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Abstract 

 

Previous experimental studies have determined local strain fields for both healthy and 

degenerated cartilage tissue during mechanical loading. However, the biomechanical 

response of chondrocytes in situ, and in particular, the response of the actin cytoskeleton to 

physiological loading conditions is poorly understood. In the current study, a 3D 

representative volume element (RVE) for cartilage tissue is created, comprising of a 

chondrocyte, surrounded by a pericellular matrix, and embedded in an extracellular matrix. A 

3D active modelling framework incorporating actin cytoskeleton remodelling and 

contractility is implemented to predict the biomechanical behaviour of chondrocytes. 

Physiological and abnormal strain fields, based on the experimental study of Wong and Sah 

(Wong and Sah, J. Orthop. Res., 28:1554-61 (2010)), are applied to the RVE. Simulations 

demonstrate that the presence of a focal defect significantly affects cellular deformation, 

increases the stress experienced by the nucleus, and alters the distribution of the actin 

cytoskeleton. It is demonstrated that during dynamic loading, cyclic tension reduction in the 

cytoplasm causes continuous dissociation of the actin cytoskeleton. In contrast, during static 

loading significant changes in cytoplasm tension are not predicted and hence the rate of 

dissociation of the actin cytoskeleton is reduced. It is demonstrated that chondrocyte 

behaviour is affected by the stiffness of the pericellular matrix, and also by the anisotropy of 

the extracellular matrix. The findings of the current study are of particular importance for 

understanding the biomechanics underlying experimental observations such as actin 

cytoskeleton dissociation during the dynamic loading of chondrocytes. 

 

Keywords: cell mechanics; actin cytoskeleton remodelling; chondrocyte; cartilage; finite 

element. 



2 

 

1. Introduction 

 Numerous in vitro studies have demonstrated that the actin cytoskeleton plays a role 

in the biomechanical response of chondrocytes to mechanical stimuli [1-4]. In addition, 

abnormal mechanical loads, which are believed to contribute to the development of 

osteoarthritis, can also affect the actin cytoskeleton [5]. Continuous high levels of hydrostatic 

pressure have been shown to alter the chondrocyte actin cytoskeleton such that it is similar to 

the actin cytoskeleton found in osteoarthritic chondrocytes [6]. However, the response of the 

actin cytoskeleton in chondrocytes in situ during physiological and abnormal mechanical 

loading is poorly understood. 

 Previous studies have experimentally determined local strains during cartilage-on-

cartilage articulation [7, 8]. In addition, Wong et al. [9] have shown that shear strain in 

degenerated cartilage is markedly increased near the surface due to both increased friction 

and a reduction in the mechanical properties of the tissue. A focal defect (FD) is characterised 

as a partial or full-thickness defect in a localised area of articular cartilage tissue, and is 

typically associated with acute injury or trauma [10, 11]. Significantly, FDs have been shown 

to dramatically alter cartilage deformation during combined loading [12, 13]. However, these 

experimentally determined strains, for both healthy and degenerated cartilage, have not 

previously been used to investigate the biomechanical response of chondrocytes. 

Understanding the biomechanical response of chondrocytes to abnormal strains is particularly 

important given the negative effect of high strain impact loads on chondrocyte activity [14].  

 Finite element modelling has previously been used to investigate the stress state and 

deformation in chondrocytes during mechanical loading. Chondrocytes have been commonly 

modelled as biphasic and isotropic in multi-scale models when simulating their response to 

deformation [15-18]. In addition, viscoelastic models have been employed to simulate 

chondrocyte behaviour during single cell micropipette aspiration [19, 20] and shear 
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experiments [21].  However, these models of chondrocytes have considered the cell as a 

passive, homogeneous material. A recent computational-experimental study by Dowling et al. 

[22] has demonstrated that an active modelling framework, based on the bio-chemo-

mechanics of the actin cytoskeleton [23], must be used to elucidate the mechanisms 

underlying the behaviour of in vitro chondrocytes during shear deformation. Dowling et al. 

[22] also demonstrated that a passive material model captures chondrocyte behaviour only if 

the actin cytoskeleton is disrupted using cytochalasin-D (further details of this study can be 

found in Section 2.2). 

 The objective of the current work is to investigate the role of the active remodelling of 

the actin cytoskeleton in the response of chondrocytes and the surrounding extracellular 

matrix (ECM) to physiological loading conditions. Specifically, an active bio-chemo-

mechanical model based on the remodelling and contractility of the actin cytoskeleton [23] is 

implemented in order to simulate the biomechanical behaviour of chondrocytes. 

Physiological strain fields are chosen based on the experimental study of Wong and Sah [13] 

(Fig. 1). Abnormal strains [13], due to the presence of a FD, are also simulated. Additionally, 

simulations are also performed which investigate the effect of the pericellular matrix (PCM) 

and cartilage anisotropy on chondrocyte biomechanics and actin cytoskeleton remodelling. It 

is demonstrated that the distribution and remodelling of the actin cytoskeleton plays an 

important role for in situ chondrocytes during abnormal loading. 

 

2. Methods 

2.1 Active cell model formulation 

In the present study, the active framework for stress fibre remodelling and 

contractility proposed by Deshpande et al. [23] is used to model the actin cytoskeleton of 

chondrocytes. This framework offers a phenomenological description of the biochemistry and 
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mechanics of stress fibre formation, remodelling and contractility. The actin cytoskeleton 

consists of an assembly of stress fibres, which are comprised of actin filaments and the motor 

protein myosin. The formation of the actin cytoskeleton is initiated by a biochemical or 

mechanical perturbation that triggers a signalling cascade within the cell. In response to an 

activation signal, several intracellular pathways (such as Rac, Rho, Ca2+ and Cdc42) may 

stimulate the polymerisation of actin filaments and phosphyorlation of myosin II. For 

example, the signal can result in a large influx of calcium ions (Ca2+) in the cell cytosol, 

leading to the formation of long actin filaments and the assembly of myosin into bipolar 

filaments, forming contractile stress fibres [24, 25]. In the current study, an activation signal 

is initially applied in order to determine a steady state actin cytoskeleton distribution in the 

cell prior to the application of experimentally determined strain fields. The contractility of 

stress fibres occurs due to the cross-bridge cycling of actin-myosin pairs. In chondrocytes, 

highly aligned bands of stress fibres are not observed; instead, the actin cytoskeleton has a 

more smeared appearance. However, as detailed in Section 2.2 below, the contribution of the 

actin cytoskeleton to chondrocyte biomechanics is highly important and is accurately 

modelled by a 3D implementation of the active modelling framework.  

Full details of the 3D active stress fibre framework can be found in Deshpande et al. 

