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Abstract

Computational analyses have been used to study the biomechanical microenvironment of the
chondrocyte that cannot be assessed by in vitro experimental studies; yet all computational studies
thus far have focused on the effect of zonal location (superficial, middle, and deep) on the
mechanical microenvironment of chondrocytes. The aim of this paper was to study the effect of
both zonal and radial locations on the biomechanical microenvironment of chondrocytes in
inhomogeneous cartilage under unconfined stress relaxation. A biphasic multiscale approach was
employed and nine chondrocytes in different locations were studied. Hyperelastic biphasic theory
and depth-dependent aggregate modulus and permeability of articular cartilage were included in
the models. It was found that both zonal and radial locations affected the biomechanical stresses
and strains of the chondrocytes. Chondrocytes in the mid-radial location had increased volume
during the early stage of the loading process. Maximum principal shear stress at the interface
between the chondrocyte and the extracellular matrix (ECM) increased with depth, yet that at the
ECM-pericellular matrix (PCM) interface had an inverse trend. Fluid pressure decreased with
depth, while the fluid pressure difference between the top and bottom boundaries of the microscale
model increased with depth. Regardless of location, fluid was exchanged between the
chondrocyte, PCM, and ECM. These findings suggested that even under simple compressive
loading conditions, the biomechanical microenvironment of the chondrocytes, PCM and ECM
were spatially dependent. The current study provides new insight on chondrocyte biomechanics.
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1 Introduction

Avrticular cartilage is an avascular hydrated connective tissue serving as a low-friction, load-
bearing material in diarthrodial joints, and has complex mechanical properties such as depth-
dependent inhomogeneity (Schinagl et al., 1997; Wang et al., 2001) and tension-
compression nonlinearity (Huang et al., 2005). Chondrocytes are the only cells found in
articular cartilage. They are responsible for the production and maintenance of the
extracellular matrix (ECM), such as type 1l collagen and proteoglycan (PG) (Mow et al.,
2005). Previous studies have demonstrated that mechanical stimuli modulate the
biosynthetic response of chondrocytes (Grodzinsky et al., 2000; Guilak et al., 1994; Sah et
al., 1989; Torzilli et al., 1997): static compression significantly inhibits synthesis of
proteoglycans and proteins, whereas dynamic compression can stimulate matrix production,
the latter strongly depending on the frequency and magnitude of the stimulus. The
biosynthetic response of chondrocytes to mechanical stimuli is also dependent on their
spatial location within the ECM (Goldring, 2012; Grodzinsky et al., 2000). Chondrocytes in
the middle zone synthesize greater amounts of aggrecan than those in the superficial and
deep zones, and the synthesis has been correlated with the spatial profile of interstitial fluid
flow and matrix deformation (Buschmann et al., 1999; Quinn et al., 1998; Wong et al.,
1997). Chondrocytes in the superficial, middle and deep zones have significantly different
morphologies, mechanical properties and gene expressions (Choi et al., 2007; Darling et al.,
2006; Flannery et al., 1999).

In vitro experimental studies of articular cartilage, while providing fundamental information
on ECM biomechanics, are unable to quantify a number of important chondrocyte
biomechanical behavior within the articular cartilage, such as local fluid pressure and flow
and solid stresses in the PCM. In this regard, several studies used computational models to
investigate the biomechanical microenvironment of chondrocytes (Alexopoulos et al., 2005;
Baer et al., 2003; Guilak and Mow, 2000; Halloran et al., 2012; Han et al., 2007; Han et al.,
2010; Julkunen et al., 2009; Kim et al., 2008; Korhonen and Herzog, 2008; Korhonen et al.,
2006; Sibole and Erdemir, 2012; Wu and Herzog, 2000; Wu et al., 1999). A similar
multiscale framework was used in all these computational studies, where a macroscale
model (in mm) was used for a specific biomechanical test, such as confined or unconfined
compression, to determine the solid displacements and fluid pressures at the chondrocyte’s
location. These were then used as boundary conditions for the chondrocyte microscale
model (in um) to determine biomechanical behavior in and around chondrocytes. All
previous computational studies investigated chondrocytes located at different zones
(superficial, middle, and deep) of the cartilage (macroscale model) and found that zonal
location effected the mechanical deformation of the chondrocytes. Specifically, superficial
zone chondrocytes deformed over 3 times more than chondrocytes in the deep zone
(Julkunen et al., 2009; Korhonen and Herzog, 2008; Wu and Herzog, 2000; Wu and Herzog,
2006). However, the effect of radial position of a chondrocyte in an inhomogeneous ECM
has not been studied. This analysis is particularly relevant for understanding chondrocyte
mechanaobiology within articular cartilage subjected to unconfined compression. The aim of
this paper was to model the microenvironment of chondrocytes at different spatial locations
in articular cartilage during unconfined stress relaxation. We hypothesized that during
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mechanical loading of the ECM, the biomechanical microenvironment of the chondrocytes
within the ECM is significantly affected by the zonal and radial locations of the
chondrocytes.

