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Abstract

PEEK-OPTIMA™ (Invibio Ltd., UK) has been considered as an alternative joint arthroplasty
bearing material due to its favourable mechanical properties and the biocompatibility of its wear
debris. In this study, the potential to use injection moulded PEEK-OPTIMA™ as an alternative
to cobalt chrome in the femoral component of a total knee replacement was investigated in terms
of its wear performance. Experimental wear simulation of three cobalt chrome and three PEEK-
OPTIMA™ femoral components articulating against all-polyethylene tibial components was
carried out under 2 kinematic conditions. 3 million cycles (MC) under intermediate kinematics
(maximum anterior-posterior (AP) displacement of 5 mm) followed by 3MC under high
kinematic conditions (AP displacement 10 mm). The wear of the GUR1020 UHMWPE tibial
components was assessed by gravimetric analysis and for both material combinations under each
kinematic condition, the mean wear rates were low, below 5 mm*/million cycles. Specifically,
under intermediate kinematic conditions, the wear rate of the UHMWPE tibial components was
0.96+2.26 mm*/MC and 2.44+0.78 mm*/MC against cobalt chrome and PEEK-OPTIMA™

implants respectively (p=0.06); under high kinematic conditions, the wear rates were 2.23+1.85
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mm?*/MC and 4.4442.35 mm*MC respectively (p=0.03). Following wear simulation, scratches
were apparent on the surface of the PEEK femoral components. The surface topography of the
femoral components was assessed using contacting profilometry and showed a statistically
significant increase in measured surface roughness of the PEEK femoral components compared to
the cobalt chrome implants. However, this did not appear to influence the wear rate, which
remained linear over the duration of the study. These preliminary findings showed that PEEK-
OPTIMA™ gives promise as an alternative bearing material to cobalt chrome alloy in the

femoral component of a total knee replacement with respect to wear performance.
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Introduction

Polyether ether ketone (PEEK) is a thermoplastic polymer which has been used clinically in the
spine and investigated for use as a biomaterial in trauma and orthopaedics due to its favourable
mechanical properties and relative bioinertness.! > There has been growing interest in its use as
an arthroplasty bearing material either in its natural, unfilled form or reinforced with carbon
fibres (CFR-PEEK). Natural PEEK has been used in the spine in PEEK-on-PEEK articulations
where pre-clinical studies have demonstrated an equivalent wear rate for PEEK cervical (NuNec)?
and lumbar disc replacements (NuBac) compared to conventional materials,* and although
clinical follow-up has been relatively short-term, the implants have shown promise.” CFR-PEEK
has been considered for use as acetabular cups in total hip replacement, experimental wear
simulation under standard gait conditions has shown lower wear rates than cross-linked
UHMWPE against ceramic heads;*® although a 5 year follow-up from clinical trials of the Mitch
cup has yielded a revision rate of 4 in 25 due to loosening and squeaking.” CFR-PEEK has
exhibited low wear experimentally in the tibial component of a highly conforming
unicompartmental knee replacement.'® However, despite promise from experimental wear
simulation in low contact stress situations, in high contact stress environments, there are
questions about the suitability of CFR-PEEK!! ' and PEEK'® and to date there is minimal

clinical data.'

The material of interest in this study was unfilled PEEK-OPTIMA™ manufactured by Invibio
Biomaterials Solutions Ltd. (Thornton Cleveleys, UK)" !> and injection moulded to a geometry
for use as the femoral component in total knee replacement. There are several potential
advantages of using PEEK over cobalt chrome in this application. For example, the lower
stiffness of PEEK compared to cobalt chrome may reduce implant loosening caused by stress
shielding and bone resorption.!®!® Also, when coupled with an all polyethylene tibial component
as proposed in this study, the implant will be metal-free, which will be of particular benefit to

patients with metal sensitivity."”

Wear debris induced osteolysis leading to aseptic loosening®* 2! however remains one of the
primary failure mechanisms of total knee replacements? therefore, there is continuing interest in
investigating novel material combinations for joint replacement. The wear performance of such

novel material combinations should be assessed under a wide envelope of clinically relevant
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conditions to determine their efficacy, reliability and safety prior to implantation.”?* With the use

2425 is reached sooner and

of implants in younger more active patients, the threshold for osteolysis
implant longevity diminishes. Hence, in this study wear rates were investigated in a knee joint
simulator under different kinematic conditions representative of different levels of patient

activity.

