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Abstract

To intensify experimental research within the field of orthopaedic tribology, a three-station,
dual motion, high frequency (25.3 Hz) circular translation pin-on-disc wear test device was
recently introduced. In the present study, the pins were CoCr with a spherical, polished
bearing surface of 28 mm radius, whereas the flat discs were conventional UHMWPE. This
configuration was intended to simulate the wear mechanisms of total knee prostheses. The
number of wear cycles run was as high as 200 million. The mean wear rate was 0.35 mg per
one million cycles (0.77 mg/24 h) which corresponded to a mean wear factor of 3.5 x 107
mm?/Nm. The study provided further proof that a wear test for orthopaedic implant materials
can be accelerated by substantially increasing the cycle frequency, provided that the sliding
velocity remains close to the values obtained from biomechanical studies. Hence, the

moderate frictional heating will not lead to unrealistic wear mechanisms.
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1. Introduction

Until recently, wear testing of prosthetic joint materials has been very time-consuming [1,2].
Wear testing cannot be accelerated by excessively increasing the contact pressure or the
sliding velocity because the temperature increase is likely to cause thermal effects and lead to
wear mechanisms that do not occur clinically. Cooling of the serum lubricant may partly help,
but increasing the rate of change of sliding direction has recently been shown to accelerate
wear without causing overheating of the contact or other problems [3]. Specifically, the
resultant friction vector changed its direction at high rotational velocity (25.3 1/s) relative to
the ultrahigh molecular weight polyethylene (UHMWPE) specimen, while the average sliding
velocity was 27.4 mm/s, close to typical values found for prosthetic joints [4,5]. One
revolution of the resultant friction vector is commonly considered a wear cycle. A dual
motion, three-station pin-on-disc device for accelerated wear testing of UHMWPE was
designed [3]. The device was called High Frequency Circular Translation Pin-on-Disc (HF-
CTPOD). It was first run with the flat-on-flat configuration using cylindrical UHMWPE pins
against polished CoCr discs for 22 million cycles. This simulated wear mechanisms occurring
in total hip prostheses. It was hypothesized that the wear factor would increase with
increasing cycle frequency. The wear factor was indeed found to be 7 times higher than in a
single motion CTPOD test of 1 Hz cycle frequency [6].

For the 16-station RandomPOD device [7], a ball-on-flat method was developed to
complement the more traditional flat-on-flat test configuration [8]. CoCr pins with a spherical
bearing surface of 28 mm radius were manufactured by grinding and polishing. The pins slid
against flat UHMWPE discs, the idea being to simulate the contact of non-conforming
prostheses, such as the total knee prosthesis. The motivation of the present study was to find
out if the ball-on-flat principle is applicable to the HF-CTPOD device as well. Another
objective was to utilize the high frequency of the design in order to accumulate an

exceptionally large number of cycles, as the device produces 2.2 million cycles in 24 hours.



2. Materials and methods

In the three-station, dual motion HF-CTPOD device [3] the pin holder circularly translated
clockwise so that the circumference of the track was 1.0 mm, at a cycle frequency of 24.8 Hz,
driven by an eccentric (0.16 mm) shaft via a needle bearing (Fig. 1). This high frequency
circular translation was thus macroscopic, yet its sliding velocity, 24.8 mm/s, was not
excessive from the biomechanical point of view [4,5]. The polished CoCr Protasul-20 (ISO
5832-12, surface roughness R, value 0.01 pm) pins had a spherical bearing surface with a
radius of 28 mm [7]. The discs of 10 mm thickness and 28 mm diameter were made from
conventional, non-irradiated UHMWPE (GUR 1050). The type of contact was ball-on-flat.
The discs circularly translated counterclockwise so that the circumference of the track was
31.4 mm, at a cycle frequency of 0.517 Hz. This slow circular translation was necessary to
bring lubricant to the contact and to convey wear debris away from it. The dual motion
resulted in a hypotrochoidal track (Ilength 53.0 mm) of the pin relative to the disc (Fig. 2). The
sliding distance per cycle was 1.1 mm. The average relative sliding velocity was 27.4 mm/s
(range 9.1 mm/s to 40.5 mm/s in 0.04 s). An additional advantage gained from the slow
circular translation was that the contact stress field largely moved relative to the UHMWPE
component, as it does in actual knee prostheses in vivo [4].

