lubricants

Article

Wear of a Ceramic-on-Ceramic Hip Resurfacing Under Activities
of Daily Function

Raelene M. Cowie !

W) Check for updates

Received: 26 February 2026

Revised: 19 May 2026

Accepted: 25 May 2026

Published: 28 May 2026

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

, Danielle de Villiers 2, Simon N. Collins 2 and Louise M. Jennings *

Institute of Medical and Biological Engineering, School of Mechanical Engineering, University of Leeds,
Leeds LS2 9JT, UK; r.cowie@leeds.ac.uk

2 MatOrtho Ltd., Leatherhead KT22 7BA, UK; danielle.devilliers@matortho.com (D.d.V.)
Correspondence: L. m jennings@leeds.ac.uk

Abstract

Hip resurfacing is a bone-conserving alternative to total hip replacement particularly
suited to younger or more active patients with good bone stock. Historical issues with
metal-on-metal hip resurfacing devices have led to investigations of new materials. In this
study, the wear of a BIOLOX delta ceramic-on-ceramic hip resurfacing under a range of
activities of daily function was investigated in an experimental simulation model. Under a
standard walking gait, increased frequency, and stop—dwell-start conditions, the wear of
the ceramic head and cup was low and at the limit of the sensitivity of the measurement
technique used (<0.1 mm? /million cycles). Only when tested under a jogging-like protocol
with higher loading (maximum 4.5 kN) coupled with higher frequency (1.25 Hz), under
both continuous running and stop—dwell-start conditions, was wear measurable but still
low, with a mean <0.15 mm?3/million cycles. At the conclusion of the study, no wear scar
was visible on any components and no changes in the surface roughness of the implants
was measured. This short-term, pre-clinical study showed low wear of BIOLOX delta
ceramic-on-ceramic hip resurfacings when evaluated under a range of activities of daily
living and that this material combination has potential for the next generation of large-
diameter hip bearings.
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1. Introduction

Hip resurfacing presents several potential advantages over conventional total hip
replacements, including the conservation of femoral bone, lower dislocation rates, greater
range of motion, more physiological biomechanics, and an increased rate of return to
high-demand activities [1,2]. However, only 2.6% of all hip arthroplasties in the National
Joint Registry are resurfacings and these are most commonly implanted in younger (mean
age 54 years old) active men (75%) [3]. The majority of implanted hip resurfacing devices
are manufactured from cobalt chrome. When optimally positioned, these implants can
perform well tribologically with low wear, particularly under a standard walking gait
cycle [4]. However, both surgical and design factors can influence metal-on-metal hip
resurfacing implant wear. For example, during surgery, rotational and/or translational
mal-positioning of the components can subsequently result in contact between the head
and rim of the cup (edge loading), which may accelerate wear. Further, there is the effect of
hip resurfacing design, with sub-hemispherical cups being tribologically more sensitive to
surgical mal-positioning than hemispherical cups [4]. A consequence of an increase in wear
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may be adverse biological reactions of the body to cobalt and chromium debris originating
from the metal-on-metal bearing, leading to failure [4-7]. This has led to a decrease in
the number of implantations from ~6000 per annum in 2007 to ~800 per year in 2024 [3].
Given the potential benefits of the large diameter hip resurfacing design but the desire to
move away from metal-on-metal articulations, other bearing materials have been explored,
including metal-on-polyethylene [8,9] and ceramic-on-ceramic designs [10-12].

The use of ceramic-on-ceramic bearings in joint replacement would minimise the implan-
tation of metal in the body and the subsequent release of metal ions [13]. Ceramics have been
widely used as a bearing material in ceramic-on-ceramic and ceramic-on-polyethylene total hip
replacements for >20 years and have demonstrated low wear rates, excellent biocompatibility,
and good survivorship (<5% revision rate at 20 years [3]), both in laboratory studies [14-16]
and in vivo [17]. Whilst the first generation of alumina ceramic-on-ceramic hip implants exhib-
ited low wear compared to conventional hip implant materials, they were associated with high
fracture rates [18]. The ceramic material of interest in this study was BIOLOX delta (CeramTec,
Plochingen, Germany). This fourth-generation, zirconia-toughened alumina ceramic has a
much improved fracture resistance compared to first-generation ceramics, whilst retaining
the low-wear properties [18]. Clinically, the revision rates of fourth-generation ceramics have
been low (survivorship > 98% at 12 years [19,20]), with very low fracture rates (2 fractures of
cups and no head fractures in a cohort of 6654 fourth-generation ceramic implants [21]). The
improved mechanical properties allow for the manufacture of thinner components, such as
the head and liner of a ceramic-on-ceramic resurfacing device [18].