The aim of this study was to assess the suitability of PEEK-OPTIMA™ for use as an alternative
bearing material to cobalt chrome in the femoral component of total knee replacements in terms
of its wear performance. It was hypothesised that the wear rate of the UHMWPE tibial

components would be equivalent when articulating against cobalt chrome or PEEK-OPTIMA™

femoral components of similar initial surface topography and geometry.

Materials and Methods

Three injection moulded PEEK-OPTIMA™ femoral components (Invibio Knees Ltd, UK) with
initial mean surface roughness (Ra) of 0.02um and three Co-Cr-Mo (cobalt chrome) femoral
components (Ra 0.02um) (Maxx Medical Pte. Ltd., PA, USA) were tested against GUR1020
(conventional, unsterilised) all-polyethylene tibial components (Figure 1) (Maxx Medical Pte.
Ltd., PA, USA). The surface topography of the PEEK-OPTIMA™ femoral components was as-
moulded, there was no additional post-processing of the articulating surfaces of the implants and
the geometry of the PEEK-OPTIMAT™ implant was based on the engineering drawing of the

cobalt chrome component.

All implants were right, mid-sized, cruciate retaining implants. Two additional UHMWPE tibial
components were used as unloaded soak controls to compensate for uptake of moisture during the
study.?® Prior to the start of testing, the UHMWPE components were soaked in sterile water for a

minimum of 2 weeks to maximise their moisture uptake.

Experimental wear simulation was carried out on a 6 station ProSim electro pneumatic knee
simulator (Simulation Solutions, UK). Each station had six degrees-of-freedom with four
controlled axes of motion as shown in Figure 2 - axial force (AF), flexion/extension (FE), anterior

posterior displacement (AP) and tibial rotation (TR). The AF (maximum ~2800N) and FE (0 to
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58°) were taken from the international standard for wear testing (ISO 14243-3) (Figure 3).%° The
AP and TR were delivered through the tibial side of the implant and were displacement
controlled. Displacement control was selected as these prostheses did not have intrinsic
constraint within the design and relied on soft tissue constraints in vivo.?” The TR was consistent
for all tests and set at +5°, two AP displacement conditions were used. Intermediate kinematics
applied an AP displacement of 0-Smm and under high kinematics, the AP displacement was
larger, 0-10mm (Figure 4). The shape of the input profiles were based on the natural kinematics
of the knee as described by Lafortune et al.”® The magnitude of the displacement under
intermediate kinematics was similar to that detailed in the ISO standard,? and under high
kinematics, the magnitude of the displacement was based on gait analysis of the natural knee of
healthy subjects.”® Abduction/adduction motion was passive and the AF was offset 7% of the
width of the implant in a medial direction from the tibial axis as described in the ISO standard.?

The cycle frequency was 1Hz.

The femoral components were set up on the distal centre of rotation to facilitate femoral rollback
as per standard practice at Leeds®® with the tibial components cemented with respect to the
position of the femoral components. The fixation of the tibial components was unique to each
implant which minimised micro motion between the implant and the cement mantle, and the tibial
components could be removed from the cement mantle for gravimetric analysis. The femoral and
tibial components remained paired for the duration of the study but to reduce interstation
variation, each million cycles, the implants were moved to the adjacent station. The tests were
carried out in 25% (v/v) new born calf serum diluted with 0.03% (v/v) sodium azide solution to
retard bacterial growth giving a final protein concentration of 15g/l. Approximately every 0.3
million cycles, the lubricant was replaced. The study was carried out at room temperature to
minimise potential artefacts due to protein deposition and denaturation at elevated temperature>°
and to investigate the potential for frictional heating of the lubricant to occur in the all-polymer

implant.

Prior to the start of the study, the simulator was calibrated and the tibial components were cleaned
for 10 minutes in 70 % propan-2-ol in an ultrasonic bath before drying in air and being left to
stabilise in a temperature (20+1 °) and humidity (45+1 %) controlled environment for 48 hours.
Gravimetric analysis of the UHMWPE tibial components was carried out using a Mettler Toledo

XP205 (Mettler Toledo, Leicester, UK) digital microbalance with a 0.01 mg resolution.



143
144
145
146
147
148

149

150
151
152
153
154
155
156
157
158

159

160
161
162
163
164

165

166
167

168
169
170

171
172
173

Measurements were repeated until 5 consecutive measurements fell within a range of £0.05 mg.
Surface roughness measurements of the articulating surfaces were taken using a Taylor Hobson
PGI800 contacting Form Talysurf (Taylor Hobson, Leicester, UK) with a 2 um conical tip stylus,
filtering and cutoffs were used appropriate to the material and to ISO 4288:1996.3' The surface
roughness parameters of interest were, the mean surface roughness (Ra), the maximum profile

height above the mean line (Rp) and the maximum profile depth below the mean line (Rv).

