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Abstract

Polyethylene wear is a great concern in total joint replacement. It is now considered a major limiting factor to the long
life of such prostheses. Cross-linking has been introduced to reduce the wear of ultra-high-molecular-weight polyethy-
lene (UHMWPE). Computational models have been used extensively for wear prediction and optimization of artificial
knee designs. However, in order to be independent and have general applicability and predictability, computational wear
models should be based on inputs from independent experimentally determined wear parameters (wear factors or wear
coefficients). The objective of this study was to investigate moderately cross-linked UHMWPE, using a multidirectional
pin-on-plate wear test machine, under a wide range of applied nominal contact pressure (from | to || MPa) and under
five different kinematic inputs, varying from a purely linear track to a maximum rotation of *=55°. A computational
model, based on a direct simulation of the multidirectional pin-on-plate wear tester, was developed to quantify the
degree of cross-shear (CS) of the polyethylene pins articulating against the metallic plates. The moderately cross-linked
UHMWPE showed wear factors less than half of that reported in the literature for the conventional UHMWPE, under
the same loading and kinematic inputs. In addition, under high applied nominal contact stress, the moderately cross-
linked UHMWPE wear showed lower dependence on the degree of CS compared to that under low applied nominal
contact stress. The calculated wear coefficients were found to be independent of the applied nominal contact stress, in
contrast to the wear factors that were shown to be highly pressure dependent. This study provided independent wear
data for inputs into computational models for moderately cross-linked polyethylene and supported the application of
wear coefficient—-based computational wear models.

Keywords
Moderately cross-linked ultra-high-molecular-weight polyethylene, wear factor, wear coefficient, cross-shear, pin-on-plate
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Introduction reduce the wear of ultra-high-molecular-weight poly-
ethylene (UHMWPE). Cross-linking may provide sig-
nificant advantages over conventional UHMWPE,
regarding the mechanical and wear properties.®”

Total joint replacement has become a common surgical
intervention for the degeneration of natural joints. As
these implants have been introduced to younger and
more active patient groups, the demands on the joint
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replacement bearing have increased. To address these . -
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Cross-linking does not only affect the wear resistance
but also affects the oxidative stability and fatigue crack
propagation.'®!'" Different radiation doses and meth-
ods, fabrication techniques and heat treatments may
result in different mechanical properties.'*'* The wear
rate, number and shape of highly cross-linked poly-
ethylene wear particles, isolated from patients’ synovial
fluids, were significantly fewer compared to those with
conventional polyethylene.'>7

It is important to pre-clinically evaluate the new
materials and designs, prior to implantation.
Computational wear modelling has been introduced as
an additional approach to the experimental studies,
which have substantially associated cost and are time-
consuming, due to the large number of low-frequency
gait cycles that must be run.'"®?* The computational
wear models are based on either wear factors (k) or
non-dimensional wear coefficients (C). The dependence
of wear factors and wear coefficients on the applied
nominal contact pressure has been reported in the liter-
ature.'”*> 2’ In addition, cross-shear (CS) has been
shown to have a significant influence on wear.'”>>3°
However, wear factors and wear coefficients should be
determined from independent experimental wear tests
to provide the predictability for computational wear
models.>'*? Previous work has defined wear factors
and wear coefficients for conventional polyethylene,
which were subsequently applied in computational
models. However, some new bearings use cross-linked
polyethylene. In total joint replacements, moderately
cross-linked UHMWPE materials have been used.*-*

The objective of this study was to experimentally
determine the wear factors and wear coefficients of a
moderately cross-linked UHMWPE, using a multidir-
ectional pin-on-plate wear test machine. These experi-
mental wear parameters will be inputs to future
computational wear modelling of total joint replace-
ment. A wide range of applied nominal contact pres-
sure was tested to cover the range of contact pressure
found in knee and hip joint prostheses®'*>*¢ and to
study the effect of applied contact stress on the mea-
sured wear factors and wear coefficients. The effect of
CS on the measured wear parameters was also consid-
ered. A computational model, based on a direct simula-
tion of a multidirectional pin-on-plate wear test
machine, was developed to quantify the degree of CS.

