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ARTICLE INFO ABSTRACT
Keywords: Bioreactors are widely used to apply mechanical stimuli to osteochondral (OC) explants and cartilage tissue-
Bioreactors

engineered (TE) constructs, yet their ability to replicate native joint mechanics is not well quantified. Using a
finite element (FE) modeling approach, this study benchmarks common bioreactor loading protocols against
the human knee during gait, enabling direct comparison to physiologically relevant mechanical parameters.

A validated FE model of the human knee joint simulating the stance phase of gait was used to characterize
key mechanical variables: maximum principal stress, maximum shear strain, pore pressure, and fluid velocity.
These outputs were compared with FE analyses of representative bioreactor setups: dynamic unconfined
compression (UC) (10%-30%) and combined compression (10%) with ball rotation (+25°), applied to both
OC plugs and TE constructs, and hydrostatic pressure (0.5-50 MPa), applied only to TE constructs.

In OC plugs, 10% UC generated maximum principal stresses (~7.5 MPa) and pore pressures (~4 MPa)
closely matching native tissue (~4.5 MPa and ~5 MPa, respectively). In TE constructs, even at 30% UC,
maximum principal stresses and pore pressures remained around 100 times lower than physiological values,
while fluid velocities were 10 times higher. Hydrostatic loading of TE constructs at 5 MPa matched native
pore pressures (~5 MPa) but induced negligible strains.

This study establishes a quantitative framework for evaluating how well bioreactor loading regimens
replicate physiological joint mechanics. While limited to a single-subject dataset, this framework provides
a robust in silico benchmarking methodology and identifies comparative indicators for evaluating bioreactor
setups against specific mechanical variables. This work lays the foundation for a more standardized design of
in vitro cartilage studies, supporting targeted translational strategies in cartilage repair and tissue engineering.

Knee joint mechanics
Osteochondral explants
Cartilage tissue engineering
Finite element analyis

1. Introduction cartilage an anisotropic behavior, allowing it to resist shear forces along

the surface. During daily activities, articular cartilage is subjected to a

Mechanical loading plays a crucial role in maintaining articular
cartilage homeostasis. Non-physiological mechanical loading, including
both hypo-physiological loading, as seen during joint immobilization,
and hyper-physiological loading, as encountered during traumatic joint
injuries, are linked to degenerative changes in cartilage (Griffin and
Guilak, 2005; Bader et al., 2011; Gilbert and Blain, 2018). Articular car-
tilage is a biphasic tissue, consisting of a solid phase mainly composed
of proteoglycans and collagen fibrils, and a fluid phase. In healthy
cartilage, the majority of load-bearing is achieved through pore fluid
pressurization. Additionally, there is an arcade-like pattern of collagen
fibril orientation across the thickness of cartilage, especially in weight-
bearing joints such as the hip and knee. This unique arrangement gives
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wide range of mechanical stimuli, creating a complex dynamic state of
stresses and strains at various anatomical locations within the joint.
In cartilage tissue engineering (TE), bioreactors are used to cul-
ture tissue engineered constructs under controlled mechanical condi-
tions. Bioreactors furthermore provide an ex vivo platform for studying
the effects of mechanical loading on disease progression, such as os-
teoarthritis (OA) and possible therapeutic interventions. In literature,
bioreactors used in context of cartilage (patho)physiology and regen-
eration can be broadly classified into dynamic compression, combined
dynamic compression and shear, and hydrostatic pressure (Natenstedt
et al.,, 2015; Salinas et al., 2018). Dynamic compression bioreactors
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are designed to replicate the compressive strains experienced by knee
cartilage. Bioreactors that combine compression and shear aim to re-
produce the complex multiaxial loading environment present in the
joint. Hydrostatic pressure bioreactors are intended to emulate the pore
fluid pressurization within articular cartilage, which plays a key role in
load bearing. Despite the widespread use of these bioreactors in the
literature, there is considerable variability in the corresponding me-
chanical loading protocols applied in these bioreactors, which can lead
to inconsistencies in the outcomes of different studies (Salinas et al.,
2018). While multiple review articles exist that compare these different
bioreactors (and loading conditions) to their respective outcomes in
terms of cellular response (Natenstedt et al., 2015; Salinas et al., 2018),
no such broad efforts have been made to compare quantitatively what
are the differences in mechanics encountered in these different setups
and how closely they replicate the in vivo physiological scenario.

