
Tribology International 197 (2024) 109822

A
0

Contents lists available at ScienceDirect

Tribology International

journal homepage: www.elsevier.com/locate/triboint

Full Length Article

Engineering tribological rehydration of cartilage interfaces: Assessment of
potential polyelectrolyte mechanisms
Robert J. Elkington a,∗, Richard M. Hall b, Andrew R. Beadling a, Hemant Pandit c,
Michael G. Bryant b

a Institute of Functional Surfaces, Mechanical Engineering, University of Leeds, Leeds, LS2 9JT, Yorkshire, UK
b School of Engineering, College of Engineering and Physical Sciences, University of Birmingham, Birmingham, B15 2TT, West Midlands, UK
c Leeds Institute of Rheumatic and Musculoskeletal Medicine, Chapel Allerton Hospital, Chapeltown Road, Leeds, LS7 4SA, Yorkshire, UK

A R T I C L E I N F O

Keywords:
Polyelectrolyte surfaces
Cartilage
Tribological rehydration
BioTribology

A B S T R A C T

Articular cartilage, primarily composed of water and collagen, is vital for synovial joint function. Traditional
hard biomaterials like ceramic or cobalt-chrome used in hemiarthroplasty often result in abnormal contact
pressures and premature implant failure. This study investigates the tribological properties of polyelectrolyte
functionalised PEEK (SPMK-g-PEEK) in contact with cartilage, proposing a solution to these issues by utilising
tribological rehydration and effective aqueous lubrication.

We demonstrate a new mode of polyelectrolyte enhanced tribological rehydration where SPMK-g-PEEK
achieves low friction and promotes interstitial fluid recovery during sliding, independent of traditional
hydrodynamic theories. This results in a rapid stabilisation of the coefficient of friction (CoF) to levels
comparable to natural cartilage (CoF ∼ 0.01) and aids in approximately 8% cartilage strain recovery, indicating
effective tribological rehydration even under cartilage degradation or altered osmotic conditions.

Furthermore, we find that lubrication and rehydration against an SPMK-g-PEEK interface depend minimally
on biphasic lubrication but significantly on the hydrophilic sulfonic acid groups of SPMK, which act as a fluid
reservoir. Our findings suggest SPMK-g-PEEK as a promising biomaterial for cartilage interfacing implants that
offer low friction and modulate cartilage interstitial fluid pressure. This study enhances our understanding of
biotribological interactions and contributes to the development of joint replacement materials that support the
natural function of cartilage.
1. Introduction

Early intervention ahead of total joint replacement necessitates
material systems capable of repairing articular cartilage defects, which
are present in 80% of symptomatic osteoarthritis cases, to restore native
synovial joint function and mitigate degenerative cartilage loss [1].
However, the current use of hard biomaterials, such as ceramics or
cobalt chromium molybdenum (CoCrMo) alloys, in hemiarthroplasty
or focal repair devices is inappropriate for articulation against the
soft, compliant nature of articular cartilage. Often leading to abnor-
mally high contact pressures which can promote erosion of mating
cartilage, leading to premature implant failure and costly revision surg-
eries [2–4]. Finite element models have enabled simulations of stresses
and fluid pressures in physiological joints, revealing the drawbacks of
hard, impermeable materials currently used in hemiarthroplasty such
as CoCrMo. These materials reduce contact area, compromise fluid
load support, and increase collagen matrix stress [5,6]. Consequently,
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biotribological and medical device researchers are increasingly focusing
on soft biphasic materials to support cartilage fluid loads along with
maintaining suitable friction and stress.

In order to develop biomimetic materials for the next generation
of cartilage interfacing focal joint repair implants, it is essential to
understand healthy synovial joint tribology. Articular cartilage is an
80% water and 20% collagen porous fibril matrix with a hierarchical
architecture enriched with proteoglycans [7], which relies on two
key lubrication mechanisms: biphasic and boundary-mediated. The
biphasic nature of cartilage governs load distribution and fluid film for-
mation. Key processes include boosted and weeping lubrication [8,9],
fluid load support [10], and tribological rehydration [11]. Interstitial
fluid pressure are hypothesised to support up to 90% of the joint load,
mitigating collagen matrix overload [12,13]. In vivo studies indicate
that periodic joint activity sustains fluid pressurisation, reducing strain
and friction at the cartilage interface [14–16]. MRI data show that
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Fig. 1. Schematic of tribological rehydration for a Stationary Contact Area (SCA) which exhibits no rehydration and a convergent Stationary Contact Area (cSCA) which provides
a pressurised convergent leading edge to facilitate fluid entrainment and rehydration.
in vivo knee strain in healthy humans ranges from 5%–10% during
gait [17]. Boundary-mediated lubrication is provided by an adsorbed
boundary film composed of biopolyelectrolytes like hyaluronic acid,
and glycoproteins including lubricin and aggrecan, as well as surface-
active phospholipids [18–20]. A key feature of this system is hydration
lubrication, which arises from the hydrophilic domains within these
molecules. These domains bind water molecules tightly, forming stable
hydration shells which rapidly exchange water ions between opposing
groups to dissipate friction [20–23]. This mechanism is critical because
it facilitates a low-friction, self-healing interface, thereby enhancing
joint mobility and reducing wear on cartilage at low speeds.

Cartilage exhibits dynamic biphasic behaviour in vivo, requiring in-
terstitial fluid flow and pressurisation to recover and respond to loading
conditions during joint articulation in order to maintain lubricity and
safe levels of collagen loading [24]. Initial theories suggested that carti-
lage rehydration occurred through free swelling during unloading [8].
Later, Ateshian’s work clarified that a migrating contact area helps
maintain fluid pressure by constantly providing hydrated tissue at the
interface [25,26]. Recently, Burris and Moore introduced a concept
called Tribological Rehydration, a hydrodynamically-driven mechanism
that replenishes interstitial fluid in cartilage during sliding [11,27].
Effective tribological rehydration requires a convex cartilage interface
which provides convergent contact area and sliding speeds exceeding
30 mm s−1 to generate hydrodynamic pressures that overcome the
cartilage interstitial fluid pressure, facilitating rehydration [28–31].

Fig. 1 illustrates the required geometry for a convergent Stationary
Contact Area (cSCA) that facilitates tribological rehydration. This rehy-
dration is driven by hydrodynamic effects generated by a wedge-shaped
inlet at the contact’s leading edge [27,32]. In contrast, a Stationary
Contact Area (SCA) without a convergent inlet exhibits behaviour
analogous to unconfined compression during sliding, wherein fluid con-
tinues to be exude from the cartilage. Experiments show that cartilage
plugs with small diameters, providing only a SCA, lack rehydration
capabilities. This results in the breakdown of biphasic lubrication and
fluid load support, leading to increased friction [27].

