develop the method to 3-d models with more realistic loading
conditions and therefore more accurate results for wear. The FE models can be easily used in
parametric studies to investigate the effect of geometne design, such as manufactuning tolerances,

: Termmnology; male and female tapers are called "tummion” and taper respectively.
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femoral head size, stem angles, trunnion dimensions, frimmon surface (friction model) and frictional
torgue.

2. Methodology

Modular THEs allow a surgeon to choose different prosthesis components for individual patients
dependent on their anatomy, age and level of activity. The prosthesis head in THE. 15 assembled to the
stem using a morse taper. The head 15 fixed onto the tunmon stem dunng surgery by impaction loads
which can vary between 3300 to 7500 N dependant on the suwrgeon [16]. Some prostheses have
threaded taper surfaces which increase fichon and makes for an improved fixation. A method to
predict wear st be capable of accounting for the initial effect of impaction. From a mechanical point
of view, 1t makes sense that after applymng pmlhions of walking cycles on parts with this kind of
fixation, they will become loose and will need reassembling or replacing. The method proposed here
can predict fretting wear by considermg the mitial impact, with the effect being dimimished gradually
during the geometry updates. The methed invelves three main phases, impaction, shnnk fit‘walking
and walking only.
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Execute tha [mew] imput file in 3 15000

B 1 —

ABKOLUS -
4 E 1w

=
Pair nodes i contacl and estrach reguired i A

results for tham from ODB
- Conkact pressure

-Relative displacement o 22 na e a 1 12
Mo
b Tirme incramint (3)
Calculats wear dapth far each par node ard scale
it up using am apprapriate scling factor FII.EI.I.'I'E 4 T]:I.E-' I.Clﬂ.l:l. I.'|.| i Df'l.‘r'ﬂlklﬂg {"'r'l:].E'
! applied on hip [2)

Create a new input e update the geametry

I Table 1. Material properties of CoCr [3]

o |1-"|=#. Shrink fitvanishad ﬂHﬂFJﬂI-I!-I\-ﬁ-""-—__\_
—__;'I_'- phase; Tota walking oytle mmprﬂ::d_?:_ﬂ-ﬂ-”'

TR

e — Material properties of Co-Cr

— Young E 210 GPa
i modulus

i e =

3 ;
H‘"r’/f;_" _— Density [ 7800 kg fm®
Mo
¥

Create another FE input file with 1 step for 3" phese
-lust walking cyile

Figure 5, Quantitative procedure to predict wear
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2.1 Wear law
Agcording to Archard’s wear law (equation 1), the wear depth W is proportional to the wear
coefficient K, contact pressure P and relative displacement 5. This law assumes a small sliding
velocity and negligible surface heating [17].

W=EPS (0

2.2 Finite Element Model
An axisymmetric FE model of a DePuy Elite 9/10 prosthesis was created in ABAQUS 6.11-1 (Figure
2). The head and stem trunnicn were assembled independently and then meshed wsing axisymmetric
linear elements (CAX4). A mesh study was performed which produced converged results at an
element size of 0.7mm (Figure 2).

2.3 Maierial, boundary conditions and Inferaction Behavior
MMaterial properties of CoCr were assigned to the FE model as shown in Table 1. The wear coefficient

was defined to be 1.13 x 10™% mm?®/Nm and was kept constant [18]. An isotropic coefficient of
friction of 0.13 was assumed using a penalty contact formulation within ABAQUS. The stem is fixed
m the Y-direction only (see Figure 2). In the impaction step, a pressure load representing 7300N force
(the maximum and entical load) was applied on the top of the head for a duration of 0.003s. For the
walking step, a walking load distribution with a peak of 2500, as shown in Figure 4, was applied on
the head.

In summary, the method contans three main phases. In the first phase, the head and stem are
assembled so that they just come into contact. Next, an impaction lead 13 applied on the fop of the
head (as a dynamic explicit analysis). The results from this inifial analysis are extracted and imported
to a new FE mput file. In the second phase of the methodology, the parts are assembled as a shrink fit
(2 general static step) based on the interference results obtained from the first phase. A new dynamic
step 15 then defined and the walking load 15 applied on the top of the head. When the shnnk fit overlap
has been removed completely, the method continues to a third phase. In this phase the static shnnk fit
step 15 removed from the analysis and only one dynamic step of walking load 15 mamtained for the rest
of the analyses (Figure 5).

