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ABSTRACT

Chondrocytes are mechanosensitive cells whose biosynthetic activity is governed by their local mechanical environment within
articular cartilage. This environment is strongly influenced by the pericellular matrix (PCM), a specialized region enriched in
collagen VI and a distinct non-fibrillar ground substance. However, the individual mechanical roles of these PCM constituents
in regulating chondrocyte mechanotransduction remain poorly understood. In this study, an explicit, concurrent multiscale
finite element model of articular cartilage was developed to directly link tissue-level loading to cellular-scale mechanics. The
model incorporates anatomically realistic chondrocyte distributions, depth-dependent collagen II fibril architecture, and dis-
tinct representations of collagen VI fibrils and the non-fibrillar PCM matrix. Unconfined compression simulations were
performed under reference conditions and following targeted alterations (+20%) in collagen VI stiffness, PCM matrix stiffness,
or both. Results showed that tissue-level reaction forces were most sensitive to collagen VI stiffness. At the cellular scale,
changes in collagen VI and PCM matrix properties significantly modulated chondrocyte circumferential forces and volumetric
deformation, particularly in the superficial zone. Stress redistribution analyses revealed a load-sharing mechanism between
fibrillar and non-fibrillar PCM components. These findings clarify the distinct mechanical roles of PCM constituents and
provide mechanistic insight into how their degradation may disrupt chondrocyte mechanotransduction and contribute to
cartilage degeneration.

1 | Introduction

Articular cartilage is a specialized connective tissue that enables
near-frictionless articulation and load distribution in synovial
joints. Its functional integrity relies on a complex, hierarchical
structure comprising a sparse population of chondrocytes em-
bedded within a dense extracellular matrix (ECM) [1]. The
chondrocyte's immediate mechanical environment is stratified

into specialized domains: the pericellular matrix (PCM), the
territorial matrix (TM), and the interterritorial ECM [2, 3].
These domains differ in composition, particularly in collagen
isoform prevalence. While collagen II dominates the ECM, the
PCM is uniquely enriched with collagen VI and has a distinct
proteoglycan composition, forming a critical interface that fil-
ters mechanical signals to the cell [4, 5].
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The process by which chondrocytes convert mechanical stimuli into
biochemical activity, mechanotransduction, is fundamental to car-
tilage homeostasis and pathology [6, 7]. Aberrant mechan-
otransduction is implicated in the onset and progression of
osteoarthritis (OA) [8, 9]. The PCM is postulated to be a primary
mechanosensory element, modulating the magnitude and type of
mechanical stimuli (stress, strain, fluid flow, osmolarity) reaching
the cell surface [4, 10]. Collagen VI, a major structural component
of the PCM, forms a microfilamentous network that anchors the
chondron to the broader ECM [11, 12]. Mutations or degradation of
collagen VI are associated with altered chondrocyte mechanics and
cartilage pathology [13, 14]. Similarly, changes in the compo-
sition and stiffness of the non-fibrillar PCM ground substance-
rich in proteoglycans like aggrecan and perlecan-can influence
local hydration, permeability, and stress distribution [15, 16].

Despite its importance, dissecting the individual mechanical con-
tributions of the PCM's fibrillar (collagen VI) and non-fibrillar
components “in vivo” is experimentally challenging due to the
coupled nature of cartilage mechanics across scales. Computa-
tional modeling provides a powerful alternative to probe these
relationships. Previous models have employed homogenization or
post-processing sub-modeling techniques to bridge scales [17, 18].
While informative, these approaches can involve assumptions
about scale separation or may not fully capture the continuous,
reciprocal mechanical interactions between a large population of
cells and their surrounding matrix under perturbation.

To overcome these limitations, this study presents an explicit,
concurrent multiscale finite element model of articular cartilage
in which tissue-scale and cell-scale mechanics are solved
simultaneously within a single computational domain. Unlike
homogenized or sequential sub-modeling approaches, this
framework preserves continuous mechanical interactions
between a large population of anatomically distributed chon-
drocytes and their surrounding matrix under loading. The
model explicitly distinguishes between the fibrillar collagen VI
network and the non-fibrillar ground substance of the PCM,
enabling independent modulation of their mechanical proper-
ties. Using this framework, we test the hypothesis that collagen
VI stiffness and PCM matrix stiffness have distinct and quan-
tifiable effects on both aggregate tissue response and
chondrocyte-level mechanical stimuli under unconfined com-
pression. Isolated and combined alterations (+20%) in these
PCM constituents are examined to elucidate their respective
roles in load transfer and mechanotransduction.