Capturing the detailed mechanics of TE constructs or explants sub-
jected to mechanical loading in bioreactors is very difficult using
traditional experimental techniques due to the complexity of mechan-
ical environment that exists within the specimens. In this context,
in silico models have been established as an enabling technology to
quantify the mechanical environment in these setups as well as human
joints (Geris et al., 2018; Mukherjee et al., 2020). In particular finite
element (FE) analysis has been widely used in literature to quantify
the mechanics of constructs or explants in many bioreactor studies (Ba-
balola and Bonassar, 2009; Zahedmanesh et al., 2014; Bandeiras et al.,
2014; Hassan et al., 2019; Elahi et al., 2021, 2023). However, most of
these studies focus on a single type of bioreactor only, thereby making
it difficult to make a comparative analysis across different types of
bioreactors and corresponding loading protocols. Furthermore, these
studies do not incorporate a model of the in vivo scenario which the
bioreactor aims to recapitulate as a quantitative basis of comparison.

The present study aims to bridge this gap in literature by performing
a comparative analysis of widely used bioreactor setups in the literature
with a physiological human knee joint model, utilizing FE analysis. This
study will not only provide a better understanding of the differences
in mechanical environment across different bioreactor setups, but will
also provide an extensive repository of bioreactor setups and loading
conditions for experimentalists to choose from, depending on the re-
search question to be studied. To achieve this aim, firstly, an FE model
of the human knee joint is developed using geometry and material
properties obtained from literature. Secondly, FE models of bioreactors
applying mechanical loading to osteochondral grafts and TE constructs
are developed. Lastly, a comparative analysis is conducted between the
optimal loading cases of each bioreactor type and the human knee joint.
This analysis will help identify the loading regimes specific to each
bioreactor setup that most closely mimics specific mechanical aspects
of the physiological situation.

2. Methods
2.1. FE modeling of the human knee joint

The tibiofemoral joint geometry of a cadaveric right knee (70-
year-old female, 77.1 kg, 1.68 m) was obtained from the Open Knee
database (Erdemir, 2016) and imported into Abaqus 2023 (SIMULIA,
Providence, RI, USA) for FE analysis. Model development details are
provided in Supplementary Data S1. Briefly, articular cartilage was
modeled as a biphasic, fibril-reinforced poroviscoelastic (FRPVE) mate-
rial, as described previously (Wilson et al., 2004; Quiroga et al., 2017).
The solid matrix was composed of two main components: collagen
fibrils (fibrillar) and proteoglycans (non-fibrillar). A depth-dependent,
arcade-like orientation was applied to the primary collagen fibrils to
represent their natural organization through the cartilage thickness.
Additionally, split-line patterns were incorporated on the cartilage
surface to reflect the preferred in-plane orientation of the collagen
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network (Fig. 1(c)). Material parameters for all tissues are listed in
Supplementary Table S1.

Boundary conditions simulating the stance phase of gait, including
time-dependent axial force, anterior—posterior translation, and internal-
external and flexion-extension rotations were applied to the femur,
based on Mononen et al. (2015). The joint axial force was obtained
from the data set of Mononen et al. (2015), which was for a person
weighing 100 kg. It was scaled by 0.77 to match the weight (77
kg) of the person for which the FE analysis was performed in this
study (Erdemir, 2016). Boundary conditions were applied at a reference
point centered between the femoral epicondyles (Fig. 1(b)). The tibia
was fully constrained.

2.2. FE modeling of bioreactors for osteochondral plugs

Three-dimensional FE models of the osteochondral plugs were cre-
ated in Abaqus, with an 8 mm diameter based on literature (Schwab
et al.,, 2021; Kleuskens et al., 2021). Model development details are
provided in Supplementary Data S2. Briefly, the osteochondral plugs
consisted of cartilage (2 mm thick considering average human cartilage
thickness), calcified cartilage (0.2 mm thick Evans and Pitsillides, 2022)
and 4 mm of subchondral bone underneath. The subchondral bone
was further subdivided into subchondral cortical bone (0.36 mm thick)
and subchondral trabecular bone (3.64 mm thick) (Rapagna et al.,
2021). The corresponding tissues were rigidly attached to one another
using a ‘Tie constraint’. Cartilage was modeled as a fibril-reinforced
poroviscoelastic material as described in section 2.1. Calcified cartilage,
subchondral cortical and trabecular bone were modeled as linear elastic
materials with material parameters obtained from literature (Stender
et al., 2017), and mentioned in Supplementary Table S1.

The osteochondral plugs were subject to mechanical loading in two
different bioreactor setups that are commonly used in literature to
apply unconfined compression, and combined compression and shear,
respectively. The boundary conditions that were applied to mimic
mechanical loading in FE model of the bioreactors are described below
(Fig. 2).