Functional bearing surfaces suitable for articulating against carti-
lage must provide a highly hydrated interface which can both pro-
vide hydration lubrication at the boundary, and a pressurised water
reservoir to facilitate cartilage rehydration. Hydrogels, biphasic soft
materials and polymer brushes are garnering significant interest in
the field of cartilage mimetics and focal lesion repair. These materials
can be engineered to match the viscoelastic mechanical properties of
cartilage together with their high water content to exhibit an analogous
physical state to cartilage [33,34]. The inherent poroviscoelasticity
of hydrogels is beneficial for fluid pressurisation under mechanical
loads, contributing to fluid load support and biphasic lubrication mech-
anisms. However, the typically larger pore sizes found in hydrogels,
in contrast to the finer porosity of cartilage, lead to diminished fluid
2

load support and inferior creep behaviour, indicating a biomechanical
mismatch [35,36]. Furthermore, challenges related to the fixation of
hydrogel materials to articular surfaces pose significant hurdles for
their clinical application, necessitating further research to resolve these
issues before clinical deployment [37,38].

Polymer brushes, particularly those based on 2-
methacryloyloxyethyl phosphorylcholine (MPC) and 3-sulfopropyl
methacrylate potassium salt (SPMK) are of interest as a bioinspired
surface coating which resemble highly hydrated biomacromolecules
(e.g. hyaluronic acid and lubricin) found in synovial fluid and adsorbed
on the cartilage surface [39–41]. The zwitterionic phosphorylcholine
group of MPC, and anionic sulfonic acid group of SPMK, are highly
hydrophilic and are surrounded with tenaciously bound hydration
shells [40,42]. Electrostatic repulsion between the charged groups is
able to maintain the brush conformation at pressures exceeding 100
MPa [43]. Hydrophilic polymer brushes in aqueous environments can
facilitate hydration lubrication due to the high content of tenaciously
bounded hydration shells [40,42]. Polymer brushes are able to provide
a high degree of lubricity along with highly hydrated interface in
environments and at loads akin to a physiological synovial joint.
Tribological studies of polymer brush interfaces sliding against cartilage
remain limited. One study demonstrated that CoCrMo surfaces func-
tionalised with MPC brushes could achieve friction coefficients <0.01
and in pin-on-plate tests of 5000 cycles showed no damage to the
cartilage collagen structure following histological analysis, providing
an early indication for applications in hemiarthroplasty [44].

Recent research has introduced modified PEEK surfaces function-
alised with SPMK (SPMK-g-PEEK) as a 350 nm thick hydrophilic coat-
ing rich in anionic sulfonic acid groups [45]. SPMK is a biocom-
patible surface treatment [46], which when used as an orthopaedic
implant coating for articulating against cartilage can actively support
tissue hydration [47]. Tribological testing against SCA bovine carti-
lage demonstrates that SPMK-g-PEEK maintains low friction, minimises
cartilage strain, and reduces stress at the cartilage interface. Notably,
SPMK-g-PEEK was found to increase cartilage’s effective interfacial
permeability during sliding and support a greater interstitial fluid equi-
librium, exhibited as a reduced cartilage strain [45,48]. SPMK-g-PEEK
sliding against cartilage provides fluid recovery through polyelectrolyte
enhanced tribological rehydration, where compression of the swollen
SPMK polyelectrolyte provides localised fluid pressurisation, which
rehydrates the interfacing cartilage [47].

This study aims to elucidate the underlying mechanisms governing
cartilage rehydration mediated by SPMK-g-PEEK and explore different
tribological and adverse physiological conditions to examine the suit-
ability of polyelectrolyte modified implant surfaces for synovial joint
repair. By employing a flat SCA cartilage area (Fig. 1), no converging
entrainment zone is present at the cartilage interface, meaning any
cartilage rehydration observed is independent of conventional hydro-
dynamic tribological rehydration facilitated by a convergent wedge
geometry [11].
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2. Materials and methodology

2.1. Materials

PEEK 450G (Victrex, UK), acquired from RS Components (UK), was
obtained as 5 mm thick flat sheets and sectioned into 25 × 25 mm
quare samples. 3-Sulfopropyl methacrylate potassium salt (SPMK)
onomer with a purity exceeding 98% and phosphate-buffered saline

ablets were sourced from Sigma Aldrich (UK) and used as received.
All PEEK samples underwent a sequential polishing regimen to

chieve a target surface roughness (R𝑎) of 100 nm. The protocol en-
ailed progressive grinding with abrasive papers of P240, P400, P800,
nd P1200 grits, succeeded by final polishing using diamond and
ilica oxide suspensions with particle sizes ranging from 3 to 0.04 μm.
ollowing polishing, surface topography was validated using a Talysurf
GI NOVUS profilometer.

.2. Tissue samples

Cartilage plugs, each 7.2 mm in diameter, were extracted from the
atellofemoral grooves of bovine stifle joints acquired from John Penny
Sons, Leeds, UK. The selected specimens originated from bovines that
ere sacrificed for a food distribution service, consequently it is not
ossible to record a precise age and hence had an age range associated
ith 1–2 years old.

A high-speed (35,000 rpm) rotary tool fitted with an 7.2 mm
nternal diameter trephine bur and cooled with a steady stream of
hosphate-buffered saline (PBS) was employed for plug extraction. Dur-
ng the harvesting process, each cartilage plug underwent a thorough
nspection for visible defects and geometric inconsistencies. To ensure
niformity in the subsequent analyses, plugs displaying greater than
.2 mm height difference across the cartilage surface were systemati-
ally excluded to maintain consistency in sample geometry across the
tudy. The samples were cryopreserved (−18 ◦C) in PBS and thawed at
east 12 h prior to testing in a refrigerated environment, followed by
cclimatisation to room temperature for an additional 2 h immedietely
efore testing.

