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A B S T R A C T

To enable long lasting osteochondral defect repairs which preserve the native function of synovial joint
counter-face, it is essential to develop surfaces which are optimised to support healthy cartilage function
by providing a hydrated, low friction and compliant sliding interface. PEEK surfaces were modified using a
biocompatible 3-sulfopropyl methacrylate potassium salt (SPMK) through UV photo-polymerisation, resulting
in a ∼350 nm thick hydrophilic coating rich in hydrophilic anionic sulfonic acid groups. Characterisation was
done through Fourier Transformed Infrared Spectroscopy, Focused Ion Beam Scanning Electron Microscopy,
and Water Contact Angle measurements.

Using a Bruker UMT TriboLab, bovine cartilage sliding tests were conducted with real-time strain and
shear force measurements, comparing untreated PEEK, SPMK functionalised PEEK (SPMK-g-PEEK), and Cobalt
Chrome Molybdenum alloy. Tribological tests over 2.5 h at physiological loads (0.75 MPa) revealed that SPMK-
g-PEEK maintains low friction (𝜇 < 0.024) and minimises equilibrium strain, significantly reducing forces on
the cartilage interface. Post-test analysis showed no notable damage to the cartilage interfacing against the
SPMK functionalised surfaces.

The application of a constitutive biphasic cartilage model to the experimental strain data reveals that
SPMK surfaces increase the interfacial permeability of cartilage in sliding, facilitating fluid and strain recovery.
Unlike previous demonstrations of sliding-induced tribological rehydration requiring specific hydrodynamic
conditions, the SPMK-g-PEEK introduces a novel mode of tribological rehydration operating at low speeds
and in a stationary contact area. SPMK-g-PEEK surfaces provide an enhanced cartilage counter-surface, which
provides a highly hydrated and lubricious boundary layer along with supporting biphasic lubrication.

Soft polymer surface functionalisation of orthopaedic implant surfaces are a promising approach for
minimally invasive synovial joint repair with an enhanced bioinspired polyelectrolyte interface for sliding
against cartilage. These hydrophilic surface coatings offer an enabling technology for the next generation of
focal cartilage repair and hemiarthroplasty implant surfaces.
1. Introduction

Osteochondral defects or cartilage lesions are reported in up to
61% of symptomatic knee arthroscopies (Hjelle et al., 2002; Curl
et al., 1997). Current cartilage defect treatment options can be broadly
classified into biologic options (microfracture, debridement, resorbable
implants) or minimally invasive focal cartilage repair implants. Biologic
solutions aim to stimulate regrowth of tissue but typically yield biome-
chanically inferior fibrocartilage or otherwise inconsistent integration
with native healthy tissue and are generally considered unsuitable for
patients over 50 due to inhibited capacity for tissue regrowth (Mollon

∗ Corresponding author.
E-mail address: mnrje@leeds.ac.uk (R.J. Elkington).

et al., 2013; Hangody and Füles, 2003). For older patients or those with
contraindications unsuitable for biologic repair solutions, treatment
options remain limited with total knee replacement (TKR) reserved for
severe symptomatic osteoarthritis. TKR in patients under 60 are asso-
ciated with a greater risk of revision, periprosthetic joint infection and
aseptic mechanical failure (Bayliss et al., 2017; Meehan et al., 2014).
Therefore, for middle-aged patients with full-thickness symptomatic
cartilage defects, efforts are being made to address the treatment gap
through the utilisation of a variety of less invasive, tissue-preserving
focal cartilage repair implants.
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Focal articular prosthetic resurfacing devices are an emerging class
of medical devices for the treatment of cartilage defects. Whilst ongoing
clinical studies claim to show promising results, the current use of
hard biomaterials in focal repair implants such as, cobalt–chromium
alloy (CoCr) and ceramics, can quickly erode and overload the mating
cartilage leading to pain, stiffness, and loss of function (Pawaskar
et al., 2011; Kim et al., 2012; Willing et al., 2015; Adenikinju et al.,
2019). The 2013 Australian joint registry reported that for partial knee
resurfacing using a CoCr HemiCAP (Ortotech) the five year revision rate
was 26.4%, most commonly due to disease progression (58.7%) and
loosening (15.2%) (Jermin et al., 2015). Furthermore, concerns around
tribocorrosion of CoCrMo surfaces and Co and Cr ion interactions
with mating cartilage surfaces has been raised by Stojanovic et al.
contributing to the current EUs narrative around the use of Co and
Cr containing implants (Stojanović et al., 2019; Eichenbaum et al.,
2021). In vitro mechanical assessment of CoCr focal repair implants
gainst cartilage exhibit deleterious wear on the interfacing articular
artilage due to high contact loads leading to high wear (Diermeier
t al., 2020; Custers et al., 2010). Hence, there is a clear need for a
ew generation of low stiffness materials for focal osteochondral lesion
epair designed to support the natural function of opposing cartilage
urfaces. Furthermore, implant designs which interface directly with
artilage should be designed to mimic the natural physiological tribo-
ogical and poroelastic cartilage properties and maintain a high degree
f fluid load support (Tan et al., 2023). To this end, biomimetic mate-
ials and physiologically relevant mechanical testing against cartilage
ample should be investigated to inform the next generation cartilage
ptimised bearing materials, leveraging the current understanding of
artilage tribology.

The tribological properties of healthy cartilage in synovial joints
re unparallelled by engineered materials, they are able to support
oads of up to 10 times human body weight, with friction coefficients

0.03, and can last a full lifetime (80+ years) showing little or no
ear (Clarke et al., 1974; Unsworth et al., 1975; Roberts et al., 1982;
abuchi et al., 1994; Dowson et al., 1975). Loading conditions in a

uman synovial joint can be highly variable, with an average stress
indow of 0.1–5 MPa and peak stresses of up to 10 MPa (Hodge and
arris, 1986; Adams and Swanson, 1985; Conzen and Eckstein, 2000;
tormont et al., 1985). Lubrication in a synovial joint is facilitated by
he soft poroelastic 2–4 mm thick cartilage (Stewart, 2010; de Boer
t al., 2020). By wet weight cartilage is approximately 80% water, 18%
ibrous matrix proteins (mainly collagen and proteoglycans) and 2%
hondrocytes (Sophia Fox et al., 2009).

Whilst the exact mechanisms of synovial lubrication are still de-
ated, it is largely agreed that the impressive tribological properties
f cartilage is, in part, due to its biphasic properties and interstitial
luid load support facilitated through the deformable, high permeability
ollagen matrix (de Boer et al., 2020; Burris and Moore, 2017; Moore
nd Burris, 2017). It has been shown that up to approximately of
0% of the joint load can be borne by interstitial fluid pressure,
hielding the collagen matrix from overloading and subsequent dam-
ge (Krishnan et al., 2004; Ateshian, 1997). Cartilage is a dynamic
ystem requiring interstitial fluid pressurisation to recover and re-
pond to loading conditions during joint articulation (Voinier et al.,
022). Under loading fluid is exuded from cartilage until a fluid–
olid pressure equilibrium is reached. Moore and co-workers have
hown, through simultaneous measurement of friction force and car-
ilage strain, that the coefficient of friction of cartilage–glass contacts
o be strain-dependent with high strains linked with higher coefficient
f friction due to fluid exudation (Burris and Moore, 2017; Moore
nd Burris, 2017). The conformal geometry of the articulating joints
acilitate tribological rehydration whereby sufficient hydrodynamic pres-
ures are generated that can imbibe fluid into the cartilage to maintain
fluid pressure equilibrium (Voinier et al., 2022; Burris and Moore,
2

017; Moore and Burris, 2017; Kupratis et al., 2021). However, these
fluid–structure mechanisms only partially elucidate the impressive tri-
bological properties of cartilage. The superficial surface of cartilage
is composed of a supramolecular complex consisting of hydrophilic
macromolecules found in synovial fluid. These include biopolyelec-
trolyte macromolecules hyaluronic acid (HA), and specialist lubricating
glycoproteins, lubricin and aggrecan, along with surface active phos-
pholipids (Dedinaite, 2012; Jahn and Klein, 2018). These molecules
contain hydrophilic domains which sustain a self healing sliding in-
terface enabled by tenaciously bound hydration shells on the charged
macromolecules and hydrophilic phospholipids and described by the
hydration lubrication model proposed by Klein Jahn and Klein (2015,
2018), Jahn et al. (2016).