In a study by de Villiers and Collins [10], large-diameter BIOLOX delta ceramic—on-
ceramic hip resurfacings were shown to have comparable wear rates to smaller-diameter
total hip replacements, with 1 mm?> of wear over the duration of a 5 million cycle wear
study. In addition, when tested under edge-loading conditions, although wear of the
implants increased, the wear rate remained low and a stripe, typical of the edge-loading
wear mechanism on ceramic-on-ceramic bearings, was visible on the heads [22,23]. Whilst
total hip replacements using a self-mating BIOLOX delta bearing couple have been widely
investigated, only minimal investigations of hip resurfacings have been carried out [10,24],
and given the low implantation rates, current clinical data related to hip resurfacing survival
need to be treated with caution [3,12].

Prior to clinical adoption, it is important to evaluate and understand the wear of joint
replacements under a range of conditions—in particular, the more demanding conditions
under which an implant intended for use in younger patients is likely to be subjected [25].
For the evaluation of hard-on-hard bearing materials, guides from the ASTM [26,27] recom-
mend amongst other studies the evaluation of wear with different loading parameters such
as higher frequencies and higher peak loads such as those which may occur during jogging.
It is also recommended to investigate stop—dwell-start (SDS) protocols that replicate the
typical movement of a patient [28]. The aim of this study was to investigate the wear of a
ceramic-on-ceramic hip resurfacing under such activities of daily function.

2. Materials and Methods

Six BIOLOX delta (Zirconia Toughened Alumina) (CeramTec, Plochingen, Germany)
40/46 mm ceramic-on-ceramic hip resurfacing devices, ReCerf®, MatOrtho, Leatherhead, UK
(Figure 1), were investigated [10]. This is the smallest implant size in the range. In a previous
study no significant difference in wear between the largest and smallest implant sizes of this
ceramic-on-ceramic hip resurfacing system under a standard walking gait (ISO 14242-1 [29])
was observed over 5 million cycles (MC) of wear simulation [10]. The smaller implant size also
more closely matched the capabilities of the simulator used in this study.
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Figure 1. A ReCerf ceramic-on-ceramic resurfacing with modification to the fixation surface for the
purpose of experimental simulation.

The heads were set up with respect to their paired cups with the centre of the head
and cup coincident with the flexion/extension, abduction/adduction, and internal rotation
axes of the simulator. The heads were supported by a poly (methyl methacrylate) (PMMA)
casting of the inner surface of the implant; this was mounted on a vertical spigot within
the simulator; the cups were held in fixtures using a Delrin ring to clamp the components
in place. An in vivo inclination angle of 45° was replicated in the set up. To enable the
implants to be removed from fixtures for gravimetric analysis, the fixation surface of the
tested implants differed from that of the clinical parts. The heads, which are intended
to be cemented to the bone, have two circumferential grooves and three internal pockets
to prevent rotation. In the study test parts, the circumferential grooves were absent to
allow the head to be removed from the cement mantle but the three cement pockets which
prevent rotation of the head on the PMMA cement mantle were retained. The cups are
intended to fix directly to the bone via a rough plasma sprayed titanium coating overlayed
with hydroxyapatite. This coating was absent for the purpose of experimental simulation
with fixation of the cup in the fixtures provided by the clamping force of the Delrin locking
ring. This approach is similar to that used and described by de Villiers and Collins [10] in
previous wear studies of this hip resurfacing implant. The pairing and orientation of the
head and cup were maintained for the duration of the study. The mean radial clearance
(£95% confidence limits) between the heads and cups was 0.077 £ 0.016 mm.