.3. UV photopolymerisation

Fig. 2 demonstrates the UV initiated atom transfer radical polymeri-
ation (ATRP) workflow by which 3-Sulfopropyl methacrylate potas-
ium salt (SPMK) was grafted onto the surface of polished PEEK samples
o produce SPMK-g-PEEK [45,49,50]. The PEEK samples are initially
leaned with acetone and isopropanol before submersion in a 1 mol
−1 SPMK oxygen free aqueous solution. Substrates are then placed
n a UV Crosslinker (Analytik Jena UVP Crosslinker CL-3000L) at
65 nm wavelength for 90 min, achieving a total UV exposure of
7 J cm−2. The one-step polymerisation leverages the self-initiating
apability of PEEK’s benzophenone units, eliminating the need for
n external photoinitiator. The resulting SPMK-g-PEEK surfaces end
ethered polyelectrolyte interface possess anionic sulfonic acid groups,
roviding a hydrophilic, lubricious interface favourable for biotribolog-
cal applications. Detailed methodologies and associated chemistry are
laborated in our prior publication on SPMK-g-PEEK [45].

.4. Mechanical testing

A Bruker UMT Tribolab equipped with a reciprocating linear drive
nd a custom lubricant bath was employed for cartilage-pin tribological
ssessment against unfunctionalised PEEK and SPMK-g-PEEK plates.
he testing apparatus fully submerged samples in phosphate-buffered
aline (PBS) to simulate physiological osmotic conditions, thereby mit-
gating cartilage swelling and sustaining a hydrated equilibrium anal-
3

gous to an in vivo environment. Closed-loop control concurrently u
easured the Coefficient of Friction (𝜇) and the compressed cartilage
eight of cartilage (𝛥ℎ) to calculate real-time strain, 𝜀:

=
𝐹𝑥
𝐹𝑧

(1)

𝜀 = 𝛥ℎ
ℎ

(2)

where 𝐹𝑥 and 𝐹𝑧 denote the measured forces in the tangential and
normal directions respectively, and ℎ is the measured fully swollen
height of the cartilage.

Throughout this study, only 7.2 mm diameter cartilage plugs were
used, this was determined to be the largest cartilage plug that can be
harvest from bovine condyles and still provide a SCA (Fig. 1) [45].
This is necessitated by the requirement to minimise any contribution
of tribological rehydration borne through convergent wedge effects, in
order to observe alternative mechanisms of tribological rehydration.
Similarly during sliding tests a low speed of 10 mm s−1 was used to
further minimise rehydration from previously described hydrodynamic
effects.

Fig. 3 shows the rehydration cycle testing protocol used to deter-
mine cartilage strain recovery after a period of interstitial fluid loss. The
protocol consists of an initial 30-min compression phase, succeeded by
a 30-min compression-sliding phase at a linear reciprocating velocity
of 10 mm s−1 over a sliding distance of 20 mm. Importantly, the
cartilage remains under a constant normal load (𝐹𝑧) of 30 ± 3 N
throughout the test, regulated via PID control. This load corresponds
to a physiologically relevant contact pressure of approximately 0.75
MPa [51,52].

Post-testing, cartilage pins were stored and prepared using standard-
ised protocols before undergoing height measurements [45]. Cartilage
height was measured using a calibrated Keyence VHX-7000 microscope
at 20× zoom. A series of images were captured to provide a com-
prehensive 360◦ view of the cartilage layer to yield a precise mean
cartilage height, calculated using Keyence’s software to provide an
average cartilage height ℎ. For the evaluation of mechanical properties,
Coefficient of Friction (CoF) and strain were averaged over the mid
50% of each reciprocating cycle to assess steady-state sliding con-
ditions. Strain response, characterised as viscoelastic time-dependent
creep, was analysed through a custom Python 3.7 script based on a
standard linear solid model.

2.5. Experimental overview

To comprehensively understand the tribological behaviour of SCA
cartilage against PEEK and SPMK-g-PEEK a systematic series of ex-
periments were performed. The scope encompassed analysing the re-
hydration cycle (Fig. 3) for PEEK and SPMK-g-PEEK surfaces against
freshly harvested and damaged cartilage samples, with inhibited re-
hydration, and for an overlapping ‘unreplenished’ contact zone. The
methodologies adopted for each experimental condition, along with the
underlying rationale, are discussed in the subsequent sections, and the
specific experimental conditions are concisely summarised in Table 1.
To ensure repeatability experiments were conducted triplicate (n = 3)
or each test condition to ascertain average CoF and strain evolution
uring throughout the rehydration cycle.

ehydration cycle
PEEK and SPMK-g-PEEK were tested against undamaged 7.2 mm

CA cartilage plugs undergoing the rehydration cycle defined in Fig. 3
n PBS lubricant. This experiment provides the preliminary assessment
f the compression recovery and tribological performance between the

nfunctionalised PEEK and SPMK modified surfaces.
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Fig. 2. SPMK-g-PEEK workflow. SPMK monomer is dissolved at a 1 mol L−1 concentration in deionised water. The polished PEEK sample is then submerged in the aqueous SPMK
solution and undergoes UV (365 nm) photopolymerisation for 90 min at an intensity of 5 mW cm−2. Following grafting, the SPMK-g-PEEK sample is washed under a stream of
deionised water to remove any unreacted monomer.
Fig. 3. Schematic of the cartilage pin on plate UMT testing showing the physiological testing protocol of the compression (30 min) and compression-sliding (30 min) cycles.
Table 1
Summary of experimental conditions for the Rehydration Cycle, Abraded Cartilage, Inhibited Rehydration, and Overlapping SCA datasets. Every
experiment underwent the rehydration cycle loading profile (Fig. 3b) and all experiments were conducted triplicate (n = 3) for each distinct
set of conditions.
Experiment Interface Cartilage Lubricant Stroke length

Rehydration cycle -PEEK-SPMK-g-PEEK Undamaged PBS 20 mm
Abraded cartilage -PEEK-SPMK-g-PEEK Abraded PBS 20 mm
Diminished rehydration SPMK-g-PEEK Undamaged 2M NaCl 20 mm
Overlapping SCA SPMK-g-PEEK Undamaged PBS 1 mm 3.5 mm 7 mm
Abraded cartilage
SCA cartilage plugs were abraded using 250 μm grit paper, un-

dergoing a 600 mm traversal while altering the orientation of the
cartilage surface. This technique was employed to ensure the genera-
tion of a non-directional, uniformly damaged surface profile [53,54].
Removal of the superficial zone is analogous to a situation of early
cartilage degradation, and from a biomechanical perspective provides
a more porous interface [53,55]. Both PEEK and SPMK-g-PEEK surfaces
underwent the rehydration cycle against damaged SCA cartilage to
understand the fluid recovery mechanics of damaged tissue.