2 | Methods
2.1 | Explicit Multiscale Finite-Element Model

An axisymmetric finite element model of an articular cartilage
explant (diameter: 2.8 mm, height: 1.2 mm) was developed in

Abaqus/Standard (2019, Dassault Systémes). The model ex-
plicitly represents thousands of chondrocytes with their sur-
rounding PCM, TM, and ECM, avoiding scale-separation
assumptions. Construction occurred in three stages:

1. Micro-unit generation: Two 2D axisymmetric micro-units
(800 um?) were created: a Cellular Unit (CCU) containing
an ellipsoidal chondrocyte (dimensions based on histo-
logical data [2, 9, 19]; Table 1) surrounded by concentric
PCM (~3um) and TM (~1um) layers, and a Non-
Cellular Unit (CNU) of pure ECM (Figure 1). For con-
sistency across all parametric scenarios, a uniform mildly
oblate ellipsoidal cell geometry (based on mean dimen-
sions from Youn et al. [19]) was applied across all depth
zones. While experimental data confirm that chondrocyte
morphology transitions from highly flattened in the
superficial zone to near-spherical in the deep zone [19],
using a single representative geometry across zones iso-
lates the mechanical effects of the depth-varying fibril
architecture, cell density, and material gradients, the pri-
mary variables under investigation, from confounding
morphological variation. The sensitivity of predicted cel-
lular outputs to zone-specific chondrocyte morphology is
acknowledged as a target for future model refinement (see
Limitations).

2. Periodic unit assembly using a nodal merging (“tiling”)
algorithm, CCUs and CNUs were assembled into a larger
Periodic Unit (CPU, 3200 um?) that reflected the depth-
dependent cell density and orientation observed in carti-
lage (Figure 2) (superficial: 75%, transitional: ~40%, deep:
12.5%). These cell density fractions are distributed across
the following zonal depth proportions of the total tissue
height: superficial zone (~10%-15%), transitional zone
(~40%-45%), and deep zone (~40%-50%), consistent with
histological measurements [13, 21] and annotated on
Figure 2. [21].

3. Macro-model construction: The full explant model was
generated by tiling the CPU, resulting in a seamless mesh
with explicit representation of ~561 chondrocytes and
their microenvironments. A non-porous, rigid indenter
and subchondral bone were modeled as impermeable
boundaries [20] (Figure 2).

Mesh Convergence: A mesh convergence study was performed
prior to finalizing the model. Three refinement levels were
evaluated for the representative periodic unit: a coarse mesh
(~12,000 elements), an intermediate mesh (~28,000 elements),
and the final fine mesh (~52,000 elements). Convergence was
assessed using three output metrics: peak axial reaction force,
chondrocyte circumferential force (superficial zone), and peak
von Mises stress in the PCM. The coarse mesh yielded devia-
tions of ~9%-11% relative to the fine mesh in cellular-level

TABLE1 | CCU and CNU dimension in um over cartilage layers [2, 9, 19].
a[9, 19] b [9, 19] c [19] d [19] e [2,19] f[2, 19]
Superficial 8 16 12 24 40 20
Transitional 12 16 16 24 40 20
Deep 16 8 24 12 40 40
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FIGURE 1 | Detailed mesh showing the distinct structures representing solid matrix and collagen fibril networks in the two 2D micro models,
cartilage cellular unit (CCU) with chondrocyte and cartilage noncellular unit (CNU) without chondrocytes, and the cartilage periodic unit (CPU) in
the different depth-dependent zones of the articular cartilage. Only collagen II has a different orientation over the depth, horizontal at the superficial
zone, random at the transitional zone, and vertical at the deep zone. Dimensions of CCU and CNU are presented in Table 1.
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FIGURE 2 | Axisymmetric model of the articular cartilage (a) along with nonporous rigid indenter and testing paradigms (b) considered during
this investigation to simulate the experimental work of DiSilvestro and Suh [20]. The model explicitly represents three depth-dependent zones: the
superficial zone (~10%-15% of total tissue height; cell volume fraction 75%; horizontal collagen II orientation), the transitional zone (~40%-45%;
~40% cellular; random fibril orientation), and the deep zone (~40%-50%; 12.5% cellular; vertical collagen II orientation), consistent with histological