The simulation was carried out using two 3-station ProSim hip simulators (Simulation
Solutions, Stockport, UK), EM16 A and B (Figure 2). These multi-station, multi-axis
machines are capable of simulating a gait cycle as defined by ISO 14242-1 but can also
deliver a larger range of loading and motion to replicate activities of daily living. In the
simulator, the joint was set up anatomically with the cup mounted superiorly to the head.
All motions (flexion/extension, abduction/adduction, and internal /external rotation) were
applied to the head and the axial load was applied vertically through the cup, which was
allowed to translate in a medial-lateral and anterior-posterior direction to align with the
head. All axes were electromechanically driven using a combination of motors, drives, and
gearboxes. The angular displacements were measured using encoders in the motors and
the forces measured using a 6-axis load cell mounted above the cup. The flexion/extension
and abduction/adduction axes were linked, with a single motor providing the motion for
all 3 stations; the internal/external motion was controlled by individual motors for each
station. The axial force was delivered and controlled by a single motor with all 3 stations
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linked by belts and pulleys; however, the force applied to each hip device was measured
individually to ensure the load applied was within a given tolerance. Calibration of the
simulator was carried out prior to use.

Abduction/
Adductiond

Figure 2. Photograph of a ReCerf hip set up in a ProSim simulator with the axial force and controlled
axes of motion. The motions were delivered to the head whilst the force was applied through the cup.

The experimental design is shown in Figure 3. Initially, all 6 ceramic-on-ceramic hip
resurfacing implants were studied for 2 million cycles (MC) under ISO 14242-1 kinematic
conditions [29] (Figure 4) to determine a baseline wear rate. For subsequent phases of the
study, the 2 simulators were run under different conditions with 3 ceramic-on-ceramic hip
resurfacing implants in each group. In one simulator, the aim was to build the complexity
of the simulation towards a ‘jogging-like” protocol; this was carried out in two stages. The
first 1 MC wear simulation was carried out under higher frequency (1.25 Hz) followed
by 1 MC simulation under higher frequency (1.25 Hz) and higher peak load (4.5 kN).
Throughout the development of the jogging-like” protocol, the magnitude and shape of
the input motions (i.e., flexion/extension, abduction/adduction, and internal/external
rotation) were kept consistent with the standard gait profile used in phase 1. The shape
of the input axial force waveform was also consistent throughout the study but the peak
load was varied between 3 kN and 4.5 kN. This approach allowed individual variables—in
this case, the frequency and applied load—to be investigated systematically. In the second
simulator, the influence of a stop-dwell-start protocol was investigated. The protocol used
was adapted from Hadley et al. and consisted of 10 gait cycles followed by a 5 s dwell
loaded at 1250 N, 1 gait cycle, 5 s loaded dwell, and then 50 gait cycles [28]. A ramp up
and ramp down cycle was included at the start and end of each dwell period. After 1 MC
under the stop—dwell-start protocol using ISO 14242-1 kinematics when the simulator was
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running, an additional 1 MC was carried out using the previously developed ‘jogging-like’
protocol, i.e., with a higher peak load of 4.5 kN and at a higher frequency of 1.25 Hz.

Phase 1 Phase 2A Phase 2B
(2 million cycles) (1 million cycles) (1 million cycles)
Stop-dwell-start,

Stop-dwell-start, ‘jogging-like
standard gait, 3kN, |———®  protocol’ 1.25 Hz,
EM16 A N=3 4.5 kN peak load,
N=3
Standard gait conditions,
3 kN (N=6)
EM16 A & B

EMI16B Standard gait, high ‘Jogging-like

frequency (1.25 Hz), 3 | Pprotocol’-1.25 Hz,
kN, N=3 4.5 kN peak load,
N=3

Stop-dwell-start protocol consisted of 10 cycles, 5 second dwell (loaded at 1250 N), 1 cycle, 5
second dwell (loaded at 1250 N), 50 cycles under standard concentric conditions

