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Abstract: Articular cartilage is a complex connective tissue with the fundamental functions of
load bearing, shock absorption and lubrication in joints. However, traumatic events, aging and
degenerative pathologies may affect its structural integrity and function, causing pain and long-
term disability. Osteoarthritis represents a health issue, which concerns an increasing number of
people worldwide. Moreover, it has been observed that this pathology also affects the mechanical
behavior of the articular cartilage. To better understand this correlation, the here proposed review
analyzes the physiological aspects that influence cartilage microstructure and biomechanics, with
a special focus on the pathological changes caused by osteoarthritis. Particularly, the experimental
data on human articular cartilage are presented with reference to different techniques adopted for
mechanical testing and the related theoretical mechanical models usually applied to articular cartilage
are briefly discussed.
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1. Introduction

Articular cartilage (AC) is a complex connective tissue, mainly composed of hyaline
cartilage, which plays a key role for load bearing, shock absorption and lubrication for
joints throughout the body, providing a low friction coefficient [1]. AC experiences a variety
of applied loads, such as compression, shear, friction and tension. It is extremely strong
(strength 9–40 MPa), tough (fracture energy 1000–15,000 J m−2) and presents a high strain
at break (strain 60–120%) [2].

However, traumatic events, aging, degenerative pathologies and other comorbidities
(such as obesity) may affect the structural integrity of AC through the years, causing pain
and long-term disability [3–6].

Among the musculoskeletal diseases, osteoarthritis (OA) represents a health issue,
which concerns 1 out of 4 people in Europe, rating as one of the most common pathologies
worldwide [7]. Moreover, due to the avascular and abneural nature of AC, its healing capac-
ity after damage is strongly limited and the effects of OA have a degenerative impact [8].

It has been observed that this disease has non negligible reflexes also on the mechanical
behavior of AC [9–11]. From a biomechanical point of view, pathological AC exhibits an
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average decrease in its layer thickness and mechanical properties such as stiffness, with
respect to healthy cartilage. On the contrary, it is characterized by a higher permeability,
which regulates both tribological and bearing activities, and its changes are also correlated
to the OA grade [10,12].

The mechanical properties of healthy and pathological AC and the main factors
influencing the mechanical response to applied loads represent fundamental features to be
known in order to pursue not only the recovery, but also the regeneration of new functional
tissue [13]. Indeed, the mechanical behavior of regenerated AC should mimic the one of
native tissue as closely as possible, in terms of compressive elastic and viscoelastic behavior,
but also with regard to tribological properties [14]. Several biomaterials have been tested
as articular substitutes, including natural (i.e., collagen, hyaluronic acid, chitosan, silk
fibroin, gelatin) and synthetic (polycaprolactone, polylactic-co-glycolic acid, poly(l-lactic
acid), polyurethane) polymers [15–18]. In addition, Poly(Vinyl Alcohol) (PVA) hydrogels
have been extensively investigated and applied for the repair of cartilage defects in vitro
or in vivo, due to their hydrophilic nature, good biocompatibility and suitable mechanical
strength [19,20]. However, there is still the need to improve the mechanical behavior
of these materials, to match that of native AC. To this intent, the here proposed review
reports a brief description of the experimental techniques currently used to characterize the
mechanical properties of human AC and the related theoretical models usually applied for
its mechanical description. Then, particular attention is paid to the physiological aspects
that influence AC microstructure and biomechanics, such as aging, and a special focus
has been addressed to quantify the pathological changes caused by the OA to mechanical
properties of AC. Additionally, mechanical results obtained from animal samples have
been reported, since they are frequently used as a model system for human cartilage thanks
to the easier tissue availability, even if differences in shape, size, biochemical content and
matrix architecture influence the final correlation with respect to human cartilage.

All these insights could be useful to summarize the main biomechanical properties
of AC and how these results have been obtained, as a comparison with future studies on
artificial AC.

2. Articular Cartilage

AC is a specialized type of hyaline cartilage, which is the most abundant type of
cartilage in the body, and it is 2–4 mm thick [21]. AC is composed by 60–80% of water (by
wet weight), collagen II (15–22% by wet weight), chondrocytes (5–10% of tissue volume),
proteoglycans (PGs) (4–7% by wet weight), minerals (<4%) and matrix proteins (<1%) [22].
Importantly, AC is an avascular tissue and does not have nerves or lymphatics [23].

AC can be described as a porous, viscoelastic material consisting of three principal
phases: solid extracellular matrix (ECM) phase, a fluid phase of water (interstitial fluid)
and an ion phase (composed by dissolved electrolytes with negative and positive charges,
<1% [24]). These phases give to the tissue the ability to withstand compressive loads [24].

AC is an anisotropic tissue composed by 4 zones: the superficial (or tangential) zone
(10% to 20% of AC thickness), the middle (or transitional) zone (40% to 60% of the total
cartilage volume), the deep (or radial) zone (approximatively 30% of AC volume) and the
calcified zone (Figure 1).

Three regions can be observed in each zone: the pericellular matrix (PCM), the territo-
rial matrix (TM) and the interterritorial matrix (ITM). AC composition and structure are
fundamental for its function.

The superficial (or tangential) zone, the thinnest layer with the highest content of
water, is composed by packed tightly and aligned collagen fibers parallel to the articular
surface providing a smooth and congruous surface appropriate for the joint movement
but, at the same time, it gives resistance to shear and tensile stresses [25]. Chondrocytes of
this layer have an ellipsoid flattened form, are parallel to the joint surface and synthesize
a high content of collagen, while low PGs content. The cilia are oriented away from the
articular surface.
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Figure 1. Structure of the healthy articular cartilage from the surface to the subchondral bone.

The middle (or transitional) zone is characterized by collagen fibers of larger diameter
compared to that of superficial zone, organized obliquely round chondrocytes. In this zone,
chondrocytes have a spheroid shape and lower density [26]. From a biomechanical point of
view, this layer represents the first line of resistance to compressive forces [23].

The deep (or radial) zone contains the lowest number of spheroidal chondrocytes ar-
ranged in columnar orientation, perpendicular to the AC surface but parallel to the collagen
fibers. This zone is characterized by the largest diameter of collagen fibrils and the highest
concentration of PGs providing the greatest amount of resistance to compressive forces [26].
The cilium is oriented either between 2 cells or on the medial or lateral cell membrane
along with the longitudinal axis parallel to the long bone [27]. The deep zone is separated
from the calcified zone by the tidemark, a basophilic line of 2–5 µm thickness [28,29]. The
calcified zone anchors the cartilage to the subchondral bone and serves as a mechanical
buffer between the two tissues. Chondrocytes of this zone have a hypertrophic phenotype,
synthetize type X collagen and are embedded in mineralized ECM.