2.4 Algorithm and Computational Framework

Calculating wear for the many paired nodes at the contact mterface and wpdating their posifions
mamually is difficult and time consunung; consequently, the method has been automated using a
Python script linked with ABAQUS. This script is executed during the 2™ and 3™ analysis phases. The
proegram submits the FE mput file, identifies the nodes in contact to pair them extracts contact
pressure and relative displacement for each set of paired nodes, calculates the wear depth and updates
the position of the nodes to create the new geometry. The wear depth caleulated in one walking cyele
15 negligible and nnning millions of FE analyses to represent every walking cycle a person may make
15 unrealistic; therefore, a switable wear depth scaling factor is uwsed to make the procedure
tnmputaunnalh sensible. In this siudy, a scaling factor of 100,000 has been used to scale up the wear
depth. This procedure is illusirated in Figure 5.

3. Results and Conclusions
Figure 6 shows contours of hoop stress after impaction, the maximmum displacement after impaction is
equal to -0.24 mm in the Y-direction. This displacement 1s used to create the mrerlap assembly maodel
for the shrink fit analysis in the 2nd phase. Using a static shonk fit analysis instead of a dmmmc
mipaction step allows modelling of the dumimshing effect of impaction by removing the mrerlap
gradually. Figure 7 shows the top three paired nodes in the model before and after the analysis. Table
2 shows the wear depth during the ?nd and 3rd phase for the paired nodes. At the end of the Xnd phase
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all imitial interference has been removed by wear. At the end of the 3rd analysis phase the wear depth
for all paired nodes is almost equal. This is due to the use of an axisymmetric model, however in
reality, loads are not applied axisymmetrically: hence, this shows the need for further 3-d analyses.

2t
: Figure 6. Hoop stress distnbution at the end of
the first phase of the amalysis (impaction). a
pressure load representing 7500N force is
applied on the top of the head dunng 0.003 s
using a dynamic explicit step (results are i
MPa)

Table 2. Results for 2nd and 3rd phase of the method
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The wear depth obtained can be compared against those found in literature. In 2012, Langton et al.
used a highly accurate coordinate measuring to calculate volumetric and linear rates of wear on
retrieved prosthesis. A maximum wear depth of 0.0]1 mm (Figure 8) was measured which is
comparable with the results obtained mn this study shown m Table 2 [1]. This companison shows
considerable promuse but 15 clearly dependent on the use of an appropniate wear coefficient and
accurate loading history. The results descmbed here moedelled the total removal of the effect of
impaction and then further until surface wear became negligible.

4. Further Work

The present study has proposed a methodology for a computational capability to predict the fretting
wear depth between the head and stem of prosthesis considering the mitial effect of impaction. The
algorithm has been applied to an axisymmetric model. By applying this scheme to a 3-d model and
considering the load in correct directions, the results would be more accurate and consequently would
provide a reliable virfual wear modelling capability. This model then will help to develop the
prosthesis design, improve the matenal combmations and change surgical techmoues i order to
increase the longevity of the hip implants. Furthermore, the method will be capable of app]icaliﬂn to
the head and acetabular cup. The wear methodology can be utilised generically in the analysis of other
prosthetic devices such as knee and shoulder modular implants.
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Appendix V: Poster presentations
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SIMULIA

Introduction:

A hip joint can allow a wide range of movement and transmit high dy-
namic loads. Its performance to carry loads and provide this mobility is
remarkable; however, it is vulnerable and can lose its functionality due to
disease such as osteoarthritis or bone fracture. At the final stage of se-
vere hip pathologies, ar P y is a key for 1

Sir John Charnley carried out the first hip arthroplasty in November 1962.
He developed a method to replace the total hip joint by an artificial one
and ished 2 i chni for i i and surgi-
cal techniques have advanced since then but they use the same founda-
tion proposed by Charnley. The aim of the surgery is to accommodate an
active lifestyle for patients.