Three million cycles (MC) of wear simulation was carried out under intermediate kinematics, the
bulk lubricant temperature was monitored daily, close to the articulating surfaces using a Fluke
51 II thermocouple (Fluke, Washington, USA) and the wear of the UHMWPE tibial components
assessed at 1 and 3MC. At the conclusion of the study under intermediate kinematics, the surface
topography of the articulating surfaces was reassessed. The test was then resumed using the same
components but running a high kinematic profile with an increased AP displacement for an
additional 3MC. The wear of the UHMWPE tibial components was measured at 1 and 3MC
(minimum). The surface topography of the articulating surfaces was assessed at the completion

of the study. Three sets of implants were tested for each material combination.

For each set of three knees and each set of kinematic conditions the mean wear rate (mm*/MC),
bulk Iubricant temperature, Ra, Rp and Rv plus 95% confidence limits were calculated. The mean
wear rate was calculated using linear regression. Statistical analysis was carried out using a

students t-test>> comparing the PEEK implants with the cobalt chrome implants at each time point

with significance taken at p<0.05.

The data associated with this paper are openly available from the University of Leeds Data

Repository.®

Results

Following 3 MC of intermediate kinematics, the wear rate of cobalt chrome-on-UHMWPE was
0.96+2.26 mm*/MC and the wear rate of PEEK-on-UHMWPE was 2.44+0.78 mm*/MC (Figure

5). There was no significant difference in the wear of the UHMWPE tibial components
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articulating against the different materials (p=0.06). After 3MC of wear simulation under
intermediate kinematics, a polished region was apparent in the contact area of the tibial
components, the cobalt chrome implants had discrete scratches running in an anterior-posterior
direction on their surface and the PEEK-OPTIMA™ femoral components had a high density of
light scratches where there had been contact between the two surfaces. Table 1 shows the surface
topography of the articulating surfaces of the femoral components. Prior to the start of wear
simulation, there was no significant difference (p>0.05) between the measured Ra, Rp or Rv of
the PEEK-OPTIMA™ or cobalt chrome femoral components. After 3MC of wear simulation
under intermediate kinematics, there was a significant difference (p<0.05) in the Ra, Rp and Rv
of the PEEK-OPTIMA™ femoral components compared to the cobalt chrome implants. After
3MC wear simulation, the UHMWPE tibial components had a polished region in the wear area
where the machining marks had been removed (Table 2). For the tibial components articulating
against the PEEK-OPTIMA™ femoral components, within the burnished region, light, linear
scratching was apparent. As a result of this, the mean surface roughness (Ra) of the tibial
components articulating against PEEK-OPTIMA™ was significantly (p<0.05) higher than those
articulating against cobalt chrome after 3MC wear simulation under intermediate kinematic
conditions. Over the duration of the study, the wear rate was linear for both material
combinations as shown in Figure 6. Under intermediate kinematics, the R? value for the wear rate
of the all-polymer knee was 0.99 and 0.95 for the conventional materials. The change in surface
topography of the PEEK-OPTIMA™ femoral components did not appear to influence the wear
rate. The mean bulk lubricant temperature in the all-polymer knee was 29.5 °C which was
significantly (p=0.01) higher than that of the conventional metal-on-UHMWPE implant (28.0
°C).

The same implants were then tested for an additional 3MC under high kinematic conditions with
an increased AP displacement, reflecting a higher demand patient. The mean wear rate of the
conventional implant materials as shown in Figure 7 was 2.23+1.85 mm*/MC and the wear of the
all-polymer knee was significantly higher than the conventional implant materials, p=0.03
(4.4442.35 mm*/MC). The wear rate under high kinematic conditions remained linear over the
duration of the study for both the all-polymer implant (R? = 0.99) and the conventional metal-on-
polyethylene implant (R? = 0.99). Analysis of the surface of the femoral components (Table 3)
showed a significant difference (p<0.05) between the surface roughness parameters (Ra, Rp and