(a) Dynamic unconfined uniaxial compression bioreactor: this
bioreactor is most commonly used in literature for its simplicity in
design and ease of application of mechanical loading (Sah et al., 1989;
Li et al., 2013). Uniaxial dynamic compression was applied to the plugs
in the FE model by using a rigid impermeable plate with a diameter of
12 mm. A haversine function with a frequency of 1 Hz and amplitudes
of 10%, 20%, and 30% of the initial cartilage thickness was defined at
the reference point of the rigid plate to impart dynamic compression
to the plugs. The loading amplitudes were selected to encompass the
wide range of mechanical loading regimes mentioned in literature (Li
et al., 2013; Patel et al., 2019).

To assess the role of individual tissues in the stress response of
osteochondral plugs subject to uniaxial compression, three cases were
simulated by progressively excluding specific tissues (Fig. 2):

+ All: included cartilage, calcified cartilage and subchondral bone
» No calcified cartilage (NoCC): calcified cartilage was excluded
» Only cartilage: 2 mm thick cartilage layer only

(b) Dynamic multi-axial loading bioreactor: to replicate physi-
ological multi-axial loading, bioreactors combining axial compression
and shear have been developed in literature, notably using a 32 mm
ceramic hip ball as described in studies from AO Davos, Switzer-
land (Wimmer et al., 2004; Grad et al., 2012; Vainieri et al., 2018).
In this configuration, axial load is applied via vertical displacement
of the ball, while shear is generated by rotating the ball about an
axis perpendicular to the loading direction. An FE model of this setup
was developed in this study, with the ceramic ball modeled as a rigid
body. A friction coefficient of 0.02 (Guilak, 2005) was applied between
the cartilage and ceramic ball using the ‘Lagrange Multiplier’ friction
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Fig. 1. (a) FE model of the human knee joint with the different tissues and meniscal attachment springs (in pink), M-medial, L-lateral, Scale bar = 20 mm; (b)
The reference point and the axes about which boundary conditions are applied for the FE model (ligaments and bones have been removed for visualization). In
the inset box, a zoomed in view showing the reference point and axes with anatomical directions; (c) Orientation of the split-line patterns at the superficial zone

as implemented in the FE model.

Unconfined compression

Compression and ball rotation

Hydrostatic Pressure

Full Osteochondral Plug

No Calcified Cartilage

Only Cartilage

I cartilage

Calcified cartilage
B subchondral cortical bone
[ subchondral trabecular bone

Fig. 2. Top row: Different types of bioreactors used in the study. The first two from left show osteochondral plugs, while hydrostatic pressure was applied to
only TE constructs. A portion of the ball is visualized in the compression and ball rotation case. Bottom row: FE models to study the role of different tissues in

osteochondral plugs. Scale bar = 2 mm.

formulation. Boundary conditions were applied to a reference point at
the center of the ball, with four loading conditions tested in this setup:

(1) 10% quasi-static compression for 10 s,

(2) 10% quasi-static compression, followed by 10% dynamic loading
at 1 Hz,

(3) 10% quasi-static compression, followed by +25 degrees dynamic
rotation at 1 Hz,

(4) 10% quasi-static compression, followed by 10% dynamic loading
and +25 degrees dynamic rotation at 1 Hz.

All dynamic conditions were simulated for five cycles in the FE
model. Results were analyzed at the peak of the fifth cycle to ensure
that the initial transient effects had dissipated.

2.3. FE modeling of bioreactors for cartilage tissue engineered constructs

The TE constructs were modeled as 8 mm diameter, 2 mm thick
discs. The dimensions were kept consistent with those of the cartilage
in osteochondral plugs to ensure dimensional conformity when com-
paring the simulation outcomes. Agarose, a commonly used hydrogel
in cartilage TE, was selected as the construct material. Its non-linear,
compressible poroelastic behavior was modeled using a hyperfoam
formulation with strain-dependent permeability, as in previous stud-
ies (Buschmann et al., 1992; Khoshgoftar et al., 2011). Further details
of the FE model development are provided in Supplementary Data S3.
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Fig. 3. FE analysis of human knee joint during stance phase of gait showing results at fraction of stance 0, 0.2, 0.82, 1 starting from the top. Joint orientation
is shown at the corresponding stance fraction. Red and yellow dots are used as indicators to show the relevant anatomical direction in context of the figures,

where the tibial and femoral cartilage are displayed. Scale bar = 20 mm.

