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 A B S T R A C T

Effective fluid exudation and rehydration are essential for the low-friction function of healthy articular 
cartilage, facilitating interstitial fluid pressurisation, solute transport, and aqueous lubrication. However, 
current metallic biomaterials used in focal cartilage repair or hemiarthroplasty compromise this fluid-pressure 
dependent load support, leading to the erosion of the interfacing cartilage. This study investigates bioinspired 
hydrophilic 3-sulfopropyl methacrylate potassium salt (SPMK) polymer grafted onto a PEEK substrate (SPMK-
g-PEEK) as a potential solution. SPMK-g-PEEK aims to mimic the natural tribology of cartilage by providing 
an aqueous low friction interface and polyelectrolyte-enhanced tribological rehydration (PETR), supporting 
fluid recovery and interstitial fluid pressurisation during cartilage sliding. We compare the tribological 
characteristics of physiological cartilage–cartilage interfaces, which rely on osmotic swelling and hydrodynamic 
tribological rehydration, with PETR enabled by SPMK-g-PEEK interfaces.

This study introduces a bespoke Fuzzy-PI controlled biotribometer. Employing a dual-phase testing 
method, static compression followed by sliding, allows simultaneous measurement of friction and cartilage 
strain recovery, indicative of interstitial fluid recovery following compressive exudation. Cartilage condyle, 
unfunctionalised PEEK, and SPMK-g-PEEK surfaces were investigated against flat cartilage plugs, which provide 
no hydrodynamic entrainment zone for tribological rehydration, and convex cartilage plugs, which create a 
convergent hydrodynamic zone for tribological rehydration. Matched cartilage–cartilage contacts exhibited 
low friction coefficients of ∼ 0.04 and strain recovery of up to ∼ 14% during the sliding phase. SPMK-
g-PEEK surfaces sliding against convex cartilage plugs demonstrated similar strain recovery of ∼ 13% and 
reduced friction coefficients of ∼ 0.01, due to the combined effects of PETR and hydrodynamic tribological 
rehydration. In contrast, unfunctionalised PEEK surfaces, similar to current hard biomaterials employed in 
cartilage resurfacing, showed significantly higher friction and inhibited rehydration. SPMK-g-PEEK effectively 
mimics the physiological rehydration of connatural articular cartilage surfaces, highlighting its potential as a 
biomimetic material for cartilage resurfacing.
1. Introduction

Articular cartilage is the specialised, avascular connective tissue 
that lines the surfaces of synovial joints, providing low friction, and 
load-bearing properties crucial for joint mobility throughout the human 
lifespan (Lin and Klein, 2021). Structurally, cartilage is a biphasic poro-
viscoelastic material, composed of an approximately 80% interstitial 
fluid phase and 20% solid matrix primarily composed of collagen and 
hydrophilic proteoglycans, with embedded chondrocytes that maintain 
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the extracellular matrix (Sophia Fox et al., 2009). Additionally, the 
cartilage surface is coated with a supramolecular complex of biopoly-
electrolytes, including lubricin and hyaluronic acid, which provide 
boundary lubrication (Lin and Klein, 2021; Cederlund and Aspden, 
2022; Elkington et al., 2024a). Under loading and articulation, the in-
terstitial fluid within the collagen extracellular matrix pressurises (Ced-
erlund and Aspden, 2022), supporting up to 90% of the joint load and 
partially exuding to form a lubricating fluid film (Krishnan et al., 2004; 
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Soltz and Ateshian, 1998). Synovial joints are subjected to spatially 
averaged and peak loads ranging from 0.75 to 20 MPa, resulting in 
the sustained exudation of interstitial fluid from cartilage under load. 
Consequently, intrinsic mechanisms for fluid recovery are essential to 
maintain joint function (Eckstein et al., 1999; Moore and Burris, 2017).
In vivo studies demonstrate that cartilage experiences low strains (𝜀 = 
3%–10% Eckstein et al., 1999; Cutcliffe et al., 2020) during physical 
activity, whereas periods of inactivity leads to high strains in excess of 
𝜀 ∼ 50%  (Herberhold et al., 1999). Cartilage rehydration is expected 
to occur through osmotic swelling during transient periods of loading, 
fluid confinement in the contact gap, and sliding induced tribologi-
cal rehydration where fluid is pressurised between conformal articular 
surfaces leading to hydrodynamic pressurisation induced fluid recov-
ery (Moore and Burris, 2017; Moore, 2017; Caligaris and Ateshian, 
2008; Voinier et al., 2022).

The competing roles of fluid rehydration and exudation are essen-
tial for the tribological (low friction and wear prevention Ateshian, 
2009; Forster and Fisher, 1999; Moore and Burris, 2015), mechanical 
(load support and matrix stress shielding Ateshian, 2009; Moore et al., 
2017; Accardi et al., 2011) and biological (solute transport, cellular 
mechanotransduction Graham et al., 2017; Schätti et al., 2016; Albro 
et al., 2008; Zhao et al., 2020) functions of articular cartilage. Inhibited 
interstitial fluid recovery disrupts homeostasis, leading to increased 
cartilage strain, wear, and friction and eventually excessive joint space 
narrowing (Moore and Burris, 2017; Rajankunte Mahadeshwara et al., 
2024), a common indicator of joint disease and pathogenesis of os-
teoarthritis due to compounding cartilage erosion (Fife et al., 1991; 
Cooper et al., 2000). This, due to the limited ability of avascular 
cartilage to heal, can eventually require clinical interventions such as 
total joint replacement (TJR) (Van Herck et al., 2010). The escalating 
global incidence of symptomatic osteoarthritis is creating a substantial 
health burden (Maiese, 2016; Rajankunte Mahadeshwara et al., 2024), 
characterised by a rising number of patients under 65 undergoing joint 
replacement, with many later requiring costly revision surgeries (Kurtz 
et al., 2009; Weber et al., 2018). To reduce TJR and revision surgeries, 
early, less invasive interventions such as focal cartilage repair devices 
or tissue engineering approaches are being developed to restore artic-
ular cartilage tissue and function (Brittberg et al., 2016; Mastbergen 
et al., 2013). However, tissue engineering approaches have limited clin-
ical adoption due to restrictive clinical indications (Makris et al., 2015; 
Liu et al., 2017). Whereas, the current reliance on hard metallic or 
ceramic biomaterials for focal cartilage repair compromises fluid load 
support leading to wear of the opposing cartilage surface (Dabiri and 
Li, 2015; Pawaskar et al., 2011; Diermeier et al., 2020), offering only 
short-term benefits (Jeuken et al., 2021; Jermin et al., 2015). Requiring 
a class of materials to be developed informed by the native tribology 
of articular cartilage which provide effective fluid load support and 
interstitial fluid recovery (Tan et al., 2023).

The tribological function of cartilage has been experimentally and 
theoretically described by interstitial fluid pressurisation (IFP) the-
ory (Krishnan et al., 2004; Soltz and Ateshian, 1998). More complex 
computational models treat cartilage as a porohyperelastic material 
or utilise finite element analysis to capture the multiscale lubrication 
behaviour across different lubrication regimes (De Boer et al., 2020; 
Putignano et al., 2021). While such approaches offer further insights, 
our focus here is on IFP theory to examine interstitial fluid exudation 
and reuptake, aligning with the experimental framework described 
later in this paper (Moore, 2017; Burris and Moore, 2017). The coeffi-
cient of friction (CoF, 𝜇) of cartilage is determined by the relationship 
between cartilage strain (𝜀(𝑡)) or fluid load fraction (𝐹 ′), and their 
equilibrium parameters corresponding to zero interstitial pressure (𝜇𝑒𝑞 , 
𝜀𝑒𝑞), as described by Eq.  (1) (Krishnan et al., 2004; Soltz and Ateshian, 
1998; Moore et al., 2017). Simply, low cartilage friction necessitates 
sustained hydration to modulate low strain (𝜀) and high fluid support 
(𝐹 ′). 

