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A three-axis knee wear simulator with ball-on-flat contact
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Abstract

A three-axis knee wear simulator with ball-on-flat contact was designed and built for basic wear and friction tests of prosthetic knee
materials. The three-axis motion consisted of flexion–extension (FE), anterior–posterior translation (APT) and inward–outward rotation
(IOR). Preliminary tests were done with non-irradiated, and with gamma-irradiated, artificially aged ultra-high molecular weight polyethy-
lene disks. The counterface was a 54 mm diameter, polished CoCr ball. The load was static 2 kN, and lubricant diluted calf serum. The
wear of non-irradiated polyethylene proved to be insensitive to the disk thickness. Gamma-irradiation and aging resulted in higher wear
rates, which further increased with decreasing disk thickness. The steady-state wear rates of the disks varied from 10.7 to 47.1 mg per one
million cycles, and the average coefficients of friction from 0.043 to 0.063. The wear zone was burnished in all disks, the dominating wear
mechanism being adhesive. Severe delamination occurred only in a disk made from a gamma-irradiated tibial component which had been
on the shelf for 10 years. In accordance with clinical findings, the majority of the polyethylene wear particles had a diameter between 0.1
and 1 �m, with an average of 0.7 �m. As the tibial components made of polyethylene are often damaged by oxidation, the effects of aging
conditions on polyethylene wear are important subjects of further studies. © 2001 Elsevier Science B.V. All rights reserved.
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1. Introduction

In knee joint prostheses, the wear of tibial components
made from ultra-high molecular weight polyethylene is a
significant cause of failure. The tibial component is usually
relatively flat, and its thickness may be as low as 4 mm
[1,2]. The convex counterface, the femoral component, is
most often made from CoCr alloy. The relative motion is
a combination of rolling and sliding. The type of motion
and the stress levels vary substantially depending on the
design of the prosthesis and on the position in which the
prosthesis is implanted. In many designs, the tibiofemoral
contact is highly non-conforming in order to provide a large
range of motion. This causes contact stresses which may
exceed the strength of polyethylene. The maximum contact
pressures in contemporary prostheses have been measured
to be around 20 MPa [3].

The situation is made even worse by the fact that the
contact moves cyclically relative to the tibial component,
creating the conditions for fatigue wear. In the examination
of tibial components removed from patients, typical find-
ings are burnishing, abrasion, scratching, embedded acrylic
bone cement particles, pitting, delamination, surface defor-
mation and cracking [4–8]. Delamination has been found
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to correlate with oxidation [9], which is a consequence
of the formation of free radicals in the sterilization by
gamma-irradiation. A common feature in the wear of knee
and hip prostheses is the production, through the adhesive
and abrasive wear mechanisms, of an enormous number of
polyethylene wear particles with a size in the biologically
harmful micrometre range [10,11]. Particles of this size are
known to cause osteolysis, which in many cases leads to
the loosening of the prosthetic components, necessitating a
reoperation.

Knee joint simulators, sometimes called briefly knee
simulators, are intended for wear testing of actual knee
prostheses. The available commercial knee joint simulators
are complex, difficult to operate and expensive. For basic
wear and friction tests of new material candidates, a sim-
ple, reliable and easy-to-operate wear test device, which
still produces wear mechanisms similar to those occurring
clinically in knee prostheses, is more practical. The new
knee wear simulator with ball-on-flat contact, described in
the present paper together with some preliminary test re-
sults, belongs to this latter category. The term knee wear
simulator indicates that simplified test specimens and test
conditions are used. Contemporary knee prostheses show a
large variety of contact geometries. In the present simula-
tor, the test conditions were chosen to reproduce the wear
of the most common type, a non-conforming, metal-backed
prosthesis with substantial anterior–posterior sliding.
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2. Experimental details

In the new knee wear simulator (Fig. 1), a large CoCr
ball represented the femoral component, and a flat polyethy-
lene disk, located horizontally beneath the ball, represented
the tibial component. The simulator was built from an old
five-station, uniaxial hip joint simulator [12]. The frame, mo-
tor and loading system of the hip simulator were utilized. For
the present study, one test station was completed. The mo-
tions and load were based on biomechanical studies [13–15].
The three-axis motion consisted of flexion–extension (FE),
anterior–posterior translation (APT), and inward–outward
rotation (IOR). The FE was applied to the ball, and the APT
and IOR to the disk (Fig. 2). The motions were implemented
by crank mechanisms, and their variations with time were
nearly sinusoidal. The cycle time was 0.93 s. A detailed de-
scription of the design follows.

