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Abstract

Numerous parameters control the long-term performance of a total hip joint arthroplasty. The
articulating motions between the femoral and the acetabular components produce wear debris
in a hip implant. Surface roughness, clearance, coefficient of friction and sliding distance are

found to be contributing parameters that affect wear rates. Wear produced in a hip implant
leads to the loosening of a hip prosthesis and thus failure of the hip implant.
Ultra-high-molecular-weight polyethylene (UHMWPE) has been successfully used as an
acetabular weight bearing component in the THR applications. Cross-linked UHMWPE was
found to improve the lifespan of an artificial hip. A gradient cross-linking of UHMWPE has
been observed to be a recent development in implant bearing materials. During in vitro
studies, gradient cross-linked UHMWPE showed nearly undetectable wear rates.

1. Introduction

In the 1960s, Sir John Charnley developed modern versions
of total hip replacement (THR) models [1]. By the year 2000,
the number of THR surgeries performed in the United States
had increased to approximately 500000 [2]. Wear has been
the primary failure mode affecting the long-term performance
of artificial hip and other prostheses. Metal-on-metal was the
most prominent bearing combination used throughout the early
invention era. The reported failures of the metal hip prosthesis
due to ions, osteolysis and aseptic loosening resulted in a
decline of usage of the metal-on-metal articulating surfaces
[3]. In order to reduce the risk of hip implant failure, different
weight bearing configurations that also affect the wear rate
were examined. Due to the wear resistance and the ease
of alignment of polyethylene, it has been the material of
choice for the past 40 years [4, 5]. Metals articulating with
metals, polyethylene and ceramics were all used in the earlier
designs. However, the current trends are metals articulating
with polyethylene liners.

During the earlier designs of artificial hips, metals were
widely used in THR applications because of their excellent

1748-6041/08/042001+09$30.00

mechanical characteristics and fatigue performance. Further
improvements in the material properties geared toward the
use of ceramics were explored because of their high strength
and excellent biocompatibility. Alumina and zirconia are the
most preferable ceramics in THR applications. Technological
advancement and material processing carved the new path for
the use of UHMWPE. Polyethylene has been used recently
in high stress applications, such as total hip and knee
replacements, due to its superior wear resistance and ease
of availability.

Goswami et al [6] reported the wear mechanisms and the
parameters affecting wear rate in hip designs. Goswami and
Alhassan [7] attempted to predict the wear rate of UHMWPE
in THR and TKR by an in vitro wear rate model. The
primary parameters influencing the wear rate in their prediction
model were: head diameter (HD), body weight (BW) and
head surface roughness (Ra). The in vitro wear rate model
was used efficiently to predict the wear rate in the hip
implants as a function of the geometrical and mechanical
parameters. The articulating motion between the acetabular
cup and femoral head generates roughness, and wear debris,
which induces an immune response and implant loosening

© 2008 IOP Publishing Ltd  Printed in the UK
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leading to osteolysis. The failure of the artificial hip implant
then requires revision. This study reviews the parameters that
influence wear mechanisms and wear rates in hip implants.

2. Background

A collection of literature [2, 6—-14] provides an overview of the
different combinations used for articulating surfaces. During
articulations, the interactions between the acetabular cup
surface and the femoral head surface cause wear debris which
results in bone loss and the periprosthetic osteolysis. Different
combinations of metal, ceramic and polyethylene materials
were attempted to reduce the risk of osteolysis. Slonaker and
Goswami [6] reported the lower wear rates in ceramic materials
over metal-on-metal and metal-on-polyethylene combinations.
An in vitro study by Howling et al [15] experimented with
the ceramic-on-ceramic combination, which showed a lower
wear factor (weight loss divided by the product of load and
sliding distance) compared to the metal-on-metal and the
metal-on-polyethylene combinations. Ceramic-on-ceramic
combinations showed lower wear rates in the long-term
performance of hip implants. An in vitro study by Wang
and Essner [14] compared the third-body wear performance of
ceramic-on-polyethylene and metal-on-polyethylene. In the
presence of PMMA particles in serum, ceramic femoral heads
showed higher wear resistance with UHMWPE compared to
metal femoral heads with UHMWPE.