Bioinspired cartilage lubrication strategies are an active area of
research primarily exploring the use of polymers and manufactur-
ing processes including electrospinning, functional scaffolds, hydrogels
and polymer brushes (Siddaiah and Menezes, 2016; Lin and Klein,
2022). The latter, polymer brushes, have already been incorporated
into functionalised orthopaedic CoCrMo-on-UHMWPE hip replacement
bearings. Whilst in vitro tests have shown polyelectrolyte-functionalised
UHMWPE to be an effective method of improving lubricity and wear in
aqueous environments, clinical observations suggest no functional ben-
efit when compared to un-functionalised and other modern UHMWPE
materials (Lanigan et al., 2018; Kyomoto et al., 2015). Various cationic,
anionic, and zwitterionic monomer species grafted to medical device
relevant substrates (e.g. CoCrMo and PEEK) using UV initiated atom
transfer radical polymerisation (ATRP) have been demonstrated to
exhibit high lubricity (friction coefficient < 0.05) at loads exceeding
102 MPa (Mocny and Klok, 2016).

3-sulfopropyl methacrylate potassium salt (SPMK) is a widely re-
searched low cost highly lubricious biocompatible hydrated monomer
with applications in artificial synovial fluid for biomimetic lubrication
and surface modification of catheters to reduce infection and irrita-
tion (Lanigan et al., 2018; Liu et al., 2014). SPMK is also a promising
candidate for surface modification of artificial joints to improve lubric-
ity and an alternative to largely reported 2-methacryloyloxyethyl phos-
phorylcholine (MPC) functionalised surfaces (Biresaw, 2013; Chouwatat
et al., 2017; Elkington et al., 2021). As such, UV initiated polyelec-
trolyte functionalised surfaces offer a biomimetic surface treatment that
replicates the large hydrophilic domained biomolecules found on the
surface of cartilage with industrial scalability (Ishihara, 2022; Chen
et al., 2007).

In light of the ageing and more active global population and the
growing demand for TKR, which brings an associated revision burden,
in a younger and more active demographic, there is a clear need for new
technologies which (1) enable earlier and bone preserving interven-
tions, (2) maintain and promote dynamic hydration–rehydration and
tissue health of opposing cartilage surfaces and (3) provide scope and
flexibility to be delivered with minimally invasive intervention. The
aim of this study was to develop and demonstrate low trauma, low
friction, Co and Cr free surfaces as an alternative to the current CoCrMo
surfaces used in the current generation of focal implant designs. SPMK-
g-PEEK surfaces were been prepared via UV initiated polymerisation
and their biotribological performance were characterised.

Research into polyelectrolyte functionalised surfaces against carti-
lage remains limited, with Ishihara demonstrating MPC coated CoCrMo
sliding against cartilage sustains low friction coefficients of < 0.01 and
does not noticeably damage cartilage surfaces (Kyomoto et al., 2010a).
However, the majority of work in this area focuses on applications in
the acetabulum interface of total hip replacements, and principally elu-
cidates the favourable lubrication properties of polyelectrolyte surfaces
as enabled by the zwitterionic functional groups which provide a highly
hydrated sliding interface (Kyomoto et al., 2010b; Ishihara, 2015b).
Further mechanistic insight into how polyelectrolyte surface treatments
can support native cartilage function is required.

Our hypothesis is that hydrated SPMK-g-PEEK surfaces will enable
surfaces capable of sustaining and promoting effective hydration lubri-
cation at cartilage interfaces. By promoting hydration and dissipating
friction, cartilage trauma can be mitigated by supporting the natural

modes of lubrication and interstitial fluid load support.
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Fig. 1. (a) A benzophenone unit exposed to ultraviolet irradiation a pinacolization reaction is induced, forming a semi-benzopinocal (ketyl) radical that acts as a photoinitiator.
(b) SPMK-grafted-PEEK achieved through grafting-to of the SPMK monomer showing the anionic sulfonic functional group.
2. Materials and methodology

This study will investigate the tribological performance of a SPMK
polyelectrolyte functionalised PEEK (SPMK-g-PEEK) surface will be
investigated, comparing it to unfunctionalised PEEK and CoCr surfaces,
when interacting with articular cartilage under physiological loads.
Coefficient of friction (CoF) and real time strain measurement will be
used to analyse the cartilage response sliding against SPMK-g-PEEK.
Low CoF will demonstrate effective hydration lubrication, whilst a
reduced cartilage equilibrium strain compared to an unfunctionalised
PEEK control will evidence enhanced fluid load support. Following
testing, cartilage samples will be examined to quantify wear along with
evidence of cartilage fibrillation or damage to the collagen matrix,
indicating a breakdown in fluid load support. Ultimately, this study
aims to evaluate the performance of SPMK-g-PEEK and its suitability
for supporting physiological synovial tribology, specifically aimed at
sustained lubricity and improved fluid load support in cartilage.

2.1. Materials

Victrex PEEK 450G was purchased from RS Components (UK) as a
flat 5 mm thick sheet and cut into square samples of 25 × 25 mm.
Surgical implant grade cobalt chrome alloy bar conforming to ASTM
F1537-20 was purchased from Oracle Special Metals Ltd (Berkshire,
UK).

Each PEEK and CoCr sample was polished to an R𝑎 of 30 nm through
successive grinding against P240, P400, P800 and P1200 grit paper
followed by successive napless polishing using 3, 1, 0.5, 0.25 and
0.04 μm diamond and silica oxide suspensions. Sample roughness was
validated post polishing using a Talysurf PGI NOVUS profilometer.

The monomer 3-sulfopropyl methacrylate potassium salt (SPMK,
CAS No. 31098-21-2) in powder form, with a purity of greater than
98%, and phosphate buffered saline tablets (Product No. 524650) were
purchased from Sigma Aldrich (UK) and used as received

Flat 7.2 mm diameter cartilage plugs were obtained from the
patellofemoral groove of bovines slaughtered at approximately 2 years
old (John Penny & Sons, Leeds, UK). Plug extraction was performed
using an 8 mm trephine in a high speed 30,000 rpm rotary tool. During
drilling a steady stream of phosphate buffered saline was used to ensure
cartilage plugs were not damaged due to frictional heating.