𝜇(𝑡) = 𝜇𝑒𝑞
𝜀(𝑡)

= 𝜇𝑒𝑞(1 − 𝐹 ′) (1)

𝜀𝑒𝑞

2 
In vitro tribological studies have accurately modelled osmotic
swelling behaviour utilising a migrating contact area (MCA) approach, 
where a glass probe slides across a cartilage plate, indefinitely main-
taining physiological CoF within the range of 0.01 - 0.03 (McCutchen, 
1962; Caligaris and Ateshian, 2008). Moore and Burris have demon-
strated similar maintenance of physiological CoF levels below 0.03 by 
utilising a convergent stationary contact area (cSCA) convex cartilage 
explant sliding over a glass plate. Elucidating tribological rehydration, 
a second mechanism of cartilage fluid recovery, onset by sliding and 
independent of contact migration or unloading (Moore and Burris, 
2017; Burris and Moore, 2017; Kupratis et al., 2021). This requires 
sliding speeds exceeding ∼ 30 mm/s to generate hydrodynamic pres-
sures at the cSCA’s wedge-shaped leading edge, promoting fluid influx 
into the cartilage (Moore and Burris, 2017; Putignano et al., 2021). 
Experimental observations of cSCA tribological rehydration are illus-
trated in Fig.  1, demonstrating that following a period of compressive 
strain (𝜀𝐶 ), sliding triggers strain recovery attributable to cartilage 
rehydration (𝜀𝑐𝑆𝐶𝐴 < 𝜀𝐶 ) and hence sustained fluid load support (𝐹 ′) 
and low friction (𝜇 < 0.03) (Elkington et al., 2024b; Farnham et al., 
2021; Kupratis et al., 2021). In contrast, a flat stationary contact area
(SCA) cartilage explant exhibits no rehydration and strain continues 
to increase throughout sliding (𝜀𝑆𝐶𝐴 > 𝜀𝐶 as 𝜀𝑆𝐶𝐴 → 𝜀𝑒𝑞), leading to 
increasing CoF (𝜇 → 𝜇𝑒𝑞) (Elkington et al., 2024b, 2023; Kupratis et al., 
2021). This configuration is analogous to unconfined compression with 
no capacity for fluid recovery to compete with compressive exudation, 
resulting in diminishing fluid load support (𝐹 ′) (Moore et al., 2017; 
Caligaris and Ateshian, 2008; Elkington et al., 2024b).

Presently there are ongoing efforts to develop materials systems 
that can mimic the hydrophilic composition of the cartilage extra-
cellular matrix and facilitate fluid recovery and load support, ex-
ploiting high water content materials such as hydrogels or polymer 
brushes (Tan et al., 2023; Kyomoto et al., 2010; Yang et al., 2020). 
Recent studies by Elkington et al. (2023, 2024b,a) have investigated 
3-sulfopropyl methacrylate potassium salt (SPMK) grafted to a PEEK 
substrate (SPMK-g-PEEK) as a bioinspired material for focal cartilage 
repair. This material features a 350 nm thick coating of SPMK poly-
mer end-tethered to the PEEK substrate. The high concentration of 
hydrophilic anionic sulfonic acid groups swell up to a ∼5 μm thickness 
in aqueous environments, mimicking the biopolyelectrolytes native 
to articular cartilage (Elkington et al., 2023, 2024a). The hydrated 
surface of SPMK-g-PEEK provides effective aqueous boundary lubrica-
tion along with a fluid reservoir to support rehydration of cartilage 
surfaces (Elkington et al., 2024a, 2023). Which can sustain CoF < 0.01 
and strain recovery indicative of fluid rehydration sliding against SCA 
cartilage from sliding speeds as low as 0.5 mm/s (Elkington et al., 2023, 
2024b,a). Introducing an engineered mechanism of cartilage interstitial 
fluid recovery, polyelectrolyte-enhanced tribological rehydration (PETR), 
attributed to polyelectrolyte enhanced elastohydrodynamic lubrication 
and fluid pressurisation during compression of sulfonic acid hydration 
shells (Elkington et al., 2024a,b).

For synovial joints cartilage fluid recovery has widely been at-
tributed to articulation induced free swelling at exposed surfaces
(Voinier et al., 2022; Linn, 1967). Passive swelling, free swelling of 
unloaded articular cartilage, refers to the osmotic-driven expansion of 
cartilage in the absence of contact with the opposing joint surface (i.e. a 
migrating contact area). However, across the macro-scale cartilage 
contact area, in vivo studies demonstrate cartilage often remains in 
contact during unloading of periodic activities (e.g. gait) (Hinter-
wimmer et al., 2005; Henderson et al., 2011), limiting the extent of 
passive swelling and indicating that additional mechanisms contribute 
to fluid recovery and sustained pressurisation. Comparative studies 
highlight that tribological rehydration can replenish cartilage fluid at 
a rate up to 7× greater than passive swelling alone (Voinier et al., 
2022). Computational models suggest that fluid exchange and synovial 
rehydration in the cartilage contact gap occurs due to interfacial gaps 
formed by opposing rough cartilage surfaces (𝑅 ∼ 2.0 μm) (Wu and 
𝑎
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Fig. 1. Illustrative strain profile for a cSCA and SCA cartilage explants undergoing a period of compression-strain (𝜀𝐶 ), followed by sliding-under-compression against a hard 
impermeable substrate. Upon sliding, the cSCA cartilage explant recovers strain (𝜀𝑐𝑆𝐶𝐴 < 𝜀𝐶 as 𝜀𝑆𝐶𝐴 → 𝜀𝑒𝑞) through tribological rehydration, facilitated by hydrodynamic fluid 
pressurisation at the convergent wedge leading edge. In contrast, the SCA cartilage explant is analogous to unconfined compression, with no capacity for rehydration, and strain 
increases throughout sliding diminishing interstitial fluid pressurisation. Blue arrows indicate interstitial fluid flow.
Ferguson, 2017; Liao et al., 2019; Putignano et al., 2021). However, the 
interplay between synovial rehydration (i.e. fluid exchange and osmotic 
swelling) within the cartilage contact gap and the macroscale geometry 
enabling tribological rehydration in conformal synovial joints has yet 
to be investigated directly.

Free swelling (MCA) cartilage rehydration has been demonstrated 
with matched cartilage–cartilage interfaces demonstrating sustained 
low CoF, but does not elucidate additional rehydration behaviours 
(i.e. measure strain) (Caligaris and Ateshian, 2008). Tribological re-
hydration has only been shown in a cSCA configuration against im-
permeable (glass) interfaces to isolate the effects of free swelling, 
demonstrating both sustained low CoF and strain recovery (Moore 
et al., 2017; Farnham et al., 2021). PETR has been demonstrated with 
SCA cartilage interfaced with SPMK-g-PEEK, isolating the hydrody-
namic effects of conventional tribological rehydration (Moore, 2017), 
demonstrating both strain recovery and low CoF due to effective aque-
ous boundary lubrication (Elkington et al., 2023, 2024b,a). The SPMK 
polyelectrolyte interface enhances fluid confinement and pressurisation 
in the contact gap to augment fluid exchange within the loaded contact 
area (Elkington et al., 2024a,b).

This study aims to establish an in vitro expanded testing framework 
presented in Fig.  1, comparing strain recovery indicative of rehy-
dration in matched cartilage–cartilage contacts with that of cartilage 
paired with materials designed to enhance rehydration (SPMK-g-PEEK). 
There are limited studies of cartilage–cartilage interfaces, partly due 
to the uncertainty and challenges introduced by uneven and compli-
ant condyle surfaces, and are limited to only studying friction rather 
than strain (Forster and Fisher, 1996; Schmidt et al., 2007; Trevino 
et al., 2017; Caligaris and Ateshian, 2008). The initial phase of the 
study will concentrate on quantifying tribological and fluid recovery 
properties of cartilage–cartilage interfaces, requiring precise adaptive 
load control to accommodate the dynamic nature of cartilage strain 
and contact area during sliding (Schätti et al., 2016). Subsequently, this 
will then be used as a comparative benchmark to SPMK-g-PEEK and 
unfunctionalised PEEK control surfaces mated against SCA and cSCA 
cartilage. This aims to compare hydrodynamic tribological rehydration 
of hard impermeable biomaterials against the combined action of PETR 
and hydrodynamic tribological rehydration facilitated with SPMK-g-
PEEK. This approach seeks to quantitatively evaluate if SPMK-g-PEEK 
is a viable focal cartilage repair surface for reproducing physiological 
cartilage–cartilage interstitial fluid recovery and low friction.
3 
2. Methods

2.1. Materials

Polyether-ether-ketone (PEEK) 450G, procured from Victrex (UK) 
was initially received in the form of flat sheets with a thickness of 
5 mm. These were subsequently sectioned into square samples mea-
suring 25 × 25 mm, and underwent polishing to achieve a surface 
roughness (𝑅𝑎) of 30 nm. The monomer 3-sulfopropyl methacrylate 
potassium salt (SPMK), with a purity greater than 98%, along with 
phosphate-buffered saline (PBS) tablets, were obtained from Sigma 
Aldrich, United Kingdom, and used without further modification. PEEK 
substrates were surface functionalised by UV photopolymerisation
grafting-from of SPMK monomer to produce SPMK-g-PEEK. These 
methods were established and are fully detailed in a previous pub-
lication (Elkington et al., 2023). PBS was used as a storage and 
lubrication medium throughout cartilage tribological testing to mimic 
the osmolarity found in physiological conditions.