The TE constructs were subjected to mechanical loading using
three bioreactor setups simulating unconfined compression, combined
compression-shear, and hydrostatic pressure. Boundary conditions for
the first two cases were same as that for osteochondral plugs (explained
in Section 2.2(a), (b)), except a friction coefficient of 0.1 was used
between the TE construct and loading surfaces (Geurds et al., 2021).

Dynamic hydrostatic pressure bioreactor: for knee articular car-
tilage in vivo, most of the compressive forces are transferred to hydro-
static pressure (HP) due to interstitial fluid pressurization, which acts
as a primary load bearing mechanism in joints (Hodder et al., 2020).
To harness this hydrostatic pressure to stimulate cartilage production in
TE constructs, hydrostatic bioreactors have been used to impart a wide
range of pressure magnitudes and frequencies (Elder and Athanasiou,
2009; Hodder et al., 2020; Chariyev-Prinz et al., 2023). In the present

study, FE analysis of TE constructs subjected to static (0 Hz) and
dynamic hydrostatic pressure (at a frequency of 1 Hz) were performed.
The magnitudes for hydrostatic pressure application were 0.5 MPa,
5 MPa, 10 MPa and 50 MPa, which were chosen to cover the wide
range of magnitudes reported in literature (Hodder et al., 2020). The
hydrostatic pressure was applied using a ‘Pressure Load’ in Abaqus.

3. Results
3.1. FE analysis of the human knee joint
The results of FE simulations of stance phase of gait in the human

knee joint revealed that at the first peak loading (at 20% of the
stance phase of gait), contact pressures were balanced between the
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Fig. 4. FE analysis of human knee joint during stance phase of gait showing results at fraction of stance 0, 0.2, 0.82, 1 starting from the top. Joint orientation
is shown at the corresponding stance fraction. Red and yellow dots are used as indicators to show the relevant anatomical direction in context of the figures,

where the tibial and femoral cartilage are displayed. Scale bar = 20 mm.

medial and lateral compartments of the joint as observed in Fig. 3.
During the second peak loading (at 81.7% of the stance phase of
gait), the contact pressures were higher on the lateral compartment
of the tibial and femoral cartilage, suggesting a shift in load bearing
towards the lateral compartment during the second peak loading of the
gait cycle. This observation goes in line with previous observations in
literature (Mononen et al., 2015), where a gradual shift in load from
the medial to the lateral compartment was observed as well. Similar
trends were observed for maximum principal stress, pore pressure, pore
fluid velocity and maximum shear strain as seen in Figs. 3, 4. At the
contact region between the femoral and tibial cartilage (Fig. 8), the
highest maximum principal stresses were observed in the superficial
zone (SZ) and middle zone (MZ), while maximum shear strain peaked at

the cartilage surface at the point of contact. The varus-valgus rotations
obtained from the simulations were within the range that was observed
in experimental studies (Figure S13; S: Supplementary Material).

3.2. Role of calcified cartilage and subchondral bone in unconfined com-
pression of osteochondral grafts

The removal of calcified cartilage from the osteochondral plug
(noCC case) in simulations led to higher maximum principal stresses
being transferred from the cartilage to the subchondral cortical bone
for all three magnitudes of uniaxial compression (ranging from 10% to
30% strains) as compared to the intact osteochondral plug (all tissues
present) (Fig. 5). Additionally, there was an increase in the pore fluid
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Fig. 5. Distribution of maximum principal stress (in MPa) in different tissues of the OC plug and the TE construct for 10%, 20% and 30% strain applied in
dynamic unconfined compression with 1 Hz frequency. NoCC - No Calcified Cartilage. Scale bar = 5 mm.
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Fig. 6. Distribution of pore fluid pressure (in MPa) in different tissues of the osteochondral (OC) plug and the tissue engineered (TE) construct for 10%, 20%
and 30% strain applied in dynamic unconfined compression with 1 Hz frequency. NoCC - No Calcified Cartilage. Scale bar = 5 mm.

pressure and fluid velocity around the cartilage circumference near
the junction due to the absence of calcified cartilage (Figs. 6, S8). For
compression of only cartilage plugs, the lack of bone-cartilage interface
resulted in a more uniform distribution of shear strains compared to
the previous two cases (Figure S7). In the cartilage-only case, a spike
in pore fluid velocity was observed at the top circumference of the
cartilage, whereas, in the other two cases, the spike occurred in the
cartilage circumference at the cartilage-bone interface (Figure S8).
Overall values of pore pressure in cartilage were consistently higher
(by approx 30%) for the no CC case as compared to the full OC plugs
consistently across the 3 loading regimes (Fig. 6).