Materials and methods

Experimental pin-on-plate wear test

The pin-on-plate wear studies were conducted using the
six-station pin-on-plate multidirectional wear test
machine, Figure 1(a) (University of Leeds), to determine
the wear factors and wear coefficients of a moderately
cross-linked UHMWPE pin articulating against cobalt—
chrome alloy (CoCr) plate.®** In the multidirectional
six-station pin-on-plate wear test machine, a rack and
pinion gear mechanism transmitted the reciprocating

motion of the metallic plate to the pin holder, and hence
rotated the pin. The pin rotation and the plate recipro-
cation resulted in a multidirectional motion at the pin—
plate contact surface.?® The pin and plate motions were
in phase, having a common frequency of 1 Hz. Two dif-
ferent gear sizes were used to achieve a larger pin rota-
tion angle.

The moderately cross-linked UHMWPE pins were
machined from tibial inserts, supplied by DePuy
(DePuy International Ltd, Leeds, UK), UK. They were
XLK material, a GUR 1020 UHMWPE moderately
cross-linked with 5 Mrad of gamma irradiation. The
pins were loaded against CoCr counter-faces in a flat-
on-flat configuration. The cobalt—chrome alloy metallic
plates were polished to an average surface roughness
Ra ~0.01 wm. An 80-N load was applied along the
longitudinal axis through the centre of the polymer pin,
producing a nominal contact pressure corresponding to
the cross-sectional area of the pin. Three different pin
diameters (d) were used, 3, 5 and 10mm, as shown in
Figure 1(b), which resulted in applied nominal contact
stresses of 11, 4 and 1MPa, respectively. The pins
remained in contact with the counter-face throughout
the test. The kinematic inputs varied from purely linear
tracking up to a rotation of =55°, with stroke lengths
between 12 and 38 mm. Five combinations of pin rota-
tion and plate sliding were tested: (£0°, 28 mm), (+15°,
12mm), (£30°, 28mm), (£45° 26mm) and (£55°,
38 mm), to cover the wide range of CS ratio reported

Figure I. (a) Six-station pin-on-plate multidirectional wear test
machine and (b) pin geometry.
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for total joint replacements, maximum of ~0.09 and
~0.18 for knee and hip joints, respectively.’”*® A mini-
mum number of three pins per test condition were
tested.

The pin-on-plate wear test was operated in accor-
dance to the standard operating procedure, previously
reported in the literature.”®** The pins were pre-soaked
in sterile water for at least 250 h prior to testing, to sta-
bilize their mass change due to moisture absorption. In
order to settle the datum points, the test specimens
were ultrasonically cleaned using 70% isopropanol/
water solution for 10 min before being dried and
weighed. The surface profiles were measured prior to
testing, using a contacting surface profilometer (Taylor
Hobson, Leicester, UK), with a high-pass Gaussian fil-
ter at a cut-off of 0.25 and 0.8 mm for the pins and the
plates, respectively. A 25% (volume/volume) bovine
serum in sterile water was used as a lubricant, equiva-
lent to a protein content of 15 mg/mL, with 0.03%
(weight/volume) sodium azide to hinder the bacteria
growth during the test. Approximately 50 mL serum
solution was placed into each tray and a 0.03%
(weight/volume) sodium azide was used to top up each
station as required during the test, to maintain the
same protein content throughout the test. In order to
account for the polyethylene mass change due to water
absorption, control pins were soaked, but unloaded, in
the identical lubricant to the test specimens for the test
duration. The control pins were kept inside the test rig
to assure similar environmental conditions as the test
pins.

