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Abstract

Understanding the mechanical factors that drive the biological responses of chondrocytes is central 

to our interpretation of the cascade of events that lead to osteoarthritic changes in articular 

cartilage. Chondrocyte mechanics is complicated by changes in tissue properties that can occur as 

osteoarthritis (OA) progresses and by the interaction between macro-scale, tissue level, properties 

and micro-scale pericellular matrix (PCM) and local extracellular matrix (ECM) properties, both 

of which cannot be easily studied using in vitro systems. Our objective was to study the influence 

of macro- and micro-scale OA-associated structural changes on chondrocyte strains. We developed 

a multi-scale finite element model of articular cartilage subjected to unconfined loading, for the 

following three conditions: (i) normal articular cartilage, (ii) OA cartilage (where macro and 

micro-scale changes in collagen content, matrix modulus and permeability were modeled), and 

(iii) early-stage OA cartilage (where only micro-scale changes in matrix modulus were modeled). 

In the macro-scale model, we found that a depth-dependent strain field was induced in both 

healthy and OA cartilage and that the middle and superficial zones of OA cartilage had increased 

tensile and compressive strains. At the micro-scale, chondrocyte shear strains were sensitive to 

PCM and local ECM properties. In the early-OA model, micro-scale spatial softening of PCM and 

ECM resulted in a substantial increase (30%) of chondrocyte shear strain, even with no structural 

changes in macro-scale tissue properties. Our study provides evidence that micromechanical 

changes at the cellular level may affect chondrocyte activities before macro-scale degradations at 

the tissue level become apparent.
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1. Introduction

Articular cartilage is a swollen, hydrated tissue with an extracellular matrix (ECM) 

composed of negatively charged proteoglycans (PGs) and a uniquely organized type II 

collagen network. When articular cartilage is mechanically loaded, tissue-level deformations 

are transferred through the hierarchical structure of the ECM, through a proteoglycan and 

type VI collagen rich region surrounding each chondrocyte1–3 – the pericellular matrix 

(PCM) – to the embedded chondrocytes. Chondrocytes respond to deformation by regulating 

metabolic and matrix synthesis activities.4 For example, excessive chondrocyte strains can 

result in enhanced secretion of catabolic effectors, e.g. matrix metalloproteinases (MMPs) 

and PG degrading aggrecanases, thereby leading to the progression of cartilage and joint 

degeneration over time.4–6 In pathological conditions, such as osteoarthritis (OA), decreased 

modulus and increased permeability at the tissue-explant level (i.e. macro-scale) occur,7–9 

while decreases in the spatial elastic modulus of the ECM and PCM (i.e. micro-scale level) 
surrounding the chondrocyte have also been reported.10 Oftentimes, the more subtle micro-

scale changes can occur before macro-scale tissue-level changes are evident.11 Our 

understanding of the mechano-biological responses of chondrocytes is therefore complicated 

by the interaction of the macro- and micro-scale properties. For example, while it has been 

suggested that the mechanical properties of both the PCM and the ECM regulate the 

transmission of the deformation to the chondrocyte12–17,18,19 the mechanics of this 

interaction have not yet been defined.

Computational models have been used to simulate chondrocyte deformation and 

chondrocyte-matrix interactions in articular cartilage,7,20,21 and have demonstrated that the 

PCM plays an important role in regulating the equilibrium and transient micro-mechanical 

environment of chondrocytes. Furthermore, it has been shown that changes in tissue level 

properties which occur in OA affect chondrocyte volumetric behavior under mechanical 

loading.21 However, the role of micro-scale spatial inhomogeneities in ECM and PCM 

modulus10 on chondrocyte deformation, has not been investigated.

Our objective was to study the influence of macro- and micro-scale OA-associated structural 

changes on chondrocyte strain. To achieve this objective, we developed a multi-scale finite 

element model of articular cartilage. We hypothesized that micro-scale changes in local 

ECM and PCM modulus would affect chondrocyte deformations, even with no apparent 

changes in macro-scale tissue properties.