3.3. Mechanical influence of combined dynamic compression and sliding
rotation of ceramic ball

Dynamic compression with the ceramic ball resulted in higher max-
imum principal stresses at the center of the contact area in both OC
plugs and TE constructs (Figure S9). In cartilage, highest stresses were
observed at the SZ-MZ interface. Pore pressure was highest beneath the

contact center (Figure S11), while fluid velocity peaked at the contact
edge between the ball and the cartilage (or TE construct) (Fig. 7).
Rotational motion of the ceramic ball had negligible mechanical
effects on cartilage. However, rotation of the ball caused asymmetric
distributions of maximum principal stress, maximum shear strain, pore
pressure, and fluid velocity in TE constructs, especially causing higher
magnitudes in the leading direction of rotation (Figs. 7, S9, S10, S11).
This asymmetry during rotation of the ball was due to the higher
friction coefficient between the ceramic ball and agarose TE construct.

3.4. Comparative analysis of the most-physiological cases from each biore-
actor type

Mechanical loading conditions from each bioreactor that most
closely replicate in vivo knee joint cartilage mechanics during the first
peak of the stance phase were selected for comparison (Fig. 8). The
analysis focused on four key mechanical variables: maximum principal
stress, maximum shear strain, pore fluid pressure and fluid velocity.
Maximum principal stress was chosen for its role in collagen fiber
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Fig. 7. Distribution of pore fluid velocity (in mm/sec) in OC plug and the TE construct for 4 different conditions of applied compression with ball rotation.
Values in bold in the first column represents a dynamic boundary condition with 1 Hz frequency, while normal fonts are for quasi-static. Scale bar = 5 mm.

damage (Mononen et al.,, 2016), pore pressure for its relevance in
cartilage load bearing (Hodder et al., 2020), and fluid velocity for its
role in loss of fixed charge density in cartilage, especially at cartilage
lesions (Orozco et al., 2018). Maximum shear strain was chosen for
its role in proteoglycan loss (Eskelinen et al., 2019) as well as cell
apoptosis and cell death (Bonnevie et al., 2018; Kosonen et al., 2023),
particularly during injurious loading of cartilage. Medial tibial and
femoral cartilage were used for comparison, as this compartment
experiences the highest magnitudes of these variables during the first
peak loading phase.

10% Dynamic unconfined compression of OC plugs: in this
case, the cartilage of OC plug exhibited maximum principal stress
magnitudes and distributions similar to those in medial knee cartilage,
with peak stresses concentrated in the SZ at the interface with the MZ.
This aligns with previous studies reporting high strain concentrations
and subsurface cartilage delamination at the SZ-MZ interface due to
repetitive compressive loading (Neu et al., 2005; Durney et al., 2020;
Petersen et al., 2023). Additionally, stress patterns near the cartilage-
calcified cartilage interface were comparable. In both the OC plug and
native cartilage, a central low-stress region beneath the contact area
was flanked by zones of high stress at the bone—cartilage (or calcified
cartilage) interface (Fig. 8).

Maximum shear strain also followed a similar gradient in both mod-
els, decreasing from the surface to the deeper zones. Unlike principal
stress, maximum shear strain was not concentrated in the SZ but was

more evenly distributed. While principal stress is influenced by tension
in surface-aligned collagen fibers, shear strain depends on the shear
modulus of proteoglycan-rich matrix components. This difference in
mechanisms of load bearing of the cartilage constituents might explain
the difference in distribution of the stress components.

Pore pressure distributions were also similar, approaching zero near
the free-draining surfaces in both the knee and OC plug. However, pore
pressure magnitude was lower in the OC plug. Pore fluid velocity was
highest near the contact area in knee cartilage. In the OC plug, peak
fluid velocities occurred along the curved free-draining surface, where
a zero pore pressure boundary condition was applied.