The pins were weighed at the start, end and at regu-
lar intervals (330,000 cycles) during the test. After each
period of testing (330,000 cycles), the pins and plates
were cleaned. Once cleaned, the pins were moved to a
room of controlled temperature and moisture and left
for at least 48 h to stabilize the polymer. Before each
weight, each pin was placed in an ion stream for a mini-
mum of 20 s (Stat Attack IB8; Amersham International
ple, UK), to remove any potential static charge. The
pins were weighed using a digital microbalance, Mettler
AT201 (UK Mettler-Toledo Ltd, Leicester, UK), with
a resolution of 1 ug and accuracy =2 ug. Each pin was
weighed until five measurements fell within a *5pug
range, and the balance was checked for zero error
between weights. The control pins were used to adjust
the mass losses of the pins due to moisture uptake. The
adjusted measured weight loss for each pin was con-
verted into volume loss (W) by dividing with the
UHMWPE density of 0.934 mg/mm?.* The wear fac-
tor (k), for a specific sliding distance (S), was calculated
as the volume loss per unit load (L) per unit sliding dis-
tance, as shown in equation (1)

w

k=135

(1)

Based on the idea that wear volume is proportional
to the contact area (4) and sliding distance, a

non-dimensional wear coefficient (C) was defined from
this formulation®

W

C=I1xs

(2)

Statistical analysis was conducted to express the
measured wear factors and wear coefficients as a func-
tion of the CS ratio, using analysis of variance
(ANOVA) in OriginLab program (Origin 8), in which a
P value of less than 0.05 was used to define the signifi-
cance. In order to best fit the wear factor as a function
of average CS, various types of regression methods
contained in OriginLab were tested. Three regression
methods were specifically examined, including the
power law previously used by Kang et al.*®

Computational method to quantify CS

The CS was defined based on the unified theory of wear
and frictional work by Wang® and the work by Kang
et al.,”® as the frictional work component perpendicular
to the principal molecular orientation (PMO) direction
(Ecross-shear)» divided by the total frictional work (E,,;4:),
thus

Eross—shear
CS — Cross—snear 3
Etotal ( )

A computational framework was developed for pre-
dicting CS of the UHMWPE pins, to simulate its pre-
dicting procedure in computational modelling of total
joint replacements. The finite element models were
developed in ABAQUS (ABAQUS 6.9-EF1), as shown
in Figure 2, to simulate the contact and motion of the
polyethylene pin relative to the metallic plate, under the
same kinematic and loading conditions as the experi-
mental tests. A control node was placed on the axis
through the centre of the pin contact surface. The rota-
tion axis was aligned to the loading axis. The pin and
the plate contact surfaces were initially brought into
contact, to ensure that the surfaces were in full contact
before load application and to overcome the conver-
gence problem.

A constant load was applied to the reference node of
the pin component. The oscillating motion of the pin
was also prescribed at that node; all other degrees of
freedom were constrained. The reciprocating motion
was applied to the plate reference node; all other
degrees of freedom were constrained. The reciprocating
and oscillating motions were discretized into 50 inter-
vals, representing a loading cycle of 1 s. Discretization
sensitivity was studied, based on the predicted average
CS; further discretization refinement changed the pre-
dicted average CS by less than 5%.

The UHMWPE was modelled as an elastic material,
of C3DSR and C3D6 elements type, using the stress—
strain data with a modulus of elasticity of 673 MPa and
Poisson’s ratio of 0.46 (DePuy, UK). The CoCr modu-
lus of elasticity (~200 GPa) is much higher than that of
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Pin oscillation

node

Plate reference
node

Figure 2. (a) Pin-on-plate wear test ABAQUS model and (b)
discretization of pin surface.

UHMWRPE, such that the CoCr metallic plate could be
modelled as a rigid body, to reduce the computational
time required to run the model. Mesh size sensitivity
was studied; further mesh refinement changed the pre-
dicted contact pressure by less than 5%. The final finite
element model contained 20,640 elements for the pin,
with a mesh size at the pin contact surface varying from
0.02 to 0.5mm (Figure 2).