Bovine stifle specimens sacrificed at approximately 2 years of age 
were procured from John Penny & Sons abattoir, Leeds, UK and re-
ceived on the same day of butchery. Cartilage was exclusively harvested 
from the femoral side of the stifle joints. Approximately planar cartilage 
plates (∼20 × 30 mm) were cut from the patellofemoral grooves of stifle 
joints using a high speed 18,000 rpm oscillating saw. Flat SCA cartilage 
samples were also extracted from the patellofemoral groove using a 
35,000 rpm 7.2 mm internal diameter trephine bur and cooled with PBS 
during extraction. Larger cSCA explants were harvested from the lateral 
and medial femoral condyles using a 20 mm holesaw with an internal 
diameter of 18 mm. These methods and explant dimensions follow 
previous work which obtain flat ⌀7.2 mm SCA contacts (Elkington 
et al., 2024a,b) and convex ⌀18 mm cSCA contacts (Burris and Moore, 
2017; Moore, 2017). Any samples with surface defects or SCA samples 
with a planar height difference of > 0.1 mm were discarded. Following 
extraction all cartilage samples were cryopreserved (−18 ◦C) in PBS 
for up to one week, prior to testing samples were thawed for at least 
12 h in a refrigerator followed by acclimatisation to room temperature 
for an additional 2 h. Cryopreservation of cartilage samples up to 
(−20 ◦C) for up to one week has been shown not to significantly affect 
surface properties, including roughness, collagen fibril alignment, or 
the coefficient of friction (Espinosa et al., 2021).
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Fig. 2. Schematic of the Fuzzy-PI tribometer instrumented with load cell, indenter and sliding PLS, and LVDT labelled with callout view of test cell show cSCA cartilage sliding 
against a SPMK-g-PEEK plate submerged in PBS.
2.2. Fuzzy-PI enabled tribometer

Fig.  2 shows the bespoke tribometer employing two Precision Linear 
Stages (PLS) (Phyisk Instrumente GmbH and Co, Germany); an indenter 
PLS (𝑍-axis, L-509 Precision Linear Stage) to apply normal force and 
a sliding PLS (𝑋-axis, L-511 High-Precision Linear Stage) to facilitate 
sliding perpendicular to the direction of loading. The indenter PLS 
has a maximum velocity of 20 mm/s, the larger sliding PLS has a 
maximum velocity of 90 mm/s with linear position (𝑋) tracked by 
a Linear Variable Differential Transformer (LVDT) with a resolution 
of 0.1 μm. A six-axis load cell (ATI Industrial Automation Inc, USA) 
was mounted perpendicular to the test cell along with a cartilage plug 
mount, fixed to the stage of the indenter PLS. The load cell can measure 
maximum loads of 145 N with a resolution of 0.05%, in this setup 
only the forces in the 𝑍 and 𝑋 directions were used to measure the 
normal force (𝐹𝑍 ) and tangential force (𝐹𝑋) respectively. A detailed 
schematic of the test cell is also shown in Fig.  2 showing a cSCA 
cartilage plug mounted on the 6-axis load cell with a SPMK-g-PEEK 
plate submerged in PBS in the test cell bath. This setup was controlled 
using a custom LabVIEW programme interfaced with a CompactRIO 
embedded controller (National Instruments, USA). Normal force (𝐹𝑍 ) 
was maintained throughout testing using Fuzzy-PI control (Iyer et al., 
2024). The advanced controller integrates a Fuzzy ‘supervisor’ with a 
PI ‘slave’ in a synergistic manner. As the system operates, the error 
generated by the PI controller is used as an input variable for the Fuzzy 
controller. The interface engine of the Fuzzy controller then calculates 
the new Proportional (P) and Integral (I) gains in real time, which the 
PI controller uses to dynamically adjust its feedback parameters. The 
PI controller ran on the FPGA of the compactRIO at 10 kHz, whilst 
the Fuzzy-Logic supervisor ran in real-time on the same device at 100 
Hz. This approach ensures that the controller adapts to the changing 
cartilage contact deformation resulting from temporal variations in 
hydration and strain during testing.

2.3. Experimental overview

To evaluate the tribological performance and rehydration character-
istics, both the SCA (no tribological rehydration) and cSCA (tribological 
rehydration) cartilage pins were subjected to a rehydration cycle com-
prising of a compression phase followed by sliding. These tests were 
4 
Table 1
Overview of rehydration cycle experiments conducted with SCA and cSCA cartilage pins 
against cartilage condyle, unfunctionalised PEEK, and surface modified SPMK-g-PEEK 
substrates.
 Pin geometry–substrate contact Rehydration mechanisms  
 SCA-Condyle (N = 3) Synovial rehydration  
 cSCA-Condyle (N = 3) Tribological + Synovial rehydration 
 SCA-PEEK (N = 3) No rehydration  
 cSCA-PEEK (N = 3) Tribological rehydration  
 SCA-SPMK (N = 3) PETR  
 cSCA-SPMK (N = 3) Tribological + PETR rehydration  

conducted against three distinct substrates: a physiological control of a 
condyle plate (synovial rehydration), unfunctionalised PEEK (no PETR 
rehydration), and SPMK-g-PEEK (PETR rehydration). The rationale for 
each substrate–cartilage pin combination are summarised in Table  1.

Akin to Fig.  1, the rehydration cycle consisted of an 1800 s compres-
sion period (0 ≤ 𝑡 < 1800 s) followed by 1800 s of reciprocating sliding 
(1800 ≤ 𝑡 ≤ 3600 s) at a frequency of 1 Hz over a 10 mm linear sliding 
distance. Throughout the whole rehydration cycle a constant normal 
load of 20 N was maintained using Fuzzy-PI control (Iyer et al., 2024). 
The contact pressure under a 20 N load across a 7.2 mm diameter flat 
SCA is calculated to be approximately 0.50 MPa. This estimate is also 
consistent for the larger 18 mm convex cSCA, where optical measure-
ments against impermeable surfaces (glass) suggest a similar effective 
contact area of about ∼7 mm (Burris and Moore, 2017), resulting in 
a comparable contact pressure of 0.50 MPa. These values fall within 
the typical physiological spatially and temporally averaged contact 
stresses in the range of 0.1–2.0 MPa for mammalian joints (Brand, 
2005; Elkington et al., 2023). All tests were conducted in a fully 
submerged phosphate-buffered saline (PBS) environment, selected for 
its dual functions. PBS maintained osmotic conditions that prevented 
undue cartilage swelling or shrinkage, closely mimicking the osmolarity 
experienced in vivo. Additionally, it served as an aqueous medium to 
facilitate cartilage rehydration during the sliding phase. Pin–substrate 
testing order was randomised to minimise potential systemic biases.