30% Dynamic unconfined compression of TE constructs: due to
the low stiffness of agarose, stresses in the TE construct were 2 orders of
magnitude lower than in knee cartilage, even under 30% compression.
Maximum principal stress and shear strain were uniformly distributed
across the construct thickness, unlike knee cartilage where SZ stresses
are higher due to collagen fiber alignment. Maximum shear strain was
twice that of knee medial cartilages. Fluid velocity was 10 times higher
and pore pressure 100 times lower than in knee cartilage. However, the
spatial distributions were qualitatively similar, with elevated pore pres-
sures in the central region of both the construct and cartilage contact
area, and increased fluid velocities near the edges of the construct and
at the periphery of the cartilage contact region, respectively.
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Fig. 8. (a) Cut section of the knee joint at the first peak loading, the red box shows region of medial cartilage under contact, for which results were analyzed,
Scale bar = 10 mm; (b) Zoomed in view of the contact region in (a), Scale bar = 10 mm; (c) Comparison of physical variables between the different conditions
of mechanical loading of OC plugs and TE constructs with the medial cartilage region selected as in (a), (b). In (c), overlapping tibial and femoral cartilages
were separated to facilitate visualization of the mechanical variable distributions. UC- Unconfined Compression, HP- Hydrostatic Pressure, applied at a frequency
1 Hz. Scale bar = 5 mm.
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Dynamic compression and sliding motion applied to OC plugs:
a quasi-static compression of 10% followed by a 10% dynamic compres-
sion and simultaneous +25° dynamic rotation of the ball was chosen
for comparison with the knee articular cartilage. The values of all the
4 mechanical variables obtained from this bioreactor condition were
higher in magnitude than the ones observed for knee cartilage (Fig. 8).
High maximum principal stress and pore fluid pressure distributions
were observed at a region in the center of cartilage under the contact
area of the ball with the cartilage, similar to the area underneath carti-
lage to cartilage contact in the knee joint. Highest values of maximum
principal stress and maximum shear strain were located in the SZ.
Pore fluid velocity in the OC plug followed similar distribution and
magnitude, with highest magnitudes occurring towards the edge of the
contact (between the ball and cartilage) and close to the top surface,
similar to the knee cartilage.

Dynamic compression and sliding motion applied to TE con-
structs: for the same 10% dynamic compression and +25° sliding
motion as in the previous case, maximum shear strain close to the TE
construct surface was significantly higher (around double) than that
observed for knee joint cartilage. Distribution of both maximum prin-
cipal stress and maximum shear strain followed a gradient across the
construct thickness with higher values closer to the contacting surface,
similar to what is observed in knee articular cartilage. The magnitudes
of pore fluid pressure and velocity followed similar trends as observed
for the unconfined compression of TE constructs as described above.

Dynamic Hydrostatic Pressure on TE Constructs: applying 5 MPa
dynamic hydrostatic pressure produced a nearly uniform pore pressure
in TE constructs, with magnitudes comparable to those observed in
the knee cartilage beneath contact areas. This was the only setup that
successfully mimicked physiological pore pressure in TE constructs
despite their high permeability. However, other mechanical variables
remained significantly lower than in native cartilage, highlighting the
limitation of this method in replicating full mechanical behavior.

4. Discussion

The present in silico study compared FE models of common bioreac-
tor setups used to apply mechanical stimuli to osteochondral explants
and cartilage TE constructs against an FE model of the human knee
joint simulating stance phase of gait. While prior studies have examined
mechanics of individual bioreactors (Tanck et al., 1999; Bandeiras
et al., 2014; Zahedmanesh et al.,, 2014; Hassan et al., 2019), this
work uniquely benchmarks them against an in vivo physiological refer-
ence, enabling a more informed assessment of how closely each setup
replicates native joint mechanics.

It should be noted, however, that the in vivo reference is derived
from a single subject, which limits its generalizability across the pop-
ulation. Furthermore, the geometry and load datasets originate from
two different individuals, which may introduce reference frame incon-
sistencies and could partly explain the lateral-dominant loading pattern
observed in our model during the second peak loading of the gait cycle.
While lateral-predominant loading is less common, the stresses and
contact pressures obtained in our study fall within the range of inter-
subject variability reported in the literature (Mononen et al., 2015).
Given that the medial compartment statistically bears the majority of
the load during gait, and that contact pressures were more evenly
distributed across both compartments at first peak loading, the medial
compartment at first peak load was selected as the most physiologically
representative baseline for comparison with the bioreactor studies.
Future work incorporating multiple subjects with matched datasets will
be essential to quantify inter-subject variability and establish more
robust ground truth targets for bioreactor loading protocols.

This study revealed that no single bioreactor replicated all mechan-
ical variables in both magnitude and spatial distribution. However,
the findings offer guidance for selecting bioreactors based on specific
research goals. For instance, 10% unconfined compression of OC plugs
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matched native cartilage in terms of stress and pore fluid pressure, but
fluid velocity patterns differed. In TE constructs, unconfined compres-
sion (up to 30%) produced stresses and pore fluid pressures 2-3 orders
of magnitude lower than in knee cartilage. Hydrostatic pressure of 5
MPa applied to TE constructs better approximated native cartilage pore
pressures, though it induced much lower strains.