A MATLAB program was developed to calculate
the average CS using equation (3). The average CS was
used, rather than the CS at the nodes, as the current
type of motion (used in the experimental test rig) has
variable CS on the pin surface. The PMO direction at
each node was defined as the average direction of the
corresponding sliding track.*®

Results

The computationally predicted average CS versus the
motion input for different pins, under 80-N load, is
shown in Figure 3. Changing the kinematic inputs from
linear track to (£55°, 38mm) changed the predicted
average CS from 0.0 to 0.254, irrespective of the test
pin diameter. The pin diameter had no effect on pre-
dicted average CS, over the entire tested motion range.
The predicted average CSs were compared to those of
Kang et al.,*® for an 8-mm pin and 160-N load, under
the same combination of motion. An applied load of
80 N was used, to replicate the experimental condi-
tions, although the nominal applied load had no effect
on the predicted average CS.

The experimental volume losses of the moderately
cross-linked UHMWPE pins versus the number of
cycles under applied nominal contact stresses of 1, 4
and 11 MPa are shown in Figure 4(a) to (c), respec-
tively. The first set of each experimental test, for differ-
ent pin diameters, was run for 3 weeks (~900,000
cycles). The experimental results of the pin-on-plate
wear test demonstrated an approximately linear

0.30 4

—o—10-mm pin

—O— 5-mm pin

—A— 3-mm pin

—=—8-mm pin, 160-N load (Ref. 26)

0.25

0.20 4

0.15

Average CS

0.10 4

0.05

0.00
+0°.0 mm

T T
+15°.12 mm +30°.28 mm +45°.26 mm  +55°.38 mm

Figure 3. Computationally predicted average cross-shear ratio
versus the type of motion, for different pin diameters (80-N
load).

CS: cross-shear.
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2 --X-- +45°, 26 mm
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£
3
3
T T % 1
500,000 750,000 1,000,000
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Figure 4. Moderately cross-linked UHMWPE volume loss
versus the number of cycles for different motion combinations
(pin rotation, stroke length) under a given applied nominal
contact pressure: (a) | MPa, (b) 4MPa and (c) || MPa

(mean =SD, n = 3).

UHMWPE: ultra-high-molecular-weight polyethylene; SD: standard
deviation.

relation between the measured volume loss and the
number of completed cycles. Therefore, it was decided
to run the remaining tests for 2 weeks only (~600,000
cycles). Under the same contact stress, increasing the
number of cycles increased the total measured volume
loss. For the same number of cycles, the volume loss
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Table |. Best fit functions of experimental wear factor as a function of CS, under | MPa nominal contact pressure.

Function Formula Constants Adjusted R
Power-| k=(a+b><CS)*% a=7.695X 10728 b=1.264x10"2andc= — 3.689 0.99
Logarithmic k= In(a+bXCS) a=1.0andb=1.741x107° 0.71
Exponential k=aXx exp(— %) +c a= —3.441x1077, b=0.03486and c=3.90x 1077 0.93
Power-2 k=aX|CS —b|°+d a=5.966Xx10"7, b=5.985X10"'%, c=0.319and d=4.482x 108 0.98

CS: cross-shear.
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Figure 5. Moderately cross-linked UHMWPE experimental
wear factor versus the cross-shear ratio under applied nominal
contact pressures of (a) | MPa, (b) 4MPa and (c) | | MPa and
different curve fitting (mean = SD, n > 3).

UHMWPE: ultra-high-molecular-weight polyethylene; SD: standard
deviation; CS: cross-shear.

increased as the type of motion changed from linear
tracking to the highest cross-sheared motion combina-
tion (+55°, 38 mm). Under the same motion condition,
increasing the applied nominal contact stress decreased
the measured volume loss. These apparent contradic-
tory results were due to the use of different pin dia-
meters to achieve different nominal pressure levels. The
inversely proportional relationship, between volume
loss and contact pressure, is in fact a directly propor-
tional relationship between volume loss and contact
area.