[26] and Ronan et al. [27]. In summary, a kinetic equation describes the formation and 

dissociation of the actin cytoskeleton:  

 
𝑑𝜂

𝑑𝑡
= [1 − 𝜂]

𝐶�̅�𝑓

𝜃
− [1 −

𝑇

𝑇0
]

𝜂�̅�𝑏

𝜃
 (1) 

where η is the non-dimensional stress fibre activation level. The dimensionless constants �̅�𝑓 

and �̅�𝑏 govern the rates of actin cytoskeleton formation and dissociation respectively. An 

activation signal that decays exponentially over time (𝐶 = 𝑒(−𝑡/𝜃) where 𝜃 is a decay 

constant and 𝑡 is the time since the most recent signal) triggers the formation of the actin 
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cytoskeleton (Fig. 2A (i)) as specified by the first term on the RHS of Eq. 1. While actin 

cytoskeleton formation is driven by the activation signal, the steady state actin cytoskeleton 

distribution is determined largely by the ability of the cell and the surrounding PCM to 

support stress fibre tension. When tension (𝑇) in a stress fibre is lower than the isometric 

tension (𝑇0), fibre dissociation occurs (Fig. 2A (ii)), as specified in the second term on the 

RHS of Eq. 1. The isometric tension is proportional to the activation level of the stress fibre 

(𝑇0 = 𝜂𝑇𝑚𝑎𝑥) with 𝑇𝑚𝑎𝑥 being the maximum isometric tension in a fully activated stress fibre 

(𝜂 = 1). Finally, the contractility strain rate relationship of the actin cytoskeleton (Fig. 2A 

(iii)) due to cross-bridge cycling between actin and myosin is described by a Hill-type 

equation:  

 
𝑇

𝑇0
= 1 +

�̅�𝑣

𝜂
(

𝜀̇

𝜀0̇
) −

𝜂

�̅�𝑣

≤
𝜀̇

𝜀0̇
≤ 0 (2) 

where 𝜀̇ is the fibre contraction/extension strain rate, and the model parameters �̅�𝑣 and 𝜀0̇ 

control the slope of the Hill-type curve. Stress fibres yield at the isometric tension 𝑇0 when 

𝜀̇ > 0, and exert no tension when 𝜀̇ 𝜀�̇� < − 𝜂 �̅�𝑣⁄⁄ .  

 The active formulation is implemented into a 3D framework [27], and the model is 

implemented in the finite element software Abaqus 6.10 (Simulia, Providence, RI, USA) via 

a user-defined material subroutine (UMAT) [23]. At every integration point, the theoretical 

framework is solved in 240 evenly spaced directions in 3D space, providing a full prediction 

of the distribution of the inhomogeneous anisotropic contractile actin cytoskeleton [27]. This 

active framework is placed in parallel with a neo-Hookean hyperelastic formulation, which 

represents the passive non-contractile material (𝐸𝑐𝑦𝑡𝑜) surrounding the actin cytoskeleton. 

The total stress at any integration point in the cell cytoplasm is given as the sum of the active 

stress and passive stress tensors. A detailed description of the numerical implementation of 
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the active and passive formulation is provided in the electronic supplementary material 

(appendix A). 

 In order to illustrate the average distribution of actin before and during loading, we 

plot the average actin intensity level (�̅�) at every point in the cytoplasm (0 ≤ �̅� ≤ 1): 

 �̅� ≡ ∑
𝜂𝑘

𝑛

𝑛

𝑘=1

 (3) 

Contour plots of the average actin intensity level have been shown to correspond to cells 

stained for actin using phalloidin antibodies in fluorescent or confocal images [28]. 

 

2.2 Validation of the active modelling framework for chondrocytes 

 A recent computational-experimental study by Dowling et al. [22] demonstrates the 

ability of this active framework to accurately simulate the biomechanical response of 

chondrocytes to applied deformation.  In summary, Dowling et al. [22] performed a series of 

in vitro tests in which single bovine chondrocytes were subjected to shear deformation by a 

horizontally moving probe. The cells were seeded on glass substrates for three hours only 

before tests in order to carefully maintain the chondrocyte phenotype. Experiments 

demonstrated a characteristic yield point in non-linear force-indentation curves for untreated 

chondrocytes, whereas disruption of the actin cytoskeleton using cytochalasin-D resulted in a 

linear force-indentation curve. As shown in Fig. 2B, simulations using the aforementioned 

active formulation are shown to accurately simulate the behaviour of untreated chondrocytes, 

revealing that the characteristic force-indentation response results from yielding of the actin 

cytoskeleton in tensile regions and dissociation in compressive regions. In contrast, a simple 

hyperelastic cell model can only capture the linear response of a cell in which the contractile 

actin cytoskeleton has been disrupted. Despite the smeared appearance of the actin 

cytoskeleton in chondrocytes, the study by Dowling et al. [22] demonstrates that the active 
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contractility of the actin cytoskeleton contributes significantly to the mechanical behaviour of 

chondrocytes.   

 The study of Dowling et al. [22] strongly demonstrates the ability of the active 

modelling framework proposed by Deshpande et al. [23] to accurately predict the response of 

chondrocytes to in vitro mechanical deformation. Following on from the calibration and 

validation of the active modelling formulation for single chondrocytes [22], the current study 

explores the response of chondrocytes embedded in an ECM to physiological loading. The 

following active model parameters used are based on the previous calibration of Dowling et 

al. [22]: 𝑇𝑚𝑎𝑥 = 0.85 kPa, �̅�𝑣 = 6, 𝜀0̇ = 0.003 s-1, 𝜃 = 70s, 𝑘𝑓 = 1; 𝑘𝑏 = 10; 𝐸𝑐𝑦𝑡𝑜 = 1.5 kPa; 

and 𝜐𝑐𝑦𝑡𝑜 = 0.4. 

 

2.3 Modelling of the ECM and PCM 

2.3.1 Isotropic hyperelasticity 

 For the majority of the simulations presented in the current study, the ECM is 

considered to be isotropic and homogeneous, and is modelled using a neo-Hookean 

hyperelastic formulation. A description of the neo-Hookean hyperelastic formulation is 

provided in the electronic supplementary material (Appendix B). Both the PCM and nucleus 

are considered to be isotropic and homogeneous, and are modelled using a neo-Hookean 

hyperelastic formulation. The stiffness of the PCM is assumed to be approximately one order 

of magnitude higher than the chondrocyte, and between 1-2 orders lower than the ECM [15, 

29, 30]. The Young’s modulus of the PCM is chosen to be 𝐸𝑃𝐶𝑀 = 15 kPa [29, 31], unless 

specifically stated otherwise. Based on previous studies, the Young’s modulus of the ECM is 

chosen to be 𝐸𝐸𝐶𝑀 = 1.1 MPa [32, 33]. The Poisson’s ratio is 0.4 for the ECM [34] and 0.125 

for the PCM [15]. The Young’s modulus of the nucleus is assumed to be 𝐸𝑛𝑢𝑐 = 4 kPa and 
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the Poisson’s ratio is assumed to be 𝜐𝑛𝑢𝑐 = 0.4 [21, 35, 36]. The chondrocyte, PCM and ECM 

are assumed to be perfectly bonded. 

 

2.3.2 Anisotropic hyperelastic theory 

 In addition to considering the ECM as an isotropic material, a number of simulations 

in the present study treat the ECM as an anisotropic material, based on the work of Pierce et 

al. [33]. The cartilage ECM is known to be anisotropic due to the arrangement of the Type II 

collagen fibres within the proteoglycan/water gel matrix. In the surface zone, fibres are 

orientated tangentially to the articular surface. The middle zone has fibres that are randomly 

orientated with the deep zone containing fibres that are orientated perpendicular to the 

surface. The anisotropic material behaviour of the ECM, incorporating collagen fibre 

orientation, is modelled using the Holzapfel-Gasser-Ogden strain energy potential in Abaqus 

[37]. A detailed description of the Holzapfel-Gasser-Ogden strain energy potential is 

provided in the electronic supplementary material (Appendix B). The material constants for 

the anisotropic hyperelastic formulation are chosen based on previous studies [33, 38], with 

𝐶10 = 0.2085 MPa, 𝐷 = 1.02 x 10-3, 𝑘1 = 0.425 MPa, 𝑘2 = 39.8. Only one family of fibres 

(𝑁 = 1) is considered, and fibres are assumed to be perfectly aligned, thus 𝜅 = 0. Collagen 

fibre directions are defined in the global coordinate system, and three mean preferred fibre 

directions (θ) are considered: 0° (horizontally aligned fibres); 45°; and 90° (vertically aligned 

fibres), where θ is the angle between the fibre direction and x-axis in the global Cartesian 

coordinate system. 

