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Abstract 5 

Background and Objectives: Previous studies have shown that there is potentially interstitial 6 

fluid exchange between cartilage tissue and the subarticular spongiosa region in the case of 7 

injury or disease (e.g., osteoarthritis and osteoporosis). Interstitial flow is also required for 8 

cartilage lubrication under joint load. A key question then is how cartilage lubrication is 9 

modified by increased interstitial fluid leakage across the osteochondral junction. Thus, the 10 

purpose of this study is to develop a numerical model to investigate changes in cartilage 11 

lubrication with changes in osteochondral junction leakage. 12 

Methods: The multi-phase coupled model includes domains corresponding to the contact gap, 13 

cartilage tissue and subchondral bone plate region (ScBP). Each of these domains are treated 14 

as poroelastic systems, with their coupling implemented through mass and pressure 15 

continuity. The effects of osteochondral junction leakage on lubrication were investigated 16 

with a parametric study on the relative permeability between the ScBP and cartilage tissue.  17 

Results: Significant effects of ScBP permeability were predicted, especially during the early 18 

stage of the junction leakage development (early stage of the disease). There is a significant 19 

reduction in mixed-mode lubrication duration under the effect of increased junction leakage 20 

(the cartilage tissue mixed-mode lubrication duration is about 33% decrease for a relative 21 

permeability ratio of 0.1 between ScBP and cartilage tissue, and about 52% decrease under 22 

the osteoarthritis condition). In addition, the time for cartilage to reach steady-state 23 

consolidation is significantly reduced when ScBP permeability increases (the consolidation 24 

time reduces from roughly 2 hours to 1.2 hours when the relative permeability ratio increases 25 

from 0.001 to 0.1, and it reduces to 0.8 hours for an advanced osteoarthritis condition). It is 26 

predicted that the initial friction coefficient could increase by over 60% when the ScBP 27 

permeability is consistent with an advanced osteoarthritis (OA) condition. 28 

Conclusion: Increased osteochondral junction leakage induced by joint injury and disease 29 

could result in increased cartilage surface wear rates due to more rapid interstitial fluid 30 

depressurization within articular cartilage. 31 

 32 

Keywords: Cartilage; subchondral bone plate region; osteochondral junction leakage; 33 

coefficient of friction; mixed-mode lubrication duration; permeability  34 



3 

 

1 Introduction 35 

Friction force is defined as the resistance to the relative motion between two opposing 36 

surfaces. It can be the dry friction between solid components or the fluid friction caused by 37 

shear of viscous fluids, while in the case of saturated porous solids there is some combination 38 

of the two (i.e., known as ‘mixed mode’). In the context of articular cartilage, mixed mode 39 

lubrication usually occurs in the synovial joints between opposing cartilage surfaces [1, 2]. 40 

Articular cartilage [2], within the knee synovial joint, is a thin biological soft tissue covering 41 

the end of the tibia and femur bone where it exhibits the extraordinary characteristic of a 42 

bearing material with an ultra-low initial friction coefficient of 0.001. This outstanding 43 

lubrication outperforms the most slippery materials in the world, such as boron-aluminum-44 

magnesium (0.02 of the friction coefficient [3]) and Teflon (0.05 of the friction coefficient [4]). 45 

The cartilage lubrication mechanisms have been studied extensively over the past decades 46 

and many theories have been proposed [5, 6]. These theories include fluid-film lubrication [7], 47 

mixed-mode lubrication [1, 8], boundary lubrication [9], biphasic lubrication [10] and weeping 48 

lubrication [11, 12] amongst others [5].  49 

Synovial joints experience an ultralow friction coefficient at the early stage of mixed mode 50 

lubrication regime due to the pressurized interstitial fluid in the cartilage tissue; this 51 

mechanism is referred to as hydrodynamic lubrication. Under loading, the fluid exudes from 52 

the cartilage tissue resulting in load sharing between solid and fluid phases. This addition of 53 

solid-solid contact, or asperity contacts, leads to both hydrodynamic and boundary 54 

lubrication, and is known as mixed mode lubrication [2]. The mixed-mode lubrication duration 55 

in this paper is defined as the time between the initial contact of the cartilage surface 56 

asperities and 99% depletion of the gap fluid (i.e., when the gap fluid pressure due to joint 57 

loading approaches to zero) [1]. 58 

Cartilage tissue normally has extremely low fluid permeability. However, the subchondral 59 

bone plate region (ScBP), which is defined as the subchondral cortical bone plate, in the 60 

canalicular region immediately beneath the cement line, including the calcified cartilage layer 61 

in this study, has a (microscale) permeability that is significantly smaller than articular 62 

cartilage under normal conditions. The calcified cartilage is the deep zone cartilage tissue that 63 

has a solid fraction comprising calcium crystals and collagen fibrils. The calcium crystals are 64 

essentially watertight, and the collagen fibrils have low permeability, and together they help 65 
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to create an impermeable or near-impermeable osteochondral boundary. This subchondral 66 

bone plate region (ScBP) is generally believed to be impermeable [13-16] for normal and 67 

healthy joints. Even though this concept has been challenged recently [17, 18], some studies 68 

still show that the impermeable or near-impermeable assumption is a good approximation 69 

for healthy young adult joints in the numerical modelling [19-23].  70 

The studies from Martin-badosa et.al. [19] and Schneider et.al. [20, 21] suggests that the 71 

vascular porosity in femur cortical bones is found to be in the range of ~1 – 5 %, but this 72 

vascular porosity value includes the Haversian and Volkmann cannels. However the 73 

subchondral bone plate region that is immediately beneath the cement line has canalicular 74 

porosity only, so the porosity value should be around the lower end of this range in normal 75 

adult subchondral bone (i.e. in the region of less than 1% to 2%). Similarly from Pouran’s 76 

measurements [22], the porosity in human chondral bone plate can be as low as 4% in elderly 77 

people (aged between 67 to 85), this value considers the possible aging effect on the bone 78 

density and the pores space arising from new Haversian and Volkmann cannals, which 79 

obviously results in a porosity higher than that of the canalicular systems alone (the region 80 

that is immediately beneath the cement line).  81 

Malandrino et. al. [23] proposed an empirical relationship between porosity and permeability. 82 