Rv) of the PEEK and the cobalt chrome implants after 3MC intermediate and 3MC high
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kinematics. The scratches evident on the surface of the PEEK implants after 3MC of wear
simulation under intermediate kinematics were still visible but following an additional 3MC
under high kinematics, the measured values for Ra, Rv and Rp for the PEEK components were
similar to those taken after 3MC of intermediate kinematics and there was no apparent further
deterioration of the surfaces. The surface roughness of the tibial components however, was
significantly higher (p<0.05) for the implants articulating against PEEK-OPTIMA™ compared to
those articulating against cobalt chrome (Table 2) for all the surface roughness parameters of
interest. When tested under high kinematics, the mean bulk lubricant temperature of the all-
polymer implant was significantly higher (29.7 °C) (p<0.01) than the lubricant temperature

measured in the conventional materials (27.6 °C).

Discussion

The aim of the study was to assess the suitability of PEEK-OPTIMA™ for use as an alternative
bearing material to cobalt chrome in the femoral component of total knee replacements in terms
of its wear performance. The wear of the all-polymer implant was directly compared to that of a
conventional metal-on-polyethylene implant of similar geometry and surface topography,
experimental wear simulation was carried out under different kinematic conditions indicative of

different patient activity levels.

After 3 MC of experimental wear simulation under intermediate kinematic conditions, the wear
performance of an all-polymer PEEK-OPTIMA™-on-UHMWPE total knee replacement was
comparable to a conventional metal-on-UHMWPE implant of similar initial geometry and surface
topography. To put these results into context, previous experimental wear simulation of fixed
bearing knee replacements under similar intermediate kinematic conditions have shown wear
rates of approximately 8.6 mm*/MC with stabilised UHMWPE?** and 2.6 mm*/MC for moderately
cross-linked UHMWPE?® against cobalt chrome femoral components; the moderately cross-
linked UHMWPE is considered to be low wearing (<5 mm?*/MC). Therefore the wear rate of
0.96+2.26 mm*/MC for the metal-on-UHMWPE implants in this study with a conventional
UHMWPE tibial insert were also considered low wearing, possibly due to their low conforming
design.** Measuring low wear rates of UHMWPE (<5 mm*/MC) by gravimetric analysis is
difficult and there is a loss of reliability in the measurement technique which makes the

differentiation between the effect of variables being studied and uncontrolled and random errors
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in the system difficult. This, combined with the small sample size, may have contributed to the
high variability in the measured wear rates of the tibial components.?’ The low wear of the all-
polymer knee was consistent with previous simple geometry wear simulation of PEEK-on-

UHMWPE.?*

Damage on the PEEK-OPTIMA™ femoral components was observed in the form of scratching
parallel to the principal direction of sliding. Brown et al also reported damage to the articulating
surfaces of PEEK-on-PEEK cervical discs early in a spine simulator study however, despite the
initial change in surface topography, the wear rate remained constant as observed in our study.’
However, there was evidence that the linear scratching on the PEEK-OPTIMA™ femoral also
caused scratching in the wear scar on the UHMWPE tibial component. The bulk lubricant
temperature was higher in the all-polymer knee than in the conventional implant, this elevated
temperature could be attributed to frictional heating®’ due to the anticipated higher friction in this
material combination® and poor dissipation of heat due to the low thermal conductivity of the
polymers.*® Although higher friction bearing couples have exhibited frictional heating in vivo,*
the clinical relevance of the elevated temperatures measured in our tests is unknown. The
continuous running of the simulator may have accentuated the frictional heating®® and led to a test

artefact*!

by creating differing environmental test conditions for the different materials. The
lubricant used was 25 % serum analogous to synovial fluid with the final protein concentration
(15 g/1) matched to that in vivo*? and tests were carried out at room temperature to minimise test
artefacts caused by denaturation of the protein-based lubricant. However, to minimise the

influence of frictional heating, rest periods could have been incorporated into the test protocol.

Having demonstrated a similar rate of wear of UHMWPE against the two femoral materials under
intermediate kinematics, the wear of the same implants under high kinematic conditions with an
increase in the anterior-posterior displacement was investigated. By using the same implants for
both kinematic conditions, the potential for variability in set up of the implants has been
minimised, the study has started to investigate the influence of longer-term testing on the wear of
the PEEK-OPTIMA™ implant and the study is more representative of changes in patients gait as
they perform different activities. Typical wear rates for fixed bearing knees under high kinematic
conditions tested on the same simulator as in this study were 15.9 mm*/MC** for stabilised

