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Abstract—Articular cartilage experiences signiﬁcant mechanical loads during daily activities. Healthy cartilage provides
the capacity for load bearing and regulates the mechanobiological processes for tissue development, maintenance, and
repair. Experimental studies at multiple scales have provided
a fundamental understanding of macroscopic mechanical
function, evaluation of the micromechanical environment of
chondrocytes, and the foundations for mechanobiological
response. In addition, computational models of cartilage
have offered a concise description of experimental data at
many spatial levels under healthy and diseased conditions,
and have served to generate hypotheses for the mechanical
and biological function. Further, modeling and simulation
provides a platform for predictive risk assessment, management of dysfunction, as well as a means to relate multiple
spatial scales. Simulation-based investigation of cartilage
comes with many challenges including both the computational burden and often insufﬁcient availability of data for
model development and validation. This review outlines
recent modeling and simulation approaches to understand
cartilage function from a mechanical systems perspective,
and illustrates pathways to associate mechanics with biological function. Computational representations at single scales
are provided from the body down to the microstructure,
along with attempts to explore multiscale mechanisms of
load sharing that dictate the mechanical environment of the
cartilage and chondrocytes.

INTRODUCTION
Overview of Cartilage Function and Composition
The diarthrodial joint is one of nature’s marvels,
providing a low-friction bearing surface that, under
normal conditions, can withstand millions of cycles of
extreme loading, which can exceed multiples of body
weight (Fig. 1a). The mechanisms by which mammalian joints perform these functions involve an intricate
combination of biomechanical and biological factors,
acting at a variety of spatial and temporal scales. In
particular, the load-bearing function of the joint is
predominantly due to the properties of the articular
cartilage, the thin layer of soft-tissue lining the ends of
long bones within the joint (Figs. 1b and 1c).
The unique mechanical properties of cartilage are
attributed to the composition and organization of its
extracellular matrix, which by weight consists primarily
of water with dissolved ions (~75–80% by wet weight).
The solid matrix of articular cartilage consists of a dense
ﬁbrous network of collagen (primarily type II) and a
concentrated solution of aggregating proteoglycans, as
well as other proteins, lipids, and cells70 (Fig. 1e). The
tissue, as a bulk material, exhibits viscoelastic behavior,
which arises predominantly from frictional drag due to
relative motion between the solid and ﬂuid phases.109,110
The cartilage extracellular matrix is maintained in a
slow state of turnover by a balance of anabolic and
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catabolic activities of the chondrocytes, the sole cell
type found in cartilage (Fig. 1d). Chondrocyte activity is regulated by a complex interplay between
genetic, environmental, and biomechanical factors.52
Soluble mediators, e.g., growth factors, cytokines,
and extracellular matrix composition dictate the
environment of these cells. Biomechanical factors are
a result of mechanical loads distributed on chondrocytes and the extracellular matrix. These include but
are not limited to tension, compression, shear,
osmolarity, ﬂuid pressure, and associated electrokinetic effects.58,136,142
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Mechanical Load Sharing at Multiple Scales
The local loads on cartilage and its substructures are
dictated by the transmission and sharing of body level
mechanical loads (Fig. 1). External and inertial loading on the extremities are accommodated by joint
forces and torques to achieve stability and to meet the
constraints of locomotion (Fig. 1a). This dynamic
equilibrium is accomplished through a combination of
active force generation such as muscle contraction, and
reaction forces carried by passive joint structures.
Within the passive structures, cartilage contributes to

FIGURE 1. Anatomical architecture of musculoskeletal joints dictates the distribution of muscle forces and external loading on
the body (a) to individual passive structures of the joint, e.g., ligaments, menisci, and cartilage (b). Cartilage’s regional anatomy,
e.g., thickness and curvature, and its interaction with opposing tissues, e.g., cartilage or meniscus, has mechanical implications
(c). The tissue also exhibits a structural composition, incorporating zone-dependent chondrocyte distributions and shapes (d), and
orientation of collagen fibers (e). This zonal and cellular architecture is also known to be dependent on the region of the cartilage
within the tissue. For a given gross cartilage deformation, this architecture dictates deformation of individual cellular, pericellular,
and extracellular regions within the zones. The composition of the extracellular matrix and its multiphysics mechanics dictate the
loads in individual fiber architecture that can have implications for fiber level damage.
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the load sharing among other tissues such as the ligaments and menisci of the knee (Fig. 1b). Within a local
region of the cartilage, macroscopic tissue level loads
are distributed among different superﬁcial, transitional, and deep zones dictated by the differences in
microstructural properties (Figs. 1d and 1e). Within
these zones, collagen ﬁber architecture in the extracellular matrix and the pericellular matrix, and chondrocyte shape and distribution provide the basis for
cellular deformations and ﬁber loading.
Under physiologic conditions, mechanical loading is
necessary for joint health.52,71 Furthermore, clinical
data indicate that a variety of exercises are safe and
effective for individuals with osteoarthritis163 yet the
efﬁcacy of exercise can be dependent on disease progression.113 Clinical and animal studies have also
provided strong evidence that altered joint loads can
lead to potentially undesirable alterations in the composition, structure, metabolism, and mechanical
properties of articular cartilage and other joint tissues.9,78 Abnormal loading may be caused by a variety
of factors such as congenital or developmental deformity, obesity, immobilization, joint instability, overuse, disease or trauma.10,22 However, the speciﬁc
sequence of biomechanical and biochemical events
through which mechanical loads at the whole body and
joint level are converted to mechanical, chemical, and
electrical ‘‘signals’’ at the cellular and intracellular level
are not fully understood. This information has utmost
importance to understand the mechanical homeostasis
of cartilage and the regulation of the aforementioned
changes in its properties.
Experimentation of Cartilage Mechanics
A number of experimental studies have been performed to determine the relationship between body/
joint/tissue (Fig. 1) level loading and the mechanics of
cartilage, as well as chondrocyte mechanical and biological response. For example, joint loads, presumably
an indicator of cartilage loading, have been quantiﬁed
in vivo for healthy subjects and patient populations
using instrumented implants48,74 and/or gait analysis.17,86 Indicators of cartilage contact have also been
quantiﬁed for live subjects using several different
imaging modalities. For example, magnetic resonance
imaging was utilized to establish cartilage deformations and contact under simpliﬁed load bearing scenarios.32 Dual X-ray planar ﬂuoroscopy has been used
to characterize cartilage-to-cartilage contact mechanics
during locomotion.20
A more detailed understanding of the in situ role of
cartilage in joint mechanics has been possible through
experimentation. In this respect, basic relationships
between joint loading (and sometimes muscular load-