2.3.1. Sliding and measurement of coefficient of friction
The tribometer enabled reciprocating sliding motion at 1 Hz, with a 

linear displacement (𝑋) of ± 10 mm and a peak velocity of 31.4 mm/s. 
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Fig. 3. Representative plot of 𝑋 displacement versus tangential force (𝐹𝑋 ) illustrating the region (shaded) used for calculating the coefficient of friction (CoF) values. CoF is 
computed as the mean value within this shaded area (2.5 ≤ 𝑋 ≤ 7.5 mm). This plot depicts five 𝑋-𝐹𝑋 curves for the cSCA-PEEK condition (Table  1).
To capture the dynamic changes in the Coefficient of Friction (CoF, 
𝜇), both normal (𝐹𝑍 ) and tangential (𝐹𝑋) forces were sampled at a 
frequency of 50 Hz. Forces in the perpendicular (𝐹𝑌 ) direction were 
not analysed, as they were typically negligible or below the resolution 
of the load cell. CoF, Eq.  (2), is calculated as the mean value of data 
sampled during the middle 50% of each linear reciprocation (2.5 ≤
𝑋 ≤ 7.5 mm). This range, encompassing the speed range of 22.1 to 
31.4 mm/s, is highlighted in the shaded regions of Fig.  3 showing 
a representative 𝑋 displacement versus tangential force 𝐹𝑥 plot. This 
specific range can be considered the steady-state period of the sliding 
cycle. Of particular note are the CoF upon the startup of the sliding 
cycle (𝜇𝑆 ,𝑡 = 1800 s) and the final CoF achieved at the end of sliding 
(𝜇𝐹 ,𝑡 = 3600 s). 

𝜇 =
𝐹𝑥
𝐹𝑧

(2)

2.3.2. Cartilage compression
Vertical displacement was monitored using the PLS inbuilt linear 

encoder for direct position measuring with a sampling frequency of 
5 Hz. Vertical displacement is calculated as the average change in 
sample height over every five consecutive reciprocating cycles, indi-
cating the strain response of the cartilage pin. Cartilage strain recovery 
during the sliding phase (𝜀𝑟(𝑡), Eq.  (3)) was determined by subtracting 
the vertical displacement of the contact pair at the start of sliding 
(𝑍(𝑡 = 1800 s)) from the time dependent vertical displacement (𝑍(𝑡)), 
and normalising this difference by the swollen, uncompressed cartilage 
height (ℎcartilage). This quantifies the cartilage strain recovery, attribut-
ing positive values of 𝜀𝑟(𝑡) to sliding induced interstitial fluid recovery, 
and negative values to sustained fluid loss exhibited as continued 
compression. Referring to IFP theory (Eq. (1)), the initial 30-min com-
pression phase aims to induce cartilage strain towards the equilibrium 
state (𝜀𝐶 ⇒ 𝜀𝑒𝑞). Therefore, increasing strain recovery (𝜀𝑟(𝑡)) during 
sliding is expected to result in a lower steady-state coefficient of friction 
(𝜇𝐹 ) compared to the startup coefficient (𝜇𝑆 ).

It is important to note that while SPMK-g-PEEK and PEEK sam-
ples are treated as incompressible materials, the compression phase 
against cartilage condyles results in deformation of both the pin and 
the condyle surface. Therefore, to measure the change in height at-
tributable to the cartilage pin, the 𝑋-positions of the deformed condyle 
following compression phase were excluded from the calculation of 
average 𝑍(𝑡) displacement. This complicates direct comparison to IFP 
5 
theory discussed in Eq.  (1), as the equilibrium strain (𝜀𝑒𝑞) of the 
cartilage plug cannot be precisely determined at the end of the com-
pression phase (𝜀𝐶 ). However, calculation of the overall strain recovery 
(𝜀𝑟(𝑡 = 3600 s)), denoted as 𝜀𝑟, remains consistent with previous 
protocols utilised to quantify strain recovery attributable to tribological 
rehydration on cSCA cartilage (Kupratis et al., 2021; Farnham et al., 
2021) and PETR of SCA cartilage (Elkington et al., 2024b,a). 

𝜀𝑟(𝑡) =
𝑍(𝑡 = 1800 s) −𝑍(𝑡)

ℎcartilage
(3)

2.3.3. Statistical analysis
Independent 𝑡-tests were conducted to compare the mean overall 

strain recovery (𝜀𝑟), startup CoF (𝜇𝑆 ) and final CoF (𝜇𝐹 ) across different 
contact geometries (Table  3) and substrates (Table  4). The 𝑡-tests 
were used to determine if there were significant differences between 
the means of two independent groups under different conditions. The 
𝑡-statistic quantifies the difference between the sample means in terms 
of standard deviations; a higher absolute 𝑡-statistic value indicates a 
greater difference between the groups. The 𝑝-value represents the likeli-
hood that the observed differences are due to experimental error. In this 
study, a significance level of 0.050 was used, meaning 𝑝-values below 
0.050 were considered statistically significant. Normal distribution of 
the results data was assumed for the conducted statistical analyses. 
Independent 𝑡-tests were performed to compare:

• Contact Geometry: SCA vs. cSCA for each substrate (PEEK, 
Condyle, SPMK-g-PEEK), elucidating the contribution of tribolog-
ical rehydration facilitated by the cSCA contact.

• Substrate Effects: PEEK and SPMK-g-PEEK vs. matched cartilage 
for both SCA and cSCA conditions, elucidating the contribution of 
substrate hydration to replicate the tribology of matched cartilage 
(physiological condition).

This statistical approach allows for the quantitative assessment of 
the effects of geometric and surface interactions on cartilage tribology 
and rehydration. The full pairwise 𝑡-tests results across all contact con-
ditions are provided in the supporting information (Tab. A1). Primarily, 
this approach seeks to determine if PETR (i.e. SPMK-g-PEEK substrates) 
can mimic native synovial rehydration of matched cartilage (condyle 
substrates).
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Table 2
Summary of the mean applied normal load (𝐹𝑍 ), mean overall strain recovery (𝜀𝑟), mean initial startup 
CoF (𝜇𝑆 ), and mean final CoF (𝜇𝐹 ) for each test configuration. The values are based on tests conducted in 
accordance with the parameters specified in Table  1. Each test was performed in triplicate (N = 3), and the 
data are presented as mean ± one standard deviation.
 Test Applied load Strain recovery Startup CoF Final CoF  
 (N = 3) 𝐹𝑍 (N) 𝜀𝑟 (%) 𝜇𝑆 (–) 𝜇𝐹  (–)  
 SCA-Condyle 19.87 ± 1.53 8.77 ± 3.10 0.133 ± 0.032 0.049 ± 0.012 
 cSCA-Condyle 19.69 ± 1.39 14.11 ± 4.15 0.125 ± 0.025 0.038 ± 0.020 
 SCA-PEEK 19.89 ± 0.81 −4.69 ± 1.60 0.300 ± 0.045 0.269 ± 0.064 
 cSCA-PEEK 19.77 ± 1.01 4.15 ± 1.01 0.282 ± 0.069 0.148 ± 0.037 
 SCA-SPMK 20.21 ± 0.29 7.04 ± 1.71 0.038 ± 0.024 0.011 ± 0.006 
 cSCA-SPMK 19.98 ± 0.39 12.95 ± 2.55 0.043 ± 0.012 0.007 ± 0.004 
Table 3
Contact Geometry: Comparison of mean overall strain recovery (𝜀𝑟), startup CoF (𝜇𝑆 ) and final CoF (𝜇𝐹 ) between each substrate 
in SCA and cSCA configurations using independent 𝑡-tests. The 𝑡-statistic measures the difference between the sample means 
in terms of standard deviations, and the 𝑝-value indicates the statistical significance of the observed differences.
 Sample pair Strain recovery (𝜀𝑟) Startup CoF (𝜇𝑆 ) Final CoF (𝜇𝐹 )

 𝑡-statistic 𝑝-value 𝑡-statistic 𝑝-value 𝑡-statistic 𝑝-value 
 SCA-Condyle vs. cSCA-Condyle −1.786 0.154 0.341 0.751 0.817 0.469  
 SCA-PEEK vs. cSCA-PEEK −8.092 0.003 0.378 0.727 2.835 0.061  
 SCA-SPMK vs. cSCA-SPMK −3.681 0.041 −0.323 0.768 0.961 0.398  
3. Results & Discussion

Table  2 summarises the mean applied load, 𝐹𝑍 ± one standard 
deviation, throughout the sliding phase. Variability of applied load 
was most pronounced when interacting with cartilage condyle surfaces 
(Supplementary Figure A1) and in the case of the highest strain PEEK 
conditions leading a maximum deviation of ±1.53 N. The Fuzzy-PI 
controllers capability to dynamically tune the PI controller (Iyer et al., 
2024) was effective in responding to the temporal cartilage deformation 
and maintaining an approximately constant 20 N load throughout slid-
ing. Notably, matched cartilage tribology studies often do not disclose 
the normal load error nor state the deviation (Caligaris and Ateshian, 
2008; Merkher et al., 2006; Bell et al., 2006; Katta et al., 2007; North-
wood et al., 2007). This lack of reporting makes direct comparisons 
challenging. However, the observed maximum deviation of ± 1.53 N is 
relatively small (∼7.5% of the target load of 20 N), whereas previous 
studies on matched cartilage have shown that for contact pressures with 
a 25% difference (ranging from 0.3–0.4 MPa) steady state CoF remains 
consistent at approximately 𝜇 ∼ 0.03 (Katta et al., 2007). This studies 
level of 𝐹𝑍 deviation is unlikely to significantly impact the tribological 
performance or the general conclusions drawn from the study.