UHMWEPE and 6.7 mm*MC for moderately crosslinked UHMWPE.* It was anticipated that the
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surface topography of the femoral component would influence the wear rate of the UHMWPE
tibials however, the wear rate remained low (<5 mm?*MC) and was linear over the duration of the
study, likely due to the orientation of the scratches in the principal direction of sliding. Surface
topography measurements of the femoral components following 3 MC of high kinematics showed
no further change to their surfaces compared to measurements taken after 3 MC of intermediate
kinematics. However, the wear rate of the PEEK-on-UHMWPE was statistically significantly
higher than metal-on-UHMWPE under these conditions. It was a limitation of this study that the
tests under the different kinematic conditions were not independent since the same samples were
tested first under intermediate kinematics before testing under high kinematics. Therefore, it is
possible that changes in the surface topography of the femoral components as a result of the
intermediate kinematic conditions test may have influenced the wear under high kinematics.
Although, this appears not to be the case, since the wear rate under both the intermediate and high
kinematic conditions remained linear over the duration of the study for both the all-polymer
implant and the conventional metal-on-polyethylene implant. Longer-term testing with a larger
set of samples will be necessary to fully assess whether the changes in surface topography of the

PEEK-OPTIMA™ femoral component influence the wear rate of UHMWPE tibial components.

This was a preliminary study focusing solely on the wear performance of the all-polymer knee
implant and therefore there were several other limitations, such as sample size. Three sets of
implants were studied for each material combination, restricted by the number of stations in the
simulator and the necessity to carry out control tests of conventional implants of similar geometry
in parallel. This is best practice and allowed the influence of the different femoral materials on
UHMWPE wear to be directly compared. However, a larger sample size may have reduced the
95% confidence limits, making the statistical analysis more robust and giving greater evidence on
which to draw conclusions. Another limitation was the use of unsterilised components. However,
the proposed sterilisation route of the UHMWPE by ethylene oxide has been shown not to
influence the mechanical properties or induce cross-linking and therefore the wear performance
of the UHMWPE is not anticipated to be influenced by such sterilisation.*** In this study, the
wear of the UHMWPE tibial components were assessed. Previous work on metal-on-
polyethylene knees assumes all wear generated is from the UHMWPE. It is not known whether
there was wear of the PEEK-OPTIMA™ femoral component as the implants could not be
assessed by gravimetric analysis nor was a method available to assess potential wear

geometrically. Future work will assess the wear debris generated by the all-polymer knee implant



304  and compare its morphology and size distribution to that generated by a conventional metal-on-
305  polyethylene implant. Further, the tests conducted in this study were relatively short-term, longer
306  duration simulation will be necessary to fully assess the long term wear performance of the

307  implant.

308

309  In conclusion, under intermediate kinematic conditions, the wear rate of the UHMWPE tibial

310  components was independent of the femoral material as a similar rate of wear was shown against
311  cobalt chrome and PEEK-OPTIMA™ femoral components of similar geometry. Under higher
312  demand kinematics, the wear of the UHMWPE was significantly higher against PEEK than cobalt
313  chrome but the magnitude of the wear was considered to be low (<5 mm?*/MC) against both

314  materials, and measuring low rates of wear gives potential for measurement errors especially in a
315  low sample size. Over the duration of this study, the surface of the PEEK-OPTIMA™ femoral
316  components did change but this did not influence the wear rate in this short term study. This study
317  showed that PEEK-OPTIMA™ has potential for use as an alternative bearing material to cobalt
318  chrome in total knee replacement however, the study should be considered as generation of

319  baseline data prior to further and longer term pre-clinical testing under a wider envelope of more

320  adverse and clinically relevant conditions.
321
322  Declaration of conflicting interests

323 Adam Briscoe is a paid employee of Invibio Ltd., John Fisher is a consultant to Invibio Ltd.

324
325  Funding

326  This work was supported by Invibio Knees Ltd and the Innovation and Knowledge Centre in
327  Medical Technologies funded by the EPSRC, TSB and BBSRC. It was partially funded through
328  WELMEC, a centre of Excellence in Medical Engineering funded by the Wellcome Trust and
329  EPSRC under grant number WT 088908/Z/09/Z. The research is supported by the National

330 Institute for Health Research (NIHR) Leeds Musculoskeletal Biomedical Research Unit. The
331  views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the
332 Department of Health. All implants were provided by Invibio Knees Ltd.

