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Abstract

Total knee replacement remains the final treatment for patients suffering from
knee arthritis and providing relief from pain and improvement in function. Despite
the fact that the common reason for revisions of TKR is due to problems regarding
patella femoral joint, the use of patella during TKA varies from country to country
with popularity in USA (90%), Denmark (76%), Australia (43%), England and Wales
(33%), Sweden (14%) and Norway (11%). Research was performed into the in vitro
wear simulation of the patella femoral joint but to date none of these simulations

have employed all six degrees of freedom.
The aim of this study was to
) develop a six axis patella femoral joint simulator for assessment of wear,

. develop a computational model to predict the kinematics of the patella

femoral joint and validate using experimental knee joint simulator results,

o investigate the influence of kinematic parameters (patella rotation,
displacement and tilt) and shape (round and oval dome patella) on the wear

of the patella femoral joint,
. validate and develop other volumetric measurement techniques,
. validate the experimental wear results with the retrievals volumetric analysis.

The six station Leeds Prosim knee simulator was modified as a patella femoral
knee simulator for the wear assessment process. Good overall agreement between
the computational prediction and the experimental measurement were obtained
for patella femoral kinematics. Increasing the medial lateral rotation significantly
increased the wear rate from 8.6 mm?3/MC to 12.3 mm3/MC. Decreasing the medial
lateral displacement led to a no significant change in the wear rate. Changing the
shape from round dome to oval dome led to a non significant decrease in wear rate
from 8.7 mm?/MC to 6.3 mm?/MC. Ten retrievals were analyzed for volumetric and
surface wear. Wear volume per year for retrievals were obtained in range of 0.9
mm?/year to 18.7 mm?/year. The wear scar area was similar in shape with the in

vitro analysis validating the wear analysis.
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Figures
Figure 1-1 Figure illustrates tibia femoral joint with tibia, femur, condyles

menisci and ligaments (Brunkner and Khan 2005).

Figure 1-2 The Patella-femoral joint (Image taken from
http://www.yoursurgery.com/ProcedureDetails.cfm?BR=5&Proc=30).

Figure 1-3 The Patellofemoral ligaments (Fulkerson, 1997).
Figure 1-4 Anatomical reference planes (Whittle, 2001)

Figure 1-5 Rotational movements of right tibia femoral joint (Ellison et al.
2007; Whittle, 2001).

Figure 1-6 Rotations of right knee joint with positive polarity (Ellison et al.
2007).

Figure 1-7 Patellar motion representation (Ellison et al. 2007).

Figure 1-8 TFJ flexion extension patterns during walking (Lafortune et al.
1992).

Figure 1-9 Translation and rotation of patellar tracking during normal gait
cycle. A, E show the tibia femoral flexion during gait for comparison. B,
C and D show the patella flexion, rotation and tilt respectively. F, G and
H show the patella shift, anterior translation and superior translation
respectively (Lafortune and Cavanagh 1987).

Figure 1-10 Variation of patella tilt versus knee flexion in TKR.
Figure 1-11: Variation of patella displacement versus knee flexion.

Figure 1-12 Variation of anterior posterior patella displacement versus knee
flexion.

Figure 1-13 Variation of medial lateral patellar rotation with knee flexion.

Figure 1-14 Variation of patellar flexion extension rotation about x-axis with
knee (tibia femoral) flexion.

Figure 1-15 Variation of superior inferior displacement with knee flexion.

Figure 1-16 Patellar medial-lateral shear force versus knee flexion for normal
knee (Normal), PFC with patellar resurfacing (PFC-p), PFC without
patellar resurfacing (PFC-np), PFCZ with patellar resurfacing (PFCZ-p)
and PFCZ without patellar resurfacing (PFCZ-np). The positive force
refers to force acting lateral direction (Singerman et al. 1999).

Figure 1-17 Four types of patella design (Hsu and Walker 1989).
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Figure 1-18 Input waveforms of PFJ load and flexion angle for gait simulation
(Burroughs et al. 2006).

Figure 1-19 Input waveforms of PFJ load and flexion angle for stair climbing
simulation (Burroughs et al. 2006).

Figure 1-20 Wear rates for stair climbing (1 mc) and walking (0.25 mc)
(Korduba et al. 2008).

Figure 1-21 Wear scars after 1 million cycles with misalignment in (a)
conventional polyethylene and (b) high cross linked polyethylene
(Burroughs et al. 2006).

Figure 1-22 Wear scar after 4 million cycle of in vitro simulation (Ellison et al.
2008).

Figure 1-23 Wear rate of patella femoral joint in mm3/mc (Ellison et al. 2008;
Korduba et al. 2008; Vanbiervliet et al. 2011)

Figure 1-24 Variation of cross shear with pin rotation (Kang et al. 2008).

Figure 2-1 Schematic drawing of patella articulation surface in PFC and PFC
sigma femoral component (United States Patent — Modular knee
replacement 1998, DePuy manufacturing drawing).

Figure 2-2 Range of PFC sigma patella: from left Oval and round dome
designs.

Figure 2-3 General view of Leeds Prosim knee simulator and control unit
(Barnett et al. 2002).

Figure 2-4 A typical station of the Prosim Knee Simulator 1 showing the
degrees of freedom, directions and polarity.

Figure 2-5 Assembly of mounting and fixtures required for converting Leeds
ProSim knee simulator to patella femoral joint.

Figure 2-6 PFC sigma femoral component with location of condyles removed
from the femoral posterior.

Figure 2-7 Schematic diagram of femoral Mount A showing centre of
rotation, screw and post holes.

Figure 2-8 Schematic drawing of femoral Mounting fixture showing
readjusting the femoral component to ensure axial load passing
through centre of patella (dotted and solid lines showing original and

final setup respectively).

Figure 2-9 Schematic diagram of patella femoral joint showing six degrees of
freedom and polarities of each degree in simulator and human body.
(Modified from http://www.hughston.com/hha/a.extmech.htm).
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Figure 2-10 Control waveform for patellar flexion during gait (Halloran et al.
2005; Ellison 2007).

Figure 2-11 Control strategy for superior patellar translation in the wear
model (Ellison 2007).

Figure 2-12 Control strategy for patellar rotation in the simulator wear model
(Ellison et al. 2008). Dotted and solid lined denote low and high medial
lateral rotation for physiological and high kinematics wear simulation

test.
Figure 2-13 Control waveform for axial force (Ellison et al. 2008).
Figure 2-14 Scanco MicroCT80.
Figure 2-15 Schematic diagram of MicroCT procedure (Vicars et al. 2009).
Figure 2-16 Holder for patella when used in CMM or Talysurf measurements.

Figure 2-17 A typical wear scar of explants. The olive region is the region of
interest and the white mesh depicting the unworn surface for
reference.

Figure 2-18 Image of Pycnomatic ATC helium gas Pycnometer (Pycnomatic
and Pycnomatic ATC Instruction Manual 2007).

Figure 2-19 Schematic block diagram of Pycnomatic ATC (Pycnomatic And
Pycnomatic ATC Instruction Manual 2007).

Figure 2-20 Profile showing peak and valley roughness over a sampling
length. (ISO 4287:1997)

Figure 2-21 Profile showing average roughness over a sampling length
(Flitney and Brown 2007). L: Sampling length

Figure 2-22 Surface texture analysis of a femoral component during
measurement in Talysurf (Ellison 2007)

Figure 2-23 Surface texture analysis of a patella component during
measurement in Talysurf (Ellison 2007).

Figure 2-24 Raw file for patella specimen from the Talysurf profilometer.

Figure 2-25 Roughness parameters for a patella specimen from the Talysurf
profilometer.

Figure 2-26 Deformation for a patella specimen from the Talysurf
profilometer.
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Figure 2-27 Figure showing marking of wear scar area and division of
specimen into four equal quadrants (M-medial, S-superior, I-inferior
and L-lateral).

Figure 2-28 Position of centroid (star) in a patella specimen

Figure 2-29 Schematic plot of division of the total area in four quadrants and
marking the modes of wear degradation.

Figure 2-30 Flowchart depicting the procedure of importing specimen scans
from MicroCT to Adams/VIEW for in vitro analyses.

Figure 2-31 Segmentation of threshold in grey scale with threshold ranging
from 20-255.

Figure 2-32 Smoothing of specimen using Morphological filters of 1,1,1.

Figure 3-1 Schematic diagram of femur component showing radius of patella
mating (R,), radius of condyles (R3) and R; is the average of R, and Rs.

Figure 3-2 Station of Leeds knee Patella simulator for computational and
experimental studies.

Figure 3-3 Contact model between two mating components (I and J); with |
penetrating in J (MSC.Software 2008).

Figure 3-4 Load deformation hysteresis curve for PFC sigma round dome
patella and low contact stress (LCS) with mobile bearing (MB) patella
(Ellison 2008).

Figure 3-5 Medial lateral displacement for different radius of rotation (R; and
R;) when constrained with errors bar of 95% CL for the experimental

results.

Figure 3-6 Medial lateral displacement for different radius of rotation (R; and
R,) when uncontrolled with error bars of 95% CL for the experimental
results.

Figure 3-7: Anterior Posterior translation at different femoral radius of
rotation (R; and R;) when ML displacement was constrained with error
bars of 95% CL for the experimental results.

Figure 3-8 Anterior Posterior translation at different femoral radius of
rotation (R; and R;) when ML displacement was uncontrolled with error
bars of 95% CL for the experimental results.

Figure 3-9 Medial lateral tilt at different femoral radius of rotation (Ry and R)
when medial lateral translation was constrained with error bars of 95%

CL for the experimental results.
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Figure 3-10 Medial lateral tilt at different femoral radius of rotation (R; and
R,) when medial lateral translation was uncontrolled with error bars of
95% CL for the experimental results.

Figure 3-11: Medial lateral displacement for worn and unworn patella
specimen when medial lateral translation was uncontrolled with error
bars of 95% CL for the experimental results.

Figure 3-12 Anterior posterior displacement for worn and unworn patella
specimen when medial lateral translation was uncontrolled with error
bars of 95% CL for the experimental results.

Figure 3-13 Medial lateral tilt for worn and unworn patella specimen when
medial lateral translation was uncontrolled with error bars of 95% CL of
experimental results.

Figure 3-14 Medial lateral tilt for round and oval dome patella specimen
when medial lateral translation was uncontrolled with error bars of 95%
CL for the experimental results.

Figure 3-15 Comparison of computationally obtained medial lateral tilt for
PFC sigma round dome patella for conditions, 1) without ligament force
and constrained ML displacement, 2) without ligament force and
uncontrolled ML displacement and 3) with ligament force and
uncontrolled ML displacement {Lafortune and Cavanagh 1987; Halloran
et al. 2005; Ellison et al. 2007)

Figure 3-16 Concept of tilt under the action of AP load and ML displacement
of the patella.

Figure 4-1 Plot of volume calculated using Pycnomatic ATC and gravimetric
measurements with 95% confidence limit.

Figure 4-2 R square between gravimetric and Pycnomatic volume for un-
worn patella

Figure 4-3 Schematic diagram showing of the difference in volume estimated
from CMM and gravimetric at 5, 10 and 15mm? material removals.

Figure 4-4 CMM scan of varied stages in validation process using surface fit
from unworn area. S: Superior, {: Inferior, M: Medial and L: Lateral.

Figure 4-5 Schematic diagram showing difference in volume estimated from
MicroCT and gravimetric at 5, 10 and 15mm? of material removals with
95% confidence limit error bars of MicroCT reference method.

Figure 5-1 Placement of round dome patella pegs in the patella mounting
during the simulation test.
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Figure 5-2 Flowchart describing the flow and number of cycles for all
conditions.

Figure 5-3 Kinematic input and output AP force profiles for the creep station.
Figure 5-4 Weight change of soak samples over a course of 12 million cycles.

Figure 5-5 Cumulative weight gain (mg) of a load soak control under anterior
posterior load in a 1 MC creep test as compared with mean weight of
soak controls.

Figure 5-6 CMM analysis for specimen 4 from the creep test over 1IMC.

Figure 5-7 Scar area from a MC of the creep test. S: superior, [: inferior, M:
medial and L: lateral.

Figure 5-8 Roughness trace of creep test specimen after 1MC of the patella
button.

Figure 5-9 Figure representing the penetration in a specimen undergone 1
MC creep test.

Figure 5-10 Anterior posterior load input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle. APF: Anterior
Posterior Force

Figure 5-11 Superior inferior displacement input (solid line) and simulator
feedback (dotted line) plotted versus percentage of gait cycle.

Figure 5-12 Medial lateral rotation input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.

Figure 5-13 Medial lateral displacement plotted with 95% confidence limit
versus percentage of gait cycle.

Figure 5-14 Medial lateral tilt (0-6MC) for all the stations plotted with 95%
confidence limit versus percentage of gait cycle.

Figure 5-15 Cumulative volume loss, showing volume loss for every specimen
at every MC for high ML rotation and uncontrolled ML displacement

Figure 5-16 Cumulative volume loss, showing volume loss for different
stations at every MC for high ML rotation and uncontrolled ML

displacement

Figure 5-17 Volumetric difference of high ML rotation and uncontrolled ML
displacement wear test specimens over 6MC.

Figure 5-18 Relation of volume loss with tilt represented with linear
correlation of R? value.
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Figure 5-19 Wear scar area for 5 specimens with solid line indicating worn
area over 6MC.

Figure 5-20 Scratches in the patella articulating femoral groove. While solid
line highlights the scratches.

Figure 5-21 Wear characteristics of wear test specimen undergoing high ML
rotation and uncontrolled ML displacement. 1: pitting wear (blue line),
2: burnishing (red line), 3: deformation (green line) and 4: scratching
(yellow line).

Figure 5-22 Anterior posterior load input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.

Figure 5-23 Superior inferior displacement input (solid line) and simulator
feedback (dotted line) plotted versus percentage of gait cycle.

Figure 5-24 Medial lateral rotation input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.

Figure 5-25 Medial lateral displacement plotted with 95% confidence limit
versus percentage of gait cycle.

Figure 5-26 Medial lateral tilt (6-9MC) for all the stations plotted with 95%
confidence limit versus percentage of gait cycle.

Figure 5-27 Cumulative volume loss, showing volume loss for every specimen
at every MC for low ML rotation and uncontrolled ML displacement

Figure 5-28 Cumulative volume loss for different stations at every MC for low
ML rotation and uncontrolled ML displacement

Figure 5-29 Volumetric difference of low ML rotation and uncontrolled ML
displacement wear test specimens over 3MC.

Figure 5-30 Relation of volume loss with tilt represented with linear
correlation of R? value.

Figure 5-31 Wear scar area for 5 specimens with solid line indicating worn
area over 3MC.

Figure 5-32 Anterior posterior load input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.

Figure 5-33 Superior inferior displacement input (solid line) and simulator
feedback (dotted line) plotted versus percentage of gait cycle.

Figure 5-34 Constrained Medial lateral displacement plotted with 95%
confidence limit versus percentage of gait cycle.
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Figure 5-35 Medial lateral tilt (3-12MC) for all the stations plotted with 95%
confidence limit versus percentage of gait cycle.

Figure 5-36 Cumulative volume loss, showing volume loss for every specimen
at every MC for low ML rotation and constrained ML displacement

Figure 5-37 Cumulative volume loss for different stations at every MC for low
ML rotation and constrained ML displacement

Figure 5-38 Volumetric difference of low ML rotation and constrained ML
displacement wear test specimens over 3MC.

Figure 5-39 Relation of volume loss with tilt represented with linear
correlation of R? value.

Figure 5-40 Wear scar area for five specimens with solid line indicating worn
area over 3MC.

Figure 5-41 The variation of wear rate with change in kinematics.

Figure 5-42 Specimen volumetric difference from MicroCT and Gravimetric
after the 12MC, linear regression analysis with R?.

Figure 5-43 MicroCT reconstructed images of the patella specimens after
12MC wear test

Figure 5-44 3D images of patella specimens after 12MC of wear test

Figure 5-45 Volumetric difference of CMM with respect to gravimetric
volumetric wear test specimens over 12MC.

Figure 5-46 Relation of volume loss with tilt. Figure shows the linear
correlation with R? value.

Figure 5-47 Location of centroid (in star) of the wear scar in round dome
patella.

Figure 5-48 Description of creep and wear debris formation (Rostoker et al.
1978).

Figure 5-49 Schematics diagram of centre of rotation

Figure 6-1 Schematic diagram showing position of oval dome with respect to
femoral counterpart during a wear test (Scott et al. 1997)

Figure 6-2 Plot showing comparison between input profile (bold line) and
feedback (dotted line) for anterior posterior force in N.

Figure 6-3 Plot showing comparison between input profile (bold line) and
feedback (dotted line) for superior inferior displacement in mm.
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Figure 6-4 Plot showing comparison between input profile (bold line) and
feedback (dotted line) for medial lateral rotation in degrees.

Figure 6-5 Plot showing medial lateral displacement in mm with errors bar of
95% confidence limit.

Figure 6-6 Plot showing medial lateral tilt in degrees with errors bar of 95%
confidence limit.

Figure 6-7 Change in weight of soak (bold line) and load soak (dotted line)
specimen over 3 million cycles.

Figure 6-8 Cumulative volume loss for every specimen, showing volume loss
at each MC for low ML rotation and free ML displacement.

Figure 6-9 Variation of cumulative volume loss with respect to varied station,
showing volume loss at each MC for low ML rotation and free ML
displacement

Figure 6-10 Chart showing the mean variation of wear rate (Mean with 95%
confidence limit) with change in kinematics and shape of patella: RD
stand for round dome and OD for oval dome patella. ANOVAs t-test are
performed for each condition with significance at p<0.05

Figure 6-11 Determination of total volumetric loss using CMM; R? value
included for determining the correlation with gravimetric volume loss.
The cumulative volume loss after every MC for the 3MC wear test is
plotted.

Figure 6-12 CMM analysis of wear penetration of all five wear specimens
following 3MC of in vitro simulation at physiological condition.

Specimen 3 was damaged between 2-3MC and replaced by specimen 8.

Specimen 7 was the creep test sample.

Figure 6-13 Relation of wear volume with tilt. Figure shows the linear
correlation with R value.

Figure 6-14 Wear Scar for all 5 specimens with solid line indicating total worn
area. Specimen 7 underwent creep test.

Figure 6-15 Average patella scar area from 0 to 3MC. The solid line denotes
for wear test and dotted line denotes increment of creep test.

Figure 6-16 Relation of wear volume with tilt. Figure shows the linear
correlation with R? value.

Figure 6-17 Location of centroid (in star) of the wear scar in oval dome
patella.

Figure 6-18 Wear characteristics of wear test specimens undergoing low ML
rotation and uncontrolled ML displacement. 1: pitting wear (blue line),
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2: burnishing (red line), 3: deformation (green line) and 4: scratching
(yellow line).

Figure 6-19 Roughness of femoral component mating with wear specimen 2.
The table shows average (Ra), skew (Rq), peak (Ry) and valley (R)
roughness of the femoral component

Figure 6-20 Roughness of wear patella specimen 2 after running for 3MC.
Figure 6-21 Wear depth of wear patella specimen 2 after running for 3MC.

Figure 6-22 Scatter plot of wear depth/deformation of the patella specimen
during physiological conditions; ML rotation (<1°) and free ML
displacement.

Figure 7-1 Wear scar area spread around quadrants (‘M’ for medial, ‘L’ for
lateral, ‘S’ for superior and ‘' for inferior). Orientation of wear scar at
(a) 0%, (b) 90° clockwise, (c) 180° clockwise and (d) 270° clockwise.

Figure 7-2 Position of patella with respect to femur during a) 0° b) 10° and ¢)
20° of femoral flexion in sagittal plane.

Figure 7-3 Position of patella with respect to the femur during a) 0°, b) 10°
and c¢) 20° of femoral flexion in the frontal plane.

Figure 7-4 CMM analysis for volumetric wear determination (oval specimen A
to F; round specimen G and H).

Figure 7-5 CMM analysis for volumetric wear determination (retrievals and in
vitro test).

Figure 7-6 Wear characteristics for oval patella retrievals (Specimen A to H).
1: delamination/ pitting wear, 2: burnishing, 3: deformation, 4:
scratching, 5: adhesive wear.

Figure 7-7 Wear scar area and location of centroid (shown in star) for oval
patella retrievals (Specimen A to H).

Figure 7-8 Wear scar area (square mm) with respect to time in situ (in years)
with linear trend line and linear correlation (R?).

Figure 7-9 CMM analysis for volumetric wear determination (round retrieval

1).

Figure 7-10 Wear characteristics for retrievals (Specimen | to J). 1:
delamination/ pitting wear, 2: burnishing, 3: deformation, 4: scratching,

5: adhesive wear.

Figure 7-11 Wear scar area and location of centroid (shown in star) for oval
patella retrievals (Specimen | and J).
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Figure 7-12 Comparison of wear scar area and location of centroid (in star)
between retrieval F, round dome and oval dome patella from
experimental simulations and Schwartz’s retrieval analysis (2002). 245
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Chapter 1: Introduction and Background

1.1 Introduction

The history of knee stabilising began as early as 2730-2625 BC, when human
remains were found with a device used to stabilise the knee (Seymour 2002). The
work in biotribology started in year 175 AD by a physician named Galen. He
described every joint covered with cartilage with greasy oil glutinous fluid on top
giving easy movement and resistant to wear (May, 1968). This was the first

documented literature found to explain the synovial joints.

Out of all the synovial joints present, the knee joint is considered as the major
weight bearing joint commonly vulnerable to injuries and osteoarthritis. The injury
leads to malfunction in daily normal life activities. The need to regain the normal
function becomes essential. This has been obtained using total knee replacement
(TKR) since the 1970’s. The major reason behind the revisions of TKR is due to
problems regarding the patella femoral joint (Berger et al. 1998; Fehring et al.
2000; Sharkey et al. 2002; Amis et al. 2005; Stiehl et al. 2005; Berti et al. 2006; Ma
et al. 2007; Kessler et al. 2008; Anglin et al. 2009). The use of patella replacement
during total knee arthroplasty (TKA) varies from country to country with popularity
in USA (90%), Denmark (76%), Australia (43%), England and Wales (33%), Sweden
(14%) and Norway (11%) (Clements et al. 2010; Robertsson et al. 2010; National
Joint Registry for England and Wales 2009, 2010).

This introduction begins with the anatomy of the natural knee joint, followed
by the need for replacement. Section four details the reference plane of tibia
femoral and patella femoral joints. Kinematics of tibia femoral joint is discussed
briefly in section five. Kinematics and kinetics of patella-femoral joint are explained
in section six. Section seven and eight explain the polyethylene bearing material
used in joint replacement and the wear mechanisms involved. Section nine
highlights investigations of wear simulations in patella femoral joint. Retrieval
analysis is detailed in section ten. Section eleven illustrates the progress in

computer simulation of knee joint and the lack of research in patella femoral joint.
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The rationale, aim, hypothesis and objectives of the project follow the literature

review.

The purpose of project was to fill the gaps in artificial patella femoral joint

research answering whether patella wear is important to quantify.

1.2 Anatomy of Knee Joint

The knee joint (Figure 1-1) is a form of hinge joint with condyles of the femur
on top, tibial plateau bottom and the patella acting on the front. The articulating
surfaces of the knee joint are covered with articular cartilage. Weight bearing and
locomotion are the foremost function of the knee joint. These are facilitated
through the connection with ligaments and tendons (Gray 1958; Goldblatt and
Richmond 2003).

1.2.1 Tibia Femoral Joint

The joint formed by two largest bones, tibia and femur, of the body is known
as tibia femoral joint (TFJ). The superior part of the joint, the femur, consists of
condyles, medial and lateral. The condyles are curved in anterior posterior and
medial lateral direction. The lateral femoral condyle can translate freely in anterior
posterior and rotate in the transverse axis towards extension (Martelli and
Pinskerova 2002). The curvature of lateral femoral condyle helps patella support
against dislocation. The spherical shape of the medial femoral condyle helps the
patella to translate within limits in the anterior posterior direction and to rotate in
all 3 axes. The tibia is flat in the lateral plane and slightly concave in the medial
plane to conform to femoral curvature. The surface of the tibial plateau slopes
inferiorly and connects to the meniscus surface. In between the medial and lateral
tibial plateau, an indentation of inverted cone (spline) is present to produce a

femoral pivot to the tibial plateau during rotation about the transverse plane.

The tibia and femur are connected to each other using anterior and posterior

cruciate ligaments, collateral ligaments and separated by fibro cartilage menisci as

shown below in Figure 1-1.
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Figure 1-1 Figure illustrates tibia femoral joint with tibia, femur, condyles menisci and
ligaments (Brunkner and Khan 2005).

1.2.2 Patella femoral Joint

The part of the knee joint that describes articulation between the patella and
the femur is known as the patella femoral joint (PFJ) (Figure 1-2). The PFJ is
subjected to high contact stress (6-8MPa), greater than the tibia femoral joint
during flexion and extension of the knee. This is because the patella acts as a
fulcrum in the knee joint and is subjected to higher compressive stress (Amis and

Farahmand 1996).
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Figure 1-2 The Patella-femoral joint (Image taken from
http://www.yoursurgery.com/ProcedureDetails.cfm?BR=5&Proc=30).
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The patella is a triangular sesamoid bone surrounded by ligaments and
muscles which help in stability of the patella during motion as shown in Figure 1-

3.

Quadriceps

Lateral retinaculum,

) Medial
vastus lateralis .
y retin
pivens t ;r(]:(;nlum

iliotibial tract vastus medialis

Figure 1-3 The Patellofemoral ligaments (Fulkerson, 1997).

The patella is acted on primarily by four ligaments the quadriceps tendon, the
patellar tendon, the medial patellofemoral retinaculum and the lateral patella
femoral retinaculum. The former two ligaments control the patella movement in
superior inferior plane of motion by tension in the tendons. The latter two

ligaments resist excessive patellar movement in the medial lateral direction

(Hendrickson 2002).

The main function of the patella is to act as a lever and to increase the
mechanical efficiency of the knee extensor mechanism (Hendrickson 2002). Kaufer
(1979) showed that the force needed for extension of knee increases by 13% at 90°
flexion and 31% at 0° knee flexion when the patella is absent. The other functions

include providing anterior protection to the knee joint, and preventing wear of
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quadriceps ligaments (Hendrickson 2002). The articular surface present in the PFJ is
capable of bearing high compressive loads by presenting a low friction surface in

the healthy knee (Garth 2001).

1.3 Need for Replacements

Approximately 9 million people in the UK are affected by osteoarthritis
(Arthritis Research Campaign OA, 2008). Currently non surgical therapy for pain in
the knee joint includes exercising and stretching. Surgical intervention consists of
anterior advancement, debridement, chondrectomy, pallectomy, facetectomy and
TKA (Cannon et al. 2008). Heatley et al. (1986) and Karlsson et al. (1992) on
investigation of anterior advancement (removal of anterior cruciate ligament) as
treatment of osteoarthritis found that the success rate is low (38%) with 6 - 10
years of follow up. As an early detection of osteoarthritis, debridement with lateral
release can be a procedure to alleviate pain in cases of lateral tilt and excess load in
lateral side. However for more complex cases, the process does not provide
reduction of pain (Saleh et al. 2005). Defective cartilages are removed in
chondrectomy. This is often assisted with drilling in the bone for new cartilage
growth. This method is often not suitable for patients over 30 years which is
limiting age for reconstruction of bones and cartilage (Childers and Ellwood 1979;
Schonholtz 1989). Removal of the patella due to chronic pain in the knee is known
as Patellectomy. Patellectomy has disadvantage of weakening the knee joint and
needs more time for recovery as reasonable amount of time is needed to achieve
the strength for daily activities (Fulkerson 2005). This makes it less useful as a
treatment for osteoarthritis. Facetectomy is a temporary procedure to relieve pain
by removal of thick bones affected with osteoarthritis. However, the osteoarthritis

may reappear after about 8 years of follow up (Yercan et al. 2005).

Knee replacement is considered the gold standard after all the other surgical
intervention to cure knee disability and pain. Although arthritis predominantly
affects older patients, the age of sufferers requiring intervention is decreasing
(Crowninshield, et al. 2006) as patients become more and more active. The need

for better replacements is increasing day by day.
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Three types of replacement are most common. They are total knee
replacement (TKR) with or without patella, patella femoral replacement (PFR) and
uni-compartmental knee replacement. Replacement of the femur and tibial surface
of the knee joint with metal and plastics with and without patella is known as total
knee replacement or total knee arthroplasty (TKA). Patella femoral replacement
involves replacement of part of the femur and back of the patella. It is also called
patella femoral arthroplasty, PFA. The difference between PFR and TKR is that the
unworn cartilage is left intact with the rest of the joint. The third type of
replacement is the uni-compartmental knee replacement. In this type of
replacement only one side of the arthritic joint is replaced. It is also called uni-

compartmental arthroplasty or partial knee replacement.

1.3.1 Patella Replacement in Total Knee Arthroplasty

Patella femoral mechanisms remain one of the major problems in total knee
revision surgery (Berger et al. 1998; Fehring et al. 2000; Sharkey et al. 2002; Amis
et al. 2005; Stiehl et al. 2005; Berti et al. 2006; Ma et al. 2007; Kessler et al. 2008;
Anglin et al. 2009). Despite the known problem the use of patella replacement is
popular among only a few number of countries with USA (90%) leading followed by
Denmark (76%), Australia (43%), England and Wales (33%), Sweden (14%) and
Norway (11%) (Robertsson et al. 2010, Clements et al. 2010 and National Joint
Registry for England and Wales 2009, 2010). Damage of the patella button can also
lead to revision in TKA. Many studies have reported the failure of patella button,
mostly the metal-backed designs (Lombardi et al. 1988; Piraino et al. 1990; Collier
et al. 1991; Huang et al. 2005). The metal backed patella induces additional contact
stress and failures on the edges were reported. All-polyethylene patellar buttons
have also been considered. However, wear and loosening were found to be
significantly high (Wright et al. 1986; Collier et al. 1991; Schwartz et al. 2002). The

question remains whether or not to resurface the patella.
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1.3.2 Patella Femoral Arthroplasty (PFA)

Research has shown that PFJ osteoarthritis is more common than TF) and a
cause of knee disability (McAlindon et al. 1992; Hunter et al. 2003; Szebenyi et al.
2006; Kornaat et al. 2006; Duncan et al. 2009). PFA is the largest popular
intervention for patella femoral joint osteoarthritis. For investigating the long term
results of patella femoral arthroplasty, Kooijman et al. (2003) studied the outcome
of 51 patients. Out of 51 patients, 7 cases (15.5%) needed PFA revision. The reason
for PFA revision was patellar loosening, malposition of patella and maltracking. 3
patients had patellectomy. 12 cases needed TKA surgery after PFA because of
presence of osteoarthritis in tibia. Most of the revisions were caused through
neglecting tibial osteoarthritis during PFA (Kooijman et al. 2003; Nicol et al. 2006;
Farr and Barrett 2008). Mean survival time of the PFA was 19.5 +/- 0.45 years. One
patient among 51 was satisfied with the outcome of PFA (Kooijman et al. 2003).
PFA has an advantage over total knee arthroplasty as the original menisci, collateral
ligaments are left unharmed. This feature makes it suitable for youngsters and
more active patients (Cannon et al. 2008). PFA success rate are lower than that of
total knee replacement. Considering the lack of exposure and success rate of PFA
(44% - 90%) in 17 years follow up, total knee arthroplasty with PFA is preferred by
majority of the surgeons for achieving consistent results (Kooijman et al. 2003; NJR

2010).

1.3.3 Success and Revision of Knee and Patella Joint Replacement

The common causes of revision in knee patella replacement depend on
factors of failure. Due to an increase in demand the failures are studied and
reported in this section (SJR.se 2007; NJR.uk 2003)

1. Aseptic loosening — Loosening is considered as a factor leading to revision
surgery. The articulation of the polyethylene insert with the metal
components generates small particles of polyethylene leading to osteolysis

and consequently loosening.
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2. Infection — Infection was prevalent in patients with rheumatoid arthritis,
ulcers in the skin, patients with previous history of knee operations, recurrent

urinary tract infections, and oral use of steroids (Wilson et a/. 1990).

3.  Fracture — Fracture in the metal backed patella component was investigated
by Lombardi et al. (1988). Fracture of patella includes separation of
polyethylene component from metal base and fracture of polyethylene due

to excessive wear.

4. Instability — Instability created due to improper balance of soft tissue may

lead to revision surgery.

5. Maltracking - Subluxation in the total knee replacement leads to increased

wear and postoperative complaints like pain in the knee.

6. Overstuffing — Overstuffing in knee replacement leads to increase in contact
forces, which may lead to increase in wear. An increase in thickness of 10%
results in 7.5% increase in joint forces at 95 degrees of knee flexion
(Mountney et al. 2008). This causes an increase in wear leading to knee

replacement.

Studies of misalignment have been reported after total knee arthroplasty
which results in increased patella femoral contact force during flexion by 20%
(Hollinghurst et al. 2007; Miller et al. 1998). The kinematics of the knee joint must

be considered to understand the cause of failures.

1.4 Knee Joint Reference Plane

Coordinate system

As discussed earlier in section 1.2, the tibia femoral joint (TFJ) consists of tibia
and femur collectively known as TFJ. The movement in TF) is due to rolling and
sliding of femoral condyles over tibial plateau. The basic anatomical figure of a
knee joint (Whittle, 2001) is described in Figure 1-4, the X-axis is perpendicular to
the sagittal plane, Y-axis is perpendicular to the transverse plane and the Z-axis is

perpendicular to the frontal plane.
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Figure 1-4 Anatomical reference planes (Whittle, 2001)

For this study the polarity of the displacements and rotations were based on
Ellison and co-authors (2008). About X axis, the rotation of tibia is known as knee
flexion, with extension as positive. The motion of tibia along the X-axis is known as
medial-lateral shift with medial displacement as positive. The rotation of tibia
about Y-axis are internal-external rotations with internal as positive. Tibial rotation
about Z-axis is termed as abduction adduction rotation with adduction being
positive. The translation motion of the tibia along Z-axis is proximal-distal
translation, proximal translation being positive. The rotations of the tibia are

systematically shown in Figure 1-5.
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Figure 1-5 Rotational movements of right tibia femoral joint (Ellison et al. 2007; Whittle,
2001).

Figure 1-6 describes the different rotations of the patella in the knee joint
defined with polarity from Ellison (2007). About X axis, the rotation of the patella is
known as patella flexion, with flexion as positive. The motion of the patella along
the X-axis is known as medial lateral displacement with medial displacement as
positive. Motion of the patella about the Y-axis is termed as medial lateral tilt with
medial tilt as positive. Motion along the Y-axis is termed as inferior superior
translation with superior as positive. The patellar rotation about Z-axis is termed as
medial lateral or abduction adduction rotation, with medial and adduction being
positive with apex of patella moving towards medial direction. The translation
motion of the patella along Z-axis is anterior posterior translation, anterior

translation being positive. The movements of the patella are systematically shown

in Figure 1-7.
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Figure 1-6 Rotations of right knee joint with positive polarity (Ellison et al. 2007).
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Figure 1-7 Patellar motion representation (Ellison et al. 2007).

1.5 TFJ Flexion Extension Rotation and Kinetics

The flexion extension motion of the tibia femoral joint was obtained from five
subjects by Lafortune et al. (1992) for a walking cycle. Steinmann pins were
inserted into the right femur of the healthy subjects. The position of the pins was
recorded through radiography. Flexion extension was an important parameter in

determining the kinematics of the PFJ. The pattern is shown in Figure 1-8. The
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pattern follows a biphasic nature with small flexion followed by extension in stance
phase and larger flexion in swing phase. After heel strike, the knee flexes to 20 ° in
approximately 190 ms for all five subjects. Following, the flexion the knee follows
extension and returns to 1.3 ° short of full extension in approximately 300 ms,
before the end of stance phase. Again, the knee starts to flex to 35 ° by toe off and
follows the trend till maximum flexion 60 ° was attained. In the next 30 ms, the
knee extends and returns back to full extension in the swing phase to start the new
heel strike-toe off cycle. The position of the pins was difficult to analyse as the
pictures were taken 3 dimensionally. Hence the accuracy of the method is

questionable.
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Figure 1-8 TFJ flexion extension patterns during walking (Lafortune et al. 1992).

The tibia femoral joint is subjected to a force of 3 BW during walking to 8 BW

during downhill walking (Mow and Huiskes 2005).

1.6 PFJ Kinematics and Kinetics.

Patellar pain syndrome is often associated with the disorientation of the
patella from the normal configuration. Many authors have tried to outline the

complex motion of the patella and the forces acting during varied activity. The
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following sections outline the previous investigations on patellar motion and the

various forces acting during varied static and dynamic activities.

1.6.1 PFJ Kinematics of Normal Knee during Gait

Research on patellofemoral joint kinematics during gait cycle has received not
much attention from researchers. As the surface area of the patella is small in the
saggital plane, difficulties in measurement are the main reason behind insufficient
research in the gait cycle patellar kinematics in vivo. The investigation by Lafortune

and Cavanagh (1987) and Abbas et al. (2011) are highlighted in this section.