The fibrillar collagen network, the entrapped proteoglycan aggregates and water molecules
determine the biomechanical and physical properties of AC providing tensile strength and
compressive resilience based on electrostatic repulsion forces, respectively [23,30]. When
AC is compressed, both water and the charged solutes are extruded from ECM, while as
compression stress ends, the osmotic pressure allows PGs to reabsorb the water and the
small solutes into the matrix, thus restoring the original cartilage thickness [31].

3. AC Pathological Changes in Osteoarthritis

AC can be affected by different diseases from rare to the most common OA [32].
OA is now considered a disease of the whole joint characterized by the involvement of
all joint tissues including cartilage degeneration, subchondral bone remodeling, fibrosis
and inflammation of synovial membrane, meniscal degeneration, ligaments and fibrosis
and inflammation of the infrapatellar fat pad [33–37]. Obesity, diabetes, sex, genetics,
joint injuries (such meniscal damages) and aging represent risk factors associated with
OA [38–40]. Currently, there is no disease-modifying therapy available for this pathology
and the only option is total joint replacement for end-stage disease [41]. Inflammation and
mechanopathology are both linked to OA pain, which remain one of the main problems
related to the pathology that impacts on the quality of life [42,43].

During OA onset and development, AC undergoes a structural remodelling driven by
many factors including mechanical stresses (wear and tear), genetic predisposition and low-
grade inflammation [44–46]. Chondrocytes, which are normally quiescent cells, become
active cells and acquire a hypertrophic-like phenotype resulting in an aberrant expression
of inflammation-related genes and catabolic genes such as metalloproteinases [47]. The
catabolic activity of chondrocytes could also be enhanced by a genetic predisposition charac-
terized not only by alterations of different pathways (TGF-ß, Wnt/ß-catenin, Indian Hedge-
hog (Ihh), Notch and fibroblast growth factor (FGF)) but also by mutations of genes linked
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to ECM structure [48]. The consequence of the abnormal production of matrix-degrading
enzymes is the irreversible alteration of both AC structural and functional integrity [49].

The destruction of AC is one of the pathological hallmarks in OA caused by an
altered homeostasis with an increase in the catabolic state leading to proliferation, hy-
pertrophy and apoptosis of chondrocytes, angiogenesis and calcification of cartilage and
tidemark replication [25,44,47,50].

The main cellular events underlying AC destruction are ECM fibrillation and degra-
dation secondary to mechanical breakdown and matrix metalloproteinases (MMPs) up-
regulation triggering a proinflammatory cascade, collagen denaturation (especially type II
collagen), decrease in elasticity, formation of crack and loss of PGs resulting in a softener
ECM (Table 1) [46,47,51]. There is an increased ratio of collagen/aggrecan synthesis, a
change in the composition of collagen type from collagen type II to type I, which alters the
integrity of ECM networks [52].

Table 1. Tissue features of healthy and OA cartilage.

Point of View Healthy Tissue OA Tissue

Macroscopic level Full thickness tissue
Intact articular surface

Thinned tissue
Eroded articular surface

Patchy proteoglycan staining
Increased calcified cartilage

Joint space narrowing

Cellular level

Chondrocytes Quiescent cells Hypertrophic-like phenotype
Increased catabolism

Proinflammatory proteins production
Production of extracellular

matrix-degrading proteinases

ECM features

ECM Proteolysis No Yes
Proteoglycan content High Loss (proteoglycan degradation)

Collagen content Type II and type IX collagen
Type II collagen denaturation

and degradation
Type X collagen production

Glycosaminoglycans Synthesis of chondroitin sulphate,
keratan sulphate and hyaluronic acid Loss

These changes start from the superficial zone to the middle one with the formation of
vertical matrix clefts and resulting in an increased AC calcification along with tidemark
advancement or duplication (Figure 2) [53,54]. Therefore, AC breaks down degenerating to
the subchondral bone, which results exposed in the end-stage OA [53].

OA development and progression is also supported by a chronic low-grade local
and systemic inflammation through the release of cytokines and chemokines involved in
chondrocytes structural and metabolic activities [48].
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Figure 2. Cartilage structure in normal (left) and OA (right) tissues. In normal AC chondrocytes are
diffusely distributed through ECM of AC rich in proteoglycans. A tidemark separates AC from the
calcified cartilage. In OA tissue, AC appears thinned and with irregular and eroded articular surface.
OA chondrocytes become hypertrophic and form clusters with increased catabolism. There is a loss
of ECM and tidemark duplication. Created with BioRender.com, accessed on 24 March 2023.

4. Experimental Methods for the Mechanical Characterization of AC

Several experimental tests are available to characterize the mechanical properties
of AC, each one allowing the identification of specific features (Figure 3), depending on
the chosen setup and protocols. Experimental protocols are usually selected considering
the in-vivo loading conditions, in order to simulate the effective physiological conditions
and strain levels that involve AC. In particular, from the reported literature, strain levels
are generally below 30%, with maximum loads depending on the joint. Independently
of the adopted test, cartilage samples are usually tested in saline solution or phosphate-
buffered saline (PBS), to preserve the structural integrity of the tissue and avoid the sample
dehydration. Details of the analyzed studies (e.g., harvesting site, number of donors,
mechanical test, etc.) on human experimental tests are reported in Table 2.
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Table 2. Analyzed studies with respect to the adopted mechanical test on experimental biomechanical
tests of human cartilage, harvesting site, number (sex F and M when was reported) and age of donors,
if the study reported tests on healthy cartilage (H), osteoarthritis (OA) or both and adopted protocol.