Figure 3. Experimental design.
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Figure 4. Load and angular displacement input kinematic conditions as per ISO 14242-1 for standard
gait cycle. For the ‘jogging-like’ protocol, either the frequency of the gait cycle was increased to
1.25 Hz and/or the peak load was increased to 4.5 kN.
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The lubricant used was 25% bovine serum (final protein concentration 16 g/L) supple-
mented with 0.03% (v/v) sodium azide solution to retard bacterial growth. The lubricant
was changed every 0.25 MC. Simulation was carried out at room temperature to minimise
test artefacts associated with protein precipitation and deposition [30,31]. The lubricant
composition and temperature are consistent with a previous wear simulation carried out in
Leeds [14,16]. The wear of the heads and cups was assessed by removing the components
from their fixtures prior to cleaning and assessment gravimetrically using an XP205 digital
microbalance (Mettler Toledo, Leicester, UK). The balance had a readability of 0.01 mg and
a repeatability of 0.015 mg [32]. To maximise the repeatability of the measurements, the
balance room temperature and humidity were carefully controlled (20 & 2 °C and 45 %+ 5%
respectively). For each kinematic condition, a minimum of 2 measurement points were
taken. The loss in mass of the ceramic-on-ceramic hip resurfacing heads and cups was
converted to a wear volume using a density of 4.37 mg/mm? for BIOLOX delta ceramic [33].
No soak compensation was carried out, consistent with a previous simulation of ceramic-
on-ceramic bearings, as the ceramics used do not take up moisture [34,35]; however, an
environmental control was used during weighing to understand how variations in the
temperature and humidity of the balance room influenced the gravimetric measurements.
The change in surface topography of the heads and cups was assessed prior to the start of
the study and at its conclusion using a contacting Form Talysurf (Taylor Hobson, Leicester,
UK) with a 2 um conical tipped stylus. Form removal, filtering, and cutoffs were applied as
appropriate to the material and the ISO standard [36]. The surface roughness parameters
of interest were the mean surface roughness (Ra), the maximum profile height (Rp), and
the maximum valley depth (Rv). Pre-test and post-test data are presented. The location
of the wear scar on the heads and cups was determined using a coordinate measurement
machine (CMM) (Legex 322, Mitutoyo, Japan) with a 3 mm probe. A total of 72 traces were
taken radially over the surface of the head and cup, and imported into RedLux OmniLux
Studio, Romsey, UK. The wear scar was visualised as the deviation of the measurement
from a nominal sphere.

The wear volume and wear rate of the heads and cups were calculated from gravimet-
ric data. Data are presented as means £95% confidence limits for the wear volume, wear
rate, Ra, Rp, and Rv. Statistical analysis of the surface roughness (Ra, Rp, Rv) and wear
rate of the implants was carried out to compare the pre- and post-test measurements using
ANOVA in IBM SPSS Statistics Version 29 with a post hoc Tukey’s test. Significance was
taken at p < 0.05.

3. Results

At the conclusion of each phase of the study, no wear scar or damage was visible on
either the heads or cups. This observation was confirmed using a CMM,; the images in
Figures 5 and 6 show the surface of components fitted to a nominal sphere and the deviation
between the component and the sphere. For all the heads, the deviation was <£2 pum. This
deviation was likely a combination of form errors both from the stylus and the ceramic
component and means that a wear penetration depth < 2 um was not detectable. In this
study, the deviation in the pre-test measurements was similar to the post-test measurements,
indicating that wear was not measurable geometrically. The deviation in the cups was
higher than the heads, particularly around the rim region where the component had a
radius of curvature which was manually removed from the measurement prior to form
fitting. As with the heads, the pre-test and post-test measurements were similar.
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Figure 5. Images of the geometry of the heads and cups pre-test, after 2 MC gait simulation, 1 MC
stop-dwell-start under a gait cycle, and 1 MC stop-dwell-start under a high-frequency, high-load
“jogging-like” profile. CMM measurements were fitted to a nominal sphere in Redlux and the
difference between the nominal sphere and the surface is shown in the shaded plots. Images are
representative of those investigated in all 3 EM16A stations.
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Figure 6. Images of the geometry of the heads and cups pre-test, after 2 MC gait simulation, 1 MC
standard gait at high frequency, and 1 MC high-frequency, high-load “jogging-like” profile. CMM
measurements were fitted to a nominal sphere in Redlux and the difference between the nominal
sphere and the surface is shown in the shaded plots. Images are representative of those investigated
in all 3 EM16B stations.