The test by Lafortune and Cavanagh (1987) was conducted by fixing
Steinmann pins in the anaesthetic legs of five patients. The movement of the pins
were observed from four high speed cameras operating at 100 frames per second.
Due to problems of fixation of the pins in the patella, two studies of subject were
removed from the investigations. X-ray recording along with camera recording was
done to get a better preview of the patellar kinematics. The accuracy of the camera
recording was 0.5 mm and that of X-ray was 0.4 mm. Only three specimens were

analysed. The accuracy of the kinematics and radiographs cannot be relied upon.

The gait cycle is shown in Figure 1-9. TFJ flexion and extension serve as the
basis reference cycle for the gait study. The cycle starts with heel strike (HS) to toe
off (TO), followed by swing motion from TO to HS. Graph B, C and D show flexion
extension, adduction abduction (internal external) rotation and medial lateral tilt of
the patella respectively. Graph F, G and H show lateral-medial, anterior-posterior

and superior-inferior translation of the patella respectively.

The results obtained for flexion extension and internal external rotation are
consistent in all three subjects. The curve of flexion extension of the patella is
similar to the TFJ curve. However, the patellar curve is offset in magnitude with
reference to TFJ by -20° This is due to the resistance offered by the quadriceps
tendon to the pull by the patellar tendon. From the beginning of HS, the patella
flexes to neutral position at 20° of TF) flexion. The patella extends to 12.5° at the
later stage of stance before moving for a maximum flexion of 28.1° during swing

phase just after TO. Following this the patella extends to the next HS.
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In the case of internal external rotation, there are two peaks obtained in
between consecutive HS. The first peak of 2° internal rotation is obtained at stance
phase when TFJ reaches the maximum positive flexion. The second peak of the
patella is external rotation of 7.2° shortly after TO, when TFJ reaches maximum
flexion in swing phase. After the second peak, the patella reverses and reaches HS

position marking the end of the gait cycle.

During the stance stage, two subjects showed consistency in results for
patella tilt. At the beginning of the TF) flexion, the patella has medial tilt followed
by lateral tilt of 5°, Just during TO, there is a secondary patella tilt of 4° medially. In
case of third subject, instead of medial tilt, there was a lateral tilt of 12.5° till

maximum TFJ flexion and the curve rapidly returned to the next HS position.

The patterns of anterior posterior and superior inferior translations of the
patella were similar to the flexion extension pattern of TFJ. There were two
differences in the curves obtained. Firstly the posterior translation occurred before
HS and was having less magnitude in stance stage. Secondly, there was a superior
movement in the stance phase after HS. An Average movement of 21mm for
anterior posterior and 45mm for superior inferior translation was obtained. In the
case of medial lateral displacement, increment in lateral displacement (8mm) from
heel strike to maximum flexion in swing phase, followed by medial displacement

after the knee extension.

As only three specimens were considered for this investigation, this
experiment cannot be validated for patient variation. More than three patients are

required to get an range of kinematics variation.

The other study (Abbas et al. 2011) was performed by placing retro-reflective
markers on 16 healthy subjects. The movements were recorded using a 9-infrared
camera system (Vicon 612, Oxford). However errors due to the difference in
movement of exo-skeletal markers and the bones were not considered in the
measurements. Maximum and minimum measurement of ML displacement and tilt
were measured at different knee flexion angles during different gait cycle. The
trend was not specified for any single gait cycle. The position of 4 markers on the

distal, proximal, medial and lateral were used for kinematics measurement. The
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measurements were calculated with reference to the centre of the knee in degrees.

As the four markers present could move and rotate. Accurate ML displacement and

tilt could not be measured.
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Figure 1-9 Translation and rotation of patellar tracking during normal gait cycle. A, E show
the tibia femoral flexion during gait for comparison. B, C and D show the patella
flexion, rotation and tilt respectively. F, G and H show the patella shift, anterior
translation and superior translation respectively (Lafortune and Cavanagh 1987).
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1.6.2 PFJ Kinematics in Total Knee Replacement

This section deals with authors investigating patellar tracking in artificial knee

replacement and report the variation of patella with knee flexion angle. The

authors who investigated patellar tracking in total knee replacement are listed in

Table 1-1. The table illustrates the number of specimens, range of flexion, method

of capturing data and additional details on loading.

Table 1-1 Experimental data provided by previous investigators in patella tracking.

Number/ Flexion
Authors . Method Loading
type Range(")
Chew et al. ( 9/
0to 105 Magnetic tracking 30N
1997) Cadaveric
system
. 65/
Komistek et al.
0to 90 Fluoroscopic video No data
(2000) subject
analysis
100N
Belvedere et 6/ Knee navigation
0to 140 quadriceps
al. (2007) Cadaveric system
force
27X3N
Barink et al. 15/ Electromagnetic quadriceps
0 to 100
(2007) Cadaveric tracking system force and 50N
compression
Ostermeier et 5/
0t0120 | Three dimensional 2000N
al. (2005) Subject
motion analysis
Ahmed et al. 32/ _
0to 120 Radiography 28X4N
(1999) Cadaveric
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Fresh cadaveric knees were used for kinematics measurement in most
investigations (Chew et al. 1997; Belvedere et al. 2007; Barink et al. 2007; Ahmed
et al. 1999). While other investigations used healthy human subjects (Komistek et

al. 2000; Ostermeier et al. 2005).
Medial lateral (ML) tilt

Three authors investigated patellar tilt with knee flexion for different types of

total knee replacement. The results are provided in Figure 1-10.

Chew et al. (1997) found notable differences between normal and all three
replaced knees. There was a large amount of lateral tilt in the three implanted
knees compared to the intact knee. At 60° knee flexion, the patella in the intact
knee showed 0.44 ° of lateral tilt, whereas the patella in the three implants showed
7.32 °, 5.88 ° and 6.69 ° lateral tilt. The lateral tilt in the press fit condyle (PFC)
implant (Johnson and Johnson, New Brunswick, NJ) was less than others due to the
presence of a deep femoral groove. This result was supported by the clinical results
on PFC (Chew et al. 1997). Komistek et al. (2000) suggested the abnormality in the
results of patellar tilt compared with normal knee was due to an increase in tension
of the quadriceps ligaments, flange size of femoral components, malposition of
patella, variation in thickness of flanges and variation of friction between the
articulating surfaces. The cruciate retaining Scorpio (Allendale, NJ, USA) TKR with
patellar resurfacing was used in the investigation by Belvedere et al. (2007). The
femoral component was set to zero degrees in the frontal plane and 2 degrees in
the sagittal plane with respect to the tibial plateau. No internal/external tibial
rotation was applied to the femur. Belvedere et al. (2007) with investigation on
patellar tilt found a large difference in the lateral tilt compared to other implants
(Genesis Il, NexGen and PFC) in the beginning of knee flexion. The difference was
noted because of the presence of a single medial-lateral implant radius designed to
control area of contact and avoid lift off. This feature helps in reducing the tilt
which can be highlighted in above figure. Neither of the authors investigated the

effect of tibial rotation on tilt.
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Figure 1-10 Variation of patella tilt versus knee flexion in TKR.

The only author to investigate the effect of tibial rotation on patella tilt for
symmetrical and asymmetrical femur trochlea groove in TKR was Barink et al.
(2007). The results signified that the patella tilted more medially between 20° - 30°
of knee flexion. It was also reported that the difference in tilt was due to the
addition external tibial rotation of 3° provided. This made the medial condyle
elevate in anterior position compared to the lateral condyle causing the patellar tilt
medially as compared to the normal knee. All the results presented were different

to the anatomical knee data.

ML displacement

The results of three previous authors investigating patellar displacement in

the artificial knee joint are shown in Figure 1-11.

Lateral displacement in three samples increased with an increase in knee
flexion (Chew et al. 1997). The PFC implant displacement pattern was close to the
actual knee. Among the three implants investigated by Chew et al. (1997), the PFC

femur component showed the lowest displacement due to the presence of deeper
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a femur grove in comparison to other implants. The groove restricted the

movement for PFC knee implant.
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Figure 1-11: Variation of patella displacement versus knee flexion.

Barink et al. (2007) and Belvedere et al. (2007) showed more medial
displacement with an increase in flexion. The results by Barink et al. (2007)
indicated that both the implants (symmetrical TKA and asymmetrical TKA)
examined followed the same trend of increase in medial displacement at the
beginning of the knee flexion (5-10°). However, at the later stage (80 - 90 °), the
patella displacement was different; the difference was due to the orientation of the
groove. Belvedere et al. (2007) results were similar to Barink et al. (2007) in trend
but were higher in magnitude (five times) as compared to Barink et al. (2007) till

30° knee flexion.

Anterior posterior (AP) displacement

The results obtained by Ostermeier et al. (2005) regarding study of patella in AP

movement are illustrated in Figure 1-12.
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Figure 1-12 Variation of anterior posterior patella displacement versus knee flexion.

The effect of patellar resurfacing on knee flexion was studied in the
investigation of AP displacement. The results of both the implants (Interax ISA
prosthesis with and without resurfacing) were the same compared to the pattern
shown by Ahmed et al. (1999). Both the trend of implants (Figure 1-12) showed no
significant difference in the AP translation whether the patella was resurfaced or
not. However, the resurfaced patella had higher posterior displacement because of

the non conformity of the patella to the femoral articulating surface.

Patellar ML rotation

Chew et al. (1997) and Belvedere et al. (2007) investigated the effect of ML

rotation with knee flexion after TKR. The results have been illustrated in Figure 1-

13.
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Figure 1-13 Variation of medial lateral patellar rotation with knee flexion.

All three specimens tested by Chew et al. (1997) and one specimen by
Belvedere et al. (2007) followed the same pattern as in the intact knee. The patella
rotated medially at the beginning of knee flexion for all the knee implants. The
difference between the two investigations was the magnitude of the ML rotation.
The ML rotation increased medially with knee flexion (Chew et al. 1997). However,
the presence of posterised stabilised knee design in tibia of Scorpio (cruciate
retaining, Allendale, NJ, USA) led to a higher lateral rotation of the femur

(Belvedere et al. 2007).

Flexion extension (FE) rotation

Figure 1-14 shows the findings of two authors (Barink et al. 2007; Belvedere
et al. 2007) on patella flexion post TKR. The patella in knees with TKR followed the
same trend of flexion before and after surgery. This indicated that sagittal
geometry of the normal and TKR implant were the same. The presence of a deeper
patellar groove in the Scorpio cruciate retaining implant (Allendale, NJ, USA)
compared to symmetrical and asymmetrical implants (Barink et al. 2007) balanced
the extensor mechanism by easing the tension and providing deeper flexion. The

positive patellar flexion in Belvedere et al. (2007) showed the difference all through
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the flexion cycle in comparison with the investigation by Barink et al. (2007)

although; the same gradient was obtained in both the investigations.
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Figure 1-14 Variation of patellar flexion extension rotation about x-axis with knee (tibia
femoral) flexion.

Superior inferior patella displacement

The present author could find only one author (Komistek et al. 2000) who
investigated the superior inferior (SI) displacement of the patella after total knee
replacement (Figure 1-15). SI displacement in normal knee has been plotted

showing the difference of superior inferior translation between the normal and

implanted knee.

The patella in the normal knee was inferior by -8 mm at full extension with
respect to other knee replacements designs. The displacement in posterior cruciate
retaining (PCR) TKA and posterior stabilized, PS TKA (lohnson and Johnson
Orthopedics, Raynham, MA, USA) implanted knees were inferior by -1 and -3.8 mm
respectively. The two implants increased superiorly with an increase in knee

flexion. The trend of the pattern is exactly same as the normal knee. However, the

magnitude was different.
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Figure 1-15 Variation of superior inferior displacement with knee flexion.

Summary

The TKR designs are followed the same trend as the normal knee with a few
exceptions. The variation of patellar tilt in the artificial knee lies in the range of
anatomical knees. Patella shift started with medial shift and changed to lateral shift
with knee flexion. There were few exceptions from Chew et al. (1997) studies
which showed lower displacement due to lower loading. Anterior and superior
translation followed the same trend as normal knee. Investigations from Belvedere
et al. (2007) were different from Chew et al. (1997) and Barink et al. (2007) in
rotation and flexion because of the cruciate retaining Scorpio having +/- 15 °
medial-lateral tilt. The large intra specimen variability due to the variation in

patients bone structure caused a large variation in kinematics.

1.6.3 PFJ Kinetics

The forces on the patella range from between 0.2 — 1.4 times body weight
during walking (Dixit et al. 2007; Reilly et al. 1972; Komistek et al. 1997). The force
increases to 3 body weight during stair climbing, and up to 7 body weight during

squatting (Dixit et al. 2007; Reilly et al. 1972). Komistek et al. (1997) performed an
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investigation with one healthy female with the help of markers placed on three
different bones of the knee and fluoroscopy image was used for calculation of
forces. Data was collected through four 60 Hz video cameras and 1000 Hz force
platform sampling. The joint reactions were calculated using relative joint motions
and ground reactions as input in a mathematical model. Only one healthy subject

was considered which could make the investigation unreliable.

Investigations of finding contact stress using plastic micro-indenter
transducer (Ahmed et al. 1983) and Fuji Pressensor™ film (Haut et al. 1989;
Huberti et al. 1988; Huberti et al. 1984) were indirect ways to find contact force by
a few investigators. The contact force was then found by integrating the contact
stress over the entire area. The complexity in the geometry of the patellar articular
surface makes it difficult to integrate over the entire area, which results in errors in
the calculation of contact force. Singerman et al. (1994; 1999) directly investigated
the contact force of 7 fresh frozen cadaver samples by designing a six degree of
freedom patellofemoral force transducer. The force transducer was used to
measure three forces and the location of patella at the point of action of the forces.
Uni-axial force was applied at the hip and ankle to obtain forces in the orthogonal
direction. The results of medial lateral shear force are shown in Figure 1-16. The
coordinate system defined in Singerman et al. (1994; 1999) are opposite to the

translation coordinate system adopted in this report.

In the case of medial-lateral component of patellar shear force, there was no
significance difference reported by Singerman et al. (1999) for either design with or
without patellar resurfacing. As the patella in the knee moves in the lateral
direction (VanKampen et al. 1990; Koh et al. 1992; Heegaard et al. 1995; Sheehan
et al. 1999; Tennant et al. 2001), the resultant shear force will act in the opposite
direction to resist the movement as shown in Figure 1-16. After TKR, both the
designs (PFC and PFCZ) with or without patellar resurfacing tend to have M-L shear

forces in lateral direction as the patella moves in medial direction.
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Figure 1-16 Patellar medial-lateral shear force versus knee flexion for normal knee
(Normal), PFC with patellar resurfacing (PFC-p), PFC without patellar resurfacing
(PFC-np), PFCZ with patellar resurfacing (PFCZ-p) and PFCZ without patellar
resurfacing (PFCZ-np). The positive force refers to force acting lateral direction
(Singerman et al. 1999).

1.7 Polyethylene Bearing Materials

The optimum bearing material to be used as a medical implant is a material
with good biocompatibility with low wear rate, long term mechanical and chemical
properties. The various biomaterials in implant history so far since the advent of
knee replacement are polytetrafluoroethylene (PTFE), high density polyethylene
(HDPE), ultra high molecular weight polyethylene (UHMWPE) and carbon
reinforced UHMWPE.

The first polyethylene PTFE hip arthroplasty was implanted by Charnley for its
low friction properties and chemical inertness. Radiological observation found that
6-7mm of material was removed due to poor abrasive wear and low creep

resistance properties (Semlitsch 1991; Li and Burstein 1994). In 1962 the implant
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material PTFE was replaced by UHMWPE by Charnley which had good resistance to
wear and low frictional properties at high stress. UHMWQPE is a long chain of semi
crystalline ethylene molecules; formed by a polymerisation reaction; with a
molecular weight of about 400,000. It also has good lubrication properties with

synovial fluid helping to reduce wear (Charnley 1979).

Apart from low frictional properties, wear resistance, lubrication properties,
UHMWPE is also biocompatible producing low wear debris, chemically stable when
not irradiated, is ductile and has a good damping capacity which makes it suitable
for knee replacements. Three other biomaterials evolved during this time for
example, Polyacetal, PolyTwo (Zimmer, IN, US), Hylamer and Hylamer M (DePuy,
IN, US). However, the former two materials gave good wear resistance only for
seven years (Wright et al. 1988; Li and Burstein, 1994) and the latter two had

catastrophic failure following irradiation in vivo (Schmalzried et al. 1998; Livingston

et al. 1997).

1.7.1 Processing Methods

Orthopaedic implants are made of UHMWPE powder with average molecular
weight of over 75,000 (Whelan and Goff 1990) using three methods. First method
is direct moulding which moulds the exact shape of the implants by compressing
the powder enclosed in a mould. The second is preparation of rods (5-15 cm
diameter) by ram extrusion where the powder is extruded into the mould. The
third and final way is moulding large sheets of thickness 20cm and length 240cm.
All the methods include heating the powder to a temperature above melting point
which decreases the crystallinity. However, the crystallinity is improved by

successive treating at high pressure and temperature (Li and Burstein 1990).

Recently, cross linked polyethylene has been introduced. Cross linking induces
wear resistance under the action of multidirectional movements (Wang et al. 1996)
by forming linear chains between the polymers with strong permanent bonds.
Under the action of unidirectional sliding, the polymers align itself to the sliding

direction to resist deformation (strain hardening). However, when rotation is
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involved, sliding in the transverse direction weakens (strain hardening). Therefore
with cross linking, the orientation of the polymers was reduced. Cross linking is
induced using irradiation or by a chemical process. Irradiation can be using gamma
rays or electron beam, or chemical processes involving the use of peroxide or

silane.

Following irradiation the UHMWPE is sterilised after packaging and before
implanting. For example, one of the current cross linking sterilization method used
by DePuy International is gamma irradiation at 2.5-4MRad dose in the presence of
an inert atmosphere (vacuum). The sterilised UHMWPE (at inert atmosphere) has
been shown to have good resistance to wear and delamination failure as compared
to irradiation in air (Fisher et al. 1997; Reeves et al. 1998; Kurtz et al. 1999; Collier

et al.2005).

1.7.2 Limitation of UHMWPE

UHMWPE is stabilised with or without irradiation process. The stabilisation
process is followed by heat treatment to remove free radicals formed as a part of
the irradiation process. This treatment removes the failure due to delamination
(Reeves et al. 1998; Bell et al. 1998). This leaves surface wear as the major concern
in polyethylene. The production of wear particles of micron size during surface
wear when metal and polyethylene slides against each other. These particles result
in loosening and osteolysis (Ingham and Fisher 2000). The generation of particles
leads to joint inflammation, loss of bone followed by loosening. The volume of
particles generated in knee joint is lower than hip generally (Ingham and Fisher
2000). However, with increase in implantation time the possibility of osteolysis will
increase (Peters et al. 1992). Therefore, the life of an implant is dependent on the
osteolysis formed due to the size and total volume of particles and the presence
within a tissue area. To improve success rate, the number of particles and wear
volume should be reduced. Osteolysis depends on factors like surgical alignment,
implant design, type of cement used and number of follow up years. Fisher et al.
(2005) have reported that polyethylene with high molecular weight and high cross

linked generated smaller and high reactive particles compared to low molecular
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weight. Patellar misalignment has been commonly shown in patients with
osteolysis clinically but studies to evaluate this relationship have been neglected in
the past. Lwano et al. (1990) evaluated 108 knees and found that 28% of the
patients had earlier history of subluxation. Osteolysis is more substantial in non-
conforming TKR as compared to conforming as in conforming the load is distributed
uniformly along larger areas so wear is less for earlier generation’ of UHMWPE
(Lwano et al. 1990). However, in vitro investigations have shown with higher
contact area, the wear rate increases {(Galvin et al. 2009). As the wear rate
increases, the possibility of osteolysis will increase with implantation time. Collier
et al. (2005) investigated the effect of osteolysis by changing properties of implant.
The decrease in occurrence of osteolysis (25%) was noticed when the knee with
gamma irradiated in air and having a rough base plate surface was changed to knee
insert with gamma irradiation in inert gas and have polished base plate. Prevalence
of osteolysis was observed (6% decrease) when the insert was sterilised with
nitrogen and mated with polished base plate surface with the same conformity.
Loosening of implants caused as a result of osteolysis may lead to bone fracture in

extreme cases (Collier et al. 2005).

The generation of wear debris is dependent on the surface roughness in the
metallic femoral component, artificial knee joint design, oxidative degradation of
polyethylene and kinematic input profiles (Lwano et al. (1990); Engh et al. 1992;
Fisher et al. 1995; Besong et al. 1997; Tipper et al. 2000; Barbour et al. 2000; Collier
et al. 2005; McEwen et al. 2005; Galvin et al. 2009).

1.8 Wear Mechanism

Wear is progressive damage involving the removal of material from two
articulating moving parts (Bayer 2002; Stachowiak 2005).
There are various types of wear mechanisms as follows.

. Abrasive wear: Wear caused by removal of material through hard particles or

protuberances. This can also have a third body involved.
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) Adhesive wear: Removal of material due to localised bonding being formed
between mating surface leading to loss of material from one or both the

surfaces.

° Burnishing wear: Polishing of the surface such that the roughness is less than

machined roughness.
. Deformation: Wear involving deformation rather than material loss.

. Delamination wear: Wear involving thin layers (2-5mm) being formed and
removed from one surface. This involves formation of cracks in the surface

ultimately leading to material loss.

° Pitting: A form of wear where flakes of material (0-2mm) are removed due to

repeated cyclic stress.

1.9 Experimental Wear Simulations

1.9.1 Introduction

Wear in artificial knee joints can be studied through knee joint simulators. In a
knee simulator the actual knee prosthesis can be tested resembling the functions
obtained in human body. This section deals with the wear simulations in

patellofemoral joint.

1.9.2 Patella Femoral Joint

Wear in the patella-femoral joint has received little attention from
researchers. The present author has found five investigations that have

documented patellar wear.

The authors who investigated on wear from in vitro conditions were Hsu and
Walker (1989), Korduba et al. (2008) and Burroughs et al. (2006). Two degrees of
freedom (Flexion extension rotation and axial load) were used by the investigators

for the wear analysis under walking (Burroughs et al. 2006; Korduba et al. 2008),
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stair climbing (Hsu and Walker 1989, Korduba et al. 2008 and Burroughs et al.

2006), descending stairs and rising from a chair (Hsu and Walker 1989).

Hsu and Walker (1989) used different shapes of patella for testing wear in
knee flexion from 55 ° to 100 ° for activities such as stair climbing and descending
and rising from a chair. Four patellar designs, all-plastic dome, metal-backed dome,
all-plastic conforming and metal-backed conforming shapes were used for the
investigation under a load of 750 N or 1500N as shown in Figure 1-17. The common
wear mechanisms of the all-plastic dome patellar component due to wear test
(1600- 192000 cycles) were: 1) presence of loose wear debris, 2) distortion of the
plastic component and 3) components failed due to compression at load bearing
regions. The metal-backed dome lasted for more cycles as compared to the all-
plastic patellar components. However, the wear penetrated through the
polyethylene causing damage to the femoral component. The patella was
conventional polyethylene irradiated in air during the investigation which was
improved by cross linking in recent years. The comparison between the various test
specimens can be performed as there was variation in number of cycles among the

test specimen.

e
BRI B

All-plastic Metal-backed All-plastic Metal-backed
dome dome conforming conforming

Figure 1-17 Four types of patella design (Hsu and Walker 1989).

Burroughs et al. (2006) and Korduba et al. (2008) worked with knee simulator

under single load and displacement as shown in Figures 1-18 and 1-19.
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Figure 1-18 Input waveforms of PFJ load and flexion angle for gait simulation (Burroughs et
al. 2006).
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Figure 1-19 Input waveforms of PFJ load and flexion angle for stair climbing simulation
(Burroughs et al. 2006).

Two set of implants, one with passive M-L motion and other with constrained
M-L motion was used for stair climbing conditions. Wear rate of both the
conditions are shown in Figure 1-20 (Korduba et al. 2008). The patella with

constrained medial-lateral translation in stair climbing (5.1 mm?®/mc) showed



higher wear rate than in walking conditions (3.3 mm3/mc). However, the walking
cycle was tested for 0.25MC. During stair climbing wear rate for patella having
passive medial lateral displacement (0.75 — 1.07 mm?®/mc) were much lower than
constrained medial lateral (2.78 — 5.0 mm?/mc). A large wear scar was found in the
lateral surface and a few scars on the medial surface were found in case of the
patella with passive translation, whereas as the wear scar was centrally located in
the dome for the patella with constrained medial lateral motion. Constrained ML
translation showed higher wear and the wear scar obtained in passive ML patella

was due to the shift of patella during the flexion.

] @ Conventional Polyethylene |

-

@ Highly crosslinked Polyethylene |

w

p—

Wear rate (mg/mc)
o N
SO Or—= 0N 01T WOy A O1 0

Walking - Stair Climb -  StairClimb -  Stair Climb - Stair Climb -
controlled ML controlled ML controlled ML uncontrolled  uncontrolled
(0.25 mc) (1mc) (1mc) ML (1mc) ML (1mc)

Figure 1-20 Wear rates for stair climbing (1 mc) and walking (0.25 mc) (Korduba et al.
2008).

Burroughs et al. (2006) found cracks and delamination in conventional
polyethylene patellar components (GUR 1020 compression moulding and
sterilization with 25-40kGy gamma irradiation in oxygenless environment) due to
presence of high contact pressure during stair climbing and oxidative state of
polyethylene. The highly cross linked polyethylene patellar component (GUR 1050
compression moulded and sterilised using ethylene oxide gas) however, didn’t
show any crack or delamination after stair climbing, even with 4 ° misalignment of

femoral components as shown in Figure 1-21(b).
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Figure 1-21 Wear scars after 1 million cycles with misalignment in (a) conventional
polyethylene and (b) high cross linked polyethylene (Burroughs et al. 2006).

All the previous authors reported so far have concentrated on two motions;
flexion extension rotation and anterior posterior load in their investigation, which
are non physiological considering cases in vivo. The investigations to find the wear
were based on visual inspection except in Korduba et al. (2008). The authors
considering the effect of other patellar motions are Ellison et al. (2008) and
Vanbiervliet et al. (2011). Ellison and co-authors (2008) investigated wear under
axial load (200-1200N), patellar rotation (0-1°), flexion extension (0-22°), patellar
displacements restricted to 1mm and superior inferior displacement (-5 to 20mm).
Compared to Ellison et al. (2008), Vanbiervliet and co-authors (2011) had lower
force (-50 to 400N), patellar rotation (-10° to 10°), flexion (0° to 40°), patellar and
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superior inferior displacements (-10 to 10mm). The sixth degree of freedom tilt was

fixed at 0 and 4° compared to Ellison et al. (2008) with passive tilt movements.

As wear rate is dependent on contact area, sliding distance and load (Archard
1953). The effects of other degrees of freedom are important. None of the authors
in the past have investigated with six degrees of freedom. The maximum wear rate
was analysed to be occurring in the medial part of the patellar specimen as shown
in Figure 1-22. The penetration of -0.947 mm occurred at 240° from lateral in the
medial portion of the articular face. This penetration was double that predicted by
Burroughs et al. (2006) due to incorporation of superior-inferior motion in the
investigation of Ellison et al. (2008). The penetration by Vanbiervliet et al. (2011)
was 0.05mm. The comparisons of the wear rate calculated by various investigators
are shown in Figure 1-23. The higher wear rate of Ellison et al. (2008) compared to
investigation by Vanbiervliet et al. (2011) was due to fixing the tilt to two constant
degrees (0 and 4°) and the contact force was 3 times lower. The rationale behind
the wear investigation was to investigate the effect of malrotation of the femoral

compartment (Vanbiervliet et al. 2011).
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Figure 1-22 Wear scar after 4 million cycle of in vitro simulation (Ellison et al. 2008).
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Figure 1-23 Wear rate of patella femoral joint in mm?/mc (Ellison et al. 2008; Korduba et
al. 2008; Vanbiervliet et al. 2011)

Summary

PFJ wear has been investigated by several authors. The conditions of testing
were, however, limited to non physiological (less than 6 degree of freedoms)
conditions by most authors. Two degrees of freedom (flexion-extension and
anterior-posterior load) and visual inspection were the mode used for wear
assessment. Ellison et al. (2008) considered four active and two passive degrees of
freedom for his investigation on PFJ wear. The results were analyzed using
gravimetric measurements and the results compared well with in vivo specimens.
Studies on experimental wear simulations are still low in numbers and need to be
expanded for validation of experimental and computational results. The wear rate
in patellofemoral joint range was generally lower than the wear rate in tibia
femoral joint (5-40 mm3/mc) (Barnett et al. 2002; McEwen et al. 2005; Affatato et

al. 2008; Wang et al. 2008).
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Several methods have been developed in the past to evaluate clinical

retrievals. These can be divided based on joint type and measurement techniques

as shown in Table 1-2. Gravimetric and MicroCT analysis was used for the

measurement of volume when pre-wear data was available.

Table 1-2 Explants analysis based number of specimens, measurement types and device
(Hood et al. 1983; Raimondi et al. 2000; Kooijman et al. 2003; Bowden et al. 2005;
Rawlinson et al. 2006; Bills et al. 2007; Kurtz et al. 2007; Lindsey et al. 2010; Ellison

et al. 2010).
Investigations Retrieval Type Number Measurement Device
of type
samples
Hood et al. 1983 | Patella buttons 48 Grading Visual
Raimondi et al. | Acetabular cups 65 Linear wear Mathematical
2000
Kooijman et al. Patella 42 Score/ Direct/
2003 Radiography Radiograph
Bowden et al. Acetabular 6 Volume MicroCT
2005 liners
Rawlinson et al. Tibia 25 Wear patterns Digital image
2006 analysis
Bills et al. 2007 Hips 2 Volume CMM
Kurtz et al. 2007 Total disc 21 Linear wear MicroCT
replacements
Lindsey et al. Patella 13 Wear patterns Visual
2010
Ellison et al. 2010 Patella 2 Volume CMM
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Limited research has been performed to calculate the wear volume of the
patella. However, the number of specimens is very low (Ellison et al. 2010).

Retrievals volumetric wear are important to determine the validity of in vitro tests.

1.11 Computational Kinematic Model!

For development of artificial joint replacements, pre clinical studies need to
be carried out. This can be done using a combination of clinical studies,
experimental measurements and theoretical modelling. Clinical involves running in
vivo animal model studies; whereas experimental studies can involve running wear
simulator. Experiments can provide wear data and biological responses of wear
particles but they are time consuming, expensive and complex in nature.
Theoretical modelling is becoming more established and are validated with the
help of experimental simulation. It can provide better screening of design,
materials and surgical variables. In majority of theoretical modelling finite element
analysis (FEA) was the tool used for evaluating contact stresses in the implant and
its wear (Kang et al. 2006). The inherent complexity of the knee joint makes it

difficult to model computationally (Komistek et al. 1997).

In hip or knee theoretical modelling, Archard’s wear law (Archard 1953) in
many forms has been used to calculate wear. The wear depth AH was expressed

(Kang et al. 2006) as follows.

AH = K0S, (Equation 1)

where, K, is the wear factor, o; is the contact stress between articulating

surfaces, S; is the sliding distance, o, and S; both being function of time,

Further investigations into Archard’s wear law (1953) have shown wear is
dependent on cross shear (Fisher et al. 1994; Kang et al. 2008; Galvin, et al. 2009).
Cross shear is the shear in the motion transverse to the direction of strain
hardening in a polyethylene material during sliding (Kang et al. 2008). As Ko is a
function of aspect ratio (AR), AR function of strain hardening and strain hardening

function of cross shear. Therefore Kp is a function of cross shear. Ingham and Fisher

LEEDS UNIVERGRTY LIBRARY
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(2000) stated that the majority of hip replacement failure and revisions are due to
the debris generated from UHMWPE. One of the major causes of generation of
wear debris in conventional UHMWPE is cross shear. For single dimensional
motion, the cross shear causes hardening of the surface, but for multidirectional
motion hardening in one direction causes weakening in transversal direction, which
accelerated formation of wear debris. Cross shear was also an important factor
dependent on friction (Kang et al. 2008). The analysis of cross shear showed that it
is directly proportional to the polymer orientation. The more the rotation of the
pin, more is the cross shear effect (Figure 1-24). Saikko et al. (2004) also
investigated the effect of variation of AR and wear factor k. When AR is more than
5.5, the wear factor decreases to unrealistic values and the wear scar are different
from that seen in explants. The wear particles however were found of same size

irrespective of AR values.
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Figure 1-24 Variation of cross shear with pin rotation (Kang et al. 2008).

In addition to cross shear, Korduba et al. 2008, Ellison et al. 2008, and
Vanbiervliet et al. 2011 have observed that with increase in kinematics, the wear
rate increases. Therefore, the first step of creating a wear model is developing a

computational model and validating the kinematics with experimental results.
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Models have been created to validate tibia femoral joint (Godest et al. 2002; Knight
et al. 2007; Halloran et al. 2010), and patella femoral joint (Baldwin et al. 2009;
Halloran et al. 2010). Godest et al. {2002) and Knight et al. (2007) validated the
Stanmore knee wear simulator. Baldwin et al. (2009) and Halloran et al. (2010)
validated the Kansas knee simulator. The validation of the Leeds Knee simulator
has not yet been performed. Hence, an active comparison of the computational

model with experiments will be useful.

1.12 Research Rationale, Hypothesis, Aim, Objectives and Outline of the

Thesis

1.12.1 Rationale

Despite a revision rate of the patella femoral joint of 14.7% at 5 years and
20.37% at 7 years (NJR 2010), the information on PFJ) implants are limited. The
research on patella maltracking at various dynamic conditions like walking,
jumping, running etc. has not been properly examined. The numbers of published
biomechanical studies on patella tracking are few (Sheehan et al. 1999) in cadaveric
specimens due to complexity and invasive nature. These studies are needed for an
examination of the role of the quadriceps tendon and patellar ligaments on the
stability of the patella during knee flexion. Studies on computational wear model of
TF) have been reported, but investigation on the PF) is low. The determination of
wear in relation to kinematics and design is important. The computational
simulation is an important tool for evaluation of the PFJ performance and wear.
Very limited data on in-vivo wear is available. As this information is required for
validation of computational and experimental models appropriate experimentation

to measure wear data of explants are required.

1.12.2 Aims, Hypothesis and Objectives

The aim of the present project is to investigate the in vitro wear behaviour of

the artificial patella femoral joint in total knee replacement. Hypothesis of this



-40 -

study is that a six degree of freedom simulator with high kinematic input will result

in increase in wear. Specifically, the objectives are as follows.

1. Design, modify and use the existing Leeds knee simulator as a six station
patella femoral joint simulator for prediction of wear. Compare the data by

with previous testing results (Ellison et al. 2008).

2. To determine the influence of kinematics and shape of patella on the wear

behaviour.

w

Develop a computational model to predict kinematics and validate with

experimental results.
4. Develop methods to measure wear volume in clinical retrievals.

5. Validate experimental testing of wear volume in patella-femoral joint with

clinical retrievals.

1.12.3 Outline

Chapter two explains the method and materials used to do the in vitro wear
test, computational model and retrieval analysis. Chapter three discusses the
validation of three volume measurement techniques with gravimetric for
repeatability and accuracy. Chapter four analyses the kinematics using
computational modelling and validates with experimental results. Fifth and sixth
chapter discusses the result of wear test of PFC sigma with round and oval dome
patella respectively. Seventh chapter is on retrieval analysis. Finally the discussion

of all chapter and future plans of the project are highlighted in chapter eight.
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Chapter 2: Materials and Methods

2.1 Introduction

This chapter details the materials and methodologies used in the study. The
rationale behind various machines and measurement techniques used in this

project are detailed below.

Knee simulator as patella femoral joint simulator: The presence of six degrees of
freedom and motions similar to patella femoral joint and possibility to test 5 wear
specimens and 1 creep test at the same time makes knee simulator best suited to

be used and modified for the patella femoral joint.

Gravimetric: The most standard and accurate method of measuring mass loss of

polyethylene specimen during wear simulation.

Due to problems regarding soaking, cement fixtures, and cement debris in test
specimens, additional methods to measure volume were necessary. These are as

follows:

Micro computed tomography (MicroCT): X-ray techniques have been used for
volumetric measurement of polyethylene explants (Kurtz et al. 2007) and total disc
replacements (Vicars et al. 2009). However, measurements of volume have never

been adopted in patella specimens.

Coordinate measuring machine (CMM): CMM has been used for measurement of
change in volume for hip retrievals (Raimondi et al. 2000; Bills et al. 2007). The
need for measurement of retrieved patella specimens was required. The
coordinate measuring machine (CMM) at present remains the only available

method to find the volume change in retrievals with no pre-wear data present.

Pycnometer: Helium is an inert gas not affecting the volumetric calculation. As no
investigations have been performed in the past for determination of polyethylene

volume, this project examines the method potential for volume calculation of the

patella.
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Computational simulation — Computational modelling remains the fastest way to
investigate any joint mechanics in detail. In this project multi body solid dynamics
(MBSD) was used to design and test the fixtures of the patella femoral joint

simulator for robustness prior to manufacturing.

Retrieval analysis: The validation of the specimens from in vitro wear simulations
with in vivo retrievals is essential for clinical relevance. The relevance was

investigated in this project.

2.2 Materials used in In Vitro Wear Simulation

The components used for the wear simulation test were commercially
available; Co-Cr metallic femoral component and an ultra high molecular weight
polyethylene (UHMWPE) polyethylene patella button; supplied by DePuy
International (Leeds, UK). The composition and brief manufacturing methodologies

of the materials are detailed below.

