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A Systematic Review and Guide to Mechanical
Testing for Articular Cartilage Tissue Engineering

Jay M. Patel, PhD,1,2 Brian C. Wise, MS,1,3 Edward D. Bonnevie, PhD,1,2 and Robert L. Mauck, PhD1–3

Articular cartilage is integral to the mechanical function of many joints in the body. When injured, cartilage
lacks the capacity to self-heal, and thus, therapies and replacements have been developed in recent decades to
treat damaged cartilage. Given that the primary function of articular cartilage is mechanical in nature,
rigorous physical evaluation of cartilage tissues undergoing treatment and cartilage constructs intended for
replacement is an absolute necessity. With the large number of groups developing cartilage tissue engineering
strategies, however, a variety of mechanical testing protocols have been reported in the literature. This lack of
consensus in testing methods makes comparison between studies difficult at times, and can lead to misin-
terpretation of data relative to native tissue. Therefore, the purpose of this study was to systematically review
mechanical testing of articular cartilage and cartilage repair constructs over the past 10 years ( January 2009–
December 2018), to highlight the most common testing configurations, and to identify key testing parameters.
For the most common tests, key parameters identified in this systematic review were validated by charac-
terizing both cartilage tissue and hydrogels commonly used in cartilage tissue engineering. Our findings show
that compression testing was the most common test performed (80.2%; 158/197), followed by evaluation of
frictional properties (18.8%; 37/197). Upon further review of those studies performing compression testing,
the various modes (ramp, stress relaxation, creep, dynamic) and testing configurations (unconfined, confined,
in situ) are described and systematically reviewed for parameters, including strain rate, equilibrium time, and
maximum strain. This systematic analysis revealed considerable variability in testing methods. Our validation
testing studies showed that such variations in testing criteria could have large implications on reported
outcome parameters (e.g., modulus) and the interpretation of findings from these studies. This analysis is
carried out for all common testing methods, followed by a discussion of less common trends and directions in
the mechanical evaluation of cartilage tissues and constructs. Overall, this work may serve as a guide for
cartilage tissue engineers seeking to rigorously evaluate the physical properties of their novel treatment
strategies.
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Impact Statement

Articular cartilage tissue engineering has made significant strides with regard to treatments and replacements for injured
tissue. The evaluation of these approaches typically involves mechanical testing, yet the plethora of testing techniques
makes comparisons between studies difficult, and often leads to misinterpretation of data compared with native tissue. This
study serves as a guide for the mechanical testing of cartilage tissues and constructs, highlighting recent trends in test
conditions and validating these common procedures. Cartilage tissue engineers, especially those unfamiliar with mechanical
testing protocols, will benefit from this study in their quest to physically evaluate novel treatment and regeneration
approaches.

1McKay Orthopedic Research Laboratory, Perelman School of Medicine, University of Pennsylvania, Philadelphia, Pennsylvania.
2Translational Musculoskeletal Research Center, Corporal Michael J Crescenz VA Medical Center, Philadelphia, Pennsylvania.
3Department of Bioengineering, University of Pennsylvania, Philadelphia, Pennsylvania.

TISSUE ENGINEERING: Part C
Volume 25, Number 10, 2019
ª Mary Ann Liebert, Inc.
DOI: 10.1089/ten.tec.2019.0116

593



Introduction

Articular cartilage is a remarkable, complex tissue
that is instrumental for load bearing, shock absorption,

and articulation of joints throughout the body.1 Healthy
articular cartilage experiences a complex loading environ-
ment, including compression, shear, friction, and tension.1,2

The distinct and precise composition and organization of
the cartilage extracellular matrix (ECM; Fig. 1A) allows it
to resist these stresses through poroviscoelastic mecha-
nisms,3 where fluid pressurization and stress dissipation
occur in a time-dependent manner.4 Injury and degenera-
tion of articular cartilage compromises its load-bearing
capabilities,5,6 and due to the lack of vascularity in the
tissue, there is limited self-healing to restore mechanical
function.7 Current repair and replacement strategies, such as
microfracture,8,9 autologous chondrocyte implantation,10,11

autologous cultured chondrocytes on porcine collagen
membrane (MACI), and autologous matrix-induced chon-
drogenesis12 have made strides in terms of providing symp-
tomatic relief, but long-term outcomes are inconsistent,11,13

potentially due to inadequate mechanical function of the repair
tissue. Therapeutics, such as nonsteroidal anti-inflammatory
drugs, corticosteroids, and hyaluronic acid, can also provide
short-term symptomatic relief, but do not restore chondrocyte
or ECM function, and are cleared from the joint within days.