Methods

General approach

An axisymmetric macro-scale finite element model of an articular cartilage explant 

subjected to unconfined loading was created in Abaqus v6.16 (Dassault Systems, 
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Providence, RI). The model was designed to mimic the anisotropic, inhomogeneous, fibril-

reinforced, poroelastic, and swelling behavior of articular cartilage. A micro-scale 

axisymmetric finite element model was also created which included a chondrocyte (‘cell’) 

surrounded by PCM and ECM (Fig. 1). Using a multi-scale modeling approach, the 

deformations from the middle zone of the macro-scale model were used as input boundary 

conditions for the micro-scale model.22

Material Model

We adopted a composition-based fibril-reinforced poroelastic swelling model prescribed in 

an Abaqus user subroutine (UMAT). The same material model was used for ECM of the 

macro-scale model and ECM and PCM of the micro-scale models. The material was 

considered to consist of a fluid phase and a porous solid phase with swelling properties. The 

porous solid phase of the biphasic tissue consisted of a swelling solid ground substance 

representing proteoglycan (PGs) non-fibrillar matrix, and a fibrillar component representing 

the oriented collagen network.23–25

The governing stress equation is given by:24,26

(1)

where μf is the fluid pressure, I the unit tensor, Δπ the osmotic pressure gradient, ns,0 the 

initial solid volume (in the unloaded and non-swollen state), J the volumetric deformation, 

σpgm the stress in the solid ground substance, σi
col the collagen fibril stress in the ith fibril 

direction, i detonated the number of the fibril compartment and totcol the total number of the 

fibrils. Depth-dependent composition description of the collagen fibers and the solid ground 

substance can be found in Wilson et al. (2004-2007).24,25 Since collagen and PG 

constituents compose the total solid phase, the fractions of collagen and PG constituents in 

our model are defined with respect to the total solid phase.

Fluid flux has been modeled with Darcy’s law:

(2)

where w is the flux of the fluid relative to the solid, nf is the current fluid fraction, 

is the relative velocity of the fluid with respect to the solid matrix, k is cartilage permeability 

and is the pressure gradient.27

The permeability k is a function of the current extra-fibrillar fluid fraction:24,25

(3)
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where M and  are positive material parameters and  is the current extra-fibrillar fluid 

fraction. It is noted that when obtaining this formulation, the fact that only the extra-fibrillar 

fluid can flow out of the tissue has been accounted for. For further details of the calculation 

of permeability the reader is referred to Wilson et al. (2006-2007).24,25

For the solid ground substance, a compressible Neo-Hookean model was used of which the 

compressibility is dependent on the solid fraction:24

(4)

where Gm was the shear modulus of the solid ground substance and  was the deformation 

gradient tensor.

The total Cauchy stress for collagen expressed as a function of the deformation is given by:
24

(5)

where λ is the elongation of the fibril,  is the current fibril direction, Pcol is the 1st Piola 

Kirchhoff fibril stress, and σiso is represented the isotropic stiffness of the fibers. The 

isotropic stress σiso was described with the same Neo-Hookean model used to describe the 

stress in the solid ground substance (σpgm, Eq. 2), yet with Gm replaced by Gmcol, 

representing the shear modulus of the collagen fiber network.26

Elongation of the fibril λ is calculated by:

(6)

where is the initial fibril orientation.

The 1st Piola Kirchhoff fibril stress is given by:

(7)

with P1 and P2 defined as:

(8)
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(9)

and E1, k1, E2 and k2 positive material constants. Collagen was modeled as a double-spring-

dashpot where is the total fibril logarithmic strain in a first spring,  the logarithmic 

strain of the second spring which is parallel to the first spring, and  is the logarithmic 

strain of the dashpot which is in series configuration with the second spring. The strains in 

the upper part of the double-spring dashpot (i.e. the first spring) and lower part of the 

double-spring dashpot (i.e. the second spring and dashpot) of the spring system are the same. 

As such, the strain in the first spring is equal to the summation of the strains in the second 

spring and the dashpot. For more details on the collagen fiber material model the reader is 

referred to Wilson et al. (2004-2007).24,25

The osmotic pressure gradient Δπ, as a result of the fixed-charge density (FCD) of the 

negative glycosaminoglycan (GAG) concentration embedded in the ground substance 

matrix, is given by:28

(10)

where  is effective fixed charge density, cext the external salt concentration ϕα osmotic 

coefficient, γα activity coefficients, T the temperature, and R the gas constant. For further 

details of the material model the reader is referred to Wilson et al.25

Study Design

Three cases were simulated:

Case 1, Healthy cartilage model - The ECM of the macro-scale model and local ECM and 

PCM of the micro-scale model were assigned material properties to mimic that of normal 

articular cartilage.