measurements [13, 21]. These zonal boundaries and their associated cell density fractions are annotated on the figure.

outputs, while differences between the intermediate and fine
meshes were less than 3.5% across all metrics. The fine mesh
was therefore selected as it provided sufficient numerical
accuracy while remaining computationally tractable for a model
explicitly representing ~561 chondrocyte microenvironments.

The ECM, TM, and PCM were modeled as porous, hyperelastic
solids (8-node, pore pressure elements, CAX8RP) reinforced by
embedded tension-only fibrillar networks (membrane elements,

MAX1) [22-24]. Collagen II fibrils in the ECM were assigned
depth-dependent orientations: horizontal in the superficial zone,
random in the transitional zone, and vertical in the deep zone [25].
Collagen VI and IX fibrils in the PCM and the TM respectively,
were modeled with a random in-plane orientation [2, 3, 19, 26].

2.2 | Material Properties

The constitutive behavior incorporated three key nonlinearities:
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1. Fibrillar Networks: A nonlinear stress-strain law defined
fibril stress (o) [27]:

S

of = %ln(sf)(Eosf + Essf:) forer > 0

where (E,) and (E.) are initial and strain-stiffening
coefficients, (gr) is the logarithmic fibril strain, (‘q(s)) is the
initial solid volume fraction, and (J) is the volumetric
Jacobian.

2. Non-fibrillar matrices: A compressible, edited neo-
Hookean model combined with a swelling stress term
defined the solid matrix stress (cM®) [27, 28]:

Mat — 44S
o ="

InJ 3ngInJ 3J+n(§ U
G| = — - 0 —
6J Ny — 1 J=m,

+ %(FFT - J””)} — apJ™% — pI

where (G,,) is the shear modulus, (F) is the deformation
gradient, and (oy, o) are swelling coefficients.

3. Strain-dependent permeability: Permeability (k) varied
with void ratio (e) [29, 30]:

M
k=k0(1+e]

1+ e

The initial void ratio (e,) decreased with depth from the
articular surface to the subchondral bone [30]. The fluid
fraction decreases in the model from 85% at the surface to
70% at the bone junction [31, 32].

Depth-dependent material parameters for the ECM (Collagen II)
were adopted from prior validated models [26, 31, 32] (Table 2).
Properties for the cell, PCM (collagen VI and non-fibrillar matrix),
and TM were scaled from ECM values based on literature reports
[3, 4, 15, 18, 26, 27, 31, 33, 34] (Table 3). All constitutive models
were implemented via user subroutines (UMAT, ORIENT,
VOIDRI).

TABLE 2 |

2.3 |
Cases

Loading, Boundary Conditions, and Study

The simulation replicated an experimental unconfined com-
pression test [20]: a 5% nominal strain was applied to the ex-
plant surface at a rate of 0.001/s, followed by stress relaxation.
The subchondral bone was fixed and impermeable; the lateral
surface was free-draining.

Pre-Swelling Equilibration: Prior to the mechanical compres-
sion protocol, a pre-swelling equilibration step was performed
to establish physiologically consistent initial conditions. An
osmotic pressure differential, governed by the depth-dependent
swelling coefficients a; and a, in Equation (2), was applied in
the absence of external mechanical load, with free-swelling
boundary conditions at the lateral surface and zero applied
displacement. The model was allowed to reach osmotic equili-
brium, yielding a pre-stressed reference configuration in which
collagen fibrils sustain an initial tensile pre-stress that coun-
terbalances the proteoglycan-driven swelling pressure [27, 28].
This equilibrated configuration serves as the reference geometry
for all subsequent mechanical loading simulations. Without this
step, fibrils would be recruited from a zero-stress state, which
would underestimate peak fibril stresses and tissue stiffness,
particularly in the superficial zone where horizontal fibril ten-
sion is central to the compressive response. The swelling coef-
ficients were held constant across all parametric scenarios (Ref,
COLL(VI) + 20%, PCM =+ 20%), ensuring that the pre-swelling
reference state was identical for all comparative simulations.

