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a b s t r a c t 

Loading-induced cartilage exudation causes loss of fluid from the tissue, joint space thinning and, in a 

long term prospective, the insurgence of osteoarthritis. Fortunately, experiments show that joints recover 

interstitial fluid and thicken during articulation after static loading, thus reversing the exudation process. 

Here, we provide the first original theoretical explanation to this crucial phenomenon, by implementing 

a numerical model capable of accounting for the multiscale porous lubrication occurring in joints. We 

prove that sliding-induced rehydration occurs because of hydrodynamic reasons and is specifically related 

to a wedge effect at the contact inlet. Furthermore, numerically predicted rehydration rates are consistent 

with experimentally measured rates and corroborate the robustness of the model here proposed. The pa- 

per provides key information, in terms of fundamental lubrication multiscale mechanisms, to understand 

the rehydration of cartilage and, more generally, of any biological tissue exhibiting a significant porosity: 

such a theoretical framework is, thus, crucial to inform the design of new effective cartilage-mimicking 

biomaterials. 

Statement of significance 

Motion and, precisely, joints articulation ensures that cartilage tissues preserve adequate level of hydra- 

tion and, thus, maintain excellent mechanical properties in terms of high resilience, considerable load- 

carrying capacity and remarkably low friction. Conversely, when statically loaded, cartilage starts to exu- 

date, causing joint space thinning and, in the long term, possible osteoarthritis; joints motion is, thus, the 

key to prevent the degradation of the tissues. By developing a numerical multiscale lubrication theory, 

and by corroborating this approach with experiments, we provide the first original theoretical explana- 

tion to this motion-induced cartilage rehydration mechanism. Assessing the rehydration hydrodynamic 

origin is, in fact, fundamental not only to understand the joints physiology, but also to highlight a key 

requirement for cartilage-mimicking biomaterials. 

© 2021 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
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. Introduction 

For decades, articular cartilage has drawn significant research 

nterest from an increasingly vast multi-disciplinary scientific com- 

unity, which includes orthopaedists, biologists, and engineers [1–

] . Indeed, cartilage plays a crucial role in any articular joint, 

here it ensures outstanding mechanical properties in terms of 

igh resilience, considerable load-carrying capacity and remark- 

bly low friction [4–6] . Regrettably, cartilage degenerates in a dis- 
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ased or osteoarthritic joint for reasons that remain unclear. Os- 

eoarthritic degradation impairs the ability of cartilage to retain 

he interstitial hydration necessary for its load support and lubri- 

ating functions: this leads to gradual wear and, eventually, to fail- 

re. Osteoarthritis remains, indeed, a massive social and economic 

roblem without a solution. 

From a biomechanical point of view, the key distinguishing fea- 

ure between physiological and pathological conditions is the in- 

ricate lubrication regime occurring when two cartilage interfaces 

re in contact and wetted by synovial fluid. While many aspects of 

his lubrication process remain uncertain, the lubrication success 

f cartilage is widely attributed to its unique biphasic structure- 

https://doi.org/10.1016/j.actbio.2021.02.040
http://www.ScienceDirect.com
http://www.elsevier.com/locate/actbio
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Fig. 1. Schematic of the sliding-induced rehydration at the macro- and micro- scale. 

Due to relative sliding, cartilage tissues are rehydrated by the synovial fluid (dark 

yellow) contained, with the articulating bones, in the joint capsule. The latter in- 

cludes the synovial membrane (pink), which secretes the synovial fluid, and the 

outer fibrous membrane (violet), which may contain ligaments. (For interpretation 

of the references to colour in this figure legend, the reader is referred to the web 

version of this article.) 
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unction relationship. Crucially, cartilage is a porous or biphasic 

edium comprising approximately 80% synovial fluid, a fibrous 

ollagenous scaffold, charged molecules called glycolaminoglycans, 

nd, finally, cells [6–8] . During loading, interstitial fluid is auto- 

atically pressurized to support the load and lubricate the con- 

act hydrostatically [9] , but, at the same time, the hydrostatic pres- 

ure drives fluid out from the tissue over time [10,11] . In situ mea-

urement of articular cartilage deformation in intact femoropatel- 

ar joints under static loading have shown that the cartilage in the 

uman knee can thin by more than 50% in just an hour or two of

tatic loading [12] . This gradual loss of interstitial fluid defeats in- 

erstitial pressure and the associated functions of load support and 

ubrication. Indeed, long periods of static loading cause joint space 

hinning, the most common clinical diagnostic for osteoarthritis 

9–11,13–15] . 

Fortunately, experiments show that joints recover interstitial 

uid and thicken during articulation after static loading, thus re- 

ersing the exudation process and ultimately preventing excessive 

oint space narrowing and the irreversible damage it likely causes 

16,17] . Thus, movement is the engine that sustains cartilage in- 

erstitial hydration, pressure, and lubrication over the long term. 

owever, while it is clear that the rehydration process is critical 

or sustaining joint-space and, thus, health, the understanding of 

ts underlying mechanism/s is still missing [18,19] . Indeed, while 

uid exudation due to joint normal loading is quantitatively pre- 

ictable with existing biphasic mechanics, the ability of cartilage 

o recover net fluid at the loaded contact interface due to slid- 

ng was not anticipated, even qualitatively. Crucially, such a theme 

ot only features aspects of significant theoretical importance but 

as also tremendous practical implications: dehydrated cartilage 

eans high friction, wear and, ultimately, the occurrence of degra- 

ation processes, like osteoarthritis [20] . Elucidating the mechanics 

f this experimentally proven rehydration process is now a priority. 