 

2.4 Representative volume element and finite element implementation 

 A 3D representative volume element (RVE) of cartilage tissue is created, comprising 

of a chondrocyte cell, surrounded by a PCM, and embedded in a cuboidal ECM (Fig. 2C). 
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The RVE is generated in Abaqus 6.10. The chondrocyte is assumed to spherical, with a 

diameter of 16 µm, based on confocal images of in situ chondrocytes in previous studies [39-

41]. Similarly, the nucleus is also chosen to be spherical, with a diameter of 7 µm [22, 42-

44], and the PCM is chosen to be 3 µm thick [15, 18, 45]. A side length of 60 µm for the 

cuboidal ECM is chosen in order to give an approximate representation of chondrocyte 

volume per unit cartilage volume. This was determined by considering that the volume 

fraction of chondrocytes in cartilage tissue varies from 1-10% [40, 46], and cellularity 

decreases with tissue depth from 150 × 106 cells/cm3 at the surface to 50 × 106 cells/cm3 at 

500 μm below the surface [47]. Additionally, the ratio of cell volume to ECM volume in the 

current study is comparable to previous finite element models incorporating chondrocytes 

embedded in an ECM [15, 17, 18, 48]. 

 Periodic boundary conditions, similar to those used by Mullins et al. [49], are applied 

to the RVE in order to ensure that opposing faces remain parallel during deformation. The 

periodic boundary conditions consist of a series of equation constraints, and can be expressed 

in terms of the nodal displacement vector, u. For example, the nodes contained in the node 

set 𝒖𝑠 remain parallel to the corresponding nodes in the node set 𝒖𝑝, and 𝒖𝑏 remains parallel 

to 𝒖𝑎 during the simulation (Fig. 3A and B). Further details of the numerical implementation 

of the periodic boundary conditions are provided in the electronic supplementary material 

(Appendix C). Loads are imposed on the RVE by applying a displacement boundary 

condition to the master nodes, 𝑛4 and 𝑛5, while 𝑛1 is fully constrained. Boundary conditions 

are chosen to replicate the local cartilage strain fields observed experimentally by Sah and 

Wong [13] during physiological loading conditions, as described in section 2.5. 

 The cartilage tissue model is modelled using 8-noded linear brick elements (C3D8). 

The average element length for the nucleus, cytoplasm, PCM, and ECM is 0.27 µm, 0.48 µm, 
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0.88 µm and 1.62 µm respectively. A mesh sensitivity study was performed and no changes 

to the results were observed for smaller element sizes. 

 

2.5 Strain-controlled loading 

 All simulations are divided into two distinct phases. The first phase simulates the 

formation of an equilibrium actin cytoskeleton distribution in the cell in the absence of 

externally applied loading.  As previously mentioned, an exponentially decaying signal in the 

cytoplasm (as observed for chondrocytes [50]) drives the formation of the actin cytoskeleton, 

while tension reduction in the cytoplasm leads to dissociation. The second phase then 

involves the application of nominal strains to the RVE. In the experimental study by Wong 

and Sah [13], local shear, axial and lateral strains during articular cartilage articulation were 

determined as a function of normalised tissue depth for bovine patellar cartilage that was 

either intact or containing a FD. In the case of the tissue containing a FD, strain was also 

measured as a function of lateral distance from the edge of the defect. Nominal strains are 

applied in terms of the compressive, lateral and shear components measured by Wong and 

Sah [13] (Table 1) with respect to a reference global coordinate system. Plotting of the 

deformed shape in this global coordinate system facilitates the visualisation of the rotation 

and alignment of the cells with respect to the loading direction. Strain fields could also be 

applied in terms of the maximum and minimum principal strains, and the principal direction 

(Table 1). Nominal strain fields are applied as boundary conditions to the RVE to simulate 

cartilage loading in the superficial, middle, and deep zones in fully intact healthy cartilage. In 

addition, simulations are performed for cartilage containing a FD, with the distance from the 

FD also being considered (Defect: Edge, Defect: Middle, Defect: Far). 

 While the experiments of Wong and Sah [13] examined static loading conditions, 

both static and dynamic loading cases are considered in the present study (Fig. 3C). The 
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effect of dynamic loading on the cellular level is investigated computationally in the current 

study as previous research has demonstrated the benefits of dynamic loading for cartilage 

homeostasis [51]. For static loading, nominal strains are applied for 0.5 seconds. In the case 

of dynamic loading, nominal strains are applied at frequency of 1 Hz, which is within the 

range of normal adult cadence [52]. Again, strain values based on the study of Wong and Sah 

[13] are chosen as the dynamic loading cases, with the exception of simulations investigating 

the effect of the PCM and cartilage anisotropy, in which strain values are based on the study 

of Wong and Sah [7] (Table 1). 

  

3. Results 

3.1 Actin cytoskeleton distribution 

An exponentially decaying signal leads to the formation of the actin cytoskeleton. 

Tension is actively generated by stress fibres, which leads to deformation of the cytoplasm. 

This cytoplasm deformation leads to a shortening of stress fibres, and an associated tension 

drop, as described in Eq. 1, which in turn causes a partial dissociation of the actin 

cytoskeleton. The predicted distribution of the actin cytoskeleton (as described by the average 

actin intensity level �̅�) in response to the exponentially decaying signal is shown in Fig. 4A. 

A steady state solution is predicted following 500 seconds, after which no further changes are 

computed. At this point, the cell is in equilibrium and all stress fibres in the actin 

cytoskeleton are at isometric tension with a strain rate of zero in every fibre direction. The 

actin cytoskeleton is predicted to be uniformly distributed throughout the cytoplasm due to 

the surrounding stiff PCM (𝐸𝐸𝐶𝑀 = 15 kPa) and ECM (𝐸𝑃𝐶𝑀 = 1.1 MPa), which prevents 

significant tension reduction in the cytoplasm. There is a slightly lower concentration in the 

actin cytoskeleton near the nucleus (𝐸𝑛𝑢𝑐 = 4 kPa) as the nucleus is less stiff than the PCM, 

and hence supports less stress fibre tension. The uniform distribution suggests that the actin 
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cytoskeleton is smeared in appearance, without distinctive bundling of stress fibres in a 

dominant direction.  