To investigate the role of PCM constituents, material properties
were altered from the reference (Ref) case in three separate
scenarios:

— COLL(VI) &+ 20%: The linear (Ey) and nonlinear (E;) stift-
ness parameters of collagen VI fibrils were increased or
decreased by 20%.

— PCM + 20%: The shear modulus (G,,) of the non-fibrillar
PCM solid matrix was increased or decreased by 20%.

— COLL(VI) & PCM +20%: Both alterations were applied
simultaneously.

Collagen IX properties were held constant.

Extracellular matrix (ECM) and collagen type II materials properties [27, 31, 33].

Material parameters

ECM/Coll II

Ey(MPa): Initial collagen coefficients
E.(MPa): Strain-dep collagen coefficients
G,,(MPa): Shear modulus

a; (MPa): Swelling stress coefficient

a: Swelling stress coefficient

ko (mm*/Ns)10~15: Zero-strain permeability
M: Material constant

Fibril horizontal volume fraction:

Fibril Random volume fraction:

Fibril Vertical volume fraction:

4.63 [27]
3670 [27]
0.723 [27]
0.4583z2 — 0.0248z + 0.005 [27]
3.22 [27]
6.7179z + 0.1016 [27, 31]
10.484z% — 13.6447 + 8.6395 [27, 31]
15% [33]
18% [33]
21% [33]

*z: Normalized depth of the articular cartilage (starting from the cartilage-bone junction area).
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TABLE 3 | Cell, territorial matrix (TM), pericellular matrix (PCM), and collagen (VI and XI) materials properties [3, 4, 15, 18, 26, 27, 31, 33, 34].

Material parameters PCM/Coll VI TM/Coll IX Cell
Ey(MPa): Initial collagen coefficients 0.2*ECM [4, 18] 0.2*ECM™ —
E.(MPa): Strain-dep collagen coefficients 0.2*ECM [4, 18] 0.2*ECM* —

G,,(MPa): Shear modulus

a; (MPa): Swelling stress coefficient

@,: Swelling stress coefficient

ko (mm*/Ns)10715: Zero-strain permeability
M: Material constant

Fibril horizontal volume fraction:

Fibril Random volume fraction:

Fibril Vertical volume fraction:

0.2*ECM [3, 4]

ECM [18] ECM [18]
1.119*ECM [18] 1.119*ECM [18]
0.2*ECM [4] 0.2*ECM [4]
0.2*ECM [4] 0.2*ECM [4]
0.7*ECM [15, 26, 34] 0.1*ECM™
0.7*ECM [15, 26, 34] 0.1*ECM*
0.7*ECM [15, 26, 34] 0.1*ECM*

0.2*ECM [3, 4]

0.1*ECM [3, 4]
ECM (z = 0) [18]
ECM [18]
0.01*ECM [4]

*ECM, equivalent value assigned for ECM in Table 2.

+Determined based on the assumption of similarity to the collagen type VI; please see the limitation section in the discussion.

3D model

FIGURE 3 | The models (axisymmetric and 3D) employed to test the validity of the axisymmetric approach, AC (um) and AA (um), are the
distance separating the centers of two successive cells in the circumferential direction and the proximity distance, respectively.

2.4 | Data Analysis and Validation of
Axisymmetric Assumption

Chondrocyte mechanical response was quantified by: 1) total
circumferential force (sum of nodal forces at the cell-PCM
interface), and 2) volumetric strain. Data from all 561 cells were
grouped by category (Ref, COLL(VI) + 20%, PCM + 20%, COLL
(VD) & PCM =+ 20%). Paired-sample t-tests (o = 0.05) compared
each altered category to the Ref case at peak load.