The relationship between experimental wear factors
and CS under applied nominal contact pressures of 1, 4
and 11 MPa is shown in Figure 5(a) to (c), respectively.
Under 1 MPa nominal contact pressure, increasing the

degree of CS from 0 to 0.022 increased the correspond-
ing average wear factor rapidly from 4.5X 10™® to
2.3% 10""mm*/N m. Further increase in the CS up to
0.254 increased the average wear factor, but at a lower
rate, to 4.3 X 107" mm>/N m. The best fit of wear fac-
tor as a function of CS is summarized in Table 1. The
power-1 function had a best statistical adjusted R>
value of 0.99, which reflected a good fit to the overall
data.

Under 4 MPa nominal contact pressure, the average
wear factor rapidly increased from 1.4X10°% to
1.8 X 10~ "mm’/N m corresponding to a CS of 0 and
0.022, respectively. After this point, for any further
increase in the degree of CS, the average wear factor
remained nearly constant. Among the different regres-
sion methods used to fit the wear factor as a function
of CS, the exponential function had a best statistical
adjusted R* value of 0.99. The power-1 function had a
statistical adjusted R? value of 0.96. The power-2 and
the logarithmic functions had statistical adjusted R?
values of 0.92 and 0.87, respectively.

The relationship between wear factor and CS under
11 MPa is shown to have the same trend as that under
4MPa. The average wear factor showed a rapid
increase from 1.8x107% to 1.2X 107" mm*/N m,
related to an increase in the degree of CS from 0 to
0.022, followed by fluctuation around a constant value
of 1.2 X 10”7 mm’/N m, over the remaining test range.
The exponential function had the best statistical
adjusted R? value of 0.96. The power-1 function had a
statistical adjusted R? value of 0.69. The power-2 and
the logarithmic functions had statistical adjusted R*
values of 0.51 and 0.14, respectively.

The 1 MPa experimental wear factors of the moder-
ately cross-linked UHMWPE are compared to that of
conventional UHMWPE,?** under the same applied
nominal contact pressure, as shown in Figure 6. For
the same CS, the measured wear factor for the conven-
tional UHMWPE was higher than the corresponding
wear factor of moderately cross-linked UHMWPE.
For example, the conventional UHMWPE wear factors
were ~9X 1077, 1.3%107% and 9X 107" mm*/N m
corresponding to CSs of 0.087, 0.18 and 0.254, respec-
tively, compared to ~3X1077, 4.4x10"7 and
43x 10 "mm’/N m for moderately cross-linked
UHMWRPE, respectively.

The measured wear factor versus the applied nominal
contact pressure, under different CSs, is shown in Figure
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Figure 6. Experimental wear factor versus the cross-shear
ratio under | MPa applied nominal contact pressure for the
conventional®® and moderately cross-linked UHMWPE
(mean = SD, n > 3).

UHMWPE: ultra-high-molecular-weight polyethylene; SD: standard
deviation; CS: cross-shear.
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Figure 7. Moderately cross-linked UHMWPE experimental (a)
wear factors, for different cross-shear ratios (mean = SD,

n > 3), and (b) wear coefficients (mean = SD, n > 15) versus the
applied nominal contact pressure.

UHMWPE: ultra-high-molecular-weight polyethylene; SD: standard
deviation.

7(a). The P value between different applied nominal con-
tact pressures, under the same CS, was less than 0.05, this
significant difference shows the wear factor—pressure
dependence relationship. Under the same CS, the wear

factor decreased as the applied nominal contact pressure
increased. For a CS of 0.254, as an example, the mea-
sured wear factors were 4.26 X 1077, 2.30 X 10”7 and
1.10 X 10~ "mm?/N m corresponding to applied nominal
contact stress of 1, 4 and 11 MPa, respectively. Similar
trend was found by Kang et al. for the conventional poly-
ethylene.”®* The average wear coefficient for the moder-
ately cross-linked UHMWPE, over different CSs, versus
the applied nominal pressure is shown in Figure 7(b).
The experimental average wear coefficient was found to
be much less dependent on pressure.