Mechanical Test Ref. Harvesting Site Total N of Donors Healthy/OA Age of the Donors (y/o) Protocol

AFM
[12] femoral head 50 (F:M = 25:25) OA 40–65 N/A

[55] medial and lateral
condyle 8 (F:M = 6:2) OA 53–83 15 mm/s

confined
compression [56] femoral condyle 4 (F:M = 2:2) H 65.7 SR 1 displacement ramp at

0.25 um/s (60 min)

plane-ended
indentation

[11] tibia 7 (F:M = 1:6) H and OA 68–79
4 ramps of SR, 5% strain each,

(100%/s and 15 min of
relaxation time)

[57] femoral head 16 OA N/A
4 ramps of SR, 5% strain each,

(100%/s and 15 min of
relaxation time)

[58] metacarpal joint 12 (F:M = 6:6) H 47–80
4 ramps of SR, 5% strain each,

(2.5%/s and 5 min of
relaxation time)

[59] patellar 6 F:M = 1:5 OA 68–79
3 ramps of SR, 5% strain each,

(100%/s and 15 min of
relaxation time)

[60] medial and lateral
condyle 6 (F:M = 3:3) OA 54–83 2 mm/s

[61]
knee joints cartilage +
subcondral bone and

trabecular bone
12 (F:M = 4:8) H and OA 31–88 500 nm amplitude (110 Hz)

spherical
indentation

[62] trapeziometacarpal joint 16 (F:M = 10:6) H 66–101 0.1 mm at 0.5 mm/s,
(relaxation time 10 s)

[63] lateral condyle 4 (F:M = 2:2) H 55–61 12.5 um (1, 4 and 8 um/s)

[9] tibial plateau 25 (F:M = 2:1)
13 (F:M = 2:1)

OA
H 72 0.3 mm at 0.1 mm/s, (10 s

relaxation time)

tensile

[64] femoral head and talus N/A H 7–90 0.08 mm/s

[65] lateral and medial
condyles 31 H

30 ± 2
48 ± 1
70 ± 3

0.08 mm/s

tensile and
unconfined

compression
[66] femoral head 3

1
OA
H

85 ± 8
76

compression: 6 ramps of SR,
3% strain each, (0.2%/s and

relaxation time 20 min.
Tension: 4 ramps of SR, 2%

each (0.2%/s and
relaxation time 200–250 min)

unconfined
compression

[67] femoral condyle and
femoral head N/A H 36–86 N/A

[10] tibia plateaus 21 (F:M = 15:6) OA N/A up to 25% strain, (relaxation
time 60–120 min)

[68] femoral head 9 OA N/A
4 ramps of SR, 5% strain each,

(100%/s and 15 min of
relaxation time)

[69] patellar 12 H 24–78
1 ramp of SR, 10% strain,
(2 mm/s and 40 min of

relaxation time)

[70]
medial and lateral
condyle and tibial

plateau

10 (F:M = 6:4)
3 (F:M = 2:1)

OA
H

69.7 ± 9.3
59.1 ± 7.2 strain 30% with 20%/s

[71] femoral head 14 (F:M = 6:8) H 63–89 100%/min up to 0.15 MPa

N/A: not available. 1 SR states for stress relaxation test.

4.1. Atomic Force Microscopy Investigation

Atomic Force Microscopy (AFM) consists in a nanostructural imaging technique to
examine sample surface (i.e., cartilage) at submicron resolution [12,72]. A basic AFM setup
for biomechanical applications includes a pyramidal probe made of silicon (radius tip of
about units-tens of microns [12]), or even a polystyrene or borosilicate glass sphere [73,74]
set on a flexible cantilever, which is mounted on electrical piezo. During the approach phase,
the sample surface interacts with the tip via Van Der Waals forces. The attractive forces
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induce a deflection of the cantilever towards the sample surface. The cantilever deflection
modifies the direction of the laser beam reflected from the backside of the cantilever,
which enables a very accurate measurement of the deflection through an optical beam
detection. AFM allows also the observation of specific structures, such as the cytoskeleton
and the dynamic changes in submembranous structures [75]. AFM can be used also to
measure the tribological properties of cartilage in the boundary lubricated regime [73],
by applying a constant load on the cantilever tip and then measuring the surface lateral
force [74]. Since AFM allows the investigation of a small scanning area [12], a rotational
macrotribometer (e.g., a rheometer equipped with a tribology measuring cell) can be used
for large scale measurements [73].

4.2. Compression Tests

Since AC presents both a solid and a fluid phase, compression tests may be divided into
two main groups: confined [56] or unconfined tests [10]. Depending on the test choice, setup
and achieved results are different. Confined compression is usually performed by setting
a cylindrical disc of the testing material within a confined impervious chamber with one
porous plate [56]. Then, a compressive force, acting perpendicular to the plate, results in an
axial fluid flow through the sample and porous plate. This test enables direct measurement
of the solid matrix stiffness (the aggregate modulus, HA) and material permeability (K),
after a relaxation time (Zimmerman et al. [56] reported about 1 h of relaxation time to
observe the equilibrium stress plateau). On the contrary, unconfined compression consists
in positioning the sample between two impermeable plates, thus compressing the plates
together at a certain velocity, so that the fluid exudes from the material and the sample
can deform also radially [66]. This test is usually performed to achieve both instantaneous
(instantaneous modulus IM) as well as the long-term properties (equilibrium modulus Eeq),
after applying a constant displacement until the equilibrium is reached. Relaxation times
between 15 min [68] to 120 min [10] have been reported, also depending on the different
imposed strain amplitude (from 5% up to 25%, respectively). Loading protocols with 4 to
6 ramps of increasing strain amplitude of (3–5%) have been commonly adopted in stress
relaxation tests in unconfined compression with the plane-ended indentation.

Moreover, dynamic tests can be performed, by applying cycles of loading-unloading
at different frequencies (e.g., [76]) with the same apparatus for unconfined compression
tests. In contrast with elastic materials, biological materials such as cartilage show out of
phase cyclic stress and strain due to energy dissipation during the loading phase. Cycles of
loading-unloading can be used to extract the dynamic elastic modulus, |E*|, i.e., the sum
of the storage modulus E′ (the in-phase stress-strain relationship) and the loss modulus E”
(the out-of-phase, which corresponds to the viscous component) [77].