Diminished rehydration
Rehydration cycles were performed in a 2 ML−1 NaCl solution to im-

pose a substantial osmotic gradient to inhibit rehydration and biphasic
tribology of cartilage. This condition aims to isolate the contribution
4

of hydration lubrication at the SPMK interface by inhibiting interstitial
fluid recovery thus limiting the contribution of biphasic lubrication.

Overlapping SCA
Hydrogel and cartilage lubrication theories demonstrate that lim-

iting hydration at the sliding interface through a short reciprocating
overlapping stroke results in starvation of the contact area, conse-
quently leading to elevated friction [56,57]. Concentrating on a con-
fined ‘overlapping’ regime, characterised by a stroke length shorter
than the contact width, facilitates the investigation of the lubrication
efficacy of SPMK-g-PEEK in an overlapped contact, analogous to the
operational conditions of numerous physiological joints [57]. During
overlap, the SPMK surface remains constantly constrained to prevent
free swelling, thereby challenging the optimal hydration of the poly-
electrolyte interface. Investigating different reciprocating lengths of 1,
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Table 2
Consolidated data reflecting the Startup CoF (𝜇𝑆 ), Final CoF (𝜇𝐹 ), strain post-compression (𝜀𝐶 ), and post-sliding (𝜀𝐹 ), along with the recovered
strain (𝜀𝑟 = 𝜀𝐶 − 𝜀𝐹 ) for the sliding (rehydration) phase, encompassing all experiments summarised in Table 1.
Test 𝜇𝑆 𝜇𝐹 𝜀𝐶 𝜀𝐹 𝜀𝑟

(–) (–) (%) (%) (%)

Rehydration cycles
PEEK 0.234 ± 0.069 0.378 ± 0.021 40.72 ± 1.97 49.10 ± 3.05 −8.39 ± 1.24
SPMK-g-PEEK 0.010 ± 0.003 0.005 ± 0.001 41.02 ± 7.33 32.10 ± 5.90 8.05 ± 1.21

Abraded
PEEK 0.188 ± 0.076 0.298 ± 0.073 34.34 ± 5.15 38.25 ± 3.53 −3.91 ± 1.76
SPMK-g-PEEK 0.014 ± 0.001 0.006 ± 0.001 35.89 ± 2.84 23.82 ± 4.84 12.06 ± 1.96

Diminished rehydration
NaCl - SPMK-g-PEEK 0.012 ± 0.002 0.005 ± 0.001 45.44 ± 4.94 43.83 ± 6.21 1.61 ± 1.72

Overlapping SCA
1 mm 0.022 ± 0.015 0.004 ± 0.004 39.90 ± 2.79 33.88 ± 2.25 6.01 ± 0.58
3.5 mm 0.012 ± 0.002 0.009 ± 0.004 40.42 ± 5.31 32.16 ± 7.19 7.43 ± 1.71
7 mm 0.012 ± 0.007 0.008 ± 0.005 44.98 ± 9.82 36.41 ± 9.53 7.79 ± 0.68
3.5, and 7 mm enabled comparison of varying degrees of contact area
overlap, in particular a non-replenished ‘overlapping’ regime where the
stroke length is shorter than the contact width (1 mm and 3.5 mm
sliding distances). For each test a peak velocity of 10 mm s−1 is
maintained over the duration of the 1800 s sliding phase, hence for
each test a total sliding distance of 18 m is achieved.

3. Results

Following unconfined compression and resultant interstitial fluid
exudation from the cartilage, the initiation of sliding produced
markedly low CoF of less than 0.01 when articulated against SPMK-
g-PEEK samples. This was accompanied by notable interstitial fluid
re-uptake and corresponding strain recovery. The summarised data for
the Startup CoF (𝜇𝑆 ), Final CoF (𝜇𝐹 ), strain post-compression (𝜀𝐶 ),
final strain post-sliding (𝜀𝐹 ), and recovered strain (𝜀𝑟 = 𝜀𝐶 − 𝜀𝐹 )
across rehydration cycles are presented in Table 2 highlighting the
key experimental findings for tests defined in Table 1. The uncertainty
values represent one standard deviation for CoF and strain at the
start of sliding𝑡 = 1800 s (𝜇𝑆 & 𝜀𝐶 respectively) and CoF and strain
at the end of the sliding-rehydration phase at t = 3600 s (𝜇𝐹 & 𝜀𝐹
respectively). The recovered strain (𝜀𝑟) is calculated as the mean strain
recovery and standard deviation across each repeated rehydration
cycle. The high standard deviation for strain values reflect the me-
chanical and poroviscoelastic variability of cartilage samples across
unique bovine specimens and patellofemoral location of harvesting,
these are consistent with previous studies of cartilage tribology with
strain uncertainties of >±5% [58,59].

3.1. Rehydration cycles

As illustrated in Fig. 4, the behaviour of SCA cartilage in contact
with unfunctionalised PEEK (Fig. 4(a)) and SPMK-g-PEEK (Fig. 4(b))
during the rehydration cycles reveals distinct differences in compres-
sion recovery and tribological efficacy. At the onset of sliding cartilage
SCA sliding against PEEK did not exhibit any compression recovery,
rather exhibiting an additional 8.39±1.24% further strain as interstitial
fluid continued to be irreversibly efflux under load, yielding a final
strain of 𝜀𝐹 = 49.1 ± 3.05%. Concurrently, the friction increases from
an initial 𝜇𝑆 = 0.23 ± 0.07 up to 𝜇𝐹 = 0.38 ± 0.02 at the end of
the test without reaching a steady equilibrium. The increasing strain
and CoF during sliding indicates a continuing breakdown in biphasic
lubrication, inhibiting hydration at the interface and loss of interstitial
fluid pressurisation. Conversely, for SPMK-g-PEEK the cartilage strain
recovered by 8.05 ± 1.21% during sliding, demonstrating re-uptake of
interstitial fluid upon the onset of sliding for a final reduced strain
of 𝜀𝐹 = 32.1 ± 5.9%. The hydrated interface facilitates a low startup
𝜇𝑆 = 0.01 ± 0.003 and rapidly decreased to a stable CoF of 𝜇𝐹 =
5

0.005 ± 0.001 throughout the majority of the 30 min sliding cycle.
3.2. Abraded cartilage

Fig. 5 shows the rehydration cycle for cartilage which has been
abraded with sandpaper to simulate damaged cartilage, sliding against
PEEK (Fig. 5(a)) and SPMK-g-PEEK (Fig. 5(b)). In relation to the healthy
cartilage benchmarks in Fig. 4(a), abraded cartilage sliding against
PEEK exhibits reduced post compression strain of 𝜀𝐶 = 34.3 ± 5.2%
which upon the onset of sliding continues to increase at a reduced rate
towards a final strain of 𝜀𝐹 = 38.3 ± 3.5%, culminating in a 𝜀𝑟 increase
of 3.91 ± 1.8%. The startup 𝜇𝑆 = 0.19 ± 0.08 is comparable to the
undamaged cartilage case, and increases quickly towards a quasi-steady
and final 𝜇𝐹 = 0.30 ± 0.07.