Physical activity has been known to restore cartilage hydration 

ollowing static loading since early experimental observations by 

ngelmark and Ekholm in Ref. [21,22] . They and others have ex- 

lained this phenomenon with the so-called intermittent bath ex- 

osure hypothesis: during articulation, the contact area is intermit- 

ently relieved from contact, thus enabling passive fluid recovery 

ia osmotic swelling of the free dehydrated surface. The mecha- 

isms requires that the migrating contact areas (MCAs) are period- 

cally exposed to the bath. Although MCA theory enlightens one 

spect of articulation-induced fluid recovery, it neglects at least 

ne other important contributor to the phenomenon. In particular, 

hen the contact area sits stationary relative to the cartilage, as in 

he case of tibial plateau of the knee and acetabulum of the hip, 

he resulting stationary contact area (SCA) provides no opportu- 

ity for osmotic swelling. Nonetheless, in the last few years, exper- 

mental studies have shown that cartilage recovers interstitial fluid 

ithin loaded SCAs during sliding without any benefit from con- 

act migration or unloading: these experiments show that recov- 

ry can be purely sliding-induced rather than unloading-induced 

r migration-induced, and this specific mode of recovery has been 

efined as “tribological rehydration”. Tribological rehydration oc- 

urs, by definition, at the contact interface, which involves multiple 

oughness scales as shown in Fig. 1 [18] . Experiments show that 

he tribological rehydration phenomenon crucially determines the 

ost basic conditions of joint contacts, but no theoretical justifica- 

ion of the process or of its implications on the system tribology 

as been so far provided. 

In this paper, we give the first answer to this question by de- 

eloping an innovative strategy to deal with cartilage lubrication. 

n detail, we employ a Finite Element (FE) model to study, at the 

acro-scale, the loading-induced exudation and, then, by moving 

rom the configuration provided by the FE solver, we focus on the 

orous flow dynamics within the contact interface. Our proposed 
91 
pproach accounts for the micro-roughness of cartilage and fluid 

ow within percolated interfacial pathways. We discuss the results 

ithin the context of experimental observations and conclude that 

liding-induced rehydration has, indeed, a hydrodynamic origin. 

roviding an explanation to long-standing issues related to rehy- 

ration will, ultimately, furnish useful tools to optimize the func- 

ion of native cartilage and to delay the onset or mitigate the risks 

f osteoarthritis. Furthermore, a deeper understanding of the rehy- 

rative mechanisms will also guide the development of new bio- 

aterials designed accounting for tribological rehydration as one 

f their key criteria: this is vital to succeed in the production of 

ew disruptive technology and synthetic solutions for cartilage re- 

lacement [23,24] . 

. Materials and methods 

The methodology developed in this work and detailed in this 

ection aims at addressing the most important limitations that 

ave so far hindered our ability to explicitly model and quantify 

he physical origin of the sliding-induced rehydration mechanism 

n articular cartilage. As schematically depicted in Fig. 2 , this re- 

uires us to capture not only the macroscopic behavior of the 

iphasic tissue as it is subjected to external loading and sliding, 

ut also the intimately connected interaction between the fluid 

nd the tissue as flow is established due to the pressure gradi- 

nts established at the contact edges. This is a key aspect to con- 

ider as it governs the rehydration of the tissue, whose behavior 

s then also dictated by the capability of the tissue to maintain 

lubrication” throughout the contact interface. Furthermore, we ar- 

ue that the interplay between surface deformation and fluid flow 

n the contact zone must be described adopting a multiscale ap- 

roach that describes the effect that asperities and micro-contacts 

ave on the overall flow so that the coupling between the fluid 

otion outside and inside the tissue is correctly captured every- 

here within the contact. Accounting for roughness at the contact 

nterface is crucial not only to guarantee the accuracy of the model, 

ut, most fundamentally, as elucidated later in the paper, to guar- 
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Fig. 2. Conceptual schematic of the approach employed in this study. Loading-induced exudation is assessed by means of a Finite-Element model (a), while the sliding- 

induced rehydration, sketched on the bottom (b), is studied by developing a percolation-based numerical approach to deal with the complex mixed lubrication regime 

occurring at the interface. 
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ntee lubrication throughout the entire joint. It should be noted, 

n fact, that continuity of flow must be maintained to observe re- 

ydration when the contact problem suggests operating conditions 

ommonly in the mixed lubrication regime, i.e. when the interface 

s characterized by a percolated network of interfacial gaps rather 

han by a full fluid film that separates the contacting surfaces. This 

eans that, as suggested by previous theoretical studies,without 

onsidering the details of fluid transfer to and from the tissue and 

he pseudo-equilibrium established at the asperities level, it is not 

ossible to correctly model and predict the overall tissue response 

25–27] . 