The mean wear rate of the heads and cups is shown in Figure 7. Under all conditions
where the loading was 3 kN, mean wear rates were 0.01 mm?/MC or below. For conditions
where loading was 4.5 kN, mean wear rates were in the range 0.09-0.13 mm?3/MC (Figure 7).
Statistical analysis showed no significant difference (p > 0.05) between experimental groups
where the maximum load was 3 kN; when the maximum load was 4.5 kN, wear was
significantly higher (p < 0.05) than for tests carried out under 3 kN loading. It is important
to note that negative or near-zero values were likely as a result of measurement artefacts
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and random errors in the system that occur when trying to measure low wear volumes
rather than a gain in material.
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Figure 7. Combined wear rate (mm?3/MC) + 95% confidence limits of the heads and cups under the
different study conditions. The lines denote a significant difference (p < 0.05) between experimental
groups. Note: under stop—dwell-start conditions, the wear rate calculation included both active,
ramp up, ramp down, and stopped cycles. For further statistical analysis see data repository [37].
There was no visible scratching on the bearing surfaces, and for all the surface rough-
ness parameters of interest (Ra, Rp, and Rv), no significant difference (p > 0.05) in the pre-
and post-test measurements for either the heads or the cups was calculated (Tables 1 and 2).
Table 1. Mean surface roughness of cups (+95% confidence limits) pre-test (N = 6) and following
either 4 MC under a standard gait followed by stop-dwell-start protocols (N = 3) or 4 MC under gait
followed by high-frequency continuous running protocols (N = 3).
Post-Test
Parameters Pre-Test EM16A—Stop-Dwell-Start EM16B—Continuous Running
Protocols Protocols
Ra (um) 0.006 £ 0.001 0.005 + 0.002 0.005 + 0.002
Rp (um) 0.017 £ 0.003 0.013 £ 0.005 0.013 £ 0.006
Rv (um) 0.023 4+ 0.004 0.018 £ 0.006 0.017 £ 0.008

Intermittent squeaking was apparent from some, but not all, ceramic-on-ceramic hip
resurfacing implants during the stop—dwell-start protocol when the simulator stopped.
Squeaking was not heard during any of the protocols where the ceramic-on-ceramic hip
resurfacing implants were run continuously.
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Table 2. Mean surface roughness of heads (+95% confidence limits) pre-test (N = 6) and following
either 4 MC under a standard gait followed by stop-dwell-start protocols (N = 3) or 4 MC under gait
followed by high-frequency continuous running protocols (N = 3).

Post-Test
Parameters Pre-Test EM16A—Stop-Dwell-Start EM16B—Continuous Running
Protocols Protocols
Ra (um) 0.004 £ 0.001 0.005 £ 0.000 0.006 + 0.002
Rp (um) 0.009 + 0.002 0.013 + 0.001 0.022 + 0.027
Rv (um) 0.014 £ 0.003 0.019 £ 0.002 0.022 + 0.006

4. Discussion

The aim of the study was to investigate the wear of a ceramic-on-ceramic hip resur-
facing under activities of daily function, namely a walking gait, jogging-like profile, and
stop—dwell-start protocol.

Under all the activities of daily function investigated, the combined wear of the head
and cup of the ceramic-on-ceramic hip resurfacing bearing couple was very low (mean
<0.15 mm3/ MC), at the limit of the measurement sensitivity with no visual wear scar
on the surface of the components or change in surface topography. Under walking gait
conditions, the measured wear rates were a similar magnitude to the steady-state wear rate
(<0.01 mm3/MC) of the same device tested under ISO 14242-1 conditions [10]. Previous
wear simulation of this ceramic-on-ceramic hip resurfacing has shown initial higher wear
rates in the first million cycles of wear simulation (0.23 mm?3/MC) due to run-in wear; in
the current study, the wear rate of the heads and cups was low at each measurement point.