Following harvesting any cartilage plugs with a slanted or convex
surface were discarded, retaining only flat plug geometries determined
3

by placing the surface section against a transparent rule. Cartilage plugs
were washed and stored frozen at –18 ◦C in phosphate buffer saline
(PBS), samples were defrosted 24 h before use and brought up to room
temperature before testing. Single cycles of freezing and thawing have
demonstrated no difference in tribological properties compared to fresh
articular cartilage samples (Forster and Fisher, 1999). The osmolar-
ity and ion concentrations of PBS emulates the isotonic body fluid
environment which provides a suitable storage and immersion fluid
for cartilage to prevent cartilage swelling, deformation, and maintain
tissue hydration, it is routinely used during in vitro cartilage tribological
testing (Chan et al., 2011; Burris et al., 2019)

2.2. Hydrophilic functionalisation of PEEK

SPMK functionalised PEEK samples were prepared with reference to
the method developed by Kobayashi for MPC (Kobayashi and Takahara,
2010, 2012). Polished PEEK samples were washed in acetone for 30 min
in an ultrasonic bath, washed with isopropanol, and then dried in a
stream of air. SPMK aqueous solution was prepared at a 1 molL−1

concentration and purged with nitrogen for 2 h to remove oxygen.
In a glove box flooded with nitrogen cleaned PEEK substrates were
immersed in the SPMK solution and exposed to 5 mWcm−2 ultraviolet
(UV) light at a 365 nm wavelength (Analytik Jena UVP Crosslinker
CL-3000L) for 90 min for a total UV exposure of 27 Jcm−2. Following
photopolymerisation, functionalised PEEK samples were washed with
isopropanol and deionised water to remove excess unreacted monomer.

Hydrophilic surfaces can be prepared through surface initiated
polymerisation using a grafting-from approach of polymerising SPMK
monomer onto PEEK substrates. PEEK comprises of an aromatic back-
bone molecular chain with ketone and ether functional groups. The
presence of a benzophenone unit (an aryl ketone) in the molecular
structure, which when irradiated by UV undergoes a pinacolization
reaction to form a semi-benzopinocal radical (i.e. ketyl radicals) which
act as a photoinitiator as shown in Fig. 1(a). This can be exploited
for self initiated surface graft polymerisation enabling direct grafting
of functional SPMK polymers onto the PEEK surface without using
a photoinitiator (Nakano et al., 2020). Anionic sulfonic acid groups
(Fig. 1(b)) in the SPMK structure have a high affinity for water
and in aqueous conditions provide a highly hydrated lubricious soft
interface (Kobayashi and Takahara, 2012).
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2.3. FTIR

Fourier Transformed Infrared Spectroscopy with an attenuated total
reflection module (FTIR-ATR) was performed using a Spotlight 400
(Perkin Elmer, Massachusetts USA) to confirm the presence of grafted
polymer following UV initiated photopolymerisation.

IR spectra were obtained from 16 scans with four repeats at four dif-
ferent locations on each grafted PEEK surface between 650–4000 cm−1

at a resolution of 4 cm−1. Transmittance profiles were then compared
to SpectraBase FTIR-ATR database to confirm the presence of SPMK on
the PEEK surface.

2.4. Wettability

Water contact angle (WCA) measurement were performed by drop-
ping 10 𝜇L of purified Milli-Q water from a fixed height of 40 mm onto
the sample surface all in ambient temperatures (298 K). After allowing
the water droplet to wet the surface and become static for 30 s, the
droplet is illuminated using an Attension Theta Tensiometer (Nanoscale
Instruments, Phoenix, USA) producing a high contrast image of the
droplet imaged with a CMOS camera. Attension Theta software was
used to determine the water contact angle in air. Each measurement
was repeated 5 times to calculate an average WCA measurement.

2.5. Focused ion beam-scanning electron microscopy

A Helios G4 CX Dual Beam (FEI, USA) Scanning Electron Microscope
(SEM) with a precise Focussed Ion Beam (FIB) was used to measure the
dry film thickness of the SPMK grafted PEEK surfaces.

Prior to analysis, samples were dehydrated in a vacuum and coated
with a 20 nm of iridium. Samples were then placed in the FIB-SEM
microscope and a layer of platinum was deposited on the surface via
an electron and ion beam. Both of these processes were necessary to
ensure the SPMK surface would be preserved throughout the gallium
ion beam FIB cross sectioning. A 3 × 10 × 10 μm section was milled
to expose a cross section of the SPMK-g-PEEK interface which was then
imaged under SEM to observe the dry film thickness. Two cross sections
were taken on an SPMK-g-PEEK samples to enable a representative
calculation of dry SPMK film thickness across the sample.

2.6. Mechanical testing

A Bruker UMT Tribolab fitted with a reciprocating linear drive
and custom built lubricant bath was used to perform cartilage-pin on
CoCr, PEEK, and SPMK-g-PEEK plates. Plate samples were fixed in the
bath and cartilage pins were fixed to a rigid load and displacement
transducer. During testing samples were fully submerged in PBS as
an isotonic test fluid to simulate a physiological environment and
subsequently mitigate cartilage swelling and maintain a hydrated equi-
librium representative of an in vivo environment. A schematic of the
experimental setup is shown in Fig. 2a.

Throughout testing closed loop control enabled simultaneous mea-
surement of the Coefficient of Friction (𝜇) and cartilage compressive
strain (𝜀):

𝜇 =
𝐹𝑥
𝐹𝑧

(1)

𝜀 = 𝛥ℎ
ℎ

× (100%) (2)

here 𝐹𝑥 and 𝐹𝑧 are the measured forces in the tangential (𝐱) and
ormal (𝐳) directions respectively, ℎ is the baseline full thickness of
he cartilage, and 𝛥ℎ is the compressed cartilage height.

Throughout testing a constant normal load (𝐹𝑧) of 30 ± 3 N is
pplied and maintained with PID control. This corresponds to a physio-
ogically representative spatially averaged contact pressure of approx-
mately 0.75 MPa for human hip and tibiofemoral joints (Hodge and
arris, 1986; Brand, 2005).
4

Table 1
Compression-Sliding test parameters for SPMK-g-PEEK, PEEK, and CoCr tests. All tests
lasted 9000 s with a constant applied load of 30 N, constant speed of 10 mms−1 and
total sliding distance of 90 m.

SPMK-g-PEEK PEEK CoCr

Load 30 N 30 N 30 N
Speed 10 mm/s 10 mm/s 10 mm/s
Reciprocating distance 20 mm 20 mm 10 mm
Test length 9000 s 9000 s 9000 s
Total sliding distance 90 m 90 m 90 m

Fig. 2(b) show the two 150 min testing regimes employed. Uncon-
fined compression of a constant applied 30 N load for 150 min and the
time dependent strain response of cartilage is recorded against PEEK,
SPMK-g-PEEK, and CoCr (each n = 3).

Table 1 summarises the compression-sliding routines which applied
a constant load of 30 N throughout a 9000 s test of cartilage pin-on-
plate reciprocating sliding. SPMK-g-PEEK (n = 4) and PEEK (n = 4)
plates were slid against cartilage pins with a 20 mm stroke length
for 2250 cycles. The smaller 25 mm diameter CoCr plates (n = 3)
underwent sliding with a 10 mm stroke length for 4500 cycles. The
sliding stage underwent a sawtooth displacement profile, as such the
velocity profile consisted of alternating periods of constant positive and
negative velocities at a speed of 10 mms−1. For each sample test this
equates to a total sliding distance of 90 m.

The unconfined compression tests serve as a baseline measure-
ment of cartilage strain without any sliding induced rehydration. The
compression-sliding data can then be directly compared to the strain
responses of the pin-on-plate sliding tests using the same contact ge-
ometry to quantify sliding induced cartilage rehydration.

Coefficient of Friction (CoF), 𝜇, and strain, 𝜀, are reported as a single
average value for each reciprocating cycle. Both values are calculated
from the mid 50% of the reciprocating cycle, with the value from each
cycle calculated from the mean of the forward and backward stroke, in
order to calculate CoF during steady state sliding.

The strain response of cartilage throughout mechanical testing was
fitted using a custom script written in Python 3.7 to understand the
viscoelastic time dependent creep by fitting to the biphasic theory
equation (Mow et al., 1980). All mathematical code was written using
scripts enabled by pandas, NumPy along with curve fitting using SciPy
non-linear least squares fit algorithm (Virtanen et al., 2020).