ing) and cartilage contact pressures have been established,19,37 albeit somewhat removed from in vivo
loading scenarios. At the spatial scale of tissue and
cells, and from the perspective of load transfer from
higher scales, contemporary work has pointed out the
signiﬁcance of joint shape, combined loading and
motion, and interfaces for tissue engineering of cartilage.148 More recently, in situ tibiofemoral experimentation has quantiﬁed zonal strains as a function of
physiological boundary conditions, which indicated
different deformation modes for the opposing cartilage
surfaces.156 In animal studies, the deformation of
chondrocytes in the tibiofemoral joint was documented
as a function of quadriceps force for the ﬁrst time.1
While experimental studies at the body and joint
level have explored functional mechanics of the cartilage from a load sharing perspective, tissue, and cell
level studies commonly targeted the basic mechanical
properties of chondrocytes and chondrons118 and the
biomechanics of the cartilage in relation to its micromechanical and chemical environment.138 Much of the
information currently available on chondrocyte
response to mechanical stress has been determined
using tissue explant culture experiments, which provide
a more controlled mechanical and biochemical environment than the in vivo condition, e.g., Jurvelin
et al.,87 Sah et al.,125 and reviewed in Guilak and
Hung. The general consensus is that static compression
at the joint or tissue level suppresses chondrocyte
activity, while cyclic or intermittent compression at
certain frequencies and magnitudes generally increases
biosynthetic activity.52 High stresses or strain rates
have been shown to be injurious to chondrocytes,
resulting in cell death and increased pro-inﬂammatory
and catabolic responses.140,141 To examine the biomechanical relationships between compression at the tissue and cellular/subcellular level, a number of studies
have examined cellular and intracellular deformation
under controlled loading conditions.23,31,55,79 These
studies have shown that chondrocyte and nuclear
deformation are integrally linked to the deformation of
the extracellular matrix.
Role of Computational Modeling and Simulation
in Cartilage Mechanics
Experimental studies, while providing fundamental
information on cartilage biomechanics, are unable to
measure a number of biomechanical parameters. At
the higher spatial levels of the joint, cartilage contact
forces, and pressures have been diﬃcult to quantify.
Likewise, at the lower spatial scales, variables such as
stress, ﬂuid ﬂow, and pressure within the cartilage and
among chondrocytes and the extracellular matrix ﬁber
architecture cannot be measured easily, if at all. In this
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FIGURE 2. The load sharing pathway, to identify the mechanical environment of the cartilage, can be decomposed by utilizing
computational models at different spatial scales. Simulations of the musculoskeletal system (based on rigid body dynamics) can
provide net loads acting on the passive structures of the joint during locomotion (a). Musculoskeletal models commonly utilize
surrogate joint models to manage computational cost. Finite element analysis of the whole joint can provide net forces acting on
the cartilage, contact pressures, and the macroscopic stress–strain state within the tissue (b). Representations at the interface of
joint-tissue commonly rely on the simplification of tissue mechanics, i.e., utilize surrogate tissue models. Microstructural finite
element analysis of chondrocytes within their in situ environment help establish their mechanical environment (c). Supported by
models representative of the fiber architecture and multiphase physics (d), a detailed quantification of cartilage mechanics from
macro- to micro-scales is a possibility, simply through a post-processing based feedforward coupling. This load sharing pathway
can provide multiscale indicators of cartilage damage and mechanical stimuli on chondrocytes. Nonetheless, if feedback coupling
is established, surrogate models can be replaced by physiologically informed models. While such an approach establishes the
potential for investigating the influence of lower scale response on the higher scale function, it comes with a dramatically
increased cost when iterative solutions at multiple scales cannot be avoided. This mechanical modeling framework can further be
coupled to models of relevant biological systems that are driven (or at least influenced) by cartilage mechanics. Explorations of
motor control and musculoskeletal physiology in one end, and nanomechanics, cell mechanobiology on the other end, all coupled
to cartilage mechanics, may be a possibility.

regard, simulation-based investigations of cartilage
and its underlying structures have become the tool of
choice for interpreting the biomechanical and biophysical basis of experimental results and as an independent investigative approach when experimental
investigation is diﬃcult or impossible.51,59,107,137
At the higher spatial scales, body-level modeling
approaches seek to apply the principles of rigid body
statics and dynamics to predict motion and/or joint
reaction forces and torques39 (Fig. 2a). At the lower
spatial scales of tissues and cells, past, and contemporary studies relied predominantly on continuum
mechanics to describe and predict the mechanical
function of articular cartilage in the context of intact
joints105,106 and of chondrocytes in the context of tissue structure59 (Figs. 2b and 2c). Through decades,
modeling and simulation studies focused on
understanding the structure and function of the normal tissue mechanics, and attempted to interpret the

alterations that occur to the biomechanics and biophysics of the tissue due to disease and injury.
Regardless, a clear understanding of the multiscale
relationships between the ultrastructural organization
of the extracellular matrix, chondrocyte mechanobiology, macroscopic material behavior, and joint
mechanics is severely lacking. Such knowledge could
elucidate fundamental structure–function relationships
for the tissue, the mechanical effects of injury at
macroscopic and cellular levels, and the phenotype of
both acquired and inherited disease states. When
conducted in a multiscale fashion, modeling and simulation may resolve the challenging task to relate joint
level descriptors of cartilage mechanics (potentially
accessible in a clinical setting) to tissue-cell level indicators of cartilage mechanobiological function. The
lack of progress in this area can be attributed to the
difﬁculty and lack of strategies for coupling the physics
between different structural and physical levels.
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Review Focus
This review aims to summarize simulation-based
explorations of cartilage from the perspective of different spatial scales, stand-alone or as they are coupled
to each other. The intent is not to provide a complete
literature review on cartilage mechanics. Rather, the
goal of this paper is to emphasize state-of-the-art
modeling approaches for quantiﬁcation of the
mechanical environment of cartilage at a multitude of
scales, ranging from the whole body to that at the
cellular and collagen ﬁber level. Within that context,
speciﬁc focus is given to the identiﬁcation of joint loads
and gross cartilage contact mechanics (body and joint
level), cartilage stresses, and strains (tissue level),
chondrocyte and extracellular matrix mechanics (cell
level), and ﬁber stresses (ﬁber level) (Fig. 2). The
emerging area of molecular modeling of extracellular
mechanics is also brieﬂy discussed. Several cases that
need to employ coupled simulation strategies are outlined and a brief discussion on the feasibility of such
investigations within the context of current technological capacity is provided. We also outline pathways
to establish conﬁdence in simulation results, as well as
the potential to couple representations of cartilage in
musculoskeletal, joint, and microstructural models to
other spatial scales and models of biological response.