If we assume a porosity of 1% (in young and healthy adult’s joint) for the subchondral bone 83 

plate region (excluding the Haversian and Volkmann cannels region), we can estimate ScBP 84 

permeability being about 3.3 x 10−19 𝑚4/𝑁𝑠 according to their empirical relationship [23], 85 

this is about 3 to 4 orders of magnitude smaller than cartilage tissue’s permeability. This 86 

theoretical calculation is also consistent with Gailani et al’s experimental results [24] (which 87 

suggests a even lower permeability, around 10−20 𝑚4/𝑁𝑠). In addition theoretical calculation 88 

confirm these low permeability estimates. Given the thickness of the subchondral bone with 89 

canalicular porosity only immediately beneath the subchondral cement line and its 90 

exceptionally low permeability, as well as the thickness of the calcified cartilage layer with a 91 

reduced permeability, it is then reasonable to assume the impermeable or near-impermeable 92 

condition for osteochondral junction region for normal adult joints. 93 

However, the impermeable (or nearly impermeable) assumption is unlikely to be accurate for 94 

older people, particularly those with osteoarthritic joints. As shown in Hwang’s experiment 95 

[25], in the osteochondral junction of patients with the average age of 70 years old requiring 96 
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arthroplasty due to OA, the permeability in the subchondral bone plate region (cortical bone 97 

plate plus CCZ) is at least 350 – 600 times greater than the permeability of the hyaline cartilage 98 

tissue itself [25]. Even larger increases, of several orders of magnitude has been reported for 99 

increases in vertebral end-plate permeability with age [26]. Together these findings suggest 100 

that the impermeable boundary condition at the osteochondral junction is probably 101 

inaccurate in aged and especially in joints with advanaced osteoarthrosis [17]. We therefore 102 

consider fluid leakage through the osteochondral junction as a result of aging and/or disease 103 

states, and its effect on joint lubrication.  104 

Increased fluid leakage at the osteochondral junction may compromise cartilage lubrication 105 

at the contacting surfaces, as osteochondral leakage provides an extra drainage pathway as 106 

the articular cartilage consolidates, and also reduces the drainage path length, so again 107 

increasing the cartilage tissue drainage rate. Consequently tissue deformation and the 108 

depletion of the elevated pressurized fluid occurs more quickly when osteochondral junction 109 

leakage increases. The additional flow path will result in less fluid escaping via the contact 110 

gap, which will reduce the effect of so-named ‘weeping lubrication’, as proposed by 111 

McCutchen et al. [11, 12]. Reduced lubrication reduces the time that the tissue is able to 112 

sustain the physiological loading without significant cartilage surface friction, which then 113 

leaves the cartilage surface more suspectible to damage. 114 

This paper serves as the first step toward coupling the osteochondral junction region with the 115 

cartilage tissue, and cartilage contact gap, to improve our understanding of the role 116 

subchondral bone plate permeability plays in cartilage lubrication within synovial joints. The 117 

objective of this study is to numerically investigate the effect of the permeable subchondral 118 

bone plate on cartilage lubrication behavior under osteochondral junction leakage conditions. 119 

We hypothesize that once the subchondral bone plate becomes more permeable, the 120 

lubrication capability of the cartilage tissue will deteriorate significantly. To test this 121 

hypothesis, we develop a mathematical model to simulate the lubrication and consolidation 122 

behavior of the cartilage tissue, and use the model to predict the critical parameters in 123 

cartilage lubrication including the mixed-mode lubrication duration, time-dependent peak 124 

strain, degree of consolidation, and the time-dependent friction coefficient. The friction 125 

coefficient used in this paper is the effective friction coefficient [27], which varies depending 126 

on the fluid load support. At the early stage of loading, the joint load is supported by the 127 
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pressurized fluid in the cartilage tissue resulting in minimum solid contact and very low 128 

friction; however when the pressurized fluid drains away, the solid component of the 129 

opposing cartilage tissues starts making more contacts and the effective friction coefficient 130 

then rises. In prior studies it is shown that the effective friction coefficient could reach around 131 

0.3 at an equilibrium steady-state [27].  132 

2 Materials and methods 133 

2.1 Study overview and assumptions 134 

This study presents a multi-phase coupled model of the joint under the mixed-mode 135 

lubrication regime. The model incorporates the fluid flow behavior in different regions and 136 

also the fluid interactions between these regions under physiological loading, as listed below: 137 

 Fluid flow in the cartilage contact gap, interstitial fluid flow in the cartilage tissue, and 138 

interstitial fluid flow through the subchondral bone plate  139 

 Fluid exchange between the contact gap and cartilage tissue, and fluid exchange 140 

between the cartilage tissue and subchondral bone plate 141 

The contact gap model [1] considers the gap fluid flow based on gap permeability and surface 142 

asperity deformation during gap closure with fluid exchange between tissue and contact gap. 143 

The cartilage tissue model [28] considers the fluid flow based on Darcy’s Law. The subchondral 144 

bone plate model considers the fluid flow based on Darcy’s Law, with permeability of the 145 

subchondral cortical bone 𝐾𝑆𝑐𝐵𝑃 being a portion of the cartilage tissue permeability 𝐾𝑐. 146 

In this study, we aim to investigate the effect of the potential for a defective osteochondral 147 

junction to influence tissue lubrication at the contacting surfaces, by increasing the relative 148 

permeability of the subchondral bone plate from a normal condition (with a near 149 

impermeable state, 𝐾𝑆𝑐𝐵𝑃 𝐾𝑐⁄ = 0.001) towards the advanced OA condition (𝐾𝑆𝑐𝐵𝑃 𝐾𝑐⁄ → 150 

600) [2, 25]. 151 

An overview of this study and the methodology is presented in figure 1, the schematic 152 

diagram showing the details of the model is given in figure 2. The model is constructed under 153 

the cylinderical coordinate system. Note that the cartilage tissue, cartilage contact gap, and 154 

subchondral bone plate are all considered as biphasic porous media and coupled in the joint 155 

lubrication system model. 156 
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The main assumptions that were used in the study are summarized as follows. 157 

 An axis-symmetrical geometry and boundary conditions is assumed. This assumption 158 

has also been adopted in previous studies [1, 29, 30]. 159 

 An axis-symmetric coordinate is adopted, meaning that the load distribution, stress-160 

strain response, and fluid flow behaviour will be the same in all directions in this model. 161 