2.7. Cartilage surface analysis

Following testing cartilage pins were stored in 10% neutral buffered
formalin using CellPath CellStor Pre-filled Specimen Containers at room
temperature. Prior to analysis cartilage samples were washed and
soaked thoroughly in phosphate buffered saline. Measurement of the
cartilage height was performed on a Keyence VHX-7000 with a 20×
magnification calibrated with a reference scale accurate to ±0.1 μm,
enabling accurate pixel measurements to be taken on sample images.
Four images were taken of each cartilage plug of the transverse plane,
with the cartilage plug rotated about its long axis of symmetry by 90◦

between each image. This generated a set of four images which show
the full 360◦ of the cartilage layer height. Using Keyence measurement
software the line of best fit was plotted along the tidemark (calcified
cartilage–bone interface) along with the top surface of the cartilage,
the average cartilage height between the fitted lines is then calculated.
Cartilage height is calculated from the average of the four images
taken per sample. An annotated image demonstrating the measurement
procedure is shown in Fig. 3.

Accutrans (a casting silicone used for taking transfer moulds) repli-
cas of the cartilage plug surface were analysed using an Infinite Fo-
cus Optical 3D Measurement Microscope (Alicona, USA). Macroscopic

images were taken over the entire surface of the plug to identify
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Fig. 2. (a) Schematic of cartilage pin on plate testing on the Bruker UMT (b) the testing regimes employed in the study: compression where a 30 N load is applied and held for
150 min and compression-sliding where a 30 N load is applied with a reciprocating sliding speed of 10 mms−1.
Fig. 3. Measurement of cartilage layer height using images taken on a Keyence
VHX-7000 analysed using the supplied Keyence measurement suite.

significant wear artefacts and fibrillation. Additionally, microscale mea-
surements over an area of 0.5 mm width across the centre of the
cartilage plugs determine the roughness of the cartilage indicating
surface degradation.

Roughness measurements were taken on the cartilage sample after
undergoing sliding against PEEK, SPMK-g-PEEK and CoCr, along with
unused fresh cartilage plugs as a control. Roughness profiles were taken
over the central 4 mm of each cartilage plug, a cut off filter with
5

a wavelength of 250 μm was used to remove profile features caused
by bubbles in the silicone moulds or the uneven geometry of natural
cartilage. For each of the sliding counter-face materials, an average
value of the cartilage roughness following sliding was calculated.

3. Results

3.1. FTIR-ATR

Fig. 4 shows the FTIR-ATR spectra of unfunctionalised PEEK and
SPMK-g-PEEK samples. CoCr is not included as it did not include any
notable IR absorption peaks. IR absorption peaks for the ester carbonyl
group C=O (1721 cm−1) and sulfonate group S=O (1045 cm−1) are
clearly observed, indicating successful UV initiated polymer grafting
of SPMK to the PEEK substrate (Chouwatat et al., 2017). A broad
adsorption peak around 3400 cm−1 also indicates water bound at the
hydrophilic sulfonic acid groups of the SPMK (Lanigan et al., 2018).

3.2. Water contact angle

Static water contact angle (WCA) measurements shown in Fig. 5
demonstrate that SPMK functionalisation is able to modify the surface
wettability of a hydrophobic PEEK substrate, substantially enhancing
the hydrophilic properties. PEEK and CoCr yielded higher WCA of 82.7◦

±2.2◦ and 76.7◦ ±6.2◦ respectively corresponding to a hydrophobic
surface eliciting a low surface energy. SPMK-g-PEEK had a static WCA
of 33.5◦ ±3.1◦ demonstrating a high surface energy and affinity for
water, providing an interface optimised for retaining a fluid film in
an aqueous environments (Law, 2014; Kobayashi and Takahara, 2010,
2012). A decrease of 49.2◦ of WCA was observed between PEEK versus
SPMK-g-SPMK.
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Fig. 4. FTIR-ATR Spectra of unfunctionalised PEEK and SPMK-g-PEEK with IR absorption peaks for ester carbonyl and sulfonate groups shown.
Fig. 5. Static water contact angle (WCA) images and measurements for unfunctionalised PEEK 82.7◦ ±2.2◦ (n = 5), CoCr 6.7◦ ±6.2◦ (n = 5), and SPMK-g-PEEK 33.5◦ ±3.1◦ (n =
5).
3.3. FIB-SEM dry film thickness

Fig. 6 show the FIB-SEM cross section and dry layer thickness of
SPMK-g-PEEK surfaces. An average dry film thickness of 397 ± 47 nm
(n = 8) was observed on SPMK-g-PEEK samples. FIB-SEM also indicated
a layer of uniform thickness and distribution across the surfaces within
the area analysed. The ‘crackled’ surface appearance is attributed to
dehydration (under UHV) and application of the protective Platinum
layer.

3.4. Continuous pin-on-plate sliding

The evolution of CoF during sliding is shown in Fig. 7(a). PEEK and
CoCr surfaces slid against a static cartilage pin exhibited an increasing
CoF up to a high final CoF (𝜇𝑓𝑖𝑛𝑎𝑙) of 0.45 ± 0.04 and 0.35 ± 0.04 re-
spectively at the end of the test. In contrast, SPMK-g-PEEK maintained a
low CoF throughout the test duration increasing monotonically to 𝜇𝑓𝑖𝑛𝑎𝑙
of 0.024 ± 0.01. The startup CoF 𝜇𝑠𝑡𝑎𝑟𝑡𝑢𝑝 (t = 1 s) and final CoF 𝜇𝑓𝑖𝑛𝑎𝑙v
(t = 9000 s) are summarised in Table 2.

Fig. 7(b) show the cartilage strain evolution for the Compression
and Compression-Sliding experiments. This was characterised by an
initial rapid increase in strain where interstitial fluid is rapidly exude
from the cartilage (t < 3600 s), followed by a steadier creep towards
strain equilibrium.
6

For the Compression tests no sliding induced rehydration of the
cartilage plug is possible, and benchmarks the maximum expected fluid
exudation and final cartilage strain response after 9000 s of loading. For
unconfined compression a typical biphasic creep response was observed
with average values for PEEK 𝜀𝑚𝑎𝑥 of 49.7 ± 7.8%, SPMK-g-PEEK 𝜀𝑚𝑎𝑥
of 55.0 ± 5.4% and CoCr 𝜀𝑚𝑎𝑥 of 59.6 ± 12%. Each value is summarised
in Table 2. When considering the uncertainty in each dataset it can be
concluded that the strain response for cartilage with no sliding reduce
rehydration broadly yields an equilibrium strain of ∼ 45%–65% 𝜀𝑚𝑎𝑥.

In-situ cartilage strain measurement during the Compression-Sliding
tests presented a similar monotonic relationship. The final strain 𝜀𝑚𝑎𝑥
for PEEK and CoCr was 52.5 ± 7.5% and 39.8 ± 5.0% respectively.
SPMK-g-PEEK yielded the lowest 𝜀𝑚𝑎𝑥 of 26.3 ± 7.6%, demonstrating
functionalisation of PEEK surfaces with SPMK is able to effectively
halve the equilibrium strain when sliding against cartilage.