The modelling strategy and its components are presented in 

he next sub-section before introducing the experimental evidence 

sed to corroborate the results of our simulations. 

.1. Finite element simulation of cartilage dehydration 

In order to shed light on the physical mechanism that triggers 

artilage sliding-induced rehydration, it is necessary to first as- 

ess what occurs when this porous tissue is statically loaded and, 

hus, undergoes dehydration [15,28,29] . Indeed, this is crucial as 

t will be used as a starting point for the study of rehydration. 

ere, the draining process due to static loading is modelled by us- 

ng the FEM software package Abaqus v. 2017 [30–32] . Let us ob- 

erve that, at this stage, we neglect the role played by the rough- 

ess: indeed, the micro-squeeze occurring due to the static loading 

33,34] does not provide qualitatively significant variation to the 

oading problem solution in terms of stress/strain distribution, of 

ontact pressures and, ultimately, of the entire biphasic mechan- 

cs. Consequently, as reported in Fig. 2 a, by reproducing a contact 

onfiguration mimicking the typical experimental setup [20] , we 

odel a smooth cartilage cylindrical punch in contact with a flat 

ubstrate assumed to be perfectly rigid. 

In detail, we adopt the built-in soil consolidation procedure 

vailable in Abaqus to deal with biphasic porous materials [31,32] . 

odelling articular cartilage as a perfectly biphasic material has 

een pioneeringly proposed by Mow et al., [35,36] and is indeed 

n idealized approach [37,38] as, in reality, cartilage tissues are 

 saturated mixture including a fluid phase, a porous solid extra- 

ellular matrix and three-dimensional fibrils closely embedded in 

he solid [39] . The real cartilage rheology is likely to play a role in

he system dynamics, including the diffusion, after rehydration is 

tarted, of the synovial fluid into the tissue, but, to understand the 

riginal triggering mechanism of rehydration, that is the scope of 

he paper, a simple biphasic constitutive description of cartilage is 

 fair and useful approximation. Indeed, including into the anal- 

sis additional variables for the solid behavior, such as tension- 

ompression nonlinearity, viscoelasticity, anisotropy, and hetero- 

eneity, and, eventually, other non-linear effects for the synovial 

uid, like a non-Newtonian rheology, could, in fact, potentially 

islead our analysis from distinguishing causes and effects, fail- 

ng in isolating the real origin of the phenomenon under investi- 

ation. As a consequence, the numerical model employed in this 

tudy is a classic biphasic model [24] , where the material consti- 

utive behavior is fully governed by three parameters, consisting of 

he Young’s modulus E, the Poisson ratio ν and the permeability 

 . Specifically, in the analysis carried out in this study, consistently 

ith what is widely available in the literature (see e.g. Ref. [40] ), 

e assume an elastic modulus E equal to E = 0 . 55 MPa. With re-

ards to the Poisson ratio ν, as cartilage behaves like a collapsing 

etwork of fibres, for the solid component in the biphasic mate- 

ial, we assume ν equal to ν = 0 . As for the permeability k, again

oherently with specific studies in literature [40] , k is assumed 

qual to k = 4 . 2 · 10 −12 mm 
2 . Finally, for the fluid, we employ a

iscosity η equal to η = 0 . 001 Pa ·s. We implement a plain strain

 D configuration, with the cartilage circular segment, having a ra- 
93 
ius R = 1 m and the sagitta s = 280 mm , in contact with a rigid

nalytical surface. Let us notice that the results are later presented 

n dimensionless form and will, then, be applicable to any partic- 

lar joint geometry. Fluid is allowed to exude on the entire arc 

ength, but we impose specific boundary conditions once the con- 

act arises: specifically, as no micro-exudation is considered, the 

ontact area is assumed sealed, whilst free draining can occur in 

he non-contact region [28,29] . The numerical analysis, which em- 

loys 8 node pore pressure elements (CPE8RP) for the cartilage tis- 

ues, is carried out in displacement control: specifically, a displace- 

ent d being equal to d = 1 mm is applied to the top surface of 

he cartilage ( Fig. 2 a). The contact is assumed as frictionless. 

.2. Percolation-based approach to mixed lubrication in porous media 

The crucial purpose of this paper is to assess the physical mech- 

nism that guarantees a sliding-induced rehydration in articular 

oints. Consequently, we focus on the system configuration re- 

orted in Fig. 2 (b), where, after applying the normal load, the rigid 

ubstrate starts to slide, thus triggering the rehydration process. 

With regards to the lubrication dynamics, this can be studied by 

eans of the Reynolds equations [41,42] , based on the mass con- 

ervation and properly modified to account for the source term re- 

ated to the flow given to or taken from the porous solid. In partic- 

lar, by neglecting the fluid compressibility, as usually done when 

ealing with soft contacts, we can write: 

 · J l = V p (1) 

here J l is the lubricant volumetric flow and V p is the flow that is 

xchanged with the porous medium and is defined as porous flow. 

lassical considerations on flow conservation lead to determine the 

rst term as [41] : 

 l = − h 3 

12 η
∇p + 

u 

2 
h (2) 

here h is the lubricant film thickness, η is the viscosity of the 

ubricating fluid, p and u are respectively the fluid pressure and 

he entrainment speed. 