A recognized limitation of the axisymmetric approach is that
the 3D extrusion of off-axis ellipsoidal cells results in a toroidal
(donut) shape rather than a true ellipsoid. To quantify the error
introduced by this geometric simplification, a separate valida-
tion study was conducted. A small-scale 3D model containing
six circumferentially distributed, true ellipsoidal chondrons was
compared to its axisymmetric counterpart under identical
loading and material alterations (COLL(VI) +20%) (Figure 3).
The relative error in predicted cell forces, volume changes, and
von Mises stress was calculated as a function of intercellular

distance in the circumferential direction (AC) and the lateral
proximity between chondrons (AA). Results indicated that for
intercellular distances representative of physiological cell den-
sities (7-19 um) [13], the error in cellular-scale outputs was
between 5% and 8% (Figures 4 and 5), supporting the use of the
axisymmetric model for the present comparative study.

3 | Results
3.1 | Aggregate Tissue Response

The model's prediction of axial reaction force during
unconfined compression aligned with the experimental range
reported by DiSilvestro and Suh [35], though it tended toward
the lower bound of the experimental data (Fig. 6a). Alterations
to PCM constituents modified the tissue's aggregate stiffness
(Figure 3b). A 20% increase in collagen VI stiffness increased
the peak reaction force by approximately 18%, while a 20%
decrease reduced it by ~13%. Changes to the non-fibrillar PCM

Journal of Orthopaedic Research®, 2026
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matrix stiffness had a more moderate effect, altering the peak
force by +~4%. The simultaneous alteration of both components
produced an effect similar to altering collagen VI alone, sug-
gesting collagen VI dominates the PCM's contribution to mac-
roscopic stiffness under this loading mode.

The time-dependent nonlinearities evident in Figure 6, includ-
ing the superlinear rise in reaction force during the ramp phase
and the characteristic exponential decay during stress relaxa-
tion, arise from three coupled, physically distinct mechanisms
inherent to the constitutive framework. First, and most prom-
inently, biphasic fluid-solid interactions dominate: during ramp
loading, interstitial fluid pressurization transiently increases
apparent tissue stiffness; as fluid redistributes and exudes
through the free lateral surface during stress relaxation, load
progressively transfers to the solid matrix, generating the
characteristic relaxation curve. Second, the strain-dependent
permeability function k = ko[(1+e)/(1+e,)]"M causes perme-
ability to decrease as void ratio decreases with tissue compres-
sion, progressively impeding fluid efflux and amplifying rate

dependency in the mid-ramp phase. Third, the nonlinear strain-
stiffening fibril constitutive law (Equation 1) causes progressive
recruitment of horizontal superficial-zone collagen II fibrils as
lateral strain develops under unconfined compression, con-
tributing to the superlinear stiffness increase before relaxation
onset. The superposition of these three mechanisms produces
the composite nonlinear time-history observed in Figure 6,
which is consistent with previously published fibril-reinforced
biphasic models of articular cartilage [27, 31].

3.2 | Chondrocyte Circumferential Force

In the reference case, the total circumferential force sustained
by chondrocytes was depth-dependent, highest in the superfi-
cial zone (81 + 23 nN) and lowest in the deep zone (1.33 + 0.6
nN) (Figure 7). Forces also decreased radially from the sym-
metry axis. Alterations to PCM properties significantly changed
these cellular loads (Figure 4). A 20% increase in collagen VI
stiffness decreased average cell forces by up to 29% in the
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FIGURE 6 | (a) Axial reaction forces measured from unconfined

compression test [20] along with FE model predictions. The highlighted
area indicates the standard deviation. The non-linear rise in reaction
force during the ramp phase and the subsequent exponential stress
relaxation arise from three coupled mechanisms: (i) biphasic fluid
pressurization and time-dependent exudation through the free lateral
surface, (ii) strain-dependent permeability reduction as void ratio
decreases under compression, and (iii) progressive nonlinear recruit-
ment of tension-only horizontal collagen II fibrils in the superficial zone
under lateral expansion. These mechanisms are intrinsic to the fibril-
reinforced biphasic constitutive framework and are consistent with
previously published models [27, 31]. (b) Predicted axial reaction forces
for normal and altered collagen VI and PCM matrix stiffness (£20%),
illustrating the dominant contribution of collagen VI to macroscopic
tissue stiffness.

superficial zone (p <0.001). A 20% decrease in collagen VI
stiffness increased cell forces by up to 33% (p < 0.001). Changes
in PCM matrix stiffness produced smaller but still significant
effects, altering forces by +~8%—12% in the superficial zone
(p <0.01). The radial gradient of cell forces was maintained but
shifted in magnitude across all scenarios.