Park et al [16] discussed the advantages of UHMWPE
as a weight bearing surface which helps to achieve higher
wear resistance. The lower friction coefficient, higher
biocompatibility and toughness are major contributing factors
for the excellent performance of UHMWPE. Radiation cross-
linking of UHMWPE has proven higher wear resistance
compared to the conventional UHMWPE [13, 17-21].
Muratoglu et al [17] reported that the increase in the dose
level from 0 to 300 kGy showed nearly 98% reduction in
pin-on-disk (POD) wear rate while reducing the mechanical
properties, such as 41.3% and 5% reduction in ultimate tensile
and yield strength, respectively. A slight reduction in hardness
and elastic modulus was also documented. The reduction
in mechanical properties necessitates improvements in the
process of cross-linking. The enhanced cross-linking process
widely used is referred to as the gradient cross-linking process.
The limited irradiation of the electron beam results in the
gradient cross-linking and improves wear resistance as well
as maintains the mechanical properties of UHMWPE. Oral
et al [22] reported the effect of «-tocopherol (vitamin E) on
the oxidation and the decay of free radicals in the irradiated
UHMWPE. Another study by Oral et al [23] showed that the
vitamin E doped UHMWPE has better oxidation resistance
and is more likely to maintain the mechanical properties of the
irradiated UHMWPE used in THR.

2.1. Parameters affecting wear rate

Buford and Goswami [2] described different factors
influencing the wear mechanisms including contact stresses,
lubricant and clearance, surface hardness and roughness,

Figure 1. (a) CoCr femoral head with marked discrete patches and
damage on the ball surface. (b) Alumina femoral head with smooth
ball surface and no damage. After in vitro testing with PMMA
concentration of 10 g 17! in the lubricant [14].

different types of articulation due to motion, number of
cycles, particle count and distribution and oxidative wear.
The contact stresses due to rolling were found to be
higher than those produced by sliding and gliding. The
present study emphasizes the third-body wear phenomenon,
surface roughness, clearance between femoral and acetabular
components, friction coefficient and sliding distance as
the primary parameters influencing wear rate. An ideal
combination of these test parameters can effectively reduce the
wearing out of the hip components and may help the design
processes.

2.1.1.  Third-body wear phenomenon. The third-body
wear acts as a principal parameter affecting the long-term
performance of an artificial hip implant [13]. The third-body
particles can be either PMMA for the cemented hip prosthesis
or pulled-out grain particles of the articulating surfaces as a
result of wear. Wang and Essner [14] reported three possible
phenomena by which third-body particles in serum may cause
damage to the polyethylene acetabular cup and the metal or
ceramic femoral head surfaces during clinical use.

The first phenomenon illustrates how serum particles
may get collected on the superficial layer of the acetabular
component which reduces the contact between the femoral
head and the acetabular cup surface. In the case of the
ceramic femoral head, PMMA particles cannot scratch the
ceramic head and the reduced contact stress area may help
lower the wear in the acetabular component surface. In the
metallic femoral head, PMMA particles may damage the head
surface and develop unfavorable wear results due to weight
loss at higher concentrations of PMMA particles in serum. In
figure 1, CoCr and alumina femoral heads that were removed
from a hip simulator after being tested with the concentration
of 10 g 17! of PMMA particles in serum. The metallic head
shows significant scratching, whereas the ceramic head was
found without any damage [14].

The second phenomenon shows how the PMMA particles
may attach on the femoral head surface which can plough
through the interior of the polyethylene cup increasing the wear
rate. PMMA particles are found to adhere to the metal head
surface. However, the ceramic head does not have as many
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Figure 2. The effect of surface roughness of the ceramics (alumina,
zirconia) and metals (stainless steel (S.S.), Co—Cr—Mo) on the
friction coefficient [8].

PMMA particles on its surface. The higher the concentration
of the PMMA particles in serum, the higher the wear rate of
UHMWRPE surface [14].

The third phenomenon describes how the PMMA particles
can roll in between the articulating surfaces instead of sticking
to the femoral head or the acetabular cup surfaces. The rolling
free particles between the surfaces come into contact and
produce the third-body wear rate [14]. Wang and Essner [14]
founded this phenomenon to be less effective in the generation
of wear rate because of the lower severity of rolling abrasive
wear than sliding abrasive wear.