It is a reasonable assumption due to the shape of the meniscus [31], and the 162 

approximately axisymmetric strain contours observed by Marzo and Gurske-DePerio 163 

under a controlled experimental condition [32]. 164 

 The viscosity, density, and molecular composition of synovial fluid and cartilage 165 

interstitial fluid is assumed to be unchanged throughout the simulation. 166 

 167 



8 

 

 168 

Figure 1: Schematic diagram showing the methodology used in this study 169 

 170 

2.2 Joint multi-phase coupled model 171 

2.2.1 Cartilage tissue poroelastic model 172 

The authors previously published and developped the cartilage tissue model based on an 173 

upscaled porous media theorey [28-30, 33], which was validated against the in vitro 174 

experimental measurement [34]. The use of the porous media theory to predict cartilage 175 
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mechanical response is not a recent idea [35, 36], however its use to couple with cartilage 176 

contact gap and subchondral bone plate to form a osteochondral joint is relatively new.  177 

Under this poroelastic theory framework, the cartilage model [28-30] encorporates the 178 

aggrecan-dependent tissue stiffness, tension-compression nonlinearity [37] and aggrecan-179 

dependent permeability. The cartilage in the model is treated as a fully saturated porous 180 

media that has the interstitial fluid phase and solid phase (extracellular matrix) [2, 38-40]. 181 

For the force balance in the cartilage tissue model, the conservation of momentum is applied 182 

by neglecting the body and inertia forces as shown below [2, 29, 30], 183 

𝛁 ∙ 𝝈𝑡 = 0 (1) 

where 𝝈𝑡 is the total stress (cauchy stress tensors of solid and fluid) in the cartilage, given by 184 

[27, 30, 36], 185 

𝝈𝑡 = 𝝈𝑠𝑜𝑙𝑖𝑑 + 𝝈𝑓𝑙𝑢𝑖𝑑 = 𝝈𝐸
𝑠 − 𝑝𝑐𝑰 (2) 

where 𝝈𝐸
𝑠  is the incremental elastic effective stress of the deformed solid phase under loading, 186 

and 𝑝𝑐 is the incremental intertstitial fluid pressure, and 𝑰 is the identity tensor.  187 

The solid phase constituent effective stress 𝝈𝐸
𝑠  is given below [30], 188 

𝝈𝐸
𝑠 =

2

𝐽𝑠
𝑭𝒔 ∙

𝜕𝑈(𝒖𝒔)

𝜕𝑪𝒔
∙ 𝑭𝑠𝑇 (3) 

where 𝑈(𝒖𝒔) is the stored Helmholtz energy per unit volume (i.e., strain energy density) [41], 189 

and 𝑭𝒔 is deformation gradient, and 𝑪𝒔 = 𝑭𝑠𝑇  ×  𝑭𝑠 is right Cauchy-Green solid deformation 190 

tensor, and 𝐽𝑠 = det (𝑭𝑠) is the volume change ratio. 191 

The tension-compression nonlinearity of the solid matrix is considered in the model  by 192 

employing the Conewise Linear Elasticity model with different tensile and compressive 193 

properties [37, 42]. The aggrecans with glycosaminoglycans of high fixed charge density 194 

induce high osmotic pressure, and hence contributing to  tissue compressive stiffness under 195 

the load [27, 43]. The relationship between cartilage solid matrix compressive stiffness and 196 

aggrecan is given below based on the experimental studies [44]. 197 

𝐻𝐴 = 𝛼1𝜙𝐺 + 𝛼2𝜙𝐺
2  (4) 
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where 𝐻𝐴 is the aggregate (osmotic) modulus, 𝛼1 = 0.01 𝑀𝑃𝑎  and 𝛼2 = 0.075 𝑀𝑃𝑎 are the 198 

empirical constants [44], 𝜙𝐺  is the “actual” aggrecan concentration with respect to the 199 

cartilage volume excluding the collagen volume fraction. 200 

The “actual” aggrecan concentration 𝜙𝐺  varries with cartilage deformation and location, as 201 

given below 202 

𝜙𝐺 =
𝜙𝐺0 

𝐽𝑠 − 𝐶𝑉𝐹
 (5) 

where 𝜙𝐺0 is the depth-dependent initial “apparent” aggrecan concentration with respect to 203 

intially total cartilage volume (the values are linear interpolated between 𝜙𝐺0|𝑧=0 =204 

30 𝑚𝑔/𝑚𝑙  and 𝜙𝐺0|𝑧=5𝑚𝑚 = 120 𝑚𝑔/𝑚𝑙  [1, 45], where 𝑧 = 0 represents the center line of 205 

cartilage surface toughness as presented in figure 2), 𝐶𝑉𝐹 is the depth-dependent collagen 206 

volumetric fraction (45% at superficial zone, 30% at the middle zone, 25% at deep zone) [29]. 207 

The cartilage tissue compressive elastic modulus (𝐸𝑐) [2] can then be calculated from the 208 

aggregate modulus as shown below  209 

𝐸𝑐 = 3𝐻𝐴(1 − 2𝜗) (6) 

where 𝜗 is aggrecan effective poisson ratio. 210 

The tensile stiffness of cartilage matrix (𝐸𝑡) that is governed by the collagen network exhibits 211 

depth-dependent and orientation-dependent features, the values adopted in this study is 212 

summaried in below table  [29, 46]. 213 

Table 1 – tensile modulus and shear modulus for cartilage [29, 46] 214 

 
Tensile modulus (Mpa) Shear modulus 

(Mpa) Horizontal Vertical 

Superficial zone 100 25 3 

Middle zone 30 10 3 

Deep zone 10 6 2 

   215 

As mentioned previously, a non-linear tension-compression material model is used in the 216 

computational model to describe cartilage tissue deforamtion behaviour. Therefore, E_c 217 

describes cartilage’s modulus of elasticity in compression, whereas E_t describes cartilage’s 218 

modulus of elasticity in tension. Both E_c and E_t are implemented in the stiffness matrix in 219 
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the computational model, so that when a sepcific element of the tissue is under tension, E_t 220 

will be applied in the deforamtion calculation; and once when the specific element is under 221 

compression, E_c will be incorporated.  222 

The fluid flow in the cartilage is governed continuity equation (mass conservation) and Darcy’s 223 

law [47-51], 224 

𝛁 ∙ (𝒗𝑑
𝑐 + 𝒗𝑠) = 0 (7) 