The pronounced depth-dependent nonlinear gradients in both
Figures 7 and 8 are direct emergent consequences of five depth-
stratified structural and material properties explicitly im-
plemented in the model. (1) Collagen II fibril architecture:
horizontal fibrils in the superficial zone are recruited in tension
under lateral expansion during unconfined compression, gen-
erating substantial circumferential forces at the cell-PCM
interface; vertical deep-zone fibrils resist axial compression
with far less lateral strain amplification, yielding lower cir-
cumferential loads. (2) Cell density: the higher volume fraction

of cellular units in the superficial zone (~75%) concentrates
load-bearing area at cell-PCM interfaces, amplifying trans-
mitted forces per cell compared to the deep zone (~12.5%).
(3) Fluid fraction gradient: a fluid content of ~85% at the
articular surface versus ~70% at the subchondral boundary
results in greater fluid-mediated load transfer and larger tran-
sient volumetric deformations in superficial-zone chondrocytes,
consistent with the ~18% versus ~4% volumetric changes
observed. (4) Depth-dependent permeability: the lower void
ratio and higher tissue density in the deep zone retard fluid
exudation, shifting more load to the solid matrix and reducing
fluid-driven cell deformation. (5) Unconfined compression
strain field: the free lateral boundary produces both axial and
lateral strain gradients, with the superficial zone experiencing
the highest multiaxial strain amplitudes due to proximity to the
loading platen. The depth-dependent nonlinearity in Figures 7
and 8 therefore reflects the mechanically realistic, explicitly
stratified architecture of the model and is consistent with ex-
perimental observations of depth-dependent chondrocyte
deformation in articular cartilage [19].

3.3 | Chondrocyte Volume Change

At peak load in the reference case, chondrocyte volumetric
change ranged from ~18% in the superficial zone to ~4% in the
deep zone (Figure 8). Volume changes were minimal at equi-
librium. Alterations in PCM properties modulated this defor-
mation (Figure 8). Increasing collagen VI stiffness by 20%
significantly reduced volumetric change by an average of 15% in
the superficial zone (p < 0.001). Decreasing collagen VI stiffness
increased changes by ~8% (p <0.001) in the superficial zone.
Changes in PCM matrix stiffness had a more subdued effect,
altering volume change by +~3%-5% (p <0.01 in superficial/
transitional zones). Combined alterations yielded results closely
aligned with the collagen VI-only case.

3.4 | Stress Distributions

At peak load, the von Mises stress distribution was analyzed in
a representative sub-region located near the symmetry axis in
the superficial zone (Figure 9). This region was selected because
it experiences the highest multiaxial strain amplitudes under
unconfined compression and is therefore the most mechan-
obiologically critical area for chondrocyte loading. The dis-
played sub-region encompasses a depth of approximately
0.1-0.2mm from the articular surface and spans a radial
width of approximately 0.3 mm from the symmetry axis; its
spatial location relative to the full model domain is indicated by
the inset schematic in Figure 9. Individual tissue compartments,
collagen II ECM fibrils, collagen VI PCM fibrils, non-fibrillar
matrices (ECM, TM, PCM), and the chondrocytes, are individ-
ually identified by labels in Figure 9a. Color contours represent
von Mises stress in kPa, with the minimum and maximum
values of the color scale labeled on each bar. In the reference
case, collagen II fibrils supported the greatest stress, followed by
collagen VI. The non-fibrillar matrices (ECM, TM, PCM) and
the chondrocytes themselves sustained substantially lower
stresses. Altering collagen VI stiffness redistributed stress
within the PCM and to the chondrocyte (Figure 10). Figure 10
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calculated by summating each cell's circumferential nodal forces (nodes in the junction between the PCM and the cell).
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presents side-by-side von Mises stress contours for COLL
(VI) — 20%, Reference, and COLL(VI) + 20% conditions, using a
unified color scale across all sub-panels to facilitate direct visual
comparison. Decreasing collagen VI stiffness by 20% led to a