Abraded cartilage sliding against SPMK-g-PEEK recovers a greater
fraction of cartilage strain (𝜀𝑟 = 12.1 ± 2.0%) compared to the undam-
aged control in Fig. 4(b). The CoF trend matches the healthy cartilage
benchmark, with a startup 𝜇𝑆 = 0.01 ± 0.001 quickly stabilising to a
final equilibrium 𝜇𝐹 0.006 ± 0.001. Demonstrating that for a scenario
where cartilage has been biomechanically diminished, SPMK-g-PEEK
still provides an interface that can support the biphasic and hydrated
boundary tribology of cartilage.

3.3. Diminished rehydration

Fig. 6 shows the average compression and friction data for the
rehydration cycle of cartilage against SPMK-g-PEEK immersed in a 2
ML−1 NaCl solution to inhibit the rehydration of articular cartilage.
The high osmotic gradient of the salt solution likely contributed to
the high strain following the compression phase (𝜀𝐶 = 45.4 ± 4.9%),
and also minimal strain recovery during sliding where interstitial fluid
recovery was inhibited, resulting in a recovery of only 𝜀𝑟 = 1. 6 ± 1.7%
but nonetheless during sliding the SPMK-g-PEEK did facilitate cartilage
rehydration. The frictional characteristics are consistent with those
observed for SPMK-g-PEEK in a phosphate-buffered saline (PBS) con-
trol environment (Fig. 4(b)). Initial startup friction initiates at 𝜇𝑆 =
0.01 ± 0.002 and swiftly plateaus to a stable 𝜇𝐹 = 0.005 ± 0.001.

3.4. Overlapping contact area

Fig. 7 displays the mean strain and frictional response for three
distinct stroke lengths, 1 mm, 3.5 mm, and 7 mm, corresponding to
the sliding phase of the rehydration cycle, as depicted in Fig. 3. These
profiles exemplify three unique contact configurations characterised by
different degrees of overlap, enabling assessment of whether SPMK-
g-PEEK can effectively promote cartilage rehydration and enhance
lubrication whilst the SPMK polyelectrolyte interface is constrained
from free-swelling between strokes.

Strain recovery for both the overlapped (1 mm, 3.5 mm stroke)
and non-overlapped (7 mm stroke) conditions exhibit comparable CoF

behaviour with low startup 𝜇𝑆 between 0.03 – 0.01, and in all cases
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Fig. 4. Compression and CoF data for the rehydration cycles of (a) unfunctionalised PEEK (n = 3) showing no evidence of rehydration upon the onset of sliding and (b) SPMK-g-PEEK
(n = 3) showing strain recovery upon sliding.
Fig. 5. Compression and CoF data for the rehydration cycles of (a) unfunctionalised PEEK (b) SPMK-g-PEEK against cartilage samples that have been abraded with 250 μm grit
sandpaper.
rapidly reaching a sustained steady state CoF with 𝜇𝐹 < 0.01. To-
tal strain recovery during sliding was commensurate with increasing
sliding distance. The shortest 1 mm reciprocating distance exhibited
the lowest 𝜀𝑟 = 6.0 ± 0.6%, followed by 3.5 mm sliding with 𝜀𝑟 =
7.4 ± 1.7%, and finally 7 mm sliding 𝜀𝑟 = 7.8 ± 0.7%. Compared to
the 20 mm stroke rehydration cycle (Fig. 4(b)) which exhibited 𝜀𝑟 =
8.1 ± 1.2%, the predominantly overlapped condition of 1 mm sliding
showed a reduced ability to recover interstitial fluid.

4. Discussion

This study elucidates the efficacy of SPMK-g-PEEK to facilitate low
friction and modulate cartilage hydration through a novel mechanism
of tribological rehydration. Our findings reveal that SPMK-g-PEEK sig-
nificantly enhances strain recovery during sliding consistently in the
conditions outlined. Soft biomimetic interfaces may be a key advance
in biomaterials utilised within articulating surfaces for joint prosthe-
ses, addressing the limitation of conventional polymeric and metallic
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surfaces that fail to emulate the intrinsic biphasic and hydrated tri-
bology of articular cartilage. The subsequent sections will delineate
the promising performance of the SPMK-g-PEEK - cartilage interface
and the mechanisms underlying the SPMK polyelectrolyte ability to
maintain low friction and facilitate interstitial fluid recovery.

4.1. SPMK-g-PEEK tribological rehydration

By employing a rehydration cycle (Fig. 3) it was possible to directly
observe and quantify compression recovery of cartilage during sliding.
Unfunctionalised PEEK demonstrated continued compression at the
onset of sliding, characteristic of a cartilage SCA which provides no
entrainment zone for fluid recovery, subsequently throughout the test
CoF continued to increase as biphasic lubrication diminished, depriving
the contact area of lubricating interstitial fluid [27]. This yielded an
increasing CoF of 0.23 up to 0.38, which is consistent with previ-
ous 30–60 min tests for SCA cartilage sliding against a hard planar
counter-face [10,25,60].
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Fig. 6. Compression and CoF data for the rehydration cycle of SPMK-g-PEEK samples
submerged in 2 ML−1 NaCl water to inhibit fluid flow.

For the same SCA configuration with SPMK-g-PEEK, cartilage was
able to re-uptake interstitial fluid during sliding characterised by a
reduced strain along with a rapidly stabilised 𝜇𝐹 of 0.005. SPMK-g-
PEEK surfaces provide an interface with performance akin to natural
cartilage-cartilage biomechanics [25]. Notably, even in adverse condi-
tions where the surface of cartilage has been abraded or the rehydration
has been inhibited by an osmotic gradient, SPMK-g-PEEK continued
to facilitate low CoF of ∼0.01 at the interface along with tribologi-
cal rehydration to reduce overall strain. The low friction coefficients
achieved in this study are the same magnitude as MPC functionalised
Co-Cr-Mo sliding against cartilage [44]. Whilst this previous study
briefly postulates that the MPC polymer brush provides a water source
for rehydration of cartilage contributing to a sustained low CoF, our
findings go a step further by providing empirical evidence of the
rehydration mechanism through direct observation of cartilage strain
recovery, a process underpinned by a highly hydrated multiphase
interface composed of hydrophilic polyelectrolytes.