2.2.1 Femoral Component - PFC Sigma

The press fit condylar (PFC) design has been in usage since 1984 (Schai et al.
1998). It was upgraded to PFC sigma later on in 1996. The PFC and PFC sigma knee
femoral component are manufactured with Cobalt-28 Chromium-6 Molybdenum
(Co-Cr-Mo) alloy. After manufacturing, the components were heat treated and
machine polished to obtain an average surface roughness (R,) of 0.02um (ASTM-
F75-01, 2001). The surface finish was well within accepted orthopaedic implants
surface finish (R,) of 0.1um (ISO 7207-2:2011).

The main difference between the PFC sigma when compared to the PFC knee
system is the angulation of the trochlear femoral groove. The angulation of 7
degrees in the trochlear femoral groove is similar to the natural knee (Figure 2-1).
Introduction of the angulation reduced the medial lateral (M-L) shear by 10% as
compared to the straight alignment of trochlear femoral groove in PFC knee
(Petersilge et al. 1994). The other difference between the two types of PFC is the
introduction of conformity in the tibia and femoral condyle interface as suggested

by Uvehammer et al. (2001). The articulating surface of PFC knees; mating with
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patella; have been designed based on the dome curvature of the UHMWPE dome
patella. For current in vitro experiments ‘Right’ knee PFC Sigma femoral component

was used.

Figure 2-1 Schematic drawing of patella articulation surface in PFC and PFC sigma femoral
component (United States Patent — Modular knee replacement 1998, DePuy
manufacturing drawing).

2.2.2 UHMWPE Round Dome Patella

High grade GUR 1020 UHWMPE as the patella specimen was used in the
experimental simulation. The sterilization was obtained by using gamma irradiation
under vacuum with a standard radiation range of 2.5-4.0MRad while sealed in foil
packaging (GVF sterilisation). The irradiation results in moderate cross linking of the
polymer (Endo et al. 2001). The types of patella used were all polyethylene design
of round and oval dome shape (Figure 2-2). The specimen were clipped to the
metallic fixtures during in vitro simulation and cemented to the bone using PMMA
surgical cement during in-vivo implantation. The radius of curvature for both types
of patella was 25.4mm. The size was 38mm and 38 mm x 33mm for the round and
oval dome respectively (DePuy International, Leeds, UK). The superior surface for
the patella specimen articulated with the trochlear femoral groove. The inferior
surface of the patella had 3 posts designed for greater rigidity when attached to
the bone in vivo or mountings in vitro (United States Patent — oval dome patella
1997). The average roughness surface finish (R,) was 0.03um (Ellison 2007). The

density of the polyethylene specimen used for volumetric calculation was 0.935

kg/mm? (Kurtz et al. 1999).
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Figure 2-2 Range of PFC sigma patella: from left Oval and round dome designs.

2.2.3 Test Lubricant

The lubricant used for the test was 25% newborn calf serum (Seralab,
Haywards Heath, West Sussex, UK) supplemented with 0.03% of sodium azide
(Sigma-Aldrich Company Ltd, Gillingham, UK) solution. Sodium azide was used to
minimise the bacterial growth. The properties (protein concentration of 6g/dl)
obtained (Certificate of Analysis, Sera Laboratories International) after mixing were
similar to the properties of ISO standard fluid used for total hip replacement or
total knee replacement wear testing methodology (ISO: 14242-3 2009; ISO: 14243-
1 2009). The lubricant was changed every third of a million cycles. The serum used

was collected every million cycles and stored for potential wear debris analysis.

The rationale of using 25% of serum solution was to obtain the similar protein
level as observed in the physiological scenario of the body fluid. The protein
present in the serum acted as a boundary layer causing decrease in wear (Saikko et

al. 2003; Wang et al. 2004; John et al. 2010; Harsha et al. 2011).

2.2.4 Poly methyl methacrylate (PMMA) Cement

PMMA cement mixture (WHW Plastics, Hull, UK) was used to secure the
position and orientation of femoral component with the mounting for the wear
simulation test. The cement mixture consists of solid powder (Cold Cure) and liquid

monomer (Rapid Repair Liquid) mixed in proportion as specified in the instruction
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manual. The ratio of solid to liquid cement ratio was 2:1. The fixation procedure

was performed by the authorised personnel in the fume cabinet.

2.3 Materials used in Explants Analysis

A total of 10 TKR patella specimens were analysed. These were retrieved
specimens from Leicester Nutfield Hospital, Glenfield Hospital, Bradford Royal
Infirmary and Leeds General Infirmary. These specimens were either retrieved
during revision surgery or at post mortem by the surgeons. The specimens after
sterilisation were cleaned with iso-propanol solution and dusted with compressed

air before measurements.

2.4 Cleaning Agents

Trigene (MediChem International Ltd, Seven Oaks, UK) is a detergent solution

used for cleaning the specimen before any measurement procedure.

Iso-propanol solution (Fisher Scientific, Loughborough, UK) mixed with water
(70% iso-propanol: 30% water) were used to clean the specimens in ultra sonic

cleaning (VWR Labshop, IL, USA) for 10 minutes (IMBE simulator test protocol,

Leeds University, UK).

2.5 Methods

2.5.1 The PFJ simulator

This section deals with the design of the PFJ wear simulator and associated
fixtures. As the simulator used in the project was originally described as a tibia

femoral knee simulator, the simulator was modified to act as a patella femoral
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simulator. The fixtures manufactured were designed to obtain the required knee

patella motions.

The first knee simulator was designed by Shaw and Murray in 1973 (Shaw and
Murray 1973). The Leeds Prosim knee simulator (Simulation Solutions Ltd,
Stockport, UK) (Figure 2-3) is a platform for wear testing at controlled loading and
kinematic conditions and has been used extensively in over a billion cycles of knee
wear testing (Barnett et al. 2001; Barnett et al. 2002, Fisher et al. 2004, McEwen et
al. 2005, Jennings et al. 2006, Jennings et al. 2007, Fisher et al. 2009; Galvin et al.
2009; Brockett et al. 2011). The simulator consisted of 6 stations therefore allowing

six specimens to be tested simultaneously at similar conditions.

Figure 2-3 General view of Leeds Prosim knee simulator and control unit (Barnett et al.
2002).

The simulator was chosen to be adapted to create a patella femoral joint
simulator. There were six stations in the simulator and six axes of freedom, 4 of
which were controlled. The other benefit of using the knee simulator as patella
femoral simulator was to avoid the manufacturing cost and manual labour incurred

in building a completely new simulator.
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2.5.2 Development of Simulator for Patella Femoral Joint

The Leeds knee simulator | was chosen for the design of the patella simulator
in this project. The capability to control the 6 degrees of freedom can be properly
handled in the existing knee simulator as compared to the previous simulator using
the Leeds 1 hip simulator. The medial lateral displacement was constrained to 1mm
in the earlier study. The presence of six stations made the simulator most suitable

for the study as compared to two stations in the previous study (Ellison 2007).

The parameters acting on the femur were flexion extension (FE) and the axial
load, which passed through the centre of patella as shown in Figure 2-4. The
motions on the patella were medial lateral (ML) rotation, ML tilt, ML displacement

and superior inferior (SI) displacement.

b o
Figure 2-4 A typical station of the Prosim Knee Simulator 1 showing the
degrees of freedom, directions and polarity.

In this investigation, five stations were used for wear testing. The sixth station
was used for part of the testing as a creep station. The creep station was only
under the action of axial (anterior posterior) load. The flexion extension rotation

was removed by disengaging the connecting rod between the motor and the
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flexion extension cradle. ML rotation and SI displacement were reduced to zero by

lowering the air pressure in the pneumatics.

The design of the other five stations was modified to obtain the required

control strategy as listed below.

e ML displacement was constrained in the conventional knee simulator set up
(Ellison et al. 2008). In this study the displacement was unconstrained by using
a Monorail BM20K bearing (Schneeberger, Germany) to enable free-floating.
However, to replicate the earlier study, restrictions were obtained using
cylindrical blocks for constrained ML displacement. The variation of the ML
displacement on the wear rate was investigated. A maximum displacement of
+10mm and +1.5mm were obtained in unconstrained and constrained ML

displacements respectively.

e The tibial carriage was modified by machining away a section of the end
carriage to achieve an increase in S| displacement to 20mm which was
previously 10mm. This was needed to obtain the motion in Sl direction close to
the investigation by earlier investigator and closer to physiological waveform

(Ellison et al. 2008).

e The aim of using two ML rotations was to investigate the effect of wear with
varied ML rotation. Two ranges of ML rotation were tested in the wear
simulation test, higher kinematics with ML rotation < 4° and physiological
scenario with ML rotation < 1°. The pneumatics is advantageous for low inertia
conditions and avoid displacement errors due to friction losses. However, low
displacement and heavy load creates inaccuracy in the movement. This

limitation of the pneumatics was observed at lower amplitudes of rotation.

e The femoral radius of rotation R; was taken on the basis of the inner groove
dimension where the patella articulates with the PFC sigma knee (DePuy
manufacturing drawing).

e The resistance by medial retinaculum equivalent to 10N (Singerman et al. 1999)

created a moment of 267 N-mm (force x moment arm). This was taken into

account by introducing a load of 0.2 Kg at a moment arm distance of 136mm
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(from the centre of rotation) placed on the lateral side of the piston balance of
outer cradle. This load induced a resistance; similar to the medial retinaculum
in an anatomical state; to medial translation during the knee flexion. This load
also helped avoid ‘patella slip’ at higher tilt angles. ‘Patella slip’ was a slip of the
patella from the articulating contact due to higher tilt or higher superior
motion. This was further caused due to the lack of resistance offered from the

trochlear femoral groove.

e Patella slip was observed when the ML tilt was above 5.2°. This could have led
to damage of the components. This was avoided by introducing wedges at the
bottom of the tilt cradle limiting the ML tilt to maximum 5° on both the medial
and lateral sides. It was an artefact of the simulation and not likely to happen in
vivo due to presence of ligaments. The ligaments offered a resistance to

balance the joint thereby stopping from the slip.

e At the beginning of the test damage was caused to the patella specimen due to
excess displacement in the inferior direction. This caused slip of patella from
the articulating contact and hence, damage of the specimen. To avoid further
damage, rubber blocks were introduced to prevent excess movement and

thereby, eliminate patella ‘slip” in the superior inferior direction.

2.5.3 Simulator Set Up

2.5.3.1 Station assembly

The various fixtures and mounting required to convert the Leeds ProSim Knee
simulator to a patella femoral joint simulator are shown in Figure 2-5. This section

introduces all fixtures and mountings explaining the important features associated

with it.



-50 -

Femoral Fixture B

Femoral Mount A

Femoral Component
Bellows
Patella Specimen

Patella Mount A

Drip Tray

Patella Mount B

Sliding Bearing
BM20K

Patella Mount C

Figure 2-5 Assembly of mounting and fixtures required for converting Leeds ProSim
knee simulator to patella femoral joint.

The Femoral component (PFC Sigma) and Patella specimen were supplied

from DePuy International (Leeds, UK) for wear test.

Femoral Component
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The posterior condyles were not required, and also in order to facilitate

mounting in the simulator, were removed as shown in Figure 2-6

45.8mm

1 Z Femoral post

Figure 2-6 PFC sigma femoral component with location of condyles removed from the
femoral posterior.

The femoral mount ‘A’ (Figure 2-7) was manufactured from DELRIN. The
toughness, mechanical strength and resistance to solvents were the properties to
classify DELRIN as the best suitable material for femoral mount (DELRIN product
and properties, 2000). The DELRIN products were designed to geometrically fit to
the back of the femoral components (Appendix A-1). An additional setup of 12° was
included while designing the mounting. The 12° angular deviation was considered
as a result of change in the flexion extension profile. Ellison and co authors (2008)
predicted the flexion extension rotation to start at 12° extension. Due to the start
position of knee simulator at 0° flexion, the waveform was shifted by 12°. The
change in rotation was incorporated into the mounting design. The dimension of
the femoral mount A was based on the centre of rotation (R;) of the articulation of
patella specimen with the PFC Sigma femur. As the patella was in contact from the
top of the femoral component to 21mm inferior, the radius corresponding to the
contact patch was considered (R;) (DePuy Manfacturing Drawing). The mount was
designed to ensure that the centre of rotation of the machine matched the centre

of rotation of the femoral component.

During fixation of the femoral component in the mount, the femoral posts
were inserted into the post holes as shown in Figure 2-7. The side grub screws were
tightened considering cement thickness of 1mm was maintained between the
femoral component and femoral mount A. PMMA bone cement was left in the

cavity and the post hole for fixation for 48 hours. Excess cement was removed from
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the mounting and the cement was covered in silicone sealant to prevent cement

debris entering the lubricant during the experiment.

Femoral fixture B _, T
. >L LJ
connecting holes
A
3
Post holes \ P N \i
Side grub hole .
Centre of \
.—-—'—'_'——‘_'—-‘_‘_'——-_

rotation

Figure 2-7 Schematic diagram of femoral Mount A showing centre of
rotation, screw and post holes.

The patella articulating groove in the femoral component was at an
inclination of 7° (Figure 2-1). To ensure the anterior posterior load acting through
the centre of femoral mount A in frontal plane, the holes connecting the femoral
mount A with femoral fixture B were drilled at 7.5 mm medially as shown in Figure
2-8. This was necessary to avoid any unnecessary torque on patella specimen

created due to misaligned anterior posterior load during the experiments.

The femoral fixture B was created to connect the femoral component and

femoral mounting A to the flexion extension cradle. The fixture was made of
stainless steel.

Patella mount A was manufactured using stainless steel. The backing of the
patella was embossed in the mount to prevent backside wear between the patella

specimen and the patella mount A. Three peg holes were drilled to ensure proper

fitting of the patella specimen in the mount (Appendix A-2). The patellae were

clipped to the patella mount A.
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Figure 2-8 Schematic drawing of femoral Mounting fixture showing
readjusting the femoral component to ensure axial load
passing through centre of patella (dotted and solid lines

showing original and final setup respectively).
Gaiters

Serum bags/bellows are flexible silicon bags provided in each assembly to
hold the serum for lubrication. The bags were taped and clipped using a jubilee clip

to the Patella mount A and femoral fixture B to contain the serum and provide
lubrication during the experimental simulations.

Drip trays were provided in the assembly to prevent leakage of the serum

from damaging the simulator bearings. These were made of DERLIN (Appendix A-
3).

Patella mount B was the connection between the Patella mount A and the

sliding bearing (Appendix A-4). The mount was manufactured with stainless steel.

The sliding bearing BM20K (Schneeberger bearing, UK) was used for articulation of
the patella specimen in the patella groove of the femoral component in the medial
lateral plane due to the 7° femoral trochlear groove. The sliding bearing consisted
of two parts, the rail and the bearing. The bearing was attached to the patella
mount B and the rail was attached to patella mount C. The mount made of stainless

steel held the rail part of the sliding bearing (BM20K). The slot provided for the rail
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had grease as a lubricant to prevent sliding bearing failure. The manufacturing

drawing is provided in Appendix A-5.

2.5.3.2 Calibration

The calibration procedure included calibration of load and motion systems
before and after every test. The calibration was started by running the simulator
without air and motor connection. Calibration key switch was inserted to put the
simulator in calibration mode. During the calibration the simulator AD output at

the display screen was recorded.

Calibration of the axial load cell

The calibration alignment jig was located in the specimen holder. The axial
force transducer was introduced into the station along with the knee simulator
load transducer. Using a compressed air supply the load was increased by 500N
from ON to SkN recording the simulator output. The axial load versus the simulator
AD output was plotted. The procedure was repeated for the 5 other stations.

These are provided in Appendix A-6.

Calibration of motion cycles

The AP calibration blocks and calibrated angle protractors were placed in the
station. Medial lateral rotation was calibrated with bespoke calibrated angles 10°,
5° 0, -5° and -10°. AD outputs were recorded for each angle. Similarly with the
calibration block, the superior inferior displacement was calibrated in all stations at
0, 10mm and -10mm. The AD output data from the screen was recorded. The
calibration factors were determined by calculating the displacement or rotation

against the AD output using the slope gradient function. These are provided in

Appendix A-6.
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Calibration of test rig frequency

The frequency of the simulator was monitored for 100 seconds using a stop

watch. The frequency should be in the range of 1.0+0.1Hz.

The calibration factors in the form of slope was determined and recorded in a
new calibration file. After the calibration, the simulator was restarted with motor

and air on. The calibration key switch was turned back to normal.

The calibration file was loaded in the software before the test started.

2.5.4 Wear Model Control Strategy

The aim of the wear model was to represent the physiological kinematics of
the patella. This section explains the importance of kinematic data combined with
normal and post patella femoral joint (PFJ) replacement data to get a control
strategy for the PF) wear model. As the kinematic data for the PFJ in gait cycle was
not completely available in literature, information from the normal PFJ gait cycle
was integrated to obtain the control strategy for the test. The kinematics used in

the wear simulation test were similar to those used by Ellison and co authors

(2008).

The majority of the patella tracking was displacement controlled. The control
of all six degrees of freedom was avoided as this would complicate the model
resulting in unrealistic joint forces (Ellison 2007). The schematic diagram of the
patella femoral joint with six degree of freedoms and the polarities are shown in

Figure 2-9. The control strategy for each degree of freedom is explained below.
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Figure 2-9 Schematic diagram of patella femoral joint showing six degrees of
freedom and polarities of each degree in simulator and human body.
(Modified from http://www.hughston.com/hha/a.extmech.htm).

Patella flexion extension rotation (Ellison 2007)

Patella flexion is dependent primarily on the quadriceps muscles and patellar
tendon and secondly on the geometry of the femur trochlear groove. It was
necessary to control this degree of freedom as it was not totally controlled by the
femur trochlear groove. The flexion extension data presented (Figure 2-10) by
Ellison and co authors (2008) and Halloran et al. (2005) was used in the control

strategy of the present study due to the same condition being tested. As the test
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condition was a standard gait cycle, the flexion extension profile detailed in Ellison

et al. (2008) was the most suitable.
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Figure 2-10 Control waveform for patellar flexion during gait (Halloran et al. 2005; Ellison
2007).

The difference between the current study and an earlier study (Ellison et al.
2008) was the starting point of the FE cycle. The FE cycle started from 0° in the

present study.

Patella shift (Medial lateral displacement)

The controlling factor in the patellar shift is the ‘Q angle’, the angle formed
between the quadriceps and patellar tendons. As the knee flexes, the quadriceps
muscles produce force in the lateral direction. So patellar shift is dependent on the
Q angle and articular geometry. This degree of freedom was not controlled.
Lafortune and Cavanagh (1987) reported a patellar shift of 2 mm laterally and 8
mm medially during a normal knee gait cycle. Halloran et al. (2005) reported the
variation of patellar shift for TKA in the Purdue knee simulator was less than 1 mm.

The translation was passively controlled, depending on the femur geometry. In
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Ellison’s study (2008), the medial lateral displacement was restricted to 1mm.
However in this project, this constraint was overcome and a maximum of 10 mm

translation was allowed on both sides, lateral and medial.

Patella tilt (medial lateral tilt)

The tilt was not controlled. It was a passive motion dependent on articular
geometry, load applied due to body weight and the ML translation. The torque
imposed by the patella was considered the least important compared to the other
actively controlled degrees of freedom (Ellison 2007). Further, to control this
degree of freedom would have over constrained the model. So this factor led to
passive control of this degree of freedom as per the previous study on wear by

Ellison et al. (2008).

Superior inferior patellar displacement (Ellison 2007)

The superior inferior translation of the patella is considered as the result of
flexion angle and forces imposed by the quadriceps and patellar ligaments
constraints. Therefore it was considered as an active degree of freedom to be
controlled. Halloran et al. (2005) studied the gait cycle after TKA; the control
strategy for patellar superior translation is represented in Figure 2-11. The data for

this degree of freedom was adopted from Ellison due to the similar nature of the

study.
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Figure 2-11 Control strategy for superior patellar translation in the wear model (Ellison
2007).

Patellar rotation (Medial lateral rotation)

Patellar rotation depends on tibia-femoral kinetics. This degree of freedom
needs to be actively controlled. The control waveform is shown in Figure 2-12.
Halloran et al. (2005) and Zachman et al. (1978) stated that the maximum rotation
from the Purdue knee simulator was 19. This computational model was verified
using data from experimental simulation using two cadaveric knees by Zachman
and co authors (1978). The waveform used in this wear study was taken from
Lafortune and Cavanagh (1987) and modified to obtain a maximum patellar
rotation of 12. To investigate the effect of patellar rotation on wear rate and
kinematics, the rotation was increased by a factor of 4, producing a ‘high
kinematics’ condition. The previous investigator (Ellison et al. 2008) investigated
the effect of lower patellar rotation on wear rate. This is the first study to consider

the effect of patellar rotation and higher kinematics on wear rate.
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Figure 2-12 Control strategy for patellar rotation in the simulator wear model (Ellison et
al. 2008). Dotted and solid lined denote low and high medial lateral rotation for
physiological and high kinematics wear simulation test.

Axial load (anterior posterior patellar force)

Gill and O’Connor (1995) investigated the patella femoral forces during the
gait cycle and described a maximum compressive load of 1.4 +/- 0.2 times body
weight acting at 29 +/- 0.2 2 knee flexion during the peak of stance phase. Zavatsky
et al. (2004) stated that patella-femoral compressive force increased with knee
flexion below 60 ¢ of tibia flexion and the force was highest when the leg was
under the action of full body weight. Therefore, control strategies of anterior force

for a wear model incorporating all the known factors are (Ellison et al. 2008)
- Force increases from heel strike to peak of 1.4 BW at 29 +/- 0.2 2 (A).
- Decrease from peak with increase in tibia femoral joint flexion (B).
- Second increase in stance phase with increase in knee flexion (C).
- Reduction from second peak till Toe off (D).
- Increase in reduction after peak of knee flexion (E).
- Sudden increase in force to heel strike.(F)

The control strategy of anterior patellar force for the wear model is shown in Figure

2-13.
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Figure 2-13 Control waveform for axial force (Ellison et al. 2008).

2.5.5 In Vitro Kinematic Measurement

2.5.5.1 Calibration

The calibration of a linear variable direct transducer (LVDT) (RDP Group CE
S7M Transducer, Wolverhampton, UK) and potentiometer was required for
determination of the translational and angular displacements obtained using an
oscilloscope (Tektronix TDS 210, Florida, USA) with respect to voltage respectively.
As the LVDT and potentiometer were connected to the output in voltage, defining

the relation between voltage and displacements were necessary.

The LVDT was calibrated using slip gauges. Slip gauges were introduced from
0 to a maximum of 5mm with an increment of 0.5mm. The change in voltage due to
the addition of the slip gauge was recorded through the oscilloscope. The
potentiometer was calibrated by checking the voltage corresponding to angles
ranging from 0 to a maximum of 5° in clockwise and anticlockwise directions at 0.5°
increments. The angles were monitored using a protractor. The voltage

corresponding to an increase in angle was recorded and plotted against voltage.
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2.5.5.2 Analysis

The input motions (Axial/AP load, FE rotation, ML rotation and Sl
displacement) were directly observed using the simulator output. The output in
form of ML shift, AP displacement and ML tilt were measured directly. As wear is
proportional to sliding distance and cross shear (McEwen, et al. 2005),
measurement of these motions was required and these motions were important

inputs for the determination of wear in the computational model.

The ML shift and AP displacement data were recorded with an oscilloscope
using a LVDT transducer. The tilt was obtained using a potentiometer and was
recorded with an oscilloscope. Three measurements every million cycles for every
station were performed and plotted with respect to time. These plots were later
compared with the computational kinematic model as explained in Section 2.7. The
tilt was plotted against wear volume change and linear correlation (R square) was

performed.

2.5.5.3 Statistical significance
The output from each station and specimen was compared among stations
and specimens. A student t-test was performed to check the significance between

stations and specimens (p<0.05).

2.6 Procedure of Operating the Wear Simulator

The temperature of the surrounding environment was maintained constant at
20°C. Liao et al. (2003) have reported that with higher temperature, the boundary
lubrication property of the serum reduces as the protein content precipitates

thereby, increasing wear. Hence, the temperature was kept closer to the room

temperature.
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2.6.1 Specimen Preparation

2.6.1.1 Before the test

The femoral component and polyethylene specimen were first etched with
identification numbers. Following marking they were cleaned with detergent
solution. Ultrasonic cleaning of component and specimens were employed with
iso-propanol/ water solution to clean the remaining contamination (Leeds Standard
operating procedure). The polyethylene specimens were then placed in distilled
water for a minimum period of 2 weeks to stabilise the water absorption in
polyethylene. Two days prior to the test, the specimens were cleaned following the
above standard operating procedure. Immediately after cleaning, the specimens
were placed in controlled temperature and humidity conditions for 48 hours for

stabilising.

Femoral components cemented to the mountings were cleaned using iso-

propanol solution prior to the test as described in Chapter 2 Section 5: Station

Assembly.

2.6.1.2 During the test

Serum was changed every 333,333 cycles. Serum was disposed or collected
out of the bags before cleaning. The patella specimen, femoral components and
their respective mountings were washed in a detergent to remove serum
contamination. They were further soaked in Trigene for 10 minutes. Following
soaking, the specimen were rinsed and dried with tissues and wiped clean with
70% iso-propanol/water solution before assembling it for the next third of a million

cycles run as stated in standard operating procedure (Leeds Standard operating

procedure).

2.6.1.3 Measurement intervals

After a million cycles were completed, the components and the mountings

were completely disassembled. The serum obtained from the last third of a million
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cycles was stored in containers for potential wear debris analyses. The patella
specimens and femoral components were initially cleaned with detergent solution
followed by soaking in 10 minutes with Trigene solution. Following soaking all the
steps were repeated as described in earlier section. In addition, the patella

specimens were cleaned in ultrasonic bath as described in Section 2.6.

2.6.2 Gravimetric

Gravimetric measurement technique is the most standard method of
measuring mass loss of UHMWQPE in wear simulation (McEwen et. a/ 2001; Affatato
et al. 2002; D'Lima et al. 2003). In this test, the loss of mass was measured
gravimetrically using a Mettler AT201 digital balance (Mettler Toledo Inc.,

Columbus, Ohio, USA) with resolution of 0.01mg (Davidson 1999).

2.6.2.1 Calibration

Calibration of the Mettler balance was performed annually to UKAS standard.
Calibration was verified at each measurement point by using a cylindrical metallic
specimen with known mass. The metallic specimen was used as a calibration

specimen as moisture has no effect on the change in mass of the specimen.

2.6.2.2 Test specimen

The specimens were measured before starting the test and after a million
cycles as specified in standard protocol for polyethylene (Standard Operating
Procedure, Leeds University). To compensate for the error due to absorption of
liquid, two soak specimens were included. The soak specimens were kept under
same control temperature and fluid level as in the experiment. Soak and test

specimens were measured until five readings with difference of 150ug was

obtained.
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2.6.2.3 Analysis

The equivalent volume was calculated by using the density of medical grade
polyethylene for patella specimens (ppo=0.935kg/mm3). After the volume has been
calculated for the patella specimen, the soak volumes were subtracted to get the
actual volume independent of soaking. The volumes before and after the test were

calculated based on equation 1 below.
Volume; = Mass; x density............... .. (1)

Where, i signify before or after the test, density is the pyo and mass is

measured using AT201 digital balance.
Loss in volume (mm3) was calculated by,
VOIUme loss = VO'Ume before = VOlume aftersesses ee (2)

The volume loss from the entire test was added to obtain cumulative volume
loss for each specimen. The cumulative volume loss over the million cycles was
plotted against number of cycles. Wear rate was calculated using gradient of
cumulative volume loss over number of million cycles for all specimens. Mean wear

rate was calculated based on five specimens with 95% confidence limit using slope

function.

2.6.2.4 Statistical significance

One way ANOVA student t-test (p value) was conducted between different
condition and tests to check the significance with significance taken at p<0.05. 95%
confidence limits of the volume of all specimens after every million cycles was

calculated.

2.6.3 MicroCT

Micro Computed topography (MicroCT), as shown in Figure 2-14, is a
technique using x-ray to create three dimensional geometries. It was found the

most reliable and accurate approach to determine the volume of retrieved
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acetabular liners (Bowden et al. 2005; Bills et al. 2007). The MicroCT used in this

investigation was a Scanco MicroCT80 (Scanco Medical, Busserdorf, Switzerland).

Figure 2-14 Scanco MicroCT80.

2.6.3.1 Calibration

The calibration for the scanner was performed weekly using calibration of
phantom (QRM Quality Assurance in Radiology and Medicine, Germany). The
phantom consists of five cylindrical inserts of various densities of calcium
hydroxyapatite (CaHA). It was used for calibrating in vivo and in vitro polyethylene
specimen. The densities found from the scan were compared with manufacturing

specifications.

Threshold is the most important factor in image analysis (Ding et al. 1999;
Fajardo et al. 2002; Hara et al. 2002; Kerckhofs et al. 2008). Threshold is defined as
the number which differentiates the specimen from the background. The number is
important for calculation of body mass index, volume and density. The threshold
changes with variation of geometry, shape and light intensity. Using phantom
calibration, the fixed value of threshold was not acceptable during scans based on
past investigations (Kuhn et al. 1990, Sips et al. 2008). Hence, a methodology of
calculating threshold at each scan was required. A calibration process during every
scan was employed involving scanning a cylindrical polyethylene specimen with
known volume of 936 mm’> with every patella specimen. This volume was
calculated in Image processing language (Scanco Medical Module, version V5.01a);

an in-built software available in MicroCT. All the patella specimens were scanned
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with a known calibration polyethylene specimen to ensure the threshold values for
estimation of volume remained consistent with each scan. Based on known volume
of cylindrical polyethylene specimen, a threshold was calculated. This threshold

was then used for calculation of volume for all the patella specimens.

2.6.3.2 Test specimen

Prior to the measurement process in the MicroCT, the sample was measured
gravimetrically. The MicroCT scans were taken at standard resolution of 36pum with
the use of a 1024 x 1024 plane image matrix at 70kVp and current 114pA. Other
settings (different current and voltage settings) were tested to identify the
sensitivity of current and voltage settings in distinguishing the background and
specimen. However, the 70kVp voltage and 114pA current were the best settings
found from the sensitivity analysis. The samples were placed in poly (methyl
methacrylate) specimen holder and positioned using packaging with foam to
ensure stability during scans. The scans took approximately 90 minutes each and a
minimum of 5 GB storage space. A scan of the sample was performed using X-rays
which were assembled after the scan to be reconstructed into three dimensional

greyscale images.

2.6.3.3 Volume Analysis

Volume Calculation

Image processing language (IPL) software was used for calculation of
specimen volume, body mass index and density. For the current investigation,
volumetric measurement was important. Using the IPL the volume of the sample
was calculated by selecting the region of interest in the two dimensional slice. The
threshold parameters and scaling values (sigma and support) were selected based
on the greyscale image. The ‘threshold’ value was selected such that the pixel of
the sample defined was classed as part of the object material. Everything apart
from the pixel was considered as background and thereby removed from the

volume calculation. The ‘threshold’ used was a user defined parameter; adding or
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removing led to addition or deletion of pixels from the object boundary and hence
affected the volume calculation. The threshold was an important factor which
distinguished the specimen from the background. The other software parameter,
Gaussian filters (sigma 1.2 and support 2), were selected to evaluate smoothing of
the image noise (Eckhardt et al. EORS abstract, 2002; Wong et al. 2007; Ding et al.
2011). The scanning and analysing processes are illustrated in Figure 2-15 and the

IPL commands are summarised in Table 2-1.

The in vitro specimens were scanned before and after the experimental
simulation. Volume was calculated using IPL and the volumetric difference for each

condition was plotted with reference to the gravimetric analysis.

Specimen specimen
1
Scan slices
reconstructed :

Example of
¥ reconstructed
2D slice

Polyethylene  Black =0 White = 1000

identified by rom | ey

Everything in this
Wireshold Background ran::;e=?3bject Background
Lower threshold  Upper threshold
Volume

Example of
reconstructed

3D image

Figure 2-15 Schematic diagram of MicroCT procedure (Vicars et al. 2009).
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Table 2-1 IPL commands for direct volume measurement

Step Commands Description

1 isqg_to_aim Converts *.I1SQ file to *.AIM file
2 write (aim) Write *.AIM to disk

Uses a ‘.gobj’ file and cuts away the part of image not required to be
3 gobj

analysed

Segments the image based on threshold value. Below the threshold

4 gauss_seg value is the image is background and above the threshold value the
image is the object/specimen.

Extracts the largest volume from the segmented image. It removes

5 cl_ow_rank_extract
and unattached particles.
Summarises the output in form of largest volume obtained after

6 examine

segmentation.

2.6.3.4 Analysis

The total specimen volume was obtained from IPL in MicroCT. The volume
obtained was plotted against gravimetric volume to assess the linear correlation
between the two. The volume loss was calculated by subtracting the volume of the
specimen after every million cycles from the original unworn volume. The mean

volume was calculated from all five specimens and presented with 95% confidence

limit.
2.6.3.5 Statistical significance

The total volume of each specimen and the volume loss during the
experimental simulation presented in meant95% confidence limit were compared
with gravimetric measurements. The comparison was presented in linear
correlation (R square). In addition, student t-test was conducted to check the

significance between the results for p<0.05.

2.6.4 Geometrical Measurement

A co-ordinate measuring machine (CMM) (Legex 322, Mitutoyo) measured

the specimen geometry producing a point cloud with a probe of size Imm. The
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resolution of this CMM was 0.01um (Mitutoyo Legex 322 Catalogue). This method
did not register the influence of fluid uptake or embedment of bone or metals. As
this method depended on the surface, any creep deformation on the specimen
surface was included in the measurement. Only a perfect spherical specimen could
be analysed with the post processing software available (SR3D, Tribosol), which

meant that the measurement was limited to spherical shaped patella buttons.

2.6.4.1 Calibration

A calibration was performed before every set of measurements with a
ceramic calibration ball. Four points on the periphery were taken to calculate the
probe dimension. Any error in the probe dimension was included in the specimen

measurements.

2.6.4.2 Test specimen

The test specimens were cleaned with iso-propanol solution and dusted with
compressed air to remove dust particles. Immediately after cleaning they were
placed in the stainless steel holder as shown in Figure 2-16 for measurements. The
holder had three peg holes to hold the patella with diameter *+ tolerance as

7mm0.2mm.

Guiding
holes (3)

—Fop Surface

holes (3)
~ Patella

Figure 2-16 Holder for patella when used in CMM or Talysurf measurements.
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The probe first selects the datum based on the three guiding holes of
4mm10.2mm diameter t tolerance and the top surface S50mm+0.2mm length *
tolerance from base. Once the datum was selected, the axis and the top point of
the sample were identified considering the sample to be perfect sphere. Thirty six
traces each of 48 points were measured around the patella i.e. every 10° a trace
was taken from the centre to the edge. The points were stored in the form of co-
ordinates in a ‘.dat’ text file. This method was used for both in vitro and explants

volumetric calculation.

2.6.4.3 Analysis

The volume measurement analysis was carried out with SR3D software
(Tribosol Ltd Pontefract, UK). The software read and created a surface based on the

stored co-ordinate points from the ‘.dat’ text file.

There were two different ways to calculate the volume loss of any in vitro
samples or retrievals. They were either comparing the surface of whole specimen
with complete pre-wear surface (known as reference comparison) or by creating a

surface based on an unworn part of the specimen (known as unworn surface). Both

these methods are explained below.

Comparison with pre-wear reference specimen

This method was applicable only for in vitro specimens with known pre-wear
data. A pre-wear specimen was the reference and compared with worn specimen

in SR3D software; the loss in volume was hence calculated.

Comparison with unworn surface

This method can also be used for explants or retrievals where the pre wear
data was not available. This method used an unworn region for the ‘reference’. The
unworn region was taken as the reference and a nominal sphere was generated
through surface-fit as shown in Figure 2-17. As shown in Figure 2-17, the white
mesh/patch defined the area of reference. The olive region was the region of the

worn surface. A complete nominal sphere was created based on the non olive area.
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The difference between a nominal surface and surface was the volume change of

the specimen.

step3-1
{contours shown relative to nominal sphere)
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Figure 2-17 A typical wear scar of explants. The olive region is the region of interest and
the white mesh depicting the unworn surface for reference.

The white mesh considered for creation of the nominal surface should

completely cover the unworn region to accurately determine the volume.

The volume changes obtained from the two methods (MicroCT and CMM)

were plotted against the gravimetric volume change.

2.6.4.4 Statistical significance

The total volume of each specimen and the volume loss during the
experimental simulation presented in meant95% confidence limits were compared
with gravimetric measurements. The comparison was presented in linear
correlation (R square). In addition, students t-test was conducted to check the
significance between the results for p<0.05. A linear correlation between the two
CMM methods and gravimetric was calculated. The two CMM methods were

checked with student’s t-test against each other.
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2.6.5 Pycnomatic ATC

The helium Pycnometer used in this investigation was a Pycnomatic ATC
(Thermo Finnigan Italia S.p.A, Milan, Italy) as shown in Figure 2-18. The device
consisted of a sample chamber, an alphanumeric keypad to introduce the data
related to calibration, analysis and sample. The digital display provided the

information and procedures for the analysis.