By assuming that inertial effects are negligible, the porous flow 

an be, on the other hand, obtained by means of the Darcy law 

43] , regulating the fluid dynamics in the porous flow: 

 p = − k 

η
∇p p · n (3) 

ith n being the unit vector being normal to the porous surface, 

nd p p being the pore pressure in the biphasic body. For continuity 

easons, at the boundary of the porous solid, p and p p have to be 

qual. 

Let us, now, observe that, as we are focusing on a two- 

imensional configuration, Eq. (1) can be further simplified [44] . 

pecifically, we can express the volumetric flow J l as J l = J l i , with

 being the unit vector corresponding to the x −axis and J l being 

qual to J l = −
(
h 3 / 12 η

)
( d p/d x ) + uh/ 2 , where u is the entrainment 

peed along the x −axis direction and, thus, u = u i . Furthermore, as 

e are going to focus on a two dimensional region, which, under 

eformation, can be approximated to flat, we consider that n co- 

ncides with the unit vector j referred to the y −axis. Thus, we can 

rite V p as V p = −( k/η) 
(
d p p /d y 

)
. 

After such manipulations, Eq. (1) becomes: 

dJ l 
dx 

= V p (4) 

Now, it should be noticed that, as schematically reported in 

ig. 2 (b), the system is in a severely mixed lubrication regime, i.e. 

t operates in a regime very close to boundary lubrication [41] . This 

eans that, in the region macroscopically into contact, the average 
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Fig. 3. Solution of the micro-mechanical problem at the percolation threshold: (a) cyan regions refer to non-percolating non-contact region, adjacent yellow areas to contact 

clusters and, finally, we have the percolating channel in dark blue, and (b) local gap height s (x, y ) /h rms in the percolating channel. (For interpretation of the references to 

colour in this figure legend, the reader is referred to the web version of this article.) 
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lm thickness will be much smaller than the surface roughness 

41] . Unfortunately, under these conditions, given the vast num- 

er of rough scales involved in the problem, a deterministic so- 

ution of Eq. (4) is extremely difficult to obtain [41] . As a con-

equence, a variety of statistical approaches has been developed 

o deal with mixed lubrication [45–49] : the common idea, shared 

y the majority of these approaches, is based on the introduction 

f so called flow-factor coefficients, which, once introduced in the 

odified Reynolds equation, accounts for the role played by the 

oughness. 

As for the surface roughness, let us briefly recall that, from a 

tatistical point of view, once the topography has been acquired, it 

s possible to introduce the power spectral density (PSD) C ( q ) = 

 2 π) −2 ∫ d 2 x 〈 h c ( 0 ) h c ( x ) 〉 exp ( −i q · x ) , where h c ( x ) is the height 

istribution and the symbol 〈 ·〉 stands for the ensemble average 

50–52] . Indeed, it is well known that all the statistically relevant 

nformation, including inter alia the possible surface anisotropy 

53] , are summed up in the spectral components of C ( q ) . Fur- 

hermore, determining the PSD of the cartilage samples is crucial 

lso for generating statistically equivalent numerical surfaces. As 

e are going to see, these numerical realizations, whose genera- 

ion technique can be found in Ref. [52] , are necessary to obtain 

he micromechanical statistically relevant results needed to assess 

he governing lubrication mechanism. These numerical replica have 

he PSD of the original surface, but can be generated with a dif- 

erent number of scales N and have, thus, spectral components in 

he range of wave vectors q 0 < | q | < Nq 0 with q 0 = 2 π/L 0 being

he roll-off vector related to the fundamental dimension L 0 of the 

ough sample. This allows us to fully replicate the multiscale lu- 

rication involving roughness in a spectral range spanning several 

rders of magnitude. 

Now, let us come back to the necessity of determining the flow 

actors to be inputted in Eq. (4) as this is necessary to assess the

ole that roughness plays in the lubrication dynamics. Here, we 

ropose an original phenomenological approach based on perco- 

ation [54–56] . Indeed, let us start by observing what would hap- 

en if no roughness were accounted for and the contacting sur- 

aces were considered perfectly flat: after concluding the loading 

rocess, no fluid would be present in the contact region and, even 

hen the relative sliding is started, as this region would be prac- 

ically sealed, no lubricating film could originate, and, thus, no hy- 

rodynamic pressure, no lift-off force and, ultimately, no rehydra- 

ion would occur. Fortunately, as the contacting surfaces are rough, 

ome fluid is always entrapped at the interface and, in presence of 
94 
liding speed, there is lubrication. Precisely, we have a mixed lubri- 