The CoF and strain recovery observed in this study for the SPMK-g-
PEEK and SCA cartilage contact pair are similar in magnitude to studies
by Burris on tribological rehydration of cSCA cartilage on glass [58,59].
Adopting a similar rehydration protocol of 30 min compression fol-
lowed by 30 min sliding, strain recovery (𝜀𝑟) was reported between 3%
and 7%, initially presenting relatively high startup CoF of 0.17–0.20 be-
fore settling to lower equilibrium CoF of 0.03–0.06 [58,59]. However,
in these studies all tribological rehydration was contingent on a cSCA
cartilage plug and high speeds of 80 mm s−1, which facilitates fluid
entrainment borne through convergent wedge hydrodynamics [11,30].
Contrasting with these findings, the SPMK-g-PEEK-mediated rehydra-
tion demonstrated in this study occurs under flat SCA conditions and
at significantly reduced speeds (10 mm s−1). This observation not
only expands the conventional scope of tribological rehydration but
also suggests alternative mechanisms at play beyond convergent wedge
hydrodynamic entrainment.

The low friction achieved by tethered polyelectrolytes is lower than
cartilage-cartilage contacts in a migrating contact geometry (MCA),
which exhibit steady state CoF in the range 0.02–0.04 along with
tribological rehydration [25,61]. While our study corroborates the
rehydration that underpins biphasic lubrication for cartilage interfaces,
for SPMK-g-PEEK the markedly lower startup CoF and rapid approach
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to equilibrium CoF of less than 0.01 can be attributed to the inherent
low friction characteristics of hydration shells which provide a highly
lubricious aqueous interface [62].

The consistency of low CoF and rehydration, irrespective of healthy
cartilage biomechanical function, underscores the promising tribologi-
cal properties of SPMK-g-PEEK as a material choice for cartilage inter-
facing implant surfaces for patients with early-stage cartilage disease.
In this study, the observed peak cartilage strains of approximately
30%–40% are significantly higher than the typical in vivo strains of 5%–
10% [17]. However, prior research indicates that strains within this
range do not compromise the mechanical integrity of the cartilage [63].
Additionally, a previous study investigating SCA cartilage interfaced
with SPMK-g-PEEK under identical loading conditions reported no
cartilage fibrillation after 2.5 h of sliding [45]. Therefore, these higher
strains likely do not introduce an error related to damage in the colla-
gen matrix when examining tribological rehydration post-compression.
Effective tribological rehydration has been shown to mitigate cartilage
cell death by supporting a high fluid load fraction and lubricity [64].
Elevated fluid pressurisation not only reduces friction but also pro-
vides essential mechanical support to cartilage, mitigating degenerative
effects often seen in early stage cartilage disease [65,66].

4.2. Role of polyelectrolyte lubrication

SPMK polyelectrolyte interfaces are innately lubricious due to the
hydrophilic sulfonic acid groups which facilitate hydration lubrica-
tion [43]. This explains the overall lower startup CoF (<0.02) ob-
served for all tests against SPMK-g-PEEK, compared to previous exper-
iments on cSCA cartilage against glass which exhibited startup CoF of
0.17–0.20 [58,59].

Conventional understanding of sustained cartilage lubrication re-
quires competing interstitial fluid recovery to closely match efflux,
sustaining interstitial fluid pressure and a constant supply of lubricant
at the cartilage interface. For a MCA or cSCA contact configuration,
the temporal CoF response of cartilage in sliding (𝜇(𝑡)) can be rep-
resented as a function of solid phase friction (𝜇𝑠) and the interstitial
fluid load fraction (𝑊𝑓 (𝑡)

𝐹𝑧
) shown in Eq. (3) [60,67]. This relationship

demonstrates that low friction can only be sustained with a high degree
of interstitial fluid pressure, which has a non-linear relationship to
cartilage strain [67,68].

𝜇(𝑡) = 𝜇𝑠(1 −
𝑊𝑓 (𝑡)
𝐹𝑧

) (3)

However, the impeded rehydration of cartilage against SPMK-g-
PEEK conducted in 2 ML−1 NaCl (Fig. 6) only recovered 1.6% strain
throughout sliding whilst rapidly stabilising a low friction of 0.005,
the same CoF evolution observed for SPMK-g-PEEK in PBS where unin-
hibited rehydration recovered 8.4% strain (Fig. 4(b)). The presence of
surface tethered SPMK polyelectrolytes offers a persistent boundary lu-
bricant with viscous fluid characteristics [69,70]. This indicates that the
lubrication performance of SPMK-g-PEEK against cartilage is primarily
controlled by the highly hydrated SPMK polyelectrolyte interface, with
a minimal reliance on the effectiveness of biphasic lubrication arising
from interstitial pressurisation.

4.3. Mechanism of polyelectrolyte enhanced tribological rehydration

After the compression phase, the strain (𝜀𝐶 ) in both PEEK and
SPMK-g-PEEK samples was approximately 40%, as shown in Table 2.
This result indicates that the presence of the SPMK interface does
not influence interstitial fluid efflux under static conditions. The rehy-
dration of these materials only occurs upon the initiation of sliding,
suggesting that the SPMK-g-PEEK interface activates a dynamic lubri-
cation mechanism that is not reliant on alterations to the porosity of the
cartilage. Specifically, the sliding motion appears to generate sufficient
fluid pressure to overcome the interstitial fluid pressure of the cartilage,
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Fig. 7. Compression and CoF data for the just the sliding phase of the rehydration cycle for sliding with a stroke length of (a) 1 mm (b) 3.5 mm (c) 7 mm.
thereby facilitating fluid ingress towards a reduced strain equilibrium.
This tribological rehydration mechanism, observed in experiments us-
ing a flat SCA cartilage contact model, deviates from the mechanisms
described in existing literature, which typically involve hydrodynamic
pressurisation at a convergent inlet in models using a larger curved
cSCA cartilage contact [11,30].