The 8 mm diameter of the OC plugs was chosen to match the typical
cartilage-to-cartilage contact area (6-10 mm) during peak gait loading.
Unlike in vivo cartilage, which is laterally constrained by surrounding
tissue, the OC plugs had free lateral surfaces that allowed unrestricted
bulging and fluid outflow. Consequently, unconfined compression pro-
duced higher fluid velocities at the plug perimeter, creating an ‘edge
effect.” Such elevated fluid velocities may contribute to matrix loss at
the lateral surface, as observed in some in vitro studies (Li et al., 2013),
especially given peripheral damage of cartilage from plug harvesting.

For the combined compression and ball-rotation simulations, ball
rotation had a negligible influence on cartilage mechanics, but was re-
tained in the comparative analysis because it mimics the sliding motion
during gait that stimulates lubricin production in the SZ, which helps
maintain low friction (Grad et al., 2012). This apparent discrepancy
between observed mechanics from FE analysis and lubricin production
suggests that the biological response to sliding is driven by surface-level
mechanical phenomena that operate below the resolution of the current
continuum-level model. Sliding motion might generate local fluid-
induced shear at the articular surface that has been shown to promote
lubricin expression specifically in superficial zone chondrocytes via
CREB-dependent mechanotransduction pathways (Ogawa et al., 2014).
Since the current FE model does not simulate fluid film dynamics at
the contact interface, these surface-level stimuli are not captured. This
finding further underscores the need for future models incorporating
fluid-structure interaction at the contact interface to fully explain how
rotation-induced stimuli translate into biological responses such as
lubricin upregulation. A related limitation of the current study is the
omission of contact area migration in the bioreactors, whereby the
contact area moves across the articular surface during loading. Contact
migration plays an important role in maintaining fluid pressurization
and reducing friction in native cartilage (Caligaris and Ateshian, 2008).
This migration is clearly observable in the human knee model presented
here (Fig. 3), but was not replicated in the bioreactors simulated.
Notably, some bioreactor designs have incorporated sliding motion to
capture this phenomenon (Shekhawat et al., 2021; Yuh et al., 2025),
representing an important design feature that future in silico models
should account for.

This study also elucidated the importance of the calcified cartilage
layer in reducing stress transfer to the underlying subchondral bone
during compression and in acting as an intermediate layer that limits
interfacial stresses within cartilage. In this work, calcified cartilage was
modeled as a linear elastic material, as its permeability remains poorly
defined experimentally. While some studies characterize it as nearly
impermeable, others report permeability values lower or comparable
to those of articular cartilage (Jonsson et al., 2024). In future studies,
experimentally determined permeability should be incorporated into
poroelastic FE analyses of OC plugs to capture fluid-mediated (and
thereby molecular) cross-talk between cartilage and bone through the
calcified cartilage, a process expected to influence and potentially alter
the progression of cartilage degeneration in osteoarthritis (Lories and
Luyten, 2011).

FE analysis of agarose TE constructs in different bioreactors showed
lower maximum principal stresses due to the hydrogel’s compliant be-
havior compared to articular cartilage. Furthermore, the TE constructs
were homogeneous and isotropic, producing a more uniform stress
distribution than cartilage, where collagen fibril anisotropy generates
higher stresses in the SZ. FE analysis also revealed that TE constructs
developed lower pore pressures and higher pore fluid velocities for the
same magnitudes of mechanical loading as compared to cartilage. The
lower pore pressure meant lower load bearing capacity of the construct,
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which would restrict its application when implanted in vivo in a carti-
lage defect. Elevated fluid velocities have dual biological consequences:
they may enhance nutrient transport and support cartilage regenera-
tion (Sengers et al., 2004), but can also disrupt nascent extracellular
matrix secreted by embedded cells, potentially causing matrix loss and
weakening the construct (Orozco et al., 2021). To increase the load
bearing capacity of such TE constructs, recent studies have introduced
micro-fiber reinforcements using the melt electrowriting process. Such
reinforced hydrogels are reported to have better mechanical strength
and enhanced pore fluid pressurization (Castilho et al., 2018; Moo
et al., 2023).