Finite deformation biphasic theory

The hyperelastic biphasic theory proposed by Holmes and Mow (Holmes and Mow, 1990)
was used in the present study. The governing equations are

Ve (02 —pI) =0 (1)

Ve (r'—kVp)=0 (2

du
where p is the fluid pressure, | the identity tensor, vS:E the solid phase velocity, k the
permeability, and o the effective stress of the solid matrix defined as
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where J is the volume ratio defined as J= det(F), F the Jacobian determinant of the

1
deformation gradient, and e=3 (VU+(VU)T+VU(VU)T> (Bonet and Wood, 1997) the
Green-Lagrangian strain tensor. The strain energy density function is defined by (Holmes
and Mow, 1990)
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where 14, I5, and I3 are the invariants of the right Cauchy-Green deformation tensor, C,
defined as C=F'F, the dimensionless nonlinear stiffening coefficient f=aq+2ay, and ag, aj,
and ay positive material parameters. ag, a1, and ap are related to 8, aggregate modulus, Ha,
and Poisson’s ratio, v, by

A
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The deformation-dependent permeability (Lai and Mow, 1980) is defined by,

k=koJ™ ()

where kg is the initial permeability and m a material parameter.
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Biphasic multiscale finite element simulations

The hyperelastic biphasic theory was implemented in COMSOL Multiphysics (Burlington,
MA). Solid mechanics in the Structural Mechanics Module and Darcy’s Law in the Earth
Science Module were used (Guo et al., 2013; Guo et al., 2012; Guo and Spilker, 2011; Guo
and Spilker, 2012). User defined strain energy density function in COMSOL was used to
input the strain energy density function (Eq. 4) (Guo et al., 2014).

The local mechanical environments around the chondrocytes in the microscale model (Fig. 1
right side) were assumed to be axisymmetric as the ECM fluid pressure and solid stress/
strain gradients around the cells were less than 1% in most regions of the cartilage (Figure
S1 Supplementary Material). In the biphasic multiscale approach, an axisymmetric
macroscale model (Fig. 1 left side) representing articular cartilage in unconfined
compression was first analyzed to determine the solid displacement and fluid pressure at
each node of the finite element model. The width and thickness of the articular cartilage
were 2.5 mm and 1.5 mm, respectively. Quad meshes with a size of 10x10 um were used. A
ramp displacement of 0.075 mm (5% axial compression) was linearly applied in 100s on the
top surface of the articular cartilage and thereafter held as constant. The top boundary of the
cartilage was free to slide in the radial direction, and a roller boundary condition was applied
to the bottom boundary. A free draining boundary condition was applied to the peripheral
(vertical) boundary of the cartilage. The model was solved to 3000 s at which time an
equilibrium condition was achieved. Thereafter the solid displacement and fluid pressure at
the chondrocyte locations within the ECM were extracted (Fig. 1, middle). Finally using
these solid displacements and fluid pressures as boundary conditions for the microscale
model, the microenvironmental distributions for the stresses and strains in and around the
chondrocytes were determined. In the axisymmetric microscale model, a chondrocyte with a
diameter of 10 um was surrounded by the PCM with diameter of 15 um, both of which were
embedded into the ECM with width of 20 pm and height of 40 um. The boundary condition
transformations were defined by the following.

Uz

2:0pn1:0 (7

5

N 1 -
lu“2|2:40;un:5 <Zu2(7’7 1)_2/“2(@75)) (8)
1=1

i=1

5

i 1[ N ,
ol (L5010 @

i=1 i=1

N I
pgzoﬂnggp(w) (10)

J Biomech. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guo et al.