Fig. 1. Close-up of three-axis knee wear simulator with ball-on-flat contact.

Fig. 2. Principle of the simulator.

The amplitude of the FE motion was 42.4◦. Therefore,
the sliding distance between the extreme positions would
have been 20 mm with the chosen 54 mm ball diameter, if
FE was the only motion. However, the APT, which had an
amplitude of 10 mm, was synchronized with the FE so that
the maximum flexion coincided with the maximum anterior
translation of the disk, and maximum extension with the
maximum posterior translation. This reduced the sliding dis-
tance between the extreme positions to 10 mm, the roll/slide
ratio hence being 0.5. Due to the APT, the contact moved
cyclically relative to the disk.

A few trials using two-axis motion, FE and APT, resulted
in too low wear rate values, around 1 mg per one million
cycles. To solve the problem, the IOR was added. The IOR
axis was the vertical symmetry axis of the disk, and the
amplitude of the IOR was 10◦. The IOR crank mechanism
was designed so that the phase difference between the IOR
and APT sine waves was π /2. Hence, the force locus on the
disk (the track of the theoretical contact point) was a narrow,
symmetric figure of eight with a height of 10 mm and width
of 0.22 mm. The length of the force locus was 20.07 mm.
This value was used as the sliding distance per cycle in the
calculation of the wear factor.

The APT was implemented so that a lever fixed to the
FE shaft moved a horizontal, low-friction linear bearing
via a force transducer (Fig. 1). The signal of the transducer
was proportional to the frictional force between the ball
and the disk. Hence, the coefficient of friction, µ, could
be calculated. Considering the viscoelastic properties of
polyethylene, a better term would be coefficient of total
kinetic resistance, because the indentation of the ball into
the disk is substantial [16].

The load was vertical, static 2 kN. Earlier hip wear sim-
ulations showed that the load need not be dynamic [17]. It
was assumed that the same holds true for the knee. Because
of the APT, the stresses in the disk changed cyclically even
with static load.

The ball was a polished, 54 mm diameter, modular CoCr
head of a hip hemiprosthesis, item no. 126–854, manufac-
tured by Waldemar Link, Germany. The axis of the conical
part of the ball holder was at an angle of 45◦ to the main
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Table 1
Polyethylene disks, material GUR 1050 Perplas IMP-2000

Test Thickness (mm) Gamma-irradiation Aging

1 10 No No
2 5 No No
3 10 2.5 Mrad in air In air convection oven, 14 days at 100◦C
4 10 2.5 Mrad in air In O2, 14 days at 70◦C, 5 atm pressure
5 5 2.5 Mrad in air In O2, 14 days at 70◦C, 5 atm pressure

axis of the ball holder (Fig. 1). This made it possible to use
the same ball in several tests, by fixing it in a new position.
The ball was carefully centred to the FE axis.

The disks were machined from a GUR 1050, Perplas
IMP-2000 ultra-high molecular weight polyethylene bar.
The diameter of the disks was 40 mm. Five different disks
were tested (Table 1). The oxidation was simulated by aging
after gamma-irradiation. In the disk holder, the underside of
the disk rested against a flat, ground stainless steel backing.

Triple 0.1 �m sterile filtered, low-protein, low-endotoxin
HyClone Alpha Calf Fraction serum, cat. no. SH30076.03,
diluted 1:1 with Milli-Q grade distilled water, was used as
the lubricant, without additives. The amount of lubricant
in the acrylic test chamber was 200 ml. The chamber was
deliberately made large and open to avoid the overheating
of the lubricant, which is known to adversely affect the wear
simulation [18]. The capacity of the chamber was 300 ml.
The tests were done at room temperature. Once a day, the
air temperature near the chamber, within a large covering
hood, and the lubricant bulk temperature were measured. At
the same time, the value of frictional force was recorded.