The relationship between the average wear coeffi-
cient, over applied nominal contact pressure, and CS is
shown in Figure 8(a). The P value between different
applied nominal contact pressures, under the same CS,
was greater than 0.05, showing insignificant difference,
therefore the dimensionless wear coefficients were aver-
aged over the applied nominal contact pressure, for the
same CS. Increasing the degree of CS from 0 to 0.022
increased the corresponding average wear coefficient
rapidly from 9.9 X 10" to 7 X 10~ '°. The wear coeffi-
cient remained almost constant at 8.7 X 10!, while
increasing the CS to a maximum of 0.254. The best fit
of wear coefficient as a function of CS is summarized
in Table 2. The power-1, power-2 and the exponential
functions had the same best statistical adjusted R>
value of 0.98. The wear coefficients of moderately
cross-linked UHMWPE were compared to those of
conventional UHMWPE in Figure 8(b).?**! Over the
tested range, moderately cross-linked UHMWPE had
lower wear coefficients compared to conventional
UHMWPE. The measured wear coefficients for the
conventional UHMWPE were ~9 X 10710, 1.1x107°
and 1.3 X 10™7 corresponding to CSs of 0.022, 0.087
and 0.254, while the corresponding wear coefficients
for moderately cross-linked UHMWPE were ~7 X 10
~10/8.5% 107" and 8.7 X 10~ '°, respectively.

Discussion

New materials and designs are introduced to reduce the
joint replacement wear and improve functionality.
These new designs and materials should have preclini-
cal assessment prior to implantation. Experimental and
computational methods are used to evaluate new mate-
rials as well as new designs. The experimental methods
are costly and time-consuming compared to the com-
putational evaluation methods. In addition, computa-
tional methods are suitable for parametric studies.
However, computational methods should be experi-
mentally validated. One of the validation methods is to
experimentally calculate the input parameters indepen-
dently, that is, wear factors or wear coefficients. In
addition, factors that have effects on these input para-
meters, such as CS and applied nominal contact pres-
sure, should be considered, as in this study.

In this study, the pin rotation angle was shown to play
a major role in CS prediction for moderately cross-linked

Downloaded from pih.sagepub.com by guest on January 27, 2013


http://pih.sagepub.com/

24

Proc IMechE, Part H: | Engineering in Medicine 227(1)

Table 2. Best fit functions of experimental average wear coefficient, over applied nominal contact pressure, as a function of CS.

Function Formula Constants Adjusted R
Power-| C=(a+b><CS)*% a=3.482X107%3, p=2.057X 10" andc= — 5.243 0.98
Logarithmic C=In(a+bxCS) a=1.0andb=3.668%x107° 0.66
Exponential C=aX exp(—%) +c a= —7.844x107'°, b=0.01818and c=8.835x 10710 0.98
Power-2 C=aX|CS—b| +d a=1.177x1078, b=5.108x 107>, c=0.00856andd= — 1.072x 1078 0.98

CS: cross-shear.

UHMWPE (Figure 3). For example, changing the kine-
matic input from (%=30° 28mm) to (*£45°, 26 mm)
doubled the predicted average CS, although the stroke
length was only reduced by 2mm. On the other hand,
changing the kinematic input from (*=45° 26mm) to
(£55°, 38mm) increased the predicted average CS by
40% of its original value, although the stroke length was
increased by 12 mm. The computationally predicted aver-
age CSs were compared to those of Kang et al.,”® under
the same kinematic inputs, and the results were similar.
When the wear factor was considered, a directly pro-
portional relationship between wear factor and CS
dominated, under different applied nominal contact
pressure, as shown in Figure 5. Wear factors were

@) 20x10° ; ;
O Moderately cross-linked UHMWPE experimental C
—— Power-1
-------- Logarithmic
= Exponential
15107 o Power-2
T
€
0
& 1.0x10°
8
o
8
E 5.0x107° /77
00 T T T T T 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
(b) y cS
3.0x107 7 A Conventional UHMWPE experimental C (data from Refs. 26, 30)
2 5510~ O Moderately cross-linked UHMWPE experimental C
SIiE o — Fit curve
5 2.0x10°
S .
£
2 1.5x107°
o 4
§ 1.0x10°
; .0x |
5.0x107° o
0.0 T T T T T T T T T T v 1
0.00 0.05 0.10 0.15 0.20 0.25 0.30
CS

Figure 8. (a) Moderately cross-linked UHMWPE experimental
average non-dimensional wear coefficients (mean = SD, n > 9)
versus the cross-shear ratio for different curve fitting and
against (b) conventional UHMWPE (mean = SD, n > 3),263° for
power-| best fitted function.