ation regime, where the film thickness is smaller than the surface 

oughness. This is an intrinsically multiscale regime [26] . Now, to 

his extent, at a given magnification ς = Nq 0 , the contact area will

plit into different contact clusters [27] : specifically, as shown in 

ig. 3 a, below a given threshold, defined percolation threshold, it 

s possible to distinguish a percolating channel that goes through 

he entire reference domain [54] . Unlike the contact areas and the 

solated non-contact clusters that do not percolate, the percolating 

hannel enables the lubricant to flow, thus enabling flow continu- 

ty and lubrication. Indeed, from such a point of view, related to 

ubrication, as shown in Fig. 3 b, the crucial distribution to focus on 

s the local height in this channel, that is, the separation s between 

he contacting surfaces in the percolating channel: ensemble aver- 

ge separation 〈 s 〉 and root-mean-square s rms are, in particular, the 

ariables that govern the phenomenon. Incidentally, let us notice 

hat, as shown in detail in the Supplementary Information (Section 

1), these quantities are obtained by solving the elastic problem 

t the micro-scale, by means of the Boundary Element Method de- 

cribed in Ref. [52] . Now, looking at the percolation process, when 

he load is increased and the percolation threshold is passed, con- 

act areas grows so much that no percolation may occur. How- 

ver, if the magnification ς, at which the surface is observed, is 

ncreased, i.e., additional scales of roughness are included, the con- 

act clusters fragment and a new percolating channel origin: as a 

onsequence, it is possible to conclude percolation persists under 

ll conditions given that the model includes an adequate number 

f scales. At the same time, as percolation come from the new 

cales which have been added, one should observe that the mean 

eparation in the percolating channel 〈 s 〉 will be related to these 

mallest scales: as shown in detail in the Supplementary Informa- 

ion (Section S1) to this paper, 〈 s 〉 monotonically decreases as ς is 

ncreased. This is fully consistent with the physics of the problem 

s, by increasing the load and, thus, the real contact area, more 

cales have to be added to achieve percolation: 〈 s 〉 will decrease 

nd the lubricant flow rate in the contact will reduce. 

Now, this phenomenological relation between percolation and 

ubrication at the micro-scale plays a fundamental role in the ho- 

ogenization of Eq. (4) and allows one to obtain a statistical as- 

essment of mixed lubrication conditions. Indeed, let us define a 

orrected film thickness h p : the latter is equal, in the non-contact 

egion, to the gap between the cartilage circular sector and the 

igid layer (see Fig. 2 ), while, in the contact region, h p can be de-

ned as the mean separation 〈 s 〉 in the percolation channel at the 
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agnification ς , at which percolation is detected. Coherently, it is 

ossible to define the root means square h prms being equal to the 

artilage roughness rms in the non-contact macro-region and to 

 rms in the contact area. 

We can, then, define the average flow J as: 

 = −ϕ p 

h 3 p 

12 η

dp 

dx 
+ ϕ s 

u 

2 
h p (5) 

here ϕ p and ϕ s are respectively the pressure and the shear flow 

actors. In the case of isotropic rough surfaces, ϕ p and ϕ s are al- 

ost equal [45,46] : given the mainly qualitative purpose of this 

tudy, we will assume ϕ p = ϕ s = ϕ f luid . Furthermore, in order to

uantify ϕ f luid , let us define λ as the ratio λ = h p /h prms : moving

rom simple dimensional considerations (the reader is referred to 

49] ), it is possible to assume that, for λ >> 1 , ϕ f luid ≈ 1 − 1 /λ2 ,

hereas for λ going to 0, ϕ f luid must vanish. Between these two 

imits, it is easy to extrapolate a qualitative trend for ϕ f luid as a 

unction of λ. 
The presence of the roughness will, obviously, impact also the 

orous flow V p . In particular, we assume that the biphasic solid can 

xchange fluid just in the percolating channel and, thus, we write 

he average porous flow V as: 

 = −ϕ por 
k 

η

dp p 

dy 
(6) 

ith ϕ por being the porous flow factor defined as the ratio ϕ por = 

 C /A 0 between the percolating channel area, A C , and the nominal 

ontact area, A 0 . 

Ultimately, without any loss of generality, but observing that in 

oft contacts we usually consider the fluid as isoviscous, we can 

ewrite Eq. (4) as: 

d 

dx 

(
ϕ f luid h 

3 
p 

dp 

dx 

)
= 6 η

[
ϕ f luid u 

dh p 

dx 
+ ϕ por 

k 

η

dp p 

dy 

]
(7) 

Eq. (4) is the homogenized equation determining the lubrica- 

ion of the system in Fig. 2 (b) and should be coupled with the

elations governing the biphasic solid problem. However, since in 

his paper we are interested in enlightening the cause that sets off

he rehydration process, rather than assessing the entire lubrica- 

ion process, for simplicity reasons, we consider the fluid and the 

olid mechanics as uncoupled. We will, then, solve Eq. (4) in a con- 

guration that is solely and exhaustively determined by the solid 

olver at the end of the loading stage. This means that, out of the 

ominal global contact area, h p is given by the Abaqus FE defor- 

ation, whereas, in the contact region, h p is determined, as aver- 

ge separation in the percolating channel, by a Boundary Element 

olver following the approach explained in detail in the Supple- 

entary Information SI, Section S1. 

Notwithstanding the approximation intrinsically implied in un- 

oupling the solid constitutive mechanical problem and the fluid 

ubrication, this approach will enable a clear view of what hap- 

ens, in terms of fluid given by or provided to the biphasic solids, 

hen relative sliding between contacting bodies is set. 