𝒗𝑑
𝑐 = 𝜙𝑓(𝒗𝑓 − 𝒗𝑠) = −𝐾𝑐𝛁𝑝𝑐 (8) 

where 𝒗𝑑
𝑐  the fluid flux is referred to as the Darcy’s velocity of the fluid within the tissue 225 

defined as the relative velocity between fluid phase 𝒗𝑓 and solid phase 𝒗𝑠.  𝜙𝑓 the porosity is 226 

taken as 0.8 [52]. 𝐾𝑐 is the aggrecan dependent permeability, which takes into account of the 227 

effect of the negative charged ions on flow resistence, the empirical equation is given below 228 

based on the experimental observations [53, 54]. 229 

𝐾𝐜 =
𝑛 ∙ (𝜙𝐺)𝑚

𝜂𝑐
 (9) 

where n = 5.4e-22 𝑚2 and m = -2.37 are empirical constants. 𝜂𝑐  is the water viscosity at 37℃ 230 

(0.0007 𝑃𝑎 ∙ 𝑠). 231 

2.2.2 The contact gap model 232 

Authors previously developed the contact gap model and coupled it with the above cartilage 233 

tissue model, and it has been proved that this coupled model represents a more realistic joint 234 

in the mixed mode lubrication regime when the cartilage is loaded [1]. The modelling is briefly 235 

descripted below. 236 

The model treats the contact gap as a porous medium that consists of gap fluid phase and 237 

solid phase (the interconnected pores formed by surface roughness between tibial and femur 238 

cartilage).  239 

The fluid flow in the contact gap is governed by Darcy’s law, 240 

𝒗𝑑
𝑔

= −𝐾𝑔𝛁𝑝𝑔 (10) 

where 𝒗𝑑
𝑔

 is the fluid velocity. 𝑝𝑔 is the gap fluid pressure. 𝐾𝑔 is the gap permeability, which 241 

is dominately determined by the gap height, surface roughness and surface aggrecan. The gap 242 



12 

 

permeability reduces as the gap is closing under the loading, and approaches to cartilage 243 

permeability when the gap is “functionally closed” (when gap height is about 1 𝜇𝑚) [1]. The 244 

values for gap permeability have been numerically evaluated based on the computational 245 

fluid dynamics model against the experimentally measured bovine cartilage surface 246 

roughness, the details can be found in previous studies [1, 55].  247 

The fluid flows, fluid exchange (between contact gap and cartilage tissue) and gap 248 

deformation (surface asperity and gap size) are governed by the mass conservation, 249 

𝜕𝜀𝑣
𝑔

𝜕𝑡
+ ∇ ∙ 𝑣𝑑

𝑔
= 𝑠 (11) 

where s is the rate of change of the fluid exchange per unit volume, 
𝜕𝜀𝑣

𝑔

𝜕𝑡
 is the rate of change 250 

of contact gap volumetric strain, the volumetric strain of the contact gap is related to the gap 251 

height ℎ, the constitutive relationship for the gap height ℎ and total stress 𝝈𝑡 was proposed 252 

based on experimental studies for the human cartilage [56, 57]. 253 

ℎ = ℎ0𝑒𝜎𝑐 𝛽⁄ = ℎ0𝑒𝜎𝑇+𝑝𝑔 𝛽⁄  (12) 

where ℎ0 = 9 𝜇𝑚 is the undeformed gap height at the beginning of the loading, 𝜎𝑐  is the 254 

surface asperity contact stress, 𝜎𝑇 = 𝜎𝑐 − 𝑝𝑔 is the total applied stress which is resisted by 255 

the solid contact stress (𝜎𝑐 ) and fluid pressure in the gap (𝑝𝑔 ), 𝛽  is the stiffness for the 256 

cartilage surface asperity (taken as 20% of the aggregate modulus) [1, 58]. 257 

By integrating the mass conservation equation with the above equations, the governing 258 

equation at the contact gap in cylindrical coordinates can be obtained as below [1],  259 

1

𝛽

𝑑𝑝𝑔

𝑑𝑡
=

𝜕

𝜕𝑟
𝐾𝑔

𝜕𝑝𝑔

𝜕𝑟
+

𝐾𝑔

𝑟

𝜕𝑝𝑔

𝜕𝑟
+

𝑢𝑑𝑣
𝑐

ℎ0𝑒(𝜎𝑡+𝑝𝑔)/𝛽
 (13) 

where 𝑢𝑑𝑣
𝑐  is the normal component of fluid velocity within the cartilage at the interface 260 

between contact gap and cartilage tissue. 261 

2.2.3 The subchondral bone plate model 262 

The subchondral bone plate is modelled as another layer of porous medium underneath the 263 

cartilage tissue model by considering different material properties as compared to cartilage 264 

tissue.  265 
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The continuity equation in the region is given as, 266 

𝛁 ∙ (𝒗𝒇
𝑠𝑐𝑏𝑝 + 𝒗𝒔) = 0 (14) 

where 𝒗𝒇
𝑆𝑐𝐵𝑃 is Darcy’s velocity in the subchondral bone plate, 267 

𝒗𝑑
𝑆𝑐𝐵𝑃 = − 𝐾𝑆𝑐𝐵𝑃𝛁𝑝𝑆𝑐𝐵𝑃 (15) 

where 𝐾𝑆𝑐𝐵𝑃  is the ScBP permeability which is taken as a portion of cartilage tissue 268 

permeability in the current study, 𝛁𝑝𝑆𝑐𝐵𝑃 is the pressure gradient. 269 

The momentum equation is given as 270 

𝛁 ∙ 𝝈𝑡 = 0 (16) 

The total stress 𝝈𝑡 is supported by both the solid and fluid component, 271 

𝝈𝑡 = 𝝈𝑠𝑜𝑙𝑖𝑑 + 𝝈𝑓𝑙𝑢𝑖𝑑 = 𝝈𝐸
𝑆𝑐𝐵𝑃 − 𝑝𝑆𝑐𝐵𝑃𝑰 (17) 