The load was constant 100 N. The lubricant was HyClone Alpha Calf serum
(SH30212.03) diluted 1:1 with ultrapure Milli-Q deionized water [6]. The protein
concentration of the lubricant was 20 mg/ml. The amount of lubricant in each chamber was 10
ml. Its temperature was monitored but not controlled. With the dual motion, a 2 224 h wear
test of 202.6 million cycles (219 km) was run at room temperature (mean 25 °C). The wear of
the discs was measured gravimetrically at intervals of 101 hours (9.2 million cycles) on
average using a Mettler AT261 DeltaRange balance with a resolution of 0.01 mg [6]. The
wear rate was determined by linear regression using the 22 measurement points for each disc.

The wear factor was calculated by dividing the wear rate by the density, 0.935 mg/mm? [1],



load and sliding distance. The pins were not weighed as their wear was assumed to be

negligible due to their high hardness.

3. Results

The wear was highly linear and uniform (Fig. 3). The average wear rate and the standard
deviation was 0.35 mg/10°® cycles £ 0.008 mg/10° cycles (0.77 mg/24 h = 0.017 mg/24 h)
which corresponded to a wear factor of 3.47 x 10°® mm?*/Nm = 0.08 x 10 mm?*/Nm. The
standard deviation was only 2.2 per of the mean. The wear mark on the discs had a burnished
appearance. No cracking or delamination occurred. Microscopy showed that the extent of the
short motion was close to 0.32 mm as intended (Fig. 4). The pattern of such occasional
abrasive wear marks also showed that the ratio of the rotational speeds of the two drive cranks
was not exactly 48, since the motions were implemented by two separate motors. This further
increased the multidirectionality of the test. The lubricant bulk temperature was on the
average 5 °C above the environment temperature due to the frictional heat. The polished
bearing surface of the CoCr pins was unchanged after the tests. No scratching or other

damage occurred. The surface roughness R, value was 0.01 um, as before the tests.

4. Discussion

In the ball-on-flat simplification of the contact of the prosthetic knee, it is not sufficient to
merely implement a unidirectionally moving or linearly reciprocating contact stress field
relative to the UHMWPE disc. It is also essential that the direction of sliding changes
continually [8—11]. Otherwise, only minimal wear is produced. In the present study, these
requirements were met by the hypotrochoidal track. The rate of change of sliding direction
was as high as 9100°/s, so the test was highly accelerated with respect to the number of wear
cycles produced per second (25.3). In 2 200 hours, 200 million cycles were produced, which

may be the largest number in one wear test with respect to prosthetic joint materials.



However, the average sliding velocity was only 27.4 mm/s. The fact that the increase of the
lubricant bulk temperature relative to environment temperature was not higher than 5 °C
indicated that the frictional power was moderate and unlikely to cause overheating of the
contact. The number of wear cycles clinically may vary from 1 to 10 million per year, and the
contemporary prostheses are expected to function without major problems for at least 20
years, preferably 30 years [1]. If the wear rate is high, the vast number of microscopic wear
particles produced and accumulated in the periprosthetic tissues cause an inflammatory
reaction that lead to the destruction of bone around the implant and loosening of the fixation,
that is, to the failure of the arthroplasty [1].