SINGLE SCALE APPROACHES
Cartilage Mechanics from Musculoskeletal Modeling
Perspective
Synopsis
At the interface of body, organ, and joint mechanics, joint kinematics and kinetics (Fig. 2a, joint loading) as well as variables to identify overall tissue
loading (Fig. 2a, joint response, e.g., contact forces),
have been used to infer the underlying mechanics of
articular cartilage (Figs. 1a and 2a, macro-scale body).
An understanding of joint mechanics, as it functions as
part of the musculoskeletal system, has signiﬁcant
value as the system is a common target for mechanical
intervention, e.g., knee bracing, and its descriptors are
easy to relate to the mechanical requirements of daily
activities. As many joint level mechanical variables can
be acquired in the ﬁeld, they possess diagnostic value
for assessment of cartilage’s healthy function.
Current Approaches
Body level modeling approaches based on rigid
body dynamics have been used for prediction of joint
loading (Fig. 2a). In their simplest form, simulations
incorporate inverse dynamic analysis to predict joint

torques.39 At more advanced levels, optimization
approaches coupled with inverse and forward dynamics are utilized.39 Musculoskeletal modeling and
movement simulations relying on such methods have
been employed to predict neuromuscular control, and
in turn muscular load sharing and net joint loading due
to passive structures.39 All of these variables have
implications for the underlying state of cartilage
mechanics. In clinical movement analysis for example,
studies relying on motion data and external force
measurements utilized generic or specimen-speciﬁc
models to predict joint torques. In cases where muscle
force prediction was also performed, the load sharing
between active and passive components of the joint
was also included.8,34,102,132
Due to complexity and computational expense,
musculoskeletal simulations often utilize simpliﬁed
mechanical representation of joints (Fig. 2a, surrogate
joint models), such as a hinge for the knee and a ball
and socket for the hip. Along with these assumptions,
segment moments and/or joint reactions, as predicted
by the musculoskeletal simulation, are relied on to infer
the state of cartilage loading. In spite of these simpliﬁcations, musculoskeletal modeling has been critical in
establishing a correlation between ambulatory knee
loading and the incidence of osteoarthritis.17,111,124,131,155 More speciﬁcally, results of computational studies have led to interventions aimed at
reducing the peak knee adduction moment in patients
with early onset and/or advanced osteoarthritis. The
correlation of post-intervention measures of clinical
outcome with model predictions has proven to be a
promising indicator of model efﬁcacy, realizing an
apparent reduction in the affected medial compartment
loads and potentially in the disease progression.40
Multiscale Context
Musculoskeletal modeling also has the potential to
provide insight into neuromuscular control strategies
along with tissue loading, and to help improve the
diagnosis and management of neurologic and orthopedic conditions.39 This body level approach is valuable but, as mentioned earlier, it generally lacks the
ﬁdelity to explore mechanisms of disease onset and
progression at lower spatial scales. For example, the
mechanical environment of the cartilage at the tissue
level is implied, not explicitly quantiﬁed. Nonetheless,
the joint variables are readily related to the requirements of locomotion and provide a conceptualization
of body mechanics in the clinical ﬁeld. Computational
cost is tractable, particularly when an inverse dynamics
approach or simpliﬁed muscle load sharing algorithms
are selected.39 Yet, the reliability of predicted muscle
and passive joint loading may need to be established
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on a case-speciﬁc basis. Common validation procedures have simply relied on comparison of measured
muscle activity to time history of muscle forces.39
If musculoskeletal models are intended to be used
for cartilage mechanics in a multiscale context, the
requirements for their validity may change. Lower
scale joint level models, i.e., macroscale continuum
representations (Fig. 2b) will likely be driven by muscle forces or joint loading, which should be predicted
by a musculoskeletal model reliably. Simpliﬁed joint
representations may not be adequate for this purpose.
Joint contact forces can be obtained directly from
musculoskeletal movement simulations to infer cartilage mechanics. Nonetheless, the appropriateness of
these methods to accurately quantify variables of
interest is still questionable.48 Ongoing research aimed
at establishing validity will likely promote greater
conﬁdence in such predictions.48 Advances in scientifically adequate and computationally cost-effective
modeling of neuromuscular and musculoskeletal
interactions would deﬁnitely beneﬁt multiscale simulations in order to evaluate cartilage mechanics in
relation to body level loading. Not only could pervading simpliﬁcations be addressed, e.g., the knee as a
hinge, but neuromuscular control would be informed
by realistic joint and underlying tissue representation.
Cartilage Mechanics from Joint-Tissue Modeling
Perspective
Synopsis
At the tissue level, predictions of accurate cartilage
mechanics may oﬀer insight not aﬀorded by a higher
level approach. To understand the eﬀect of joint
loading on the cartilage deformation, a model incorporating joint and tissue level representations is necessary (Fig. 2b). Simulations spanning the scale of the
joint-tissue interface can provide localized tissue
deformations and contact stress distributions, establishing a more detailed understanding of the regional
cartilage stress–strain and ﬂuid pressure state for a set
of speciﬁc joint loads. Such analyses have translational
value as they can provide an evaluation of mechanical
interventions targeted at the cartilage itself, e.g.,
osteochondral grafting.33,68 The local stress concentrations in a healthy or diseased state can also indicate
potential damage risk.120,133
Current Approaches
Finite element analysis has become an accepted and
widely applied tool to investigate cartilage stresses,
strains, and ﬂuid pressures (Fig. 2b), subject to simpliﬁed53 or elaborate161 joint loading. In these macroscale models of the joint and tissue, the macroscopic
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anatomy is represented, providing the capacity for a
regional analysis. Speciﬁcally, one might predict the
load sharing between medial and lateral compartments
of the knee, and other regions within the joint.2,134,162
This computational framework has aided investigations of the speciﬁc effects of joint mechanics on cartilage function. For example, relative tibiofemoral
alignment has been found to signiﬁcantly inﬂuence
cartilage stress distribution and magnitude.159–161
Supporting the results of investigations conducted at a
higher scale, e.g., musculoskeletal simulation (refer to
previous section), these studies found that joint malalignment results in high adduction moments and may
lead to a potentially adverse cartilage stress state.
Driven by clinical ﬁndings of the relatively high
incidence of osteoarthritis in patients with full or partial
meniscectomy,112 ﬁnite element studies have also
highlighted the role the meniscus plays in distribution
of joint contact forces.121,122,146,164 Quantifying the
effects of modeling assumptions has been one particular challenge in this area but the adoption of probabilistic techniques has shown promise. For instance, a
recent study demonstrated bounded predictions of
cartilage contact mechanics based on soft tissue material uncertainties.35 Analyzing the tissue-level mechanical environment has not been limited to the knee joint,
and the hip has also garnered attention as it is a common site for osteoarthritis. Specimen-speciﬁc and simpliﬁed representations of human hips have been
analyzed to establish discrepancies in predicting cartilage contact stress, with geometry demonstrating a
dramatic effect on simulation results.5,6,28,67
When the computational expense of ﬁnite element
analysis is prohibitive, internal tissue mechanics can be
neglected in favor of a surface based technique such as
discrete element analysis.27,36,104 This approach simpliﬁes the surrogate tissue models used in macro-scale
simulations through replacement of the continuum
representation (Figs. 2a and 2b). The realized computational gains have afforded population based studies7
and an in-depth assessment of uncertainty,46 while still
retaining three-dimensional generic or specimenspeciﬁc representation of cartilage topology.
Of particular importance in joint level modeling,
simulation of the joint contact interface(s) can be a
challenging issue. Related to computational cost and
robustness, most studies assume frictionless or near
frictionless contact.69,120 In reality, the coefﬁcient of
friction of cartilage is dependent on the pressurization
of the cartilage interstitial ﬂuid, and thus a product of
loading rate, magnitude, and duration.11 For example,
an experiment measuring the coefﬁcient of friction
between a cartilage disk and glass under a static load
subjected to reciprocal sliding reported coefﬁcient of
friction values ranging from nearly frictionless at initial
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loading to 0.15 at steady state.97 While the frictionless
assumption may be valid for studies involving fast
loading of cartilage, modeling mechanical behavior
over longer time intervals may require more advanced
friction contact implementations which can model
these documented time and load dependent values.
Accounting for ﬂuid exchange across contact interfaces, as has already been performed in a frictionless
model,15 will ultimately result in more accurate time
and load dependent contact modeling in joints.