4.3. Indentation Tests

Indentation testing on cartilage shows a similar setup of the unconfined compression
tests, even if one of the two plates is replaced by an indenter with a spherical or flat tip,
usually smaller than the sample to test, thus enabling many points of measure on a single
sample surface [9,61]. From indentation tests, the quantification of tissue/cell stiffness in
terms of IM or Eeq is obtained, and due to material heterogeneity, results can differ one point
to another, since only portions of the total samples are investigated. Indentation results
can be summarized with colored maps, to highlight the variability of tissue mechanical
properties e within the same sample [9,62], as well as tissue degradation due to a disease
such as OA. Depending on the desired stiffness properties and the sample thickness, either
plane-ended or spherical-tipped indenters are appropriate. Indentation testing may be
preferred when measuring cartilage stiffness on small joint surfaces when the extraction
of regular samples for mechanical testing could be quite difficult and would damage the
tissue [62]. In several studies from the same research group [11,57,59], the indentation
testing protocol included 4 steps of increasing applied deformation (5% for each step, at
100%/s strain rate) in unconfined compression mode; each loading step was followed
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by a time interval of 15 min at constant deformation to allow stress relaxation up to the
equilibrium, but other protocols reported also lower relaxation time (5 min) but with
lower strain rate (2.5%/s) [11,57–59], the indentation testing protocol included 4 steps of
increasing applied deformation (5% for each step, at 100%/s strain rate) in unconfined
compression; each loading step was followed by a time interval of 15 min at constant
deformation to allow stress relaxation up to the equilibrium. Other protocols reported
also lower relaxation time (5 min), but with lower strain rate (2.5%/s) [58]. For almost
instantaneous measurements, indentation velocities spanned from 0.0001 mm/s [63] up to
2 mm/s [60], revealing a significant variability among the adopted protocols.

4.4. Tensile Tests

As for compression and indentation tests on human cartilage, also the tensile tests
have to be performed with an uncommon setup in order to keep the samples hydrated
within a saline bath during the entire test durations. Rectangular sheet-like samples are
obtained from AC, and then fixed from the two extremities to the machine grips, in order
to apply an imposed displacement and record the force. Tensile tests are performed up to
failure to characterize its fracture strength [64] or step-wise stress-relaxation tests [65,66] in
order to identify instantaneous and equilibrium parameters. Lower velocities (0.08 mm/s)
or strain rates (0.2%/s) were reported when performing tensile tests on human cartilage,
with respect to the other tests.

4.5. Friction Tests

AFM and unconfined compression tests can be used to measure also tribological
properties, as stated in the previous sections. During joint activity, AC should also provide
a frictionless surface to avoid high stress concentration and consequent AC wear and
erosion. Generally, frictional properties between two surfaces in contact, i.e., the associated
coefficient of friction (COF), depend on many factors, such as surface characteristics,
roughness and anisotropy [78,79], as well as the frictional regime that characterizes the
sliding (dry or lubricated friction [80]). In the case of AC, its COF may be influenced also by
the test choice (i.e., rotating [81] either sliding test [82,83]), the cartilage source (e.g., both
species and site), speed and duration of the test, combined with ECM subcomponents, such
as GAG content [81,82]. Moreover, depending on the design of the experimental setup,
different friction regimes are measured, i.e., boundary vs. mixed lubrication. When friction
tests are realized on cut samples (e.g., cartilage plugs with a pin on plate setup [82,84]), it
has been proved that the time to achieve the equilibrium COF linearly increases with the
cartilage plug area, due to the strong influence of interstitial fluid pressurization on the
cartilage COF [85]. The maintenance of a stationary contact area during the test (e.g., in the
case of cartilage cylindrical plugs sliding against an impermeable surface such as metal [84])
results in an almost stationary normal pressure. Thus, the COF is initially low and then
it increases due to load reassessment from the fluid to the solid matrix [84,85]. On the
contrary, when a convex body is sliding on the cartilage surface, a migrating contact area is
reached, which results in a migration of the contact pressure field during the sliding. This
state mimics the physiological conditions within joints, with an almost constant low COF
and interstitial fluid pressure (if the flow rate of the fluid within the tissue is slower than
the sliding velocity) [85–87]. Under an unconfined compression test, ref. [81] measured
the compressive force, torque, displacement and rotational data to calculate the torsional
coefficient, while a pin-on-plate machine was realized to perform sliding test cartilage vs.
cartilage, with PBS as lubricant [82], in order to obtain both static and dynamic sliding COF.

5. Biomechanics of Human Cartilage

Because of the biomechanical functions of hyaline cartilage in withstanding body
loads, its mechanical properties represent a useful indicator of any developing diseases
that may alter its functional role. Moreover, they can be correlated to imaging techniques
such as Contrast-Enhanced Computed Tomography (CECT), to correlate the changes in
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X-ray attenuation with alterations of ECM, e.g., glycosaminoglycan (GAG) content, which
was demonstrated to be directly proportional to the cartilage compressive stiffness [88].

Cartilage can exhibit both poroelasticity and intrinsic viscoelasticity, but the con-
tribution of the two phenomena on the time-dependent mechanical behavior is still de-
bated [89,90]. Poroelastic flow-dependent properties are related to the rate of fluid migra-
tion within the cartilage microstructure, resulting in macroscopic mechanical relaxation,
while the viscoelastic flow-independent behavior is a typical characteristic of the biological
tissues, resulting from structural deformation in the network. Both may occur, depending
on the strain rate, the diffusion coefficient as well as the total cartilage thickness [90]. When
dynamic tests are performed on the articular cartilage, the tissue response is primarily
governed by its poroelastic behavior, whereas the long-time stress relaxation states for
flow-independent viscoelasticity. At the nanoscale, poroelasticity is determined primarily
by aggrecans and secondarily by collagen fibrils [91].

Both confined and unconfined compression tests have been performed on human
AC, in order to measure the osmotic pressure (associated by the PGs content) [56], obtain
the constitutive parameters and material formulation [70], elucidate differences between
biomechanics of healthy and OA AC [66], identify the contribution of the viscous damping
combined with effects of proteoglycan and collagen degradation [67] and unveil elderly AC
behavior during impact loading with reference to collagen, GAGs and water contents [71].

Quite surprising, since cartilage is usually compressed rather than stretched, human
AC was additionally tested with tensile tests in a few studies [64–66], thus including
precious insights related to the age-dependence and the origin site.

Indentation testing of human AC appeared to be the preferred method to quantify the
cartilage’s mechanical properties (see Table 2).

5.1. Influence of the Site

Samples of healthy human AC can be harvested from cadavers among different sites,
such as tibia plateau, femoral head, condyles, patella and metacarpal joints. In Table 3 both
IM and Eeq either HA of healthy cartilage are reported.