.3. Experimental testing 

Experimental measurements are conducted to corroborate the 

forementioned theoretical framework. The experimental setup, 

irroring those successfully employed in previous studies [20] , is 

ketched in Fig. 4 . Briefly, three bovine stifles are obtained from a 

ocal abattoir and dissected. We have then used a 19 mm diame- 

er coring saw to extract N = 6 explant samples, which have been 

insed, stored in, and lubricated by a solution of protease inhibitor 

P2714, Sigma Aldrich) dissolved in phosphate buffered saline to a 

ilution of 1X based on the manufacture’s recommendations (PBS- 

I). Samples have been stored at 4 °C and tested within 4 days of 
95 
arvest. To set up the experiment, samples have been loaded into 

 custom pin-on-disc tribometer with a PBS-PI bath (see Fig. 4 ). 

he sample center has been located at a radius of 21 mm from 

he center of disc rotation and the reported speed is the prod- 

ct of this radius and the measured rotational speed. Loads have 

een applied with a precision nanopositioning stage and measured 

ith a 6-channel load cell; a linear encoder (measure uncertainty 

100 nm) on the stage has been used to track the compression 

nd recovery response of cartilage over time. 

As with the theoretical approach, fluid has been first driven 

rom the sample with a period of static loading; here we used a 

oad of 5 N for 90 minutes. Following exudation, disc rotation was 

sed to induce tribological rehydration while maintaining the con- 

tant 5 N load. The tribological rehydration rate was quantified us- 

ng the rate of fluid recovery over the first 10 seconds of sliding. 

ollowing 20 minutes of sliding, the sample was unloaded and al- 

owed to free swell for 10 minutes. The process was repeated for 

ther randomly selected speeds from the following group: 1, 5, 10, 

5, 20, 30, 50, 75, and 100 mm/s. Not all samples slid at every 

peed and some speeds were repeated on a single sample for re- 

eatability. 

Finally, in order to characterize the topography of each sam- 

le, and, thus, to obtain all the information useful to implement 

ur lubrication approach, white light interferometer consisting in 

 Wyko NT9100, Veeco with a 20x magnification objective is em- 

loyed. Let us notice that, in order to use WLI, the surface has to 

e completely dry in order to avoid light reflecting from the fluid 

lm rather than from the cartilage surface. Thus, the surface of the 

amples has been gently patted dry using a soft absorbing paper 

o remove surface fluid without compromising subsurface hydra- 

ion or the asperity scale topography of interest. In order to obtain 

tatistically significant measures, we take five different measure- 

ents in adjacent areas of the tissue: the imaged area, for each 

can, is of 230 x 230 μm 
2 . 

.4. Statistical analysis 

All the statistical analyses on the experimental data are per- 

ormed by means of the software Matlab version 2020a (Math- 

orks). In particular, the results are shown by means of whisker 

oxes: on each box, the central mark refers to the median, and the 

ottom and top edges of the box indicate respectively the 25th and 
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5th percentiles [57] . It should be noted that the whiskers extend 

o the most extreme data points that are not considered outliers: 

he outliers are plotted individually using the ‘+’symbol. 

. Results 

The analysis of the cartilage samples, whose details can be 

ound in the Supplementary Information (Section S2), confirms 

hat cartilage surface roughness conforms to the assumption em- 

edded in the homogenization approach developed in this paper. 

n particular, the probability density function of the height dis- 

ribution is very well described by a Gaussian trend, while the 

ower spectral density C ( q ) is, in a log-log plot, linear, thus con- 

rming that the surface can be successfully described by a self- 

ffine model [52] . Furthermore, an analysis of the anisotropy char- 

cteristics reveals that the surface can be considered statistically 

sotropic. All this means that we can safely employ numerically 

enerated isotropic self-affine surfaces to compute the homoge- 

ized quantities to input into Equation Eq. (4) . 

Indeed, by using the information obtained at a micromechani- 

al level, we have calculated the flow factors ϕ f luid and ϕ por in the 

ntire domain; thus, we have been able to focus on the solution of 

q. (4) . In Fig. 5 , we show the results in terms of dimensionless

ressure pR/ηu, dimensionless volumetric flow JR/u and dimen- 

ionless porous flow V/u . In detail, we observe that the pressure 
96 
istribution has a well-defined peak at the contact inlet, but later 

t drops assuming the more standard parabolic distribution in the 

ontact area. Such a trend is clearly due to a wedge effect: indeed, 

ressure has to sharply increase following the reduction of the film 

hickness; in the contact area, however, where the film thickness 

educes and depends only on the roughness, the pressure has to 

ecrease and, by conforming to the pore and contact pressure dis- 

ributions, acquires an Hertzian-like shape. Indeed, at the contact 

utlet, where the film thickness increases again and the fluid ex- 

des out, the pressure has to vanish. 