and current in vivo studies utilizing biplanar ﬂuoroscopy,20 are promising exceptions. Focused studies that
not only address the reliability of simulations results
but also evaluate the balance between model ﬁdelity
and computational burden are of particular importance for advancement at this spatial scale.

Cartilage Mechanics from Cell-Microstructural
Modeling Perspective
Synopsis

Multiscale Context
Continuum mechanics based models of the macroscale, simulating response at the joint level, have generally focused on the macroscopic tissue level
mechanical response of the cartilage; the underlying
physics of the tissue was largely simpliﬁed (Fig. 2b,
surrogate tissue models). Cartilage was often modeled as
an elastic material, although this assumption is only
valid at certain loading and boundary conditions.14
While these boundary conditions may encompass many
common activities, e.g., gait, stair climbing, if the distribution of internal deformation is desired, a more
accurate biphasic representation may be necessary.
Recent advances, not intimidated by the multi-phase
complexity of cartilage physics, have integrated more
realistic representations of cartilage constitutive
behavior at the joint level.105,106 A similar investigation
explored the role of biphasic response of the tissue
within a realistic joint anatomy with collagen ﬁber representation, yet under simpliﬁed loads.53,85 Finite element analysis software, e.g., FEBio (http://www.
febio.org), implementing features necessary for realistic representation of cartilage mechanics,12,15,101 will
likely popularize such investigations. Regardless, the
computational cost and convergence sensitivity of this
considerably more advanced ﬁnite element analysis can
be prohibitive, especially when considered in a multiscale application. Even under simple material representations of the cartilage, large forces acting on the
joint, and large deformations coupled with signiﬁcant
rigid body movements, may slow down or prevent the
convergence of such models. The use of a biphasic model
results in increased computational cost due to the large
number of additional unknowns that are necessary to
describe the mechanics of porous media.53
Another challenge for ﬁnite element analysis based
predictions of cartilage mechanics relates to the reliability of ﬁndings, particularly for lifelike loads and
when using patient-speciﬁc models. In vitro testing can
provide conﬁrmation of model results5,45 but obtaining
accurate in vivo data remains an area of ongoing work.
Recent studies based on magnetic resonance imaging24
and CT arthrography,67 which can be applied in vivo,