The constitutive relation for the solid component in the ScBP region is, 272 

𝝈𝐸
𝑆𝑐𝐵𝑃 = 𝐸𝑆𝑐𝐵𝑃 ∙ 𝜀 (18) 

where 𝐸𝑆𝑐𝐵𝑃 is the Young’s modulus, 𝜺 is the vertical strain, the deformation of this region is 273 

assumed to be elastic due to the large bone stiffness and relative small physiological load as 274 

compared to the strength, 1-D deformation is considered due to the relative small ScBP 275 

thickness [17, 59, 60] as compared to its cross sectional area. In fact, as expected the 276 

deformation in the bone is very small (negligible) as per calculation, hence any changes in the 277 

bone porosity with loading can be reasonably neglected in the analysis, we note that the other 278 

uncertainties such as the ScBP bone permeability is far more important in the study. 279 

To show how the increasing ScBP permeability affects the lubrication behavior of the whole 280 

joint system, a parametric study has been performed, varying the subchondral layer from 281 

being an near impermeable barrier (𝐾𝑆𝑐𝐵𝑃/𝐾𝑐 = 0.001) to a very permeable and porous layer 282 

with relative permeability ratio larger than 600 (𝐾𝑆𝑐𝐵𝑃/𝐾𝑐 > 600). The high permeability case 283 

representes a compomised layer, through injury or disease [2, 25]. The material properties 284 

for the subchondral bone plate model are summarized in Table 2 [22, 61, 62]. 285 

Table 2 – Material properties for the subchondral bone plate used in this study [22, 61, 62] 286 
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 The Subchondral Bone Plate 

Young’s modulus (Mpa) 17,000 

Poisson’s ratio 0.3 

Density (drained) (𝑘𝑔 𝑚3⁄ ) 800 

Fluid compressibility (Mpa) 2,300 

2.3 Modelling configurations and boundary conditions 287 

2.3.1 Model geometry 288 

The geometry of the model that is adopted in this study was based on MRI measurements 289 

[63]. The ScBP model is constructed below the cartilage tissue, with an assumption of the 290 

thickness being 0.4 mm, which is taken from Hwang’s experimental work[25]. Note, even 291 

though ScBP thickness varies depending on the location and joint condition [64, 65], the 292 

simplification of the constant thickness is reasonable for purpose of investigating how varying 293 

permeability of the subchondral bone plate region affects the cartilage tissue.  294 

2.3.2 Loading configuration 295 

The conically-distributed loading is adopted based on the MRI measurements [63] and 296 

experimental deformation contours [32]. This loading approach was also used in the previous 297 

study [29]. To simulate human one-leg standing, the static compression force of 970N (by 298 

assuming 2.59 body weight for a person weighs 75kg [66]) is applied at the loading intereface 299 

for more than 3 hours to achieve equilibrium condition. 300 

2.3.3 Contact gap permeability adjustment 301 

As shown in figure 2, multiple fluid flow paths at the contact gap are considered due to the 302 

presence of the menisci (i.e., one flow path between contact surfaces of femur and tibia 303 

cartilages, two flow paths between of femur and meniscus and tibial surface and meniscus). 304 

To account for this, the contact gap permeability in the region where has two flow paths is 305 

assumed to be doubled as compared to the region that only has one flow path. 306 

Gap permeability = {
𝐾𝑔,            0 ≤ 𝑟 ≤ 𝑙𝑓 , meniscus free region

2𝐾𝑔,     𝑙𝑓 ≤ 𝑟 ≤ 𝑙𝑓 + 𝑙𝑚, meniscus covered region
 (19) 

2.3.4 Boundary conditions and initial conditions 307 

The boundary conditions for the study is summarized in figure 2 B’-B’ and figure 3. The total 308 

stress 𝝈𝑡 is applied on both contact gap and cartilage tissue at the contact gap and tissue 309 
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coupling interface. The pressure continuity are also imposed at the interface (figure 2 B’-B’ 310 

and figure 3).  311 

𝑝𝑐(𝑟, 0) = 𝑝𝑔(𝑟, 0) (20) 

The continuity of normal fluid velocity 𝑢𝑑𝑣
𝑐   is also imposed at the interface which is already 312 

accounted for in the mass conservation equation (13) in the contact gap model.  313 

The zero pressure (ambient fluid pressure) condition is applied at the periphery edge of the 314 

contact gap. 315 

𝑝𝑔(𝑟 = 𝑟0, 𝑧 = 0) = 0 (21) 

The free flux (ambient fluid pressure) is also applied at the periphery edge of cartilage tissue 316 

as shown in figure 3. 317 

As for the interface betwwen cartilage tissue and subchondral bone plate model, the fluid 318 

pressure and flux continuity contition is also applied. 319 

𝑝𝑐(𝑟, 𝑧 = 𝑇ℎ(𝑟)) = 𝑝𝑆𝑐𝐵𝑃(𝑟, 𝑧 = 𝑇ℎ(𝑟)) (22) 

𝑢𝑑
𝑐 (𝑟, 𝑧 = 𝑇ℎ(𝑟)) = 𝑢𝑑

𝑆𝑐𝐵𝑃(𝑟, 𝑧 = 𝑇ℎ(𝑟)) (23) 

where 𝑢𝑑
𝑆𝑐𝐵𝑃 is the normal velocity flux at the subchondral bone plate; 𝑇ℎ(𝑟) is the thickness 320 

of the cartilage tissue as a function of radius, the geometry of the cartilage tissue is 321 

constructed based on the MRI image [29, 63];  322 

The subchondral trabecular bone (spongy bone) that lies below the subchondral bone plate 323 

is highly porous bone enclosing a lot of space filled with bone marrow [67, 68]. It is assumed 324 

to be an opened space to the system due to its large void ratio [69]. Therefore, the free flux 325 

boundary condition is assigned at the bottom edge of the subchondral bone plate, once the 326 

fluid can pass the subchondral bone plate, the flow resistance will be reduced significantly. 327 

The subchondral bone plate is assumed to have 0.4 mm of thickness [70]. 328 

𝑝𝑠𝑐𝑏𝑝(𝑟, 𝑧 = −𝑇ℎ(𝑟) − 0.4) = 0 (24) 

The fixed constraint is imposed at the bottom edge of the subchondral bone plate model. 329 
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2.3.5 Initial conditions 330 

The numerical modeling begins with the initial contact of the surface asperities at the contact 331 

gap (for mixed mode lubrication regime). The initial contact gap fluid pressure is assigned as 332 

the total pressure at the cartilage surface (coupling interface). 333 

𝑝𝑔(𝑡 = 0) = 𝑝𝑐(𝑡 = 0, 𝑧 = 0) = −𝜎𝑡;     ℎ(𝑡 = 0) = ℎ0 (25) 