333

334  References



335
336
337
338
339
340
341
342
343
344
345
346
347
348
349
350
351
352
353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374
375
376
377
378
379
380

1. SM Kurtz and JN Devine. PEEK Biomaterials in Trauma, Orthopedic, and Spinal
Implants. Biomaterials. 2007; 28(32): 4845-4869.

2. G Howling, H Sakoda, A Antonarulrajah, et al. Biological response to wear debris
generated in carbon based composites as potential bearing surfaces for artificial hip
joints. J Biomed Mat Res Part B: Applied Biomaterials. 2003; 67(2): 758-764.

3. T Brown and Q-B Bao. The use of self-mating PEEK as an alternative bearing
material for cervical disc arthroplasty: a comparison of different simulator inputs and
tribological environments. Eur Spine J. 2012; 21(5): 717-726.

4. T Brown, Q-B Bao, T Kilpela, et al. An In Vitro Biotribological Assessment of
NUBAC, a Polyetheretherketone-on-Polyetheretherketone Articulating Nucleus
Replacement Device: Methodology and Results From a Series of Wear Tests Using
Different Motion Profiles, Test Frequencies, and Environmental Conditions. Spine. 2010;
35(16): E774-E78]1.

5. M Balsano, A Zachos, A Ruggiu, et al. Nucleus disc arthroplasty with the
NUBAC™ device: 2-year clinical experience. Eur Spine J. 2011; 20(1): 36-40.

6. A Wang, R Lin, VK Polineni, et al. Carbon fiber reinforced polyether ether
ketone composite as a bearing surface for total hip replacement. Tribology International.
1998; 31(11): 661-667.

7. SC Scholes, IA Inman, A Unsworth, et al. Tribological assessment of a flexible
carbon-fibre-reinforced poly(ether—ether—ketone) acetabular cup articulating against an
alumina femoral head. Proc I MechE, Part H: Journal of Engineering in Medicine. 2008;
222(3): 273-283.

8. CL Brockett, G John, S Williams, et al. Wear of ceramic-on-carbon fiber-
reinforced poly-ether ether ketone hip replacements. J Biomed Mat Res Part B: Applied
Biomaterials. 2012; 100B(6): 1459-1465.

9. R Field. Clincal Trials of the MITCH Cup. Transactions of the First International
PEEK Meeting. Philadelphia2013.

10. SC Scholes and A Unsworth. Pitch-based carbon-fibre-reinforced poly (ether—
ether—ketone) OPTIMA® assessed as a bearing material in a mobile bearing
unicondylar knee joint. Proc I MechE, Part H: Journal of Engineering in Medicine.
2009; 223(1): 13-25.

11. TM Grupp, S Utzschneider, C Schroder, et al. Biotribology of alternative bearing
materials for unicompartmental knee arthroplasty. Acta Biomaterialia. 2010; 6(9): 3601-
3610.

12. A Evans, H Horton, A Unsworth, et al. The influence of nominal stress on wear
factors of carbon fibre—reinforced polyetheretherketone (PEEK-OPTIMA® Wear
Performance) against zirconia toughened alumina (Biolox® delta ceramic). Proc [
MechE, Part H: Journal of Engineering in Medicine. 2014; 228(6): 587-592.

13. CL Brockett, S Carbone, A Abdelgaied, et al. Influence of contact pressure, cross-
shear and counterface material on the wear of PEEK and CFR-PEEK for orthopaedic
applications. Journal of the Mechanical Behavior of Biomedical Materials. 2016; 6310-
16.

14. SM Kurtz and J Nevelos. Chapter 16 - Arthroplasty Bearing Surfaces. In: S. M.
Kurtz, (ed.). PEEK Biomaterials Handbook. Oxford: William Andrew Publishing, 2012,
p. 261-275.

15. https://invibio.com/ortho/applications Accessed 27™ September 2015.



381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415
416
417
418
419
420
421
422
423
424
425

16. L Cristofolini, S Affatato, P Erani, et al. Long-term implant—bone fixation of the
femoral component in total knee replacement. Proc I MechE, Part H: Journal of
Engineering in Medicine. 2008; 222(3): 319-331.

17. L de Ruiter, D Janssen, A Briscoe, et al. Biomechanical Compatibility of a PEEK-
OPTIMA Femoral Total Knee Arthroplasty Implate design During Gait. Bone Joint J.
2016; 98(SUPP 3): 140-140.

18. KE Rankin, AS Dickinson, A Briscoe, et al. Does a PEEK Femoral TKA Implant
Preserve Intact Femoral Surface Strains Compared With CoCr? A Preliminary
Laboratory Study. Clin Orthop Relat Res. 2016; 1-9.