Consequently, the last three decades have focused on
the combination of materials, cells, and factors to either
slow the degeneration of cartilage or to replace the tissue
altogether.14 To evaluate such approaches, scientists, en-
gineers, and clinicians turn toward a host of in vitro, in situ,
in vivo, and ex vivo outcome measures. The most frequent
assays are biological in nature (e.g., biochemical com-
position, gene expression, or histology15,16). However, to
quantify the mechanical function of the repaired or trea-
ted tissue, evaluation of the physical properties of the
tissues is essential.17–19 Unfortunately, there are a variety
of mechanical tests (Fig. 1B) and widely varying proto-
cols for each type of test.17 This lack of standardization
in testing methods and evaluation leads to variability in
reported outcome metrics, inability to compare directly
between different studies, and increases the likelihood for

FIG. 1. (A) Anatomy of the knee joint, showing the femur, tibia, and ligaments, with articular cartilage (in white).
Schematic of articular cartilage architecture showing anisotropic alignment of collagen bundles. (B) Schematics of common
modes of articular cartilage mechanical testing (compression, lubrication, tension, nanoindentation, shear, integration). (C)
Systematic review of ‘‘articular cartilage mechanical testing’’ from 2009 to 2018, showing excluded and included studies.
(D) Breakdown of testing type (n = 197 studies), showing the overwhelming majority of studies (80.2%; 158/197) reporting
data from compression testing. Color images are available online.
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misinterpretation of mechanical data relative to native
tissue.

Therefore, the purpose of this study was to aggregate the
literature on cartilage mechanical testing procedures and to
perform validation studies of these testing protocols. Specifi-
cally, we (1) systematically review articular cartilage me-
chanical testing studies from the last 10 years; (2) highlight
trends in testing configurations and protocols; and (3) perform
validation and comparison of the most common protocols. The
intent of this work is to provide a primer for the interpretation
of mechanical testing data and a resource for mechanical
testing of both articular cartilage constructs and tissues.

Systematic Review of Articular Cartilage
Mechanical Testing

To systematically review the last 10 years of studies that
performed physical evaluation of cartilage tissue and con-
structs, a PubMed search with the terms ‘‘Articular Carti-
lage Mechanical Testing’’ was performed, focusing on the
time period from January 2009 to December 2018. The
search yielded a total of 348 articles (‡25/year), of which 197
(56.6%) were included in this systematic review (Fig. 1C and
Supplementary Table S1). Common exclusion criteria were
review articles (11 studies), finite element modeling studies
(20 studies), meniscus tissue engineering studies (11 studies),
and most frequently a lack of cartilage mechanical testing.
Of the 197 studies to perform mechanical testing of cartilage
tissue or constructs, the overwhelming majority performed
compression testing (158/197; 80.2%), followed by lubrica-
tion (37/197; 18.8%), followed by tension, nanoindentation,
shear, and integration testing (Fig. 1D). Since the majority of
studies carried out compression testing, the various com-
pression testing configurations and methods were further re-
viewed and validated.

From the 158 compression studies, three major testing
configurations were noted: unconfined, confined, and in situ
(Fig. 2A). Both unconfined and confined compression in-
volve testing a stand-alone sample of cartilage tissue or
construct, either between two impermeable platens (uncon-
fined) or within an impermeable chamber. Confined com-
pression then involves the use of a porous metal indenter (or
impermeable indenter with porous chamber) to allow for
fluid flow out of the tissue. Finally, in situ testing involves
testing locally on a whole cartilage sample, often an entire
osteochondral specimen. These specimens are commonly
embedded in a rigid fixture, and compression is applied
through a porous or nonporous indenter.

Within these testing configurations, four testing protocols
were commonly observed: ramp, stress relaxation, creep, and
dynamic (Fig. 2B). Ramp testing involves applying deforma-
tion (strain) at a constant rate, while simultaneously measuring
the stress response. Stress relaxation involves applying a strain
to a target level, and then holding the strain constant at that
level, during which time the stress peaks and then relaxes
to an equilibrium level. Creep involves the rapid applica-
tion of a stress, which is then held constant, and the
measurement of continued sample deformation (strain) with
time. Finally, dynamic tests involve applying either a cyclic
stress or strain, and measuring the corresponding response.