 

3.2 Physiological and abnormal strain loading 

Following the simulation of the equilibrium distribution of the actin cytoskeleton 

under static conditions, the RVE is subjected to physiological strain fields via the application 

of displacement boundary conditions. For example, Fig. 4B shows the maximum principal 

strain in the deformed RVE during combined loading corresponding to the surface zone of 

intact cartilage (see Table 1). It can be noted that strains in the cell (~21-25%) are far higher 

than strains in the ECM (~1–5%). Figs. 4C-E show the computed chondrocyte cell 

morphology at peak deformation following the application of experimentally determined 

strain fields at a range of tissue depths (the nucleus, PCM, and ECM are removed from the 

figures for clarity). The distribution of the actin cytoskeleton (�̅�) in the deformed cytoplasm 

is also shown for each case. The applied loading of the RVE results in considerable cell 

deformation, which decreases with tissue depth. Additionally, applied loading results in the 

shortening of stress fibres and causes a tension reduction in the cell cytoplasm, which leads to 

a decrease in actin cytoskeleton concentration in all cases. Specifically, the following can be 

noted: 

 At the surface zone (Fig. 4C), the cells in the FD case are significantly more flattened and 

elongated compared to the cell in the intact case. Additionally, cells in the FD case 

undergo less rotation compared to the cell in the intact case. The greatest level of actin 

cytoskeleton dissociation in the superficial zone is predicted for the cell in the intact case. 

 In the middle zone (Fig. 4D), the cells in the FD case display a more elliptical shape 

compared to the cell in the intact case. All cells have a similar alignment. In addition, cells 

in the FD case have a greater level of actin cytoskeleton intensity. Stretching of the cell 
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results in more fibres in the actin cytoskeleton remaining in a state of isometric tension, 

and this prevents dissociation. The highest values of �̅� are predicted in regions above and 

below the cell nucleus in the FD case.  

 In the deep zone (Fig. 4E), the cell in the intact case is predicted to have a rounded 

morphology, whereas cells in the FD case display an elliptical shape. Additionally, the cell 

in the intact case experiences no rotation during loading. Cells in the FD case have a 

similar actin cytoskeleton distribution compared to cells in the middle zone. In contrast to 

the superficial and middle zones, the cell in the intact case in the deep zone has a lower 

level of actin cytoskeleton dissociation compared to cells in the FD case. 

 

3.3 Stresses in the cell 

Fig. 5 shows the range of equivalent von Mises stress computed in the nucleus and 

cytoplasm following the application of experimentally determined strain fields for each case. 

As expected, the largest values of stress are predicted to occur in the surface zone, for both 

the nucleus and cytoplasm (Fig. 5A). Importantly, the maximum stress in both the nucleus 

and cytoplasm in the intact case is approximately 2-2.5 times lower than the maximum values 

computed for all the FD cases. A similar trend is predicted for stresses in the middle (Fig. 5B) 

and tidemark (Fig. 5C) zones. Typically, the largest values of nucleus and cytoplasm stress 

are computed for the regions closest to the FD. The aspect ratio is defined as the ratio of 

cell/nucleus length in the x-axis direction to cell/nucleus length in the y-axis direction. The 

change in aspect ratio of both the nucleus and cytoplasm at peak deformation, normalised 

with respect to the initial aspect ratio, is shown in Fig. 6. In the surface zone (Fig. 6A), the 

nucleus and cytoplasm aspect ratio is approximately 3-4 times larger for the FD cases 

compared to the intact case. Similarly, the nucleus and cytoplasm aspect ratio in the middle 

(Fig. 6B) and deep (Fig. 6C) zones are larger when a FD is present. Simulations are also 
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performed whereby cell shape and orientation was investigated. A horizontally-orientated 

ellipsoidal cell with an initial aspect ratio of 2, and a vertically-orientated ellipsoidal cell with 

an initial aspect ratio of 0.5 are considered. In general, similar trends are predicted for 

ellipsoidal cells compared to the spherical cell during loading. However, the difference 

between aspect ratio change for the intact and FD cases is less pronounced for both the 

ellipsoidal cells compared to the spherical cell in all zones. Further details of the effect of cell 

shape on aspect ratio during loading are in Appendix D in the electronic supplementary 

material. 

 

3.4 Dynamic Loading 

Following the single loading results presented in Figs. 4-6, the response of the RVE to 

dynamic loading is considered (Fig. 7). 30 loading cycles are implemented for a strain of Exy 

= 0.025, Eyy = -0.12, Exx = 0.001 at a frequency of 1 Hz. For the purposes of comparison, a 

static loading case is also considered in which the RVE is loaded to the maximum 

experimentally observed strain, and held at this strain for a period of 29.5 seconds. Fig. 7A 

shows the change in the averaged actin cytoskeleton concentration in the cytoplasm as a 

function of time during dynamic and static loading. During dynamic loading, stress fibres 

undergo cyclic shortening and this leads to cyclic tension reduction in the cytoplasm. This 

cyclic tension drop causes gradual but continuous actin dissociation, in accordance with Eq. 

1. In contrast, there is only one applied load in the case of static loading; hence, the reduction 

in actin cytoskeleton concentration is much lower, reaching a plateau at approximately 20 

seconds. Following the application of the single load, changes in stress and cytoskeletal 

remodelling occur over the subsequent 20 seconds before an equilibrium state is reached. 

After 20 seconds, all fibres in the actin cytoskeleton are at isometric tension, with no further 

dissociation of the actin cytoskeleton being computed, in accordance with Eq. 1. As 
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illustrated in Fig. 7B and C, actin dissociation throughout the cell cytoplasm is far more 

pronounced in the case of dynamic loading than in the case of static loading after 30 seconds. 

The cyclic reduction in tension and subsequent low actin cytoskeleton concentration is 

predicted to affect the stress in the nucleus. As shown in Fig. 7D and E, the equivalent von 

Mises stress computed in the nucleus in the dynamic loading case is approximately 1.5 times 

higher than in the static loading case, demonstrating the importance of contractility and 

remodelling of the actin cytoskeleton in the prediction of nucleus deformation and stress. 

Further details of the effect of static and dynamic loading on nucleus stresses are in the 

electronic supplementary material (Appendix E). 

In Figs. 7A-E, signalling and formation of the actin cytoskeleton during cyclic loading 

was not considered. Interestingly, an experimental study by Roberts et al. [50] has shown that 

an exponentially decaying signal is induced by the application of compressive loading to 

chondrocytes. Additionally, it has been demonstrated that cyclic compression of 

chondrocytes in agarose constructs induces disassembly of the actin cytoskeleton [1]. Fig. 7F 

shows the change in the normalised averaged actin cytoskeleton concentration in the 

cytoplasm as a function of time when an exponentially decaying signal is initiated at the start 

of each dynamic loading cycle, as motivated by the experimental observations of Roberts et 

al. [50]. As previously stated, the evolution of the actin cytoskeleton is dependent on the 

competition between signal-driven fibre formation and mechanically-driven fibre 

dissociation. Net disassembly of the actin cytoskeleton, as experimentally observed by 

Knight et al. [1], is predicted if the model parameter �̅�𝑏 > �̅�𝑓. The earlier calibration of this 

modelling formulation for in vitro chondrocytes suggests that �̅�𝑓 = 1 and �̅�𝑏 = 10 provides an 

accurate prediction of the actin cytoskeleton distribution [22].  