The test length was five million cycles. Each test took
8 weeks to run, as the test frequency was 1.08 Hz. The
tests were stopped at intervals of ca. 560,000 cycles for
wear measurement and lubricant change. During the stop,
the specimens and their holders were washed. The disk
was vacuum desiccated for 30 min, weighed with a balance
having 0.01 mg resolution, and examined with an optical
microscope. The maximum contact pressures were calcu-
lated assuming that the diameter of the contact was equal
to the width of the wear zone, and that the contact pressure
distribution was elliptical.

Wear particles were isolated from a sample of used
serum taken halfway through test 1. The particles were iso-
lated by NaOH digestion, HCl neutralization, and filtration
on a 0.05 �m polycarbonate filter. Sections of filters were

Table 2
Wear of polyethylene disks, and average coefficient of friction

Test Wear rate (mg/106 cycles) Wear factor (10−6 mm3/Nm) Wear pit dimensions (mm) µ

Length Width Depth

1 12.2 0.33 23.6 14.7 0.5 0.045
2 10.7 0.29 23.3 14.8 0.6 0.047
3 11.2 0.30 25.8 17.1 0.9 0.043
4 28.7 0.77 24.9 16.8 1.0 0.058
5 47.1 1.27 26.0 17.6 1.3 0.063

examined with a scanning electron microscope. The area of
particles was calculated with an image analysis program.
The diameters were then calculated using the equivalent
circle principle. Particles were identified with infrared
spectroscopy.

3. Results

The simulator proved to be easy to operate and reli-
able, needing minimal maintenance. The test results are
summarized in Fig. 3 and Table 2. The wear rates of the

Fig. 3. Variation of gravimetric wear of polyethylene disks with number
of cycles.
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Fig. 4. Optical micrograph from wear zone of polyethylene disk, test 1.

non-irradiated disks were almost identical, and moderate.
The wear rate of the gamma-irradiated disk which was aged
in an air convection oven was high in the beginning, but
later the wear rate decreased and settled to a value between
those of the non-irradiated disks. The wear rate of the

Fig. 5. Scanning electron micrograph of small polyethylene wear particles,
test 1.

gamma-irradiated, O2-aged disk of 10 mm thickness was
2.4 times higher than that of the non-irradiated disk of the
same thickness, and the wear rate of the gamma-irradiated,
O2-aged disk of 5 mm thickness was 64% higher than that
of similarly treated disk of 10 mm thickness. In visual

Fig. 6. Scanning electron micrograph of large polyethylene wear particles,
test 1.
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examination, the wear zone was burnished in all tests. In
optical microscopy, smoothness was the dominating feature
(Fig. 4). In test 5, the disk showed macroscopic cracks and
signs of starting delamination after four million cycles. The
majority of the wear particles had a diameter between 0.1
and 1 �m (Fig. 5). The average diameter of the 96 particles
distinguished in Fig. 5, a typical scanning electron micro-
graph, was 0.7 ± 0.5 �m. In addition, there were some
larger flakes with a diameter of the order of 10 �m (Fig. 6).
The friction signal was serrated in shape. Therefore, the rms
value was used in the calculation of µ. The bulk tempera-
ture of the lubricant was close to the air temperature near
the test chamber, which was ca. 29◦C, the difference being
usually a few tenths of a degree. The calculated maximum
contact pressures at five million cycles in tests 1–5 were
17.7, 17.4, 13.1, 13.5 and 12.3 MPa, respectively.

4. Discussion

The quantification of clinical wear of prosthetic knees is
difficult. The measurement of linear wear is confused by the
substantial creep of polyethylene. The wear factor is also
problematic, because the volume of material removed, the
load and the sliding distance are very difficult to estimate
with precision. Therefore, the validation of a knee wear sim-
ulator must rely on qualitative methods. In practice, the most
important method is the evaluation of wear mechanisms by
the microscopy of worn surfaces and of wear particles.