Volumetric measurement using Pycnometer has been validated in the past for
metallic and composite particles (Keng 1970; Viana et al. 2002; Lievers et al. 2007)
but not for polyethylene. This work considered the validation of the volume
measured with Pycnometer with the gravimetric measurement. The resolution of

the Pycnomatic ATC was 0.01mbar.

Sample Chambers

Digital Display

Alpha-numeric

Keypad

Figure 2-18 Image of Pycnomatic ATC helium gas Pycnometer (Pycnomatic and
Pycnomatic ATC Instruction Manual 2007).
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The aim of this investigation was to use the Pycnomatic ATC for volumetric

measurement and compare with gravimetric measurements as a means for

validation.

Pycnomatic ATC used 99.995% pure helium gas for the measurement of the
volume of the sample by measuring the pressure change of helium in a calibrated
volume based on Boyles pressure volume law (PV=constant). The schematic block

diagram of Pycnomatic ATC is shown in Figure 2-19. The main components of the

Pycnomatic ATC are
° reference calibrated volumes (Vr, Vryand Vry, = Vr + Vry ).

° three different calibrated volume reducers to analyse chamber volumes (Vc

extra small, medium, large and extra large).
° absolute pressure transducer.

e three temperature sensors.

. a temperature control device to maintain constant temperature throughout

the parts in contact with the helium gas.

Reference Chamber [I
< ><}—

Absolute
Pressure Sensor

=2
i 3
¢ Z V.
2 o Reference Chamber [ ] ; g Sapll
s Vq 2 ? > V,
- i (=9
: I |
<t ' Voun
Gas 1 4 Sample Chamber
Input
o’ Output Valves 5 X 6
5 Restrichion :’5:
[- = 6 MB-Connection l (i,
B ——— PR S i Gas é
The following elements are i Vent to L) Outplét
temperature controlled: {__ atmosphere | o :
- All Reference Chambers '
- The Sample Chamber External ‘ i
- The Pressure Sensor Vacuum-Pump | VP ‘;,_._._.._’
(optional)  ™--

Figure 2-19 Schematic block diagram of Pycnomatic ATC (Pycnomatic And Pycnomatic ATC
Instruction Manual 2007).
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2.6.5.1 Calibration

The calibration was performed by inserting a calibrated ball in the chamber
(60cc). The volume of the ball was inserted in the digital display. The chamber was
closed to begin the cycle. The cycle started with helium passing through the system
to remove atmospheric gas. The reference volume (Vr) was loaded with helium at
an absolute pressure of 2bar higher than atmospheric pressure (Pycnomatic And
Pycnomatic ATC Instruction Manual 2007). The pressure value (Pr) was recorded at
this stage at a stable temperature. Valve 4 was opened and the helium gas
expanded to the chamber volume (Vc) from Vr. The helium reached a pressure
which was equivalent to the function of the empty space between the sample and
the sample chamber. The pressure of the chamber (Pc) was recorded when the
temperature was stable. Finally gas was discharged through valve 6. The Chamber

Volume was calculated using equation 3

Pc+Ve = PrxVr

The difference in Vc and the empty chamber volume gave the volume of the
sample. The comparison to the volume obtained and the volume of the ball

imported earlier was the error of the machine which was accounted for in further

measurements.

2.6.5.2 Test specimen

The test specimen was first cleaned with iso-propanol solution and dusted

with compressed air.

At the beginning the sample was placed in the sample chamber
corresponding to the size of the specimen’s diameter. The procedure similar to
calibration was repeated five times. The average volume in the Pycnomatic ATC

was displayed in the digital display after five successive readings.
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2.6.5.3 Analysis and statistical methods

The volume change calculated from the Pycnometer was plotted with
gravimetric volumetric measurements. A linear correlation was found. The volume
of worn and unworn specimens was compared by students t-test analysis. The
statistical approach (p value) was employed to evaluate the significance between
the volume calculated by gravimetric and Pycnomatic measurements. A value of

p<0.05 was deemed significant for the comparison (Lievers et al. 2007).

2.6.6 Surface Topography Measurements

Form Talysurf (Rank Taylor Hobson, France) is a contacting profilometer for
measuring surfaces with 3.2nm resolution. Talysurf can be used over a small area
depending on the range of movement of the stylus. The surface texture plays an
important role in the wear process (Affatato et al. 2002). To understand the
difference in surface in terms of deformation and roughness, Talysurf profile
measurements were taken. Roughness measurements are required to evaluate the
specimens for accepted roughness level. In the case of orthopaedic implants, the
accepted standard value is 0.1um for CoCr femoral components (ISO 7207-2:2011).
After the test these measurements were required to determine the change in
surface texture and relate these to the wear measurements. The following surface

parameters were investigated before and after the wear test simulations:

Peak roughness (Ry): The roughness corresponds to the highest peak in any

sampling length as shown in Figure 2-20.

Valley roughness (R,): The roughness corresponding to the highest valley in a

sampling length (Figure 2-20).
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Figure 2-20 Profile showing peak and valley roughness over a sampling length. (iSO
4287:1997)

Average roughness (R,): R, is the arithmetic mean of deviation of profile from
the average mean line within a sampling length (Flitney and Brown 2007). The
average roughness is derived as shown in Figure 2-21, the mean height of the

roughness profile from the mean line is termed as R,.
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Figure 2-21 Profile showing average roughness over a sampling length (Flitney and Brown
2007). L: Sampling length

Skew roughness (Rs): R is @ measurement of skewness. It signifies whether
the surface is filled with peaks or valley or combination of both. A surface with
peaks is considered positive skew and with valleys has negative skew roughness

(Flitney and Brown, 2007).

2.6.6.1 Calibration

External calibration was performed annually by Talysurf. A Calibration check
was performed using the stylus travelling in the measuring direction on a calibrated
spherical ball to make contact at all points. The profile obtained determined the

state of damage (if any) in the stylus. Calibration check was performed before

every set of measurements.

Gauge linearity in terms of average roughness parameter (R,) was calculated
by measuring over a factory calibrated R, patch. The variation of Ra from the

measurement and the patch showed the accuracy of the stylus.

2.6.6.2 Test specimen

The test specimens were initially cleaned with iso-propanol solution and

dusted with compressed air to remove dust particles.

Femoral Component
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The highest point on the medial condyle of the femoral component was
located as shown in Figure 2-22. This point was taken as the reference for all
measurement. Five traces 25mm long of surface texture analysis were taken at
spacings of 5mm in the inferior and superior direction as shown in Figure 2-22. The

traces were saved in RAW format for analysis.

Highest Point on Highest Point on
3Mediat Condyle 3 Medial Condyle
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Figure 2-22 Surface texture analysis of a femoral component during measurement in
Talysurf (Ellison 2007)

Patella Component

The patella was mounted on a fixture as shown in Figure 2-5 and placed
under the Talysurf probe such that the patella wear scar was placed in the bottom
half. The centre of the patella was obtained through the guiding holes present on
the surface of the patella fixture. The centre of the patella was the reference for all
the measurements. Four traces (three horizontal and one vertical trace) of 30mm

length were taken as shown in Figure 2-23. The horizontal traces were taken every

9.5mm. All the traces were saved in RAW format.

N /2
<
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== gm

4

Figure 2-23 Surface texture analysis of a patella component during measurement in
Talysurf (Ellison 2007).
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2.6.6.3 Analysis

The RAW file (Figure 2-24) was analysed using LS arc for roughness calculation

for femur and patella (Figure 2-25). Figure 2-25 shows the roughness parameters

(Ra, Rsk, Rp and Rv) for a patella specimen. The deformation or the wear depth in

patella was important and was calculated based on the RAW file using a primary LS

arc (Figure 2-26).

5000 5000

4000 4 - 4000

30004 7 £3000
5

2000 3 - 2000

» 1000 / 1000

£ /

@ 1 S Y ] e e Ll i ED

; /

E 1000 7 1000
20004 2000
30005 3000
4000 4 4000
5000 g 5000

1 !" 1 1

1 1 U T I T

1 T T T I I 1
2 34 3% 3B 40 42 44 4% 48 S0 52 54 5 58 60 62 64 B6 BB 0 72
millimetres

Figure 2-24 Raw file for patella specimen from the Talysurf profilometer.
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Figure 2-25 Roughness parameters for a patella specimen from the Talysurf profilometer.
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Figure 2-26 Deformation for a patella specimen from the Talysurf profilometer.

Femoral component

The surface texture was calculated based on LS arc with 0.25mm cut-off
Gaussian filter and 100:1 bandwidth. The cut-off arc was based on the values of R,
after comparing with data of Table 2-2. The roughness (R;) of the femoral

component was obtained by averaging all the traces in the component.
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Table 2-2 Recommended cut-off length (1S0-4287, 1997)

Non Periodic Profiles (Ra pm) Cut-offs (mm)
(0.006) to 0.02 0.08
>0.02t00.1 0.25
>0.1to0 2 0.8
>2to0 10 2.5
>10to 80 8

Patella component

Surface parameters and profiles were recorded for each trace. Both the
analyses were calculated based on LS arc with 0.8mm cut-off Gaussian filter and
100:1 bandwidth. The cut-off Gaussian filter was based on Table 2-2. The surface
profile was used for determining the change in deformation of the patella sample

before and after every test condition.

2.6.6.4 Statistical significance

The roughness parameters were expressed as mean (n=5) + 95% confidence
limits before and after the test. Comparison of the roughness parameters of
retrievals and simulation specimens were made using students t-test. Students t-
test was also employed for analysis between roughness parameters between every
experimental condition. The comparison was deemed significant with p<0.05.

Linear correlation (R square) plots between the roughness parameters and time

were calculated.

2.6.7 Two Dimensional Measurements (Wear Area and Wear Grading)

Two dimension measurements included measurement of wear scar area,

percentage of area in quadrants and location of Centroid. These are important
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characteristics when determining the shape and location of wear scar area as a

comparison between in vitro specimens and retrievals.

2.6.7.1 Test specimen

The specimens (in vitro and retrievals) were initially marked with non
permanent ink marking the boundaries of the wear scar. The specimens were
divided into four quadrants so that medial, lateral, inferior and superior quadrant
covered a fourth of the total area as shown in Figure 2-27. The marked specimens
were captured in ‘JPEG’ format using a camera (Cannon SLR 80). The captured

pictures were then imported in Image ProPlus (MediaCybernetics, MD, USA).

2.6.7.2 Calibration

Calibration of the images was performed using the scale present in the JPEG
images. A line was drawn and total units defining the length of the line from the
scale was added in the calibration system. All the specimen were calibrated

separately.

Figure 2-27 Figure showing marking of wear scar area and division of specimen into four
equal quadrants (M-medial, S-superior, I-inferior and L-lateral).
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2.6.7.3 Analysis

The analysis included marking the boundaries and calculating the total wear

area and wear spread along different quadrants as described below:

Wear area

The wear area was calculated of the selected wear scar area in Image ProPlus.
The wear scar area was measured three times for each specimen and represented
as mean area in mm? and percentage of the total surface area (%). The wear area

for all the specimens during the test was plotted against number of million cycles.

Percentage of wear area in quadrants

Similar to wear scar area, area spread over four quadrant was calculated
individually in Image ProPlus. The areas in each quadrant for in vitro specimens

were recorded for comparison with retrievals.

Centroid of wear area

Centroid of the wear scar was calculated in Image ProPlus. The unit for
representation was mm. The position of centroid determined the position and
spread of the wear scar on the surface area of the specimen over the quadrants. A

typical centroid for a specimen is shown in Figure 2-28
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Figure 2-28 Position of centroid (star) in a patella
specimen

2.6.7.4 Statistical methods

The mean area for all the in vitro specimens was presented with respect to
the number of million cycles and the linear correlation (R square) was calculated.
The wear scar area from the in vitro simulations was compared to the retrievals

wear scar area to predict the validity of the in vitro simulations.

The distribution of area in every quadrant was compared with students t-test
for significance. The variation of the area was plotted against time to investigate

the gradual increment of area with time.

2.6.8 Wear Characteristics and Grading

The wear scar area was visually inspected and categorised for varied wear
properties (Hood et al. 1983). The boundary of the wear scar area was marked

using a non permanent marker.

The whole specimen was divided into four quadrants to ensure that the area

in all quadrants remained constant as shown Figure 2-29.
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Figure 2-29 Schematic plot of division of the total area in four quadrants and marking the
modes of wear degradation.

Seven modes of surface degradation were considered here namely,
deformation, pitting, embedded poly-methyl methacrylate (PMMA) debris,
scratching, burnishing, and abrasion. The different regimes of wear modes were
characterised by identifying different modes of surface degradation as explained

below.

e Deformation: Deformation caused on the articulating surface due to creep or
cold flow of the polyethylene specimen.

e Pitting: Depressions on the polyethylene surface smaller in size and irregular in
shape. The sizes varied from 2-3mm across and 1-2mm deep.

e Embedded PMMA debris: Wear debris from polyethylene surface embedded
and protruded on the surface leading to rougher surface.

e Scratching: Indented lines on the surface of the polyethylene aligned parallel to
the direction of anterior posterior displacement.

e Burnishing: Wear pattern where the surface formed was smoother and highly
polished as compared to the original surface.

e Abrasion: Areas shredded due to contact with a bone
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After marking the seven modes of degradation, the surface was graded from
0-3 based on none to severe wear respectively (0- none, 1- low, 2- moderate, 3-
severe). The area was also graded based on percentage of area covered by the
degradation mode (Area in each quadrant <10% -1, 10%< Area< 50% - 2 and area>
50% -3). If a mode of degradation for example, delamination was severe in a
quadrant (3) but area spread was only 9% of the total quadrant area (1), then the
grading will be 3. If the area was less than 50% (2) however, and the delamination

was low (1), the grading was 2 (Hood et al. 1983).

All the patella retrievals were graded by three people and the score was recorded.

2.7 Multi body solid dynamics (MBSD) model

A three dimensional model of the Leeds knee simulator was created in IDEAS
NX (Siemens, Texas, US). The CAD drawing of the femur was obtained from DePuy
(DePuy International, Leeds, UK). The patella specimen was scanned before and
after the experimental simulation in MicroCT and images in form of ‘dicom’ files
were exported. The image files were imported to SCANIP (Simpleware software, IN)
directly to MSC Adams/VIEW R3 (MSC.Software Corporation, CA) to investigate the
variation of kinematics with a change in geometry of the specimen. The flowchart

explaining the steps from reconstruction of model in SCANIP is shown in Figure 2-

30.
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Import ‘dicom’ images

!

Segment all slices using threshold (20-255)

tool in Tool Selector Toolbox

v

Floodfill the image with threshold value (20-
255)

v

Add morphological filters of 1,1,1

v

Save and export as STL format

Figure 2-30 Flowchart depicting the procedure of
importing specimen scans from MicroCT to
Adams/VIEW for in vitro analyses.

The images in ‘dicom’ files were imported in SCANIP software for
reconstruction. The images were segmented in grey scale with minimum threshold
20 and maximum threshold 255. Anything between threshold 20 and 255 was
considered part of specimen, the rest was considered to be background and was

not included in reconstruction as shown in Figure 2-31
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Figure 2-31 Segmentation of threshold in grey scale with threshold ranging from 20-255.

The segmentation was followed by floodfilling the image to change from grey

scale to coloured image. This was required for image to be distinguished from

background at coloured scale. This was followed by smoothing the edges of the

specimen using morphological filters of 1,1,1 in x,y and z axes respectively as

shown in Figure 2-32.
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Figure 2-32 Smoothing of specimen using Morphological filters of 1,1,1.
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The model was exported from SCANIP to MSC Adams/VIEW R3 in STL format.
The procedures followed for construction of the model are briefly highlighted

below.

1. Export component and simulator design from SCANIP and I-Deas v11 NX
(EDS, USA) respectively in STL and parasolid format.

2. Import the STL and parasolid files to MSC Adams/VIEW R3.

3. Apply constraint, inertia, friction and material properties.

4. Simulate the model under simulator control strategy. Force and
displacement feedbacks for patella were used as the actual input profiles
for the computational model.

5. Sensitivity analyses of the output (tilt and AP displacement) were carried
out by varying frictional coefficient (0.01-0.1), time steps (100-1000) and
percentage of input kinematics (95-105%).

All connecting fixing links between the fixtures/parts were modelled as
perfect unions. No additional movements were observed between the fixtures, this
assumption was an ideal case which makes the model simple for analysis. The
revolute links and translational links were considered frictionless for simplicity. The
station centre of gravity and the moment of inertia were measured from the
fixtures in Leeds knee simulator using weighing balance (KERN FTB 35K1, Eyholz,
Switzerland) and applied to the model. Contact parameters were obtained from
the previous investigation by Ellison (2007). Loading-unloading tests were carried
out in a servo-hydraulic universal testing machine with a maximum force of 1.2kN.
Parameters for the model were stiffness coefficient = 5702 N/mm, force coefficient
= 1.9, damping coefficient = 35.4 N/mm and displacement at 1.2kN = 0.4333 mm
(Ellison 2007). Tri-pin on disc tests has shown the friction was independent on
sliding velocity ranging from 35 to 240 mm/s (Fisher, et al., 1994). Stiction velocity
and dynamic velocity were fixed to 35 mm/s and friction coefficient to 0.04
between patella and femur surface (Godest et al. 2002; Halloran et al. 2005).
Model sensitivity for different frictional coefficients (0.01-0.1) and number of steps
were considered. The sensitivity to 5% change in input kinematics was considered

to get a range of output profiles and dependency on inputs.

The assumptions to simplify the model are listed below.
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1. All bodies were considered to be rigid

N

Patellofemoral contact was represented as spring damping element based on
simple elastic impact algorithm.

All joints had zero friction except the patellofemoral joint contact.

All fixtures were manufactured without consideration of tolerance.

There was no material loss due to surface wear.

o v os ow

All materials were considered to be homogeneous.

2.7.1 Calibration

Calibration was performed by linking the outputs from the computational
model to experimental simulation at constrained ML displacement. The outputs
were matched by changing the load acting on the lateral side of outer cradle which

represented the ligament load.

2.7.2 Analysis and Statistical Significance

The output kinematics in form of ML tilt, AP displacement and ML shift were
plotted against percentage of gait cycle. Students t-test was performed between
the experimental simulation output and computational kinematics for significance
(p<0.05) at uncontrolled ML shift. The change due to geometry of the specimen

were analysed and significance between worn and unworn specimen were

investigated.

2.8 Retrieval Analysis and Measurement Techniques

This section describes the investigation of evaluating the wear characteristics
of retrievals. Retrieval characteristics are required to relate them to in vitro wear

characteristics.
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2.8.1 Retrieval Preparation

The explants were obtained from surgeons from various hospitals as detailed
in Section 2.3. After removal the retrievals were sterilised by soaking in 10% neutral
buffered formalin for a period of 48 hours. Following soaking the retrieval
specimen were cleaned for tissue using detergent solution. Following the
procedure, the specimens were passed on to the university. The same procedures
were followed in the university. Finally, the specimens were cleaned with iso-
propanol solution and left to dry for 48 hours at controlled temperature prior to
the measurements. During handling, care was taken to avoid damage to the

retrievals.

2.8.2 Measurement Techniques

As the pre wear data for the retrieval specimens was not known, the
specimen volume was measured using the CMM as detailed in Section 2.6.4. The
surface analysis was performed in Form Talysurf as reported in Section 2.6.6. The
wear scar analysis and area calculation were performed as described earlier in

Sections 2.6.7 and 2.6.8.

2.8.3 Analysis and Statistical Significance

After the measurements, the volume change was compared with the in vitro
specimen for justification of the experimental simulations. The data obtained from
both retrieval and experiments analyses were compared using Student t-test. The
wear depth and roughness were linearly correlated (R square) with number of
implant years. The CMM images for oval and round dome patella were compared

with the in vitro specimens for modes and locations of wear.
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Chapter 3: Computational Modelling of Patella Femoral Kinematics

during Gait Cycle and Experimental Validation

3.1 Introduction

Investigation of the in vitro kinematics using computational modelling and
validation against experimental studies is detailed in this chapter. A computational
model can provide robustness in the design before manufacturing thereby reducing
the development time and cost associated with manufacturing. The other benefits
are the prediction of kinematics associated with different designs and possible
explanation of the change in contact between the mating specimens in situ, which
are difficult to understand in vivo or in vitro. This validation also acts as an

important step towards the development of a wear model.

The aim of the investigation was to formulate a computational model to
predict the patella femoral kinematics and validate it using experimental results.
Further, the objective of the current study was to evaluate an explicit kinematics
study (computational and experimental) for predicting the motion between
round/oval dome patella and PFC sigma knee at two femoral radii of rotation
during constrained and uncontrolled medial lateral (ML) displacements. The

detailed objectives for the computational model are listed as follows.

1. Design of the femur and patella mounting in accordance with the existing
knee simulator.

2. Adopt the control strategy by Ellison and co authors (2008) and modify as per
the simulator specifications.

3. Modelling for kinematics at different femoral radii of rotation and validating

against experimental results. This supported the rationale for choosing the

radius for the simulator studies.

4. Modelling for kinematics for worn and unworn patella buttons and comparing
with experimental results. The controlled motions for the computational

model were axial load, superior inferior displacement, flexion extension and
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medial lateral rotations. The medial lateral tilt, medial lateral and anterior

posterior displacements were passively controlled.

5. Predicting and comparing the kinematics of different shapes of patella button

- round and oval dome.
6. Comparing the kinematics output with previous listed sources of data.

7. Sensitivity analysis of the kinematics for specific changes in the control

strategy.

3.2 Materials and Methods

The materials used in the modelling purpose are detailed in section 2.7. The
design of mountings and fixtures are listed in Chapter 2 Section 5. The control
strategy for the computational and experimental analyses is shown in Figures 2-10
to 2-13. The kinematics profile used was chosen to represent the physiological
behaviour of the patella during the complete gait cycle. All the input data were
displacement control except the axial load or anterior posterior load with closed
loop feedback acting through the centre of the patella. This was needed to avoid
over constraining the model which can result in unrealistic joint loads. The control
of axial load as force controlled had an additional benefit of controlling the contact
force between the mating components as outlined in Archard’s wear equation
(Archard 1953). Two radius of rotation R; and R; (Figure 3-1) were used for
experimental and computational models to investigate the change in kinematics at
different radii of rotation. The radius of rotation R; was taken on the basis of the
inner groove dimension where the patella articulates with the PFC sigma knee.
Another radius of rotation R, considered in this investigation was based on that of
a previous investigator (Ellison et al. 2008). The radius R, was taken as the average
of radius of femoral condyles and radius of rotation; R;. A ligament load with 2N

was applied on the lateral side of the cradle to act as a ligament force restricting
ML displacement.

Two cases of ML displacement were considered; one being constrained and

the other uncontrolled translation. Two designs of patella button were used; oval
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and round dome patella buttons. The output kinematics of tilt, anterior posterior
displacement and medial lateral displacement were investigated based on shape
and restrictions in ML displacements. The effect of a worn specimen on tilt was

investigated compared to an unworn specimen.

The schematic diagrams of a single station of the knee simulator in
experimental and computational studies with degrees of freedom are shown in

Figure 3-2.

44— | =

Fem

Centre of rotation

Condyles radius

Figure 3-1 Schematic diagram of femur component showing radius of
patella mating (R;), radius of condyles (R;) and R, is the average of
R] and Rj.



Axial Load

Figure 3-2 Station of Leeds knee Patella simulator for computational and experimental studies.

The methodologies for experimental kinematic measurements in the knee

simulator are explained in Chapter 2, section 2.5.5.

The stability of the knee simulator kinematics was obtained after the first
thousand cycles. Three measurements in the experimental model were taken after

every 1000 cycles and presented with mean + 95% confidence limits.

3.2.1 Multi Body Solid Dynamics (MBSD) Model

A three dimensional model of the Leeds knee simulator was created in IDEAS
NX (Siemens, Texas, US). The CAD drawing of the femur (PFC Sigma) knee model
was obtained from DePuy (DePuy International, Leeds, UK). The patella was
scanned in MicroCT and transferred to MSC ADAMS/View R3 (MSC.Software
Corporation, CA) after reconstruction in SCANIP (Simpleware software) as detailed
in Chapter 2 Section 7. The material properties of the fixtures were obtained using
weighing balance (KERN FTB 35K1, Eyholz, Switzerland) as shown in Table 3-1. The
mass was included in ADAMS/View R3.
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Table 3-1 Material properties of the fixtures used in ADAMS/View R3

Component Material Density Mass (kg)
(kg/mm?)

Femur Mount A Delrin 1.5x10° 0.49
Femur Mount B Stainless Steel 7.75x10° 1.21
Femur Mount C Stainless Steel 7.75x10°° 4.00
Femur Mount D Stainless Steel 7.75x10°® 10.00
Patella Mount A Stainless Steel 7.75x10°° 0.42
Patella Mount B Stainless Steel 7.75x10° 0.53
Patella Mount C Bearing BM20K 0.45
Patella Mount D Stainless Steel 7.75x10° 1.91
Patella Mount E Stainless Steel 7.75x10° 2.31
Patella Mount F Stainless Steel 7.75x10° 0.28
Patella Mount G Stainless Steel 7.75x10°° 2.80
Patella Mount H Stainless Steel 7.75x10° 0.60

Outer Cradle Stainless Steel 7.75x10° 12.00

3.2.1.1 Patella femoral contact

The contact between the mating parts; patella and femoral; was modelled
based on standard collinear elastic algorithm present in ADAMS/View. The

algorithm was based on the following assumptions (Johnson 1985)

° The contact was quasi static. The transfer of mass was ignored in the

contacting bodies.

e  The mass of the body acted at the centroid and moved with constant velocity

° Hertzian contact occurred at a local area rather than the whole bulk of

material.
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These assumptions led to the contact between two components represented
by a spring element in a static solver. The spring element ensured contact between
the two components. In a dynamic solver, an additional damping element was
present. The two elements together stabilised the load transmission in any two

mating components represented by Equation 1 (MSC.Software 2008).

F,=ko + C%—f (Equation 1)

Where, F, is the force acting perpendicular to the contact surface, k is the
stiffness coefficient, J is the penetration depth of one body on the other equals x-
x; (Figure 3-3), e is the Meyer’s index; force coefficient expressing linearity of the
contact and C is the damping constant expressed in terms of initial C,;, maximum

Cmax damping coefficients, and maximum penetration depth J,,, as shown in

Equation 2. The damping coefficient ensured that stability was not created at the

initial contact of the mating components.
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Figure 3-3 Contact model between two mating components (I and J); with | penetrating in J
(MSC.Software 2008).
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3.2.1.2 Contact parameters

The contact parameters were predicted using load displacement testing by
Ellison and co authors (2008). The testing was carried out on a servo hydraulic
universal testing machine with 20kN subcell (Dartec, UK). The patella component
was aligned to the femoral groove to obtain maximum conformity. Load was
applied and released at 150N/s and deformation in the patella button was
observed. The values of stiffness coefficient k, force coefficient e, and maximum

deformation of patella surface at 1200N load &, were calculated using curve

fitting of load deformation curve (Figure 3-4) and using first function of Equation 1

(neglecting the damping function).
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------ PFC: Hertzian Derivation

1200 1 | __prc: Experimental Test
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Deformation at Contact Centre (6) ,;mm.

Figure 3-4 Load deformation hysteresis curve for PFC sigma round dome patella and low
contact stress (LCS) with mobile bearing (MB) patella {Ellison 2008).

The maximum damping coefficient was found by Equation 3 (Rao 1995),
where hysteresis damping constant (h) was assumed approximately equal to Cray,

AW was the energy dissipated found by calculating the area enclosed between the

loading and unloading hysteresis curve.
AW = 7zh§ma,(2 (Equation 3)

As the radius of curvature in the round dome and oval dome were same

(38mm), the value for stiffness coefficient (k) 5907.2 N/mm, force coefficient (e)
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1.9, displacement at maximum load (J,,,) 0.433 mm and maximum damping

coefficient (Cma) 35.4 N/mm were kept the same for both the oval and round
dome patellae in the computational simulation. The sensitivity analysis based on

stiffness, force and damping coefficients were performed on the kinematics.

3.2.1.3 Contact friction

The contact friction between the patella femoral mating surfaces was
represented in the form of standard Coulomb friction algorithm in ADAMS/View.
The values of static (ls), dynamic (ug) friction coefficients and velocities at which
the friction acted V; and V4 respectively were determined from fundamental tests
carried out with a tri-pin disc experiment (Fisher et al. 1994). The friction between
the UHMWPE and femoral component were found independent of the velocity |
ranging from 35 to 240 mm/s. Based on the test and previous computational
literature, the friction coefficient and the velocity were set to 0.04 and 35mm/s

respectively (Fisher et al. 1994, Godest 2002, Halloran et al. 2005).

3.2.2 Sensitivity Analysis

Sensitivity analyses of the output (tilt and AP displacement) were carried out
by varying frictional coefficient (0.01-0.1), time steps (100-1000), contact
parameters (95-105% change in contact parameters) and percentage of input

kinematics (95-105%) in the computational model.

3.3 Results

The validity of the model was obtained from comparison of computational
outputs with the experimental results. The kinematics were not sensitive to the
time step. The kinematics modelling was based on surface contact rather than
material contact, hence, the mesh sensitivity was not performed. Hence the model

was validated by comparing computational and experimental results.
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3.3.1 Comparison of Kinematics at Different Radii of Rotation

The kinematic trends from the computational model showed consistency with
the experimental predictions. The medial lateral (ML) displacement for constrained
displacement is presented in Figure 3-5 with 95% confidence limit (CL). The
uncontrolled case of medial lateral displacement considered free translation in
both directions is as shown in Figure 3-6. The ML displacement followed the flexion
extension trend with maximum amplitudes of 1.6 and 4.5mm of medial
displacement obtained for constrained and uncontrolled ML displacement
respectively at R, radius of rotation. The maximum peaks were obtained at the
highest flexion angle during the swing phase. There was a large difference between
the computational and experimental ML displacement of the radius of rotation R,.

The ML displacement was lower for R, when constrained.
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Figure 3-5 Medial lateral displacement for different radius of rotation (R;and R,) when
constrained with errors bar of 95% CL for the experimental results.
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Figure 3-6 Medial lateral displacement for different radius of rotation (R, and R;) when
uncontrolled with error bars of 95% CL for the experimental results.

The trend of anterior posterior (AP) displacement is as shown in Figures 3-7
and 3-8, for constrained and uncontrolled ML displacement respectively. With
constrained ML displacement, a maximum AP translation of 4 - 5mm was obtained
for both R; and R, radii of rotation. Whereas in uncontrolled ML displacement, a
variation of maximum 4 - 7mm of AP displacement was observed for R; and R; radii
of rotations. Similar to ML displacement the AP displacement followed the flexion
extension trend. However, a trough between two peaks was observed at highest
flexion for both the radii at constrained ML displacement. Peak AP displacement
occurred at highest flexion angle for both the radii and uncontrolled ML

displacement.
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Figure 3-7: Anterior Posterior translation at different femoral radius of rotation (R, and R,)
when ML displacement was constrained with error bars of 95% CL for the
experimental results.
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Figure 3-8 Anterior Posterior translation at different femoral radius of rotation (R, and R,)
when ML displacement was uncontrolled with error bars of 95% CL for the

experimental results.

Tilt (shown in Figures 3-9 and 3-10) was dependent on ML displacement. At

constrained ML displacement, a variation of maximum tilt (4-5°) was noticed for

both the radii of rotation. Two peaks of 3.5° and 2.5° were obtained at 20% and

60% of the

gait cycle for R; radius of rotation at constrained ML displacement. With
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uncontrolled ML displacement, tilt at R, radius of rotation varied from -4° to 2° and

for R, radius of rotation, a constant lateral tilt of -4.5° was observed.
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Figure 3-9 Medial lateral tilt at different femoral radius of rotation (R; and R;) when medial
lateral translation was constrained with error bars of 95% CL for the experimental
results.
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Figure 3-10 Medial lateral tilt at different femoral radius of rotation (R, and R,) when
medial lateral translation was uncontrolled with error bars of 95% CL for the
experimental results.
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3.3.2 Comparison of Kinematics for Unworn and Worn Patella

The worn specimen had deformation in the inferior side of articulating
surface due to wear test. Kinematics of computational and experimental
simulations of worn patella specimen were compared with the simulations of
unworn patella specimen under the condition of uncontrolled ML displacement. As
explained earlier for ML and AP displacement, the worn and unworn patellae
followed the trend similar to the flexion extension rotation with the maximum
value at highest flexion. The maximum AP and ML displacements as shown in
Figures 3-11 and 3-12 for a worn patella specimen were 3.0 and 2.9mm
respectively. For an unworn specimen, the maximum AP and ML displacement was
4.3 and 4.1mm respectively. The ML and AP displacements for worn patella

specimen were 1.2mm lower than unworn patella specimen at highest flexion.

The tilt as shown in Figure 3-13 in the case of the unworn patella had two
peaks at 35% and 60% of the gait cycle. The computational and experimental tilt
varied from -4° to 2° medially. However, the experimental and computational tilt

for worn patella was constant 2° of lateral tilt.
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Figure 3-11: Medial lateral displacement for worn and unworn patella specimen when
medial lateral translation was uncontrolled with error bars of 95% CL for the
experimental results.
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Figure 3-12 Anterior posterior displacement for worn and unworn patella specimen when
medial lateral translation was uncontrolled with error bars of 95% CL for the

experimental results.
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Figure 3-13 Medial lateral tilt for worn and unworn patella specimen when medial lateral
translation was uncontrolled with error bars of 95% CL of experimental results.

3.3.3 Comparison of Tilt for Round and Oval Dome Patella Buttons

The wear test for oval dome patella specimen was conducted only at

physiological scenario; hence the ML displacement was kept uncontrolled for

comparison of round and oval dome specimens. Both the computational plots
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followed the experimental plot for the round dome patella increasing from -4°

lateral tilt to 1° and decreasing to -4° medial tilt at 75% of the gait cycle (Figure 3-

14).
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Figure 3-14 Medial lateral tilt for round and oval dome patella specimen when medial
lateral translation was uncontrolled with error bars of 95% CL for the experimental
results.

3.3.4 Comparison of ML Tilt for Round Dome Patella with Literature

The conditions for the comparison are condition 1) without ligament force
and constrained ML displacement, 2) without ligament force and uncontrolled ML

displacement and 3) with ligament force and uncontrolled ML displacement.

None of the previous investigators have considered the effect of both the ML
displacement and the ligament force during gait cycle termed as condition 2 in this
study. Therefore, an active comparison for kinematics of artificial knee was not
possible. However, kinematics comparison of artificial knee with increment in knee

flexion was investigated.

The ML displacement (4.5mm) was similar to the medial displacement
observed by Belvedere et al. (2007). However, the femoral specimen was a Scorpio
type femur as shown in Figure 1-11. When compared to PFC sigma type femur

(Chew et al. 1997), the displacement was 3mm lateral.



- 108 -

The AP displacement was found to be approx 7mm in the literature
(Ostermeier et al. 2005) similar to the displacement (Smm) found in the current
study (Figure 3-12). Ostermeier and co authors (2005) worked on the difference of
AP displacement on Interax ISA prosthesis when patella was either surfaced or

resurfaced (Figure 1-12).

Patella tilt has been investigated by a few authors in the past as shown in
Figure 1-10, lateral tilt varying from O to -4° was observed at the beginning of the
knee flexion. This was similar to tilt (-4°) obtained in the current study as shown in
Figures 3-9 and 3-10. However with flexion, the current study showed an increase
in medial tilt whereas the past studies showed an increase in lateral tilt (Chew et al.

1997; Barink et al. 2007; Belvedere et al. 2007).

When the ligament force was removed and the ML displacement was
constrained in an artificial knee defined as condition 1 in this study during the gait
cycle, a comparison was made with previous investigations Halloran et al. (2005)
and Ellison (2007) as shown in Figure 3-15. The tilt at condition 1 varied from 0.5 to
-4.5° as compared to average tilt by previous investigators varying from 1 to -4°.
The tilt from the PFC sigma round dome patella was not different from the tilt

obtained from both the authors; Halloran et al. (2005) and Ellison (2007).

For the scenario when ligament force was included and ML displacement was
uncontrolled, comparison with the literature was based on the natural knee
(Lafortune and Cavanagh 1987). The tilt of PFC sigma round dome patella
(condition 3) was high medially compared with the natural knee. As compared to
PFC sigma, the tilt in the natural knee was -5 to -8° laterally. There was no similarity
between the trends. The removal of the ligament force (condition 2) did not affect

the tilt. The variation of tilt was from -4 to 2°.
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Figure 3-15 Comparison of computationally obtained medial lateral tilt for PFC sigma round
dome patella for conditions, 1) without ligament force and constrained ML
displacement, 2) without ligament force and uncontrolled ML displacement and 3)
with ligament force and uncontrolled ML displacement (Lafortune and Cavanagh
1987; Halloran et al. 2005; Ellison et al. 2007)

3.3.5 Sensitivity Analysis

As discussed earlier in Chapter 2 section 7, the sensitivity analysis of the
outputs in form of tilt and AP displacement were evaluated based on the change in
the input kinematics (Axial load, FE rotation, ML rotation and S| displacement). The
AP and tilt for femur with R, radius of rotation was considered for computational
sensitivity analysis with constrained and free ML displacement at highest axial load
(60% gait cycle), tabulated in Tables 3-2, 3-3 and 3-4 respectively. The

terminologies used in the sensitivity analysis are:

1. Actual/ldeal input kinematics — the actual/ldeal kinematics followed by
simulator when used as input kinematics for the computational model with

frictional coefficient as 0.05 and time step =127.