2.1.2. Surface roughness. The wear behavior of UHMWPE
rings sliding on ZrO, and Al,O; was investigated by Cho
et al [8] using a ring-on-disc reciprocal wear test. The
friction coefficient and the wear factor were evaluated in
correspondence to the surface roughness and were found to
be controlled by the surface roughness [8]. The ceramic
ball and UHMWPE liners showed an ideal combination
for a hip prosthesis. Zirconia and alumina are the most
preferred choices for the ceramic femoral head, of which
zirconia showed the lower coefficient of friction and the higher
toughness. Amongst all the tested materials, zirconia showed
the lowest surface roughness with the critical value of 0.10 um
[8]. Cho et al [8] tested a UHMWPE ring on an Al,Os5 disc.
The wear behavior of UHMWPE was found to be either surface
fatigue wear or abrasive wear, when surface roughness was
deflected from the critical value of 0.10 um.

The coefficient of friction for zirconia increases steadily
as the surface roughness increases from 0.10 um to 0.20 um.
In figure 2, the friction coefficient of ceramics for roughness
less than 0.10 um produces a stable value (0.06). Stainless
steel showed the highest coefficient of friction at 0.10 um
of surface roughness. The friction coefficient for Co—
Cr—Mo continuously increases with the increase in surface
roughness. However, a limited amount of data were found
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Figure 3. The wear factor of ceramic (ZrO,, Al,0O3) and metallic
(Co—Cr, stainless steel) materials versus surface roughness (Ra) [8].

in the literature to develop a trend or any of the rate
equations. Figure 3 shows the dependence of the wear
factor on surface roughness for ceramic and metal surfaces
[8]. The wear factor shows a very similar behavior to
the friction coefficient in correspondence with the surface
roughness. Zirconia showed the lowest wear factor amongst
all the materials with the same trend as the friction coefficient.
For zirconia, the roughness below 10 um shows a slight
effect in the wear factor starting from 1.56 x 107% to 2.97
x 1078 mm® N=! m~!. As the roughness increases above
a critical value of 0.10 um, the wear factor increases up to
21.5 x 1078 mm?® N=! m~! for 0.22 um of roughness. The
higher friction coefficient and wear factor of alumina were
examined because of the grain pull-out defect on the alumina
surface. Co—Cr showed a higher wear factor than ceramics
for the surface roughness below 0.10 pm.

2.1.3. Clearance. The clearance between the femoral head
and the acetabular cup liners plays a vital role in the wear
rate behavior of an artificial hip [9]. The wear rate has a
remarkable increase for too small or too large clearance values.
The clearance near zero and above 0.5 mm shows the highest
volumetric wear rate. The linear wear rate is less sensitive to
the change in clearance. An ideal range for the clearance is
between 0.5 mm and 0.15 mm [9].

Table 1 compiles the wear rates of a 32 mm diameter
CoCrMoC femoral head and the UHMWPE acetabular cup
articulating surfaces. The interference between the two
articulating surfaces was highest for both extremes of the
clearance resulting in the highest volumetric wear rate. The
clearance value between 0.1 mm and 0.15 mm showed
the highest wear resistance, where the linear wear rate was
0.1 mm yr~! and the volumetric wear rate was 55 mm?> yr='[9].
Figure 4 compares the results of the clinical data for different
clearance values with the highest wear rate for 0.5 mm and
0.001 mm clearance with an increase in the implantation time.
For 0.2 mm clearance and no friction, the predicted linear wear
rate was 0.120 mm yr~! [9].



Biomed. Mater. 3 (2008) 042001

Topical Review

5000
= 0.50,
g 4500 =
2 &
S 4000 . //
8 > o0,
E 3500 ==
— »
5 1/‘ i
g 3000 - =
e 2500 t - / ;“/f o
= 25 .
= 2000 i b . %f’ * b/
= b = -
o o ? * B""’F
> 1500 s . [ 2ee® a—
[ = b %
S 1000 2 A ik t'ﬂ;-ft"jw-—f e
e 500 “//?‘-ﬁ > -
,-A'sz‘F' .
0
0 24 & T2 9 120 144 168 192

Implantation time ( Months)

Figure 4. The effect of clearance on the linear wear rate of polyethylene versus implantation time in months [9].

Table 1. The effect of clearance on the wear rate of a 32 mm
femoral head diameter. The volumetric wear rate is higher for the
clearance near zero and >0.5 um. The linear wear rate is observed
to be less sensitive with increase in clearance [9].