Previous investigations of this ceramic-on-ceramic hip resurfacing implant have been
carried out under edge-loading conditions (ISO 14242-4) [38], showing a higher wear
rate than when studied under gait conditions, with a visible stripe on the head typical of
edge-loading conditions [14,22]. One investigation of this ceramic-on-ceramic hip resur-
facing implant has also investigated wear under a protocol of jogging combined with a
stop—dwell-start protocol [39]. A low rate of wear of the heads and cups was measured
with no wear scar evident or measurable change in surface topography; however, informa-
tion relating to the study protocol used for the wear simulation is limited. In this study, the
approach taken to develop and understand the implications of different loading and kine-
matic parameters such as the stop—dwell-start and a ‘jogging-like” protocol was to build up
profiles systematically. For the ‘jogging-like” protocol, initially, the loading and kinematic
profiles were kept consistent with the standard gait protocol with only the frequency of the
simulation increased to understand the influence of increased frequency on wear before
coupling the increased frequency with higher loading. Increasing frequency alone had
no influence (p > 0.05) on the wear rate of the ceramic-on-ceramic hip resurfacing compo-
nents compared to a standard walking gait. In the next phase of the study, an increased
frequency was coupled with higher peak axial loads to deliver a ‘jogging-like” protocol.
Under the ‘jogging-like’ conditions, the combined wear rate of the ceramic-on-ceramic hip
resurfacing heads and cups was significantly higher (p < 0.05) than when tested under
standard conditions or higher frequency alone at 0.13 & 0.14 mm?/MC. It is worth noting
that this value is still lower than the wear rate of the same materials when tested under
other adverse conditions such as edge loading (mean ~0.22 mm?/MC for studies of total
hip replacements and resurfacings) [10,14]. Similarly, the stop—dwell-start protocol was
initially carried out using a walking gait. When the peak load was 3 kN, there was no
significant difference (p > 0.05) in the combined wear rate of the heads and cups under the
stop—dwell-start protocol compared to continuous a running protocol; only when the peak
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load was increased to 4.5 kN was the combined wear rate of the head and cup significantly
higher (p < 0.05).

Limited studies have investigated the influence of frequency on joint replacement wear.
An experimental wear simulation study of a metal-on-polyethylene hip showed fast walk-
ing (1.75 Hz) to result in a much larger increase in wear rate compared to standard walking,
jogging, and stumbling. However, the studies were of very short duration (0.25 MC) and
the input profiles were not consistent across the different activities [40]. Similar findings
have been shown in silico with a study of a metal-on-polyethylene hip replacement also
demonstrating higher UHMWPE wear during fast walking compared to walking at 1 Hz,
although the details relating to the input kinematics are minimal [41,42]. It is important to
note that these studies were carried out on metal-on-polyethylene implants, the tribology
of which differs from the ceramic-on-ceramic materials used in this study; as such, the
findings may not directly translate.

The stop-dwell-start protocol used was adapted from previous work by Hadley et al.,
who showed a protocol of 10 gait cycles followed by a 5 s dwell to increase the wear rate
of a Biolox Delta ceramic-on-ceramic bearing couple 15-fold compared to a walking gait;
however, the mean wear rates remained very low (0.015 mm3/MC) and at the limit of the
measurement sensitivity. These findings reflect those from the current study and reiterate
the conclusion that BIOLOX delta ceramic-on-ceramic bearing materials do not perform
unfavourably under adverse conditions such as the stop—dwell-start protocol. For other
commonly used hip bearing materials such as metal-on-polyethylene and metal-on-metal,
the increase in wear under stop—dwell-start conditions was much higher, up to 25 times
that of standard walking [28].

Measuring low volumes of wear and identifying the penetration depth of shallow
wear scars is difficult and often at the limit of the sensitivity and resolution of gravimetric
and geometric measuring devices [25,28]. There are a number of contributory factors which
make gravimetric analysis of low wear volumes difficult, including the need to remove all
protein precipitate from the components whilst also avoiding damaging or scratching the
implants; the sensitivity and accuracy of the balance, often limited to 0.01 mg for heavier,
ceramic implants; and the environmental conditions. De Fine et al. suggested a limit for
detection of wear gravimetrically at 0.1-0.2 mg for ceramic-on-ceramic bearing couples
and Al-Hajjar et al. gave a limit of 1 um penetration depth for geometric assessment of
ceramics using a CMM [14]. All lower-load conditions in this study were at the limit of
sensitivity for measuring wear, with only the adoption of high loading profiles (maximum
load 4.5 kN) generating wear rates which could be reliably measured using the gravimetric
technique. At the conclusion of the study, the depth of the wear scar was <1 um, meaning
that geometric assessment of the ceramic-on-ceramic hip resurfacing implants was also an
unreliable method for determining wear in this short duration investigation.