g I, ahipp of 3 head, stem and cup:

Material combinations:

» Metal-on-Polyethylene THRs (fail due to
wear)

+ Ceramic-on-ceramic (least wear rate with
no side effects, but is brittle and expensive)

« Metal-on-metal (for young active patients

fail due to infection or mettallosis)

Problem:

Methodology:

+ Archard's Wear Law

W = KPS

W e e

K We comonnt,  Cimtont Prassnce. 5 Seteive eyt

Model Databases
Material Properties
— Contact properties
- Load

— Boundary Conditions
Assembly

— Mesh

Output Databases
— Contact Pressure
— Displacement

©>)

kg 100¢ V)

Modular THRs allow a surgeon to choose different pi is comp
head is assembled to the stem using 2 morse taper. The head is fixed onto the trunnion stem during surgery by
impaction loads. The method proposed here predicts fretting wear by considering the initial impact with the effect
being diminished gradually over time. The method involves three main phases, impaction, shrink fit/walking and
walking only.

Results:

Before analysis:

After analysis:

for

Young

_ Material propesties of Co-Cr
E 210 GPa

The p h

K =1.13 x 107% mm?®/Nm
n=013

modulus

Poisson’'s & 03
ratio

Density P 7800 kg fm*

Impaction Laad = 7500 N

Toese rcrervent bl

+ Impaction (1* phase):
» Assembled just into contact

» Impactload applied on the top of
the head

» Bottom of the stem constrained

Around 80,000 hip operations per year are performed in the UK. Cur-
rent artificial hip joints may typically last 10 to 15 years with around

1 phae
- Appsly bmpuction cn the head
- Estract the felt

10% of patients requiring revision surgery.

Reasons for revision surgery:

¥
Crwate & FE input fle with 2 stegs for 2™ shie

~Shrink it [based on revsts eatracied from 1° phase]

Waking cre

+ Mainly PAIN

« Adverse reaction to metal debris

+ Loosening of the femoral component

+ Loosening of the acetabular componen

The main characteristic of implants failure is Wear

Thus, one of the main mechanical requis of an imp d pros-
thetic device design would be to minimize wear to increase device lon-
gevity.

Aims
+ Develop a computational capability to quantify the extent of wear
+ Identify factors leading to debris release
* Provide advice on design and procedural modifications

Palr nedes In contact ard extract regulred
resclts for e frem £O8
- Coemact pressurn
Aeiative dsclacement

Cabeudate weae degpth for much pa nede and scale
£ 1o g an appropriate scaling factor

to
Increase the life of prosthetic device

1

~lust walideq cn

Creane ancthar FE leput e with 1 step for 3% phase |

+ Shrink-fit/Walking (2nd phase):
» There are 2 steps
+ Shrink fit (static)
* Walking cycle (dynamic) 1.25 §

+ Walking (3™ phase):
» Just a walking cycle step

Calculating wear for the many paired nodes
at the contact interface and updating their
positions manually is difficult and time con-
suming; consequently, the method has been
automated using a Python script linked with
ABAQUS.

This script is executed during the 2™ and 3"
analysis phases. A 1200-line-program sub-
mits the FE input file, identifies the nodes in
contact to pair them, extracts contact pres-
sure and relative displacement for each set
of paired nodes, calculates the wear depth
and updates the position of the nodes to
create the new geometry.

Python script:

P .

""”;,"w:z"' during T pden theare Betvesn = ardI®  theendof sahus
5 e o 2 prare s 1Supanes RLITCL)
0013829064 000SS5%5T Co2ez3e321 00000526 0023350921
0.008720227 Go1230%4a1 0oLIIITISL
o013 coiss4pTse ocimeTion
Validation:
:

Wn couTIg

Seskhi

shionss Bx

Further work:

Develop an accurate 3D model
~ Apply locomation in appropriate directions
— Apply me slgorithm on & 30 model

Investigate the most effective wear coefficient / scaling factor
Develop the method for head and acetabular cup thal has a greater
relative displacement

The wear methodolegy can be utilised generically in the analysis of
other prosthetic devices (such as knee and shoulder modular implants),

I May 2014
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