2. 0.95/1.05 times actual input kinematics — The input kinematics to the model

was 0.95/1.05 times the actual input kinematics.

3.  Frictional coefficient = 0.01/0.1- Model supplied with actual input kinematics

and frictional coefficient was 0.01/0.1.
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4.  Time step = 100/2000 ~ Model supplied with actual kinematics and time steps
for each cycle was 100/2000.

5. 0.95/1.05 times stiffness coefficient - Model supplied with actual input
kinematics and stiffness coefficient was 0.95/1.05 times the actual stiffness

coefficient.

6. 0.95/1.05 times force coefficient - Model supplied with actual input
kinematics and stiffness coefficient was 0.95/1.05 times the actual force

coefficient.

Table 3.2 shows that the ideal input kinematics had the major effect on the
value of the AP translation compared to actual input kinematics with the highest
value of 3.65mm for constrained and 4.33mm for uncontrolled ML displacement at
the end of stance phase. The tilt (2.65° for constrained and 0.63° for uncontrolled
ML translation) at actual input kinematics did not vary from the tilt (2.5° for
constrained and 0.52° for uncontrolled ML translation) obtained from model
supplied with ideal input kinematics.

Table 3-2 Values of AP displacement (mm) and Tilt (°) at the end of stance phase (60% of

gait cycle) for constrained and uncontrolled ML displacements at varied conditions
for R, radius of rotation: a) Actual input kinematics b) Ideal input kinematics.

Constrained ML Uncontrolled ML

Output (AP/ Tilt) from displacement displacement

APmm | Tilt® | APmm | Tilt°

Actual input kinematics 2.2 2.65 2.21 0.63

Ideal input kinematics 3.65 2.5 4.33 0.52

The change in actual input kinematics by 5% as tabulated in Table 3.3 gave
significant difference with the actual kinematics at end of stance phase. Increase or
decrease of actual input kinematics by 5% led to a significant difference in AP
displacement and tilt compared to the model when supplied with actual input
kinematics. The AP displacement varied from 2.2mm to 2.53mm in case of

constrained ML displacement and 2.11mm to 2.26mm in case of uncontrolled ML
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displacement. In the case of the tilt, the variation was 2.65° to 2.78° for
constrained and 0.25° to 0.75° for uncontrolled ML displacement. It was however
noted that the trend at all varied conditions followed the standard AP and tilt
trends as shown in Figures 3-8 and 3-10 respectively.
Table 3-3 Values of AP displacement (mm) and Tilt (°) at the end of stance phase (60% of
gait cycle) for constrained and uncontrolled ML displacements at varied conditions at

R; radius of rotation for a) actual input kinematics, b) 1.05 times actual input
kinematics and c) 0.95 times actual input kinematics

Constrained ML | Uncontrolled ML

Output (AP/ Tilt) from/for displacement displacement

APmm | Tilt° { APmm Tilt °

Actual input kinematics 2.2 2.65 2.21 0.63
1.05 times actual input kinematics 2.53 2.68 2.26 0.25
0.95 times actual input kinematics 2.27 2.78 2.11 0.75

Frictional coefficient made a major significance to the change in tilt. The tilt
varied from 1.77° to 3.74° and 2.94° to -0.63° for constrained and uncontrolled ML
displacement respectively when frictional coefficient was changed from 0.01 to 0.1.
Time step when increased from 100 to 2000 led to no change in AP displacement or
tilt as shown in Table 3-4. In the case of AP displacement, the frictional coefficient

and time step had no dependency on the sensitivity at uncontrolled and

constrained ML displacement.
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Table 3-4 Values of AP (mm)and tilt (°) at the end of stance phase (60% of gait cycle) for
constrained and uncontrolled ML displacements at varied conditions for R; radius of
rotation for a) actual input, b) frictional coefficient = 0.01, c) frictional coefficient = 0.1, d)
time step = 100, and e) time step = 2000.

Constrained ML Uncontrolled ML

Output (AP/ Tilt) from/for displacement displacement
AP mm Tilt® | APmm | Tilt®
Actual input kinematics (n = 0.05) 2.2 2.65 2.21 0.63
Frictional coefficient = 0.01 2.26 177 2.14 2.94
Frictional coefficient = 0.1 2.2 3.74 2.21 -0.63
Time step = 100 2.21 2.62 2.23 0.61
Time step = 2000 2.23 2.61 2.24 0.65

The variation of kinematics with contact parameters (stiffness, force and
damping coefficients) was analysed as tabulated in Table 3-5. There was no
variation in ML and AP displacements with contact parameters. The tilt varied with
stiffness and force coefficients for uncontrolled ML displacement. The damping
coefficient had no effect on tilt. The increase and decrease in stiffness coefficient
by 5% led to increase (from 0.63° to 0.75°) and decrease (from 0.63° to 0.56°) in tilt
respectively. However, the increase and decrease in force coefficient by 5% led to
decrease (from 0.63° to 0.51°) and increase (from 0.63° to 0.88°) in tilt respectively.

There was no variation of tilt with any coefficients at constrained ML displacement.
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Table 3-5 Values of tilt (°) at the end of stance phase (60% of gait cycle) for constrained and
uncontrolled ML displacements at varied conditions for R, radius of rotation for a)
actual input, b) 1.05 times stiffness coefficient, c) 0.95 times stiffness coefficient, d)
1.05 times force coefficient and e) 0.95 times force coefficient.

Constrained ML | Uncontrolled ML

Output (AP/ Tilt) from/for displacement displacement
Tilt ° Tilt °
Actual input kinematics 2.65 0.63
1.05 times stiffness coefficient 2.65 0.75
0.95 times stiffness coefficient 2.65 0.56
1.05 times force coefficient 2.65 0.51
0.95 times force coefficient 2.65 0.88

3.4 Discussion

Verified computational models present an efficient way to understand patella
femoral mechanics addressing relevant clinical issues due to maltracking for
example. This also helped in evaluating the performance of the implant during the
design stage. Previous investigations predicted PF) kinematics in the Kansas knee
system using finite element analysis at gait cycle (Haloran et al. 2005a, 2005b
2006). These studies have not previously been applied to the Leeds knee simulator.
The objective of the current study was to evaluate computational and experimental
kinematics study for predicting the motion between round/oval dome patella and

PFC sigma knee at two femoral radii of rotation during constrained and

uncontrolled ML displacements.

3.4.1 Comparison of Kinematics at Different Radii of Rotations

The medial translation displacement was due to the curvature of the inner
groove and SI translation. The deviation of inner groove from the centre line
passing through the mid-axis of femoral condyles led to ML displacement. The AP

displacement was dependent on load and flexion extension rotation. There was a
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difference in ML displacement between computational and experimental model at
R, radius of rotation (Figure 3-6). ML tilt was highly dependent on the ML
translation. At constrained or uncontrolled translation, a minor movement of the
patella in the medial direction caused a change in tilt. This can be explained as the

increase in fulcrum length led to an increase in tilting torque at constant load as

shown in Figure 3-16.

Tilt

Axis of Til AP Load

AP Logd

- -l

7\4L Displacement
Figure 3-16 Concept of tilt under the action of AP load
and ML displacement of the patella.

At the beginning ot the tlexion cycle during the stance phase the patella tilted
medially due to the load in piston balance corresponding to the ligament tension
and the absence of confinement within the femoral groove. With an increase in ML
translation during the swing phase, the tilt changed from medial to lateral. The tilt
oscillated during the end of the flexion cycle due to sudden change of tilt from
medial to lateral. This can be considered due to the restriction obtained as the
outer cradle, under the sudden increase in axial load, contacted with the base of
knee simulator. The base acts as a restriction to the movement of cradle, thereby
stopping the patella slip for tilts higher than 5.2°. At higher radius of rotation and
uncontrolled ML displacement, the area of contact, hence conformity between the

femoral component and patella specimen led to a constant lateral tilt of -4°.

The AP displacement was dependent on the axial load and flexion extension
(FE) rotation. AP translation was in phase with FE rotation however, was affected
by change in tilt in case of constrained ML displacement. There was a dip in AP
translation for both femoral centres of rotation (R; and R,) at 75% of gait cycle

which showed the change in AP displacement due to the change in tilt. As the
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radius of rotation increased the AP displacement increased when ML displacement
was uncontrolled. For constrained ML translation, this was not applicable as the
patella did not follow the inner groove due to restrictions in the ML displacements.
The motors driving the flexion/extension motion in the experimental simulator
tripped out due to overloading after a certain amount of cycles for R, radius of
rotation. Hence, R; radius of rotation was found to be the optimum and

physiological option for running the wear simulation test.

3.4.2 Comparison of Kinematics for Unworn and Worn Patella

The ML and AP displacement followed the trend similar to FE rotation with
maximum displacement at highest flexion. Due to deformation (1200 pum) in the
worn patella specimen, the ML and AP displacements for the worn specimen were
lower than the unworn specimen (Figures 3-11 and 3-12). This difference in
displacements was similar to the deformation (1.2mm) obtained during the wear

test as measured by the Talysurf profilometer.

The tilt for the worn specimen followed the same trend as the trend observed
higher radius of rotation (R;) (Figure 3-10). The tilt at R; was a constant lateral tilt
due to conformity of the patella specimen to the femoral counterpart as a result of

wear deformation as explained in section 3.3.2 (Figure 3-13).

3.4.3 Comparison of Kinematics for Round and Oval Dome Patella

The tilt for round dome and oval dome patella were similar to the
experimental simulation (Figure 3-14). However, there was no difference found
between the tilt in the two domes as the curvature of the dome was the same in
both round dome and oval dome patellae. The difference in elliptical shape of oval

dome as compared to round dome did not affect the tilt at the unworn stage.

3.4.4 Comparison of Kinematics for Round Dome Patella with Literature

The ML displacement changed with knee flexion. The direction of the
displacement was dependent on the direction of the patella articulating groove
which in the current study was medial. Hence, there was medial displacement.

Chew and co authors (1997) also reported that most of the ML displacement in
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other specimens was medial. HoWever, their PFC sigma control specimen showed
lateral displacement. The AP displacement increased with flexion. The
displacement was higher in the investigation by Ostermeier et al. (2005) compared
to the current study. This can be due to the shape of patella and pull of ligaments

which were absent in current study.

There were only two kinematic investigations performed in the past with an
artificial patella femoral joint at gait cycle {Halloran et al. 2005, Ellison 2007).
Halloran and co-authors (2005) investigated two oval dome specimens using the
Purdue knee simulator, out of which only one observation was recorded. The
second specimen was neglected as there was no variation in tilt monitored with
change in flexion. In Ellison’s investigation (2007), the number of round dome
patella specimens were more than five, tested in a modified hip simulator.
However, all the degrees of freedom (ML displacement) were not included in the
wear study. Comparing the patellar tilt predicted by PFC sigma round dome patella
without the ligament force at constrained ML displacement (condition 1) with that
recorded in literature (Halloran et al. 2005; Ellison 2007), the tilt (-2.0° to 0.5°) was
found to have similar trend and magnitude. Hence, good agreement with the

literature (-4.0° to 1.0°) was observed showing the validity of the model.

No previous literatures have been reported with a six degree of freedom and
ligament force simulation. When the ML displacement was unconstrained and the
ligament force included, the tilt showed a large variation with the two past authors.
The reason for this difference was the introduction of uncontrolled ML
displacement and ligament force (condition 3) that caused additional torque which
produced higher lateral tilt as shown in Figure 3-16. The removal of the ligament
load (condition 2) caused a change in the magnitude of tilt. However, the trend was
similar between the two conditions (2 and 3). Condition 3 was compared with
natural knee kinematics (Lafortune and Cavanagh 1987), the tilt obtained was
different in terms of magnitude and trend. Higher values of lateral tilt (-4.0° to 2.0°)

were observed in the natural knee due to the presence of additional ligaments,

muscle forces and contact geometry.
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3.4.5 Sensitivity Analysis

AP translation increased and tilt decreased as the input parameters were
changed from actual to ideal conditions for uncontrolled and constrained ML
displacements. The simulator followed the actual kinematic due to presence of
pneumatic motors. As the actual kinematics were less than the ideal kinematics,
the value of the translations was lower compared to the ideal scenario. The FE and
superior inferior displacement when lower in actual kinematics led to a decrease in

AP translation.

With an increase in 5% of the input kinematics (105% of the input
kinematics), the AP displacement and tilt increased and decreased respectively.
Conversely, AP and tilt decreased and increased with a decrease in input kinematics

by 5% (Table 3-3).

The frictional coefficient had an effect on tilt; with an increase in friction
leading to a stiffer joint and hence, a decrease in tilt was observed in constrained
and uncontrolled ML displacements (Table 3-4). AP displacement did not vary with
change in frictional coefficient. The time step had no effect on the tilt or AP
displacement. The frictional contact had higher effect when contact between the
joints was higher. In AP displacement, there was point/line or lower surface
contact. However, the tilt had high surface contact and hence, tilt was affected due

to change in the frictional coefficient

The contact parameters had no effect on ML and AP displacements with
constrained and uncontrolled ML displacements. Tilt at constrained ML
displacement was not affected by an increase or decrease in contact parameters by
5%. However, tilt with uncontrolled ML displacement was affected by force and
stiffness coefficients <0.25°% The increased of force coefficient (0.1) led to a
decrease in deformation and conformity increases. Hence, tilt was inversely
proportional to force. With an increase in stiffness, the deformity was lower, hence
conformity decreased and we observed higher tilt. Therefore, tilt was directly

proportional to the stiffness coefficient.
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Summary

A computational model has been developed and validated with experimental
results. A good (80%) agreement was found between the two for most conditions.
The model predicted the kinematics of different shapes, radii of rotation at
constrained and uncontrolled ML displacement. The model was tested for

sensitivity and found to be robust against change in the time step.
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Chapter 4: Development of Volumetric Wear Measurement

Techniques

4.1 Introduction

Measurement of the volume change is very important to accurately
determine the wear rate and volume loss of the ultra high molecular weight
polyethylene patella specimens. In the literature, there are many methods of
determining the volume change of UHWMPE in the hip, spine and knee either using
contact or non contact procedures. Geometric procedures includes coordinate
measuring machine (CMM) (Raimondi et al. 2000; Bills et al. 2007) whereas, non
contact procedures include Micro computed topography (MicroCT) (Vicars et al.
2009), Pycnomatic ATC (Pycnometer) (Keng 1970; Viana et al. 2002) and
gravimetric (Affatato et al. 2002; D'Lima et al. 2003). However, the most standard
and validated method is gravimetric analysis. The gravimetric measurement has
certain issues like fluid uptake, inclusion of wear debris in the polyethylene
counterpart, specimen attached to fixtures fixed with cement which required mass
of fixturing during measurements, cement attached to the specimen, transfer of
materials into the back of components (Bills et al. 2005; Bills et al. 2007). These
factors gave errors in the volumetric calculation of gravimetric analysis (Blunt et al.
2007). Gravimetric measurements always need the pre test measurements for
calculation of volume change which are unavailable in retrievals. Therefore, there is
always a need for development of advanced measuring machines for measurement
of volumetric wear due to issues with gravimetric. Some methods which can be
used for volumetric wear measurement purposes are CMM, MicroCT, and
Pycnometer. Recently, these methods have been developed for accuracy and
repeatability (Raimondi et al. 2000; Bills et al. 2007; Vicars et al. 2009; Keng 1970,
Viana et al. 2002).

This chapter investigates three volumetric measurement methods using
Pycnometer (Thermo Finnigan Italia S.p.A, Milan, italy), CMM (Legex 322,
Mitotoyo) and MicroCT (Scanco Medical, Busserdorf, Switzerland). Pycnometer,

CMM and MicroCT are not affected by the fluid intake in polyethylene. The
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principles behind the methodology of the three measurement techniques are
explained in Chapter 2: Section 6. The presence of pre-wear data accurately
determines the volume change of the specimen. However, it is impossible to obtain
details of pre-wear data for specimens like retrievals. Methods like MicroCT
(Bowden et al. 2005) and CMM (Bills et al. 2005; Bills et al. 2007) do not depend on
the pre-wear data and have been used for volumetric analysis of retrievals in the
past. The Pycnometer has never been previously employed for polyethylene

specimens.

The aim was to assess the Pycnometer, CMM and MicroCT based procedure
to calculate volume of UHWMPE patella specimens and compare the results with
the standard gravimetric quantification. The validation was needed, to be used in in
vitro or in vivo specimen analysis. To achieve the goal, a series of artificially created
wear were generated and the volume was determined using the CMM and MicroCT
volumetric measurement methods. Pycnometer was used to measure a worn and
an unworn specimen; the results were hence compared with gravimetric
volumetric technique. The methods will also be assessed for accuracy and

repeatability.

4.2 Materials and Methods

The specimens used for the measurement and validation process were
UHMWPE round dome (38mm diameter) patella specimens (DePuy, UK). The
specimens were cleaned with iso-propanol solution and then dusted with
compressed air to remove dust particles. Before any measurement in Pycnometer,

CMM and MicroCT, all the specimens were weighed in the AT 201 balance.

The methodologies for the volumetric measurements are explained in detail

in Chapter 2: Materials and Methods, Section 6.
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4.2.1 Pycnometer

A Pycnometer was used to measure the volume of two patella specimens (a
worn and an unworn sample); the methodology is explained in Chapter 2, section

2.6.5. The worn specimen was a test specimen from the simulator wear test.

4.2.2 CMM

The patella specimens were measured using gravimetric and CMM at
different stages of known artificially created wear. The stages were pre-wear,
volume loss of 5mm3, 10mm? and 15mm?>. The results obtained were compared

and validated against gravimetric measurements.

An unworn patella specimen was used for the analysis. The artificial wear was
generated by removing material using files from the specimen after each stage by a
technician. The amount of material equivalent to volumes of low (5), medium (10)
and high (15) mm? was verified by measuring the mass loss in the AT 201 balance.
The selection of the volume loss was decided based on the wear volume loss per
million cycles in a wear test. The specimen was cleaned and prepared for
measurement purposes as detailed in Chapter 2: section 2.6.1. The pre-wear test

measurement was used as a reference for all the techniques.

CMM techniques on the other hand analysed the volume using two
methodologies as explained in Chapter 2, section 2.6.4. The method 1 was
determination of volume with respect to reference volume. Method 2 was

generation of an unworn specimen based on the surface fit of the unworn surface.

4.2.3 MicroCT

Measurements were performed for low, medium and high volume loss similar
to CMM. MicroCT volumetric analysis was carried out based on two methods a)
reference to gravimetric analysis (Vicars et al. 2009) and b) based on cylindrical
reference volume. In the first method, reference to gravimetric method, knowing
the volumetric difference from gravimetric measurement was the key requirement
for calculation of volume in the MicroCT. The threshold was adjusted in the image

processing language (IPL) software in MicroCT scanner so as to obtain the similar
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volumetric difference by gravimetric analysis (Vicars et al. 2009). This method was
dependent on gravimetric analysis. The latter method of calculating the volume
was based on using a cylindrical reference volume. A volume of the reference
specimen (936mm3) was kept at constant environment throughout the test. Based
on the reference volume, the threshold was calculated. The threshold obtained

was used as a method to determine the volume of the polyethylene specimen.

All measurements were performed three times on each specimen. The mean

volume change was then calculated with 95% confidence limits.

4.3 Results

4.3.1 Pycnometer

The Pycnometer volume analysis estimated the volume of worn and unworn
patella as 5716 and 5833t15 mm? respectively. Only one volume result was
calculated for worn patella leading to inaccuracy in results. All the other results are
shown in Figure 4-1 with 95% confidence limits. The 95% confidence limit on the
volume calculated using the Pycnometer was higher than the gravimetric

technique. The measurement took 20 minutes per specimen.

The student’s t-test found no significance difference between the Pycnomatic
ATC and gravimetric results of un-worn patella (p=0.27). This led to the

determination of Linear least squared regressions as shown in Figure 4-2.

The R square value (0.24) was much less than 1 showing no correlation

between the Pycnometer and gravimetric volume for the unworn specimen.
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4.3.2CMM

Two methodologies were considered for volumetric determination using the
CMM. These were methodologies involving the reference surface and surface fit
from an unworn area. The reference surface method was found to be closer to
gravimetric only at higher volumes and difference was less than 0.95mm?3. At lower
volumes, the volume calculated was overestimated compared the gravimetric
volume. On the other hand, the surface fit method gave closer estimation with the
gravimetric volume at all stages. The comparison between gravimetric and CMM
methodologies are shown in Figure 4-3. The 95% confidence limit of the first
method (reference surface) was higher than the second method (surface fit);
+0.63mm?3 and +0.13mm? respectively. Hence, the repeatability of second method
was better compared to the first method. However, the repeatability of both
methodologies was weaker than gravimetric (+0.02mm?®). The student t-test
showed significance difference of the two types of methods with gravimetric
(p=0.01). However, the two methods showed significance difference at low and
medium volume loss (p=0.01) and no significant difference at high volume loss

(p=0.45) between each other.

The wear depth increased with increasing volume loss. The CMM profiles for
various stages of the validation process are presented in Figure 4-4. The first profile
in Figure 4-4 showed the machine marks in an unworn specimen. The scale varies
from Omm to -0.60mm showing deformation higher on the edges. As the area of
interest was on the inferior side of the articulating surface, deformation on the

edges were not important in calculating volume. The scans in CMM took 40

minutes per scan.
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4.3.3 MicroCT

The measurements of the volume at three stages low (5), medium (10) and
high (15) mm?® were analysed using a MicroCT. The results are shown in Figure 4-5.
Volume differences estimated by both the methods were close to the volume
difference by gravimetric. The 95% confidence limit of the first method at highest
volume (with respect to gravimetric) was lower than the second method (reference
method); +0.84mm? and +15.94mm? respectively. Hence, the repeatability of first
method was better as compared to second method. However, the repeatability of

both methodologies was weaker than gravimetric (+0.02mm?).

The student t-test showed significance difference of the two types of
methods with gravimetric (p=0.01). However, the two methods showed no
significance difference at low (p=0.29), medium (p=0.16) and high volume loss

(p=0.06) between each other. The scans in MicroCT took around 45 minutes.
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Figure 4-5 Schematic diagram showing difference in volume estimated from MicroCT and
gravimetric at 5, 10 and 15mm? of material removals with 95% confidence limit
error bars of MicroCT reference method.

4.4 Discussion

Gravimetric analysis is the most widely used standard method in the
determination of the volume of any specimen. However, there are limitations in
the measurement of UHMWPE due to fluid absorption, metallic debris inclusion
and mass of cement mantle. A call for new methodologies to measure volume was
needed with greater accuracy and repeatability. The aim of the project was to
validate new methods of measuring the volume of polyethylene with gravimetric

analysis considered as the reference value.

The results using the Pycnometer showed a best volume repeatability of + 15
mm?, which is significantly larger than for gravimetric measurement of 0.9 mm?>. A
typical patella wear volume was 3.13mm? per million cycles from the past (Ellison
et al. 2008). As the linear least squared regressions was low (0.24) between the
volumes calculated using gravimetric and Pycnomatic ATC procedures. The
Pycnometer was not found to be a reliable method to calculate volume compared
to gravimetric measurements. The reasons were the estimation of sample volume

in comparison with the volume of the chamber (6000:60000 mm?). It is
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recommended that 66-75% of the chamber should be filled with the specimen for
increased accuracy in determining the volume of specimen, but in our case this was
only 10% (Pycnomatic And Pycnomatic ATC Instruction Manual 2007; Viana et al.
2002). This was due to the dimensions of the patella specimen. Another reason for
the underestimation of the volume in the case of the worn patella sample was the
penetration of the helium into the pores present in the specimen post test (Lievers
et al. 2007). The shortage of volumetric readings for the worn patella specimen in
Pycnometer was due to the error in standard deviation for the device; to stabilise
the volume during scan. The standard deviation in the device was kept higher to
obtain the volume. Lower standard deviation led to failure in volumetric
determination. This was the reason behind only one volume calculation of worn

specimen.

The CMM over estimated the volume change as compared to gravimetric. The
average repeatability of CMM reference surface and surface fit (0.63mm?> and
+0.13mm? respectively) were higher than that of gravimetric (+t0.02mm?). However,
there were significant differences found between the two methods with

gravimetric.

The CMM methodology of reference surface gave less accurate results of
material removed. This may be the result of different datum between the
reference specimen and the worn specimen. In the case of volume determination
from surface fit method, the volume determined was close to the gravimetric
measurement. The difference between volumes determined by this method was
less than 1mm?> with respect to the gravimetric methodology. However, there were
significance differences found between the two methodologies in CMM at low
(<0.01) and medium (<0.01) volume loss and no significant difference at high
volume loss (0.45). The surface fit method gave better accuracy compared to the
reference method. For retrievals, due to the absence of pre-wear data, the
reference surface is not available. Hence, the surface fit method will be used for

volume determination in the following chapters.

The MicroCT estimated the volume accurately as compared to gravimetric

volume. However, the repeatability of the results was quite high. The average
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repeatability of MicroCT with respect to gravimetric and reference method
(+0.84mm® and *15.94mm’ respectively) were higher than that of gravimetric
(+0.02mm?). The MicroCT methodology of predicting the volume with respect to
gravimetric was very accurate. However, the gravimetric results were needed to
obtain the volume. In the other methodology, the measurement was independent
on the gravimetric volume. However, repeatability of the results was very weak.
The errors in volume calculation were found to be similar to Bowden and co
authors (2005). It has been reported that the difference in volumetric wear was
due to error in thresholding and scanner which affected the intensity of light. This
was however solved by using a calibration volume, the volume of which was
known. The repeatability of the MicroCT was found to be acceptable in the later
chapter when testing cumulative volume loss of higher magnitude more than
20mm? in Chapter 5 and 6. As there was a need to accurately determine the
volume change of specimen without depending on gravimetric, the second method

of reference volume was used in the following chapters.

MicroCT and gravimetric measurements can be used when the pre-wear data
is available. However, in the case of retrievals, the method becomes incapable to
determine the volume. CMM can be used to determine the volume in retrievals. It
was found to be very accurate when surface fit methodology was used. However,

more specimens should be tested to determine the accuracy of the method at

jower volume.

Gravimetric volume measurement is the most accurate and easiest way to
determine the volume of polyethylene specimens. However, in many scenarios like
compensation for moisture uptake, specimen attached to a fixture, specimen
cemented to the fixture can lead to inaccurate volumetric determination.
Pycnometer, MicroCT and CMM were the other potential methods used to
determine volume. Pycnometer used helium gas to determine the volume.
However, the reason of inaccuracy in volumetric determination was due to the
presence of empty space (>60%) in the measuring chamber. MicroCT has two
methodologies, one which required constant gravimetric measurement to calculate
the volume loss. The other methodology used a calibration specimen to obtain the

threshold and this threshold determined the volume of the specimen. Out of the
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two methods, the second method was the most independent and accurate method
to be used for volumetric measurement. CMM also considered two methodologies
to calculate the volume. One was comparing with the original profile and the other
considered creating a nominal surface based on the unworn surface. The second
method was found more accurate and could be used for retrieval volumetric
analysis. In the absence of pre-wear data, CMM was found more accurate and
useful in determining the volume of retrievals as compared to gravimetric and
MicroCT. The gravimetric measurement took the least time compared to other

measurement techniques.

Summary

Gravimetric remains the most accurate and quickest way to determine wear
volume. CMM can be used for retrievals when no pre-wear data exists and offers

additional information on the geometry, penetration depth and deformation.
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Chapter 5: In Vitro Wear Simulation of the PFC Sigma and Round

Dome Patella

5.1 Introduction

Previous in vitro studies (Halloran et al. 2005) that investigated the
movements of the patella in the ML plane have restricted the movement to 1mm.
However, the movement was found to be more than 1mm due to the varied
stiffness of ML ligaments (Lafortune and Cavanagh 1987; Chew et al. 1997; Barink
et al. 2007; Belvedere et al. 2007). Therefore, the test was conducted with higher
and lower ML displacement to investigate the influence on wear. The earlier test
controlled five degrees of freedom (Halloran et al. 2005). There was no
investigation on the variation of kinematics on wear. This study investigated the
influence of kinematics on the wear simulation of the PFC sigma and round dome
patella. The results were compared to the other varied kinematic parameters and
the difference on the wear rate and the influence of parameters on the wear rate
are discussed. This chapter details the results of the tests performed on the new 6-
axis patella femoral joint (PFJ}) simulator. The initial test was performed for the

validation of the simulator itself. The results were then compared with other in vivo

and in vitro data.

5.2 Materials and Methods

5.2.1 Materials

Five wear, one load and two soak round dome patellae were used for the
test. The lot numbers for the PFC sigma femur and round dome patella are listed in

Table 5-1. The specimens were all UHMWPE polyethylene type round dome patella

with diameter 38mm.
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Table 5-1 Lot numbers for femoral and patella specimen

Specimen number Femoral lot number Patella lot number
Group 1-1 2999022 3006157
Group 1-2 2999022 2998670
Group 1-3 2999022 2998672
Group 2-1 2998552 2994444
Group 2-2 2998552 3006156
Group 2-3 2998552 2994443

Soak Specimens 3006156

5.2.2 Methods

The new six-axis PFJ) simulator was developed to test five 'specimens of PFC
Sigma femoral component with round dome patellae under relevant kinematic
conditions, divided with three specimens in Group 1 and two specimens for Group
2 stations. Both the groups ran with different flexion extension motors to facilitate
the active degree of freedoms. As the patella articulating surface was round in
shape, the position of pegs at the back of the patella did not matter as compared to
oval dome specimen. Hence, the specimens were placed in the mountings in such
an order that no two pegs of the patella were collinear in horizontal or vertical
plane as shown in Figure 5-1. One specimen was tested under the influence of AP
load (200N-1200N) for conditions pertaining to creep at the end of the test for one
million cycles (MC) in Group 2 station 3. Two other specimens were placed into a
container of the serum for the test duration, thus acting as soak controls
minimising the error arising from the absorption of fluid in polymers as outlined in

tibia femoral wear testing in ISO 14243-3 (2009) when measuring gravimetrically.
The test ran under three conditions in the following order;

e ‘High medial lateral (ML) rotation and uncontrolled ML displacement for 6MC’,
e ‘Low ML rotation (<1°) with uncontrolled ML displacement’ for 3MC

e 'Low ML rotation with constrained ML displacement (<1.6mm)’ for 3MC.




Patella

Pegs

Figure 5-1 Placement of round dom:e patella pegs in the patella mounting during
the simulation test.

Low ML rotation with uncontrolled ML displacement’ was the most
physiologically relevant condition according to the available literature, ‘High ML
rotation with uncontrolled ML displacement’ was used to investigate the influence
of rotation and ‘Low ML rotation with constrained ML displacement’ was used to
investigate the influence of ML displacement. The physiological scenario ran for 3
million cycles (MC). The ML rotation was increased by four folds (<4°) and the
scenario ran for 6MC. The physiological case with constrained ML displacement ran
for 3MC. The first condition ran for 6MC to validate the simulator with literature
results (Ellison et al. 2008). After the initial 6MC test, the further conditions each
ran for 3MC. In total the test ran for 12 MC as shown in Figure 5-2. The other
degrees of freedom are mentioned in Chapter 2: Section 2.5.4. The ML
displacement was constrained by including a cylindrical block thus, limiting the

movement to 1.6mm.

The wear volume was determined using gravimetric analysis and geometric
methods using coordinate measuring machine (CMM) surface fit and micro
computed tomography (MicroCT) reference specimen measuring techniques. As
gravimetric is the standard method of wear determination (Dowson and Jobbins
1988; Barnett 2002; Liao et al. 2003; McEwen et al. 2005), the method was used
every 1 MC of the test. While, other methods; CMM and MicroCT; were used
before and after every condition. Talysurf was used for the evaluation of surface
parameters (R,, R, Ry and R,) before and after every set of conditions. Throughout

the test, the wear scar, deformation, surface analyses were measured and reported

after every condition.
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Figure 5-2 Flowchart describing the flow and number of cycles

for all conditions.
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5.3 Test Results

In total, the test ran for 12 MC. 6MC with high ML rotation and uncontrolled
ML displacement, 3MC with low ML rotation and uncontrolled ML displacement

and another 3MC with low ML rotation and constrained ML displacement.

There was a patella slip recorded due to higher tilt, larger than 5° in one
station. This problem was rectified by introducing wedges in all the stations of both
groups to stop excessive tilt. Another problem of patella slipping from the femoral
contact was observed during the first half MC. This was observed when patella
moved in superior direction due to error in pneumatic motors. The problem was

resolved by introducing rubber blocks to restrict the excessive movements.

5.3.1 Soak and Load Soak Controls

5.3.1.1 Kinematics

The soak controls were not under any action of displacement or load. The
load soak controls were loaded with AP or axial load. The input and output AP load
profile for the load soak control is shown in Figure 5-3 along with feedback from

simulator.

5.3.1.2 Gravimetric volume measurements

The total mean weight gain of the soak controls over 12MC was 3.7mg. The
mean weight gain in the first MC was 0.92mg. Following the first MC, the weight
gain reduced to 0.2-0.4mg/MC thereafter. Figure 5-4 shows the cumulative weight

change for two soak specimens throughout 12 MC.
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Figure 5-3 Kinematic input and output AP force profiles for the creep station.
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Figure 5-4 Weight change of soak samples over a course of 12 million cycles.

A gain of 0.04mg weight (0.04mm3 volume) was observed in the load soak

control as compared to the mean weight of soak controls (Figure 5-5).
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Figure 5-5 Cumulative weight gain (mg) of a load soak control under anterior posterior load
in a 1 MC creep test as compared with mean weight of soak controls.

5.3.1.3 MicroCT creep measurements

A comparison between gravimetric and MicroCT cannot be made as
gravimetric measured material loss not creep volume. However, MicroCT calculates
the volume loss as the sum of material loss and creep volume. The specimen
volume before the creep test was 6019+2mm?, whereas, the volume after 1MC
creep test was 6015+3mm°. So a creep volume of 5.5mm? was obtained from the
MicroCT analysis over 1MC. The creep volume estimated from MicroCT was

subtracted from the actual volume to be comparable with gravimetric

measurement (0.6mm?).

5.3.1.4 Geometrical creep measurements

The volume change from the creep test was determined using geometrical
volumetric techniques; CMM. The volume calculation from CMM was 5.9mm’
(Figure 5-6), which was higher compared to the volume calculated from gravimetric
(0.6mm?). The deformation due to AP load caused a higher change in volume
reported in CMM. However, it was due to creep, not material loss. A penetration

depth of 113 pm was obtained from CMM analysis.
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Figure 5-6 CMM analysis for specimen 4
from the creep test over 1MC.

5.3.1.5 Quantification of creep area, surface analysis, and creep depth

Superior surface scar area

The scar area from the superior surface after one MC of creep test was
171.9+11.48mm’ i.e. 13.5% of the total surface area (Figure 5-7). The scar area was
present in the lower bottom of the specimen. The distribution of the articulating
scar area over the four quadrants are 0.1mm?, 46.6mm?, 36.7mm? and 88.5mm? in

superior, inferior, lateral and medial quadrant respectively.

Figure 5-7 Scar area from a MC of the
creep test. S: superior, I: inferior, M:
medial and L: lateral.
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The scar area was also measured with Talysurf form profilometer. A creep
scar area of 175mm?’ was obtained using Talysurf. The difference in area between
Talysurf and Image ProPlus was due to the curvature of the specimen. Talysurf

measures the 3D surface as compared to Image ProPlus (2D measurement).

Visual observations

No scratches were observed in the femoral component and patella specimen

during the creep test of 1IMC.

Deformation was found in the superior surface area of the patella specimen

after creep test of 1 MC. The creep characteristic is shown in Figure 5-7.

Surface analysis

The roughness parameters of the creep test specimen patella button (sample
example as shown in Figure 5-8) are tabulated in Table 5-2. The selected area for
roughness measurement defines only the wear scar. The average surface (R,), skew

(Rsk), peak (Rp) and valley (R,) roughness decreased after one MC of creep test.

micrometres

micrometres

: 1 I I I I I
AR5 b7 S O () S | S 2o 3 e A s 6 1 180 19 08 e 224 B 4
millimetres

Figure 5-8 Roughness trace of creep test specimen after 1IMC of the patella button.
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Table5-2 Roughness parameters before and after 1MC creep test of the patella button.

Parameters Before Test After Test
Ra (um) 1.15 0.71
Rek -0.17 -0.61
Rp(pm) 3.39 2.00
Ry(1m) 3177 2.64
Creep depth

The deformation of the patella specimen is shown as example in Figure 5-9.
The deformation in the specimen after the creep test of 1 million cycles was 110pum
as measured by Talysurf. The penetration observed in current study was double the
creep deformation as compared Vanbiervlier et al. (2011) (50pm) and similar to
deformation by Ellison et al. (2008) 120um. Good correlation with CMM (120um)

was observed.
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Figure 5-9 Figure representing the penetration in a specimen undergone 1 MC creep test.
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5.3.2 High ML Rotation (>3°) and Uncontrolled ML Displacement

5.3.2.1 Kinematics

The first 6MC of the test was carried out at high ML rotation (>3°) and
uncontrolled ML displacement. As the simulator used pneumatic motors for ML
rotation, there were errors between the required control routine and obtained

feedback. The pneumatic system was not able to accurately obtain such low values.