During the stop—dwell-start protocol, intermittent squeaking occurred. Squeaking
of ceramic-on-ceramic bearings has been reported in vivo, with most studies reporting
infrequent squeaking to occur in fewer than 20% of ceramic-on-ceramic hip replacements,
with persistent squeaking at a much lower rate [43—45]. In a study of 149 patients with
ceramic-on-ceramic hip replacements, squeaking was reported in 14 (10.7%) patients and
was associated with a range of activities including bending, walking, and stair climb-
ing. Squeaking was not associated with pain and in many cases was benign, with only
1 patient in the cohort who considered the squeak to be sufficiently problematic to consider
revision [43].

There are a number of factors thought to contribute to squeaking of ceramic-on-ceramic
bearings in vivo including a mismatch in the materials [46] used in the ceramic-on-ceramic
bearing couple, metal transfer on the articulating surfaces, impingement, third body wear,
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and “stripe-wear” caused by edge loading [47,48]. However, all these factors are associated
with longer-term use of the joint than considered in this study and in some cases also
associated with surgical mal-positioning. It is likely in the case of this simulator study that
the squeak was due to the stopping of the simulator disrupting the lubrication between the
articulating surfaces, leading to resonance or a stick slip mechanism [49,50]. In the case of
this investigation, intermittent squeaking occurred under the stop—dwell-start conditions
only as the simulator came to a stop and there was no acceleration in wear associated with
the hip resurfacing implants that squeaked. Ceramic-on-ceramic bearings operate in a
mixed lubrication regime; the occurrence of squeaking is thought to be due to disruption in
the lubrication of the joint causing higher friction at the interface of the joint and subsequent
vibration [51-53]. It is important to note that the motors used in the electromechanical
simulator respond quickly to changes in the input profile, which means that the simulator
stops very abruptly. This could exacerbate the vibration and subsequent squeak; in the
body, changes in direction would occur more slowly with vibrations damped by the soft
tissues in the body [52].

There are a number of limitations associated with this study, including the short
duration of the investigations; however, the approach of building up the complexity of the
simulation allowed the influence of individual variables such as frequency or applied load
to be investigated. The small sample size (N = 3), which was restricted by the number of
stations in the simulator, was another limitation. A sufficient number of samples was used
to show trends; however, when interpreting results based on small sample sizes, care should
be taken. Also, the test parts differed from the clinical components in that the internal
geometry and surface topography of the components were modified to enable the head and
cup to be removed from the cement mantle for gravimetric analysis. It is unlikely that the
absence of features would have influenced the mechanical properties of the components
due to the coating which was removed being very thin and the ceramic components being
high-modulus and mounted onto a rigid cement fixture. The loss of some of the internal
geometric features had the potential to cause the orientation of the components to change
during the test; to ensure this did not occur, the relative position of the components on their
fixtures was monitored during testing to ensure consistency. This approach was consistent
with previous wear simulation of this device [10]. In addition, all the profiles used the same
flexion/extension, internal/external rotation, and abduction/adduction inputs to isolate
the influence of different variables investigated during development of the experimental
methods; however, it is acknowledged that during jogging, these inputs will likely differ
from those under a gait cycle and this is a limitation of the approach taken. This study
assumed optimal implant positioning and the kinematics used are those of an average
patient. Further, this simulation did not account for other factors known to influence the
wear behaviour of hip prostheses, such as component mal-positioning, surgical variability,
or patient-specific biomechanics [4,14,16,34,54].

5. Conclusions

This short-term, pre-clinical study showed low wear of BIOLOX delta ceramic-on-
ceramic hip resurfacings when evaluated under a range of activities of daily living (walking
and ‘jogging-like” protocols, with and without stop—dwell-start protocols) and that this
material combination has potential for the next generation of large-diameter hip bearings.
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CMM Coordinate measurement machine

THR Total Hip Replacement
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SDS Stop—Dwell-Start

PMMA  Poly (methyl methacrylate)
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Ra Mean surface roughness
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