Primarily, the presence of a swollen, highly hydrated polyelec-
trolyte layer acts as a replenishing source of water, thus facilitating
the rehydration of articular cartilage [45]. The mechanisms under-
lying polyelectrolyte enhanced tribological rehydration of cartilage
is hypothesised to be a combination of micro elastohydrodynamic
lubrication (𝜇EHL) and polyelectrolyte enhanced elastohydrodynamic
lubrication (PB-EHL) [47,69,71]. Established theories of 𝜇EHL theories
suggest that the surface roughness of cartilage, which has a relatively
low elastic modulus, is smoothed by two orders of magnitude under
modest loading conditions. This smoothing effect facilitates the for-
mation of a fluid film, enabling effective lubrication at the cartilage
contact [71–73].

Polyelectrolytes and gel layers substantially enhance elastohydrody-
namic lubrication (EHL) film thickness and lower the transition speed
required to achieve an EHL regime in aqueous lubrication [23,74].
Optical interferometry tribological assessments of various hydrophilic
polymer brush interfaces reveal that these materials maintain a sta-
ble aqueous film approximately 30–35 nm thick at low entrainment
speeds (around 10−3 mm s−1), attributed to the hydration effects of
the polymer brushes [75,76]. At speeds increase to ∼10−2 mm s−1, a
low speed transition is observed to a PB-EHL regime with fluid films
rapidly expanding up to 100 nm thick [69,76]. Contrasting to classical
EHL theories which necessitate viscous lubricants for a separating fluid
film. In aqueous systems, the presence of a swollen polymer brush
layer itself can behave as a viscous lubricant to produce PB-EHL at
low speeds [23,43,75–77]. This aligns with previous observations of
SPMK-g-PEEK polyelectrolyte enhanced tribological rehydration. Show-
ing effective rehydration from speeds at velocities as low as 0.5 mm s−1

with a progressively increasing degree of rehydration correlating with
speeds up to 10 mm s−1, consistent with the speed-dependent evolution
of EHL [47]. At the nanoscale, it is hypothesised that compression
of the swollen, hydrophilic SPMK polyelectrolyte concentrates water
molecules, thereby enhancing EHL formation through increased fluid
pressurisation [45,47].
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Fig. 8 shows the proposed lubrication regime for polyelectrolyte
enabled tribological rehydration. At regions of 𝜇EHL fluid film for-
mation, the PB-EHL enhanced viscosity of the water lubricating layer
may give rise to a fluid pressure gradient. Nearest the outlet of the
contact where the fluid pressure (𝑃𝐹 ) is the highest and overcomes the
interstitial fluid pressure of cartilage (𝑃𝐹 > 𝑃𝐼𝐹𝑃 ) water can be recov-
ered by the cartilage, leading to tribological rehydration and overtime
reducing the overall strain of cartilage during sliding. The presence of
polyelectrolytes can reduce the speeds required for the evolution of EHL
lubrication fluid films and due to the enhanced local viscosity, PB-EHL
can give rise to greater local fluid pressures and thicker fluid films than
water alone. This is akin to a mode of boosted lubrication, whereby
the presence of biological macromolecular polyelectrolytes native to
synovial fluid (i.e. hyaluronic acid, lubricin) in the contact gap can
increase viscosity leading to enhanced hydrodynamic pressurisation
at reduced speeds [78–80]. Biological polyelectrolyte constituents of
synovial fluid have been widely compared to polymer brush tribology,
providing both a highly effective boundary lubricant and affinity to
maintain fluid film lubrication [81,82]. For SPMK-g-PEEK, instead
of relying on entrainment and confinement of polyelectrolytes, the
SPMK is tethered to the PEEK substrate providing unabating boosted
lubrication localised at the contacting asperities of the SCA cartilage
counterface [47].

For SPMK-g-PEEK sliding against an SCA cartilage plug the total
strain recovery plateaued following an exponential decay in total strain
until a reduced strain equilibrium is reached. For undamaged PEEK
sliding at 10 mm s−1 the total recovery was 𝜀 = 8.1±1.2% demonstrating
a mechanistic limit to overall strain recovery of cartilage. The hypoth-
esis presented here posits an equilibrium state is reached between the
fluid film pressure, denoted as 𝑃𝐹 , and the interstitial fluid pressure
of cartilage, 𝑃𝐼𝐹𝑃 . Cartilage mimicking early signs of degradation the
cartilage abraded with 250 μm grit sandpaper exhibits a greater overall
strain recovery (Fig. 5(b), 𝜀𝑟 = 12.1±2.0%) compared to the undamaged
control (Fig. 4(b), 𝜀𝑟 = 8.1±1.2%). Suggesting that the rougher, abraded
cartilage surface will yield higher local asperity pressurisation leading
to increased local fluid pressures and hence a greater degree of cartilage
interstitial fluid recovery.

4.4. Effect of overlapping contact on rehydration

Hydrogel and cartilage lubrication requires the contact area to
remain hydrated, for short distance reciprocating contacts exhibiting
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Fig. 8. Proposed lubrication regime showing cartilage deformation giving rise to local regions of 𝜇EHL where a polyelectrolyte enhanced fluid film is present. Postulating where
the fluid pressure is greatest (𝑃𝐹 ) this overcomes the interstitial pressure of the cartilage (𝑃𝐹 > 𝑃𝐼𝐹𝑃 ) fluid can be imbibed back into cartilage, facilitating polyelectrolyte enhanced
tribological rehydration.
an overlapping contact area, friction characteristically increases as
the lubricant is unreplenished in the overlapped sliding area [56,57].
Similarly, polymer brush tribology relies heavily on sustained hydration
to ensure lubricity [43,69]. Additionally, under compressive forces, sur-
faces functionalised with polyelectrolytes undergo dehydration, leading
to a partial collapse of the brush structure, a reduction in water volume,
and consequently, increased friction [83,84].

Testing overlapped contact areas (Fig. 7) demonstrates reduced
strain recovery for the overlapped 1 mm sliding distance 𝜀𝑟 = 6.0 ±
0.6% compared to the 𝜀𝑟 ∼ 8% for longer sliding distances. Upon
modelling the strain recovery time constant (𝜏) using a single-phase
exponential decay function (Eq. (4)), the 1 mm stroke condition cor-
responding to the greatest overlap area exhibits a protracted recovery
time of 𝜏 = 611 s. In contrast, the 7 mm (Fig. 7c) and 20 mm (Fig. 4(b))
non-overlapped conditions demonstrate nearly equivalent, and notably
shorter, rehydration times of 358 s and 384 s respectively shown in
Fig. 9. Despite the reduced strain recovery (𝜏) for the 1 mm overlapping
contact condition, CoF still remains characteristically low, with startup
and rapid stabilisation to the final CoF observed for all conditions ∼0.01
(Fig. 7). This suggests that the hydrophilic SPMK polyelectrolyte, even
under persistent compression in the overlapped sliding area, maintains
a substantial water content, thereby providing an effective swollen
lubricating interface. Similar ATRP produced polymer brush interfaces
(MPC & SPMK) with hydrophilic functional groups necessitate pressures
of above 100 MPa before dehydration and subsequent breakdown of
lubricity occurs [85,86]. For SPMK the tenaciously bound hydration
shells due to the anionic sulfonic acid groups can effectively resist
dehydration under the 0.75 MPa physiological contact pressures used
in this study.