Case 2, OA cartilage model - The ECM of the macro-scale model and the ECM and PCM of 

the micro-scale model were assigned material properties to mimic OA cartilage.

Case 3, Early-stage OA cartilage model - The ECM of the macro-scale model as assigned 

material properties to mimic normal cartilage, while the local ECM and PCM of the micro-

scale model was assigned properties to mimic OA cartilage.

Macro-scale Model

The circular tissue explant was 5.6 mm diameter and 1 mm thickness. The base of the 

explant was restricted from displacements in all directions in order to represent cartilage 

attachment to the subchondral bone. The displacements at the nodes along the axis of 

symmetry were confined in the radial direction. The nodes on the lateral edge were 
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prescribed zero pore pressure to simulate free fluid flow. Compressive stress of 7.75 MPa 

was applied to the top surface of the explant. This stress magnitude corresponded to the 

reaction force divided by the explant’s surface area when an impermeable platen applied a 

10% compression to the healthy explant. At the macro-scale, the healthy and OA cartilage 

models were simulated by adjusting the content and properties of the ECM components, as 

presented in Table 1. Based on data from literature,7–9 the ECM of the OA cartilage model 

was considered to have 40% less collagen content, 40% lower matrix stiffness, and twice 

(2X) the permeability as that of healthy cartilage. Output: Tensile and compressive strain 

fields in the ECM of the healthy and early OA cartilage models which had identical 

macroscale ECM properties (Case 1 and Case 3) and of the OA cartilage model (Case 2) 

were calculated. Tensile and compressive strains at the middle zone of the explant were 

computed and used as inputs to their respective micro-scale model.

Micro-scale Model

The sub-modeling option in Abaqus was used to prescribe the displacement and fluid pore 

pressure fields derived from the solution of the macro-scale model to the boundary of the 

micro-scale model. The inner and outer diameters of the chondrocyte and PCM were 10 μm, 

10 μm and 15 μm, respectively (Fig 1). The chondrocyte was modeled as an homogeneous 

biphasic material.7,29,30 The PCM was modeled using the same material model as ECM, 

with fluid fraction of 0.85, fixed charge density of 0.2 (mEq/ml), Poisson’s ratio of 0.15 and 

permeability of 1.9 ×10−15 m4/N s.21 The collagen fibril stiffness of the PCM was 10% (type 

VI collagen) of that of the ECM (type II collagen)21 (Table 2). The spatial softening of PCM 

and ECM for Cases 2 and 3 was modeled by adjusting the shear modulus of the ground 

substance Gm.10 Accordingly Gm of the PCM and ECM were increased from the inner edge 

of the PCM towards the ECM (Fig. 2). The ratio of the increase in Gm was the same as the 

ratio of increase in the elastic modulus of PCM towards ECM measured in experiments 

which used atomic force microscopy.10 In Fig. 2, the Gm of the ECM and PCM are 

normalized to that of the normal ECM (Gm= 0.7722 MPa). Output: Tensile, compressive and 

shear strains at the micro-scale were calculated for the studied cases using the micro-scale 

model. Tensile strain refers to logarithmic lateral strain (LE11), compressive strain refers to 

logarithmic axial strain (LE22) and shear strain is logarithmic in-plan shear strain (LE12).

Solution approach

Galerkin method, direct equation solver and Full Newton solution technique were employed. 

8-node axisymmetric quadrilateral, biquadratic displacement, bilinear pore pressure 

elements were used. A mesh refinement study was performed by reducing by increasing the 

number of elements to a level that the results were independent of the mesh resolution. 

Based on the mesh refinement study, the number of element of the macroscale and 

microsclae models were 3069 and 13064, respectively.

Results

At the macro-scale

At the macro-scale, a highly non- homogeneous strain field was induced in the healthy and 

OA models (Fig. 3). The magnitude of the tensile (Fig. 3a) and compressive (Fig. 3b) strains 
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throughout the depth of the tissue were variable between each case, with largest tensile and 

compressive strains occurring in the superficial zone. In the middle zone of the healthy 

cartilage model (Case 1), tensile strain of 6% and compressive strain of 12% were induced. 

In OA cartilage (Case 2) these strains were 9% and 17%, respectively, an increase of 50% 

and 41% strains in the OA explant compared to those in the healthy explant.