Modeling of cartilage at the cellular and microstructural levels provides the ability to predict chondrocyte deformations as a function of macroscopic
tissue strains, to establish indicators of microstructural
loading, and provides an understanding of the role of
matrix composition on cellular and extracellular
mechanics. Two modeling modalities are commonly
utilized: one focusing on the micromechanics as dictated by the cartilage’s composition (Fig. 2d); another
exploring the mechanical environment of chondrocytes, commonly relying on ﬁnite element analysis and
also informed by the former micromechanical modeling modality (Fig. 2c).
Current Approaches: Microstructural Architecture
A wide range of modeling studies have explored the
mechanical properties of the cartilage as a function of its
microstructural architecture.153 Cartilage mechanical
properties at the tissue level are primarily determined by
the combination of the mechanical contributions of
proteoglycans and collagen108 (Fig. 1e). Proteoglycans,
via their ﬁxed negative charges, induce a Donnan
osmotic swelling pressure; this swelling is counteracted
by tensile stresses in the collagen network. The combination of the swelling and the restriction against
swelling determines the mechanical properties of the
cartilage tissue.145,150 Cartilage mechanical models have
attempted to capture these effects of swelling with triphasic representations (solid, ﬂuid, and ionic),77,98,147
ﬁtting parameters to tissue-level consolidation experiments, or into computationally less expensive biphasic
swelling models that assume ion ﬂux is signiﬁcantly
faster than water ﬂow.151 To better capture the nature of
the tissue, models with ﬁber-reinforcement were developed in the last decade.99,152,154 In fact, the contributions of swelling and ﬁber-reinforcement are products of
the primary biochemical constituents of the tissue, i.e.,
proteoglycans and collagens. Current developments
start from the premise that given this tissue composition, including the spatial distributions of the constituents and their structural organizations, the global and
local mechanical properties of the cartilage can be
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determined. Hence, with knowledge of the properties of
cartilage constituents, biochemically and histologically
measurable data, rather than a set of ﬁtted parameters,
could ultimately be used as inputs for the computational
model. Microscale composition could then be used to
inform the tissue level response, alleviating the need to
obtain site- or specimen-speciﬁc bulk mechanical
parameters (commonly performed using inverse analysis). First steps toward such approaches are already
present in the literature.81,145,149,150 When coupled with
chondrocyte mechanics, this capacity will also allow
dynamic changes to the composition of the material
during a simulation, simulating temporal adaptations to
a given stimuli. An example of such an approach was
shown at the cellular level, where a cell hypertrophies in
response to measured changes in pericellular tissue
composition.144
Current Approaches: Chondrocyte Mechanics
Continuum mechanics based models also provide
quantiﬁcation of cartilage mechanics at the spatial
scale of chondrocytes to understand damage risk to the
chondrocytes and to explore mechanical thresholds for
cellular mechanobiological response. Many models of
cell–matrix interactions, particularly utilizing ﬁnite
element analysis (Fig. 2c), have shown that the combined solid and ﬂuid environment of chondrocytes are
highly dependent on the relative mechanical properties
of the cell, its pericellular matrix, and the extracellular
matrix.59,61,88,94 The pericellular and extracellular
matrices have been shown to have a signiﬁcant effect
on the mechanical environment of the chondrocytes,
serving to either amplify or reduce cell-level strains,
depending on chondrocyte location as well as the
magnitude of tissue strain.3,31 Thus, alterations in
pericellular matrix properties, as may occur with
osteoarthritis,4 may have signiﬁcant effects on the
mechanical environment of the chondrocytes. Recent
models of cell–matrix interactions have taken into
account the compositions of pericellular matrix, using
models that also accommodate tissue swelling as well
as ﬁber reinforcement. These studies have shown the
importance of the composition of the pericellular matrix, and of the difference in composition between
pericellular and extracellular matrices, on the
mechanical environment of the chondrocyte.80,96,144
Multiscale Context
At the spatial scale of cells and cartilage microstructure, models commonly represent cartilage constitutive behavior and the chondrocyte environment in
a detailed manner. Implicitly multiscale by nature,
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novel modeling approaches incorporating biphasic
and/or triphasic response,13,98 informed by anatomical
ﬁber distribution,41 and accommodating zone-speciﬁc
chondron shape64 are actively being developed. Simulations are commonly used for hypothesis generation
on healthy and diseased chondrocyte, pericellular
matrix, and extracellular matrix function. Yet, multicellular representations, which may provide the possibility to explore cell-to-cell mechanical and
biochemical signaling, are absent in the literature. In
contrast to the minimal computational cost of singlecell analysis, commonly approximated through axisymmetric modeling,59 multiphysics simulations with
three-dimensional anatomical representations of
chondrocytes may be prohibitive. It can also be difﬁcult to relate cell level variables to in vivo joint
mechanics. Reliability of the prediction of in situ
deformations of chondrocytes is commonly implied
but not established, and is generally based on laboratory testing of simpliﬁed and isolated conditions.26,31
In summary, computational cost, conﬁrmation of
simulation results, and establishing the relationship of
this scale to higher spatial scales are issues of great
potential and importance to the future of the simulation of cartilage mechanics.
Cartilage Mechanics from Molecular Modeling
Perspective
While the focus of this review falls short of an
explicit discussion on modeling of mechanics beyond
the microscale, examples of the emerging area of
molecular level modeling can pinpoint research directions to understand the nanomechanical basis of cartilage function. Molecular modeling has been
commonly conducted on aggrecan, the predominant
proteoglycan in cartilage. Continuum Poisson–Boltzman cell models have been employed to determine
charge distribution over a continuum with consideration of molecular interaction and mobility.18 More
recently, a statistical thermodynamic approach that
considered non-uniform and dynamic charge distribution along the aggrecan molecule and the effects of
solution salt content and pH on molecular structure
and interaction has been developed.114 Through
manipulation of charge distribution and molecular
structure, this model provided the capability to explain
how charged proteoglycans can aggregate into clusters.
Potential advancements in molecular modeling based
on such studies and increases in computational
capacity will likely facilitate the development of tissuescale constitutive models founded on nanomechanics,
which in turn establish coupling of tissue mechanics to
the molecular scale.
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MULTISCALE COUPLING
Multiscale Simulations at the Interface
of Musculoskeletal and Joint-Tissue Representations
Premise
Movement goals, and anatomical and physics-based
constraints dictate neuromuscular response for muscular force generation. Joint movements, generated by
musculoskeletal loading, result in cartilage deformations (Fig. 1). Moving beyond the inference of tissue
loading using musculoskeletal simulation alone, it is
recognized that a computational framework able to
capture interactions between tissue and movement is
beneﬁcial.39 While from a computational perspective
this is a challenging prospect, simulations at both spatial scales would beneﬁt, where the interplay between
tissue level deformations and body level loading is
explicitly included. Instead of estimating lower spatial
scale tissue stress from body level predicted loads, as in
a post-processing sense, cartilage geometry and
behavior could be concurrently represented in the
computational framework (Figs. 2a and 2b, physiologically informed joint response). One can imagine
predicting compensatory movement patterns able to
target speciﬁc tissue mechanics, reduce potential pain,
and quantify internal cartilage mechanics during common activities. Awareness of the challenges and
advances in this ﬁeld would surely beneﬁt studies with
an interest in the relationship between cartilage
mechanics and activities of daily living.
Current Approaches
Speciﬁc to cartilage but not incorporated in a concurrent multiscale framework, a variety of studies have
utilized loading predicted from musculoskeletal models, both generic and specimen-speciﬁc, to drive tissue
level models.43,44,161 These post-processing studies
have offered signiﬁcant value in understanding joint
mechanics but the validity of utilizing a simpliﬁed joint
representation, e.g., a hinge as a surrogate for knee
function, during muscle force prediction and subsequent application to a detailed joint level model is yet
to be established.
To address the limitations of a post-processing
approach, and of particular interest to cartilage, multiple recent studies have attempted explicit coupling of
musculoskeletal loading and tissue deformations.
Explorations of the joints included the knee,54,100 the
patellofemoral joint,19 and the jaw.92 Of particular
interest, studies which included geometric representation of cartilage19,54 utilized a single leg musculoskeletal
representation of either a static or ﬂexion-extension
task, a simpliﬁcation when compared to typical

musculoskeletal simulations.39 Similar simpliﬁcations
were employed at the musculoskeletal modeling and/or
continuum mechanics of the cartilage to avoid the
computational burden of incorporating two different
simulation modalities within the same model.
An alternative method is the nested coupling of
musculoskeletal movement simulations with ﬁnite element analysis at the tissue level.62,63 During each
solution step of musculoskeletal movements, simulations with a continuum mechanics model of the tissue
of interest are conducted to predict tissue stress–strain
state, along with movement trajectories and muscle
forces. While not performed for the cartilage, such an
approach showed promise to predict foot deformations
during jumping63 and walking,62 in particular, to
identify adaptive walking strategies for reduction of
strains within the foot.62 Similar approaches can be
applied to the cartilage as well.
Challenges
When using a post-processing approach, the representation of joints (or tissues) in diﬀerent modeling
modalities should be mechanically consistent, i.e., they
provide the same average response, and the assumptions
of temporal and spatial separation for this loose coupling
needs to be justiﬁed. If muscle forces and/or joint kinematic/kinetic variables passed from the musculoskeletal
model depend on the complexity of the surrogate joint
model (Fig. 2a), non-physiologic inputs to the continuum mechanical representation of the joint (Fig. 2b)
may be possible. This in turn may cause potentially
erroneous calculation of cartilage stress–strain.
For explicit or nested coupling of musculoskeletal
and joint-tissue representations, a major challenge is
the computational disparity between the domains of
tissue mechanics and musculoskeletal-based movement
prediction, especially when nonlinear analysis is a
necessity. Generally requiring an iterative approach,
musculoskeletal modeling (Fig. 2a) typically solves an
optimization problem to produce the desired movement pattern. Even one quasi-static solution of
deformable tissue mechanics (commonly performed
with ﬁnite-element analysis) may have a similar computation cost as a complete musculoskeletal movement
prediction, particularly when realistic anatomy and
nonlinear mechanics are represented (Fig. 2b). One
extreme example demonstrates that a probabilistic
approach of joint injury required literally thousands of
muscle driven movement simulations.102 Each of those
forward dynamic simulations required around 200
time points where the solution of internal tissue
mechanics, had they been modeled, would have been
required. Obviously, the nested computational expense
associated with concurrent coupling of these domains,

Multiscale Mechanics of Articular Cartilage

even for the most basic approach, is an issue that needs
to be addressed. Although not speciﬁc to cartilage, this
coupling problem has been addressed in previous studies, which did simulate muscle driven movement patterns (maximum height jumping and gait) along with
ﬁnite element analysis of foot mechanics.62,63 For the
maximum height jumping simulation,63 this was possible through an adaptive surrogate modeling scheme,
during which ﬁnite element analysis was avoided when
an approximation using a database of previous solutions
was deemed adequate. Nonetheless, the cited models
were two-dimensional and the solutions still required
weeks of computational time (on an Intel Xeon
3.4 GHz machine with 6 GB of memory). While these
promising studies have demonstrated great potential,
the discipline is still at a relatively exploratory stage and
when internal tissue deformation is of interest, investigations reportedly suffer from high computational cost.