Even if the number of studies quantifying the mechanical properties are limited, it
appears that IM does not significantly vary among the articular joints, ranging from about 1
MPa for the trapezium in the metacarpal joint [62] to almost 3.5 MPa for the tibial plateau [9],
with higher values when considering the instantaneous dynamic modulus during cycles of
loading-unloading [11]. Dourthe et al. evaluated the trapezium and first metacarpal IM
distribution via indentation (nine points for each sample) of AC from 16 fresh-frozen ca-
davers and observed a significant difference between the IM of the two sites, supporting the
hypothesis that cartilage properties can change among the two opposing facets of the same
joint. A similar finding was reported between tibial and femoral cartilage shear storage
modulus by Peters et al., [61], while no consistent patterns or differences were seen at any
particular site for the elastic modulus of subchondral and trabecular bone. Large variability
resulted also within the same cartilage sample, as reported by Burgin et al., [71] where
the IM of the different sites on femoral head (14 subjects), e.g., superior, inferior, posterior
and anterior with respect to the fovea was measured. Tests of unconfined compression
showed a variation between these regions, ranging from 1.60 ± 0.51 MPa (inferior site) to
2.47 ± 0.49 MPa (superior-anterior site). On the contrary, Seidenstuecker et al. [9] did not
find a statistical difference when comparing IM of healthy cartilage from medial and lateral
sites of tibial plateaus (13 subjects) obtained through indentation mapping.
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Table 3. Mechanical properties belonging from different sites for both healthy and OA cartilage. Data
are expressed as mean ± standard deviation.

Harvesting
Site Ref.

IM (MPa) 1 HA or Eeq (MPa) 2

Healthy
OA

Healthy
OA

E M A E M A

femoral head

[12] 1.7 1.3 1.2 1.2 N/A N/A

[57] N/A Mean E0 2 [0.1–8]
Mean E′′ 46 [2–124] N/A 0.4 [0.02–1]

[68] N/A
Ef 0 OA: 0.59 ± 0.48
Ef
′′ OA: 0.61 ± 0.61

Enf OA: 0.23 ± 0.22
N/A N/A

[71] 1.60 ± 0.51 to 2.47 ± 0.49 N/A N/A N/A

condyles [56] N/A N/A 0.499 ± 0.208 to 1.597 ± 0.455 N/A

tibia plateau

[10] N/A N/A N/A 0.50 ± 0.14 0.37 ± 0.13 0.28 ± 0.12

[11] 6.87 ± 2.57 3.69 ± 2.07 1.67 ± 1.08 1.19 ± 0.56 0.42 ± 0.25 0.21 ± 0.15

[9] 3.43 ± 0.36 2.09 ± 0.18 N/A N/A

patellar joint [69] 4.47 ± 2.22 N/A 0.53 ± 0.25

metacarpal
[62]

MC1:
1.64 ± 1.86
trapezium:
0.99 ± 1.26

N/A N/A N/A

[58] N/A N/A 0.5–4 N/A

Other measurements 3

Harvesting
site

Ref.

Shear storage modulus G′

Grade 0 Grade 0–1 Grade 1–3 Grade 0–4

Age < 45 y/o 45 < age < 55 55 < age < 75 Age > 75

condyles [61] 0.90 ± 0.55 to 1.30 ± 0.65 0.41 ± 0.54 to 0.96 ± 0.50 0.14 ± 0.31 to 0.55 ± 0.45 0.15 ± 0.09 to 0.40 ± 0.34

E: Early; M: Moderate; A: Advanced. 1 When adopting a Fibril-Reinforced Biphasic Model to fit the experimental
data, additional information can be obtained, such as the initial Elastic Modulus of the fibril network (Ef0),
the strain-dependent Elastic Modulus of the fibril network (Ef

′′) and the one of the non-fibrillar matrix (Enf).
2 Depending on the confined or unconfined compression setup, HA or Eeq can be extracted, respectively. 3 Cartilage
shear storage modulus (G′) was included for [61], as the results of the dynamic indentation tests.

5.2. Influence of the Depth

The variation in cells shape and distribution from superficial to deep cartilage, as
well as collagen fibers orientation and PG content, influence the mechanical properties at
the macroscale. Huttu et al. [57] observed significant positive correlations between elastic
modulus and PG as well as collagen content when analyzing the entire cartilage samples
thickness, while positive but not significant correlations were found when considering only
the superficial cartilage (20% of the entire thickness). From the same research group [59],
similar correlations were noticed also for PG content with respect to the fibril network
modulus, both at 30% and 50% of the total depth. Moreover, Ihnatouski M. et al. [12]
correlated the indentation depth h obtained from AFM measurements with the elastic
modulus: this latter showed a maximum value of 1.7, down to 0.5 MPa when increasing h
from 25 to 150 nm. On the contrary, Fischenich et al. [63] found that the mean modulus
increased with increasing depth on human condyles, while the permeability decreases.
However, ref. [63] in addition to the superficial zone, tested also 500 µm below the articular
surface and 500 µm above the calcified cartilage. They found significant correlations
between mechanical behavior and collagen orientation or biochemical composition when
accounting for fiber orientation and depth. These strong relationships were observed
for moduli with chemical composition and for permeability coefficient with respect to
collagen orientation.

5.3. Age

Due to the limited availability of human samples, mechanical and other invasive tests
are usually performed on elderly tissues (Table 2), even if the influence of ageing on the
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mechanical behavior of biological tissues is well known. When dealing with human hyaline
cartilage, a few studies compared the mechanical properties between subjects of different
age ranges.

Kempson [64] carried out tensile tests on healthy cartilage extracted from a wide cohort
of subjects with different ages, ranging between 7 and 90 y/o. Both the fracture stress
and the tensile stiffness from superficial and med-depth zones of femoral head cartilage
prominently decreased with increasing age, suggesting the deterioration of the cartilage
structure also due to an altered metabolism of mature chondrocytes. Only a slightly and
not significant decrease in the mechanical properties was observed for cartilage from the
ankle joint (talus), highlighting how a different site combined with another variable i.e.,
ageing, could lead to different observations.

Temple et al. [92] studied the cartilage tensile properties of lateral and medial femoral
condyles from three groups of young (21–39 y/o), middle (40–59 y/o) and old (≥60 y/o)
donors. Consistently with [64], results showed a decrease in the mechanical functions of
the superficial zone combined with surface wear, more pronounced when moving from
young to middle than from middle to old.

Moreover, Peters et al. [61] included the effects of aging (12 subjects aged 31–88 y/o)
within the results obtained from dynamic indentation on both femoral condyles and tibial
plateau. The cartilage properties decreased with aging, with a sharper decrease from 30 to
55 y/o, while no correlation was observed for the elastic modulus of the trabecular bone.