Direct one-to-one comparison between experimentally measured
and numerically predicted stress distributions was not feasible due
to the difficulty of measuring spatial stress fields in cartilage or TE
constructs. The credibility of the FE predictions was therefore assessed
qualitatively by comparing predicted stress magnitudes with reported
experimental data from similar bioreactor setups. Park et al. (2004)
reported Cauchy stresses of 4.79 MPa under 12.7% dynamic compres-
sion of bovine cartilage explants, while Rich et al. (2024) measured
approximately 1.5 MPa at 20% strain in 3 mm thick human ankle
cartilage without preload. In the present FE model, maximum principal
stresses at the construct center ranged from 0.67 to 1.83 MPa at
10% compression and 4.89 to 12 MPa at 20% compression (Fig. 5).
For agarose TE constructs, Mauck et al. (2000) measured compressive
stresses of about 4 kPa and 8 kPa at 10% and 20% strain, whereas
our FE models predicted 1.43 kPa and 4.39 kPa, respectively. While
the comparative analysis between experiments and FE simulations
supported the qualitative credibility of the FE models, several possible
factors might influence the credibility assessment. For example, species-
specific variations in cartilage properties have been reported in the
literature, with bovine cartilage being generally stiffer than human
cartilage (Temple et al., 2016), potentially leading to higher measured
stresses under comparable strains. Cartilage mechanical properties also
vary significantly with anatomical location (Li et al., 2021; Linus et al.,
2024). Furthermore, variations in preload, strain rate, and loading
frequency affect the magnitude of measured stresses (Patel et al., 2019;
Li et al., 2021). Despite these sources of variability, the predicted
stress magnitudes were of comparable order to experimentally reported
values, supporting the qualitative credibility of the present FE models.

During the unconfined compression of TE constructs, free lateral
expansion of the construct was possible, thereby altering the defor-
mation field as compared to native cartilage. To prevent this from
happening, and also to reduce fluid flow from the lateral sides of
the construct, confinement of the bottom half of the cartilage or TE
construct had been suggested by Thorpe et al. (2013). Furthermore,
restrictions imposed by the partial confinement on fluid flow and lateral
deformations would result in higher pore fluid pressures and also would
create a gradient of the mechanical environment that would more
closely mimic the in vivo mechanics of cartilage.

Beyond the applied mechanical loading regimen, the intrinsic ma-
terial properties of the TE construct can substantially influence its
mechanical behavior. Agarose was selected in this study due to its sim-
plicity and widespread usage in cartilage TE. However, more advanced
hydrogels with tunable mechanical properties have been reported in
literature that could be incorporated into the in silico modeling frame-
work in future work (Ansari et al.,, 2024; Mukherjee et al., 2025).
Moreover, prior experimental studies (Mauck et al., 2000) have shown
that the mechanical properties of constructs evolve as cells deposit
cartilaginous matrix. Evaluating the FE models across multiple matura-
tion states would therefore offer valuable insight into how developing
extracellular matrix alters TE construct mechanics. Incorporation of
growth and remodeling formulations (Ateshian et al., 2014; Myers and
Ateshian, 2014) represents an important future extension to the FE
models developed in this study, that would enable quantification of
evolving mechanical behavior in dynamically maturing TE cartilage.
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Finally, in the current study, mechanics of articular cartilage and TE
constructs were studied at the macro-scale, tissue-level resolution. This
approach provided valuable insights into the distribution of physical
variables across different setups and under varying loading conditions.
However, the present study did not consider cell-matrix interactions,
which are known to influence cellular responses to mechanical stim-
uli (Gao et al.,, 2014). A more comprehensive and consistent com-
parison across bioreactor systems could be achieved using multiscale
modeling frameworks. In particular, approaches such as that developed
by Mukherjee et al. (2026), which employ a post-processing strategy
to link tissue-level mechanical fields to cell-scale mechanics and intra-
cellular mechanotransduction pathways, provide a promising direction.
In this framework, macroscale displacement and pore pressures are
used to define boundary conditions on representative cellular domains
using a submodeling technique, enabling the propagation of mechanical
stimuli from the tissue to the cellular scale submodel. To connect the
cellular scale forces with intracellular gene/protein regulatory network
modeling mechanotransduction pathways, Hill-type functions are used.
This post-processing approach further enables simulation of multi-
ple cells at varying spatial location of the cartilage simultaneously,
thereby addressing the spatial heterogeneity in mechanical stimuli
experienced by the cells. By capturing the interactions between tis-
sue mechanics, cellular responses, and intracellular signaling, such
multiscale approaches would enable more rigorous comparison and
optimization of bioreactor conditions, ultimately facilitating improved
and more predictive tissue regeneration strategies.

To conclude, this study establishes an in silico framework to bench-
mark bioreactor loading conditions against in vivo joint mechanics.
While limited to a single-subject dataset, this methodology provides the
tissue engineering community with a comparative template to evaluate
current protocols and design more physiologically relevant mechanical
stimulation strategies.
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