Multiscale Simulations at the Interface of Joint-Tissue
and Cell-Microstructural Representations
Premise
Mechanical factors play a signiﬁcant role in chondrocyte activity, viability, and diﬀerentiation.56 In
musculoskeletal biomechanics, joint loading results in
chondrocyte deformations in cartilage (Fig. 1). Much
like interfacing musculoskeletal simulations to jointtissue representations, joint-tissue level models
(Fig. 2b) may also be related to lower spatial scales,
and in this context to cell and/or ﬁber microstructural
simulations (Figs. 2c and 2d). As a function of the
surrounding extracellular matrix, and with the
potential to represent the native cartilage geometry
and/or a joint as a construct, simulations connecting
these spatial scales have the ability to quantify the
complex biomechanical and biochemical environment
of the chondrocyte and the extracellular matrix.
Developing this capability, computational or otherwise, will lead to a better understanding of natural
cartilage function and health. Through this
understanding, work in this ﬁeld also has implications
for development of interventions aimed at maintaining
and promoting favorable conditions for chondrocyte
function. Connecting these spatial scales is not only
advantageous to develop interventions and to quantify
the mechanical environment of the cell under physiological joint loads, but also serves as a critical step in
relating macro-scale cartilage function with the
underlying microstructure. Informing macro-scale
models through accurate representation of the
underlying constituents may elucidate important relationships between microstructural composition and the
resulting mechanobiology, and vice versa.

2465

Current Approaches: Tissue to Cell
The use of dual-scale (macro- to micro-) models of
chondrocytes in their mechanical environment, driven
by macro-scale tissue strains, is widely spread. These
investigations looked at the spatial and/or temporal
eﬀects of tissue level loading and the architecture of
pericellular and extracellular matrices on chondrocyte
behavior. Some studies have focused on the role of the
pericellular matrix as a strain transducer, which has
been shown to shield or amplify tissue level loading.3,31,57,59,88,89,103 This phenomenon is more pronounced as the loading magnitude increases, depends
on the relative material properties of the extracellular
matrix and the pericellular matrix, and results in relatively consistent chondrocyte strain throughout the
depth of the cartilage layer. Other studies have aimed
to understand cartilage behavior as a construct of
depth dependent collagen ﬁber alignment and chondron shape.41,42,64,145,150,157,158 These largely theoretical approaches have also incorporated tissue
poroelasticity and are particularly suited for efﬁcient
parametric exploration of tissue level mechanics as
informed by the complex cartilage microstructure. A
recent study based on this approach supports the depth
dependent sensitivity of cell deformations, much like
previous studies, and also concludes that in situ
chondrocyte stiffness may be much higher than those
found in previous experimentation conducted on isolated cells.65 Additional numerical explorations using
such a coupled framework have been undertaken to
evaluate the effects of tissue level osmotic loads on
chondron shape.93–96 Depth dependent collagen network alignment and proteoglycan content (to induce a
ﬁxed charge density) as a function of cartilage tissue
depth was modeled and chondron shape predictions
correlated well with experimental results.93 Through
these studies, osmotic loading has been shown to be a
signiﬁcant contributor to chondrocyte mechanics and
shape, especially when considered in concert with the
surrounding collagen ﬁber microstructure. The previously cited studies have largely been based on explant
samples with a closed-form deﬁnable geometry, due to
the controlled mechanical and biochemical environment.
Current Approaches: Joint to Cell, Microstructural
Architecture
Another approach in multiscale mechanical simulations of cartilage incorporated anatomically realistic
joint representation with explicit deﬁnitions of microstructural architecture. Using a three-dimensional knee
joint model with collagen ﬁber representation, Shirazi
and Shirazi-Adl133 looked at the effect of osteochondral defects on cartilage contact mechanics. They
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FIGURE 3. Finite element analysis of joints can help quantify load sharing between passive structures and in turn help establish
the macroscopic stress–strain state within the cartilage as a function of joint forces and moments. Microscale models can be used
to post-process the macroscopic cartilage tissue deformations to obtain stress–strain state within the chondrocytes, their pericellular environment, and the extracellular matrix. Sibole and Erdemir135 illustrated that this post processing approach is attainable
for large regions of cartilage in an automated fashion. Their multiscale modeling pipeline incorporated anatomically realistic joint
and tissue geometry to obtain cartilage deformation at the macro-scale (a). Sibole and Erdemir135 then utilized these deformations
to solve micro-scale models incorporating anatomically realistic cell shapes and distributions (b) with the ultimate goal to relate
chondrocyte deformations and macro-scale cartilage deformations (c). These multiscale explorations can help establish the
relationship between macroscopic joint loads, macroscopic cartilage strains, and chondrocyte deformations. This analysis can be
extended to incorporate more detailed mechanics of the cartilage, i.e., biphasic response, fiber-based extracellular matrix architecture, and the simulations can be driven by joint loads that represent lifelike conditions. Musculoskeletal simulations and/or
body and joint level experimentation can provide lifelike joint loads that can drive this pipeline. The resulting information may help
to understand damage mechanisms and mechanobiological stimuli as they relate to functional loading of the joint.

found that the localized tibial bone damage and the
removal of deep vertical ﬁbers inﬂuenced joint compliance and contact pressure results. Another study
incorporated depth-dependent and split-line ﬁber
alignment along with tissue poroelasticity and found
split-line ﬁber alignment to have an especially important inﬂuence on the joint level weight-bearing properties of cartilage.106 Phenomenological modeling
approaches123 to represent cartilage morphology and
patient-speciﬁc material response will likely encourage
development of new three-dimensional models of the
joints capable of predicting collagen ﬁber tracking.
Current Approaches: Joint to Cell, Chondrocyte
Mechanics
Chondrocyte behavior as a result of joint level
loading, including multiscale interactions between
joint, tissue, and cells, is also of interest. A recent study
conﬁrmed the feasibility of a post-processing approach
to obtain chondrocyte deformations in the tibiofemoral joint while subjected to one body weight of compressive loading (Fig. 3).135 This study also focused on
the potential differences between a single-cell microstructural model vs. a physiologically based 11 cell
model.135 As dictated by joint level loading, it was
found that the cells in the 11 cell microstructural model