All this has, obviously, implications on both the volumetric and 

he porous flows. Indeed, because of the sharp pressure peak at 

he inlet, we have a net flow V/u that goes into the biphasic solid 

nd, accordingly, the volumetric flow JR/u has a marked decrease. 

he physical consistency is clear: due to the wedge effect and the 

elative pressure growth, part of fluid is conveyed into the biphasic 

olid and, thus, the flow rate of the lubricating fluid has to drop. 

n the contact area, where the roughness crucially determines the 

ixed lubrication regime, the porous flow JR/u decreases to a 

mall value, but it is not null as it keeps on lubricating the con- 

act region. Interestingly, in this zone, JR/u has a very slight vari- 

tion and, thus, V/u is extremely small. Differently, at the outlet, 

here the flow pressure goes to zero due to the fluid expansion, 

he biphasic solid keeps on experiencing a certain level of exuda- 

ion: JR/u increases, while a porous flow V/u comes out from the 

olid. 

The crucial aspect here is that, because of the relative sliding 

ccuring between the contacting bodies and the relative lubrica- 

ion mechanism, there occurs a marked rehydration in the biphasic 

olid as a direct consequence of the peak the porous flow V/u oc- 

uring at the fluid inlet. Such a rehydration effect is, indeed, global 

nd, as we will see, is speed-dependent. To this end, let us define 

he global flow Q exchanged with the solid as the integral of V 

ver the entire contact length: 

 = −
∫ 
a 

V dx (8) 

t should be noted here that, in order to simplify the interpretation 

f the results, we have defined the global flow Q in such a way 

hat, unlike V, it will be positive when a net flow goes into the 

olid. In Fig. 6 , where we plot the dimensionless quantity ηQ/P R 

s a function of the sliding dimensionless speed ηu/P, with P being 

he total normal load, the global flow grows linearly with the slid- 

ng speed, thus revealing that rehydration, in the cartilage configu- 

ation in Fig. 2 (b), has a hydrodynamic origin. This theoretical pre- 

iction is qualitatively similar to the experimental trends shown in 

ig. 7 . Indeed, on the experimental side, in Fig. 7 a, we measure, at

liding speeds ranging from 1 mm/s to 100 mm/s, the compression 

s a function the time: due to the rehydration, compression tends 

o decrease. The slope of each curve, after 10 s of motion, is de- 

ned as the rehydration rate S at the onset of sliding, that is, the 

peed at which the bone moves away from the substrate when rel- 

tive sliding is triggered. In Fig. 7 b, we plot S as a function of the

liding speed u and we find a linear trend fully consistent with 

heoretical outcomes.The coefficient of determination R 2 is, in this 

ase, equal to R 2 = 0 . 8 . 

. Discussion 

As it is demonstrated extensively by existing literature and sup- 

orted by our FE analysis, static load-carrying articular joints expe- 

ience significant synovial fluid exudation and, thus, marked joint 

pace thinning. Fortunately, even loaded joint movement following 

tatic loading is known to reverse the exudation process through 

 combination of osmotic swelling at free surfaces and tribological 

ehydration within the loaded contact area: this ability of joints 
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Fig. 6. Dimensionless global flow ηQ/PR as a function of the sliding dimensionless 

speed ηu/P. Blue squares refer to numerical outcomes, while red dotted lines to 

linear fit. (For interpretation of the references to colour in this figure legend, the 

reader is referred to the web version of this article.) 
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top (a), and the triggering rehydration rate S as a function of the sliding speed u on 
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[57] ; red points refer to each experimental test. (For interpretation of the references 

to colour in this figure legend, the reader is referred to the web version of this 

article.) 
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97 
o recover interstitial fluid and thicken in response to movement 

s well-known, crucial to the long-term prevention of dysfunction, 

nd of unclear origins [58,59] . The long-standing scientific consen- 

us is that joint movement periodically exposes the dehydrated 

urface to the bath, which automatically activates osmotic recov- 

ry at free surfaces [21,22] . Free swelling of this nature is widely 

egarded as the fastest possible rates of recovery [6,60] and, there- 

ore, provides a sensible explanation of the observable recovery 

henomenon. Until recently, sliding in the SCA was predicted and 

idely believed to inevitably defeat interstitial pressure and carti- 

age function regardless of conditions [25] . However, several years 

f experimental work demonstrating marked fluid recovery within 

he cSCA refutes that hypothesis and demonstrates that biphasic 

heory alone is inadequate for the analysis of these inherently tri- 

ological joints [20] . Our theoretical analysis here is the first to 

how meaningful sliding-induced fluid recovery within the loaded 

ontact area. 

Our results show, in particular, that tribological rehydration 

ikely has a hydrodynamic origin and is closely related to the 

edge geometry at the fluid inlet. These theoretical findings are 

onsistent with the hypothesis posed by Burris and Moore to ex- 

lain their experimental observations. Specifically, they proposed 

hat hydrodynamic pressures build within the convergent wedge, 

eak near at the wedge tip, and propagate a rehydration front 

cross the contact interface. Furthermore, let us observe that the 

redicted triggering rates are consistent with those observed ex- 

erimentally. Indeed, according to our theoretical predictions in 

ig. 6 , the ratio Q/Ru is approximately equal to 10 −5 . Now, the

xperimentally measured rehydration rate S can be easily related 

o the global flow Q as Q = Sa with a the contact diameter: as 

n the experimental setup the condyle radius is 20 mm and the 

ontact diameter is approximately 10 mm, the rate Sa/Ru = Q/Ru 

aries experimentally between 0 . 25 · 10 −5 and 0 . 9 · 10 −5 . Although

 one-to-one comparison between theory and experiments is out 

f the scope of the this paper, which is fully focused on en- 

ightening the physical mechanism behind rehydration, this con- 

istency in the rehydration rates - with 10 −5 as theoretically esti- 

ated rate versus an experimentally measured value in the range 

0 . 25 · 10 −5 , 0 . 9 · 10 −5 ] - is remarkable, especially given our inabil-

ty, as a community, to anticipate tribological rehydration before its 

xperimental discovery. 