At the micro-scale

At the micro-scale, the distribution of the shear strains through the cell-ECM-PCM structure 

was different between all cases (Fig 4). In particular, peak shear strains for the normal 

cartilage model (Case 1) were concentrated within the PCM region (Fig 4a). However, in 

Case 2 and 3 there were elevated shear strains in part of the chondrocyte periphery (Fig. 4b 

and 4c). In contrast, the distributions of the compressive and tensile strains were consistent 

between all three Cases (Fig. 5 and 6). In particular, (i) the compressive and tensile strains 

were amplified within the chondrocyte, (ii) the intersecting boundary region between the 

chondrocyte and PCM had the highest strains, and (iii) the central region of the chondrocyte 

had lower compressive and tensile strains compared to its periphery.

In the healthy cartilage model (Case 1), the chondrocyte had a peak shear strain of 13%, 

which was localized to the internal periphery of the chondrocyte (Fig. 4a). The compressive 

and tensile strains had peak magnitudes of 24% (Fig. 5a) and 13% (Fig. 6a), respectively, 

which were concentrated at the intersecting boundary region between the chondrocyte and 

PCM. The central region of the chondrocyte had less strains compared to its periphery.

In the OA cartilage model (Case 2), substantially higher strain magnitudes were induced in 

the chondrocyte when compared to Case 1. Peak shear strains increased to 31% at the PCM 

region and the peripheral area of the chondrocyte at its periphery also had high shear strains 

of up to 22% (Fig. 4b). Peak compressive strain increased to 38% in PCM region and 32% in 

the chondrocyte (Fig. 5b), and peak tensile strain increased to 20% in the chondrocyte (Fig. 

6b).

In the early-stage OA model (Case 3), peak shear strain was 21% at the PCM region while a 

region close to the periphery of the chondrocyte had a shear strain of 17% (Fig. 4a). Peak 

compressive strain was 27% (Fig. 4b) and peak tensile strain was 14% (Fig. 4c).

Discussion

We studied the influence of macro- and micro-scale OA-associated structural changes on 

chondrocyte deformations using a multi-scale, biphasic, swelling, fiber-reinforced, nonlinear 

computational model of adult articular cartilage, subjected to unconfined compressive load. 

At the macro-scale, we found that a depth-dependent strain field was induced in healthy and 

OA cartilage, and that the superficial and middle zones of OA cartilage experience increased 

tensile and compressive strains compared to healthy cartilage. At the micro-scale, we found 

that chondrocyte shear strains were sensitive to PCM and local ECM properties. In 

particular, micro-scale spatial softening of PCM and ECM resulted in a substantial increase 

(by up to 30%) in chondrocyte shear strain, even with no structural change in macro-scale 
tissue properties, leading us to accept our hypothesis. When macro-scale and micro-scale 
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structural changes were present in the OA model, there were 70%, 53% and 33% higher 

shear, tensile and compressive strains in the chondrocyte, respectively.

The factors that affect the mechanobiological response of chondrocytes are still being 

understood.4–6 In vitro studies have found that eexcessive compressive strains can result in 

mechanical injury to chondrocyte, leading to reduced remodelling, maintenance and repair,
31–33 although the magnitude of strain that is deemed excessive, is highly variable across 

studies.34–35 The mechanical mechanisms driving chondrocyte responses to deformations 

are difficult to study using in vitro modeling systems. To avoid the limitations associated 

with in vitro tests, computational models of the micromechanical environment of 

chondrocytes have been used.7,20,21,36–39 These studies have suggested that collagen 

orientation and depth-dependent negative fixed charge densities of articular cartilage can 

modulate the mechanical environment in the vicinity of chondrocytes.38 It has also been 

found that tissue level changes in the ECM (e.g. fibrillation of the superficial zone of 

cartilage) cause cell volume increase in OA cartilage under compressive loads.21 

Furthermore, it is suggested that at the cellular level, the PCM plays an important role in 

regulating chondrocyte strains and exhibits a significant stress shielding effect.7 However, 

the micro-scale spatial inhomogeneities in ECM and PCM modulus which were recently 

revealed in atomic force microscopy studies,10 have not been included in these micro-scale 

computational models.