experienced less deformation overall and a wide range
of strains, at least compared to the single cell case and
for simpliﬁed hyperelastic materials. Despite the
mechanical simpliﬁcations in the models of this postprocessing approach, the analysis still required
approximately 8,000 simulations of the cell model to
provide chondrocyte deformation metrics throughout
a coarsely modeled transitional zone of tibial and
femoral cartilage. Parallel processing on supercomputing facilities enabled acquisition of results within a
day. If these three-dimensional models are further
developed using the discoveries from previous experimental and computational studies,3,42,57,93 this type of
a modeling framework has the potential to elucidate
the relationship between macro- and microscale
mechanics in cartilage for lifelike loading scenarios and
supported by physiologically sound micromechanical,
composition-based response.
Challenges
There are a number of diﬃculties associated in the
aforementioned types of multiscale biomechanical
computational frameworks, and the development of
mechanical models that span the tissue to the cell
require considerations on many levels of complexity
and abstraction. At both spatial scales, appropriate
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deﬁnitions of loading, material properties, temporal
response, and structure are required, as framed by the
question of interest. As mentioned before, cartilage is a
composite avascular tissue that demonstrates viscoelastic depth-dependent behavior.29,73 The involved
constituents of the microstructure (collagen ﬁbers,
ﬂuid, solutes, proteoglycans, and cells) and their individual properties and interactions dictate structural
function (Figs. 1d and 1e). Accounting for this balance
when translating between lumped macroscopic tissue
scale and the detailed microscale presents technical
challenges. Proper scale separation, the relative sizes of
the microstructural (the representative volume element) and tissue level models, needs to be addressed.50
Coupling of microstructural and/or cell level models
to macroscopic tissue models can be conducted
through nested solutions of lower scale models to
provide constitutive response to the ﬁnite element
analysis at the macroscale50 (Fig. 2, microstructurally
informed tissue properties). Computational homogenization serves this purpose, by providing a mechanically consistent translation between the scales that may
not be achievable in a post-processing approach.
Nonetheless, this will likely raise computational cost
due to high number of numerical iterations.50 Scale
separation, whether the heterogeneous microstructural
model is sufﬁciently small compared to the homogeneous representation of the macroscale (i.e., the characteristic sizes of the micro- and macrostructural
models), is one important issue to highlight when using
computational homogenization.50 Given the size,
prevalence, and biphasic nature of chondrocytes in
cartilage, it is anticipated that assumptions related to
scale separation may be important to address in multiscale simulations of chondrocyte mechanics.
Capturing the phenomenon of interest may also
span many ﬁelds of study, e.g., microbiology to continuum mechanics, and accounting for the necessary
complexity largely depends on the available expertise
and the study goal(s). There seems to be a discrepancy
between the detail of continuum mechanical models
used in joint simulations (Fig. 2b) and those utilized at
the microscale (Fig. 2c). Except a few recent examples,105,106 the majority of macroscopic tissue representations used in joint models relied on linear/
nonlinear elasticity. On the other hand, for microscale
or cell level tissue mechanics, incorporation of biphasic
mechanical behavior is a common practice.59,137 The
mechanical coupling between the analysis of these
spatial scales may be challenging. For example, threedimensional biphasic predictions of chondrocyte
mechanics, which may need to be solved iteratively in
joint mechanics models, can easily require hours to
achieve convergence. Not to be forgotten, validity of
the outputs of multiscale analysis need to rely on the
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availability of sound experimental data, and promising
work on this front is emerging.1
Potential Directions for Multiscale Modeling
of Cartilage Mechanics
Simulation Framework
To establish multiscale interactions for healthy
cartilage, in osteoarthritis, and as a function of aging,
it will be necessary to build a data integrated modeling
and simulation framework combining musculoskeletal,
joint, tissue, cell, and microstructural response. Even
conducted in a post-processing manner, diﬀerent
modeling modalities, driven by data collected at multiple scales, can identify body level musculoskeletal
indicators of cartilage stress–strain and chondrocyte
deformations. From a clinical perspective, such a
framework can aid in personalized assessment of cartilage mechanics in relation to musculoskeletal function at multiple scales. The current unidirectional
down scale approach of post-processing can be
expanded to a concurrent multiscale simulation platform where the lower spatial scales provide constitutive response in a bidirectional feedback manner
(Fig. 2). This will be important for phenomena where
adaptive simulations at lower spatial scales are necessary, e.g., growth, remodeling, failure. This can also
help quantify the inﬂuence of lower scale response on
movement adaptations at a higher level. While this
promise is enticing, many scientiﬁc and technological
hurdles, sometimes speciﬁc to the scale of interest and
the modeling modality, need to be addressed. These
range from computational burden (associated with
coupling of complicated models) to laborious model
development efforts, the need for data to build and
conﬁrm models, and uncertainty estimation to support
clinical decision-making.
Coupling to Subcellular and Molecular Scales
Expansion of the multiscale modeling framework to
lower spatial scales is certainly possible (Fig. 2,
nanomechanics). For example, the mechanical information on the cartilage microstructure may further
drive models at the biomolecular level to establish the
nanomechanical operational principles of the extracellular matrix.66 Molecular modeling will likely provide the pathway for such simulations. As brieﬂy
described above, such models can relate composition
and structure of molecules to tissue scale properties.
An interesting direction for multiscale mechanics of
the cartilage also includes subcellular levels. Understanding the mechanical interactions of chondrocytes
with the extracellular matrix requires interface modeling. The assumption of a perfectly adhesive interface
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between the chondrocyte membrane and the surrounding collagen matrix is coarse. In reality, the actin
cytoskeleton is attached to the surrounding scaﬀold at
focal adhesion points via integrins. Therefore, loads
are concentrated at these binding sites rather than
being distributed over the cell membrane area. This
load-focusing characteristic has been hypothesized to
be the avenue for the communication of tissue scale
traction into speciﬁc mechanotransduced cellular processes.30 Structural complexity is further compounded
through the consideration of the mechanical properties
of the cytoskeletal network as well as intracellular
organelles, particularly the chondrocyte nucleus,60,119
and computational modeling of these components is an
emerging area.
Through active processes, the cell also creates ion
gradients between the cytoplasm and the interstitial
space. The resulting osmotic pressure, in addition to the
hydrostatic pressure, resists traction induced volume
change, while also in the presence of viscous eﬀects. The
lumped behavior of the cell is, therefore, the sum of a
multitude of structures experiencing tension, compression, shear, and volumetric tractions. Future research
at this scale should enhance our understanding of the
intracellular mechanical environment. Extending multiscale modeling to this scale will, hopefully, elicit a
better understanding of how the mechanics of daily life
ultimately aﬀect cellular processes.