3 Results

Page 5

i 1
p2:40,um:gzp(z’]‘) (11)
i=1

) 1 (&
p|7~':20,u,m:E (Zp(l’z)+zp(5’z)> 12)
i=1

=1

For the solid displacement boundary conditions in the microscale model, the bottom
boundary (z = 0um ) was modeled as a roller, top boundary (z = 40um ) was compressed
with mean relative axial displacement between the top and bottom boundary of the 40 pum
square in the macroscale model, and the peripheral boundary (r = 20um ) was applied with
mean relative radial displacement between two vertical boundaries of the 40 um square. For
the fluid pressure boundary conditions in the microscale model, the mean fluid pressure at
the top and bottom boundaries of the 40 um square in the macroscale model were applied to
the top and bottom boundaries of the microscale model, respectively. Because of the
axisymmetric assumption used for the microscale model, the mean fluid pressure at the two
vertical boundaries of the 40 um square was applied to the peripheral boundary of the
microscale model.

Chondrocytes at nine different locations of the ECM were studied. The spatial location in (r,
z) coordinates (in mm) for chondrocytes 1-9 were (0, 1.44), (1.25, 1.44), (2.4, 1.44), (O,
1.05), (1.25, 1.05), (2.4, 1.05), (0, 0.15), (1.25, 0.15) and (2.4, 0.15), respectively.

The nonlinear depth-dependent aggregate modulus of the articular cartilage was obtained
from published experimental measurements (Chen et al., 2001; Schinagl et al., 1997; Wang
etal., 2001) (Fig. 2). At present no experimental measurements are available for the depth-
dependency of the initial permeability ko. However, it is generally accepted that the ECM in
the superficial zone is more permeable compared to the middle and deep zones. In the
present study, the initial permeability ko was assumed to decrease linearly from 1x10714
m*/Ns at the articular surface to 1x10716 m4/Ns at the cartilage-bone interface (Fig. 2). In
the microscale model, the aggregate modulus and initial permeability of the ECM was
calculated based on the zonal location of the ECM. Material properties of the chondrocyte
and PCM were obtained from pervious experimental measurements (Table 1). Since f and m
of the chondrocyte and PCM have not been measured, they were assumed to have the same
values as those of the articular cartilage.

Volume deformation

In general, the deformation of the chondrocytes and their PCM decreased with depth (Fig.
3). The radial location of chondrocytes affected the deformation during the loading process
but not at equilibrium. During the ramp loading phase, the effect of the radial location on the
deformation was the greatest in the superficial zone: chondrocyte 2 and its PCM had the
largest axial and radial deformation. In the middle zone, the three chondrocytes and their
PCM had similar axial deformations at the end of the ramp loading phase (t=100s) while
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chondrocyte 5 and its PCM had the largest radial deformation. In the deep zone at t=100s,
the deformations were very small and almost identical for the three chondrocytes.

The volume ratio in the microscale models decreased with depth (Fig. 4a). At equilibrium,
chondrocyte volumes decreased by about 30% in the superficial zone, 10% in the middle
zone, and 2% in deep zone. In the same zone, at t=100s, microscale models in the mid-radial
location had the largest volume changes. Volume at top and bottom regions of the PCM and
adjacent ECM linearly increased in the first 100s, and then gradually decreased (Fig. 4c,
blue and red lines). The volume ratios in the other regions of the PCM and adjacent ECM
were zone dependent (Fig. 4c, green and magenta lines): in the superficial and middle zone
and microscale model 9 of the deep zone, the volumes decreased until equilibrium was
achieved; in microscale models 7 and 8 of the deep zone, the volume linearly increased in
the first 180s and then slowly decreased. The volume of chondrocytes 1, 4, 6 and 9 (Fig. 4c,
black line) decreased until equilibrium was achieved, while the volumes of the other
chondrocytes increased in the first t, seconds and decreased thereafter (t, equaled to 30, 30,
100, 180 and 160 s for chondrocyte 2, 3, 5, 7 and 8, respectively).

Solid Stresses and Strains

The distributions of stresses and strains in the microscale models (Fig. 5) were similar at
each location, but the magnitudes varied with zonal and radial location of the chondrocytes.
Low stresses and high strains were found in all chondrocytes. Discontinuities or jumps in the
stresses and strains were found at the chondrocyte-PCM and PCM-ECM interfaces, with
larger jumps at the PCM-ECM interface.

Axial and radial stresses—At t=100s, high axial stresses were found in the ECM
adjacent to the radial apex of the PCM, and low axial stresses were found in the ECM
adjacent to the two vertical apexes of the PCM (Fig. 5). Average axial stresses in the ECM
and PCM were over two orders of magnitude and 30 times larger than that in chondrocytes,
respectively. The average axial stress in chondrocytes changed with time and zonal and
radial location (Fig. 6). Axial stresses in chondrocytes 7 and 8 of the deep zone switched
between tension and compression, while only compressive axial stresses occurred in other
chondrocytes.