The cartilage material model adopted in the present study has previously been validated and 

used for studies at macroscopic24,25,40,41 and microscopic scales.20,21,36–39 The predictions 

of cell deformations using our multi-scale method have also been compared to 

experimentally quantified axial deformations of chondrocytes embedded in agarose gel.42,43 

In the current study, we used our macro-scale finite element model to determine the strain 

field throughout healthy cartilage. By changing the properties of the ECM (i.e. collagen 

content, shear modulus of the ECM ground substance and permeability) we simulated an 

osteoarthritic-like cartilage explant. Using a multi-scale approach, the strains obtained from 

the macro-scale model were used as inputs to the micro-scale model, which included a 

representation of the cell, the PCM and the local ECM. In doing so, we could mimic changes 

at the PCM and local ECM level,10 both of which are reported to occur prior to macro-tissue 

level changes,11 and thereby mimic the early stages of OA.

Consistent with previous studies7 we found that in healthy cartilage the PCM amplifies 

compressive strains in chondrocytes located at the middle zone of cartilage. In OA cartilage, 

however, our results indicate that the level of strain amplification is increasing and results in 

the induction of high compressive strains on chondrocytes. Excessive magnitudes of 

compression have been shown to result in mechanical injury to cells.32 Injurious magnitudes 

of deformation activate proinflammatory mediators and ultimately catabolic pathways that 

lead to cartilage degeneration.4 Further to these insights, our study also indicated that in 

healthy cartilage shear strains are attenuated by the PCM and as a result can shield the 

chondrocytes from distortional deformations. Yet in the OA cartilage models, where loss of 

structural properties in ECM and PCM occurred, chondrocytes were not as effectively 

protected against excessive shear strains. Of interest, increases in shear stresses have been 

shown to lead to increased release of nitric oxide, a reactive oxygen metabolite implicated in 
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joint pathogenesis.44,45 It has also been found that the exposure of human osteoarthritic 

chondrocytes to a continuously applied shear stress upregulated nitric oxide synthase gene 

expression and increased nitric oxide release. In yet another study it was reported that 

increased shear strains applied to isolated human chondrocytes resulted in increased 

glycosaminoglycan synthesis, longer chondroitin sulfate glycosaminoglycan chains, and 

elevated expression of interleukin-6 (markers typical of osteoarthritic cartilage).46 Given the 

increase in chondrocyte shear strains in OA cartilage observed in our study, we suggest that 

when the effects of cell deformations on their biological response are computationally or 

experimentally investigated, shear strains as well as compressive and tensile strains should 

be determined, reported, and analyzed. In the literature, the physiological significance of 

shear vs. compressive or tensile strains has not been explored in a consistent setting yet. 

Future studies may shed more lights on relative influence of these strains on cellular 

activities.

In our study, OA cartilage was modeled by altering three parameters of collagen content, 

matrix stiffness, and permeability at the tissue level which are believed to be the most 

influential and prominent parameters affected in OA cartilage as compared to normal 

cartilage.4,12 Alteration in some other parameters may be captured by the changed 

parameters. For example, the reduction in collagen stiffness may have similar effects on 

stress and strains as the reduction in the collagen content. Similarly, the reduction in water 

content may have a similar effect on stresses and strains as an increase in permeability or 

decrease in stiffness. A comprehensive parametric study is required to isolate the influence 

of variations in all possible material parameters on the mechanical behavior of OA cartilage, 

but was beyond the scope of the current study.

A limitation to this study and other modeling studies20,30 is that the chondrocyte was 

idealized as a homogeneous continuum.47 Models incorporating sub-cellular components, 

such as the nucleus and cytoskeletal fibers, may provide further insights into intracellular 

mechanotransduction mechanisms.48 For such models, the assumption of continuous 

attachment between chondrocytes and their environment could also be updated to discrete 

focal cell-matrix attachment sites.49 Direct validation of chondrocyte strains in the cartilage 

ECM have yet to be performed and may become more feasible in the near future with new 

developments in the field.50 Finally, we focused on analyzing the micromechanical 

environment of chondrocytes located in the middle zone of the cartilage under unconfined 

compression. Given the depth-varying non-homogeneous strain field that was induced in 

both healthy and OA conditions, the effects of depth-wise variations in the chondrocyte 

shapes and PCM thickness and properties on chondrocyte deformations should be accounted 

for in future studies.