The rehydration of the cartilage is hypothesised to arise from a
synergistic effect of augmented fluid films, attributable to PB-EHL,
in conjunction with the water-retentive properties of the hydrophilic
SPMK polyelectrolyte, which acts as a fluid reservoir for rehydration.
The observed diminution in overall rehydration and the decelerated
strain recovery rate associated with shorter overlapping stroke lengths
can likely be attributed to the incomplete formation of the fluid film.
Conventional hydrodynamic film development necessitates a stroke
length exceeding twice the contact width for full fluid film develop-
ment [57,87]. Nevertheless, notable cartilage rehydration is observed
even at the minimal 1 mm reciprocating distance, with 𝜀𝑟 recorded at
6.0 ± 0.6%, suggesting that the rehydration mechanism is predomi-
nantly facilitated by the hydrophilic SPMK, which serves as an effective
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fluid reservoir.

𝜀𝑟𝑒ℎ𝑦𝑑𝑟𝑎𝑡𝑖𝑜𝑛(𝑡) = 𝜀𝐶 + 𝜀𝑟 ⋅ 𝑒
( −𝑡𝜏 ) (4)

4.5. Limitations & future work

Comparative clinical data suggest that healthy knee cartilage should
experience strains between 5%–10% during gait activities [17],
whereas the equilibrium strain observed with SPMK-g-PEEK implants
was approximately 30%. Whilst a major finding of this study is the
novel demonstration of polyelectrolyte tribological rehydration, it is
necessary to understand the cumulative strain recovery through a com-
bined cSCA/MCA and SPMK-g-PEEK tribological study. We speculate
that the combined tribological rehydration effects of a conformal or
convergent contact geometry and the boosted cartilage rehydration fa-
cilitated by SPMK-g-PEEK could closer emulate physiological cartilage
interstitial fluid mechanics and support.

The scope of this paper honed in on empirical evidence of polyelec-
trolyte mediated cartilage strain recovery, with experiments designed
to elucidate the underpinning roles of hydration lubrication and contact
dynamics which reimbibe fluid into cartilage. As such, all experiments
have been performed in hour long tests in a contact configuration
unlike the conformal geometry of synovial joints. In order to escalate
technology readiness, longer tests will be performed along with physio-
logical duty cycles (e.g. gait) to understand the long term performance
and potential failure mechanisms of SPMK-g-PEEK.

Finally, Section 4.3 which explores the PB-EHL mechanism of tri-
bological rehydration relies on EHL theory developed for classical
engineering bearings, non-aqueous systems, or confined polymer brush
systems [69,77,87]. Whilst contextualisation of this study against the
aforementioned literature provides insight into the SPMK contact dy-
namics, there exists a gap in the literature that fully encapsulates the
complex tribological interplay observed in this research. The interface
formed by polyelectrolyte surfaces interfaced with cartilage requires an
intricate model encompassing the permeable poroviscoelastic mechan-
ics of cartilage along with the macromolecular and nanorheological
dynamics of SPMK. PB-EHL is a plausible hypothesis for the observed
cartilage rehydration, an upcoming study will seek to further val-
idate the PB-EHL hypothesis across a range of speeds and contact
configurations.
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Fig. 9. Rate of tribological rehydration strain recovery 𝜏 calculated for 1 mm, 3.5 mm, 7 mm, and 20 mm reciprocating distances for SCA cartilage against SPMK-g-PEEK.
5. Conclusions

Three key characteristics of SPMK-g-PEEK have been identified
which elucidate the unique demonstration of sustained lubrication and
tribological rehydration for a flat stationary contact area cartilage plug.
Firstly, the SPMK polyelectrolyte provides a boundary lubricant which
provides a highly hydrated viscous lubricious interface, and against
cartilage offers a highly lubricious counter-face even in absence of
biphasic lubrication. Secondly, the high density of surface tethered hy-
drophilic sulfonic acid groups provides an aqueous reservoir as a source
for cartilage interstitial fluid recovery. And thirdly, tribological rehy-
dration is facilitated by polyelectrolyte enhanced elastohydrodynamic
lubrication, akin to boosted lubrication, where the surface tethered
SPMK enhance the local viscosity to provide substantial pressurised
fluid films.

This study presents SPMK-g-PEEK as a compelling biocompatible
coating for orthopaedic implants articulating against cartilage. Provid-
ing support for the native biomechanics of articular cartilage, offering
both low friction 𝜇 ∼ 0.01 along with enhanced interstitial fluid load
support and cartilage strain recovery of ∼8%. Notably, SPMK-g-PEEK
maintains consistent tribological performance even under conditions
where cartilage surfaces are damaged or incapable of sustaining nor-
mal interstitial fluid homeostasis. The SPMK polyelectrolyte interface
provides further insight into modes of tribological rehydration beyond
prevailing theories contingent on high speed, convergent geometry
hydrodynamic lubricant pressurisation [25,27,57].

SPMK-g-PEEK surface exhibits lubrication characteristics that sur-
pass traditional hydrodynamic and biphasic lubrication models, achiev-
ing lower friction coefficients at reduced sliding speeds. This expands
the scope of tribological applications to include conditions where high-
speed fluid entrainment is not feasible, such as in low-mobility patients
or in smaller planar joints where large articulating motions are lim-
ited. The tribological performance of synthetic polymers in contact
with cartilage has substantial implications for orthopaedic applica-
tions, particularly for the next generation of hemiarthroplasty and
focal cartilage resurfacing. Furthermore, this has expanded the scope
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of mechanisms underpinning tribological rehydration and highlights
the substantive tribological efficacy of hydrophilic macromolecules,
providing further insight into the role of biopolyelectrolytes, such as
lubricin and hyaluronic acid, in synovial biotribology.
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