At t=100s, distributions of the radial stress were opposite to those of the axial stress (Fig. 5).
Radial stress decreased with depth. Average radial stress in chondrocytes 1, 6 and 9
decreased until equilibrium was achieved, while other chondrocytes increased in the first
100s and then decreased until equilibrium was achieved. At equilibrium, average radial
stresses of chondrocyte 2 and 3 were over 4 times larger than those of the other
chondrocytes.

Shear stress—High maximum principal shear stress was found around the PCM. The
peak shear stress was in the ECM adjacent to the radial apex of the PCM (Fig. 5). For a
specific microscale model, the maximum principal shear stress at the chondrocyte-PCM and
PCM-ECM interfaces similarly varied as a function of time but had different magnitudes
(Fig. 7). The maximum principal shear stress at the chondrocyte-PCM interface decreased
with depth, yet that at the PCM-ECM interface had an inverse trend. In the same zone,

J Biomech. Author manuscript; available in PMC 2015 August 22.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Guo et al.

Page 7

chondrocytes in the mid-radial location were subjected to the largest maximum principal
shear stress for t<200s. However, at equilibrium, the microscale models in the same zone
were subjected to similar maximum principal shear stress at the interfaces.

Axial and radial strains—Relatively uniform axial strains were found in all
chondrocytes (Fig. 5) and decreased with depth (Fig. 8a). In the superficial zone the average
compressive axial strains in the ECM, PCM, and chondrocyte increased after the peak ramp
(i.e. end of the ramp displacement), did not significantly change in the middle zone, and
decreased in the deep zone. At t=100s, average axial strain in the chondrocytes was 3.0+0.4
times those in the ECM, and 2.5+0.2 times those in the PCM. At equilibrium (t=3000s), the
strain amplifications were 2.8+0.3 and 2.3+0.1, respectively.

All chondrocytes were subjected to relatively uniform radial strains (Fig. 5) which decreased
after peak ramp until equilibrium was achieved (Fig. 8b). In the same zone, chondrocytes in
the mid-radial location were subjected to the largest radial strains at t=100s, while at
equilibrium, the radial strains increased from the center to the periphery. Similar strain
amplifications to that of the axial strain were observed for the radial strains. At t=100s,
average radial strains in the chondrocytes were 3.6+0.6 times those in the ECM, and 3+0.6
times those in the PCM. At equilibrium, the strain amplifications were over 11 times for
chondrocytes 1, 2 and 4, while for the rest of the chondrocytes the average radial strains was
4.5+0.6 times those in the ECM and 3.9+0.6 times those in the PCM.

Fluid pressure and velocity

Two fluid flux patterns with different flux directions were observed (Fig. 9). Interstitial fluid
flowed around and through the chondrocytes. Average fluid velocities within the PCM and
chondrocyte (0.5-5 nm/s) were 10-40 times smaller than those in the ECM. In the
superficial zone, the fluid pressure at the top boundary of the microscale model was always
larger than that at the bottom boundary (Fig. 10). However in the middle and deep zones,
fluid pressure between the top and bottom boundaries varied between positive and negative
values. Fluid pressure decreased with depth and reached equilibrium faster in the superficial
zone than in the middle and deep zones (400s vs1200s), while the pressure difference
increased with depth.

4 Discussion

Using biphasic multiscale finite element analyses, the mechanical microenvironment of
chondrocytes in different zonal and radial locations were investigated. It was found that both
zonal and radial locations had a significant influence on the solid stresses and strains and
fluid pressure in the ECM, PCM, and chondrocytes. Chondrocyte volume deformations and
strains were zone dependent (Fig. 3 and 4), decreasing from the superficial zone (~30%) to
the deep zone (~2%). This finding is consistent with previous experimental (Choi et al.,
2007; Guilak, 1995; Thambyah and Broom, 2013; Wong et al., 1997) and computational
studies (Alexopoulos et al., 2005; Han et al., 2007; Julkunen et al., 2009; Korhonen and
Herzog, 2008; Wu and Herzog, 2006). The present study also found that the top and bottom
regions of the PCM and adjacent ECM had increased volume during the early loading phase
(Fig. 4 and 5). This was probably due to the fact that the chondrocyte is two orders of
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magnitude softer than the PCM and ECM, so that the PCM and ECM would be subjected to
little resistance from the chondrocyte when compressed. Increased volume of the PCM and
ECM could make the material more permeable and increase the fluid transport between the
ECM and chondrocyte. Chondrocytes 5, 7, and 8 had larger volume increases during the
loading phase than chondrocyte 2 and 3 (7% vs 2%, respectively). It was also found that the
time to reach the peak volume increased with depth (30s vs 180s), suggesting that the
mechanobiological response of the chondrocytes in the middle and deep zones may be
delayed. The volume increases and decreases of the chondrocyte were a result of
competition between tensile or compressive stresses in the radial and axial direction: tensile
stress increased the volume and compressive stress decreased the volume (Fig. 6). This
result indicates that although the ECM was in compression, some chondrocytes could have
increased volume due to the local microenvironment.