The burnishing of the polyethylene surface was a macro-
scopic sign of adhesive wear producing wear particles in
the clinically relevant micrometre size range. It was encour-
aging to discover that the particles produced in the present
simulator were similar to those isolated from tissues around
failed total knee prostheses [10,11], having the same average
diameter, 0.7 �m. As in earlier hip wear simulations [17], an
essential factor in the burnishing proved to be that the direc-
tion of sliding constantly changed relative to the polyethy-
lene specimen. In the present simulator, this was arranged so
that the track of the contact point on the disk formed a figure
of eight. Abrasion and scratching did not occur in the present
tests because abrasives, such as acrylic particles, were not
added to the lubricant. This may be done in later tests.

The wear of the gamma-irradiated, oven-aged disk (test
3) was rapid in the beginning because the surface of the
disk was very brittle. However, the wear rate of this disk
decreased substantially during the first million cycles, as the
ball penetrated through the brittle surface layer and reached
the ductile, undamaged core of the disk. The steady-state
wear rate was between those of the non-irradiated disks
(Fig. 3). These values, 10.7–12.2 mg per one million cy-
cles, corresponding to wear factors of 0.29 × 10−6 to
0.33 × 10−6 mm3/N m, may be considered moderate. Ap-
parently, the parameters of the oven aging were not optimal
because pitting or delamination did not occur, and because
in retrieved and shelf-aged polyethylene components, the

maximum embrittlement caused by oxidation does not oc-
cur on the surface, but below the surface. Clinically, delam-
ination correlates with oxidation [9], and the risk of severe
wear and fragmentation increases with decreasing thickness
of the polyethylene tibial component [4,5,19–23].

In the non-irradiated disks, the wear rate and contact pres-
sure were insensitive to the disk thickness. The wear rates of
gamma-irradiated, O2-aged disks were not only much higher
than those of the non-irradiated disks, but the wear rate of
the disk of 5 mm thickness, 47.1 mg per one million cycles,
was clearly higher than that of the disk of 10 mm thickness,
28.7 mg per one million cycles. On the basis of the present
tests, it appears that the thickness dependence of wear seen
in vivo is caused by gamma-irradiation in air. Naturally,
more tests are needed to verify this finding. It was inter-
esting, however, to note that the microtomed cross-sections
of the disks did not show any embrittlement, except for the
surface of the oven-aged disk. To elucidate this point, an ad-
ditional test was done with a disk machined from a Townley
tibial component, which had been gamma-irradiated in air
and had been on the shelf for 10 years. This disk delami-
nated and cracked within minutes after the start of the test,
and the test had to be stopped after 500 cycles only. Mi-
crotomed cross-sections showed severe subsurface embrit-
tlement (“white band”). Obviously, more research is needed
to optimize the aging conditions of polyethylene wear test
specimens with regard to the prosthetic knee.

The open lubricant chamber, which was capable of hold-
ing a large amount of fluid, proved to be an effective way
of avoiding excessive heating of the lubricant. Although
the friction power was ca. 2 W, the average increase of
the lubricant bulk temperature relative to the environment
temperature was a few tenths of a degree only. Excessive
heating of serum is known to cause misleading wear for
polyethylene [18].

The fact that the addition of the IOR increased the wear
rate agrees with the observation made using the Stanmore
pin-on-flat knee wear simulator [24]. The difference was,
however, more pronounced in the present simulator. The
test conditions in these two studies were fairly similar. The
main difference between the simulators is in the direction of
APT motion of the disk relative to the direction of sliding of
the counterface. In the present simulator, the directions are
always the same, whereas in the Stanmore simulator, which
does not have the FE, they are always opposite to each other,
as in a tyre-road contact when the vehicle accelerates so
that the wheel slips (present simulator), or brakes so that the
wheel is locked (Stanmore simulator).

As the prosthetic components made of polyethylene are
often damaged by oxidation, it is important that wear tests
are done not only with undamaged specimens but also with
specimens which are aged so that their properties corre-
spond to those of real, damaged components. Therefore,
the aging conditions need to be carefully optimized, and
explicitly so that the feedback in the iteration procedure
comes from wear tests. This work will be continued with
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the present simulator, which is currently being completed
by making it into a more efficient, five-station device facil-
itating the repetition of the tests.
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