3.5. Cartilage surface analysis

Figs. 8 show Accutrans moulds taken of cartilage pin surfaces for
sliding against (a) PEEK (b) SPMK-g-PEEK and (c) CoCr surfaces re-
spectively. Analysis of cartilage pins sliding against PEEK show deep
scratches and fibrillation in the surface, tearing of the cartilage sur-
face is due to high shear forces at the interface during testing. No
notable scratches or fibrillation were observed on the cartilage surface
interfacing with SPMK-g-PEEK or CoCr samples.
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Fig. 6. FIB-SEM cross section images of SPMK-g-PEEK showing (a) milled section for analysis which enabled measurement of the dry SPMK layer height using SEM at 15,000×
and (b) 50,000× magnification with annotation on material conformation of analysed surface. Green markings demonstrate measurement of local SPMK layer thickness on the
PEEK substrate.
Fig. 7. (a) Dynamic friction per reciprocating sliding cycle for a cartilage pin sliding against PEEK, SPMK-g-PEEK, and CoCr under a constant 30 N load, 20 mm reciprocating
distance at a speed of 10 mms−1. Error bars shown standard deviation in each reciprocating cycle for each material data set. (b) Compression and Compression-Sliding (mean
strain per reciprocating sliding cycle) for cartilage against PEEK, SPMK-g-PEEK and CoCr surfaces. Error bars are omitted for figure clarity, see Table 2.
For each test the mean average arithmetic roughness (𝑅𝑎) and
maximum valley height (𝑅𝑧) are calculated to quantify cartilage surface
fibrillation (roughness, 𝑅𝑎) and any localised tearing (𝑅𝑧), summarised
in Table 3. The largest features (maximum peak/valley height) were
7

observed on the PEEK (Fig. 8(a)) samples corresponding to tearing
in the cartilage surface. Broad peaks and valleys with large feature
heights of 14.19 ±8.15 μm indicate significant damage to the cartilage,
compared to an unused cartilage control with feature heights of 5.33
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Fig. 8. Images of Accutrans moulds of cartilage pins following 9000 s sliding against (a) PEEK showing localised fissuring and fibrillation of cartilage surface marked with blue
arrows and (b) SPMK-g-PEEK exhibiting no notable deleterious wear to cartilage surface and (c) CoCr showing evidence of surface fibrillation. For each sample, it should be noted
that the appearance of blister like defects at the sample edges are air bubble artefacts during the Accutrans moulding process.
Table 2
Steady state CoF and final strain (𝜀𝑚𝑎𝑥) after 9000 s sliding against cartilage for the PEEK, CoCr, and SPMK-g-PEEK.
Sample Compression Compression-Sliding

Final strain
𝜀𝑚𝑎𝑥 (%)

Startup CoF
𝜇𝑠𝑡𝑎𝑟𝑡𝑢𝑝 (t = 1 s)

Final CoF
𝜇𝑓𝑖𝑛𝑎𝑙 (t = 9000 s)

Final strain
𝜀𝑚𝑎𝑥 (%)

PEEK 49.7 ± 7.8 (n = 3) 0.020 ± 0.007 0.45 ± 0.04 52.5 ± 7.5 (n = 4)
SPMK-g-PEEK 55.0 ± 5.4 (n = 3) 0.003 ± 0.001 0.024 ± 0.01 26.3 ± 7.6 (n = 4)
CoCr 59.6 ± 12 (n = 3) 0.016 ± 0.005 0.35 ± 0.04 39.8 ± 5.0 (n = 3)
Table 3
Mean maximum valley height (𝑅𝑧) and arithmetic roughness (𝑅𝑎) measured for
cartilage samples following sliding against PEEK, SPMK-g-PEEK, and CoCr, along with
unused (fresh) cartilage control samples. Due to improper storage after testing, one CoCr
interfacing cartilage plug was rendered unsuitable for post-testing surface analysis and
roughness measurement.

Name 𝑅𝑧/μm 𝑅𝑎/μm

PEEK (n = 4) 14.19 ± 8.2 2.49 ± 0.52
SPMK-g-PEEK (n = 4) 2.70 ± 0.77 0.69 ± 0.16
CoCr (n = 2) 3.18 ± 1.0 0.64 ± 0.20
Fresh Cartilage (n = 3) 5.33 ± 0.54 1.04 ± 0.09

±0.54 μm. Similarly cartilage sliding against PEEK exhibits a increase
in roughness with 𝑅𝑎 values of 2.49 ±0.52 μm compared to the carti-
lage control with an 𝑅𝑎 of 1.04 ±0.09 μm. Cartilage sliding on CoCr
exhibited maximum feature heights of 3.18 ±1.01 μm and roughness
values of 0.64 ±0.20 μm. Cartilage sliding on SPMK-g-PEEK samples
yielded maximum feature heights and average roughness in the ranges
of 2.70 ±0.77 μm and 0.69 ±0.16 μm respectively. Compared to the
cartilage control, sliding against CoCr and SPMK-g-PEEK reduced the
cartilage roughness, effectively flattening the rough profile of natural
cartilage.

4. Discussion

Focal metallic cartilage resurfacing is an emerging clinical proce-
dure that offers a solution between the biologic repair and total joint
arthroplasty for active patients with early stage osteoarthritis and full-
thickness cartilage defects. The advantages of this technique include
local management of the defect retaining healthy tissues, maintaining
joint stability with surfaces contoured to be congruent with the natural
joint. However, osteoarthritis progression, persisting pain along with
cartilage erosion and the subsequent high revision rate is common in
the medium to long term. Strategies to reduce erosion and promote
adjacent cartilage tissue health may enable better outcomes at the
medium-long term.
8

4.1. Surface and tribological properties of SPMK-g-PEEK

PEEK substrates were successfully grafted with end tethered SPMK
polyelectrolytes via surface initiated photopolymerisation induced by
the benzophenone groups in PEEK. Following surface modification,
FTIR-ATR confirmed successful grafting of SPMK-g-PEEK confirming
the presence of anionic sulfonate functional groups. These functional
groups play a crucial role in maintaining the polymer brush structure
under high loads through electrostatic repulsive interactions and high
affinity for water promote a highly hydrated interface in aqueous
conditions (Kobayashi and Takahara, 2012; Lanigan et al., 2018). Water
contact angle measurements demonstrate SPMK surface functionali-
sation reduces the PEEK WCA of 82.7◦ ±2.2◦ to a highly wettable
WCA of 33.5◦ ±3.1◦ for SPMK-g-PEEK, essential for highly lubricious
performance in aqueous environments.

The nanoscale layer thickness of the dry SPMK of 397 ± 47 nm
determined by FIB-SEM measurements is approximately four times
thicker than comparable applications of polyelectrolyte polymer brush
functionalised surfaces developed by Ishihara Kyomoto et al. (2010b).
Measurements of dry surface coatings of MPC on polyethylene are
reported to be in the region of 80–100 using transmission electron
microscopy on functionalised surface cross sections. MPC functionalised
surfaces exhibit high lubricity in aqueous environments and have been
incorporated into polyethylene acetabular cups in total hip replace-
ment (Ishihara, 2015a; Goda et al., 2006). The significantly thicker dry
film coating compared to those in the aforementioned studies raises
questions about the exact polymer conformation at the surface and will
be subject to further investigation.

Throughout sliding tests against cartilage, SPMK-g-PEEK sustained
a low CoF ranging between 0.003–0.024 which are comparable to
the CoF measured for healthy cartilage–cartilage interfaces. Cadav-
eric hip pendulum experiments designed to emulate gait have mea-
sured cartilage–cartilage contacts having a CoF in the range of 0.01–
0.04 (Clarke et al., 1974; Unsworth et al., 1975; Dowson et al., 1975).
Similarly, benchtop cartilage pin-on-plate tribometer tests at loads in
the range of 0.2–0.4 MPa have demonstrated cartilage steady state
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CoF in the range of 0.05–0.07 (Northwood and Fisher, 2007; Katta
et al., 2007). Anionic polyelectrolyte surfaces are able to facilitate hy-
dration lubrication, whereby tenaciously bound water molecules at the
functional groups maintain a highly hydrated sliding interface (Chen
et al., 2007; Lin and Klein, 2019). Through surface force balance
observations based on synthetic end tethered polyelectrolytes, a lubri-
cation mechanism enabled through hydration lubrication proposed by
Klein hypothesises that boundary synovial lubrication can be attributed
to hydration lubrication enabled by the hydrophilic macromolecule
complexes (hyaluronic acid, aggrecan, and phospholipids) at the super-
ficial cartilage interface which maintain a fluid like lubrication layer
and dissipate friction via exchange of water ions between hydration
shells (Jahn and Klein, 2015; Jahn et al., 2016; Chen et al., 2007).