The feedbacks from the simulator for the input profiles are plotted for one
gait cycle for anterior posterior load (Figure 5-10), superior inferior displacement
(Figure 5-11) and medial lateral rotation (Figure 5-12). There was no flexion
extension feedback. The ML rotation was four fold higher than the ML rotation in

the physiological condition.
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Figure 5-10 Anterior posterior load input (solid line) and simulator feedback (dotted line)
plotted versus percentage of gait cycle. APF: Anterior Posterior Force
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Figure 5-11 Superior inferior displacement input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.

The ML displacement followed the flexion extension trend with highest peak at
highest flexion (Figure 5-13). The patella tilt was a steady increase followed by
steady decrease laterally (Figure 5-14). There was some jerky variation to finish the
cycle caused when the tibial hit the carriage base. The absolute value of the tilt
with 95% confidence limits over 6 MC for each station is presented in Table 5-3.

Absolute value of tilt is the sum of maximum positive and negative value of tilt.
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Figure 5-12 Medial lateral rotation input (solid line) and simulator feedback (dotted line)
plotted versus percentage of gait cycle.
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Figure 5-13 Medial lateral displacement plotted with 95% confidence limit versus
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Table 5-3 Absolute value of tilt in every station with 95% confidence limit

Stations/Tilt Average (°) 95% CL
G1-1 2.71 0.73
G1-2 3.67 0.83
G1-3 5.00 2.48
G2-1 2.88 4.04
G2-3 3.35 0.37

5.3.2.2 Gravimetric volume measurements

The mean cumulative volumetric wear over 6MC is shown in Figure 5-15 was
75.62+14.86 mm>, ranging from 62.01 mm? {specimen 2) to 91.19 mm? (specimen
5). There was a steady increase in wear throughout the test. Specimens 2 and 7
were found to have the highest and the lowest volume loss until 2 MC respectively.
Henceforth, the volume loss went complex for the two specimens (specimens 2
and 7) as shown in Figure 5-15. At the end of 6MC, specimen 2 was found to have
the lowest cumulative volume loss and specimen 5 had the highest cumulative

volume loss. Specimens 3 and 6 follow the same trend throughout the test duration

of 6MC.

The mean overall wear rate was 12.342.79 mm?/MC (mean (n=5) + 95% Cl),
ranging from 9.19 mm3/MC (specimen 2) to 14.76 mm3/MC (specimen 5) as shown

in Table 5-4.

Two tail ANOVA showed no significant difference when comparing the wear
rate between specimens (p=0.43) or course of tests i.e. between each MC (p=0.43).
This shows that there were low variability inter specimen and the simulator was

producing non significant wear rate in each MC,
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Figure 5-15 Cumulative volume loss, showing volume loss for every specimen at every MC
for high ML rotation and uncontrolled ML displacement

Table 5-4 Wear rate for High ML rotation with uncontrolled ML displacement by specimen
number over 6MC

Specimen No 2 3 5 6 7 Average | 95%CL

Wear rate (mm>/MC) | 9.19 | 13.45| 14.76 | 13.27 | 10.82 12.30 2.79

The cumulative volume loss per station was calculated as shown in Figure 5-
16. Stations G1-2 and G1-3 had higher tilt (Table 5-3) and hence higher volume loss
compared to other stations. Station G2-1 had a higher volume loss similar to G1-2
and G1-3 until 2MC. Following, the volume loss of station G2-1 decreased to the
lowest at the end of 6MC. This was also due to the highest variation of tilt observed

in station G2-1 (Table 5-3). Stations G1-1 and G2-2 had lowest tilt and hence lower
volume throughout the wear test.
The overall wear rate for the station was 12.30+3.41mm>/MC (mean (n=5) +

95%CL). The mean wear rate ranged for stations from highest to lowest in station

G1-3 (15.50mm>/MC) to G2-1 (9.28mm>/MC) as shown in Table 5-5

Variability in wear rate among station to station was performed using two

tails ANOVA. Higher wear rate among station (G1-3) as compared to station (G1-1)
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with significance difference of p=0.03. Other stations showed no significant

difference in the wear rate.
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Figure 5-16 Cumulative volume loss, showing volume loss for different stations at every MC
for high ML rotation and uncontrolled ML displacement

Table 5-5 Wear rate for High ML rotation with uncontrolled ML displacement by station
number over 6MC

Station G1-1 | G1-2 | G1-3 | G2-1 | G2-3 | Average | 95%CL

Wear rate (mm>*/MC) | 10.77 | 14.92 [ 15.50 | 9.28 | 11.02 | 12.30 3.41

5.3.2.3 MicroCT volume measurements

The volume difference obtained from MicroCT was compared with
gravimetric volumetric difference. The volumes were correlated with strong linear
regression (R%) value of 0.83 as shown in Figure 5-17. The mean volume difference
from MicroCT was 76+18mm?’ as compared to gravimetric of 75.62+14.86mm>. No
significant difference was found between the gravimetric and MicroCT volume
determination (p=0.2). The wear rate from the MicroCT is presented in Table 5-6.

The mean wear rate from the MicroCT was 12.67+3.03 mm?/MC.
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Figure 5-17 Volumetric difference of high ML rotation and uncontrolled ML displacement
wear test specimens over 6MC.

Table 5-6 Wear rate for High ML rotation with uncontrolled ML displacement using
MicroCT over 6MC

Specimen 2 3 5 6 7 Average | 95%CL

Wear rate in
9.82 11.73 15.44 15.01 11.36 12.67 3.03

mm?3/MC

5.3.2.4 Geometric volume measurements

CMM was employed to measure the volume of the specimens after 12MC.

The results will be discussed in later section.

5.3.2.5 Volume loss with ML tilt

There was a linear increase in volume loss with tilt as shown in Figure 5-18.

The linear correlation was strong with R? value of 0.82.
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Figure 5-18 Relation of volume loss with tilt represented with linear correlation of R* value.

5.3.2.6 Quantification of wear scar area, surface analysis, and wear depth

Wear scar area

The wear scar areas were measured at 2, 4 and 6MC and percentage of the
total surface area are represented in Table 5-7. Two tail ANNOVA were conducted
for wear scar area between 2, 4 and 6MC. No significant difference was found
between the wear scars (p=0.73). The wear area increased in the first two million

cycles and remained the same throughout the test.

The distributions of wear scar area in the four quadrants (superior, inferior,
lateral and medial) are presented in Table 5-8 in mmZ%+95%CL. The wear scar area

occurred in the inferior of the specimens.

The wear scar area for all the specimens after 6MC wear test are shown in

Figure 5-19. Specimens 5 and 6 had the highest wear scar areas.



- 150 -

Table 5-7 Progression of wear scar (in mm?) and % of articulating surface area of 6MC in

wear test.
Specimen/ Wear scar area (mm?) Percentage of total surface
Number of area (%)
million cycles 2MC a4mMC 6MC 2MC 4MC 6MC
2 534.5 515.9 483.3 41.9 40.4 379
3 448.7 437.3 447.7 47.8 343 35.1
5 609.5 534.5 563.8 35.1 41.9 44.2
6 595.2 609.5 564.4 46.6 47.8 44.3
7 473.7 448.7 485.2 371 35.2 38.1
Mean+95%CL | 532.3+89 | 509.2+87 | 508.9+96 | 41.7+7 | 39.917 | 39.948

Table 5-8 Progression of wear scar (in mm?) in superior, inferior, lateral and medial
quadrant during 6MC in wear test

Number of Quadrant
million cycles Superior Inferior Lateral Medial
2 23.8+18.6 138.9+20.9 | 190.6+15.1 | 171.6+30.0
q 25.2+21.3 134.8420.8 | 195.5+13.3 | 181.6+14.9
6 27.34+41.2 | 153.7423.6 | 180.9+38.8 | 145.7425.1

The area in inferior quadrant (Table 5-8) increases whereas, area in medial

quadrant decreases from 181.6mm? to 145.7 mm?. This is not possible as the area

increases with cycle count. It can be accounted as an measurement error.
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Specimen2@ 6MC Specimen 3@6MC
Specimen 5@ 6MC Specimen 6@ 6MC
Specimen 7@6MC

Figure 5-19 Wear scar area for 5 specimens with solid line indicating worn area over
6MC.
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Visual inspection
Femoral component and patella specimen

Scratches were observed in the superior articulating part of femur where the
patella mated. The scratches were found to be parallel to the flexion extension axis
as shown in Figure 5-20. Unlike the femoral compartment, moderate scratches
were observed in patella wear specimens more compared to creep test specimen

along superior, lateral and inferior quadrant and increasing to severe in the medial.

Figure 5-20 Scratches in the patella articulating femoral groove. While solid line highlights
the scratches.

Wear characteristics

The patella specimens were sorted according to the wear regions after 6MC
of high ML rotation and uncontrolled ML displacement wear test. Three main
regimes of wear were found in all the specimens as shown in Figure 5-21. These
were pitting and deformation in the middle of the specimen and burnishing on the
edges of the wear scar area. Moderate scratches were observed in the patella
specimens in the superior, lateral and inferior quadrants and increasing to severe

scratches in the medial quadrant.



Figure 5-21 Wear characteristics of wear test specimen undergoing high ML rotation
and uncontrolled ML displacement. 1: pitting wear (blue line), 2: burnishing
(red line), 3: deformation (green line) and 4: scratching (yellow line).

Surface analysis

Femoral Component

The roughness parameters for femoral components during the wear test
involving high ML rotation and uncontrolled ML displacements over 6MC are
tabulated in Table 5-9. Average roughness (R,) and mean valley roughness (R,)
increased significantly after the test (p=0.01). Skew roughness (R¢) decreased with
number of million cycles significantly (p=0.01). Mean peak roughness (R,) remained

the same after 6MC of wear test.

Table 5-9 Mean roughness parameters with 95%CL of femoral component before and after
the test over 6MC with P value (*p<0.05 significant)

Parameters Before Test After Test P value
Ra (um) 0.030+0.002 0.043+0.011 0.01*
Rsk 0.743+0.452 -1.001+0.808 0.01*
Rp(1m) 0.105£0.004 | 0.099+0.018 0.79
Ry(pm) 0.071+0.003 0.095+0.023 0.01*
Patella Specimen

Similar to femoral component, changes in roughness parameters were

observed in patella specimen over 6MC of wear test as shown in Table 5-10.




- 154 -

Average roughness (R;) and mean peak roughness (R;) increased significantly after
the test (p=0.05 and p=0.01 respectively). Skew roughness (R.) increased non

significantly with number of million cycles (p=0.13). Mean valley roughness (Ry)

decreased significantly after 6MC of wear test.

Table 5-10 Mean roughness parameters with 95%CL of patella specimen before and after
the test over 6MC with P value (*p<0.05 significant)

Parameters Before Test After Test P value
Ra (um) 1.049+0.241 1.5931+0.612 0.05*
Rsk -0.281+0.422 0.975+2.029 0.13
Ro(pm) 2.83540.329 3.078+0.509 0.01*
Rv(pm) 3.121+0.356 2.807610.535 0.01*
Wear depth

Wear depth of the specimens increased with number of million cycles as
shown in Table 5-11. Specimen 5 had the highest deformation over 6MC and

specimens 2, 3 and 7 had the lowest deformation after the wear test.

Table 5-11 Wear depth for patella specimens over 6MC

Specimen Number Wear depth(um)
2 800
3 800
5 1000
6 850
7 800
Mean+95%CL 8504108
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5.3.3 Low ML Rotation with Uncontrolled ML Displacement

This condition is the most physiological condition with ML rotation less than

1° and the ML displacement uncontrolled. This condition was run for the next 3MC.

5.3.3.1 Kinematics

The station feedbacks from simulator following the input profiles were
plotted versus the gait cycle for anterior posterior load (Figure 5-22), superior
inferior displacement (Figure 5-23) and medial lateral rotation (Figure 5-24). Station
G2-1 was the only station that was close to the input ML rotation. However, the

feedback was found to be not very smooth.
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Figure 5-22 Anterior posterior load input (solid line) and simulator feedback (dotted line)
plotted versus percentage of gait cycle.
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Figure 5-23 Superior inferior displacement input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.
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Figure 5-24 Medial lateral rotation input (solid line) and simulator feedback (dotted line)
plotted versus percentage of gait cycle.

The ML displacement and tilt are shown in Figures 5-25 and 5-26. Similar to
Figure 5-13, the highest ML displacement is at highest flexion. The tilt follows the
same trend as in Figure 5-14. However, the magnitude is lower in this condition.

The absolute values of tilt for all the stations are tabulated in Table 5-12.
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Figure 5-25 Medial lateral displacement plotted with 95% confidence limit versus
percentage of gait cycle.
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Figure 5-26 Medial lateral tilt (6-9MC) for all the stations plotted with 95% confidence
limit versus percentage of gait cycle.




- 158 -

Table 5-12 Absolute value of tilt in every station for 6-9MC wear test with 95% confidence

limit.

Stations/Tilt Average (°) 95% CL
G1-1 133 1.53
G1-2 3.64 5.54
G1-3 5.15 4.87
G2-1 3.53 10.06
G2-3 3.81 3.06

There was no significance difference between the tilt of test in high and low

ML rotation with uncontrolled ML displacements (p=0.97).

5.3.3.2 Gravimetric volume measurements

The cumulative volume loss for low ML rotation and uncontrolled ML
displacements over 3MC were found to vary from 13.07mm? in specimen 2 to
34.21mm?* in specimen 3. The mean volume loss of the five samples undergoing
wear test over 3MC was 25.86+10.32mm’. The volume loss of five wear specimens
(Figure 5-27) increased as the number of million cycles increased. Specimen 2 had
the lowest volume loss with low wear gradient throughout the 3MC. Specimen 3
was going through lowest volume loss similar to specimen 2 for the first MC.
However, following that, there was a high increase in volume loss. Specimens 5 and
6 initially had high volume loss and then the wear rate dipped after the first MC.

Specimen 7 had a complex volume loss trend with high wear rate during first and

third MC and lower wear rate during 2MC.

The mean overall wear rate 8.63+3.44 mm?/MC (mean (n=5) + 95% Cl) was
calculated through gravimetric analysis, ranging from 4.68 mm>/MC (specimen 2)

to 11.63 mm>/MC (specimen 3) as shown in Table 5-13.

Two tail ANOVA produced no significant difference while comparing the wear

rate between specimens (p=0.45) during the course of test.
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Figure 5-27 Cumulative volume loss, showing volume loss for every specimen at every MC
for low ML rotation and uncontrolled ML displacement

Table 5-13 Wear rate for low ML rotation with uncontrolled ML displacement by specimen
number over 3MC

Specimen No 2 3 5 6 7 Average | 95%CL

Wear rate (mm>/MC) | 4.68 | 11.63 | 10.55 | 9.13 | 7.18 8.63 3.44

The volume loss for every station was calculated cumulatively for the 3MC
wear test as shown in Figure 5-28. Station G2-3 had increase in volume loss with
constant linear wear rate. Station G2-1 increased with the number of million cycles
during the first two million cycles. In the last million cycles the wear gradient and
tilt were however lower (Table 5-12). This was shown with high variation in CL
(Table 5-12) and dip in the wear rate (Figure 5-28). G1-1 was the lowest wearing
station over the 3MC with average absolute tilt of 1.33°. Volume loss in station G1-
2 was lowest in the first MC. Following the first MC, the wear gradient was high due
to an increase in volume loss. Station G1-3 had approximately linear wear gradient.

The total volume loss was the highest in station G1-3 after 3MC.

The wear rate varied from 3.83mm?/MC in station G1-1 to 11.56mm>/MC in

station G1-3. The mean wear rate from the five stations was 8.63+3.65mm?>/MC as

shown in Table 5-14.
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Student t-test was performed between the stations. Significant difference
between station G1-1 with G1-3 and G2-3 was 0.04 and 0.01 respectively. No

significant difference was found between any other stations.
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Figure 5-28 Cumulative volume loss for different stations at every MC for low ML rotation
and uncontrolled ML displacement

Table 5-14 Wear rate for low ML rotation with uncontrolled ML displacement by station
number over 3MC

Station G1-1 | G1-2 | G1-3 | G2-1 | G2-2 | Average | 95%CL

Wear rate (mm>/MC) | 3.83 | 9.41 | 11.56 | 8.25 | 10.10 8.63 3.65

5.3.3.3 MicroCT volume measurements

The volume difference obtained from MicroCT was compared with
gravimetric volumetric difference. The volumes were correlated with linear
regression (R?) value of 0.85 as shown in Figure 5-29. MicroCT mean cumulative
volume difference was higher (35.32+30.9mm?) as compared to gravimetric
(25.86+10.3mm?). The wear rate from the MicroCT analysis is presented in Table 5-
15. The mean wear rate from the MicroCT from the wear test over 3MC was

7.98+4.08 mm>/MC.
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Figure 5-29 Volumetric difference of low ML rotation and uncontrolled ML displacement
wear test specimens over 3MC.

Table 5-15 Wear rate for low ML rotation with uncontrolled ML displacement using
MicroCT over 3MC

Specimen 2 3 5 6 7 Average | 95%CL
Wear rate in
3 5.92 9.49 12.98 6.71 4.80 7.98 4.08
mm~/MC

5.3.3.4 Volume loss with ML tilt

There was a linear increase in volume loss with tilt similar to earlier case of

high ML displacement and uncontrolled ML displacement as shown in Figure 5-30.

The linear correlation was strong with R? value of 0.87.
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Figure 5-30 Relation of volume loss with tilt represented with linear correlation of R?
value.

5.3.3.5 Quantification of wear scar area, surface analysis, and wear depth

Wear scar area

The wear scars were measured at 6 and 9MC. The scar area in mm’ and
percentage of the total surface area were represented in Table 5-16. Two tail
ANOVAs (student t-test) were conducted for wear scar area between 6 and 9MC.

The wear scars were similar and there was no significant difference (p=0.8).

The distributions of wear scar area in the four quadrants (superior, inferior,
lateral and medial) are presented in Table 5-17 in mm’+95%CL. The wear scar area

occurred in the bottom half of the specimens similar to earlier scenario.

The wear scar area for all the specimens at 9MC of the wear test are shown in

Figure 5-31. Specimens 5 and 6 underwent the highest wear scar area.
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Table 5-16 Progression of wear scar (in mm?) and % of articulating surface area after 6MC
and 9MCin wear test

Specimen/ Wear scar area (mm?) Percentage of total
Number of surface area (%)
million cycles 6MC ImcC 6MC ImMC

2 483.3 450.9 37.9 35.4
3 447.7 488.6 351 38.3
5 563.8 578.2 44.2 45.3
6 564.4 584.1 443 45.8
7 485.2 488.1 38.1 38.3
Mean+95%CL 508.9.11+65 517.9+74 39.948 40.616

Table 5-17 Progression of wear scar (in mm?) in superior, inferior, lateral and medial
guadrant during 3MC in wear test

Number of Quadrant
million cycles Superior Inferior Lateral Medial
6 27.34+41.2 153.7+23.6 | 180.9+38.8 | 145.68+25.1
9 33.7+¢40.3 153.0+11.8 | 179.4+12.6 | 172.3+28.2
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Specimen 2@ 9MC Specimen 3@9MC

Specimen 5@9MC Specimen 6@9MC

Specimen 7@9MC

Figure 5-31 Wear scar area for 5 specimens with solid line indicating worn area over
3MC.

Visual inspection

Femoral component and patella specimen
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Scratches were found in the superior articulating part of femur where patella
mates. The scratches were found similar to scratches shown in Figure 5-20. Unlike
femoral compartment, scratches were observed in patella specimens as explained

in earlier section.

Wear characteristics

Four main regimes of wear found in all the specimens as shown in Figure 5-
21. These were pitting and deformation in the middle of the specimen. Burnishing
and scratching were found on the edges of the wear scar area. The regimes were
same as mentioned during high ML rotation and uncontrolied ML displacement.
Moderate scratches in inferior, lateral and superior quadrant and severe scratches

in medial quadrant were observed.

Surface analysis
Femoral Component

The roughness parameters for femoral components during the wear test
involving low ML rotation and uncontrolled ML displacements from 6-9MC are
tabulated in Table 5-18. Average roughness (R,) and skew roughness (Ry) increased
non significantly with increase in number of million cycles (p>0.05). Peak (Ry) and
valley (R,) roughness remained the same over 3MC.

Table 5-18 Mean roughness parameters with 95%CL of femoral component before and
after the test over 3MC with P value (*p<0.05 significant)

Parameters Before Test After Test P value
Ra (um) 0.040+0.011 0.052+0.011 0.08
Rsk -1.000+£0.808 | -0.273+1.169 0.14
Ro(um) 0.098+0.018 | 0.103:0.017 0.82
Ry(pm) 0.09540.023 0.0971+0.022 0.87
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Patella Specimen

Some changes in roughness parameters were observed in the patella
specimens over the 3MC of the wear test as shown in Table 5-19. Average (R.),
skew (Rq), mean peak (Ry) and mean valley (R,) roughness increased with the test.
However, the increase was not significant (p>0.05).

Table 5-19 Mean roughness parameters with 95%CL of patella specimen before and after
the test over 3MC with P value (*p<0.05 significant)

Parameters Before Test After Test P value
Ra (um) 1.594+0.612 1.703+1.306 0.83
Rsk 0.975+2.031 1.654+2.200 0.55
Rp(km) 3.079+0.509 4.361+0.728 0.57
Rv(um) 2.808+0.536 4.383+0.690 0.63
Wear depth

Wear depth of the specimens increased with number of million cycles as
shown in Table 5-20. Specimens 5 and 6 had the highest deformation over 3MC and
specimen 2 the lowest deformation (100 um) after the 3MC of the wear test. The
mean average wear depth over the 3MC was 110452 um and 960 pum over 9MC of

both testing regimes.

Table 5-20 Wear depth for patella specimens over 3MC

Specimen Number Before test (um) After test(pum)
2 800 850
3 800 900
5 1000 1150
6 850 1000
7 800 900
Mean+95%CL 850+108 960+148
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5.3.4 Low ML Rotation with Constrained ML Displacement

This condition was run with ML rotation <1° and the ML displacement kept
constrained (<1.6mm) for the next 3MC. The conditions of the test were similar to

the conditions of Ellison and co authors (2008).

5.3.4.1 Kinematics

The station feedbacks from simulator following the input profiles are plotted
versus the gait cycle for anterior posterior load (Figure 5-32), superior inferior

displacement (Figure 5-33) and medial lateral rotation was similar as shown in

Figure 5-24.
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Figure 5-32 Anterior posterior load input (solid line) and simulator feedback (dotted line)
plotted versus percentage of gait cycle.
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Figure 5-33 Superior inferior displacement input (solid line) and simulator feedback
(dotted line) plotted versus percentage of gait cycle.

The ML displacement (Figure 5-34) increased to highest displacement of
1.6mm at highest flexion. The tilt (Figure 5-35) showed the same trend as Figure 5-
26; however the magnitude of medial tilt was lower. Table 5-21 showed the

variation of absolute tilt with stations presented with 95% confidence limit.
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Figure 5-34 Constrained Medial lateral displacement plotted with 95% confidence limit
versus percentage of gait cycle.
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Figure 5-35 Medial lateral tilt (9-12MC) for all the stations plotted with 95% confidence
limit versus percentage of gait cycle.

The tilt shown in Figure 5-35 was lower in medial tilt due to the combination
of deformation and conformity. As shown in Chapter 3 Figure 3-9, the tilt was
higher with low ML displacement. However, with increase in contact between the

contacting surfaces the tilt decreased. This is also shown in Figure 3-13.

The tilt in G1-1 and G2-1 were the lowest over 3MC. G1-2 and G1-3 went
through higher tilt with G1-2 going through variation of tilt during 3MC (Table 5-
21).

Table 5-21 Absolute value of tilt in every station for 9-12MC wear test with 95% confidence

limit.

Stations/Tilt Average (°) 95% CL
G1-1 0.47 1.04
G1-2 2.00 3.06
G1-3 2.71 2.34
G2-1 1301 0.77
G2-3 1.73 2.43
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5.3.4.2 Gravimetric volume measurements

Mean cumulative volume loss over 3MC of low ML rotation and constrained
ML displacement was 23.05+5.72 mm°, ranging from 17.24 mm? (specimen 7) to
28.74mm> (specimen 5). The volume loss of five wear specimens increased with
the number of million cycles. At the end of 3MC of low ML rotation and
constrained ML displacement, specimen 7 was found to have lowest cumulative

volume loss and specimen 5 had the highest cumulative volume loss as shown in
Figure 5-36.
The mean overall wear rate 7.93+2.50 mm>/MC (mean (n=5) + 95% Cl) was

calculated through gravimetric analysis, ranging from 5.57mm?/MC (specimen 7) to

9.54mm?>/MC (specimen 5) as shown in Table 5-22.

Two tail ANOVA produced no significant difference while comparing the wear

rate between specimens (p=0.72) over every MC.
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Figure 5-36 Cumulative volume loss, showing volume loss for every specimen at every MC
for low ML rotation and constrained ML displacement
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Table 5-22 Wear rate for low ML rotation with constrained ML displacement by specimen
number over 3MC

Specimen No 2 3 5 6 7 Average | 95%CL

Wear rate (mm>°/MC) | 9.27 | 9.38 | 954 | 590 | 5.57 7.93 2.50

Cumulative volume loss per station was calculated as shown in Figure 5-37.
Stations G1-2 and G1-3 had higher volume loss compared to the other stations due
to high tilt (Table 5-21). Stations G1-1 and G2-1 had the lowest volume throughout
the wear test. Station G2-2 had lower volume loss similar to G1-1 for the first MC
and then the wear rate increased and the volume loss at the end of 3MC equalled
the volume loss of station G1-3. This was reflected with the variation of tilt over

3MC with 95% confidence limit of +2.43°,

The overall wear rate for all the stations was 7.93+5.45 (mean (n=5) + 95%CL).
Mean wear rate ranged for stations from highest to lowest in station G1-2

(12.07mm*/MC) to G1-1 (2.62mm>*/MC) as shown in Table 5-23.

Variability in wear rate among station to station was performed using two tail
ANOVA student t-tests. The lower wear rate among station (G1-1) as compared to
station G1-2 and station G1-3 caused significance difference of p=0.01 and p=0.01
respectively. Lower wear rate of station G2-1 caused significance difference with
stations G1-2 and G1-3 (p=0.01 and p=0.02 respectively). Other stations showed no

significance difference in wear rate among stations.
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Figure 5-37 Cumulative volume loss for different stations at every MC for low ML rotation
and constrained ML displacement

Table 5-23 Wear rate for low ML rotation with constrained ML displacement by station
number over 3MC

Station G1-1 | G1-2 | G1-3 | G2-1 | G2-3 | Average | 95%CL

Wear rate (mm>/MC) | 2.62 | 12.07 | 10.54 | 3.75 | 10.68 7.93 5.45

5.3.4.3 MicroCT volume measurements

The volume difference obtained from MicroCT was compared with
gravimetric volumetric difference. The volumes were correlated with linear
regression (R?) value of 0.86 as shown in Figure 5-38. The mean volume difference
from MicroCT was 29+9mm° as compared to gravimetric of 24+6mm>. The wear
rate from the MicroCT is presented in Table 5-24. The mean wear rate from the

MicroCT from the wear test over 3MC was 9.51+3.22 mm?/MC.
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Figure 5-38 Volumetric difference of low ML rotation and constrained ML displacement
wear test specimens over 3MC.

Table 5-24 Wear rate for low ML rotation with constrained ML displacement using MicroCT
over 3MC

Specimen 2 3 5 6 Z Average | 95%CL

Wear rate in
11.98 11.80 10.22 6.42 7.14 9.51 3:22

mm?/MC

5.3.4.4 Volume loss with ML tilt

There was a linear increase in volume loss with tilt as shown in Figure 5-39.

The linear correlation was good with R? value of 0.85.
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Figure 5-39 Relation of volume loss with tilt represented with linear correlation of R? value.

5.3.4.5 Quantification of wear scar area, surface analysis, and wear depth

Wear scar area

The wear scars were measured at 9 and 12MC. The scar area was presented
in mm? and percentage of the total surface area as shown in Table 5-25. Two tail
ANOVA were conducted for wear scar area between 9 and 12MC. No significant

difference was found between the wear scars (p=0.3). The wear area remained the

same throughout the 3MC test.

The distributions of wear scar area in the four quadrants (superior, inferior,
lateral and medial) are presented in Table 5-26 in mm?*+95%CL. The wear scar area

occurred in the inferior of the specimens.

The wear scar area for all the specimens over 3MC wear test are shown in

Figure 5-40. Specimens 5 and 6 had the highest wear scar area.
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Table 5-25 Progression of wear scar (in mm?) and % of articulating surface area after 9MC
and 12MCin wear test

Specimen/ Wear scar area (mm’) Percentage of total
Number of surface area (%)
million cycles 9MC 12MC 9MC 12MC

2 450.9 410.0 354 32.2
3 488.6 435.7 38.3 34.2
5 578.2 552.5 453 43.3
6 584.1 540.3 45.8 424
7 488.1 539.3 38.3 423
Mean+95%CL 517.9474 495.6181 40.6146 38.916

Table 5-26 Progression of wear scar (in mm?) in superior, inferior, lateral and medial
quadrant during 3MC in wear test

Number of Quadrant
million cycles Superior Inferior Lateral Medial
9 33.7140.3 153.0+11.8 | 179.4+12.6 | 172.3+28.2
12 27.1+41.6 149.2+37.8 | 180.9+63.8 | 177.5¢39.4

The area in inferior quadrant (Table 5-26) decreases whereas, area in medial

quadrant increases from 172.3mm? to 177.5 mm?. This is not possible as the area

increases with cycle count so must have been due to measurement error.
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Specimen 2@12MC Specimen 3@12MC

Specimen 5@12MC Specimen 6@12MC

Specimen 7@12MC

Figure 5-40 Wear scar area for five specimens with solid line indicating worn area
over 3MC.
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Visual inspection
Femoral component and patella specimen

Scratches in femoral component and patella specimen are similar to those

explained in Section 5.3.1.5.

Wear characteristics

Wear regimes were observed similar to those described in Section 5.3.1.5

Surface analysis

Femoral Component

The roughness parameters for the femoral components during the wear test
involving low ML rotation and constrained ML displacements over 3MC are
tabulated in Table 5-27. Average (R,), mean peak (R;) and mean valley (R,)
roughness increased non significantly after the test (p=0.28, p=0.13 and p=0.12
respectively). Skew roughness (R.) decreased with number of million cycles.
However, there was no significance difference in the increase (p=0.14).

Table5-27 Mean roughness parameters with 95%CL of femoral component before and
after the test over 3MC with P value (*p<0.05 significant)

Parameters Before Test After Test P value
Ra (M) 0.052+0.011 | 0.067+0.043 0.28
Rsk -0.273+1.170 | -1.198+1.109 0.14
Rp(pm) 0.103+0.017 | 0.128+0.062 0.13
Ry(um) 0.09810.022 0.13510.069 0.12

Patella Specimen

Similar to femoral component, some changes in roughness parameters were

observed in patella specimen over 3MC of wear test as shown in Table 5-28.
Average (R,), mean peak (Ry), mean valley (R,) and skew (Ry) increased non

significantly after the test (p>0.05).



- 178 -

Table 5-28 Mean roughness parameters with 95%CL of patella specimen before and after

the test over 3MC with P value (*p<0.05 significant)

Parameters Before Test After Test P value
Ra (um) 1.703+1.306 2.90241.725 0.16
Rsk 1.655+2.200 1.885+1.109 0.80
Ro(1m) 4.361+0.728 7.061+1.381 0.23
Rv(pm) 4.38410.690 6.201+1.108 0.18
Wear depth

Wear depth of the patella specimens increased with number of million cycles
as shown Table 5-29. Specimen 6 has highest deformation over 3MC and specimen
5 had lowest deformation after the wear test. The mean wear depth over 3MC was

120471 pm and 1080 pum over the total duration of test.

Table 5-29 Wear depth for patella specimens over 3MC.

Specimen Number Before test (um) After test(um) Difference
(over 3MC)
2 850 950 100
3 900 1050 150
5 1150 1200 50
6 1000 1200 200
7 900 1000 100
Mean195%CL 9601148 10804143 120471

5.3.5 Round Dome Wear Test —~ All Results

5.3.5.1 Gravimetric analysis

Wear of the PFJ joint has been successfully quantified at various kinematic

conditions until 12MC. The wear rate decreased as the ML rotation and ML
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displacement were decreased as shown in Figure 5-41. Wear rate decreased from
12.3+2.79mm?>/MC at high ML rotation (<4°) and uncontrolled ML displacement to
8.6+3.44mm’*/MC mm’/MC at low ML rotation (<1°) and uncontrolled ML
displacement (p=0.05). With decrease in ML displacement, from uncontrolled to
constrained displacement (<1.6mm), the wear rate changed non significantly from
8.6+3.44 mm’/MC to 7.93+2.50 mm?/MC. The student t-test is required to predict

the significance.

16
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Wear rate / million cycles
(mm3million cycles)

High ML Rotation Low ML Rotation Low ML Rotation
and uncontrolled and uncontrolled and controlled
ML displacement ML displacement ML displacement

Figure 5-41 The variation of wear rate with change in kinematics.

5.3.5.2 MicroCT volumetric measurements

Pre-test MicroCT volumetric determination showed the mean volume to be
6148+62mm>. When compared with gravimetric volumetric measurement (density
=935kg/mm’), the volume was 5780+54mm>. It was observed that MicroCT
overestimated the volume of the specimen. The R? value for the volume

determined by MicroCT and Gravimetric methodology was 0.8.

However, as our interest was determination of volume loss of different
specimen after wear test. This is shown in Figure 5-42. The R? (0.8) value shows a

good correlation for determination of volume loss from MicroCT and Gravimetric.
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Figure 5-42 Specimen volumetric difference from MicroCT and Gravimetric after the 12MC,
linear regression analysis with R

The scans of the patella specimens after 12MC of wear test are shown in

Figure 5-43. The top and side views are illustrated in the figures.

Specimen 2@12MC (Top View) Specimen 2@12MC (Side View)
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Specimen 3@12MC (Top View) Specimen 3@12MC (Side View)

Specimen 6@12MC (Top View) Specimen 6@12MC (Side View)

Specimen 7@12MC (Top View) Specimen 7@12MC (Side View)
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Specimen 5@12MC (Top View) Specimen 5@12MC (Side View)

Figure 5-43 MicroCT reconstructed images of the patella specimens after 12MC wear test

5.3.5.3 Geometric volumetric measurements

The wear depth from the CMM analysis is tabulated in Table 5-30. Specimen 6
had the highest wear depth and specimen 2 had the lowest wear depth. Two tail
ANOVA student t-tests between CMM wear depth and Talysurf analysis was
conducted. The mean wear depth by both the methods was same with no
significance difference (p=0.75). The 3D images of the patella specimens after

12MC wear test are shown in Figure 5-44.

Table 5-30 Wear depth for patella specimens over 12MC using CMM and Talysurf analysis

Specimen Number Wear depth(pm) Talysurf
2 1005 950
3 1019 1050
5 1282 1200
6 1128 1200
7 1008 1000
Mean+95%CL 1088+148 1080+143
4 (Creep Test) 113 115
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Figure 5-44 3D images of patella specimens after 12MC of wear test
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The volume difference obtained from the CMM was compared with the
gravimetric volumetric difference after 122MC. The volumes were correlated with a
linear regression (R?) value of 0.88 as shown in Figure 5-45. The mean volume

difference from CMM was 185+31mm? as compared to gravimetric of 124+25mm”.
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Figure 5-45 Volumetric difference of CMM with respect to gravimetric volumetric wear test
specimens over 12MC.

5.3.5.4 Volume loss v/s tilt

Another criterion which affected the volume loss was the relation of volume
loss with tilt. As shown in Figure 5-46 (solid blue line), volume loss increases as the
tilt increased. The linear correlation R? was 0.80 over 12MC. The dotted line
represented the variation of tilt with wear volume over 0-6MC (red dotted line), 6-

9MC (green dotted line) and 9-12MC (violet dotted line).
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Figure 5-46 Relation of volume loss with tilt. Figure shows the linear correlation with R?
value.

5.3.5.5 Wear grading and location of centroid

Wear grading

The specimens were graded according to Hood'’s grading (Hood et al. 1983).
The grading for the 5 specimens is tabulated in Table 5-31. The score was moderate

as compared to highest grading score of 84.

Table 5-31Wear grading of round dome test specimens using Hood et al.1983

Specimen Number Score
Specimen 2 30
Specimen 3 32
Specimen 5 40
Specimen 6 40
Specimen 7 32

Average+95%CL 34.8+6
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Location of centroid

The location of centroid for all specimens was located in the inferior of the
patella buttons as shown in Figure 5-47. This was found similar to investigation by

Ellison 2007.

Figure 5-47 Location of centroid (in star) of the wear
scar in round dome patella.