The effect of a FD on cell behaviour under dynamic loading is considered in Fig. 8. A 

strain of Exy = 0.025, Eyy = -0.12, Exx = 0.001 is applied for the intact case, and Exy = 0.06, Eyy 
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= -0.2, Exx = 0.08 for the FD case at a frequency of 1 Hz for 10 loading cycles. As shown in 

Fig. 8A, in the intact case the cell exhibits a rounded morphology, with continuous actin 

dissociation predicted throughout the cytoplasm following five and ten loading cycles. The 

cell in the FD case displays a flattened, elongated shape with continuous actin dissociation 

predicted during cyclic loading (Fig. 8B). However, differences exist in the distribution of the 

actin cytoskeleton between the intact and FD cases. Dynamic loading reveals a greater 

decrease in �̅� above and below the nucleus for the cell in the FD case compared to the intact 

case. Additionally, the sides of the cell in the FD case are considerably stretched, which 

results is less actin dissociation in these regions compared to the intact cell. 

 

3.5 The effect of the PCM  

 In all the simulations discussed above, the stiffness of the PCM is 𝐸𝑃𝐶𝑀 = 15 kPa. In 

order to investigate the role of the PCM in chondrocyte biomechanics, simulations are 

performed whereby the stiffness of the PCM is varied, and dynamic compressive loading is 

performed (Eyy = -0.225 at 1 Hz for 10 loading cycles). Three values for the PCM stiffness 

(𝐸𝑃𝐶𝑀) are considered: 5 kPa, 15 kPa and 750 kPa. When the cell is attached to a very stiff 

PCM (𝐸𝑃𝐶𝑀 = 750 kPa), prior to the application of loading, stress fibre tension is supported, 

thus leading to regions of high actin cytoskeleton concentration at the periphery of the cell. 

This is not the case when the cell is attached to a more compliant PCM (𝐸𝑃𝐶𝑀 = 5 kPa). Prior 

to the application of loading, the compliant PCM layer allows for high levels of cell 

deformation under the contractile action of the actin cytoskeleton. This in turn leads to a 

shortening of stress fibres, and an associated drop in stress fibre tension, in accordance with 

Eq. 2. This tension drop causes stress fibres to dissociate, resulting in a lowered actin 

cytoskeleton concentration, in accordance with Eq. 1. Hence, prior to the application of 

external loading, a significantly reduced actin cytoskeleton occurs when a compliant PCM 
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surrounds the chondrocyte. Subsequent cyclic loading results in a reduction of the actin 

cytoskeleton intensity for all values of PCM stiffness. However, as shown in Fig. 9A, the 

level of actin cytoskeleton intensity remains the highest in the case where the cell is 

surrounded by the PCM with the highest elastic modulus (𝐸𝑃𝐶𝑀 = 750 kPa). 

 The role of the PCM in regulation of cell deformation in response to external loading 

is considered in Fig. 9B. If the PCM is significantly less stiff than the ECM, the outer 

deformation of the cell-PCM structure is determined by the deformation of the ECM. 

Additionally, within the cell-PCM structure, the cell deformation and hence the cell stress is 

governed by the cell-PCM stiffness ratio. This is evident from Fig. 9B (i) and (ii), where the 

outer deformation of a PCM of stiffness 𝐸𝑃𝐶𝑀 = 5 kPa is very similar to that of a PCM of 

𝐸𝑃𝐶𝑀 = 15 kPa. However, in the latter case higher deformation of the cell is computed as the 

PCM is significantly stiffer than the cell. In the former case the PCM deforms significantly 

more than for the case of Fig. 9B (i), hence less deformation of the cell is computed, with 

lower intracellular stresses being observed. If the PCM is of comparable stiffness to the 

ECM, then the overall deformation of the cell-PCM structure is influenced by the PCM-ECM 

stiffness ratio. As an example, Fig. 9B (iii) considers an ECM stiffness of 𝐸𝑃𝐶𝑀 = 750kPa, 

which is comparable to the stiffness of the ECM chosen in the current study (𝐸𝐸𝐶𝑀 = 1.1 

MPa). In this case, the outer deformation of the cell-PCM structure is significantly lower than 

the predictions for the more compliant PCMs considered in Fig. 9B (i) and (ii). Hence, the 

overall cell stress is lower, despite the stiffness of the PCM being increased. 

 

3.6 ECM anisotropy  

All the results presented so far have assumed that chondrocytes are embedded in an 

isotropic ECM. In Fig. 10, the effect of cartilage anisotropy on chondrocyte behaviour and 

ECM stress is investigated following a single application of compressive (Eyy = -0.225) or 
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shear (Exy = 0.25) strain to an RVE containing collagen fibres aligned at either 0°, 45°, or 90° 

with respect to the x-axis in the global coordinate system. As shown in Fig. 10A (i), 

anisotropy has little effect on nucleus and cytoplasm stress during compression (Eyy). This is 

because the maximum principal strain is not sufficiently large for the fibres to make a 

significant contribution to the ECM mechanical response. However, a slight increase in 

maximum equivalent von Mises stress is computed in the nucleus if fibres are aligned in the 

maximum principal direction (0°). For shear (Exy), fibres must be orientated in the direction 

of max principal strain (45°) in order to produce a noticeable change in nucleus stress (Fig. 

10A (ii)). Anisotropy has a minor effect on the distribution of the actin cytoskeleton 

following dynamic pure compression or shear loading, as shown in Fig. 10B and C 

respectively. The stress state predicted in the ECM following applied compressive or shear 

strain is shown in Fig. 10D and E respectively. Under a compressive load, a higher stress is 

predicted in the ECM when fibres are aligned in the direction of maximum principal strain 

(0°). If fibres are aligned in the direction of minimum principal strain (90°), no fibre 

contribution is computed and ECM stress is similar to that predicted for an isotropic ECM. 

Similarly, during pure shear loading, the fibres must be orientated in the direction of 

maximum principal strain (45°) in order to generate a significant difference in ECM stress. 

 

4. Discussion 

 The current study presents a computational investigation of the role of the 

remodelling and contractility of the actin cytoskeleton in the response of chondrocytes to 

physiological and abnormal (FD) strain loading. To our knowledge, no previous 

computational model has considered the response of the actin cytoskeleton of chondrocytes 

during physiological loading, despite experimental studies showing that the actin 

cytoskeleton is linked to cartilage pathology [6, 53, 54]. In the current study, a chondrocyte 

cell embedded in an ECM was simulated using a 3D RVE. An active modelling framework 
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[23], incorporating signal dependent stress fibre formation and tension-dependent stress fibre 

dissociation, was used to predict the distribution and remodelling of the chondrocyte actin 

cytoskeleton during strain-controlled loading. This active model has been recently validated 

for chondrocytes in vitro in terms of contractility, cell deformation and actin cytoskeleton 

remodelling [22]. In the current study, simulations elucidate the important role of the actin 

cytoskeleton during combined compressive, shear and lateral strain loading. In particular, the 

current study uncovers the following key findings: (i) the introduction of a FD significantly 

affects cellular deformation, increasing the stress experienced by the nucleus and cytoplasm, 

and altering the distribution of the actin cytoskeleton; (ii) dynamic loading results in a 

continuous decrease in actin cytoskeleton concentration but static loading does not; (iii) the 

stiffness of the PCM in the computational model significantly affects the concentration of the 

actin cytoskeleton in the cytoplasm; (iv) collagen fibre alignment affects cartilage behaviour 

in certain loading conditions. In the following sections, each of the above key findings (i-iv) 

will be discussed with reference to supporting experimental observations from the literature, 

highlighting the insights offered by the novel simulations presented in this paper.  