Table  2 also summarises the mean overall strain recovery (𝜀𝑟), the 
mean startup CoF (𝜇𝑆 , measured at 𝑡 = 1800 s) and the mean final 
CoF (𝜇𝐹 , measured at 𝑡 = 3600 s) with one standard deviation of 
error for all test scenarios detailed in Table  1. Strain recovery (𝜀𝑟) was 
noted for five out of six contact conditions explored during the sliding 
phase coinciding with decreasing CoF, broadly complying with the 
principles of IFP theory (Eq. (1)). The only sample that did not exhibit 
reducing strain or CoF was PEEK - SCA cartilage which is expected, as 
this configuration facilitates no rehydration mechanism. The specific 
relationship between CoF and strain recovery for each contact pair 
are discussed in subsequent sections. Principally, this methodology 
attempts to replicate the fluid recovery processes inherent to physiolog-
ical cartilage–cartilage interactions and contrast with the rehydration 
capabilities of SPMK-g-PEEK (Elkington et al., 2024a, 2023, 2024b).

3.1. Effect of contact geometry (SCA vs. cSCA)

Greater cartilage strain recovery (𝜀𝑟) and subsequently lower final 
CoF are expected for cSCA geometry cartilage pins. This geometry 
facilitates tribological rehydration through hydrodynamic pressurisa-
tion in the convergent-wedge inlet, in contrast to SCA, which lacks 
a convergent wedge and operates independently of tribological rehy-
dration (Moore, 2017; Elkington et al., 2024b). Table  3 summarises 
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the independent 𝑡-tests performed for each substrate (PEEK, SPMK-g-
PEEK, cartilage condyle) interfaced with cartilage in SCA and cSCA 
conditions. For all contact pairs, the startup CoF (𝜇𝑆 ) is unaffected by 
contact geometry (𝑝 > 0.7), which is expected as this corresponds to 
the cartilage pin is in the highest strain state ahead of any rehydration. 
Overall strain recovery (𝜀𝑟) is enhanced by tribological rehydration 
(cSCA conditions) against engineered PEEK and SPMK-g-PEEK sub-
strates (𝑝 < 0.05). Whereas against a cartilage condyle, the contribution 
of strain recovery attributed to tribological rehydration is reduced 
(𝑝 = 0.15), suggesting fluid recovery is dominated by fluid confinement 
within the interfacial gaps of opposing cartilage surfaces (Wu and 
Ferguson, 2017; Liao et al., 2019; Putignano et al., 2021). In contrast, 
for the condyle and SPMK-g-PEEK cases, the contact geometry (SCA 
versus cSCA) does not significantly impact the final CoF (𝜇𝐹 , 𝑝 >
0.4), demonstrating in each case the magnitude of fluid recovery was 
sufficient to recover IFP. Further discussion of statistical significance 
is provided in subsequent sections alongside the experimental data to 
delineate specific fluid recovery and tribological mechanisms.

3.1.1. Cartilage vs. Cartilage condyle
Fig.  4 illustrates strain recovery from which fluid recovery is in-

ferred for SCA and cSCA cartilage plugs throughout sliding against a 
cartilage condyle, indicating the recovery of interstitial fluid. Cartilage 
condyles sliding against the SCA plug (Fig.  4(a)) exhibited strain re-
covery of 𝜀𝑟 = 8.77 ± 3.10%. A greater strain reduction was observed 
for the cSCA condition (Fig.  4(b)) of 𝜀𝑟 = 14.11 ± 4.15%, though 
this result is not statistically significant (𝑝 = 0.15). In both instances 
the startup CoF at the onset of sliding was approximately 𝜇𝑆 ∼ 0.13 
(𝑝 = 0.75), and decreased throughout sliding towards similar final CoF 
of 𝜇𝐹  = 0.049 ± 0.012 and 𝜇𝐹  = 0.038 ± 0.020 for the SCA and cSCA 
cases respectively (𝑝 = 0.47). Observation of strain recovery in both 
instances corresponds to a substantially reduced final CoF (𝜇𝐹 ), broadly 
complying with IFP theory (Eq. (1)) (Moore et al., 2017; Caligaris and 
Ateshian, 2008). The authors recognise that the low sample size (N = 
3) limits the statistical power of this study. Hence the contribution of 
tribological rehydration (cSCA condition) to strain recovery is not con-
clusively elucidated within this experiment, and is indicated by a low 
non-significant 𝑝-value (𝑝 = 0.15). However, the high strain recovery 
observed in the SCA condition (𝜀𝑟 = 8.77 ± 3.10%), clearly suggests 
that matched cartilage rehydration appears to be dominated by alter-
nate fluid recovery mechanisms native to interfacing synovial tissue. 
Potential mechanisms are discussed in later sections (Section 3.2).

The matched cartilage configuration provides a closer approxima-
tion to conformal synovial joint mechanics compared to simplified 
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Fig. 4. Strain recovery (𝜀𝑟(𝑡)) and CoF (𝜇(𝑡)) data for the sliding phase of SCA and cSCA cartilage pins against a bovine condyle.
pin-on-plate studies, while maintaining greater experimental control 
than conformal hip pendulum setups (Bei and Fregly, 2004). Previous 
studies on self-mated cartilage, using both human hip pendulum exper-
iments and multiaxial joint simulators, have consistently reported low 
CoF values between 0.01–0.06, implying sustained IFP for maintaining 
low friction (Unsworth et al., 1975b,a; McCann et al., 2008). Benchtop 
pin-on-plate studies of matched cartilage–cartilage contacts also typi-
cally examine only CoF, sustained in the region of 0.01–0.05 during 
≤ 1 h long testing (Link et al., 2020; Northwood et al., 2007; Katta 
et al., 2007; Caligaris and Ateshian, 2008). The self-mated cartilage 
experiments detailed in this study (Fig.  4) demonstrate a CoF (𝜇𝐹 ) 
of < 0.05, comparable to anticipated values, with the addition of in-
situ quantification of strain recovery quantifying reuptake of interstitial 
fluid.

3.1.2. Cartilage vs. PEEK
No strain recovery, indicating no rehydration, was observed for 

SCA cartilage sliding against PEEK plates (Fig.  5(a)), exhibited as a 
continuous strain increase throughout sliding (𝜀𝑟 = −4.69 ± 1.60%). 
This observation is consistent with prior research, resembling uncon-
fined compression, within which the flat SCA geometry fails to gen-
erate a hydrodynamic pressurisation zone necessary for facilitating 
fluid recovery in cartilage (Elkington et al., 2023, 2024b; Caligaris 
and Ateshian, 2008; Moore and Burris, 2017). Contrary to IFP theory 
(Eq. (1)) and earlier findings that correlate increased strain with higher 
CoF (Caligaris and Ateshian, 2008; Elkington et al., 2024b). A marginal 
reduction in CoF during the SCA-PEEK sliding phase was observed, 
from 𝜇𝑆 = 0.300 ± 0.045 to 𝜇𝐹  = 0.269 ± 0.064. Considering the 
high margin of CoF error, both these results essentially align with 
the maximal equilibrium CoF for SCA-PEEK (Elkington et al., 2023, 
2024b). Indicating that the marginal differences observed are indicative 
of no effective fluid recovery, and the loss of IFP following compression 
completely inhibits cartilage lubrication.