Consistent with previous computational studies (Alexopoulos et al., 2005; Guilak and Mow,
2000; Kim et al., 2008), the present study observed jumps in the stress and strain at the
chondrocyte-PCM and PCM-ECM interfaces (Fig. 5). This is typical of bi-material
interfaces. The jump at the PCM-ECM interface was larger than that at the chondrocyte-
PCM interface, suggesting that the PCM serves as a cushion to protect the chondrocyte from
the ECM deformation. Since the cartilage in this model was subjected to compressive loads,
chondrocytes might be expected to be also under compression; whereas an interesting
finding of the current study was that chondrocytes 7 and 8 in the deep zone were subjected
to compressive and tensile axial stresses, with the tensile stress being smaller than the
compressive stress (Fig. 6). Zonal and radial locations had strong influences on the
chondrocyte microenvironment, therefore, both competed with each other and resulted in a
mixed effect, for example, average radial stresses in chondrocytes 1, 6 and 9 always
decreased, while stresses on chondrocytes in other locations increased in the first 100s and
then decreased. Future studies combing finite element and statistical analyses (Leatherman
et al., 2014) may reveal further details of this mixed effect.

Maximum principal shear stresses around the chondrocytes were also zone dependent (Fig.
7). Peak shear stress at the PCM-ECM interface increased with depth, while at the
chondrocyte-PCM interface they decreased. This finding is probably due to the moduli
difference at the interface, which increased with depth at the PCM-ECM interface and was
relatively uniform at the chondrocyte-PCM interface (Darling et al., 2006; Guilak et al.,
2005; McLeod et al., 2013; Schinagl et al., 1997; Wang et al., 2001).

Strain amplification was observed in the current study (Fig. 8), which is consistent with
previous computational (Alexopoulos et al., 2005; Baer et al., 2003; Han et al., 2007;
Julkunen et al., 2009; Kim et al., 2008; Korhonen and Herzog, 2008; Wu and Herzog, 2006)
and experimental studies (Chahine et al., 2007; Choi et al., 2007; Upton et al., 2008). The
magnitude of the strain amplification was about 3, which was within the range of 2-7
reported in previous studies of static loading (Alexopoulos et al., 2005; Chahine et al.,
2007). During dynamic loading the strain amplification can be as high as 20 (Kim et al.,
2008). Future studies using the current biphasic multiscale approach will be needed to
understand dynamic microenvironment of the chondrocyte. The current study also found
that radial location affected the axial strain in the microscale models during the ramp
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loading phase, but not at equilibrium. Another unique finding was that the average axial
strain in the ECM, PCM, and chondrocyte increased after the peak ramp in the superficial
zone, but did not significantly change in the middle zone, and decreased in the deep zone.
Whether or not this finding could correspond to differences in biosynthetic activity of zonal
chondrocytes remains unknown.

Due to the low permeability of the PCM, fluid flowed around and through the chondrocyte
and PCM (Fig. 9), and intracellular fluid flux was very small (~0.5-5 nm/s), which is
consistent with a previous theoretical study (Ateshian et al., 2007). Fluid pressure was found
to decrease with depth, while the fluid pressure difference between the top and bottom
boundaries of the microscale model increased with depth (Fig. 10). Previous studies had
found that fluid shear stress alters chondrocyte metabolism (Smith et al., 2004). Fluid shear

stress can be estimated by T=weo 1/ £47/k (Hou et al., 1989), where @, is the fluid velocity,
W the viscosity of the fluid, and k the permeability. The maximum value of the average fluid
velocity in the ECM was 170 nm/s. Using the apparent permeability of cartilage (5x10715
m?#/Ns) and viscosity of water (1 mPa*s), the peak fluid shear stress was 0.76 Pa. Since the
peak maximum principal shear stress caused by the solid deformation was over 1 kPa, the
fluid shear stress was negligible during the static loading condition studied herein. However
during dynamic loading, the effect of fluid shear stress might be greater due to larger
transient fluid flows.