Linear Volumetric

wear rate  wear rate
Clearance (mmyr~') (mm?3yr)
0.001 0.23 122.27
0.050 0.11 56.69
0.100 0.10 53.68
0.150 0.10 56.33
0.200 0.12 56.89
0.300 0.22 63.10
0.500 0.31 114.72

2.1.4. Coefficient of friction. The wear rate is found to be
sensitive to the coefficient of friction. The friction coefficient
between the femoral head and the acetabular cup is assumed to
be zero initially and it keeps increasing as the wear behavior
commences. The volumetric wear rate increases constantly
with an increase in the coefficient of friction, while the linear
wear rate remains stable [9].

Table 2 summarizes the results achieved for 32 mm
femoral head with the clearance of 0.2 mm. The friction
coefficient increases from 0.0 to 3.0 and shows the effects on
the linear and the volumetric wear rate. An increase of 0.12 +
1 mm was observed in linear wear rate for an increase up to
0.3 in the coefficient of friction [9]. The total increase of 12%
was observed in the volumetric wear rate, which indicates that
the wear rate is less sensitive to the friction coefficient [9].

2.1.5. Sliding distance. The sliding distance affects the
wear behavior of the hip prosthesis [10]. Bennett e al [10]
proved that the direction of the individual contact points on
the femoral head is a predominant problem in causing wear
of the UHMWPE acetabular cup. The shape and the length
of the wear paths on the femoral head were also found to be
influencing the wear rate of the acetabular cup liners [10].

Table 2. The effect of coefficient of friction on the wear rate of a
32 mm femoral head diameter. The volumetric wear rate increases
with an increase in the friction coefficient [9].

Coefficient Linear wear Volumetric wear
of friction  rate (mm yr~!) rate (mm? yr—')
0.00 0.121 56.89

0.05 0.121 59.11

0.10 0.121 59.81

0.15 0.120 61.32

0.20 0.121 62.52

0.25 0.122 63.10

0.30 0.120 63.72

2.2. Articulating surfaces

Cho et al [8] discussed the interactions and wear conditions
between the femoral head and acetabular cup. The interactions
between surfaces significantly affect the life span of an
artificial hip in THR. Metals and ceramics have been
successfully used as the femoral heads in THR applications.
Alumina and zirconia are the only ceramic heads used for
an artificial hip joint because of their excellent performances
during testing. Published articles [6, 8, 14, 15] show a better
wear performance of ceramic heads (alumina, zirconia) than
metal heads (CoCr) with UHMWPE acetabular component.
Because of high toughness and strength, zirconia is widely
used as a femoral head.

2.2.1. Ceramic-on-UHMWPE versus metal-on-UHMWPE.
Wang and Essner [14] compared the wear behavior of metal
and ceramic femoral heads. The third-body wear rate was
higher than the wear rate without PMMA particles in serum
[14]. The metallic femoral heads are more susceptible to
scratches, and therefore allow more PMMA particles to adhere
to the head surfaces. On the other hand, the ceramic femoral
heads are less susceptible to scratches, so do not allow PMMA
particles to adhere to the surfaces [14]. Figure 1 shows the
CoCr and alumina femoral heads after in vitro study [14]. The
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Figure 10. The gradient cross-linking process used to produce a 26 mm UHMWPE acetabular component without an oxidative superficial
layer. UHMWPE is melted at 140 °C under nitrogen and then partially irradiated using a 2 MeV electron beam which causes a limited
penetration through the acetabular liners. The machining process reduces the inner diameter of the cup from 32 mm to 26 mm [24].

success of UHMWPE in THR applications. This drawback
encourages the enhancement of the cross-linking process to
achieve a better performance for long lasting use of UHMWPE
in THR applications. The new phenomenon known as gradient

cross-linking is used nowadays to overcome the stated problem
[20, 22, 24, 25].

2.3.3.  The gradient cross-linked UHMWPE. 1In order
to maintain the mechanical properties of the cross-linked
UHMWPE, the limited penetration of an electron beam
is applied across the acetabular component. This partial
irradiation process is known as the gradient cross-linking of
UHMWPE [24]. Use of gradient cross-linking of UHMWPE
for the acetabular component results in a higher cross-link
density at the superficial layer of the articulating surface which
improves the wear resistance of the UHMWPE liner. At the
same time, a lower cross-link density is achieved at the external
surface of the acetabular component, which helps retain the
mechanical properties and reduce the generation of wear debris
in the virgin polymer [24].