5.4. Human vs. Animal

The difficulties in obtaining human cartilage samples prompted many authors to
choose animal samples. Therefore, in the literature there are numerous experimental tests on
animal specimens, and some examples are also reported for comparison with human results.
The majority of the studies focused on bovine, ovine or porcine specimens (e.g., [93–96]),
but others evaluated samples harvested from other species, such as equine [97], murine [98]
and rabbit [99].

For each specie, different sites were investigated, usually preferring femoral condyles,
tibia and patella (see Table 4 for details). As easily foreseeable, a significant variability
can be observed among the species and among the anatomical sites. However, results
appeared to vary between similar values, especially for bovine (IM and Eeq in unconfined
compression, ref. [69,94], respectively) and porcine (HA and Eeq in both confined and
unconfined compression, [96,100]).

An interesting observation is the greater variety of performed tests on animal cartilage,
such as vibrometry [94], proposed as a non-contact technique to perform dynamic mechan-
ical tests thanks to a Laser Scanning Vibrometer, in order to measure the storage and loss
moduli of cartilage. The coefficient of friction (COF) was also studied by a tribological
device mounted on a two-axis load cell [101], instead of using the AFM [73].

Kotelsky et al. [98] proposed an alternative test for the measurements of elastic proper-
ties in murine cartilage, by involving computational modelling and confocal microscope-
based 3D thickness mapping, thanks to the identification of cartilage deformation. This
tested technique allowed authors to obtain parameters such as the Poisson’s ratio ν and
elastic modulus of the solid matrix. They reported higher results if compared to others from
the literature (e.g., Cao et al. [103] found 2 MPa as compressive modulus of the solid matrix
and a Poisson’s ratio of 0.2). However, they justified these results due to different mouse
age (8–10 weeks in [98] rather than 6 months in [103]) and species, as well as different
anatomical location (medial femoral condyle in [98] versus lateral tibial plateau in [103]).
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Table 4. Representative results obtained on animal samples, useful for comparison with experimental
data on human. Data are expressed as mean ± standard deviation.

Sample Source Ref. Harvesting Site Mechanical Tests IM (MPa) HA or Eeq (MPa) Other Findings

Bovine

[93] humeral head tensile to unconfined
compression N/A

(f [Hz]) Emin–Emax

N/A

(0.1) 14.6 ± 6.9–
48.54 ± 17.0

(1) 1.16.1 ± 5.2–
65.7 ± 15.8

(10) 24.2 ± 6.6–
61.7 ± 13.3

(40) 28.7 ± 7.8–
60.9 ± 13.4

[94] femoral condyle, trochlear
groove and patella

unconfined compression,
indentation

and vibrometry

condyle: 1.4 ± 0.5
patella: 1.5 ± 0.5

trochlea: 1.45 ± 0.3

condyle: 0.48 ± 0.12,
patella: 0.35 ± 0.05,
trochlea: 0.28 ± 0.02

(Edyn) condyle: 27.4 ± 14.3
patella:

46.7 ± 11.0 trochlea:
56.4 ± 29.9

[101] femoral condyles wear N/A N/A COF 1 (long) 0.265 ± 0.033
COF (trans) 0.247 ± 0.034

[102] tibiae shear N/A N/A

shear modulus 3.16 ± 1.01
tangent modulus 3.29 (1.02)

(uncompressed and
compressed regions)

[69] patella unconfined compression N/A 0.61 ± 0.18 N/A

Equine [97] medial anterior condyles indentation N/A 0.6–0.9 (1)
0.7–0.9 (2)

k (mm4/Ns) 0.004–0.019 (1)
k (mm4/Ns) 0.008–0.014 (2)

Murine
[98] femoral condyles custom made test N/A 6.4 ν (-) 0.25

[103] tibial plateau indentation N/A 2 ± 0.3 ν (-) 0.2

Ovine

[104] patellofemoral grooves indentation 0.9 ± 0.8 N/A N/A

[73] hinderleg AFM N/A N/A

COF 2 (ddH2O) 0.3–0.33
COF (154 mM NaCl) 0.4–0.55

COF (2M NaCl) 0.6
COF (synovial fluid) 0.5–0.6

[95] condyles Indentation

H
12.3 ± 4.8

OA
2.7 ± 1.7

N/A N/A

Porcine

[96] femurs and tibiae Confined compression N/A tibia: 1.2 ± 0.5
femur: 0.4 ± 0.2 N/A

[100] condyles Confined compression N/A

tibia: H 0.5 ± 0.1
OA 0.4 ±0.2

N/A
femur: H 0.4 ± 0.1

OA 0.2 ± 0.1

[69] patella Unconfined compression N/A 0.85 ± 0.25 N/A

[87] mandibular condyle
Custom-built

micro-tribometer
and indentation

N/A 0.25 ± 0.06

COF 3, 0.025 ± 0.004
anterior-posterior sliding

direction
0.028 ± 0.004

latero-medial sliding direction

Rabbit

[99] mandibular condyles AFM 2.3 ± 0.3 (AM region)
1.0 ± 0.1 (PL region) N/A N/A

[105] mandibular condyles AFM neonatal 0.95 ± 0.15 to
1.02 ± 0.22 N/A N/A

Dog [74] Femoral condyles AFM N/A N/A

COF 4, H: 0.15 ± 0.06
(for every load)

OA: 0.22 ± 0.09 (load 0.5 µN)
to 0.13 ± 0.10 (load 5 µN)

1. Results were reported for a sliding velocity of 4 mm/s. 2. Results have been extracted from Figure 2C of [73],
where upper limits correspond to boundary regime COF (sliding velocity of 9 µm/s) to mixed regime (about 120
µm/s). 3. Results refer to physiological conditions for frictional tests, by adopting a custom-built setup which
allows for high interstitial pressure during the test and mimics the real joint behavior. 4. The authors did not
report the adopted sliding velocity, but referred to boundary lubrication regime when comparing their results to
other authors.
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5.5. Tribological Properties

Contrary to the other mechanical properties, tribological properties have been re-
ported to be location-independent [106–108], but the influence of OA is quite remarkable.
Moore et al. [108] demonstrated different tribological performances due to OA, since an
increase in the shear stresses was registered from the superficial zone and propagated to
the deep zone, which would cause destruction of the layers through the thickness, resulting
in gradual material loss.