Conclusion

In conclusion, our multiscale computational model incorporated detailed cartilage 

ultrastructure as well as spatially varying microstructural mechanical properties of the PCM 

and ECM to reflect those found in healthy and OA cartilage. We found that in early stages of 

OA, independent of the macro-scale structural degradation, microstructural changes at the 

cellular level may substantially change the transfer of tissue-level loads to the chondrocytes. 
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This finding suggests that micromechanical changes at the cellular level may affect 

chondrocyte activities before macro-scale degradations at the tissue level become apparent.
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Figure 1. 
Axisymmetric micro-scale (right) finite element mesh of a cylindrical cartilage explant (left) 

under unconfined compression. Boundary conditions of the micro-scale model were 

obtained from the solution of a macro-scale axisymmetric finite element model of the 

explant. The local ECM in the micro-scale model had the same properties as the ECM of the 

macro-scale model except that the spatial variation of the shear modulus in the local ECM 

was adjusted as depicted in Figure 2.
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Figure 2. 
Spatial variation of the shear modulus from PCM inner edge towards ECM in the micro-OA 

condition (right) is different from that in the healthy condition (left). The shear modulus is 

normalized to that of normal ECM.
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Figure 3. 
Depth-dependent variations in tensile (a) and compressive (b) strains at the macro-scale in 

the normal (left) and OA (right) explants.
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Figure 4. 
Shear strains induced within the chondrocyte and PCM in Case 1 (a) Case 2 (b), and Case 3 

(c). The shear strains are increased in OA (Case 2) and early OA (Case 3) conditions as 

compared to the healthy condition (Case 1). Note that black regions in Case 2 and Case 3 

show strains values which exceed those in the healthy cartilage (Case 1). Also note that the 

peak strains induced in each case is different as indicated by the corresponding legends.
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Figure 5. 
Compressive strains induced within the chondrocyte and PCM in Case 1 (a) Case 2 (b), and 

Case 3 (c). The compressive strains are elevated in OA (Case 2) and early OA (Case 3) 

conditions as compared to the healthy condition (Case 1).
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Figure 6. 
Tensile strains induced within the chondrocyte and PCM in Case 1 (a) Case 2 (b), and Case 

3 (c). The tensile strains are increased in OA (Case 2) as compared to the healthy condition 

(Case 1).
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Table 1

Material parameters of normal and OA ECM.

Parameter Description Normal value OA value

nf,0 Initial fluid volume fraction 0.9-0.2(z#) Same as normal

ns,0 Initial solid volume fraction 1−[0.9-0.2(z#)] Same as normal

CF0 Initial fixed charge density 0.1(−z#)2−0.24(z#)+0.035 Same as normal

ncol Depth dependent collagen fraction 1.4(z#)2−1.1(z#)+0.59 0.4 × Normal value

Npgm Depth dependent PG fraction 1-ncol Same as normal

Gm Shear modulus of PG matrix 0.7722 (MPa) 0.4 × Normal value

Gcol Shear modulus collagen isotropic matrix 0.01144 (MPa) Same as normal

Permeability constant 1.767 ×10−17 m4/N s 2.0× Normal value

M Permeability constant 1.339 Same as normal

E1 Collagen type II material constant 4.362 (MPa) Same as normal

K1 Collagen type II material constant 14.39 Same as normal

E2 Collagen type II material constant 20.25 (MPa) Same as normal

K2 Collagen type II material constant 43.96 Same as normal

η Collagen type II viscoelasticity dashpot constant 1.532 × 105 (MPa s) Same as normal

z# was the normalized depth of the explant (0 at the articular surface and 1 at the explants-bone interface)
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Table 2

Material parameters of the PCM and chondrocyte in the micro-scale model.

Parameter Description Value

PCM

nf,0 Initial Fluid Volume Fraction 0.85

CF0 Initial Fixed Charge Density 0.2 (mEq/ml)

KPCM Permeability (constant) 1.9 ×10−15 m4/N s

E1 collagen type VI material constant 0.4362 (MPa)

K1 collagen type VI material constant 14.39

E2 collagen type VI material constant 2.025 (MPa)

K2 collagen type VI material constant 43.96

η Collagen type VI viscoelasticity dashpot constant 1.532 ×105 (MPa s)

Chondrocyte

nf,0 Initial Fluid Volume Fraction 0.83

EChondrocyte Young’s modulus 0.0007 (MPa)

VChondrocyte Poison’s ratio 0.4

KChondrocyte Permeability (constant) 0.5×10−14 m4/N s
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