The cSCA-PEEK condition (Fig.  5(b)) significantly enhances inter-
stitial fluid recovery (𝑝 = 0.003) resulting in a strain recovery of 𝜀𝑟 = 
4.15 ± 1.01%, indicating effective tribological rehydration (Moore and 
Burris, 2017). Correspondingly, the reduction from a high startup CoF 
(𝜇𝑆 = 0.282 = ± 0.069) to a final CoF (𝜇𝐹  = 0.148 ± 0.037) approached 
significance (𝑝 = 0.061). Indicating effective tribological rehydration 
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consistent with IFP theory (Eq. (1)) (Moore and Burris, 2017; Farnham 
et al., 2021). However, the resultant final CoF, significantly exceeds 
safe physiological friction levels (∼ 𝜇 ≤ 0.1) (Moore et al., 2017), 
suggesting that only partial restoration of IFP was achieved. Compar-
atively, previous studies of glass interfaced with cSCA cartilage at a 
lower 7 N load (∼0.2 MPa) demonstrate speeds of 60–80 mm/s are 
required to achieve sufficient tribological rehydration for sustaining 
a physiological CoF of < 0.04 (Moore and Burris, 2017; Burris and 
Moore, 2017; Kupratis et al., 2021), corresponding to a strain recovery 
of 𝜀𝑟 ∼ 6% (Kupratis et al., 2021; Farnham et al., 2021). The lower 
sliding speeds used in this study of 22.1–33.4 mm/s are consistent 
with the speed threshold for initiating tribological rehydration (Burris 
and Moore, 2017; Kupratis et al., 2021; Moore and Burris, 2017), 
with similar studies observing CoF in the range of 0.1–0.3 (Burris and 
Moore, 2017; Kupratis et al., 2021) and strain recovery of 𝜀𝑟 ∼ 1% 
at 30 mm/s (Kupratis et al., 2021). The greater strain recovery of 𝜀𝑟
= 4.15 ± 1.01% observed herein is attributed to the application of a 
higher load of 20 N (∼0.50 MPa). This higher load predisposes the car-
tilage to a greater degree of compression-induced strain, facilitating a 
more substantial recovery along with increased hydrodynamic pressuri-
sation during sliding, thereby promoting more fluid recovery (Burris 
and Moore, 2017; Elkington et al., 2024a; Katta et al., 2007).

3.1.3. Cartilage vs. SPMK-g-PEEK
Strain recovery indicative of rehydration occurred for both the SCA 

and cSCA cartilage pins sliding against SPMK-g-PEEK, as shown in Fig. 
6. SCA-SPMK (Fig.  6(a)) resulted in a total strain recovery of 𝜀𝑟 = 
7.04 ± 1.71%, and cSCA-SPMK (Fig.  6(b)) exhibited a significantly 
greater strain recovery of 𝜀𝑟 = 12.95 ± 2.55% (𝑝 = 0.041). Minor 
discrepancies between low CoF measurements (i.e., ranges below 𝜇 <
0.05) are often attributed to sample misalignment rather than mech-
anistic differences (Burris and Sawyer, 2009). Therefore respective 
startup and final CoF for the SCA-SPMK and cSCA-SPMK conditions 
(Table  2) are considered nominally equivalent and are statistically 
insignificant. For both contact geometries against the highly lubricious 
SPMK-g-PEEK surface, the onset of sliding yielded a startup CoF of 𝜇𝑆
∼ 0.04 (𝑝 = 0.768) before reaching a steady state 𝜇𝐹 ∼ 0.01 (𝑝 = 0.398). 
Concurrent strain recovery and CoF reduction during the sliding phase 
suggest compliance with the principles of IFP (Eq. (1)) with increasing 
fluid load support corresponding to attenuated friction.
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Fig. 5. Strain recovery (𝜀𝑟(𝑡)) and CoF (𝜇(𝑡)) data for the sliding phase of SCA and cSCA cartilage pins against unfunctionalised PEEK.
Fig. 6. Strain recovery (𝜀𝑟(𝑡)) and CoF (𝜇(𝑡)) data for the sliding phase of SCA and cSCA cartilage pins against SPMK-g-PEEK.
Demonstration of rehydration (𝜀𝑟 = 7.04 ± 1.71%) for the SCA-
SPMK interface aligns with previous studies of PETR in the same 
contact conditions at higher loads of 30 N (∼0.75 MPa) at 10 mm/s 
exhibiting 𝜀𝑟 ∼ 8%–11% (Elkington et al., 2024b,a). The greater overall 
strain recovery observed for the cSCA-SPMK condition (𝜀𝑟 = 12.95 ±
2.55%, 𝑝 = 0.041), compared to the SCA condition, indicates the 
mechanisms of PETR and convergent contact tribological rehydration 
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are additive, resulting in an enhanced strain recovery. This provides 
greater fluid recovery than observations of cSCA tribological rehydra-
tion exclusive to convergent wedge effects, as observed against the 
unfunctionalised PEEK (Fig.  5(b)) and in previous studies (Farnham 
et al., 2021; Elkington et al., 2024b; Kupratis et al., 2021). Notably, 
enhanced strain recovery does significantly correspond to reduced final 
CoF between SCA and cSCA contacts (𝜇 , 𝑝 = 0.398), highlighting 
𝐹
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Table 4
Substrate effects: Comparison of mean overall strain recovery (𝜀𝑟), startup CoF (𝜇𝑆 ) and final CoF (𝜇𝐹 ) between PEEK, SPMK-
g-PEEK and matched cartilage substrates for both SCA and cSCA conditions using independent 𝑡-tests. The 𝑡-statistic measures 
the difference between the sample means in terms of standard deviations, and the 𝑝-value indicates the statistical significance 
of the observed differences.
 Sample pair Strain recovery (𝜀𝑟) Startup CoF (𝜇𝑆 ) Final CoF (𝜇𝐹 )

 𝑡-statistic 𝑝-value 𝑡-statistic 𝑝-value 𝑡-statistic 𝑝-value 
 SCA-Condyle vs. SCA-PEEK 6.683 0.007 −5.238 0.008 −5.852 0.024  
 cSCA-Condyle vs. cSCA-PEEK 4.039 0.046 −3.75 0.046 −4.530 0.019  
 SCA-SPMK vs. SCA-PEEK 10.433 0.001 −8.898 0.003 −6.952 0.019  
 cSCA-SPMK vs. cSCA-PEEK 5.557 0.016 −5.911 0.024 −6.562 0.021  
 SCA-Condyle vs. SCA-SPMK 0.910 0.442 4.114 0.017 4.906 0.017  
 cSCA-Condyle vs. cSCA-SPMK 0.412 0.705 5.122 0.016 2.633 0.110  
that the aqueous lubrication of SPMK-g-PEEK substantially influences 
cartilage friction.

The SPMK-g-PEEK surface introduces a highly hydrated polyelec-
trolyte interface, providing effective aqueous boundary lubrication. 
Previous studies have shown that lubricity of SPMK-g-PEEK is inde-
pendent of speed, maintaining constant low CoF (< 0.02) across a 
speed range of 1–200 mm/s up to 1.2 MPa contact pressures against 
cartilage (Elkington et al., 2024a). The inherent lubricity of the SPMK-
g-PEEK interface facilitates low CoF even after compressive cartilage 
dehydration, with both SCA and cSCA contacts exhibiting a startup 
CoF of 𝜇𝑆 ∼ 0.04. The SPMK-g-PEEK startup CoF observed within 
this study is marginally higher than previous studies (𝜇𝑆 < 0.02, 
sliding speed = 10 mm/s) (Elkington et al., 2024b). Whilst this discrep-
ancy maybe be attributed experimental hardware differences in sample 
alignment (Burris and Sawyer, 2009), greater shear forces resulting 
from higher sliding speeds likely increase friction in cartilage following 
compression, where rehydration has not yet occurred to supplement 
fluid load support.