In comparison, untreated PEEK (𝜇𝑓𝑖𝑛𝑎𝑙 = 0.45) and CoCr (𝜇𝑓𝑖𝑛𝑎𝑙 =
0.35) surfaces do not exhibit sustained hydration-enabled lubrication,
resulting in rapid increases in CoF beyond levels observed in healthy
cartilage–cartilage contacts. The lack of sustained lubrication in these
materials can be attributed to their lower affinity for surface water as
demonstrated by high water contact angles, especially in the case of
PEEK, which exhibits the lowest surface energy. The improved wettabil-
ity of CoCr compared to PEEK provides a slightly improved hydrophilic
interface that can partially support lubrication at the interface (Pawlak
et al., 2011). This allows for some degree of biphasic lubrication, which
will maintain the hydration state of the interfacing cartilage. While
the direct relationship between water contact angle and friction is not
linear and remains a research gap, these factors collectively contribute
to reducing the coefficient of friction at the cartilage–CoCr interface.

The interstitial fluid and pressure loss in cartilage under an applied
load is closely linked to the changes in CoF. When the cartilage is
initially loaded, the interstitial fluid pressure (IFP) plays a crucial role
in supporting most of the applied load. However, as the load persists,
the interstitial fluid is gradually exude out of the cartilage, leading to
a transfer of load to the solid collagen matrix. This transition causes
an increase in the CoF as both a higher load is transferred to the solid
interface and weeping lubrication become diminished. After a sustained
period of loading (i.e. t > 3600 s) almost all of the interstitial fluid is
forced out of the cartilage, an equilibrium state of strain and CoF is
reached where the load is primarily supported by the solid collagen
matrix (Moore et al., 2017; Krishnan et al., 2004).

The study design, which involved using 7.2 mm diameter flat car-
tilage plugs, facilitated a static contact area and arrested tribological
rehydration attributable to hydrodynamic wedge effects, enabling a
more controlled analysis (Moore et al., 2017; Burris and Moore, 2017;
Burris et al., 2019). Use of a stationary contact area enabled a direct
comparison of sliding-compression tests to unconfined compression
data, which benchmarks the time-dependent cartilage strain response.

Following 9000 s of unconfined compression against PEEK, an
equilibrium strain (𝜀𝑚𝑎𝑥) of 49.7 ± 7.8% was observed, representing

state of maximal loss of interstitial fluid pressure (IFP) under a load
f 30 N. In comparison, the equilibrium strain during sliding against
EEK was measured at 52.5 ± 7.5%, which, considering the strain
rror, indicates a comparable state of IFP loss. Cartilage sliding against
oCr demonstrated some extent of IFP was retained, with an 𝜀𝑚𝑎𝑥 of
9.8 ± 5.0%, approximately 20% lower than the total strain observed in
he unconfined compression control. The wettability of CoCr provides a
lightly improved hydrophilic interface to support lubrication. This also
upports the hydration state of the interfacing cartilage, enabling some
iphasic lubrication. While the direct link between WCA and friction
s not linear, these factors together play a vital role in reducing the
oefficient of friction on the CoCr surface.

One of the key findings of this study is the notable reduction in the
quilibrium strain observed with SPMK-g-PEEK, with 𝜀𝑚𝑎𝑥 measured at
6.3 ± 7.6%. This represents a significant decrease of approximately
7% in the expected IFP loss compared to the unconfined compres-
9

ion control. These findings provide compelling evidence that SPMK
olyelectrolyte functionalised surfaces are able to support sliding in-
uced rehydration and modulate interstitial fluid flow, through a novel
echanism independent of hydrodynamic fluid inflow. The most likely

xplanation is the interplay of hydration lubrication and sustained
iphasic fluid load support. The highly hydrophilic nature of the SPMK-
-PEEK surfaces provides a boundary lubricating layer, maintaining a
ow CoF at the interface. Additionally, the tenaciously bound hydrated
pecies provide a hydrated region which, during sliding, facilitates the
nflux of fluid into the contact interface and its absorption into the
artilage surface.

Deleterious cartilage fibrillation was only observed in cartilage
amples sliding against unfunctionalised PEEK and CoCr (Fig. 8) while
o notable damage was found in pins sliding against SPMK-g-PEEK.
imilarly, cartilage sliding against PEEK showed increased roughness
𝑅𝑎) and valley height (𝑅𝑧) compared to the fresh cartilage control and
amples sliding against SPMK and CoCr ( Table 3). The high CoF and
train behaviour during PEEK sliding demonstrates a total loss of IFP,
eading to a situation where the majority of load in the contact is borne
n the solid collagen phase leading to high shear forces and failure in
he collagen fibre matrix.

.2. Biphasic theory analysis

In the context of the presented minimised strain behaviour for
PMK-g-PEEK (Fig. 9), the application of biphasic theory analysis has
een employed to elucidate and provide an explanation for the en-
ouraging observations related to coefficient of friction (CoF), strain,
nd the mitigated cartilage damage achieved with SPMK-g-PEEK sur-
aces compared to unfunctionalised biomaterial surfaces. The flow-
ependent viscoelastic behaviour of cartilage is commonly described
sing biphasic theory (Mow et al., 1980). This model for cartilage
reep behaviour is shown in Eq. (3) which for a time constant 𝜏 the
symptotic creep towards strain equilibrium (𝜀(𝑡)) can be described.
he characteristic time constant 𝜏𝑐 quantifies the time to reaching creep
quilibrium (Cutcliffe et al., 2020; Armstrong and Mow, 1982).

(𝑡) = − 𝜎
𝐻𝐴

[

1 − 2
∞
∑

𝑛=0

1
𝑀

𝑒−
(

𝑀
𝜏

)

𝑡
]

(3)

and

𝑀 = 𝜋2
(

𝑛 + 1
2

)2
(4)

𝜏 = ℎ2

𝐻𝐴𝑘
(5)

where 𝜀 = strain, 𝑡 = time, 𝜏 = time constant, 𝜏𝑐 = characteristic time
constant, ℎ = cartilage thickness, 𝜎 = applied stress, 𝐻𝑎 = aggregate
modulus, and 𝑘 = permeability.

For quantitative temporal analysis of the time-dependent cartilage
strain behaviour during the initial hour of biphasic creep (t < 3600
s, see Fig. 7(b)) a 5th order approximation (0 ≤ n < 5) of Eq. (3) is
fitted to the strain data using a nonlinear least squares fit algorithm to
calculate characteristic time constants (𝜏𝑐). A 5th order approximation
was deemed suitable for fitting since 𝑙𝑜𝑔(𝑡𝑚𝑎𝑥∕𝑡𝑚𝑖𝑛) = 𝑙𝑜𝑔(9000∕0.1)
= 5.0. This approximation was chosen because it sufficiently repre-
sents variations in the data without overcomplicating the model, as
evidenced by the logarithmic ratio of the time data, which equals 5.0.

The quality of the curve fit is assessed through calculating the
coefficient of determination, R-squared (𝑅2) using Eq. (6).