UHMWPE: ultra-high-molecular-weight polyethylene; SD: standard
deviation; CS: cross-shear.

shown to peak around the CS value of 0.18. This find-
ing is consistent with the results by Saikko et al.** and
Korduba and Wang.” Wang’s model of strain harden-
ing suggests that orientation occurs in the PMO direc-
tion, resulting in molecular softening in the direction
perpendicular to the PMO direction. However, molecu-
lar alignment may occur in both motion directions at
high CS ratios.” Higher CS tests are required to investi-
gate this phenomenon, which are not realistically
adopted in both experimental and computational total
joint replacement wear tests. More importantly, the
measured wear factors under multidirectional motions
(CS # 0) were more than five times the corresponding
wear factors under unidirectional motion, depending
on the applied nominal contact pressure and the degree
of cross-shearing. This emphasizes the important effect
that CS has on wear prediction and may explain the
lower wear prediction of computational wear models,
based on wear factors from unidirectional wear testers,
compared to clinical and multidirectional wear factor—
based predictions. The directly proportional relation-
ship found between wear factor and CS turned out to
be an inversely proportional relationship between wear
factor and applied nominal contact stress for the same
CS, as shown in Figure 7(a). Increasing the applied
nominal contact pressure from 1 to 4 MPa and from 1
to 11 MPa decreased the corresponding wear factor by
17%—-69% and 47%—74%, respectively, depending on
the CS. The high dependence of wear factors on the
applied nominal contact pressure may explain the wide
range of wear factors found in the literature.*’ The
measured wear factors for moderately cross-linked
UHMWPE, under 1-MPa applied nominal contact
pressure, were found to be less than half of their corre-
sponding conventional UHMWPE values, under the
same applied nominal contact pressure and CS (Figure
6). Moreover, the lower dependence of the moderately
cross-linked UHMWPE on the degree of CS, than the
conventional UHMWPE, may prove advantage for
cross-linking in decreasing the effect of orientation soft-
ening.’ These findings are consistent with other studies
that suggested that using cross-linked UHMWPE as a
bearing material in artificial joint replacements may sig-
nificantly reduce wear in such prostheses,'>!7:33:34:41-43
On the wear coefficient scale, the measured
non-dimensional wear coefficients under cross-sheared
kinematic inputs were more than seven times the non-
cross-sheared coefficients, as shown in Figure 8(a). In
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addition, the wear coefficient was found to be highly
pressure independent (Figure 7(b)), which is an advan-
tage over the pressure-dependent wear factors, over the
tested contact pressures. Moreover, the pressure inde-
pendency of the wear coefficient makes it a more reli-
able and robust wear parameter. Therefore, such an
approach can be applied to compare different materials
in the future. A reduction in the measured wear coeffi-
cients from 23% to 67%, depending on the CS, was
detected when the moderately cross-linked UHMWPE
was compared to the conventional UHMWPE,?** as
shown in Figure 8(b). This emphasizes again the advan-
tage of cross-linked UHMWPE over the conventional
UHMWRPE as a bearing material.

Conclusion

This study generated wear factors and wear coefficients
of a moderately cross-linked UHMWPE, which may
be used as independent input data for computational
wear models. The wear of moderately cross-linked
UHMWPE, considered in this study, was found to be
less dependent on the degree of CS, compared to con-
ventional UHMWRPE. This study suggests that the
pressure-independent wear coefficient may be the future
key parameter to compare different materials on wear
resistance.
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