3.2. Substrate effects

Table  4 summarises the independent 𝑡-tests performed for each 
cartilage contact geometry condition (SCA, cSCA) interfaced with each 
substrate (PEEK, SPMK, cartilage condyle). Aside from tribological 
rehydration afforded by a cSCA cartilage geometry, there are clear 
indications of rehydration attributed to substrate effects. Comparing 
cartilage condyle and PEEK substrates in both SCA and cSCA config-
urations, demonstrated significantly greater overall strain recovery (𝜀𝑟, 
𝑝 < 0.05), lower startup CoF (𝜇𝑆 , 𝑝 < 0.05), and lower final CoF (𝜇𝐹 , 𝑝 <
0.03) for cartilage condyle surfaces. The greater overall strain recovery 
and low friction of matched cartilage is attributed to the increased 
availability of water in the contact area, as both cartilage can exude wa-
ter interstitial water and support biphasic fluid–structure interactions 
to promote rehydration and lubrication (Shim et al., 2021; Hou et al., 
1989). Furthermore, compliance of low-modulus matched cartilage 
contacts promote uniform distribution of contact pressures (Pawaskar 
et al., 2010; Willing et al., 2014), which may support fluid film lu-
brication (Hou et al., 1989; Schwartz and Bahadur, 2007). Synovial 
rehydration mechanisms can be attributed to fluid exchange within the 
contact gap (Wu and Ferguson, 2017; Liao et al., 2019) and osmotic 
swelling (Voinier et al., 2022), both of which rely on transient loading 
within the contact area during sliding, supported by the high compli-
ance distributing contact pressures and roughness of cartilage (i.e. fluid 
confinement between asperities). However, this study does not iso-
late specific contributions of synovial tissue rehydration mechanisms, 
focusing instead on the overall performance of matched cartilage. 
Conversely, hard biomaterials such as PEEK result in higher contact 
pressures and comparatively smaller contact areas, resulting in accel-
erated fluid exudation and higher shear forces (Berkmortel et al., 2020; 
Khayat, 2015; Willing et al., 2014). Cartilage rehydration and aqueous 
lubrication are reduced as PEEK surfaces do not provide a hydrated, 
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porous, compliant counterface necessary for effective fluid exchange 
within the contact area (Elkington et al., 2023). The same trend is 
observed when comparing SPMK-g-PEEK and PEEK substrates in both 
SCA and cSCA configurations (Table  4), demonstrating significantly 
greater overall strain recovery (𝜀𝑟, 𝑝 < 0.02), lower startup CoF (𝜇𝑆 , 𝑝 <
0.01), and lower final CoF (𝜇𝐹 , 𝑝 < 0.02) for SPMK-g-PEEK substrates. 
Prior studies measure the SPMK swollen surface height of 5 μm and 
low modulus of ∼500 Pa, indicating a hydrated, cushioning interface 
that enhances fluid pressurisation within cartilage asperity gaps to 
facilitate rehydration (Elkington et al., 2024a). Hydrophilic SPMK-g-
PEEK counterfaces facilitate aqueous lubrication (low 𝜇𝑆 and 𝜇𝐹 ) and 
an aqueous reservoir to support cartilage interstitial fluid recovery 
(high 𝜀𝑟) through PETR (Elkington et al., 2024a, 2023, 2024b).

Table  4 shows strain recovery promoted by SPMK-g-PEEK substrates 
attributed to PETR, and strain recovery promoted by condyle substrate 
attributed to synovial rehydration mechanisms are comparable in both 
SCA (𝜀𝑟, 𝑝 = 0.442) and cSCA conditions (𝜀𝑟, 𝑝 = 0.705). The greatest 
strain recovery was observed in the cSCA condition, with cSCA-SPMK 
exhibiting 𝜀𝑟 = 12.95 ± 2.55%, and cSCA-Condyle exhibiting 𝜀𝑟 = 
14.11 ± 4.15% (𝑝 = 0.705). Providing an initial empirical demon-
stration that SPMK-g-PEEK can effectively mimic synovial rehydration 
mechanisms. However, there are distinct differences in lubrication 
mechanisms. In both SCA and cSCA conditions, SPMK-g-PEEK surfaces 
exhibit a significantly lower startup CoF (𝜇𝑆 ∼ 0.04) compared to the 
high startup CoF (𝜇𝑆 ∼ 0.13) observed for cartilage condyles (𝑝 <
0.02). IFP recovery and enhanced fluid load support, indicated by strain 
recovery, results in lower final CoF for SPMK-g-PEEK (𝜇𝐹 ∼ 0.01) and 
condyle (𝜇𝐹 ∼ 0.05) surfaces. Comparing respective contact geometries, 
there is a statistically greater reduction of final CoF for SCA conditions 
(𝑝 = 0.02) than for cSCA conditions (𝑝 = 0.11). Which is attributed to the 
greater contribution of tribological rehydration observed for the cSCA-
SPMK condition (Table  3). As discussed previously, the lubrication 
performance of SPMK-g-PEEK is largely independent of IFP, as the 
high hydration of the surface tethered SPMK polyelectrolyte provides 
unabating aqueous lubrication (Elkington et al., 2024a, 2023, 2024b). 
Notably, the startup CoF observed for SPMK-g-PEEK surfaces (𝜇𝑆 ∼
0.04) is similar in magnitude to the final CoF for matched cartilage 
condyles (𝜇𝐹 ∼ 0.05). Demonstrating that the lubrication performance 
of SPMK-g-PEEK can replicate physiological CoF even in contact con-
ditions following compressive fluid exudation with reduced cartilage 
IFP (Fig.  6). Conversely, lubrication of matched cartilage relies on 
IFP (Caligaris and Ateshian, 2008), and hence is dependent on strain 
recovery to restore IFP (Fig.  4).

3.3. Clinical significance

Current use of hard biomaterials (e.g. Cobalt-Chromium-Molybd
enum) for focal joint repair or hemiarthroplasty compromise fluid-
pressure dependent load support of interfacing cartilage, leading to 
high friction and cartilage erosion (Pawaskar et al., 2011; Diermeier 
et al., 2020). Indicating that these biomaterials do not facilitate the 
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sustainable, competitive rehydration essential for supporting healthy 
cartilage biomechanics (Rossetti, 2022; Guilak et al., 2001). In con-
trast, matched cartilage surfaces provide a continuous pathway for 
fluid exchange, supporting hydraulic permeability and osmotic rehy-
dration (Pawaskar et al., 2010). Cartilage fluid recovery to counteract 
compressive exudation holds significant physiological relevance. Fore-
most rehydration is required for sustaining IFP and CoF < 0.1 (Moore 
and Burris, 2017; Moore et al., 2017; Caligaris and Ateshian, 2008), 
above which can lead to wear of cartilage and pathogenesis of os-
teoarthritis (Neu et al., 2010; Oungoulian et al., 2015; Chan et al., 
2011). Additionally rehydration underpins biological functions (i.e. so-
lute transport and cellular mechanotransduction) (Graham et al., 2017; 
Schätti et al., 2016; Albro et al., 2008) with observations that activity 
can prevent osteoarthritis (Williams, 2013) or joint space narrowing by 
reversing cartilage dehydration due to inactivity (Ekholm and Be, 1952; 
Ingelmark and Ekholm, 1948).