One limitation of the current study was modeling chondrocytes as spherical in all zones.
While this assumption is consistent with most previous computational studies, clearly the
shape of the chondrocytes is zone dependent. Several computational studies of chondrocytes
in the axisymmetric axis of the macroscale model reported that chondrocyte geometry
affected the local deformation behavior in and around the chondrocyte (Baer et al., 2003;
Chahine et al., 2007). In the future, it would be of interest to study the effect of chondrocyte
shape on their mechanical behavior in different zonal and radial locations. Another
limitation was the 2D axisymmetric assumption for the microscale model of chondrocyte
close to the edge of the cartilage. Even though relative differences of the solid displacements
and fluid pressure in the axial direction between the element node value and the mean value
were less than 1%, relative differences of fluid pressure in the radial direction could be as
high as 10% (Figure S1 Supplementary Material), which might affect the fluid phase results.

In summary, the mechanical microenvironment of chondrocytes in different zonal and radial
locations was studied using biphasic multiscale finite element models. Both locations were
shown to have a strong influence on the mechanical microenvironment of the chondrocytes.
The current study provides new insights in understanding chondrocyte biomechanics: radial
location of chondrocytes affected the deformation during the loading process but not at
equilibrium; chondrocytes in the mid-radial location had increased volume during the
loading process; jumps of stress and strain at the PCM-ECM interface was larger than those
at the chondrocyte-PCM interface; shear stress at the PCM-ECM interface increased with
depth, yet those at the chondrocyte-PCM interface had an inverse trend; fluid pressure
decreased with depth, while the fluid pressure difference between the top and bottom
boundaries of the microscale model increased with depth; and, during static loading
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condition, fluid shear stress was negligible compared to the solid shear stress. This
information will be helpful in the study of chondrocyte mechanobiology when cartilage is
subjected to static loading both in vitro and in vivo.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
A schematic of the biphasic multiscale finite element method used in the present study.

Avrticular cartilage morphology showing the locations of chondrocytes in the superficial,
middle and deep zones of the ECM (left), and the chondrocyte in its PCM (right). The
articular cartilage in unconfined compression served as the macroscale model (left). The
macroscale model was meshed using quad elements with size of 10x10 um (middle) to
capture the local mechanical environment of the microscale model (right). The solid
displacement and fluid pressure on the four boundaries of the 40 um square at the
chondrocyte locations within the macroscale model were transformed and input as boundary
conditions into the microscale model for each cell (Eq. 7-12). The numbers in the
parenthesis are spatial numbers of the element nodes for boundary conditions
transformation.
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Fig. 2.
Depth-dependent aggregate modulus (Chen et al., 2001; Schinagl et al., 1997; Wang et al.,

2001) and initial permeability of the articular cartilage used in the present study. The initial
permeability ko was assumed to decrease linearly from 1x10~14 m#/Ns at the articular
surface to 1x10716 m#/Ns at the cartilage-bone interface.
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Deformation of the chondrocytes and PCM at t=100s (end of the ramp displacement or peak
ramp) in different zones.
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Fig. 4.
(a) Distribution of the volume ratio at t=100s (peak ramp) in three representative cases. The

microscale models had different sizes due to the deformation difference. (b) Five locations
were chosen to study the change of the local volume ratio as a function of time. The
interface points were 0.5 um away from the edge to avoid the discontinuous behaviors at the
interface. (c) Changes of the local volume ratio with time at different locations in three
representative microscale models.
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Fig. 5.
Distributions of stresses and strains in the microscale model of chondrocyte 5 at t=100s

(peak ramp). Results for other chondrocytes are similar except for the magnitudes.
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Fig. 6.

Change in average axial (a—c) and radial (d—f) stresses in different chondrocytes as a
function of time.
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Fig. 7.
Changes of the peak maximum principal shear stress with time at the chondrocyte-PCM (ac)

and PCM-ECM interfaces (d-f).
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Average axial strain (a) and radial strain (b) in ECM, PCM, and chondrocyte in different

locations. Sets of data on the left are at t=100s and those on the right are at t=3000s.
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Two fluid flow patterns were observed in the microscale models. Only part of the model

around the chondrocyte is shown.
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Fig. 10.

Fluid pressure difference between top and bottom boundaries of the microscale models (top

- bottom).
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