 The current study demonstrates that chondrocyte biomechanics is considerably 

affected by altered strains due to the presence of a FD. Clinical studies have demonstrated 

that FDs can lead to cartilage degeneration, defect enlargement and tissue volume loss [55-

57]. In addition, the abnormal strains that occur due to the presence of a FD are likely to 

make the tissue more susceptible to mechanical injury. Numerous experimental studies have 

examined the effect of abnormal mechanical loads, resulting in damaged cartilage, on 

chondrocyte viability and biosynthetic activity. It has been shown that mechanical injury to 

cartilage explants results in chondrocyte apoptosis with a loss of glycosaminoglycans [58] 

and changes in gene expression [59]. Similarly, Borelli Jr. et al. [60] have shown that in vivo 

chondrocyte apoptosis can be caused by a single impact load. Furthermore in vitro 
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chondrocyte necrosis can be induced by non-physiological stimuli [61]. Such alterations in 

cell behaviour may be related to the findings of the present study that abnormal strains result 

in a significant increase in cell deformation and stress during loading. It is important to note 

that abnormal loads and non-physiological stimuli may directly result in mechanical injury to 

cartilage tissue in the absence of a FD. However, the alteration in the mechanical 

environment of the tissue due to abnormal strains may initiate a similar biomechanical or 

biochemical cascade whether a FD is present or not, resulting in cell death and negatively 

impacting the biosynthetic activity of the tissue. 

 The present study demonstrates that actin cytoskeleton remodelling and contractility 

in chondrocytes is significantly altered in the presence of FDs. Changes in the distribution of 

the actin cytoskeleton in the chondrocyte cytoplasm are predicted for cells in the surface, 

middle and deep zones compared to the corresponding zones in the intact case. As previously 

stated, the actin cytoskeleton is very important not just for chondrocyte biomechanics, but 

also for cartilage homeostasis [6, 53, 54]. Hence, it is essential that chondrocyte models 

include a description of the mechano-biochemistry of the actin cytoskeleton, as implemented 

in the current study for the first time for chondrocytes during physiological loading.  

 The current study predicts that the stress in the nucleus is affected by the presence of a 

FD, and is highly dependent on the rate of actin cytoskeleton dissociation (dynamic loading 

and PCM stiffness are shown to alter nucleus stress). Chondrocyte nucleus deformation has 

been shown to affect gene expression [62]. Also, impact-induced chondrocyte death has been 

linked with the breakdown of DNA [63]. Nucleus deformation in chondrocytes has been 

investigated using passive material models [15, 64]. However, the recent study of Dowling et 

al. [22] demonstrates that an active contractility and remodelling framework for the actin 

cytoskeleton must be used to accurately predict the response of chondrocytes to in vitro shear 

loading, highlighting the deficiencies of passive modelling. Additionally, it is demonstrated 
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by Dowling et al. [22] that the nucleus stress is significantly affected by the contractile actin 

cytoskeleton.   

 The active modelling framework used in the present study predicts that dynamic 

loading will lead to more dissociation of the actin cytoskeleton compared to a single static 

load. Disruption of the actin cytoskeleton by the chemical cytochalasin-D has been shown to 

play an important role in maintaining the chondrocyte phenotype in mature chondrocytes 

[65]. The current study predicts that cyclic tension reduction, which occurs during dynamic 

loading, leads to the continuous dissociation of the actin cytoskeleton, suggesting that 

dynamic loading aids the preservation of chondrocyte phenotype. Dissociation of the actin 

cytoskeleton in chondrocytes has been shown to occur experimentally during cyclic 

compression [1, 4] and dynamic osmotic loading [66]. The dynamic loading of single 

chondrocytes [67] and chondrocytes embedded in agarose gel [68] has been shown to result 

in an upregulation of biosynthetic activity, while static loading leads to a reduction. 

Additionally, Haudenschild et al. [69] have reported that both activation of the Rho pathway 

and remodelling of the actin cytoskeleton by dynamic compression, results in a change in 

gene expression in chondrocytes. Furthermore, a study by Sauter et al. [70] has demonstrated 

that disruption of the actin cytoskeleton prevents necrotic chondrocyte death during impact 

loading. Understanding how dynamic loading conditions leads to the remodelling of the actin 

cytoskeleton provides vital insight into the biomechanisms involved in chondrocytes 

mechanotransduction. 

 The findings of present study provide an enhanced understanding of the link between 

applied loading, cytoplasm stress and actin cytoskeleton dissociation. Previous experimental 

observations suggest that this link is important in the maintenance of the chondrogenic 

phenotype and for cartilage tissue engineering strategies. Dissociation of the actin 

cytoskeleton has been shown to play a critical role in stimulating chondrogenic differentiation 
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in mesenchymal stem cells [71, 72]. This would suggest that in order to induce the 

chondrocyte phenotype in mesenchymal stem cells, dynamic loading and hence continuous 

actin cytoskeleton dissociation is required. Additionally, dynamic loading has been 

demonstrated to be important for the generation of stem cell-based engineered cartilage 

constructs [73, 74]. The current approach for the design of tissue-engineered cartilage 

constructs is focused on parameters such as cell source, scaffolds and mechanical stimulation 

[75]. However, several difficulties exist with these particular strategies. For example, 

chondrocyte expansion in monolayer or in 3D can cause de-differentiation, characterised by 

the formation of organised stress fibre bundles [76], and a decrease in collagen type II 

expression [77]. The 3D active modelling framework presented in the current study has the 

potential to benefit the tissue engineering of functional cartilage, using an approach such as 

indentifying optimal mechanical loading conditions that prevents chondrocyte de-

differentiation through prediction of actin cytoskeleton distribution. 

 The current study predicts that lowering the stiffness of the PCM allows for a 

reduction of tension at the edge of the cell and localised dissociation of the actin cytoskeleton 

in the cytoplasm. Experimental data suggests that the PCM stiffness is in the region of 15 – 

100 kPa [29, 31, 78, 79]. Hence, the stiffness of the PCM is considerably lower than the 

ECM, but is significantly higher than the effective stiffness of the active cell. This suggests 

that slight increases in PCM stiffness will increase the stress in the cell, up to the limit where 

the PCM stiffness becomes comparable to that of the ECM. The study of Choi et al. [80] 

reports that the PCM can act as a protective layer for the chondrocyte in the superficial zone, 

and as a transducer that amplifies cellular strains in the middle and deep zones of cartilage 

tissue. These apparently differing effects of the PCM may be explained by the results of the 

present study, whereby the cell-PCM-ECM stiffness ratios determine if the PCM increases or 

decreases cell deformation and intracellular stress. Poole et al. [81] reported that the PCM 
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reduces cell deformation during mechanical joint loading, which suggests that in these 

experiments the PCM is significantly less stiff than the ECM. A study by Knight et al. [82] 

has shown that isolated chondrocytes deform more than cells surrounded by a partially-

formed PCM when embedded in 3% agarose gel with a stiffness of 25 kPa. Additionally, 

negligible deformation of the PCM shell was observed during loading, suggesting that the 

PCM is stiffer than the agarose matrix. This further highlights the importance of considering 

the stiffness ratio of the PCM to the ECM, as well the stiffness ratio between the cell and 

PCM, when investigating the biomechanical role of the PCM. Changes in the structure of the 

PCM have been shown to modify chondrocyte morphology in osteoarthritic cartilage [48]. 