This study demonstrates interfacing hard biomaterials, such as PEEK 
(Fig.  5), against cartilage results in vastly reduced strain recovery 
and higher CoF, highlighting the inadequacy of hard biomaterials 
in supporting cartilage lubrication and rehydration (Elkington et al., 
2023, 2024b). Whereas, friction and interstitial fluid recovery of car-
tilage is significantly influenced by the surface hydration of oppos-
ing cartilage (condyle substrates) or polyelectrolytes (SPMK-g-PEEK 
substrates) (Caligaris and Ateshian, 2008; Elkington et al., 2024a; 
Murakami et al., 1999). Compared to PEEK in the SCA condition, 
cartilage condyle interfaces result in enhanced strain recovery (𝜀𝑟 = 
8.77 ± 3.10%, 𝑝 = 0.007) resulting in a substantially lower final CoF 
(𝜇𝐹  = 0.049 ± 0.012, 𝑝 = 0.024). Similarly SPMK-g-PEEK in the SCA 
condition, compared to PEEK, results in enhanced strain recovery (𝜀𝑟
= 7.04 ± 1.71%, 𝑝 = 0.001) and a substantially lower CoF (𝜇𝐹  = 
0.011 ± 0.006, 𝑝 = 0.019). The SCA condition operates independently 
of tribological rehydration (Moore and Burris, 2017; Elkington et al., 
2024b), and therefore isolates the contributions of each substrate. 
The contribution of tribological rehydration enhanced overall strain 
recovery for all substrates (Table  2). Correspondingly, the greatest 
strain recovery in this dataset was observed for the cSCA-SPMK (𝜀𝑟 = 
12.95 ± 2.55%) and cSCA-Condyle (𝜀𝑟 = 14.11 ± 4.15%) experiments. 
A key finding of this study is that PETR by SPMK-g-PEEK substrates 
can reproduce comparable levels matched cartilage (condyle) synovial 
rehydration, demonstrated by the insignificant strain recovery (𝜀𝑟) 𝑝-
values comparing both SCA, 𝑝 = 0.442, and cSCA conditions, 𝑝 = 0.705
(Table  4). Furthermore, the superior aqueous lubrication properties of 
SPMK-g-PEEK are able to facilitate physiological CoF levels at the start 
of sliding (𝜇𝑆 ∼ 0.04) (Caligaris and Ateshian, 2008; Moore et al., 
2017), where cartilage IFP is diminished, contrasting to the higher 
startup CoF observed for cartilage condyle surfaces (𝜇𝑆 ∼ 0.13). These 
results confer SPMK-g-PEEK as a compelling biomimetic interface for 
facilitating cartilage rehydration, and therefore the biological function 
of cartilage (Graham et al., 2017), and also facilitate low friction 
comparable to the final CoF of matched cartilage interfaces following 
effective rehydration and IFP recovery (𝜇𝐹 ∼ 0.05, Fig.  4). Previous 
studies of low cartilage friction afforded by SPMK-g-PEEK interfaces 
have been demonstrated to substantially mitigate cartilage wear com-
pared to unfunctionalised biomaterials (Elkington et al., 2023) and 
facilitate low CoF of damaged cartilage (Elkington et al., 2024b).

Present literature on high water content materials for cartilage 
resurfacing, hydrogels or polymer brush interfaces, often only con-
sider CoF to evaluate performance against impermeable counterfaces 
(e.g. glass) (Milner et al., 2018; Pan et al., 2007; Freeman et al., 
2000; Blum and Ovaert, 2013; Chen et al., 2017; Baykal et al., 2013; 
Murakami et al., 2015) or cartilage explants (Kyomoto et al., 2010; 
Li et al., 2016, 2010). These approaches fail to directly measure the 
materials’ ability to regulate cartilage interstitial fluid recovery. The 
inference of sustained hydration is often indirectly made through ob-
servations of maintained physiological CoF levels, leveraging the un-
derstanding of the biphasic nature of these materials (Baykal et al., 
10 
2013; Murakami et al., 2015). However, the reliance on CoF as a 
sole performance indicator may be misleading, posing the risk that 
materials exhibiting low CoF due to aqueous lubrication alone may not 
adequately support fluid transport requisite for maintaining cartilage 
health (Graham et al., 2017). SPMK-g-PEEK is an example of a material 
that facilitates physiological low cartilage CoF, irrespective of cartilage 
IFP (Elkington et al., 2024b,a), which is demonstrated by the low CoF 
observed for cartilage interfaced with SPMK-g-PEEK at the onset of 
sliding (𝜇𝑆 ∼ 0.04, Fig.  6). The specific PETR mechanism underpin-
ning cartilage strain recovery interfaced with SPMK-g-PEEK has been 
explicated in a previous study (Elkington et al., 2024a). However future 
studies of alternate hydrated materials for articulating against cartilage 
(e.g. hydrogels) should employ studies which evaluate the materials 
capacity for facilitating cartilage rehydration.

3.4. Limitations

The statistical power of this study is constrained by the small sample 
size (N = 3), providing only an initial indication of SPMK-g-PEEK’s 
efficacy in replicating the fluid exchange and tribological properties 
of matched articular cartilage. In vitro analysis of cartilage tribology 
inherently faces uncertainties due to the variability in tissue quality 
and geometry (Moore et al., 2017). The most significant errors were 
observed in the matched cartilage contacts (Fig.  4), with a strain 
standard deviation of approximately 3%–4%. In contrast, previous stud-
ies on SCA cartilage strain against PEEK substrates reported standard 
deviations around 2% (Elkington et al., 2024b). The higher standard 
deviation in matched cartilage contacts is attributed to the compliance 
of both mated cartilage surfaces, which leads to greater temporal 
variation in compressive strain. These errors are further compounded 
by the low sample size. Specifically, this study did not reliably quantify 
the synergistic effects of cSCA tribological rehydration and synovial 
rehydration (e.g. osmotic swelling). Future studies should incorpo-
rate a larger sample size and aim to optimise the Fuzzy-PI feedback 
parameters to enhance feedback rate and improve load control.

The development of a tribometer designed to replicate matched car-
tilage interactions has introduced challenges in accurately measuring 
contact area or strain under zero interstitial pressure. Additionally, the 
experiments involving matched cartilage (condyle) and SPMK-g-PEEK 
interfaces did not strictly adhere to the numerical predictions of IFP 
theory (Eq. (1)), likely due to additional friction dissipation mecha-
nisms beyond biphasic theory (i.e. aqueous boundary lubrication). To 
fully elucidate the temporal biomechanical behaviour of cartilage in-
terfaced with candidate biomaterials, future studies should incorporate 
accurate calculations of interstitial fluid flow using porohyperelas-
tic (De Boer et al., 2020) or multiscale lubrication models (Putignano 
et al., 2021), alongside detailed experimental analyses.

The influence of dynamic physiological loading, such as gait, on 
cartilage tribology and fluid pressurisation remains debated in the 
literature (Sadeghi et al., 2015; Krishnan et al., 2005). This study 
focused on constant loading at 20 N. Future investigations using the 
Fuzzy-PI tribometer (Fig.  2) will examine the effects of variable loading 
and physiological velocity profiles on cartilage–cartilage tribological 
rehydration and assess the ability of SPMK-g-PEEK to replicate this be-
haviour under physiological duty cycles. Furthermore, this dynamically 
responsive in vitro apparatus and associated techniques could feasibly 
be employed for validating other soft viscoelastic materials for tissue 
and cartilage repair (Nayar et al., 2012; Erdemir et al., 2015).

4. Conclusions

This study demonstrates the efficacy of SPMK-g-PEEK as a biomi
metic material for focal cartilage repair, capable of facilitating sus-
tained low friction and interstitial fluid recovery comparable to matched
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cartilage–cartilage interfaces. The development of a Fuzzy-PI con-
trolled biotribometer for in vitro assessment of cartilage contact mod-
els facilitated concurrent measurement of friction and strain recov-
ery attributable to interstitial fluid maintenance. Through a dual-
phase testing approach, encompassing compression and subsequent 
compression-sliding, this methodology permits direct quantification 
of cartilage’s interstitial fluid recovery after static exudation phases, 
revealing rehydration dynamics.

Our results demonstrate the rehydration of matched cartilage con-
tacts with fluid exchange attributable to osmotic swelling and hydrody-
namic tribological rehydration, establishing a physiological benchmark 
for strain recovery (𝜀𝑟 ∼ 14%) and low friction (𝜇 ∼ 0.04) follow-
ing a period of compressive cartilage dehydration. In contrast, PEEK 
surfaces hinder fluid influx, leading to high CoF and limited inter-
stitial fluid recovery during sliding. SPMK-g-PEEK surfaces, with an 
engineered polyelectrolyte-enhanced tribological rehydration mecha-
nism, exhibited comparable tribological behaviour to matched cartilage 
contacts, resulting in strain recovery of 𝜀𝑟 ∼ 13% and lower friction, 
𝜇 ∼ 0.01. This highlights the effectiveness of SPMK-g-PEEK in main-
taining near-surface hydration, which is synonymous with cartilage 
lubrication and rehydration, offering inherent advantages over cur-
rently employed hard biomaterials used in cartilage repair. Overall, 
SPMK-g-PEEK presents a promising biomimetic solution for cartilage 
repair, effectively mimicking the natural rehydration and lubrication 
mechanisms essential for joint health and longevity.
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