Thanks to the fluid contribution within the solid matrix, the applied load is gradually
transferred from the fluid to the soft cartilage tissue, reaching the equilibrium state. As
long as the interstitial fluid is lubricating the cartilage surfaces, the friction coefficient will
be maintained in a low range (about 0.001 [107]). When dynamic loading is gradually
transformed to static loading, dissipating energy is mitigated by the interstitial fluid, and it
permeates into the cartilage. Due to low velocities and quasi static regime, cartilage com-
ponents absorb the synovial fluids, which initiate the boundary lubrication process [109].
Aging or joint disease leads to a reduction in GAG, which effectively increases the COF
rate [14]. Kienle et al. [73] investigated the influence of the lubricating fluid on the friction
and wear of ovine articular cartilage, both in boundary and mixed lubrication regime. They
tested ddH2O, 154 mM NaCl solution (physiological concentration), 2 M NaCl solution
and synovial fluid as four different lubricants. They observed an increase in the COF when
increasing salt concentration at the microscale (through AFM), while a contrary trend was
found with macro-friction experiments (sliding speeds > 0.1 mm/s), probably due to an
ionic repulsion between the setup and the cartilage, that reduced the measured friction
force. Hossain et al. [101] found no anisotropy in COF due to when testing bovine cartilage
samples with applied normal load parallel or perpendicular to the collagen fibers directions
on the superficial cartilage, even if GAG loss and collagen damage extended through
much of the depth of the cartilage tissue, particularly for wear in the transverse direction.
Few works studied the frictional properties of human cartilage; Middendorf et al. [110]
evaluated the COF between human cartilage and glass through a custom-built pin-on-plate
setup, and found an average value of 0.22 ± 0.016. Similarly, Li et al. [111,112] investigated
the frictional behavior of AC by means of pin-on-plate friction tests in contact with different
surfaces, namely cartilage, stainless steel and polyvinyl alcohol (PVA). In cyclic tests, the
COF for cartilage-on-cartilage, cartilage-on-stainless steel and cartilage-on-PVA resulted
equal to 0.029, 0.159 and 0.076, respectively. In all these studies, experiments were carried
out with a pin-on-plate friction setup which allows for a stationary contact area during the
test and thus performs the test in boundary lubrication regime (PBS as lubricant) and a ver-
tical load was imposed to the pins in order to apply a stress of about 0.5 MPa, even though
joint contact stress can reach much higher values [113]. On the contrary, physiological
conditions were realized with a custom-built setup by Zimmerman et al. [87], revealing a
measured COF which is one order of magnitude lower than the other reported tests, thanks
to the maintenance of a migrating contact area which preserved the natural interstitial fluid
pressure field and allowed for a lower friction force during the sliding (Table 4).

6. Influence of Osteoarthritis on Cartilage Biomechanics

The understanding and quantification of the effects of age combined with OA pro-
gression is fundamental for the prevention of the disease as well as the development of
alternative solutions, such as artificial cartilage. Various mechanical alterations of a joint
lead to the development of osteoarthrosis, and also imaging techniques such as CECT can
be used to correlate the biochemical concentrations within the cartilage joints with the arise
and progress of OA (e.g., a reduction in GAG content could be used as an indicator of early
OA [114]. In Table 5 the main biomechanical alteration induced by OA are summarized
qualitatively, while quantitative comparisons with healthy tissue can be found in Table 3
(human) and Table 4 (animal).
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Table 5. Biomechanical features of healthy and OA cartilage.

Biomechanical Changes Healthy AC OA AC

Instantaneous and equilibrium
elastic properties

Differences between anatomical sites
and cartilage zones Reduced with influence of the OA grade

Tribological properties Low COF and efficient lubrication
COF increased at the microscale, no significant

variations at the macroscale,
reduced lubrication

Smooth articular joint surfaces Increased superficial roughness

Fibril network properties Possible variations with cartilage depth due to
different organizations

Decrease in the initial fibril network modulus
from early to advanced OA, proportional to

the PG content.

Permeability Mainly governed by the physiological porosity
and compressive load

Altered and increased, promoting a higher
load to be transmitted to the solid

cartilage component

Elastic properties of the subchondral bone Increased with increasing age Increased with increasing OA grade

Elastic properties of the trabecular bone N/A Not influenced by OA grade

Samples of OA human cartilage are mainly collected from patients who underwent
total knee or hip joint replacement due to advanced OA. Indeed, the most analyzed cartilage
sites are tibia plateau, femoral head and condyles. Even if various test configurations
and protocols have been adopted to study the mechanical influence of OA, results were
consistent and reported a decrease in all the viscoelastic properties of cartilage. In particular,
Ihnatouski M. et al. [12] found decreasing average results of the IM if increasing the
OA grade, from 1.7 MPa to 1.2 for both medium and advanced OA. Moreover, AFM
surface mapping revealed also the changes of surface roughness when increasing OA
(positive correlation) [12]. Similar results were found in unconfined compression, where
Eeq of the cartilage decreased of about 40% from early to advanced OA [10]. Moreover,
Ebrahimi, M. et al. [11] reported for the tibial plateaus a decrease in Eeq up to 80% with
respect to the healthy tissue. Katta, J. et al. [61] observed the decrease in the shear storage
modulus G’ (about 70–80% of reduction), with respect to the healthy condition. From
indentation tests, mechanical parameters were negatively correlated to the cell volume, due
to the increase in collagen orientation angle of cartilage during the progression of OA [57].
Nissinen et al. [59] reported notable differences from early to advanced OA that resulted in
a decrease in the initial fibril network modulus and the strain dependency of permeability.
Increasing grade of OA was also correlated to an increase in subchondral bone, as reported
by Peters et al. [61], while trabecular bone E showed no significant correlation between
overall joint OA grade.

Wilusz et al. [55] realized 5 mm-thick slices of cartilage samples (healthy and OA)
from femoral condyles, sectioned perpendicular to the articular surface, by adopting a
cryostat microtome. These slices were used to evaluate the mechanical properties of ECM
and PCM in situ through AFM indentation, testing the region between 200 and 400 µm
from the articular surface (which corresponds to middle-upper deep zone). They observed
a significant decrease in the mechanical properties in both the PCM (about 30%) and ECM
(about 45%) with OA when referring to the medial condyle, while no differences were
found for the lateral condyle, thus rising again the strong heterogeneity of mechanical
properties even within the same macroscopic sample.

Experiments on animal samples also highlighted the change in the tissue mechanical
properties of OA cartilage, with respect to healthy samples [69,96,100] and a significant
decrease in both the Eeq and HA of porcine tibia and femur cartilage was assessed.