5.4 Discussion

Wear of the PFJ was dependent on the ML tilt in the joint. The repeatability of
kinematics was seen to be moderate for axial load (5%) and Sl displacement (11%).
However, the ML rotation deviated from the input control profile due to the low
demand profile operating in a pneumatic environment. The pneumatic pistons
worked by expanding compressed air. There were two valves to distribute the air
pressure to three pneumatic pistons. The error in air compression in such a low
demand pneumatic system led to errors in force and displacement in the simulator

feedback. However, the pneumatic system had good accuracy with higher demand
profiles.

In the computational model (Chapter 3 Figure 3-16), it was found that tilt was

dependent on AP load and ML displacement. The change in ML displacement and
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AP force from station to station and presence of a separate bearing (required to

constrain relative motion) in each station cradle led to variation in tilt from station

to station (88%) of the lowest tilt (1.0°).

The motor in group 2 tripped at the beginning of the test. This was due to the
incapability of the group 2 motor to support higher loads in all three stations. This

was avoided by running one station as a dummy with no motion to avoid damaging

the motor.

The test had five samples with one load control and two soak control
samples. Load controls and soak controls were used as a method for active
comparison. Soak controls determined the amount of fluid absorbed during the
test and the volume was deducted from the wear volume to calculate the actual
volume that was due to mass loss. The percentage of volume gained due to soak
was 0.4mm? was much lower when compared to 120mm?® lost due to wear. Load
soak were used as a reference for creep measurement. The number of cycles for
creep measurement was limited to only 1IMC. The creep depth may change over
cycle count and this was investigated in the next study on oval dome patella
(Chapter 6). The creep deformation obtained in current study (115um) was double
to that obtained in the past (50um) (Vanbiervlier et al. 2011). This was likely caused
due to the presence of a lower load (400N} in the study by Vanbiervlier and co
authors (2011) that led to a decrease in creep deformation. The creep in the
current study however, was similar to Ellison et al (2008) where similar axial load
was used.

The wear rate at the first million cycles was higher compared to the steady
state wear, similar to investigation by Lee and Pienkowski (1998). Lee and
Pienkowski (1998) investigated the initial wear of UHMWPE using pin-on-disc
equipment. The ‘bedding in’ of the femoral components followed by cold flow and
formation of wear debris as shown in Figure 5-48 led to higher wear rate at the first

MC (Rostoker et al. 1978).
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Figure 5-48 Description of creep and wear debris formation (Rostoker et al. 1978).

The wear rate decreased from 12.3+2.8mm3/MC to 8.63+3.4mm3/MC with
decreasing in ML rotation from 4° to 1°. Wear in one directional is highly resisted
due to the alignment of the polymer in that direction. As the motion gets two
dimensional with addition of rotation or displacement in the perpendicular
direction, strain softening in the direction perpendicular to polymer orientation
caused increase in wear rate. This phenomenon is termed as cross shear.
Therefore, the decrease in ML rotation by four fold caused decrease in cross shear
which led to the lower wear rate. At higher ML rotation, higher strain softening
occurs in the direction perpendicular to the direction of principal molecular
orientation. This led to a higher wear rate as observed by Fisher et al. (2001) and

McEwen et al. (2005) at a polyethylene counter face.

In contrast, a decrease in the ML displacement from 3.5mm to 1.6 mm caused
no significant change in wear rate. A reduction in wear rate from 8.6+3.4 mm>/MC
to 7.9+2.5mm’/MC was observed under this condition. The displacement in the
perpendicular direction of the principal molecular orientation reduced and caused
a lower cross shear ratio, leading to a lower wear rate. Wear is also directly
proportional to the sliding distance according to Archard’s law (1953). Hence, wear
decreased as the ML displacement decreased from 3.5 to 1.6mm. However, the

decrease was not linear with the change in displacement.

Volume loss was proportional to the tilt in every condition. This can be
explained as the uneven loading causing uneven contact stress and additional cross
shear which increased the volume loss. This was reported earlier with tibial inserts

(Jennings et al, 2007). The lift off in the femoral condyles resulted in an increase in
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wear. This change in tilt led to significance difference in the wear rate in some

stations as shown in Figures 5-14, 5-26 and 5-35 and Tables 5-3, 5-12 and 5-21.

There was a significant difference (p<0.05) in the wear rate at low ML rotation
and limited ML displacement (<1.6mm) (7.9 mm3/MC) and wear rate in earlier
investigation by Ellison and co authors (2008) (3.13 mm?®/MC) with similar
conditions. One of the reasons behind the difference was the use of different
machine for the PFJ joint wear simulation. The radius of rotation (Figure 5-49) in
the current study was R; (DePuy manufacturing drawing) which was the most
physiological radius obtained. In the earlier investigation the radius of rotation was
R;. The change in radius caused different contact stresses which may lead to lower
wear rate in earlier investigation as compared to current. The other factors for the
difference were the ML displacement was limited to 1.5 mm in current study which
was limited to 1mm in previous investigation. And the application of a ligament
force to the patella which replicated the ligament force in an in vivo scenario. These
factors led to higher tilt and subsequently higher wear in the current study. The
other reasons for difference may be positioning of the component, properties of

component and lubricant materials.

Patella

— , e

Centre of rotation

Figure 5-49 Schematics diagram of centre of rotation

Another author to predict patella wear under six degrees of freedom was

Vanbiervliet et al. (2011). 18 Smith & Nephew femoral components were tested
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against 32 mm polyethylene patella specimen at ProSim knee simulator with the
tilt mechanically blocked. The wear rate was O.91t0.21mm3/MC, 35 times lower
than wear rate at present study. The load was 3 times lower and the action of lift
off was not considered. As mentioned earlier, lift off of the patella on the femoral
counterpart caused higher contact stress and cross shear. The patella ML tilt was
kept fixed in the investigation by Vanbiervliet and co-authors (2011) which was
found to be one of the major factors for higher wear in the current study. The
lubricant used in Vanbiervliet et al. (2011) study was a mixture of 40% new born
calf bovine serum diluted with ionised water, ethylenediaminetetraacetic (EDTA)
acid and sodium azide solution. The Sl and ML displacements varied from -10mm to
10mm, FE rotation ranged from -10° to 100° and ML rotation was kept either at 5°
medial or -5° lateral angle. Hsu and Walker (1989), Burroughs et al. (2006) and
Korduba et al. (2008) also have investigated on wear of patella femoral joint.
However, the number of degrees of freedom considered was limited to two (load

and flexion extension rotation). This led to a lower wear rate of 3.3mm3/MC ina

walking cycle.

Wear scar area measured over 6MC was 500+22.7mm?> The area measured in
the current test was larger than that estimated (385mm?) by earlier investigation
(Ellison et al. 2008). The inclusion of all six degrees of freedom, mainly ML
displacement, led to higher wear scar area. ML displacement was restricted to
1.0mm in the earlier wear study by Ellison and co authors {2008). Wear scar area
increased to 500mm? and remained constant after 2MC (Table 5-7). This however,
contradicted earlier prediction of increase in wear scar area with the number of
million cycles (Burroughs et al. 2006). The creep area under the action of axial load
was 171.9mm?2 The wear scar shape from wear tests were similar to those
obtained from Burroughs et al. (2006) Ellison et al. (2007) and Vanbiervliet et al.
(2011). The wear scar area measurement decreases during 4 & 6MC as compared
to 2MC. This cannot be possible with material loss. The errors might be due to

marking of the wear scar through visual observations.

There was a change (Tables 5-8 and 5-26) in wear scar area; in medial and
inferior quadrant; measured at the end of the test conditions as compared to

earlier measurement. This is not logically possible, as the area cannot decrease
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with cycle count. The slight bias in wear area was due to error in the positioning of
the centre of the quadrants. This led to higher or lower determination of wear scar

area in the quadrants.

MicroCT and CMM were used as another way to calculate the volume of wear
specimen and samples. The volume calculated using these methods were
overestimated compared to the gravimetric measurement. The creep or
deformation caused by ‘bedding in’ or initial seating of the metallic component of
the polyethylene under the action of static load is the reason for higher volume
estimation. This initial seating never affected the gravimetric measurement. This
was avoided by calculating the volume under the action of axial load and the
volume obtained was subtracted from the volume of the wear specimens for
MicroCT. A good correlation between gravimetric and CMM/MicroCT was observed

(R? > 0.88) using this methodology.

The wear depth increased as the number of cycles increased. The
deformation increased 850+108um after the first 6MC at high ML rotation (<4°)
and free ML displacement. It further increased to 960+148um when ML rotation
was reduced by four folds (<1°). Following that with reduction of ML displacement
(<1.6mm), the wear depth increased further by 120um to 1080+143um at the end

of 12MC wear test.

Surface analyses of the creep test specimen showed lower values of average
surface (R,), skew (Ry), peak (Ry) and valley (R,) roughness. This was similar to
observation by Wang et al. (1996} for acetabular cups, Elfick et al. (1998) for
acetabular liners and Dowson et al. (1999) for polyethylene implants. Under the
action of load, the surface became smoother as the uneven peaks and valleys were

crushed. Hence there was decrease in Ry, Ry, Rp and R,.

The R, increased as the test progressed on the femoral component and
patella specimens undergoing the wear test. The scratches in the patella
component were similar to those found in the tibia femoral joint (Barnett et al.
2002; McEwen et al. 2002; Burton et al. 2006) and patella femoral joint (Ellison et
al, 2008) polyethylene surfaces. The average surface roughness dropped at the

beginning of the cycle due to burnishing wear and the surface getting polished. The
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polishing action reduced during the course of the test. No surface measurement
was performed at the end of the first MC. However, the R, increased during the

course of the test.

Unidirectional scratches observed in the femur component had negative skew
roughness showing that the lubrication regime must be existing. However the skew
roughness value in the patella increased to a positive value. The number of peaks
was higher in quantity compared to the number of valleys. Hence Ry was positive
in the patella surface. The peak (R;) and valley (R,) roughness increased as the

number of cycles increased.

Four types of regimes were found in all the patella specimens (Figure 5-21).
They were burnishing, scratches, pitting and deformation. Burnishing was caused
due to action of metallic component with the polyethylene counterpart.
Deformation was caused under the action of creep. The other wear characteristics
such as adhesive fusion were absent. As the manufacturing process involved
sterilisation in vacuum with higher intensity of radiation, adhesive wear was not

present in the patella specimens.

There was a large variation in wear rate between the current and previous
study. The introduction of a replacement patella will lead to clinical significance in
the wear rate of total knee replacement. This increase in wear rate can lead to
increase in wear debris which is linked to osteolysis and aseptic loosening of joint
replacement (Ingham and Fisher 2000). Hence the study of patella femoral joint
wear simulation is required. However, size distribution of the particles apart from

volumetric wear is important (Fisher et al. 2001; 2004)

Summary

There was an increase in wear rate due to increase in medial lateral rotation.
No significant change was observed in the wear rate when the medial lateral
displacement was decreased. Wear scar area was 500mm? at the end of 12MC. The

damage of the wear scars using Hood’s method of grading was 34.8.



-193 -

Chapter 6: In vitro wear simulation of PFC Sigma and Oval Dome

Patella

6.1 Introduction

Two types of dome patella are found in the market. These are round dome
and oval dome patellae. As the name suggests, the oval dome is elliptical in shape
with smaller width (33mm) as compared to length (38mm). Whereas, the round
dome patella has a constant diameter of 38mm. The oval dome patella has a higher
bone coverage area (91%) compared to the round dome patella (78%) (Baldwin and
Ken House 2005). Higher coverage of the bone provides lower contact between the
bone and the metallic femoral component. This is the reason the global split of oval
dome patella as compared to the round dome patella was higher; 98.8% : 1.2%
(Personal communication from DePuy International Leeds, UK 2010). Galvin and co
authors (2009) have investigated on the effect of wear with lower contact area. So
the hypothesis tested was that the oval dome patella would have a lower wear rate
than the round dome due to the lower surface contact area. The round dome

patella was investigated in the last chapter.

6.2 Materials and Methods

6.2.1 Materials

The lot numbers for the femoral components and patella specimens are listed
in Table 6-1. The femoral components were made of CoCr alloy and the patella
specimens were all polyethylene type oval dome patella. Five wear specimens, one

creep and two soak specimens were used in the test.
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Table 6-1 Lot number for femoral and patella specimens

Specimen Number Femoral lot number Patella lot number
Group 1-1 3156739 3157694
Group 1-2 3156739 3157694
Group 1-3 3156739 3157694
Group 2-1 3157510 3157694
Group 2-2 3157510 3157694
Group 2-2 3157510 3157694

Soak Samples 3157694

6.2.2 Methods

This chapter investigates the wear rate of the patella specimen at the most
appropriate physiological condition and compares the wear results with the round
dome patella. The physiological conditions defined as low ML rotation (<1°) and
uncontrolled ML displacement were investigated for a period of 3MC. The other
degrees of freedom were flexion extension (FE) rotation from 0-22°, superior
inferior (SI) displacement varying from -5 to 17mm and anterior posterior {(AP) load
200 to 1200N. Five wear, one load soak and two soak samples were used during
the investigation. The wear samples were placed as shown in Figure 6-1 (Scott et al.
1997). The two adjacent pegs in the oval dome patella were aligned to the superior
of the femoral counterpart. The control routine for the test was the same as used
in the investigation of round dome patella. The load soak control was acted on with
an anterior posterior load varying from 200 to 1200N. All the other degrees of
freedom were removed from the creep test. The soak controls were kept in 25%
new born calf serum and 0.03% sodium azide solution (the same lubricant as the

wear test). This is the first wear study of the oval dome patella.

Determination of the wear volume using gravimetric and CMM methods was
performed. Gravimetric and CMM were used after every MC for volume

measurement. In CMM, determination of the volume loss was done using the




-195 -

methodology of creating an original specimen based on unworn surface. MicroCT
has been ineffective in measuring lower volumes as seen in Chapter 4. Hence,
measurement of volume using MicroCT was avoided for oval dome patella. Wear
scar, deformation, surface analyses have also been reported every 3MC using a
profilometer Talysurf. All the above mentioned techniques are discussed in Chapter

2, Section 6.2, 6.4 and 6.6.
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Figure 6-1 Schematic diagram showing position of oval dome with respect to femoral
counterpart during a wear test (Scott et al. 1997)

6.3 Results

Specimen 3 was damaged due to slipping from the mating surface and was

replaced by specimen 8 at the beginning of the third MC.

6.3.1 Kinematics

The input profiles of the test along with feedback for various degrees of freedom
are shown in Figures 6-2 to 6-4. The feedbacks follow the input profiles in anterior
posterior load and superior inferior displacement as shown in Figures 6-2 and 6-3
respectively. In the case of medial lateral rotation, the presence of pneumatic
pistons led to a significant difference between the input and output feedbacks as

shown in Figure 6-4 due to the low demand profile.
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Excess ML tilt more than 5° was prevented. 5° was the maximum value of tilt
obtained through the computational model as described in Chapter 3. Exceeding 5°

led to slipping of the patella from the femoral groove contact.
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Figure 6-2 Plot showing comparison between input profile (bold line) and feedback
(dotted line) for anterior posterior force in N.
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Figure 6-3 Plot showing comparison between input profile (bold line) and feedback
(dotted line) for superior inferior displacement in mm.
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Figure 6-4 Plot showing comparison between input profile (bold line) and feedback
(dotted line) for medial lateral rotation in degrees.

The variation of ML displacement and ML tilt with gait cycle are shown in Figures 6-
5 and 6-6. The medial lateral displacement followed the flexion extension trend

with highest displacement at highest flexion.
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Figure 6-5 Plot showing medial lateral displacement in mm with errors bar of 95%
confidence limit.
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The tilt increased medially from -4° lateral tilt to 1° medial followed by gradual
decrease at the end of the gait cycle. The averages of absolute tilt with 95%
confidence limit throughout 3 MC from different stations are tabulated in Table 6-
2. Absolute tilt is the sum of maximum and minimum tilt. For example, the absolute

tilt in Figure 6-6 is 5°.
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Figure 6-6 Plot showing medial lateral tilt in degrees with errors bar of 95% confidence
limit.
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Table 6-2 Absolute value of tilt in every station with 95% confidence limit

Stations/Tilt Average (°) 95% CL
G1-1 1.07 0.75
G1-2 5.68 5.02
G1-3 Sy 8.11
G2-1 0.70 1533
G2-2 3.70 11.01

The test was stopped between 2 to 2.5MC due to excessive tilt (>5°) in one of the
stations; which caused the patella (specimen 3) to slip away from the femoral
groove contact causing damage to the specimen. The specimen was replaced by

specimen 8, which was previously used as a soak control.
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6.3.2 Wear Results
6.3.2.1 Gravimetric

Soak and load soak controls

The soak control (soakl and soak2) gained weight linearly with number of
million cycles as shown in Figure 6-7 (solid lines). There was no significant

difference found between the weight gain in the soak controls (p=0.8).

The load soak control followed complex relationship (dotted line in Figure 6-

7). There was weight gained in the first and third million cycles and weight loss in

second million cycles.
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Figure 6-7 Change in weight of soak (bold line) and load soak (dotted line) specimen over 3
million cycles.

Wear results at Low ML rotation with free ML displacement

The mean cumulative volume loss over 3MC with 95% confidence limit was
20.00+18.11 mm°, ranging from 3.11 mm? (specimen 5) to 28.36 mm’ (specimen 2).
Figure 6-8 shows cumulative volume loss of patella specimen over 3MC for all
specimens. Specimen 2 went through higher wear during first and second million

cycles. The gradient of wear was lower in the last million cycle compared to first
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two million cycles. Three specimen (1, 3 and 6) followed similar trends with lower
wear gradient in first two million cycles and higher gradient in the last million
cycles. Specimen 5 went through lower volume loss in every million cycles. The
mean wear rate of all five wear samples was 6.28+3.89 mm?/MC (mean (n=5) +
95% Cl), ranging from 1.21 mm?®/MC (specimen 5) to 9.75 mm?/MC (specimen 2) as
shown in Table 6-3. As specimen 3 failed after 2MC, the wear rate was calculated
by averaging the wear rate of four specimens between and 2 and 3 MC. The
average wear rate was replaced as the wear rate of specimen 3. Specimen 3 was

replaced by specimen 8 and run for a MC.
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o

o

Number of Cycles (millions)

Figure 6-8 Cumulative volume loss for every specimen, showing volume loss at each MC for
low ML rotation and free ML displacement.

Table 6-3 Wear rate for each specimen over 3 million cycles

Specimen No 1l 2 3 5 6 Average 95% CL

0-3MC(mm3/MC) 7:008I 89 7SAIN6I288181 V215 1€ 6.65 6.28 3.89

Figure 6-9 shows the cumulative volume loss of each specimen with respect
to varied stations in the simulator. Stations G1-1 and G2-1 showed lower tilt (1.07°
+0.75°, 0.70°+1.33°) over 3 million cycles (Figure 6-6 and Table 6-2). Hence, the
wear rates were lowest with 1.22mm?/MC and 1.58mm?>/MC for stations G2-1 and

G1-1 respectively. Stations G1-2 and G2-2 had a similar trend of lower wear
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gradient during first and second million cycles and higher wear gradient in the last
million cycles. However, the magnitude was different with station G1-2
(10.23mm>/MC) having higher wear rate compared to G2-2 (8.00mm>/MC). G2-2
had high variation of tilt through 3MC shown with high value of 95% CL as shown in
Table 6-2 (3.70°+11.01°) compared to tilt in station G1-2 (5.68°+5.02°). Station G1-3
showed highest wear (11.55mm?>/MC) among all stations with lower wear gradient
in the first million cycles and shooting to higher wear in the next two million cycles.
The trend supports to highest tilt as shown in Table 6-2 with high variation in 95%
confidence limit (5.5°+8.11°). The wear rate over 3 million cycles for all the stations
are shown in Table 6-4. The inter-specimen and inter-station variability were

analysed in order to investigate the source of variation on wear rates.
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Figure 6-9 Variation of cumulative volume loss with respect to varied station, showing
volume loss at each MC for low ML rotation and free ML displacement

Table 6-4 Wear rate for each stations over 3 million cycles

Station Name G1-1 | G1-2 | G1-3 | G2-1 | G2-2 | Average 95% CL

0-3MC(mm3/MC) 1.58 | 10.23 | 11.55| 1.22 | 8.00 6.52 6.01

Two tail ANOVA gave no significant difference while comparing the wear rate

between specimens (p=0.57) or course of tests i.e. between each MC (p=0.48). This
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shows that there were no inter specimen variability and the simulator was
producing non significant wear rate in each MC. Variability in wear rate among
station to station was performed using two tail ANOVA t-test. No significant

difference (p=0.33) was found between stations.

Wear results of oval dome as compared to round dome patella

The wear rate of round and oval dome patellae under all conditions tested
are shown in Figure 6-10. The change of shape from round dome to oval dome and
at same condition; i.e. ML rotation and displacement uncontrolled; the wear rate

decreased non significantly by 2.5mm?/MC from round to oval dome (p=0.74).

0.01* 0.66 0.74

Wear rate / million cycles

Figure 6-10 Chart showing the mean variation of wear rate (Mean with 95% confidence
limit) with change in kinematics and shape of patella: RD stand for round dome and OD for
oval dome patella. ANOVAs t-test are performed for each condition with significance at
p<0.05

6.3.2.2 Geometrical volumetric measurements

This method was used for determination of volumetric wear after every
million cycles of wear test on the oval dome patella wear specimens using CMM.
The results were compared to the cumulative volume loss obtained from

gravimetric measurements. Volumetric wear determined by CMM was sum of
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creep and material removed. Still, good correlation with the gravimetric (R*>0.8)

was obtained at every million cycles as shown in Figure 6-11.
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Figure 6-11 Determination of total volumetric loss using CMM; R’ value included for
determining the correlation with gravimetric volume loss. The cumulative volume loss after
every MC for the 3MC wear test is plotted.

The mean change in volume predicted by the CMM was 31.9 mm’ compared
to the gravimetric volume loss of 20.0 mm?®. The soak specimen with negligible
volume loss in gravimetric had 3mm? volumetric difference when measured in
CMM. Figure 6-12 shows the trend of wear penetration in articular surface of
patella through wear test and creep test (specimen 7). The trend shows the
penetration continued to increase with every MC. At the beginning of the test, the
machining marks could be seen in every specimen. The scale of the penetration
was higher (-0.60mm) on the edges of certain CMM scans. The error was due to
error in measurement. This however did not affect the volumetric wear

determination as the scars were located near the centre not in the edges.
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Figure 6-12 CMM analysis of wear penetration of all five wear specimens following 3MC
of in vitro simulation at physiological condition. Specimen 3 was damaged between 2-
3MC and replaced by specimen 8. Specimen 7 was the creep test sample.

Throughout the progression of the study, the wear depth increased in every

specimen. As the wear depth increased, the volume change increased. The

maximum wear depth for wear and creep specimens are tabulated in Table 6-5.

The mean maximum wear depth was 0.39mm excluding specimens 3 and 8. The

wear depth for specimens 1 and 2 were higher compared to other specimens.

Table 6-5 Mean wear depth with 95% CL of worn specimens (1, 2, 5 and 6) and creep

specimen (7) using CMM analysis.

Specimen 1 2 5 6 7
Total Wear Depth
0.49 0.41 0.28 0.38 0.17
inmm
Mean+95%CL Creep test Wear test
(mm) 0.17+0.05 0.3940.13
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The mean wear rate of the specimen using CMM is presented in Table 6-6.
The wear rate was higher for specimen 8 as compared to other specimens.
Specimen 5 had lower wear rate compared to other wear specimens. Mean wear
rate was calculated on n=4 for specimen (1, 2, 5 and 6). As the specimens 3 and 8
were run for maximum 2 million cycles, they were not included in mean wear rate

calculation.

Table 6-6 Mean wear rate with 95% CL of worn specimens (1, 2, 5 and 6) and creep
specimen (7) using CMM analysis from 3 million cycles. Specimen 3 and 8 were
excluded as the specimens were run less than 2 million cycles.

Specimen 1 2 5 6 7
Wear rate in
11.90 13.95 6.05 11.80 3.52
mm3/MC
Mean+95%CL Creep test Wear test
(mm*/MC) 35213 10.9215.43

6.3.3 Volume Loss with ML Tilt

The volume loss increased with increased in tilt. Strong correlation of 0.98

was found between the two entities as shown in Figure 6-13
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Figure 6-13 Relation of wear volume with tilt. Figure shows the linear correlation with R?
value.
6.3.4 Quantification of Wear Area, Centroid of the Scar Area, Surface Analysis and

Wear Depth

6.3.4.1 Scar area

The wear scar appeared towards the superior quadrant in all the oval dome
patella specimens, spreading from the medial to the lateral periphery (Figure 6-14).
No wear or surface change was seen on the edges or the backside of the patella
specimen. This showed that the patella specimen was rigidly fixed in the holder
during the wear test. The width of articulation scar area of specimen 7 undergoing
creep was lower compared to the other specimens. The wear specimens had the
higher increase in the wear scar area during the first million cycles and the wear

scar area stabilised after the first million cycles as shown in Figure 6-15 and Table

6-7.



Specimenl

Figure 6-14 Wear Scar for all 5 specimens with solid line indicating total worn area. Specimen 7
underwent creep test.
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Figure 6-15 Average patella scar area from 0 to 3MC. The solid line denotes for wear test
and dotted line denotes increment of creep test.

Table 6-7 Progression of wear scar (in mm?) and % of articulating surface area during 3MC

in wear and creep test specimens

Specimen/ Wear scar area (mm?) Percentage of total surface
Number of area (%)
million cycles imMcC 2mMC 3MC imMcC 2MC 3mMC
1 283.8 281.7 280.0 28.6 28.4 28.2
2 286.8 305.3 302.4 28.9 30.7 30.4
3 270.1 320.8 272 323
5 310.8 313.8 316.8 31.3 31.6 31.9
6 307.7 306.5 3132 31.0 30.8 315
8 347.0 34.9
Mean+95%CL | 301.0+29 | 305.6+18 | 303.1426 | 30.3+3 | 30.842 | 30.5%3

Articulating scar area (mm?)

Percentage of total surface

area (%)

7 (Creep test)

1324

226.6

226.5

133

22.8

22.8
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The scar area increased until 2MC as shown in Figure 6-15. Henceforth, the
scar area became constant. Figure 6-16 shows the correlation between tilt and scar
area from 0 to 2MC. There was a weak correlation between the scar area and tilt
with R square value of 0.46. The spread of the scar area over 1, 2 and 3MC in the
different quadrants are tabulated in Table 6-8. The area over some quadrants
decreased at the end of 3MC compared to 1 and 2 MC. This could have been due to
the shifting of the location of the centre leading to increase and decrease in areas

of certain quadrants.
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Figure 6-16 Relation of wear volume with tilt. Figure shows the linear correlation with R

value.

Table 6-8 Progression of wear scar (in mm?) in superior, inferior, lateral and medial
quadrant during 3MC in wear test

Number of Quadrant
million cycles Superior Inferior Lateral Medial
1 Thp a7 87.2+24.8 127.3+13.4 | 114.1+17.7
2 10.4+12.4 88.1+12.7 129.4+13.0 | 123.5+16.9
3 1.88+4.67 109.7+18.9 | 106.7+15.0 | 94.0+31.1
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6.3.4.2 Location of centroid

The centroid was located in the inferior quadrant as shown in Figure 6-17.

This was similar to the location of the centroid in round dome patella (Chapter 5).

Figure 6-17 Location of centroid (in star) of the wear scar in oval dome
patella.

6.3.4.3 Surface analysis for the femoral and patella components

Visual observations
Femoral component and patella specimens

Scratches similar to the round dome wear test were observed in the femur
(Figure 5-20) using visual inspection. The scratches were parallel to the flexion
extension axis. There were a few scratches found in the patella specimens. The
number of scratches varied significantly between the components tested in creep

and wear tests with the former having minimal scratches.

Wear characteristics

A few regimes of wear were observed as shown in Figure 6-18. The blue and

green regime represents the pitting and deformation respectively. These regimes
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were embedded inside the regime shown in red line which was the burnishing wear
regime. Scratches were found outside the burnishing regime as shown by the

yellow line. Similar scratches to round dome were observed in oval dome patellae.

Figure 6-18 Wear characteristics of wear test specimens undergoing low ML rotation and
uncontrolled ML displacement. 1: pitting wear (blue line), 2: burnishing (red line), 3:
deformation (green line) and 4: scratching (yellow line).

Wear grading

The oval dome specimens were graded according to Hood et al. (1983). The
grading of the four specimens is presented in Table 6-9. Embedded PMMA particles

and abrasion was absent in the grading. The grading was lower than the round

dome patella (34.8+5.9).

Table 6-9 Grading of wear damage in oval dome test specimen

Specimen Score
Specimen 1 29
Specimen 2 30
Specimen 5 32
Specimen 6 29

Average+95%CL 30+2.25
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Surface analysis
Femoral component

A typical calculation of the roughness parameters for a femoral component
undergoing the wear test with specimen 2 as an example is shown in Figure 6-19

along with the roughness parameters.

The roughness parameters for the femoral components before and after the
wear test are tabulated in Table 6-10. Significant differences were found between
Ra, R« and R, before and after the wear test. However, R, was not significantly
different. R, Rp and R, increased with progression of the test. However, Rq

decreased after 3MC.
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Figure 6-19 Roughness of femoral component mating with wear specimen 2. The table
shows average (R,), skew (Ry), peak (R,) and valley (R,) roughness of the femoral
component
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Table 6-10 Roughness parameters for the femoral components before and after the wear
simulation test. Significant difference between the test interval with *p<0.05

Parameters Pre-Test Post-Test P value
Ra(pm) 0.027+0.01 0.037+0.01 0.021*
Rk 0.58+0.51 -2.53+1.26 0.0001*
Rp(pm) 0.092+0.01 0.097+0.02 0.44
Ry(nm) 0.067+0.01 0.092+0.02 0.005*

Patella specimen

Similar to femoral component, the oval dome patella were measured under
Talysurf profilometer for measurement of average surface and skew roughness

parameters.

Typical roughness parameters for the specimens are evaluated as shown in

Figure 6-20 as an example of specimen 2.
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Figure 6-20 Roughness of wear patella specimen 2 after running for 3MC.
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The roughness parameters Ry, Ry, R, and Ry before and after the wear test
along with p value are presented in Table 6-11. The mean average surface
roughness (R,) remained constant (0.83um) throughout the 3MC. Skew roughness
Rsk significantly increased from -0.28 um to 0.42 pm at 3MC. R, and R, decreased
with the wear test. However, the change was significant and non significant for R,
and R, respectively

Table 6-11 Roughness parameters for the patella specimen before and after the wear test.
Significant difference between the test interval with *p<0.05

Parameters Pre-Test Post-Test P value
Ra(nm) 0.83+0.09 0.83+0.15 0.97
Rsk -0.28+0.22 0.42+0.81 0.03*
Ro(pm) 2.45+0.21 1.99+0.49 0.05*
Ry{1m) 2.5810.20 2.10+0.66 0.10
6.3.4.4 Wear depth

Wear depth of the oval dome patella was investigated using Talysurf. The
specimens were scanned pre-test and post-test to measure the wear depth as
shown in Figure 6-21, typical example for Specimen 2 after 3MC wear test. The
wear test specimens showed (Figure 6-22) a gradual increase in wear depth. The
mean wear depth varied to 400 um after 3MC. The creep test specimen also
demonstrated deformation. However, the deformation was lower (225um) at the

end of 3MC cycles as tabulated in Table 6-12.
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Figure 6-21 Wear depth of wear patella specimen 2 after running for 3MC.
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Figure 6-22 Scatter plot of wear depth/deformation of the patella specimen during
physiological conditions; ML rotation (<1°) and free ML displacement.
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Table 6-12 Deformation of wear and creep test specimens after (3MC).

Specimen Number After test(um)
1 500
2 450
5 275
6 375
Mean95%CL 4004155
7 (Creep test) 225

6.4 Discussion

This is the first wear test involving oval shape of patella to quantify wear in a
total knee replacement. The test was conducted in Leeds/Prosim Knee simulator 1
with five samples for wear test and one station as creep test. The wear specimens
and the creep station specimen were quantified every MC for volume and scar area
assessment. Wear of the patella specimen was dependent on the kinematics and
biomechanics in the joint. The similarity between the control routine and the
simulator response in case of Sl displacement and AP load shows that the wear test
was carried out successfully for the patella femoral joint at physiological kinematic
conditions. The ML rotation did not follow the input profile due to the problems
with a pneumatic system. The simulator behaved as PFJ joint with six degree of
freedom. However, further testing with a higher rotation will predict the range of

wear rate with reference to varied kinematics.

Similar to the round dome patella, the oval dome patella wear test had five
samples with one load control and two soak control specimens. Load controls and
soak controls were used as a method for active comparison. Soak controls
determined the amount of fluid uptake during the test and the volume was
deducted from the wear volume to determine the actual material loss. Load soak

were used as a reference for creep measurement. The creep test specimen
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stabilised after 2MC. This was in support of earlier investigation of creep wear in

the knee stabilising after 2-3MC (Stanley 2011).

In the current study, the volume loss of specimen 2 was found to be the
highest compared to specimen 5. This was due to the transition of specimen 5
through station G2-1, G2-2 and G1-1. The three stations were having low tilt which
caused the wear volume from each of them lower compared to stations G1-2 and
G1-3. Specimen 2 was transferred from G1-2 to G1-3 followed by G2-1 which was
having higher tilt leading to higher volume loss (Table 6-2). The tilt was lower in few
stations due to following reasons: the rigidity of the bearings to resist torque, lower
ML displacement and the axial load was lower as compared to other stations. The
tilt was different in all the stations. However, no significant difference was found

between each stations (p=0.29).

As shown in Figure 6-13, wear volume increased as the tilt increased with
linear regression R square 0.98. This can be explained as the uneven loading
causing uneven contact stress which increases the wear. This was reported earlier
with tibial inserts (Jennings et al. 2007). Jennings and co authors reported that the
lift off in the femoral condyles resulted in increase in wear for the tibial
components. The other factor which affected the wear was the effect of cross
shear. Due to the ML rotation, higher strain softening occurs in the direction
perpendicular to the direction of principal molecular orientation. This led to higher
wear rate as predicted by Fisher et al. (2001) and McEwen et al. (2005) in a

polyethylene counter face. Weak correlation between wear scar area and tilt was

observed with R square vale of 0.46.

The wear rate of the oval dome patella was lower than the round dome. With
the identical physiological condition; low ML rotation and free ML displacement,
the wear rate of oval dome was 6.28mm?*/MC as compared to 8.63mm’*/MC in case
of round dome patella as shown in Figure 6-10. The smaller wear scar area of the
oval dome patella among the two shapes of specimen (oval (31.2%) and round
dome (39.9%) patella) caused the difference in the wear rate. As the area was

lower in oval dome, the contact stress increased (Archard’s law 1953). The wear
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rate was lower similar to earlier investigation by Wang et al. (2001) and Galvin et

al. (2009).

CMM was used as another way to calculate the volume of wear specimen.
The volume change was different compared to gravimetric. The creep or wear
depth caused by ‘bedding in’ of the metallic component in the polyethylene under
the action of axial load was the reason for higher volume estimation. A good
correlation between gravimetric and CMM at every MC was observed (R2 > 0.88).
The deformation in one of the soak specimen (specimen 8) subsequently used for
wear testing was higher than any other specimen. Similar results were observed by
Stanley (2011) when a soak specimen was used as load soak specimen after soaking
in lubricating medium. However, a conclusion cannot be derived based on single

specimen.

The creep area under the action of axial load was 132mm?at 1MC to constant
value of 226mm? at 2 and 3 MC. The wear scar was lower as the specimen was
acted on by axial or anterior posterior load. As shown in Figure 6-15, the wear scar
area remained constant after 2MC contradicting Burroughs and co authors (2006)
theory of varying wear scar area on testing of Sombero style patella button. As the
degree of freedom considered in Burroughs and co-authors (Burroughs et al. 2006)
were FE rotation and axial load, the effect of sliding distance due to SI and ML
displacement were not noticed. This led to incorrect prediction of wear rate and
wear scar area. As mentioned earlier wear is a function of material removal, creep
and contact area translation. Burroughs and co author’s wear model lacked the
contact area translation. However, the shape of the scar was similar to the

literature and biased towards inferior side of the patella.

Wear characteristics of the oval dome patella specimen showed scratching,
burnishing, pitting and surface deformation. Fusion defects were removed by using
gamma radiation procedure. The grading of the oval dome was moderate (30£1.5).

However it was lower than the round dome patella (34.815.9) as the round dome

went through higher number of cycles.

The wear depth increased with the number of million cycles. The wear depth

increased from Oum to 410 um at the end of 3MC at low ML rotation and free ML
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displacement. The metallic component seating action on the patella and the
movement due to the tilt led to higher wear scar area. The lift off of the femoral
component as described by (Jennings et al. 2007) caused more wear depth on the
medial lateral plane. The higher the tilt led to increase in wear scar area. Similarly
for creep test specimen, the wear depth after 3MC under the action of load alone

was 225um.

Surface roughness (Ra) increased for femoral component with increase in
number of million cycles. Unidirectional scratches observed in the femur surface
had negative skew roughness showed that the lubrication regime must be existing.
Average roughness remained constant for patella specimens. However the skew
roughness value in patella increased to positive value. The increase in skew
roughness parameter implied that patella lacked lubrication between the
articulating surface and was action of wear (Affatato et al. 2006). The peak (R,) and
valley (R,) roughness increased as the number of cycles increased signifying peaks

and troughs in the patella surface due to pitting or scratching.