2.4 Numerical model settings 334 

The numerical simulation and finite element analysis are conducted in COMSOL Multiphysics 335 

Poroelastic Module. This multiphase coupled model is constructed as a two-dimensional 336 

axisymmetric model and meshed with 1204 triangle elements. The time-dependent solver 337 

with a general relative tolerance of 0.01 is utilized to solve the governing equations.  338 

A few relative permeability cases (𝐾𝑠𝑐𝑏𝑝 𝐾𝑐𝑑⁄ = 0.001, 0.01, 0.02, 0.03, 0.05, 0.1, 0.15, 0.2, 339 

0.4, 0.6, 0.8, 0.9, 1, 5, 10, 50, 350, 600, 1000) were considered in this parametric study to 340 

cover the input range.  341 
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 342 

Figure 2: Schematic diagram of the current study showing the details of the fully coupled 343 

“contact gap – cartilage tissue – subchondral bone” model 344 

 345 
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 346 

Figure 3: Boundary conditions applied on the multi-phase model 347 

 348 

3 Results and discussion 349 

3.1 Cartilage consolidation and deformation behaviour 350 

Figure 4 presents how different degrees of relative permeability ( 𝐾𝑆𝑐𝐵𝑃 𝐾𝑐⁄ ) affect the 351 

cartilage tissue consolidation response. Figure 4 (a) shows the peak contact strains under 352 

different scenarios. The peak contact strain in this paper is defined as the maximum 353 

deformation of the cartilage tissue (along the axisymmetric line at the maximum stress) 354 

divided by the cartilage thickness as shown in eq. (26).  355 

𝜀(𝑡) =
𝑤(𝑡)

𝑇ℎ
⁄  (26) 

where 𝑤(𝑡) is time-dependent peak deformation; 𝑇ℎ is the maximum cartilage thickness. 356 

At the static state, the peak contact strain for all cases is approaching a constant value of 357 

around 0.28. This is consistent with the experimental measurements performed by Barker 358 

and Seedhom [34], who reported the average peak strain of 0.31 with a standard deviation 359 

Cartilage superficial zone

Cartilage middle zone

Cartilage deep zone

Subchondral bone 

plate region

Contact interface, where contact gap model (eq. 13) 

applies. The boundary conditions include fluid pressure 
continuity (eq. 20), flux continuity (included in eq. 13). 

Free flux condition

Interface between cartilage tissue and ScBP, 

boundary conditions include pressure and 
flux continuity (eq. 22 and 23)

Free flux condition (eq. 24) 

and fixed constrain is applied 
at the bottom edge
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of 0.03 at the medial compartment. At times of 10s and 300s, the numerical simulation 360 

predicts the peak strain of 0.13 and 0.17 respectively, this is also close to MRI measurements 361 

[71]. The comparison between numerical modeling and experiment measurements is 362 

summarized in Table 3.  363 

Table 3 – Comparison of peak contact strain between numerical simulation and 364 

experiment measurements.  365 

Time (s) 

Peak Contact Strain 

Numerical modeling 
Experiment measurements: 

mean (standard deviation) 

10 0.13 0.09 (0.03) [71] 

300 0.17 0.13 (0.03) [71] 

Steady state 0.28 0.31 (0.03) [34] 

 366 

As shown in figure 4(a), the cartilage tissue in the diseased joint (i.e. for more permeable 367 

subchondral bone plate cases) deforms much faster compared to the (normal joint) control. 368 

This is also illustrated in the consolidation curve over the time, as shown in figure 4(c), which 369 

indicates that the consolidation time reduces at the higher relative permeability cases. In 370 

other words, the cartilage system consolidates more quickly and the articular cartilage 371 

deforms at a faster rate. The degree of consolidation in this paper is defined based on the 372 

peak contact strain as shown below. 373 

𝐷𝑜𝐶(𝑡) =
𝜀(𝑡) − 𝜀0

𝜀𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒 − 𝜀0
 (27) 

In eq. (27), 𝜀(𝑡) is the time-dependent peak contact strain, 𝜀0 is the initial peak contact strain 374 

(elastic strain) and 𝜀𝑠𝑡𝑒𝑎𝑑𝑦 𝑠𝑡𝑎𝑡𝑒  is the strain at the steady state. Full consolidation time (i.e. 375 

steady state) is defined when 99% consolidation is reached. 376 

It takes about 2 hours for the control case (near impermeable junction, which it is assumed 377 

to be the case for healthy young adult) to reach a fully consolidation state (99%). While the 378 

ScBP permeability increases, this steady state consolidation time reduces. For example, when 379 

the relative permeability ratio is 0.1, the full consolidation time reduces to 1.2 hours. Whereas, 380 

when the relative permeability ratio is 600, which is consistent with an OA condition, the full 381 
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consolidaton time reduces further to 0.8 hours, this is about 60% of the reduction as 382 

compared to the control.  383 

Consolidation for the permeable joint (especially for the diseased joint, i.e. OA) is much faster, 384 

as compared to the healthy joint, because of the shorter drainage path (due to the extra 385 

escaping pathway via ScBP), it then leads to a quicker excess pore water depletion, this is also 386 

presented in figure 4 (d) – (f). 387 

As the tissue experiences a quicker deformation for higher ScBP permeability, larger 388 

deformations at the early stage of the loading will also occur. As illustrated in figure 4 (b), at 389 

10 mins after the loading, the peak contact strain is 20% higher as compared to the control 390 

for relative permeability ratio of 1, and it is 23% higher under the OA condition when the ratio 391 

is larger than 600 which is very significant. Also, the early stage loading deformation 392 