19. D Granchi, E Cenni, D Tigani, et al. Sensitivity to implant materials in patients
with total knee arthroplasties. Biomaterials. 2008; 29(10): 1494-1500.

20. J Fisher, L Jennings, A Galvin, et al. 2009 Knee Society Presidential Guest
Lecture: Polyethylene Wear in Total Knees. Clin Orthop Relat Res. 2010; 468(1): 12-18.
21.  E Ingham and J Fisher. Biological reactions to wear debris in total joint
replacement. Proc I MechE, Part H: Journal of Engineering in Medicine. 2000; 214(1):
21-37.

22. National Joint Registry for England Wales and Northern Ireland 11th Annual
Report (2014). NJR Centre.

23. LM Jennings, M Al-Hajjar, CL Brockett, et al. (iv) Enhancing the safety and
reliability of joint replacement implants. Orthopaedics and Trauma. 2012; 26(4): 246-
252.

24. R Hall, P Siney, A Unsworth, et al. The association between rates of wear in
retrieved acetabular components and the radius of the femoral head. Proceedings of the
Institution of Mechanical Engineers, Part H: Journal of Engineering in Medicine. 1998;
212(5): 321-326.

25. DH Sochart. Relationship of acetabular wear to osteolysis and loosening in total
hip arthroplasty. Clinical orthopaedics and related research. 1999; 363135-150.

26. ISO 14243-3:2014 Implants for surgery - Wear of total knee-joint prostheses -
Part 3: Loading and displacement parameters for wear-testing machines with
displacement control and corresponding environmental conditions for test,

27. HMJ McEwen, PI Barnett, CJ Bell, et al. The influence of design, materials and
kinematics on the in vitro wear of total knee replacements. J Biomechanics. 2005; 38(2):
357-365.

28. MA Lafortune, PR Cavanagh, HJ Sommer lii, et al. Three-dimensional kinematics
of the human knee during walking. J Biomechanics. 1992; 25(4): 347-357.

29. CL Brockett, A Abdelgaied, T Haythornthwaite, et al. The influence of simulator
input conditions on the wear of total knee replacements: An experimental and
computational study. Proc I MechE, Part H: Journal of Engineering in Medicine. 2016;
230(5): 429-439.

30. R Cowie, A Briscoe, J Fisher, et al. Influence of Lubricant and Temperature on
the wear of UHMWPE Articulating Against PEEK-OPTIMA. Orthopaedic Proceedings.
2016; 98-B(SUPP 1): 100-100.

31. ISO 4288:1996: Geometrical Product Specification (GPS) - Surface texture:
Profile method - Rules and procedures for the assessment of surface texture

32. Minitab Statistical Software 17 (2010). P.M. State College, Inc.



426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452
453
454
455

33. RM Cowie and LM Jennings. (2016) Data associated with “PEEK-OPTIMA
(Trademark) as an Alternative to Cobalt Chrome in the Femoral Component of Total
Knee Replacement: A Preliminary Study” University of Leeds. [dataset]
http://doi.org/10.5518/63

34. AL Galvin, L Kang, I Udofia, et al. Effect of conformity and contact stress on
wear in fixed-bearing total knee prostheses. J Biomechanics. 2009; 42(12): 1898-1902.
35. CL Brockett, LM Jennings, C Hardaker, et al. Wear of moderately cross-linked
polyethylene in fixed-bearing total knee replacements. Proc I MechE, Part H: Journal of
Engineering in Medicine. 2012; 226(7): 529-535.

36. RH East, A Briscoe and A Unsworth. Wear of PEEK-OPTIMA® and PEEK-
OPTIMA®-Wear Performance articulating against highly cross-linked polyethylene.
Proc I MechE, Part H: Journal of Engineering in Medicine. 2015; 229(3): 187-193.

37.  ZLuand H McKellop. Frictional heating of bearing materials tested in a hip joint
wear simulator. Proc I MechE, Part H: Journal of Engineering in Medicine. 1997,
211(1): 101-108.

38. K Imado, A Miura, M Nagatoshi, et al. A Study of Contact Temperature Due to
Frictional Heating of UHMWPE. Tribology Letters. 2004; 16(4): 265-273.

39. G Bergmann, F Graichen, A Rohlmann, et al. Frictional heating of total hip
implants, Part 1: measurements in patients. J Biomechanics. 2001; 34(4): 421-428.