marked increase in the stress borne by the non-fibrillar PCM
matrix and the chondrocyte (by ~40% and ~25%, respectively),
indicating a load-sharing relationship where a weaker fibrillar
network shifts stress to the ground substance and the cell.
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FIGURE 9 |
compartments at peak compressive load under the reference condition. The displayed region is a magnified sub-region located near the symmetry

Predicted von Mises stress distributions (kPa; color scale labeled with minimum and maximum values on each bar) over all tissue

axis within the superficial zone (approximately 0-0.18 mm from the articular surface; approximately 0-0.30 mm radially from the axis), selected
because it experiences the highest multiaxial strain amplitudes under unconfined compression and is therefore the most mechanobiologically critical
area for chondrocyte loading. Its spatial location relative to the full model domain is indicated by the inset schematic. Individual tissue compartments
are identified by annotated labels: fibrillar networks (collagen II ECM fibrils; collagen VI PCM fibrils; collagen IX TM fibrils) and non-fibrillar solid
matrices (ECM, TM, PCM ground substance) and the chondrocyte. Collagen II fibrils sustain the highest stresses, followed by collagen VI; the non-
fibrillar matrices and the chondrocytes bear substantially lower stresses under reference conditions, consistent with the load-shielding role of the

fibrillar network.

4 | Discussion

This study utilized a novel, explicit multiscale computational
model to dissect the mechanical roles of two key pericellular
matrix (PCM) constituents-the collagen VI fibrillar network and
the non-fibrillar ground substance-in articular cartilage. The
central finding is that while both components influence the
chondrocyte mechanical microenvironment, collagen VI stiff-
ness is the dominant modulator of both macro-scale tissue
stiffness and micro-scale cellular loading and deformation
under unconfined compression. This work provides a quanti-
tative framework linking alterations in PCM composition to
changes in chondrocyte mechanobiological stimuli.

Our model's prediction of tissue reaction force validated against
independent experimental data [20], though it slightly under-
estimated the peak response. This may stem from parameter
choices optimized from macro-model studies [27] or simplifi-
cations in representing the full heterogeneity of the collagen-
proteoglycan matrix. Nevertheless, the model successfully
captured the transient and equilibrium phases of the biphasic
response. The significant sensitivity of tissue stiffness to colla-
gen VI alterations (+20% change yielding ~+15% force change)
aligns with its postulated role as a mechanical stabilizer of the
chondron [3, 5, 14, 35]. In contrast, the non-fibrillar PCM

matrix, while influential, had a more tempered effect on macro-
mechanics. This may reflect its primary role in regulating
local fluid flow and osmotic environment rather than bearing
significant axial load under compression [4, 16]. The finding
that combined alteration produced no synergistic effect suggests
the collagen VI network carries the primary load within the
PCM under this specific loading configuration.

At the cellular level, the inverse relationship between collagen
VI stiffness and both chondrocyte force and deformation
highlights its function as a protective “shielding” element. A
stiffer collagen VI network appears to divert more load around
the cell, reducing its mechanical burden. This is mechanistically
consistent with studies showing that compromised collagen VI
leads to increased chondrocyte deformation and altered bio-
synthetic activity [13, 36]. The stress distribution results
(Figures 9 and 10) visually confirm this load transfer: weak-
ening collagen VI increases stress on both the PCM ground
substance and the chondrocyte itself. This redistribution could
have significant mechanobiological consequences, potentially
over-activating ion channels like TRPV4, which are sensitive to
membrane strain and osmolarity, and dysregulating down-
stream calcium signaling and metabolic pathways [37-42]. The
more modest effect of altering the PCM ground substance
stiffness suggests its role is more nuanced, possibly related to
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FIGURE 10 |
across all sub-panels) over the fibrillar (collagen VI) and non-fibrillar components of the PCM, as well as the chondrocyte, in the same superficial-
zone sub-region depicted in Figure 9, under three conditions presented side-by-side: COLL(VI) — 20% (left), Reference (center), and COLL(VI) + 20%
(right). Each sub-panel is labeled with its condition. Decreasing collagen VI stiffness by 20% markedly increases the stress borne by the non-fibrillar
PCM matrix (~40% increase) and the chondrocyte (~25% increase) relative to the reference, demonstrating a load-sharing mechanism whereby a
weaker fibrillar network redistributes mechanical load to the proteoglycan-rich ground substance and the cell. Increasing collagen VI stiffness