(percentage increase relative to the control) increases rapidly from 0 to 20% when the 393 

permeability ratio increases from 0.001 to 1. However it only increases from 20% to 23% when 394 

the permeability ratio increases from 1 to 600. It shows that the effect of osteochondral 395 

junction leakage is greater when the relative permeability ratio increases from 0.001 to 1, and 396 

the further increases in ScBP permeability is not promoting any significant effect on the joint 397 

lubrication. Figure 4 (c) also confirms this finding, the reduction in fully consolidation time is 398 

significant for ratio between 0.001 to 1. However the value starts to converge for further 399 

increases of the ScBP permeability. 400 

Hydraulic pressure throughout tissue increases effectively instantly with the onset of load to 401 

match the load (i.e. the load is initial supported  by the fluid in a poroelastic material). Once 402 

leakage at the ScBP starts (when the relative permeability ratio increases from 0.001 to 1), 403 

the built-up pressure within the tissue and the zero-pressure boundary condition (at the 404 

bottome edge of the ScBP) together form a very large pressure gradient, this pressure 405 

gradient will drive fluid out of the tissue via the bone plate, the increase in the permeability 406 

will give more available cross-sectional area for the fluid to escape. The effect of the 407 

increasing ScBP permeability on the tissue deformation and interstitial fluid depresurisation 408 

is significant especially when the relative permeability ratio increases from 0.001 (near 409 

impermeable) to 1 as presented in figure 4. However, as the ratio continues to increase above 410 

1 (in this study), the effect starts to converge and no much further impact was found in the 411 

simulation, which means the impact for the permeable joint on tissue deformation and fluid 412 
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depresurisation is similar between the case when the relative permeability ratio is 1 and 600. 413 

In the physiological condition (i.e. a real joint), it is not exactly clear at which ratio the effect 414 

will converge, because the effect from permeable junction on tissue not only depends on the 415 

ScBP permeability, but also the loading conditions, as different physiological activities can 416 

generate different pressure gradient at the junction (between tidemark and bottom edge of 417 

the ScBP), which can drive the fluid out via ScBP at different rates.  418 

 419 

 420 
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 423 

 424 

Figure 4: (a) Cartilage tissue peak contact strain for different degrees of relative 425 

permeability of subchondral bone (𝑲𝑺𝒄𝑩𝑷 𝑲𝒄⁄ ); (b) Normalized peak strain for permeable 426 
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osteochondral junction cases compared to control (no leakage allowed); (c) Fully 427 

consolidation time versus relative permeability ratio (𝑲𝒔𝒄𝒃𝒑 𝑲𝒄⁄ ), note, the consolidation 428 

time for control case is calculated to be 2 hours; (d) Excess interstitial fluid pressure at t = 429 

5s (e) Excess interstitial fluid pressure at t = 600s, (f) Excess interstitial fluid pressure at t = 430 

3600s.  431 

*Note, for illustration purpose, only a few relative permeability cases are presented in (a) 432 

and (b), however, they follow the interpolation trend which can be inferenced from the 433 

figures.  434 
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3.2 Lubrication of the cartilage  435 

3.2.1 Friction coefficient 436 

The time-dependent friction coefficient at the point that has maximum contact stress is used 437 

in this paper to describe the cartilage tissue lubrication behaviour. It is calculated based on 438 

the biphasic lubrication theory [72] and the linear relationship between the degree of 439 

consolidation (DoC) and the effective friction coefficient [29] (eq. (28)), 440 

𝜇𝑒𝑓𝑓 = 𝜇𝑒𝑞  × 𝐷𝑜𝐶 (28) 

where 𝑢𝑒𝑓𝑓  is the time-dependent effective friction coefficient; 𝜇𝑒𝑞  is equilibrium friction 441 

coefficient which is assumed to be 0.3 [27].  442 

Experimental studies suggest that it takes several hours (2-3 hrs) for the cartilage response to 443 

reach the equilibrium under the compressive loading condition (with one end of the cartilage 444 

specimen being impermeable) [27, 73-76]. This timescale is consistent with our modelling 445 

prediction for the healthy and normal joints as presented in figure 5(a). On the other hand, 446 

for the permeable joints, the amount of time required to reach the elevated friction 447 

coefficient is reduced dramatically (by more than half), as compared to the control case.  448 

The earlier increase in friction in compromised joints is due to the large pressure gradient 449 

between the tide mark and bottom edge of ScBP, in addition to the short drainage path within 450 

the subchondral plate. Once the subchondral bone plate region becomes permeable and 451 

deteriorated, the tissue interstitial fluid will escape quickly via this additional path. With more 452 

fluid escaping through the osteochondral junction, less fluid will remain pressurized at the 453 

superficial layer to resist the applied loading. In addition, the interstitial fluid will be 454 

depressurized at a faster rate due to the smaller flow resistance at the subchondral bone plate 455 

region. Therefore, cartilage solid to solid contact occurs sooner, resulting in the equilibrium 456 

friction coefficient to be reached earlier. 457 

At the early stage of the loading (about 5 mins), the friction coefficient for ScBP permeability 458 

at the OA condition is 62% larger than the control, and 57% larger when relative permeability 459 

ratio = 1, and 33% larger when relative permeability ratio = 0.2. This finding indicates the 460 

significance of the osteochondral junction leakage in the development and progression of 461 

osteoarthritis, which is also consistent with the microscopic study performed by Li et al [77], 462 
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they concluded that the subchondral bone plate that has poorly mineralized and porous bone 463 

is a hallmark of osteoarthritis. It is also widely known that the osteochondral junction is a 464 

dynamic system in the body [2], the subchondral bone continuously remodels according to 465 

the environment (loadings, signals, etc.), the remodelling process cut across the 466 

osteochondral interface, and then potentially leakage happens between cartilage and bone. 467 

Under normal condition, cartilage tissue produces large quantities of OPG to shut down the 468 

bone resorption as the bone remodelling process approaches the cartilage-bone interface and 469 

then blocks the bone remodelling [2, 78-82]. However, as people age or for osteoarthritic 470 

patients, OPG levels in the cartilage falls, and then the bone remodelling may penetrate closer 471 

to the osteochondral interface, and perhaps eventually cross the interface, and lead to the 472 

junction leakage. This may represent a positive feedback loop, i.e., as OA progresses, less OPG 473 

is secreted, promoting more leakage, leading to higher occurrence of high cartilage contact 474 

friction, further promoting the development of the OA. 475 

  476 
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 477 

Figure 5: (a) Time-dependent friction coefficient under different relative permeability 478 

ratios; (b) Normalized time-dependent friction coefficient for the cases of permeable 479 

osteochondral junction compared to control. 480 

 481 

3.2.2 Mixed-mode lubrication duration 482 

Figure 6 shows the normalized mixed-mode lubrication duration as compared to the control. 483 