Indeed, healthy and pathological AC results also in a variation in the lubrication within
the joint and consequently in the COF [74], an indicator for another altered function of
hyaline cartilage. In particular, Desrochers et al. [74] evaluated the microscale AFM friction,
revealing depth dependent changes within the few microns of the cartilage surface in early
OA and an increase in the COF of about 50% for OA cartilage at the 0.5 µN load level
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with respect to healthy tissue (dog model). However, no changes were observed at higher
force levels (1–5 µN), thus suggesting that these changes may be due to a biochemical
mechanism (e.g., the reduced lubrication efficiency) and not because of roughening and
softening of the surface. These observations are also supported by results at the macroscale
from Caligaris et al. [115], were no differences were found in the COF when increasing
OA grade.

7. Constitutive Modeling of Articular Cartilage

Several constitutive models have been adopted to describe the compressive behav-
ior of AC. The most commonly used is the biphasic poroelastic model developed by
Mow et al. [116], that describes the cartilage as composed of two phases: a porous solid
matrix with hyperelastic properties, made of a dense network of collagen fibrils and pro-
teoglycans with a scattered population of chondrocytes, and a fluid phase, based on the
interstitial fluid (water and free ions) that can flow within the solid matrix [117]. Both the
interstitial fluid and the solid matrix can be considered as almost-incompressible under
physiological loading [118]. In this structure, three internal forces act within the tissue
under an external load: the stress applied to the solid matrix, the pressure developed within
the fluid phase and the friction between fluid and solid phases during flow, thus resulting
in a time-dependent mechanical behavior [117]. Indeed, in biphasic poroelastic model, the
time dependence of cartilage mechanical responses is due to the dissipative effects of the
fluid phase flow.

Further generalization is proposed in poroviscoelastic models, that include flow-
independent viscoelasticity in the solid-phase description, and are frequently adopted in
the analysis of cartilage in confined and unconfined compression, indentation, pure shear
and uniaxial tension [119–121].

The cartilage material properties considered as parameters in biphasic models are the
aggregate modulus HA and the permeability k [122]. Cartilage permeability is a complex
parameter to estimate, since it varies not only with thickness, but also with the applied
strain level and strain rate [123–125]. Indeed, under compressive loading in different
conditions, the pore size distribution of cartilage is modified and the permeability reduced.

Lai et al. [126] proposed a triphasic cartilage model, extending the generalized biphasic
models by including an ionic phase, made of negatively-charged proteoglycans. The
triphasic theory has been successfully used to describe the time-dependent mechanical
behavior, swelling and electro-kinetic behavior of charged hydrated articular cartilage [117].
A further insight was proposed by Huyghe and Janssen [127] with a quadriphasic model of
cartilage tissue, considering cations and anions separately, in order to describe swelling
more accurately. An overview about more complex multi-phasic models is given in [128].

At present, the biphasic theory is still the most popular approach for describing carti-
lage behavior, for several reasons. In the first place, this formulation allows to distinguish
the different stress withstood by the solid and fluid phases in the tissue and this aspect
may be relevant for the analysis of damage or degenerative processes of the cartilage solid
component [129,130]. Then, biphasic models allow the computation of fluid flow fields
within the tissue as a result of deformation, which has been used in the analysis of synovial
joint lubrication mechanisms and fluid transport within cartilage [131–133].

Nonetheless, macroscopic multi-phasic models do not take into account the tissue
microstructural conformation and are therefore limited in assessing the effects of microstruc-
tural differences, such as concentration and morphology variations due to subject-specific
conditions or pathology. An alternative modeling approach to the above mentioned macro-
scopic models is the description of the cartilage mechanical response based on tissue
microstructural features [134]. Examples of microstructurally based approaches include
fibril-reinforced biphasic models and homogenization approaches.

Fibril-reinforced biphasic models [11,135,136] consider the different contribution of
fibrillar (collagen) and non-fibrillar tissue components (a biphasic matrix made of fluid-
saturated proteoglycan) and can include specific fibril arrangements. Since the fibrils
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support loads in tension only, the compressive loads are sustained by the non-fibrillar
component, while the tensile loads are supported by both the tissue matrix and the fib-
ril components. The strength of this approach is modelling separately the fibrillar and
nonfibrillar solid elements, highlighting their potentially different role in supporting the
applied loads. Fibril-reinforced biphasic models have been also used to describe depth-
dependent microstructural features [137], to include strain-dependent fibril stiffness [138]
and to simulate the effects of the extracellular matrix degradation [139]. Differently, the
homogenization approach, based on composite mechanics, describes the actual properties
of a heterogeneous material from its constituent materials properties and their geometric
configuration. Following this principle, several authors have modelled cartilage as a com-
posite material with spheroidal inclusions, i.e., chondrocytes, embedded in an amorphous
solid matrix [140,141]. This approach allows estimating the effects of modifications in
chondrocyte concentration, morphology and arrangement on cartilage biomechanics. Re-
ferring to chondrocyte biomechanics, both homogeneous [142] and continuum-tensegrity
models [143] have been used to study the influence of different external stimuli on the
mechanical response of a single cell.

In general, microstructural models may offer further insights into the relation between
mechanical behavior and structural conformation, both in healthy and OA cartilage, also
envisaging possible tissue engineering strategies [144,145].

8. Conclusions

AC retains a fundamental mechanical function in joints biomechanics, providing an
almost frictionless bearing surface and helping to distribute the loads within synovial joints.
The mechanical behavior of this peculiar tissue depends on its biphasic nature, thus on
both fluid and solid components, and their interaction. Due to its complex structure and
behavior, its features change in time, due to aging, degenerative pathologies, injuries and
so on. In particular, OA is known to be a leading cause of disability, involving changes
in cartilage biomechanics during its development. In this review, we analyzed the main
factors that influence the mechanical properties of AC in both healthy and disease, with
a particular focus on the experimental methods and models that are currently applied
within this context. The review mainly analyzed experimental results obtained from
human samples highlighting the availably of a limited number of tests on human AC,
among a variety of mechanical tests on animal samples. A big issue is represented by the
different experimental conditions used hampering the comparison between studies. The
collected information could be useful for the planning of effective experimental tests, to
better unravel the differences between healthy and OA cartilage, and finally to provide an
overview of the mechanical properties of different human sites that should be mimicked
for future studies on artificial cartilage and tissue engineering.
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