Furthermore, a recent experimental study by Graham et al. has 

racked fluorescent solutes to more directly map the spatial char- 

cteristics of the tribological rehydration process [61] . Those exper- 

ments have shown that the recovered solutes are highly concen- 

rated at the leading edge initially and distribute across the contact 

nterface over time as shown in the inset of Fig. 8 . Our model is

eveloped under steady-state conditions; however, this allows us 

o focus qualitatively on the contact behaviour during a reciprocat- 
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ng cycle, where the substrate moves sinusoidally over a period T , 

nd, thus, we can define, in each point of the contact region, the 

umulative flow C as: 

 = −
∫ 
T 

V dt (9) 

In spite of the approximation intrinsically embedded in em- 

loying a steady-state model for a reciprocating contact problem, 

ig. 8 reveals a strong coherence between experiments and numer- 

cal outcomes as the cumulated flow presents two peaks at the 

dges of the contact area. As seen before, at the edges, due to a 

edge effect and the relative pressure peaks, the lubricant is con- 

eyed into the solid: although we do not study the fluid diffusion 

rom the edges towards the center of the contact region, and, in- 

eed, we do not account for all the possible solid non-linearities, 

ncluding for example viscoelasticity [62–64] the model provides 

n ultimate assessment of the rehydration triggering mechanism. 

e may conclude that, in natural articular joints and convergent 

tationary contact areas, tribological rehydration occurs, is acti- 

ated by hydrodynamic pressure originated from sliding, and starts 

t the leading edge of contact. 

. Conclusions 

In this work, we have develop an original strategy to deal 

ith mixed lubrication between porous bodies. In particular, af- 

er studying the exudation process due to normal loading, we have 

efined a statistically homogenized relation where we relate the 

ariation of the average lubricating flow with the porous flow, i.e., 

ith the flow exchanged with the biphasic solid. Such an homog- 

nized strategy is based on the definition, at multiple scales of 

oughness, of percolated interfacial gaps, where the fluid can flow 

nsuring lubrication. Thus, the homogenized Reynolds equation is 

rucially dependent on the mean separation and its rms in these 

on-contact percolating clusters. These quantities have been ob- 

ained by solving, at the micro-scale, the elastic rough problem 

52] . On this basis, we have introduced proper flow factors for both 

he lubricanting and the porous flows. 

Such an approach, originally proposed here to deal with 

everely mixed lubrication conditions, has allowed us to study - 

t least qualitatively - the lubrication between a porous cylinder, 

imicking the cartilage tissue, and a rigid substrate. This configu- 

ation reproduces the so-called convergent stationary contact area 

cSCA), where experiments have shown that rehydration is sliding- 

nduced rather than unloading or migration induced. Our analy- 

is here shows that the sliding-induced entrainment of lubricating 

uid into the converging wedge leads to hydrodynamic pressuriza- 

ion, and pressure-induced flow into the porous solid, particularly 

t the tip of the wedge. Let us underline that all this is possible

hanks to the presence of a rough interface, which allows the lubri- 

ant to flow, at multiple scales, across the entire domain, including 

he area appearing, macroscopically, in contact. 

Indeed, our study shows, on a theoretical basis, why articular 

otion reverses cartilage exudation and prevents tissue dysfunc- 

ion. The theoretical solution predicts the most important and still 

omewhat unexplained experimental observations made to date: 

1) cartilage recovers lost interstitial fluid within the loaded con- 

act area during sliding and without contributions from unloading 

r migration; (2) fluid recovery rates are maximal near the tip of 

he convergent wedge; (3) the initial tribological rehydration rate 

ncreases proportionally with sliding speed. In addition to these 

ualitative trends, we predict approximately the same rates of tri- 

ological rehydration that are observed experimentally. 

In addition to the theoretical interest in enlightening this mech- 

nism, this numerical framework provides a practical starting point 
98 
or the analysis of healthy joint mechanics under realistic tribologi- 

al conditions. With further development, it will also provide much 

eeded theoretical insights about the level of activity an average 

erson should maintain to prevent excessive fluid loss, mechanical 

ysfunction, and eventual tissue failure. Furthermore, a better un- 

erstanding of biphasic material lubrication will provide a signif- 

cant contribution to engineer new self-lubricating biphasic mate- 

ials. This will have a paramount impact in joint replacement and, 

n other industrial fields, in slow-moving boundary lubricated bear- 

ngs encountered in many engineering applications. 
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