𝑅2 = 1 −
∑

𝑡
(

𝜀𝑡 − 𝜀(𝑡)
)2

∑

𝑡
(

𝜀𝑡 − �̄�
)2

(6)

Fig. 9 shows the fitting of the biphasic strain equation (Eq. (3)) to
the strain response of cartilage samples during unconfined compression
(no sliding) and sliding against PEEK, SPMK-g-PEEK and CoCr surfaces
during the initial 3600 s of testing. Table 4 summarises the parameters
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Fig. 9. Fitting of the biphasic theory model (Eq. (3)) to the first hour (t < 3600 s) of the cartilage during the Compression and Compression Sliding experiments for PEEK,
SPMK-g-PEEK and CoCr. The biphasic time constant (𝜏) is annotated for each experiment.
calculated by fitting the biphasic strain equation of the characteristic
time constant 𝜏𝑐 , the quality of the biphasic fit 𝑅2, and the final strain
after the 3600 s period of analysis 𝜀(𝑡 = 3600 s).

Cartilage sliding against PEEK and CoCr surfaces yielded 𝜏𝑐 of
976 s and 1120 s respectively, which are both within 10% of the
corresponding compression control experiments (𝜏𝑐 = 1040 s and 1070
s respectively), and hence indicate little evidence of altered interstitial
fluid exudation during sliding. Early experiments designed to probe the
viscoelastic properties of cartilage in compression consistently demon-
strate the time to reaching equilibrium strain to be in excess of 1000
s and align with the CoCr and PEEK data presented in Table 4 (Coletti
et al., 1972; Mow et al., 1980).

SPMK-g-PEEK surfaces reached the lowest equilibrium strain in a
significantly shorter time with 𝜏𝑐 = 391 s, demonstrating that the
effective permeability of the interfacing cartilage increases (Eq. (5)).
Interestingly, the corresponding compression control for SPMK-g-PEEK
yields an increased time constant of 𝜏𝑐 = 1330 s compared to the
unfunctionalised PEEK control, implying a reduced interfacial perme-
ability. Finite Element Analysis modelling of polyelectrolytes adsorbed
on the cartilage surface predict that permeability is reduced by the pres-
ence of a polymer brush border (Liao et al., 2022). This contradiction
demonstrates firstly that cartilage rehydration is triggered by sliding,
and secondly the most likely explanation for the reduced equilibrium
strain and short time constant during sliding is due to a competitive
exudation–rehydration fluid flow.

In order to analyse the steadier approaching equilibrium strain,
a linear regression (Eq. (7)) is fitted to the strain response in the
10
Table 4
Time constant 𝜏𝑐 are calculated by fitting the biphasic theory model (Eq. (3)) to the
first 60 min (t < 3600 s) of strain data in Fig. 9. 𝑅2 scores the quality of fit using
Eq. (6). Strain at t = 3600 s is also given along with the ratio against final strain after
9000 s of Compression/Compression-Sliding (𝜀𝑚𝑎𝑥).

Sample Compression Compression-Sliding

𝜏𝑐 𝑅2 𝜀 (t = 3600 s) 𝜏𝑐 𝑅2 𝜀 (t = 3600 s)

PEEK 1040 0.994 45.9 (92% 𝜀𝑚𝑎𝑥) 976 0.992 44.1 (84% 𝜀𝑚𝑎𝑥)
SPMK-g-PEEK 1330 0.995 47.1 (86% 𝜀𝑚𝑎𝑥) 391 0.992 24.2 (92% 𝜀𝑚𝑎𝑥)
CoCr 1070 0.996 55.9 (94% 𝜀𝑚𝑎𝑥) 1120 0.997 35.7 (90% 𝜀𝑚𝑎𝑥)

final 90 min of the test (3600 s ≤ 𝑡 ≤ 9000 s). In this final time
period cartilage will be approaching the maximum equilibrium strain
(𝜀𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚), such that the gradient of the linear regression (𝛽, Eq. (8))
will express the rate of change of strain and subsequently the sample
propensity to maintain a stable strain equilibrium.

𝜀𝑒𝑞𝑢𝑖𝑙𝑖𝑏𝑟𝑖𝑢𝑚(𝑡) = 𝛼 + 𝛽𝑡 for 𝑡 ≥ 3600 s (7)

𝛽 =
∑9000

𝑖=3600
(

𝑡𝑖 − 𝑡
) (

𝜀𝑖 − �̄�
)

∑9000
𝑖=3600

(

𝑡𝑖 − 𝑡
)2

(8)

Fig. 10 shows the long term creep behaviour and subsequent car-
tilage equilibrium strain rate by fitting a linear regression (Eq. (8)) to
the strain response in the final 90 min (3600 s ≤ 𝑡 ≤ 9000 s) of testing.
Table 5 summarises the slope of the linear regression (𝛽) expressed as
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Fig. 10. Linear regression (Eq. (8)) fitted to the final 90 min (3600 s ≤ 𝑡 ≤ 9000 s) of Compression and Compression-Sliding tests against PEEK, SPMK-g-PEEK and CoCr. The strain
rate for this period 𝛽 is annotated in terms of 𝜖 (%) / minute.
Table 5
Slope of the linear regression (𝛽, Eq. (8)) given as increase in Strain (%)/min, and 𝑅2 quality of fit score.
Sample Compression Compression-Sliding

𝛽, Strain (%)/min 𝑅2 𝛽, Strain (%)/min 𝑅2

PEEK (n = 4) 3.6 ×10−2 0.941 9.1 ×10−2 0.996
SPMK-g-PEEK (n = 4) 8.2 ×10−2 0.971 2.3 ×10−2 0.997
CoCr (n = 3) 3.4 ×10−2 0.926 4.1 ×10−2 0.941
increase in strain per minute and the coefficient of determination 𝑅2

quality of linear regression fit.
The equilibrium cartilage strain creep behaviour for each test can

be directly compared through the approximated linear strain rate (𝛽)
during the final phase of each test (3600 s ≤ 𝑡 ≤ 9000 s). Sliding cartilage
against SPMK-g-PEEK demonstrated the most favourable behaviour,
with the lowest strain rate of 0.023 𝜀/minute, indicating the most
effective progression towards an equilibrium strain state. Throughout
compression-sliding tests the physics of fluid exudation of cartilage
remain unchanged, thus the reduced creep indicates a competitive
rehydration mechanism facilitated by the SPMK interface.

Cartilage sliding against PEEK yielded the highest strain rate of
0.091 𝜀/minute, indicating the greatest depletion of interstitial fluid
and failure to approach a steady equilibrium value. This could be
attributed to the ongoing breakdown of the collagen matrix due to
high shear forces, as evidenced by observed surface damage and fib-
rillation (Fig. 8). Ultimately, such degradation would lead to reduced
mechanical strength and reduced water retention capacity of cartilage.
11
Sliding strain rates for CoCr and the unconfined compression control
exhibited comparable rates of 0.034 and 0.041 𝜀/minute respectively.
These rates align the performance of CoCr closer to a balanced state,
falling between the extremes of the SPMK-g-PEEK and PEEK. While
SPMK-g-PEEK demonstrated a favourable progression towards an equi-
librium strain state, and PEEK showed a tendency towards fluid deple-
tion and collagen breakdown, CoCr’s behaviour represents a moderate
response that neither excels in rehydration nor fails in maintaining
interstitial fluid as observed by the overall reduced strain. The strain
rates for CoCr provides further insight into its tribological efficacy as
a biomaterial for use in articulation against cartilage, and subsequent
affinity to maintain fluid load support and improved lubricity compared
to PEEK.