Predicted von Mises stress distributions (kPa; unified color scale with labeled minimum and maximum values applied consistently

produces the inverse redistribution.

modulating the fluid pressure and osmotic gradients within the
PCM that influence cell volume regulation and solute transport
[4, 16]. This distinction underscores the importance of modeling
the PCM as a composite of distinct fibrillar and non-fibrillar
phases.

A key strength of this study is the explicit, concurrent multi-
scale approach, which minimizes assumptions associated
with homogenization or sequential sub-modeling techniques
[18, 27, 43]. By solving the macro- and micro-mechanics
simultaneously, the model captures the continuous feedback
between cell deformation and matrix stress. Our validation
study against a 3D benchmark confirms that the axisymmetric
simplification, while introducing a quantifiable geometric er-
ror (5%-8% for key cellular outputs), remains a viable strategy
for comparative parametric studies, especially given the pro-
hibitive computational cost of a full 3D explant model with
anatomical cell density.

Several limitations warrant mention. First, the 20% alteration in
properties, while physiologically plausible, is parametric; a
wider sensitivity analysis would be valuable but computation-
ally expensive. Second, collagen VI was modeled with random
in-plane orientation, whereas some studies suggest a more cir-
cumferential organization [3]; future work should examine the
sensitivity of results to fibril architecture. Third, the model
assumes identical constitutive behavior for collagen VI and
the PCM matrix across all cartilage zones, though zonal varia-
tions may exist. Fourth, the loading rate was slow (0.001/s),
limiting fluid pressurization; faster, more physiological rates
may amplify the role of the PCM's permeability and its non-
fibrillar matrix. Fifth, the chondrocyte was modeled as a
homogeneous, poro-hyperelastic solid, neglecting intracellular
structures (cytoskeleton, nucleus) that contribute to its
mechanical behavior [44]. Sixth, chondrocyte morphology was
modeled as uniform mildly oblate ellipsoids across all depth
zones, whereas experimental measurements show a transition
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from highly flattened superficial cells to near-spherical deep-zone
cells [19]. While this simplification was adopted to isolate the effects
of PCM constituent properties from confounding morphological
variables, implementing zone-specific cell geometries may further
refine cellular-scale predictions and is an important direction for
future work. Seventh, while the pre-swelling equilibration step was
performed to establish physiologically consistent fibril pre-stress,
consistent with the Wilson et al. framework [27, 28], the sensitivity
of model outputs to alternative swelling coefficient values was not
fully explored; future studies should quantify this sensitivity, par-
ticularly for PCM constituents where osmotic properties are less
well characterized.

Finally, while the axisymmetric validation provides confidence,
the gold standard remains a full 3D model. Future advances in
computational power and meshing algorithms should make this
feasible, enabling investigation of more complex loading (e.g.,
shear, rolling) where 3D cell shape and adjacency are critical.

5 | Conclusion

This multiscale ‘in silico’ investigation demonstrates that the
pericellular matrix acts as a critical mechanical filter for
chondrocytes, with its collagen VI fibrillar network being the
primary determinant of load transfer at both the tissue and
cellular scale under compression. Alterations in collagen VI
stiffness, more so than changes in the non-fibrillar PCM matrix,
significantly modulate chondrocyte stress and strain, potentially
disrupting normal mechanotransduction pathways. The deve-
loped modeling framework offers a powerful tool for probing
structure-function relationships in cartilage and for predicting
how degradation of specific matrix components, as occurs in
injury or early osteoarthritis, compromises tissue integrity from
the cellular level upward.
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