Summary

There was a decrease in wear rate due to change in shape from round to oval
dome patella buttons. However, this was not significant. The wear scar area of the

oval dome specimen was 303mm? at the end of 3MC. The damage of the wear

scars using Hood’s method of grading was 30.0.
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Chapter 7: Tribological Analysis of Patella Femoral Joint Retrievals

7.1 Introduction

The comparison of specimens from in vitro wear simulations with in vivo
retrievals is essential for clinical relevance and validation of the in vitro simulation.
Several attempts have been made to classify the surface characteristics of patella
retrievals in the literature (Hood et al. 1983; Schwartz et al. 2002). However, only
limited attempts have been made to compare in vitro specimens with clinical data

(Ellison et al. 2010).

Once retrievals are received, determination of wear and hence, comparison
with in vitro specimens can be challenging. The challenge in comparison may be
due to the absence of data on the orientation of the retrievals and pre-wear
measurements stage. Secondly, the motions in the simulators are mainly sliding
contact. In vivo, the ligaments and impact loading conditions may lead to non
proportional tribological characteristics. The ligaments can stabilise the bone
thereby reducing damage. The impact loading can increase the contact stress and
lead to high wear. Pre-wear data is important to determine the volume of the wear
specimens (retrievals and in vitro). Measurement of the wear volume
gravimetrically is only possible when volume before the wear process is known.
However, with absence of pre-wear data, it becomes difficult to accurately
determine the cumulative volume. The coordinate measuring machine (CMM)
remains the only available method for the current author to evaluate the volume
without pre-wear data. Comparison of other tribological characteristics like wear
scar area and wear area spread in quadrants (Figure 7-1) are also difficult to
analyse without adequate information on the orientation. Figure 7-1(a) shows a
typical representation of wear area spread in four quadrant labelled ‘S’ for
superior, ‘I’ for inferior, ‘M’ for medial and ‘L’ for lateral. However, if the
orientation of wear scar was changed Figure 7-1 (a-d), a different spread of wear

scar around quadrants was observed. This can lead to completely different wear

characteristics.
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In this chapter, retrievals obtained have been qualitatively evaluated for wear
scar area, location of wear scar over varied quadrants, location of centroid for the
wear scar, roughness, modes of UHMWPE damage and volumetric wear. Further,

to this an active comparison with the simulation/in vitro specimens is made to

validate the experimental simulations.

Figure 7-1 Wear scar area spread around quadrants (‘M’ for medial, ‘L’ for lateral, ‘S’ for superior and
‘I’ for inferior). Orientation of wear scar at (a) 0°, (b) 90° clockwise, (c) 180° clockwise and (d)
270° clockwise.

7.2 Materials and Method

The specimens (n=10) were retrievals collected from different hospitals over a
period of 5 years (2003-2008) and are detailed in Table 7-1. The reasons for the
failure were patella dislocation (20%), joint pain (30%), aseptic loosening (10%) and
osteolysis (10%). The reasons for failure in 2 specimens (D, G) were unknown. The
division of specimens in terms of gender was 60% female and 20% male, for the
remaining 20% data was not available. The number of years in situ ranged from 2.1-
13.1 years with 60% right knees and 30% left knees. Details of the remaining 10%
knees were not known. The average weight and height was 81+14 kg and
164+10cm (average (n=10) +95% CFL) respectively. The details of manufacturer for
some of the selected retrievals were not known (Table 7-1). Oval and round dome
retrievals were graded by 2 users to classify the retrievals based on intensity, area

and type of wear scars according to the method by Hood et al. (1983).

The wear scar measurements, centroid location and wear scar over quadrants
were captured using high zoom Camera (Cannon SLR) and analysed in Image
ProPlus (Media Cybenetics, MD USA). Determination of the volumetric wear of the

retrievals was performed in CMM and later analysed in SR3D software version 4.2
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(Tribosol Ltd). Roughness parameters (R;, Ry, Ry and R,) were determined using
Talysurf profilometer. Finally, wear characteristics were evaluated using visual
inspection. The details of methodologies are presented in the chapter 2: Materials

and Methods.

Table 7-1 Clinical data of patella retrievals (Retrieval database, University of Leeds)

Patella
design and

TKR system

Implant

Year

No of
in situ

years

Joint

side

Weight
(kg)

Height

(em)

Gender

Activity

type

Reason for

revision

Oval dome

&PFCY

2002

39

105

186

Patella

dislocation

Oval
Sombero &

PFC

1998

2.1

63

160

No

support

Joint Pain

Oval Dome

& PFCS

2002

34

76

157

Sedentary

Aseptic

loosening

Oval dome

&PFCY

Sticks

Oval
Sombero &

PFC

1999

7.2

87

177

Stick

Joint Pain

Oval
Sombero &

PFC

2001

5.5

77

152

Sedentary

Joint pain.

Oval Dome

Sombero &

Kinemax

2003

29

106

155

Manual

Tibia

failure

Round
Sombero &
Leicester

PFK

1997

9.2

69

155

Sticks

Osteolysis

Round Flat
& Accord

knee

1993

13.1

65

170

Stick

Dislocation
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7.3 Results

7.3.1 Position of Wear Scar Area

The wear scars resulting from experimental simulation showed the spread of
wear scar towards the inferior of the patella specimen (Figure 7-1a). The rationale
for selection of the position of wear scar in the retrievals was based on the fact that
majority of the wear scars appeared in inferior side as shown in Figure 7-2 and
Figure 7-3. Figure 7-2 (a, b, c) shows the contact of patella with the femur during
the rotation of femoral component at flexion and movements of patella in superior
inferior direction in the sagittal plane. At 0° of flexion or full extension, the contact
was at the top edge of the patella. At 10° of flexion, the point of contact moves
from top edge to the inferior of the patella. At higher degrees of flexion, the

contact is spread in inferior of the patella surface.

Femur
Patella
a) At 0° Flexion
Superior Femur Inferior
Side Patella Side
b) At 10° Flexion
Femur
Patella
c) At 20° Flexion

Figure 7-2 Position of patella with respect to femur during a) 0° b) 10° and c) 20° of
femoral flexion in sagittal plane.

In the frontal plane, the tilt combined with ML displacement led to formation
of the wear scar on the medial and lateral sides of patella in the patella femoral

joint as shown in Figure 7-3 (a, b and c). The scenario was as obtained in the
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experimental simulation. At the beginning of flexion, the patella tilt was towards
lateral side (medial tilt) due to the presence of ligament load. Following movement
of the patella towards the medial side, there was lateral patella tilt at 20° flexion.
During this changeover from medial to lateral tilt, the patella crossed through 0° tilt

at 10° flexion.
Femur
7Rl
a) At 0° Flexion

Femur

Lateral Side Medial Side
Patella

b) At 10° Flexion

Femur

c) At 20° Flexion

Figure 7-3 Position of patella with respect to the femur during a) 0°, b) 10°and ¢) 20° of
femoral flexion in the frontal plane.

Following this rationale from the experimental simulations results, all the ten

retrievals were rotated to locate the wear scar in the inferior of the patella.

7.3.2 Oval Patella Retrievals

7.3.2.1 Geometric volumetric measurements

Volumetric analysis was performed using CMM measurement as shown in
Figure 7-4. The volumetric loss {(using three repeated measurements) varied from
1.19 (retrieval D) to 65.46mm? (retrieval A) for the oval patella retrievals (A to H) as
tabulated in Table 7-2. The scale in the CMM measurement showed positive
reading. The positive readings were on the edges which do not affect the wear

volume calculation as the area of interest was the inferior periphery.
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The wear rate varied from 1.08mm3/year (retrieval C) to 26.76 mm?>/year

(retrieval B). The average wear rate was 9.0919.39mm3/year as shown in Table 7-3




-229 -

Figure 7-4 CMM analysis for volumetric wear determination (oval specimen A to F; round specimen
G and H).

Table 7-2 Volume loss of retrievals determined using CMM

Retrieval Name Volume Loss (mm?) Number of in situ years

A 65.4615.06 3:9
B 56.19+7.01 paal
C 3.66+2.41 3.4
D 1.1940.26 -

E 28.33+3.23 /32
F 26.59+2.20 5t5
G 3.25+0.01 -

H 3.31+2.25 2.9

Table 7-3 Wear rate (mm®/year) of retrievals determined using CMM.

Retrieval A B C E F H Mean

Wear rate
16.78 26.76 1.08 3.93 4.82 1.14 | 9.09+10.9

(mm?/year)
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The wear rate measured by CMM for retrievals (9.09mm?/year) was lower
than the in vitro test (10.92mm>/MC) as shown in Figure 7-5. However, the

difference was not significant (p=0.74).

20
18 -
16 1
14
12
10 -
8 -

Wear rate (mm?3/year)

ORN =R O)
el

Retrievals In vitro test

Figure 7-5 CMM analysis for volumetric wear determination (retrievals and in vitro test).

7.3.2.2 Quantification of surface analysis

Visual inspection
Scratches

Few scratches were found in retrievals G and H. Scratches in retrieval G was
due to handling and scratches in retrieval H was due to third body wear particles as

shown yellow solid lines in Figure 7-6 (G and H).

Wear characteristics

The various types of wear regimes found in the selected oval patella retrievals
were scratching, burnishing, pitting, delamination and surface deformation as
shown in Figure 7-6. The retrievals F and G were the least damaged specimens with
respect to the varied regimes found. In terms of worn damage, specimens B and E

were found to be the worst damaged wear specimens.
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G

Figure 7-6 Wear characteristics for oval patella retrievals (Specimen A to H). 1: delamination/
pitting wear, 2: burnishing, 3: deformation, 4: scratching, 5: adhesive wear.

The wear characteristics showed a series of wear mechanisms occurring in
the 8 retrievals analysed. The wear phenomena found to be dominant are shown in
Table 7-4. The frequency of damage modes (n=8) were obtained as a percentage of
the dataset analysed. No similarities of the wear characteristics were found in
retrievals and in vitro test specimens. However, burnishing wear was the
dominating wear among all retrievals. As compared to the oval dome wear test, all

types except adhesive and delamination wear were found in all five specimens.

Table 7-4 Frequency of patella damage with respect to the 8 retrievals dataset analysed

Type of wear Present Study (n=8) | /In vitro Study (n=5)
Burnishing 80% 100%
Deformation 50% 100%
Scratches 30% 100%
Delamination 30% 0%
Pitting 10% 100%
Adhesive 0% 0%
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Wear grading

Table 7-5 tabulates the grading for the 8 retrievals. No significance difference
was observed between the observer who graded the specimens (p=0.5). The grade
of oval dome retrievals (12.25%3.6) was lower than the experimental test

specimens (30£1.5).

Table 7-5 Grading of oval patella based on Hood’s grading {1983)

Retrievals Grade {mean (n=2) }

A 9.5

B 145

c 18

D 5.5

E 17

F 9

G 14

H 10.5
Average 12.25+3.6

Wear scar area and location of centroid

The wear area of the patella was spread from medial to lateral with bias
towards the inferior side as shown in Figure 7-7. Mean wear scar areas of
279.78+49.97mm? (average n=8 + 95% CFL) were found for the oval patella
retrievals. In total among 8 retrievals, the wear area was 27.5t7.1% of the total
surface area for the retrievals wear as in Table 7-6. The spread of the worn area
was mostly towards inferior side with 11.449.7mm? in superior, 77.5+58.0mm?’ in
inferior, 110.1+48.9mm? in lateral and 88.6+66.4mm? in medial part of the patella
retrievals. The correlation between the wear scar area and the number of years in

situ was R?=0.65 as shown in Figure 7-8.
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H

Figure 7-7 Wear scar area and location of centroid (shown in star) for oval patella retrievals
(Specimen A to H).

Table 7-6 Wear scar area and distribution of wear scar over the four quadrants

Specimen Wear Wear Superior | Inferior Lateral Medial
area area (%) area area area area
(mm?) (mm?) (mm?) | (mm%) | (mm?)
A 344.28 27.81 12.33 231.76 68.83 66.46
B 230.64 17.23 0.00 108.55 11.14 279.09
C 350.85 44.10 5.47 84.08 90.06 154.57
D 270.56 25.20 8.92 92.18 147.17 28.41
E 287.40 22.78 35102 36.73 159.04 65.98
F 333.88 31.37 14.56 52.97 135.00 116.99
G 228.51 19.42 3.24 6.83 147.03 58.48
H 192.10 21.98 0.00 38.27 23.62 129.30
Mean 279.78 26.24 10.00 81.42 97.74 112.41
+95% CL +49.97 7511 91 +58.00 +48.86 166.36
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Figure 7-8 Wear scar area (square mm) with respect to time in situ (in years) with linear
trend line and linear correlation (R?).

As compared to the in vitro experimental simulation over 3MC, the wear scar

area was 303.1 + 45 mm?® and 31.0+3% of the total area was covered in wear scar.

There was no significant difference between the wear area (0.47) and percentage

of area covered (0.35). The comparison of the wear areas of retrievals in superior,

inferior, lateral and medial quadrant compared to in vitro specimens are shown in

Table 7-7.

Table7- 7 Table of wear area in superior, inferior, lateral and medial quadrants of retrievals
and in vitro specimens with p test between the two.

Wear Area (mm?) Retrievals In vitro Test P test
Superior 11.4+9.7 1.944.7 0.18
Inferior 77.5+58.0 107.1+18.9 0.94
Lateral 110.1+48.9 100.2+15.0 0.77
Medial 88.6+66.4 95.4+31.1 0.52

The locations of the centroid in the retrievals are shown in Figure 7-7. For in

vitro oval dome patella (Figure 6-17), the centroid location was in inferior region.
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Surface roughness parameters

Surface roughness parameters of 8 retrievals were measured using contacting
profilometry Taylor Hobson Talysurf. The parameters for the oval patella retrievals
are tabulated in Table 7-8. Retrievals A and F had highest and lowest values of R,,
R« Rp @and R, respectively. The meant95%CL of average, skew, peak and valley
roughness factors for the 8 retrievals were 1.19+0.83um, -0.24+0.55, 2.73+1.91um

and 2.88+1.90um respectively.

Table 7-8 Table of average, skew, peak and valley roughness parameters.

Specimen Average Skew Peak Valley
roughness roughness roughness (R;) | roughness (R,)

(Ra) um (Ra) pm pm
A 3.06 0.77 6.63 7.11
B 0.56 -0.92 1.34 1.63
C 0.62 -0.90 1.50 1.75
D 0.79 0.59 1.85 1.76
E 2.37 0.15 5.97 5.59
F 0.41 -0.45 0.92 0.97
G 0.44 -0.75 0.96 1.10
H 1.26 -0.38 2.67 3.14

Mean195% CL 1.1910.83 -0.2410.55 2.73+1.91 2.88+1.90

The roughness of in vitro oval dome patella cannot be compared with the
surface parameters tabulated in Table 7-8 as the retrievals were retrieved through
range in years (2.1 to 7.2 years). The oval dome patella was run in the simulator for
3MC. The roughness parameters of retrieval specimens (A, B, C and H) were
compared to oval dome in vitro test specimens with student t-test for significance
as shown in Table 7-9. There were no significance difference found between the R,,

Rs, Rpand Ry values of retrievals as compared to in vitro specimens.
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Table7-9: Table of average, skew, peak and valley roughness parameters of specimen (A, B,
C and H) in mean+95% confidence limit and significance p test.

Type Retrievals In vitro specimen P test

Average roughness (R,) um 1.38£1.83 0.83+0.15 0.27
Skew roughness (Rk) -0.36%1.26 0.5810.81 0.10
Peak roughness (R;) pm 3.03+3.93 1.99+0.49 0.33
Valley roughness (R,) pm 3.41+4.07 2.1010.66 0.25

7.3.3 Round Dome Patella Retrievals

7.3.3.1 Geometric volumetric measurements

The volumetric analysis was performed using CMM analysis as shown in
Figure 7-9. Due to the shape of the patella retrievals used in the CMM analysis
currently applicable to spherical shape, one out of two retrievals was analysed. The
second retrieval (J) could not be analysed using CMM as it was a flat round
retrieval. The software was based on spherical shape geometry. Anything other
than spherical shape could not be analysed. The volume difference using three
repeated measurements was positive difference ie. volume gain
176.00+83.44mm>. As there was no volume loss, the wear rate could not be
determined. The in vitro test specimens did not go through adhesive wear. Hence,

a comparison with the retrieval volumetric wear could not be generated.
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Figure 7-9 CMM analysis for volumetric wear determination (round retrieval 1).

7.3.3.2 Quantification of surface analysis

Visual inspection
Scratches

Few scratches were found in retrieval J as shown by the yellow solid lines in Figure

7-10 (J).

Wear characteristics

The various types of wear regimes found in the selected round patella
retrievals were scratching, burnishing, pitting, delamination and surface

deformation as shown in Figure 7-10 (J). Adhesive wear was found in retrieval I.
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Figure 7-10 Wear characteristics for retrievals (Specimen | to J). 1: delamination/ pitting
wear, 2: burnishing, 3: deformation, 4: scratching, 5: adhesive wear.

The wear characteristics showed a number of wear mechanism occurring in
the 2 retrievals analysed. The following wear phenomena were found to dominate
as shown in Table 7-10. The frequency of damage modes were obtained as a

percentage of two retrievals dataset analysed. Pitting wear was dominant in the

two round patella retrievals.

Table 7-10 Frequency of patella damage with respect to the 2 retrievals dataset and in vitro
test specimens analysed

Present Study (n=2) In vitro test (n=5)
Burnishing 50% 100%
Deformation 50% 100%
Scratches 50% 100%
Delamination 50% 0%
Pitting 100% 100%
Adhesive 50% 0%




-241 -

Wear grading

Round patella retrievals were graded by 2 users to classify the retrievals
based on intensity, area and type of wear scars. Table 7-11 tabulates the grading
for the 2 retrievals. No significance difference was observed between the observer
who graded the specimens (p=0.6). The severity of the damage in round dome
patella retrievals (19.75243.6) was lower than the experimental test specimens

(34.815.9). However, the 95% confidence limit in retrievals was very high.

Table 7-11 Grading of round patella based on Hood’s grading (1983)

Retrievals Grade {mean (n=2) }
| 235
J 16
Average 19.75147.7

Wear scar area and location of centroid

The wear area on the patella was spread from medial to lateral with bias
towards the inferior side as shown in Figure 7-11 similar to the oval dome patella
retrievals. A mean wear scar areas of 598.11+51.43mm? (mean n=2 + 95% CFL) was
found for the round patella retrievals. In total among 2 retrievals, the wear scar
area covered 54.60+4.11% of the total surface area of the retrievals. Similar spread
of the worn area was mostly towards inferior region with 28.27+26.71mm? in
superior, 224.86+564.00mm? in inferior, 154.57+148.86mm* in lateral and

159.47+642.36mm? in medial part of the patella retrievals as shown in Table 7-12.
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Figure 7-11 Wear scar area and location of centroid (shown in star) for oval
patella retrievals (Specimen | and J).

Table 7-12 Wear scar area and distribution of wear scar over the four quadrants

Specimen Wear Wear Superior | Inferior area | Lateral Medial
area area area (mm?) area area
(mm?) | (%) (mm?) (mm’) | (mm’)
| 561.18 52.40 48.86 180.41 166.46 101.05
J 635.03 56.80 7.69 269.30 142.69 217.89
Mean 598.91 54.60 28.27 224.86 154.57 159.47
+95% CL | +469.23 | +27.90 | %261.57 | +564.73mm? | +150.99 | +742.30

Surface roughness parameters

The surface roughness parameters of 2 retrievals were measured using

contacting profilometry (Talysurf, Taylor Hobson). The parameters for the oval

patella retrievals are tabulated in Table 7-13. As the roughness parameters varied

with cycle count, the parameters of the in vitro test specimens cannot be

compared with the retrievals.
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Table 7-13 Table of average, skew, peak and valley roughness parameters.

Specimen Average Skew Peak Valley
roughness (R,) roughness roughness (Rp) | roughness (R,)
in um (Rsk) in pm in pm
| 0.49 -2.92 1.13 1.36
J 1.08 -3.26 1.73 3.40
Mean95%
0.79%3.75 -3.09+2.18 1.43+3.77 2.38+12.97
CL

7.4 Discussion

The selection for the location of the wear scar was based on experimental
simulations and nature of wear scar observed in literature (Hood et al. 1983;
Schwartz et al. 2002; Ellison et al. 2010). Hood et al. (1983) found wear patterns
distributed along medial lateral quadrants. Schwartz et al. (2002) and Lindsay et al.
(2010) suggested the ‘bow tie’ shape wear patterns in their studies. These types of
wear pattern were observed in experimental simulations (round and oval dome

patellae) and retrievals C, F and J in the current study.

Oval dome retrieval volume varied from 1.19 to 65.46mm® and time in situ
varied from 2.1 to 13.1 years. No linear correlation between the two data set was
observed (R?=-0.311). Out of 8, only 6 of the retrievals could be analysed for wear
rate per year due to absence of data. The average wear rate per year was
9.09+9.39 mm?>/year (average n=7t95%CFL). The wear rate obtained from CMM
analysis of in vitro oval dome specimens was 10.92+5.43mm>3/MC. No significant
difference was observed between the two set of data. The volumetric wear for
retrievals ranged from 1.08 to 26.76mm3/year. The maximum value shows the
clinical significance for concern over production of wear debris leading to
osteolysis. In round dome retrievals, the data was not sufficient enough to

calculate the wear rate. One of the retrievals selected underwent adhesive wear
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and the other retrieval could not be analysed in CMM. This was the first attempt to

compare two types of wear specimen with retrievals.

Various regimes of wear were observed in oval dome retrievals. The total
damage consisted of delamination, burnishing, deformation, scratching and pitting.
Burnishing wear was the highest damage mode (80%) among all the 8 oval dome
retrieval patellar buttons. The in vitro wear characteristics involved similar regimes
of wear. However, the frequency of the damage mode was 100% (Table 7-4).
Previous literature (Hood et al. 1983; Schwartz et al. 2002; Ellison et al. 2010) also
reported the most common damage mode was burnishing. Data regarding
adhesive wear formation was not included in the other two studies (Hood et al.
1983; Schwartz et al. 2002). In round dome retrievals, apart from earlier
mentioned wear damages, adhesive wear was observed in one specimen. The in
vitro specimen did not show any adhesive damage. This was due to the
improvement in manufacturing process and packaging. The in vitro specimen
showed 100% of pitting wear similar to the damage mode in patellar buttons. As
the number of components was too small, a comparison between the similarity in
damage modes of the retrievals and in vitro specimens could not be made. The

other damage modes present in the retrievals were observed to be less than 50%.

The wear grading of oval dome patella buttons compared to the oval dome
retrievals specimen showed no significance difference. The wear grading for
retrieval was 12.25 compared to test specimen of 30. For round dome, the grade
from experimental simulation was 34.6 and retrievals were 19.75. The in vitro
specimen was found to have higher grade compared to retrievals. However, the
damage was moderate. As there was no dependency of grading with cycle count,

the Hood’s grading system has limitations.

The centroid was located in the inferior of the in vitro round and oval dome
patella (Figure 7-12). The position was similar to the location of centroid in
retrievals (oval dome B, C, E, F, H and round dome I). As compared to Schwartz et al

(2002), the location of the centroid was in the centre of the quadrants.

Wear scar area spread over quadrants was found to be in the inferior region

of the patella in medial lateral quadrant with bias towards the inferior side similar
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to experimental. However, student t-test show significance difference between
superior and inferior quadrant and no difference between medial and lateral
quadrant at 5% level in retrievals. The highest area was covered in lateral side
similar to investigation by Lindsey and co-authors (2010). The wear scar was spread
in medial lateral quadrant as suggested by Hood and co authors (1981, 1983 and
2002) and the shape was found to be similar to the bow tie as suggested by
Schwartz, et al. (2002). A comparison between the wear area of retrievals,

experimental simulations, and investigation by Schwartz and co authors (2002) are

presented in Figure 7-12.

Retrieval F Round Dome

Oval Dome Schwartz’ retrieval (2002)

Figure 7-12 Comparison of wear scar area and location of centroid (in star) between
retrieval F, round dome and oval dome patella from experimental simulations and
Schwartz’s retrieval analysis (2002).
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The wear scar area of oval dome retrievals and test specimens were
279.78+50 mm? and 303.1+45 mm? respectively. In percentage 27.5% and 31.0% of
area was covered with wear scar for oval dome retrievals and experimental
specimens respectively. The wear scar area of round dome retrievals was
598.91+52mm* and 54.6% of the total surface area. Similar, wear scar area of
retrievals (400.07+87mm?) investigated by Schwartz and co authors (2002) were
observed. However, no significant difference was found between the two sets of
wear scar areas in retrievals. The variation of wear scar reflects among different
studies suggest the movement of patella as predicted in natural knees (Lafortune

and Cavanagh 1987).

No significant difference was found between the surface parameters of oval
dome retrievals and in vitro specimens. The retrievals were found to form a
rougher area compared to test specimens. This may be due to the presence of third

body particles causing abrasion wear. The round dome patella could not be

assessed with retrievals.

Summary

Ten patella retrievals have been analysed here for wear volume loss per year.
A range of wear volume per in situ time (in years) was found ranging from 1.08 to
26.76mm3/year. The wear scar area was 306.8 to 504.8mm?>. No correlation
between the wear scar and wear rate was found with in situ time. The various
factors leading to the failure were assessed in the chapter. The wear scars of the 10
retrievals were found to spread over medial, lateral and inferior quadrants. The

centroid of the retrievals was located in the inferior region for majority of the

retrievals.

The roughness parameters (average, skew, peak and valley) show no

correlation with in situ time of the retrievals.

90% of the retrievals show variation of wear mechanism like burnishing
(80%), deformation (50%), scratching (30%), delamination (30%) and pitting wear

(10%). Adhesive wear was found in one retrieval out of the ten retrievals assessed.
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Similar to experimental simulations, the medial lateral displacement, tilt,
weight, implant type were categorised as the reason for failure in most of the
retrieval. However, the flexion extension rotation, ligament and muscle forces can

lead to similar failures but with no data present are difficult to assess.
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Chapter 8: Overall Discussion and Conclusion

8.1 Overall Discussion

A total knee replacement (TKR) remains the final treatment for patients
suffering with knee arthritis providing relief from the pain and improvement in
function. Despite the fact that the common reason for revisions of TKR is due to
problems regarding patella femoral joint (Berger et al. 1998; Fehring et al. 2000;
Sharkey et al. 2002; Amis et al. 2005; Stiehl et al. 2005; Berti et al. 2006; Ma et al.
2007; Kessler et al. 2008; Anglin et al. 2009), the use of the patella during TKA
varies from country to country with popularity in USA (90%), Denmark (76%),
Australia (43%), England and Wales (33%), Sweden (14%) and Norway (11%)
(Robertsson et al. 2010, Clements et al. 2010 and National Joint Registry for
England and Wales 2009, 2010). Limited research has been performed in the past
for determination of volumetric wear in the patella femoral joint (Hsu and Walker
1989; Korduba et al. 2008; Ellison et al. 2008; Vanbiervliet et al. 2011). However,

the degrees of freedom controlled were limited to five.

The aim of this study was to develop and evaluate a six axis patella femoral
joint knee simulator and study the influence of kinematics (displacement and
rotation) and change in patella button shapes on the wear rate of the patella
femoral joint. The other axes were superior inferior displacement, axial load,

flexion extension and medial lateral rotations

The six axis patella femoral joint simulator was developed by modifying the
existing Leeds/ProSim knee simulator. The initial stages included development of
the new fixtures in computational Model (MSc.Software Adams/VIEW). This helped
in saving initial cost and man hours required to develop and manufacture the
simulator fixtures. The computational simulator was used to investigate the contact
and kinematics in patella femoral joint. Good correlation between the experimental
and computational model was observed. The validation of kinematics from

computational modelling with experimental results was the first step in creating a
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wear model. The kinematics of the patella femoral joint was investigated at two
varied radius of rotation. At constrained medial lateral (ML) displacement, the tilt
was similar in trend for both radius of rotation. However, constant lateral tilt was
recorded when the radius of rotation was higher (R;) with uncontrolled ML
displacement. ML and anterior posterior (AP) displacements had highest

displacement at highest flexion.

ML displacement and rotation induced cross shear as stated in earlier
investigations {Johnson 1987; Saikko and Calonius, 2003; Fisher et al. 2005; Kang et
al. 2008), which increased wear rate. In an earlier investigation, the medial lateral
displacement was limited to 1mm (Ellison et al. 2008). Other investigators have
reported ML displacement to be higher than 1mm (Lafortune and Cavanagh 1987;
Chew et al. 1997; Barink et al. 2007 and Belvedere et al. 2007). Galvin et al. 2009
have stated that the wear rate decreased with decrease in wear area. As the oval
dome patella had lower bone coverage (Baldwin and Ken House 2005) hence,
lower articulating area and thus the surface wear was hypothesised. Hence, the

current study investigated

e The effect of higher ML rotation (<4°) and uncontrolled ML displacement

which investigates the effect of higher kinematics.

e The ML rotation was reduced to <1° and ML displacement uncontrolled also

known as the physiological condition,

e The effect of ML displacement by controlling the displacement to 1.6mm

and low ML rotation (<1°) which investigates lower kinematics.

e The change in design of patellar buttons at low ML rotation (<1°) and

uncontrolled ML displacement on wear rate at the physiological condition.

The wear rate was 12.3+2.8mm?/million cycles at highest ML rotation (<4°)
and uncontrolled ML displacement. The wear rate significantly (p=0.05) decreased
to 8.6+3.4mm>/million cycles when the ML rotation was decreased by four fold.
The reduction of ML rotation caused reduction in cross shear leading to reduction

in wear rate. At higher ML rotation, higher strain softening occurred in the
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direction perpendicular to the direction of molecular orientation. This led to higher
wear at the articulating surface (Fisher et al. 2001; McEwen et al. 2005). A
reduction of ML displacement from uncontrolled to constrained (<1.6mm) led to no
significant change from 8.6+3.4mm>/MC to 7.942.5mm3/MC in the wear rate.
When the patellar button design was changed from round to oval at low ML
rotation (<1°) and uncontrolled ML displacement, the wear rate decreased non
significantly by 2.5mm?/MC from 8.6£3.4mm*/MC to 6.3+3.9mm’/MC. The
decrease was as hypothesised by Galvin et al. (2009); the wear scar area was lower
in oval dome (31.2%) design compared to the round dome patellae design (39.9%).
The wear rates of the PFJ were generally lower compared to the tibia femoral joint
(5-40mm3/MC) (Barnett et al. 2002; McEwen et al. 2005; Affatato et al. 2008; Wang
et al. 2008).

A good correlation between tilt and wear volume was observed throughout
the test with the R squared value more than 0.8. The increase in tilt resulted in an
increase in volume loss. This was similar to the observation by Jennings and co-
authors (Jennings et al. 2007). The lift off of the patella specimen with the femoral
component caused increased cross shear. The increase in cross shear led to

increase volume loss (Fisher et al. 2001; McEwen et al. 2005).

The wear rate of in vitro test specimens was compared to retrievals for
clinical relevance. Gravimetric analysis is the standard and validated method of
measuring wear (Affatato et al. 2002; D'Lima et al. 2003). However problems
regarding fluid intake, backside wear, mass of fixturing attached to specimens and
absence of pre-wear data in retrievals (Bills et al. 2005; Bills et al. 2007) led to
development of new methods of measuring volumetric wear. Coordinate
measuring machine (CMM), Pycnomatic ATC (Pycnometer) and Micro computed
tomography (MicroCT) have been recently used for measuring volumetric wear
(Keng 1970; Raimondi et al. 2000; Bills et al. 2007; Vicars et al. 2009). However,
none have been used for measuring patella volumetric wear. These methods were
tested for accuracy and repeatability and compared with gravimetric for measuring
three stages of artificially removed material (5, 10 and 15mm?3) from a polyethylene
specimen. The Pycnometer failed to measure the volume accurately as the

specimen covered only 10% of the chamber volume. It was recommended that 66-
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75% of the chamber should be filled with the specimen for increased accuracy in
determining the volume of specimen (Pycnomatic and Pycnomatic ATC Instruction
Manual2007; Viana et al. 2002). CMM surface fit (+0.13mm>) and MicroCT
reference methods (+15.94mm?) showed repeatability in measurement of volume.
However, the accuracy of MicroCT reference method was higher when the volume
loss was higher. The CMM surface fit method was identified as the preferred

method to measure the volumetric wear of retrievals.

The wear rate of the oval dome patella retrievals (n=8) from CMM surface fit
analysis was 9.09+10.9mm>/year was not significantly different (p=0.74) from the
wear rate of in vitro test (n=5) specimens (10.92+5.43mm>/MC). The wear scar in
the test specimens were similar to shape (‘bow tie’) of the retrievals and to the
past studies (Schwartz et al. 2002). The retrievals and test specimens were
compared based on the severity of damage using Hood’s grading (Hood et al.
1983). The severity of the damage in test specimens (oval dome and round dome
were 30 and 39 respectively) was found to be higher than retrievals {oval dome and

round dome were 12.3 and 19.7 respectively).

There was a large variation in wear rate between current (6.28mm3/MC to
12.30mm3/MC) and previously compared studies (3.13mm?/MC). The higher wear
rate in the current test was due to an increase in ML displacement which was
restricted to 1mm in the earlier test (Ellison et al. 2008). The other possible reasons
may be the use of different simulators and radius of rotation of patella over
femoral articulating surface. The results suggest that the introduction of a patella
will lead to significant increased in clinical wear rates of total knee replacement
(18-64% of total knee replacement wear). This increase in wear rate can lead to
increases in wear debris which has been linked to osteolysis and aseptic loosening
of joint replacements (Ingham and Fisher 2000). Hence, the inclusion of the patella
femoral joint in wear simulation is important. However, size distribution of the

particles as well as from volumetric wear is important (Fisher et al. 2001; 2004)
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8.2 Conclusion

A 6-axis PFJ simulator was developed to investigate the influence of kinematics and
patellar button design on wear rate. The use of computational model was found to
be a valuable tool in predicting patella kinematics. The model was the first step in
modifying the existing knee simulator as patella femoral joint simulator. Good
agreement in kinematics from the model and experimental results were observed.
The kinematics of the patella femoral joint was investigated at varied radii of
rotation. At constrained medial lateral (ML) displacement; the tilt was similar in
trend for both radius of rotation. However, constant lateral tilt was recorded when
the radius of rotation was higher (R;) with uncontrolled ML displacement. ML and
anterior posterior (AP) displacements had highest displacement at highest flexion.
At highest flexion, there was higher tilt, AP and ML displacements in unworn
compared to worn patella specimen through both the computational and
experimental model. This was due to presence of conformity between worn patella

and femur which led to lower kinematics values.

Gravimetric assessment remains the most accurate and quickest way to determine
wear volume. CMM can be used for retrievals when no pre-wear data exists and
offers additional information on the geometry, penetration depth and

deformation.

The influence of ML rotation was observed in the wear rate. The wear rate
increased by 42% (12.3mm*/MC) when ML rotation was increased by four folds and
ML displacement was uncontrolled (8.63mm>/MC). However, controlling the ML
displacement (<1.6mm) from uncontrolled state did not show any significant
change in wear rate (7.93mm3/MC). Sliding distance was less effective in
generating wear as compared to change in ML rotation. The change in design of the
patellar button from round to oval dome at low ML rotation (<1°) and uncontrolled
ML displacement led to non significant decrease in wear rate from 8.63 to
6.28mm3/MC. As the area was low, the wear rate was low. This is the reason for

higher sale of oval dome in the market.

The round dome and oval dome wear scars increased to 506mm? and 306mm?

respectively at the end of 2MC and remained constant throughout the test.
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CMM analysis of the oval dome test specimen and retrievals showed no significant
difference in wear rate (10.92mm’*/MC and 9.09mm?/year). The wear scar was
situated in the inferior of the patella similar to retrievals and earlier investigation
by Hood et al. (1983) and Schwartz et al. (2002). This shows that the positions of
wear scar are similar to retrievals showing good correlation of retrievals and in vitro
wear specimens. The damage based on Hood’s method of grading (Hood et al.
1983) in the test specimens (round dome 39 and oval dome 30) were higher

compared to respective retrievals (round 19.7 and oval 12.3).

Adhesive wear were absent in the test specimen due to presence of an improved
manufacturing method in UHMWPE polyethylene. Other wear mechanisms present
in both the retrievals and test specimens were abrasion, pitting, deformation,
scratching and burnishing. However, the frequency of the wear damage was

different for both cases.

8.3 Future work

The study considered investigation of the wear rate with change in kinematics
and shape of patellar buttons. Further investigations and efforts in understanding

should focus on the following
e Investigation of different types of TKR.
¢ Investigation of wear at higher rotation and displacements.

e A constant ligament load was considered to act as the ligament force
opposing the medial lateral displacements. Springs should be incorporated
with a coefficient equivalent to ligament tension and the variation of wear

rate should be investigated.

e A computational wear model based on the kinematics model validated in

the current study should be developed.

e Wear debris analysis should be performed to compare the size distribution

of the wear debris and compare with earlier investigations.
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