SPMK-g-PEEK samples exhibited a remarkably reduced biphasic
time constant during sliding (𝜏𝑐 = 391 s, over a 60% reduction com-
pared to the unconfined compression control) and the minimal long
term strain rate (𝛽 = 0.023 𝜀/minute). Cartilage rehydration is on-
set by sliding, akin to tribological rehydration profiled by Burris and
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Moore (Voinier et al., 2022; Burris and Moore, 2017; Moore and Burris,
2017; Kupratis et al., 2021). Nonetheless, unlike previous investiga-
tions illustrating tribological rehydration that necessitates velocities
surpassing 30 mms−1 and a convergent wedge configuration to generate
dequate hydrodynamic pressures for cartilage rehydration, this study
ntroduces a distinct mechanism of tribological rehydration that is
ndependent of hydrodynamics (Voinier et al., 2022). This is achieved
hrough the use of a compliant wetting surface, the hydrophilic and hy-
rated nature of the SPMK layer provides a means to deliver water and
eplenish water at the cartilage interface, promoting and maintaining
ydration.

We hypothesise that during compression, polymer brushes may gen-
rate a high fluid pressure caused by the intensified excluded volume
etween polymer chains. This increased excluded volume leads to an
ugmented osmotic pressure within the brush interface, resulting in
levated fluid pressure (Chen et al., 2015). It is conjectured that if
he osmotic pressure within the polymer brush is greater than the
nterstitial fluid pressure of cartilage, it could drive the flow of fluid
ack into the cartilage, thereby maintaining a greater proportion of
luid load support during sliding and reduced equilibrium strain.

.3. Limitations and future work

alidity of biphasic model
Fitting the biphasic model (Eq. (3)) to the total strain response

or each sample (Fig. 7) over the full 9000 s tests was unsuitable for
EEK and SPMK where the long term creep did not strictly follow
n exponential decay with a single time constant. Hence the biphasic
odel was only fit to the first 3600 s of sliding tests where the contact

train is dominated by the time dependent biphasic fluid flow out of
artilage. A linear fit (Eq. (8)) was then used to model to the long
erm creep. Both of these metrics then enabled direct comparison of
ime dependent strain during sliding tests to the expected behaviour of
artilage in unconfined compression.

During the creep towards equilibrium strain phase (t > 3600 s)
PEEK exhibited the greatest creep rate and final strain which reflects
the tearing observed on the cartilage surface analysis following testing.
During sliding tearing of the cartilage surface will both affect the real
contact area and alter the aggregate modulus of the cartilage, which
are assumed to be constant when modelling biphasic theory.

The biphasic model utilised in this study, initially introduced by
Van Mow (Mow et al., 1980) and later expanded upon by Armstrong
et al. (1984), offers a one dimensional solution that describes the
temporal creep response of cartilage under confined and unconfined
compression. However, this model does not consider material deforma-
tions resulting from shear forces at the interface during sliding. In the
context of this study, the biphasic model is employed to examine the
characteristic time constant associated with cartilage creep equilibrium,
as has been done in previous research involving the assessment of in
vivo cartilage mechanical function using MRI data (Cutcliffe et al.,
2020).

To further elucidate the temporal behaviour of interstitial fluid
pressure in cartilage during sliding and investigate the impact of poly-
mer brush interfaces, future studies should employ constitutive models
that incorporate cartilage poroelastic lubrication mechanisms. These
advanced models will provide a more comprehensive understanding
of how the pressure of the cartilage interstitial fluid is influenced by
polymer brush interfaces over time (De Boer et al., 2020).

Further insight into polyelectrolyte interactions
The contact dynamics between two polyelectrolyte surfaces have

previously demonstrated that steric repulsion between opposing brushy
interfaces entropically favours a liquid interface to regulate polyelec-
trolyte interpenetration between opposing surfaces (Zappone et al.,
2007; Iuster et al., 2017). In the experiments presented within this
12

study, a polyelectrolyte functionalised surface could be expected to
favourably interact with the macromolecules on the cartilage plug
samples, however following harvesting all samples were washed with
PBS which has been shown to disrupt and remove the natural boundary
lubricating layer (Zappone et al., 2007). Further investigations into
the interactions between synthesised polyelectrolyte surfaces (SPMK-g-
PEEK) and synovial surfaces will provide additional insights into the
beneficial interactions of SPMK functionalised biomaterials for their
application in focal cartilage defect repair.

While this study provides valuable insights into the tribological
properties of SPMK-g-PEEK and the supported cartilage fluid load
bearing capacity, it has certain limitations that merit further investi-
gation to fully elucidate fluid rehydration mechanisms at play. One
limitation is the lack of direct measurements of cartilage interstitial
fluid pressure during sliding. Future work should explore experimental
setups to monitor interstitial fluid pressure in real-time, providing a
more comprehensive understanding of the fluid load bearing capacity
of the interfaces. Additionally, the long-term durability of SPMK-g-
PEEK surfaces under physiologically representative conditions warrants
investigation to assess their potential clinical applications.

5. Conclusions

This study demonstrates that surfaces functionalised with SPMK-
g-PEEK exhibit tribological characteristics associated with effective
hydration lubrication (evidenced by high wettability and the lowest
coefficient of friction) and favourable modulation of interstitial fluid
pressure (indicated by the lowest equilibrium strain (𝜀𝑚𝑎𝑥), equilibrium
strain rate (𝛽), and characteristic time constant (𝜏𝑐)). These findings
align with the two main mechanisms that contribute to the high lu-
bricity and longevity of healthy cartilage in synovial joints: hydration
lubrication and sustained biphasic fluid load support (Katta et al., 2007;
Jahn et al., 2016).

The following four key conclusions demonstrate the efficacy of
SPMK-g-PEEK:

1. Hydrophilic Surface Coating: The one-step grafting procedure
successfully creates a highly hydrophilic SPMK-g-PEEK surface,
enabling effective hydration lubrication. This coating demon-
strates the ability to sustain a low coefficient of friction (𝜇)
during startup and sliding equilibrium against cartilage, with 𝜇
maintained below 0.024.

2. Minimised Cartilage Equilibrium Strain: SPMK-g-PEEK surfaces
exhibit the ability to significantly reduce cartilage equilibrium
strain. Facilitating the retention of a higher proportion of in-
terstitial fluid and enhanced fluid load support compared to
untreated biomaterials.

3. Effective Fluid Load Support: The improved fluid load support is
attributed to the reduced effective cartilage permeability and the
subsequent rehydration of cartilage initiated by sliding against
SPMK-g-PEEK.

4. Novel Tribological Rehydration: Unlike previous models, which
require specific conditions for hydrodynamic pressure-induced
rehydration, SPMK-g-PEEK introduces a new mode of tribo-
logical rehydration. This polymer brush enabled mechanism
operates independently of hydrodynamics, underscoring the ca-
pability of the surface to facilitate fluid delivery to the cartilage
interface.

In conclusion, SPMK-g-PEEK surfaces emerge as a promising candi-
date for the next generation of osteochondral defect repairs, aiming to
promote functional and healthy cartilage. The combination of hydra-
tion lubrication and sustained biphasic fluid load support allows these
surfaces to mitigate damage, alleviate excessive loading on the collagen
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matrix, and support cartilage biphasic viability. Created through a one-
step grafting process, this highly hydrophilic and sterile surface coating
offers benefits that include enhanced lubrication, maintained hydra-
tion, and prevention of cartilage damage. Future research should hone
in on the long-term durability of SPMK-g-PEEK under physiologically
representative conditions, the exploration of innovative focal repair
device concepts, and the development of improved patient treatment
pathways, thereby unlocking its full potential in supporting the health
of interfacing cartilage.
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