COUPLING OF CARTILAGE MECHANICS
TO BIOLOGICAL SYSTEMS
The mechanical information acquired through simulations of cartilage mechanics can be utilized as
driving stimuli for mechanobiological function
(Fig. 2). Avenues for mechanotransduction such as
ﬂows and pressures, streaming potentials, changes in
pH and osmolarity with sustained compression, and
mechanosensitive ion channels, are essential components of biological function. As described previously,
mechanotransduction also requires information on cell
attachment (focal adhesion points), and intracellular
organization of actin ﬁlaments (and dynamics thereof),
to understand the mechanical signal acting on the cell.
Many of these potential effects are nicely reviewed by
Hopewell and Urban.75 The (relative) importance of
most (if not all) of these factors is really unknown. For
example, after a mechanical signal enters the cells, a
whole cascade of biological events may occur, which
are beyond the scope of this review. Nonetheless, it is
fair to say that for a thorough understanding of
mechanotransduction from the tissue level to the
chondrocytes, and to describe how cells respond to the
mechanical stimuli they receive, it is insufﬁcient to

consider tissue stress and strain only. Many of the
potential signaling mechanisms may depend upon
other physical and chemical factors that are related to
the stress/strain environment, such as ﬂuid pressure,
ﬂuid ﬂow, electrokinetic potentials, and osmotic
changes.58 Further complicating this paradigm, such
interactions may even occur at the interplay between
tissues. For instance, growing cartilage induces a
physical stimulus (strain) to periosteum cells, which
respond by expressing cytokines that diffuse into the
cartilage, where they limit cartilage growth.47 Further
down the spatial scale, a thorough understanding
requires models that also link extracellular mechanics
to cell metabolism at the level of nutrient, cytokine and
matrix-molecule transport, and account for the effects
of cell activity and extracellular tissue adaptation or
degradation. A driving force behind models of this
kind in the recent past has arisen from the study of
normal cartilage development as well as tissue engineering. When trying to engineer articular cartilage,
researchers encountered the problem that a combination of mechanical and biochemical stimuli is required
to optimize the formation of cartilage; and different
stimuli may lead to a completely dissimilar extracellular matrix.91 Conceptual frameworks for integrating
mechanics with matrix synthesis, transport and
assembly
were
published
by
several
groups.16,25,49,90,115,117,127,128 Sengers et al.,129 for
example, used a model to determine whether or not
cyclic deformation of tissue engineered cartilage
improved the transport of nutrients and oxygen, necessary components for tissue development. Similar
models126,143 were used to study the effect of changes
in diffusion properties of a developing extracellular
matrix on newly formed extracellular matrix distribution. An approach purely based on transport and utilization of nutrients was used by Sengers et al.130 to
study the growth of tissue engineered cartilage in different medium concentrations. Similarly, effects of
paracrine signaling between chondrocytes or between
different cell types has been accounted for in computational models.21 While many of the aforementioned
studies commonly focused on tissue engineering
applications25,87,143 some of these domain coupling
methods may also be valuable for use in a multiscale
approach to understand the effect of joint loading on
cartilage growth, maintenance, and degeneration.
On the other end of the spatial spectrum and biological function, it will be useful to couple joint
mechanics to neurological function, the somatosensory
system, and muscle physiology (Fig. 2). While these
domains may not be directly associated with cartilage
mechanobiology, they implicitly change (or are inﬂuenced by) the mechanical environment of the cartilage.
Any alterations in joint mechanics will change the
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feedback signals for control of locomotion, subchondral pain may cause adaptive movement patterns, and
muscle strengthening (or weakening) may inﬂuence the
capacity to match movement constraints to maintain
the stability of the joints. As a result, the mechanical
pathway for cartilage and chondrocyte load sharing
will be altered. If one is interested in the explicit
delineation of the role of these systems in healthy and
diseased cartilage mechanics, their coupling to the
mechanics of cartilage is unavoidable.
OUTLOOK
Cartilage is a prominent load bearing tissue in
musculoskeletal joints. Its function is a multisystem
(biological, chemical, mechanical), multiphysics (solid,
ﬂuid, charged particles), and multiscale (joint, tissue,
cell, ﬁber) phenomenon. As a result, pathological and
age related changes within the cartilage occur in multiple systems, scales, and physics. The mechanical
environment of the cartilage is also aﬀected by changes
to the other body systems as well. Such alterations
have been documented, i.e., for aging. The elderly have
been shown to display higher neuromuscular activity,
potentially indicating the diﬀerences in the way their
joints are loaded.83 The properties of the passive
structures of the joint are altered, as seen in changes in
diminished range of motion.116 Functional joint
movement and loading patterns were different, i.e.,
increased knee joint moments during stair ascent,84
indicating adaptations in daily loading exerted on the
cartilage. Gross anatomy of cartilage changes; such as
tissue thinning in the elderly,76 consequentially modifying the deformations and contact loading of the
cartilage. Chondrocytes, their properties and distribution, and the extracellular matrix architecture also
adapt with age,139 possibly altering the way tissue level
stresses are distributed among the cells and within the
matrix itself. While a wide range of experimentation
(individually conducted at different spatial scales), and
modeling at single scales have signiﬁcantly contributed
to the understanding of cartilage mechanics, a multiscale simulation-based approach is needed to establish
the causal relationships between systems, scales, and
physics of cartilage function in health and disease.
Such simulations can be utilized in a descriptive fashion to explain the signiﬁcance of in vivo measurements
on the evaluation of cartilage mechanics, which
potentially mine variables for diagnostic value. Such
knowledge may provide subject-speciﬁc risk assessment for cartilage damage and degeneration. Multiscale simulations of the mechanics of healthy and
osteoarthritic knees may provide multiscale coupling
between mechanical risk factors. For example, conﬁ-
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dence levels on joint level biomechanical markers may
be established, based on how joint level mechanical
loads are reﬂected as cartilage, chondrocyte, and even
ﬁber deformations. Modeling and simulation platforms also possess the predictive capacity, which has
the potential to facilitate intervention design. In a
multiscale framework, one may evaluate the effect of a
joint level mechanical intervention on the mechanical
environment of cartilage and chondrocytes. The
knowledge of cartilage, cell and ﬁber mechanics during
activities of daily living will also establish the baseline
mechanical stimuli necessary for tissue engineering
approaches.
Simulation-based exploration of cartilage mechanics can be challenging even at a single spatial scale.
Useful information of cartilage mechanics requires
models with adequate representations of anatomy and
constitutive relationships, driven by lifelike loading
scenarios, and supported by veriﬁcation and validation
studies. Modeling and simulation constraints associated with computational costs, development labor, and
uncertainties multiply as investigations span multiple
scales. Adhering to sound modeling and reporting
principles38,72 and open access to data, models, and
simulation software will promote reproducibility,
reusability and accountability and encourage community-driven development of models. While progress has
been realized, resolution of many technical, scientiﬁc,
and social challenges remain. Nonetheless, multiscale
modeling and simulation promise a pathway for
patient-oriented simulation-based medicine to assess
cartilage function and manage its dysfunction.
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