In the process of gradient cross-linking (shown in
figure 10), UHMWPE is melted at 140 °C under nitrogen
and then partially irradiated using a 2 MeV electron beam,
which causes a limited penetration through the acetabular
liners. The irradiation process induces the oxidation of the
UHMWPE liners at its superficial layer, which is machined
to remove the oxidized layer. The machining process reduces
the inner diameter of the cup from 32 mm to 26 mm inner
diameter. The process of gradient cross-linking comes to an
end with the cross-link density of 0.15 £ 0.01 mol dm™3 at
the articulating surface, and 0.12 £+ 0.01 mol dm™3 at the
outer surface of the acetabular cup [24]. Figure 11 shows the
weight loss comparison between the gradient cross-linked and
the conventional UHMWPE observed in vitro at the applied
load of 750 1b. The conventional UHMWPE liners showed an
average weight loss of 115 & 25 mg in 4.5 million cycles, while
the gradient cross-linked UHMWPE liners showed an average
weight gain of 15 £ 9 mg in 4.5 million cycles. Another
study also looked at weight gain in the gradient cross-linked
polyethylene caused by the unbalanced increase in the fluid
uptake of the articulating surfaces. The constant articulations

180
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Figure 11. The weight loss comparison of gradient cross-linked

UHMWEPE and conventional UHMWPE over 4.5 million cycles
[24].

make the articulating surfaces susceptible to the absorption of
the lubricant, resulting in the weight gain.

3. Closing remarks

This paper reviews the third-body wear in THR. Principal
mechanisms were: (1) serum particles gather on the superficial
layer of the acetabular cup that would reduce the contact
between the femoral and acetabular component surfaces; (2)
PMMA particles may stick onto the femoral head surface,
which can plough the interior of the acetabular cup, thus
increasing the wear rate; and (3) PMMA particles can roll
in between the articulating surfaces instead of sticking to the
ball or the cup surfaces.

The factors affecting wear rate were: surface roughness,
coefficient of friction (of the articulating surfaces), clearance
(between the acetabular cup and the femoral head), and sliding
distance. Zirconia showed the lowest wear rate amongst all the
different tested materials in vitro. The critical value of surface
roughness was reported to be 0.10 um. Clearance near zero
or above 0.5 mm shows the highest wear rate and between
0.15 mm and 0.5 mm clearance was found to be an ideal range
in vitro. The study on wear rate against the friction coefficient
reported the linear wear rate to be less dependent on the friction
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coefficient. The volumetric wear rate increased 12% or more
for the clearance increasing from 0 to 0.5 mm. The sliding
distance was established to be an affecting parameter for the
wear rate behavior of a hip prosthesis.

Ceramic-on-UHMWPE produced lower wear rates than
metal-on-UHMWPE because it has a lower coefficient of
friction; also, ceramic femoral heads are found to be
less susceptible to scratches. The ceramic-on-UHMWPE
combination provides better performance under third-body
wear phenomenon. A stable average wear rate was observed
for the ceramic heads with an increase in PMMA concentration
from 1 to 10 g I=! in serum, while 100% increase in average
wear rate was detected in the metal heads. Ceramic-on-
ceramic is favored over other combinations of weight bearing
couples because of their lowest wear factor. The ceramic-on-
ceramic combination showed 4000 times lower wear rate than
the other combinations.

The ceramic-on-UHMWPE showed a significant
reduction in weight loss by inserting an UHMWPE liner
in between the ceramic-on-ceramic combination. Improved
mechanical properties of UHMWPE such as wear resistance,
toughness, biocompatibility and friction coefficient were
obtained. A clinical in vitro study showed 90% reduction
in the wear rates for the cross-linked UHMWPE. The wear
resistances of the cross-linked UHMWPE and conventional
UHMWPE were investigated. As compared to conventional
UHMWPE, the cross-linked UHMWPE showed 86% and 97%
less incremental wear rate with the presence of alumina and
PMMA particles, respectively.

A significant decrease in the linear wear rate was
observed with the increase in the dose level for cross-linked
UHMWPE. The cross-linking process improves the wear
resistance while sacrificing the mechanical properties, such as
tensile and yield strength, hardness, toughness, and the fatigue
crack propagation resistance. The reduction in mechanical
properties was retained by using the gradient cross-linking.
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