40. JA Davidson, S Gir and JP Paul. Heat transfer analysis of frictional heat
dissipation during articulation of femoral implants. J Biomed Mat Res. 1988; 22(S14):
281-309.

41. Z Lu, H McKellop, P Liao, et al. Potential thermal artifacts in hip joint wear
simulators. J Biomed Mat Res. 1999; 48(4): 458-464.

42. AP Harsha and TJ Joyce. Challenges associated with using bovine serum in wear
testing orthopaedic biopolymers. Proc I MechE, Part H: Journal of Engineering in
Medicine. 2011; 225(10): 948-958.

43. SM Kurtz. Chapter 3 - Packaging and Sterilization of UHMWPE. UHMWPE
Biomaterials Handbook (Second Edition). Boston: Academic Press, 2009, p. 21-30.



http://doi.org/10.5518/63

456  Figures/Tables

457

458 Figure 1: Injection moulded PEEK-OPTIMA ™ femoral component coupled with an all-
459 polyethylene tibial component.
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461 Figure 2: The four controlled axes of motion in a knee wear simulator.
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463 Figure 3: Axial force (AF) and flexion/extension (FE) input profiles.
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465  Figure 4: Tibial rotation (TR) and anterior-posterior displacement (AP) input profiles for

466 intermediate and high kinematic conditions.
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468 Figure 5: Mean wear rate (mm?*/MC) with 95% confidence limits of UHMWPE tibial
469 components against cobalt chrome and PEEK-OPTIMA ™ femoral components under
470 intermediate Kinematic conditions (n=3).
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472 Figure 6: Mean wear volume (mm?®) with 95% confidence limits of UHMWPE tibial

473 components against cobalt chrome and PEEK-OPTIMA ™ femoral components under
474 intermediate and high kinematic conditions (n=3).
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476 Figure 7: Mean wear rate (mm>*/MC) with 95% confidence limits of UHMWPE tibial
477 components against cobalt chrome and PEEK-OPTIMA ™ femoral components under
478 high kinematic conditions (n=3).
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Table 1: Surface roughness measurements (mean + 95% confidence limits) of cobalt

chrome and PEEK-OPTIMA ™ femoral components. Measurements taken in a medial-

lateral direction prior to testing and following 3MC wear simulation under intermediate

kinematic conditions (n=3).

Cobalt Chrome femoral PEEK-OPTIMA™ femoral
components components
Parameter
Pre-test Post-test Pre-test Post-test
Ra (um) 0.02 £0.00 0.03+0.04 0.02 £0.01 0.23+0.18
Rp (um) 0.08 £ 0.00 0.10 + 0.07 0.08 £ 0.01 0.52 + 0.49
Rv (pm) 0.06 £0.01 0.09 £ 0.09 0.07 £0.01 1.29 £ 0.56

Table 2: Mean surface roughness (£95% confidence limits) of UHMWPE tibial

components articulating against PEEK-OPTIMA ™ and cobalt chrome femoral

components tested after 3MC intermediate kinematic conditions and 3MC high kinematic

conditions (n=3).

Parameter UHMWPE tibial components articulating UHMWPE tibial components articulating
against Cobalt chrome against PEEK-OPTIMA™
3MC 3MC high Pre-test 3MC 3MC high
intermediate intermediate
Ra (um) 0.52+0.11 0.30+0.20 0.30 £ 0.07 0.49+£0.12 0.47 £ 0.06 0.67 £0.35
Rp (um) 1.86+0.30 0.94 +£0.67 0.82 £0.29 1.80+0.26 1.24+0.45 191+0.31
Rv (um) 1.55+0.26 1.13+0.97 0.55+0.19 1.45+0.35 1.67+£0.80 0.93+0.17




490 Table 3: Surface roughness measurements (mean + 95% confidence limits) of cobalt
491 chrome and PEEK-OPTIMA ™ femoral components. Measurements taken in a medial-

492  lateral direction prior to testing and following 3MC wear simulation under high kinematic

493 conditions (n=3).
Cobalt Chrome femoral PEEK-OPTIMA™ femoral
components components
Parameter
Pre-test Post-test Pre-test Post-test
Ra (um) 0.03+0.04 | 0.03+0.01 | 0.23+0.18 0.23+0.16
Rp (um) 0.10+£0.07 0.09+0.03 | 0.52+0.49 0.54 £ 0.38
Rv (um) 0.09 £0.09 0.10+0.04 1.29 £ 0.56 0.74+0.43
494
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