Nevertheless, as the present ball-on-flat contact with static load and the hypotrochoidal
track, implemented by biaxial translations of the pins and of the discs, were naturally not
intended to mimic the in vivo kinematics of the prosthetic knee in the way that full-scale knee
joint simulations are [12-16], they admittedly were also limitations of the study. However,
simplifications of the contact mechanics and of the type of relative motion are common for all
pin-on-disc wear testing. This fact should not be used as a reason to underrate the possibilities
of pin-on-disc testing in the basic research within the field of orthopaedic tribology. For
instance, in the development of a new type of implant polymer, there may be dozens of
material variants that need to be wear tested. With validated high-capacity [6] or accelerated
pin-on-disc methods [3], the variants possessing the best wear resistance can quickly be
distinguished. The next logical step then is full-scale joint simulator studies with the most
promising material candidates, from which acetabular liners and tibial insert are
manufactured. The wear testing of dozens of material variants with contemporary 3 to 12-
station joint simulators is virtually impossible, as one test takes at least 6 to 8 weeks with 1
Hz cycle frequency to reach 3 to 5 million cycles, the minimum test length for the evaluation
of wear behaviour of orthopaedic implants [1]. This is the principal justification of pin-on-

disc wear screening. Another limitation of the present study was that the roughening of the



CoCr surface, which is known to sometimes take place in vivo and lead to the increase of the
UHMWPE wear, was not included in the tests.

In the RandomPOD ball-on-flat tests in which the rate of change of sliding direction was
500°/s on average, the UHMWPE wear factor was 2.04 x 10°® mm?*/Nm + 0.06 x 10
mm?/Nm (n = 16) [8]. The mean value of the present test was 70 per cent higher. In a ball-on-
flat test with a narrow figure-of-eight track (rate of change of sliding direction 380°/s, track
length 20 mm) at 1 Hz, the UHMWPE wear factor was 0.39 x 10°® mm3/Nm =+ 0.04 x 10
mm?/Nm (n = 5) [11], i.e., an order of magnitude lower than that of the present study. This
indicates that increasing the rate of change of sliding direction indeed substantially accelerates
the wear test. If this is done without increasing the sliding velocity to unrealistic values, say,
above 50 mm/s [4,5], no overheating of the contact, which is likely to lead to wear
mechanisms not seen clinically, takes place. In the earlier HF-CTPOD study with a flat-on-
flat contact (prosthetic hip wear simulation), the mean wear rate was 0.82 mg/10° cycles [3],
i.e., 2.3 times higher than the present ball-on-flat wear rate, 0.35 mg/10° cycles. Interestingly,
this ratio was in agreement with a retrieval study in which it was found out that the mean wear
rate of conventional UHMWPE acetabular hip liners (44 mm?®/year) was twice that of
conventional UHMWPE tibial knee inserts (22 mm?*/year) in well-functioning prostheses that
were free from oxidative damage, retrieved postmortem [17]. Clinical wear factors for tibial
inserts are not available, so a comparison with the wear factor value obtained in the present
study, 3.5 x 10 mm?/Nm, is unfortunately not possible. The wear behaviour of the present
UHMWPE discs was ductile, that is, there was no pitting, surface cracking or delamination,
since the discs were not irradiated and, therefore, they did not have oxidative damage as a
result of gamma-irradiation sterilization (in air) that has been shown to cause fatigue and
serious delamination wear of tibial inserts clinically in the 1990s [18]. The polished
appearance of the wear mark together with fine scratches observed in microscopy (Fig. 4)

were in agreement with a retrieval study regarding well-functioning knee prostheses, free



from oxidative damage [17].
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Figure captions

Figure 1. Triple pin holder, shown upside down, UHMWPE test disc and lubricant chamber.
CoCr pins had spherical, polished bearing surface of 28 mm radius and of 9 mm diameter.

Pins were press fit into polytetrafluroethylene bushings.

Figure 2. Hypotrochoidal track, with 48 loops, of pin relative to disc in HF-CTPOD. Relative
motion consisted of large counterclockwise circular translation of disc at 0.517 Hz, and short
clockwise circular translation of pin at 24.8 Hz. Direction of sliding changed 9100°/s, yet
average sliding velocity was 27.4 mm/s only. Hypotrochoid parameters were R = 5.1064 mm,

r=0.1064 mm, and d = 0.16 mm. Hence, track length was 53.0 mm, and period was 1.94 s.

Figure 3. Variation of wear of UHMWPE discs with number of cycles in dual motion HF-
CTPOD test.

Figure 4. Optical micrograph from worn UHMWPE disc showing occasional abrasive wear

marks.
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