Furthermore, it has been demonstrated that collagen VI, the dominant collagen type in the 

PCM, functions in protecting the chondrocyte from apoptosis [83]. The present study shows 

that the PCM plays a role in stress transfer to the cell, with significant implications for 

cytoskeletal remodelling. 

 The findings that the PCM plays an important role in controlling chondrocyte 

deformation are supported by finite element models of chondrocytes surrounded by a PCM 

[16, 84-86]. However, these computational models have relied on passive material 

formulations of the chondrocyte, ignoring the key biomechanical features underlying the 

formation, remodelling, and contractility of the actin cytoskeleton. As discussed above, it is 

critically important to incorporate the active actin cytoskeleton in chondrocytes for the 

accurate prediction of stresses in the cytoplasm and nucleus. Such modelling provides an 

improved prediction of the role of the PCM in chondrocyte deformation.  

 The simulations in the current study suggest that collagen fibres must be orientated in 

the maximum principal direction in order to considerably affect the stress computed in the 

ECM. In addition, unless the applied maximum principal strain is sufficiently large, collagen 

fibres will not significantly contribute to the mechanical behaviour of the ECM. Finite 
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element modelling of articular cartilage has previously been used to investigate chondrocyte 

biomechanics during loading. Moo et al. [18] modelled the response of embedded 

chondrocytes in cartilage tissue to confined compression using a biphasic model to represent 

the cell, with the ECM assumed to be isotropic. A transversely isotropic model for cartilage, 

surrounding a passive non-contractile isotropic elastic chondrocyte, has been employed to 

analyse cell deformation during compression [17]. A viscoelastic fibre-reinforced constitutive 

model based on a convex strain-energy function has been used to model collagen fibre and 

cartilage deformation during indentation, without explicitly modelling chondrocytes 

embedded in the tissue [33, 87]. The current study, for the first time, includes cells with a 

phenomenological collagen fibre model which is based on the Holzapfel-Gasser-Ogden strain 

energy potential to simulate both chondrocyte and cartilage tissue deformation. As previously 

stated above, chondrocytes actively respond to mechanical stimuli and the actin cytoskeleton 

plays an important role in governing this response. In order to offer insight or predictive 

capability into chondrocyte mechanotransduction, it is critical that finite element models of 

articular cartilage account for the active evolution of the actin cytoskeleton, rather than using 

passive material models. 

 A number of assumptions were made in the study and must be considered when 

interpreting the results. The viscoelastic behaviour of the PCM and ECM is not considered in 

the current model, and this may have implications for the actin cytoskeleton. During cyclic 

strain-controlled loading, stresses in a viscoelastic PCM-ECM would initially decrease, 

reaching a steady state based on the ratio of instantaneous to long-term moduli. The time to 

achieve steady state would be governed by the viscosity or relaxation time of the PCM-ECM 

material. Such “stress relaxation” of the PCM-ECM over time will result in lower steady state 

deformation of the cell, and this may slightly reduce the rate of dissociation of the actin 

cytoskeleton in response to cyclic loading. In the current study, the chondrocyte, PCM and 
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ECM are assumed to perfectly bonded. Debonding of chondrocytes from the ECM/PCM 

during extreme loading could be investigated [88]. Furthermore, the current modelling 

framework could be used to investigate the response of chondrocytes to high strain rate shock 

loading [89]. 

As previously mentioned, a strong correlation was observed between experimental 

results and simulations using the active actin cytoskeleton model for in vitro single 

chondrocytes during shear deformation [22]. For the further validation of our predictions for 

chondrocytes embedded in an ECM experiencing physiological loading, visualisation of the 

actin cytoskeleton experimentally is required. In order to image the actin cytoskeleton in 

chondrocytes, current methods involve fixation, permeablisation, and staining using 

antibodies. However, the actin cytoskeleton can rapidly remodel in response to mechanical 

stimuli, but the aforementioned techniques cannot provide real-time visualisation of 

chondrocyte actin dynamics. Future development must consider the real-time imaging of 

chondrocytes while undergoing deformation. A recent study by Haudenschild et al. [90] 

demonstrates a technique for live-cell imaging of the chondrocyte actin cytoskeleton using 

lentiviral GFP-actin transduction for chondrocytes in agarose gel during compression. 

 In conclusion, a 3D active modelling framework incorporating actin cytoskeleton 

remodelling is implemented for the first time to simulate the response of embedded 

chondrocytes to physiological loading. The presence of a FD is shown to increase cellular 

deformation, altering the distribution of the actin cytoskeleton and increasing nucleus 

stresses. The current study predicts that dynamic loading leads to continuous dissociation of 

the actin cytoskeleton due to the cyclic tension reduction within the chondrocyte. 

Furthermore, it is demonstrated that the active evolution of the chondrocyte actin 

cytoskeleton is influenced by the stiffness of the PCM. The accurate prediction of 
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cytoskeletal remodelling and nucleus stress in chondrocytes under physiological loading 

conditions offers the potential to guide strategies for cartilage tissue engineering. 
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Table Captions 

 

 

Table 1 

Nominal strain components applied to the RVE based on the experimentally measured strains 

fields from the study of Wong & Sah [13]. Femoral condyle and tibial plateau strain 

components are based on strains from Wong & Sah [7]. Strains are also expressed in terms of 

the maximum (𝛦𝑚𝑎𝑥) and minimum (𝛦𝑚𝑖𝑛) principal strains, and the principal direction (φ). 

 

Figure Captions 

 
Fig. 1 

Experimentally measured shear (A, B), axial (D, E), and lateral (G, H) strain maps of patellar 

cartilage, either intact (A, D, G) or containing a focal defect (B, E, H), after articulation 

against trochlear cartilage. Local shear (C), axial (F), and lateral (I) strain versus normalised 

tissue depth for patella cartilage as intact, or with a focal defect (as a function of lateral 

distance from the defect edge (EDGE, MID, FAR)). Figure reproduced from Wong and Sah 

[11] with permission from Wiley Periodicals, Inc., copyright © 2010 Orthopaedic Research 

Society. 
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Fig. 2 

(A) (i) Stress fibre formation in response to an exponentially decaying signal; (ii) a stress 

fibre bundle under isometric tension (left) and stress fibre dissociation in response to tension 

reduction (right); (iii) cross-bridge cycling tension-velocity relationship for stress fibres.  The 

solid curve corresponds to a fully activated stress fibre. The dashed curve corresponds to a 

stress fibre that has partially dissociated (0 < 𝜂 < 1). (B) Experimental probe force-

indentation data for untreated chondrocytes and chondrocytes containing a disrupted actin 

cytoskeleton during shear deformation, and computational probe force-indentation curves for 

the active model and a hyperelastic model (adapted from Dowling et al. [22], copyright © 

2012 The Royal Society). (C) Schematic of the 3D cartilage model consisting of a single 

chondrocyte cell surrounded by the PCM, and embedded in a cuboidal ECM (note: image is 

not to scale). The chondrocyte cytoplasm is modelled using an active actin cytoskeleton 

formulation in parallel with a hyperelastic material. The nucleus and PCM are modelled as a 

hyperelastic isotropic material. The ECM is modelled either as a hyperelastic isotropic or 

anisotropic material. Collagen fibres are included in the anisotropic ECM, with mean fibre 

directions (θ) of 0°, 45° and 90° with respect to the x-axis in the global Cartesian coordinate 

system used in simulations.  The schematic illustrates collagen fibres orientated at 0°. Half of 

the model is shown due to symmetry. All dimensions are in µm. 
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Fig. 3 

Schematic of the periodic boundary conditions applied to the: (A) undeformed RVE (𝑛1, 𝑛4, 

𝑛5, and 𝑛8 refer to the corner nodes of the RVE, a, d, p, and s correspond to node sets 

situated on a vertex of the RVE); (B) deformed RVE. (C) Illustration of the strain profile for 

static loading (left) and dynamic loading (right) at a frequency of 1 Hz. Strain profile is 

shown for a duration of three seconds. 