As discussed before, mixed-mode lubrication is the joint lubrication regime for most 484 

physiological activities [8]. It starts when the surface roughness or asperities make contact 485 

and finishes when the fluid pressure at the contact gap is depleted (when contact gap 486 

pressure approaches to zero) [1]. It is useful to study the mixed-mode lubrication duration as 487 

it is an important indicator of joint health. A shorter mixed-mode lubrication duration 488 

indicates the earlier contact for cartilage solid components, and consequently a higher 489 

likelihood of cartilage surface wear and osteoarthritis development.  490 

This study predicts the mixed-mode lubrication duration of around 160 mins for a healthy 491 

junction, this is in good agreement with the previous study [29], as it takes several hours for 492 

the fluid pressurization or friction coefficient to reach an equilibrium value (note, the 493 

aggrecan-dependent tissue permeability as shown in eq. (9) was adopted in the study with an 494 

average value across the tissue being 2.2e-16 𝑚4/𝑁𝑠  at the steady state, this is also 495 

consistent with the experimental measurements [14, 83]). However, the mixed-mode 496 
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lubrication duration reduces significantly once the ScBP starts to leak (as shown in figure 6), 497 

the lubrication duration is 33% lower as compared to control when relative permeability = 0.1,  498 

50% lower when relative permeability = 1,  and it becomes 52% lower when ScBP permeability 499 

is at OA condition. These results suggest a significant reduction in the knee joint lubrication 500 

capability under the effect of osteochondral junction leakage, as the load that was initially 501 

taken by the fluid is transferred at a faster rate to the solid component of cartialge. When the 502 

osteochondral junction becomes permeable and deteriorated, cartilage interstitial fluid 503 

escapes via ScBP, less available fluid will go into the contact gap to support the mixed-mode 504 

lubrication regime. Together this also reduces the effect of “weeping lubrication” [11, 84]. In 505 

the meantime, the fluid drainage path that comes out of the tissue via the contact gap 506 

interface also becomes shorter, which also contributes to the reduction of the mixed-mode 507 

lubrication duration, and in turn deteriorates the lubrication capability.  508 

As discussed in Section 3.1, the effect of osteochondral junction leakage is most significant 509 

when relative permeability is between 0.001 to 1, and further increase in ScBP permeability 510 

only has mild effect. This is also seen in the mixed-mode lubrication duration shown in figure 511 

6, where the joint lubricating capability deteriorates most significantly at the early stage of 512 

the junction leakage development. Further progression only has mild effect and so the tissue 513 

would not deteriorate much further. This finding indicates the  importance of early prevention 514 

and intervention of the subchondral bone disease, as once the subchondral bone plate 515 

becomes permeable, the articular joint could suffers significant loss of its lubrication 516 

capability and functionality. 517 
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 518 

Figure 6: Normalized mixed-mode lubrication duration compared to control for different 519 

relative permeability ratios between the subchondral bone plate to cartilage (𝒌𝒔𝒄𝒃𝒑/𝒌_𝒄) 520 

 521 

4 Limitations 522 

A few limitations in the study should be noted. First, the current study uses static compressive 523 

loading to investigate the effect of osteochondral junction leakage on joint lubrication 524 

behaviour, it serves as the first step in the investigation. In the future study, a dynamic loading 525 

with different frequencies and speeds (to simulate walking and running) can be used to better 526 

understand how a diseased osteochondral junction affects the joint. Second, an axis-527 

symmetrical geometry and coordinates are employed to simplify the problem. We do expect 528 

additional variations due to the presence of the meniscus, ligaments, and joint contact 529 

geometry to also affect the fluid flow behaviour in the gap junction. In future studies, 530 

improvement can be made by constructing a 3D model of the knee joints based on CT scan 531 

images to account for these geometrical variables. Third, this study assumes the constant 532 

synovial fluid viscosity. It is acceptable to adopt for constant value for the static compression 533 

loading as a first approximation to steady state conditions, however, more complex rheology 534 

of synovial fluid can be built into the model for a more realistic scenario modelling. Lastly, this 535 

study estimates the permeability ratio between the subchondral bone plate and cartilage 536 

based on the subchondral bone plate’s porosity. In future studies, improvement can be made 537 
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by replacing these estimates with experimental data to make these theoretical predictions 538 

closer to reality. 539 

 540 

5 Conclusion 541 

This study investigated the cartilage lubrication but focused on the potential impact of 542 

osteochondral junction leakage. In addition, the effect of the meniscus on fluid flow in the 543 

contact gap was also considered in the modelling. The main conclusions are summarized as 544 

follows: 545 

 The effect of osteochondral junction leakage is significant on cartilage joint lubrication, 546 

and it is most apparent during the early stage of the junction leakage development 547 

(when relative permeability is between 0.001 to 1.0 in this study). 548 

 The model predicts that normal adult knee cartilage could take about 2 hours for a 549 

healthy cartilage tissue to reach steady-state consolidation. However, the full 550 

consolidation time reduces to 1.2 hours when relative permeability ratio = 0.1 (early 551 

stage of osteochondral junction leakage). It reduces to 0.8 hours when ScBP 552 

permeability is at the OA condition, this is equivalent to a 60% reduction.  553 

 The time-dependent friction coefficient rises sooner with the increasing subchondral 554 

bone plate permeability (as the osteochondral junction leakage deteriorates). As 555 

compared to control, the initial friction coefficient increases by 62% for ScBP 556 

permeability at the OA condition, and 57% when relative permeability ratio = 1, and 557 

33% when relative permeability ratio = 0.2. This result indicates the potential for a 558 

significant contribution of a leaky osteochondral junction on the development of knee 559 

diseases, such as osteoarthritis. 560 

 The mixed-mode lubrication duration and the joint lubrication capability is reduced 561 

significantly when the ScBP becomes permeable (at early stage of osteochondral 562 

junction leakage). As compared to control, the mixed-mode lubrication is 33% lower 563 

when relative permeability = 0.1,  and 50% lower when relative permeability = 1,  and 564 

it becomes 52% lower when ScBP permeability is at OA condition. These results 565 

suggest a significant reduction in the knee joint lubrication under the effect of 566 

osteochondral junction leakage. 567 
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 Early intervention (e.g., following sports injury) to prevent osteoarthritic subchondral 568 

bone disease may be justified because once the subchondral bone plate becomes 569 

permeable, the articular joint is likely to suffer significant loss in terms of its lubrication 570 

capability, increased wear, and consequent loss of functionality. 571 
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