 

 
Fig. 4 

(A) Contour plot of the distribution of the actin cytoskeleton (�̅�) in the chondrocyte 

cytoplasm at 500 seconds after signal initiation. The PCM and ECM are not shown in (A) for 

clarity. (B) Deformed RVE during loading. Contours illustrate the maximum principal strain 

in the cartilage tissue. Deformed cell geometry for the intact and FD cases following 

application of experimentally determined strain fields at the: (C) surface zone; (D) middle 

zone; (E) deep zone. The nucleus, PCM and ECM are not shown in (C), (D) and (E) for 

clarity. Contours illustrate the distribution of the actin cytoskeleton (�̅�) in the chondrocyte 

cytoplasm. 
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Fig. 5 

Range of equivalent von Mises stress computed in the nucleus (left) and cytoplasm (right) 

following application of experimentally determined strain fields for the intact and FD cases: 

(A) surface zone; (B) middle zone; (C) deep zone. 

 

 
Fig. 6 

Aspect ratio computed in the nucleus (left) and cytoplasm (right) following application of 

experimentally determined strain fields for the intact and FD cases: (A) surface zone; (B) 
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middle zone; (C) deep zone. The initial aspect ratio of the spherical cell geometry before 

loading is one. Aspect ratios normalised with respect to the initial aspect ratio of the cell 

geometry are shown. 

 

 
Fig. 7 

(A) The effect of static and dynamic loading on the averaged actin cytoskeleton intensity 

(�̅�) in the cytoplasm. Computed changes over 30 seconds are considered. An experimentally 

determined strain of Exy = 0.025, Eyy = -0.12, Exx = 0.001 at 1Hz was applied. Distribution of 

the actin cytoskeleton (�̅�) in the chondrocyte cytoplasm at peak deformation following 30 

seconds of: (B) static and (C) dynamic loading. Note: contour limits in (B) are different to 

(C). The nucleus, PCM and ECM are not shown in (B) and (C) for clarity. Contour plots of 

the equivalent von Mises stress in the nucleus at peak deformation following 30 seconds of: 

(D) static and (E) dynamic loading. The PCM and ECM are not shown in (D) and (E) for 

clarity. (F) The effect of cyclic-initiated signalling on the averaged actin cytoskeleton (�̅�) as a 
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function of time in the cytoplasm, normalised with respect to the steady state averaged actin 

cytoskeleton (�̅�0). Computed changes over 30 seconds are considered. Predictions are shown 

for four values of the non-dimensional dissociation rate constant (�̅�𝑏): 1; 10; 50; and 100. 

 

 
Fig. 8 

Deformed cell geometries during dynamic loading for the intact (left) and FD case (right). 

Contours illustrate the distribution of the actin cytoskeleton (�̅�) in the chondrocyte cytoplasm 

at: (A) peak deformation during the 5th cycle; (B) peak deformation during the 10th cycle. 

Note: contour limits change from the 5th to the 10th cycle. A strain of Exy = 0.025, Eyy = -

0.12, Exx = 0.001 was applied for the intact case, and Exy = 0.06, Eyy = -0.2, Exx = 0.08 for the 

FD case. The nucleus, PCM and ECM are not shown for clarity. 

 

 
Fig. 9 

The effect of PCM stiffness on: (A) actin cytoskeleton distribution in the cytoplasm; and (B) 

PCM, cell, and nucleus stress during cyclic compression loading (Eyy = -0.225 at 1 Hz for 10 

cycles). Deformed cell geometry at peak deformation during the 10th loading cycle is shown. 

Contours illustrate the actin cytoskeleton intensity (η̅) and the equivalent von Mises stress in 

(A) and (B) respectively. The nucleus, PCM and ECM are not shown in (A) for clarity. The 

ECM is not shown in (B) for clarity. 

 

 



38 

 

 
Fig. 10 

The effect of ECM anisotropy on cell and ECM stress, and actin cytoskeleton organisation 

during compressive (Eyy = -0.225) and shear (Exy = 0.25) loading. (A) Range of equivalent 

von Mises stress computed in the nucleus and cytoplasm following application of strain fields 

for the isotropic and anisotropic models. Fibres orientated at 0°, 45°, and 90° with respect to 

the x-axis in the global coordinate system are considered. Deformed cell geometry and actin 

cytoskeleton distribution (�̅�) in the cytoplasm is shown following ten cycles (1 Hz) of (B) 

compressive and (C) shear strain. Fibres aligned in the direction of maximum principal strain 

during compression (0°) and shear (45°) are illustrated for the anisotropic model. The 

nucleus, PCM and ECM are not shown in (B) and (C) for clarity. Range of equivalent von 

Mises computed in the ECM following applied (D) compressive and (E) shear strain. Fibres 

aligned in the direction of maximum principal strain during compression (0°) and shear (45°) 

are illustrated for the anisotropic model. The nucleus, cytoplasm and PCM are not shown in 

(D) and (E) for clarity. 
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Tables 

 

  

𝑬𝒙𝒚 

(shear) 

𝑬𝒚𝒚 

(compression) 
𝑬𝒙𝒙 

(lateral) 
𝜠𝒎𝒂𝒙 𝜠𝒎𝒊𝒏 φ (°) 

INTACT 

Surface 0.075 -0.32 0.01 0.0262 -0.3362 12.2 

Middle 0.025 -0.12 0.001 0.0060 -0.1250 11.2 

Deep 0 -0.05 0 0.0000 -0.0500 0.0 

DEFECT: 

EDGE 

Surface 0.05 -0.425 0.015 0.0206 -0.4306 6.4 

Middle 0.06 -0.2 0.01 0.0259 -0.2159 14.9 

Deep -0.05 -0.125 0.005 0.0220 -0.1420 -18.8 

DEFECT: 

MIDDLE 

Surface 0.04 -0.45 0.03 0.0333 -0.4533 4.7 

Middle 0.06 -0.2 0.08 0.0923 -0.2123 11.6 

Deep -0.05 -0.1 0.015 0.0337 -0.1187 -20.5 

DEFECT: 
FAR 

Surface 0.01 -0.45 0.015 0.0152 -0.4502 1.2 

Middle 0.05 -0.2 0.032 0.0423 -0.2103 11.7 

Deep -0.025 -0.1 0.015 0.0202 -0.1052 -11.7 

 
FEMORAL 

CONDYLE 

 

Surface 0 -0.225 0 0 -0.225 0 

 
TIBIAL 

PLATEAU 

 

Surface 0.25 0 0 0.25 0.25 45 

 

 