Of the studies performing compression testing, nearly
two-thirds (103/158) utilized an unconfined configuration,

while only 15 studies utilized a confined chamber (Fig. 2C).
Review of testing methods showed that ramp and stress
relaxation testing were the most commonly performed.
When testing method was broken down by configuration
(Fig. 2D, E), it was apparent that an unconfined configura-
tion was the most utilized for all tests, except for creep
testing, which showed a tendency toward the use of confined
(5/20) and in situ (13/20) modalities.

Compression Testing Review

The following section discusses the aforementioned com-
pression tests (ramp, stress relaxation, creep, dynamic) in
further detail. Cartilage tissue experiences forces normal
(perpendicular) to the articulating surface, especially in load-
bearing joints. Healthy articular cartilage can absorb rapid,
near-instantaneous stresses through its fluid pressurization ca-
pacity; when loaded, the rise in interstitial fluid pressure and
relatively low permeability of the tissue allows for compressive
resistance.1,20 Thus, testing parameters (e.g., testing rate and
duration21,22) can have an impact on these load-bearing
properties, and were reviewed from the corresponding lit-
erature, followed by validation testing to explore the effect
of these key parameters on reportable outcomes.

To further characterize both tissue and construct proper-
ties, we utilized juvenile bovine trochlear cartilage and
agarose hydrogels. Cartilage plugs (8 mm-diameter) were
excised from trochlea, and were cut with a freezing stage
microtome to isolate the cartilage transitional zone with
parallel faces for testing. Agarose (2-hydroxyethylagarose)
was dissolved at 3% w/v in deionized H2O at 65�C, cast
into six-well plates, and allowed to solidify by cooling.
Agarose plugs (8 mm-diameter) were excised from well
plates with a surgical biopsy punch. Samples were hy-
drated for at least 60 min before testing.

Ramp mechanical testing

Perhaps the easiest compressive test to perform on car-
tilage constructs and tissues is the ramp test, which involves
the application of a constant compressive strain until a
specified strain level is reached. However, the rate at which
samples are compressed (Fig. 3A) can have a significant
impact on the response of cartilage tissues and constructs,23

as does the strain at which the tangent modulus (slope) is
calculated (Fig. 3B). Thus, strain rate and strain at calcu-
lation were reviewed systematically. Of the 79 occurrences
of ramp testing, 52 utilized a deformation rate (Fig. 3C; mm/
s) and 24 utilized an actual strain rate (Fig. 3D; %/s), in-
dicating that less than one-third of studies normalize the
strain rate to sample thickness. While no differences were
observed in strain rate between cartilage tissues and scaf-
folds/constructs, the highest strain rate was >100,000 times
higher than the lowest rate, demonstrating that no consensus
exists on the appropriate rate at which to test samples.

With regard to the ramp strain utilized in studies, 45/79
reported a value of either maximum strain or strain used
for analysis (Fig. 3E). While not statistically different
( p = 0.0592), scaffolds and constructs (33.36% – 25.08%)
were tested to more than twice the compressive strain that
cartilage tissue was tested to (16.42% – 10.41%). In fact,
while only 1/12 of the studies testing cartilage compressed
tissue to more than 20% strain, 16/33 studies testing constructs
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did so. This is an alarming finding, given that the slope of
stress/strain curves from ramp testing increases with strain
magnitude, creating potentially artificially higher values.
Physiologically, healthy knee cartilage typically experiences
average strains under 10%,24 and peak strains of 17%.25 Thus,
testing and quantification of the tangent modulus above these
strain levels may not be clinically relevant.

To further explore and demonstrate the effect of strain
and loading rate, cartilage and agarose plugs (8-mm diam-
eter) were tested in unconfined compression at 0.1%, 1.0%,
and 10.0% strain per second to a maximum of 30% strain.
Plugs were allowed >1 h of rehydration in phosphate-
buffered saline before retesting. No observable differences
in height were present for retested samples. The resulting
stress/strain relationships were analyzed by finding the slope
of the curve at strains ranging from 5% to 30% (tangent
modulus; Fig. 3B). For both cartilage tissue (Fig. 3F) and
agarose constructs (Fig. 3G), the calculated tangent modulus
increased with both strain rate and strain at calculation, in-
dicating that these two variables should be selected carefully
and kept consistent. Furthermore, testing at higher strain
rates is dominated by initial fluid pressurization of cartilage
tissue/constructs,26 whereas slower strain rates (e.g., 0.1%/s)
allow for some stress dissipation by fluid flow, and thus
underestimate moduli that are experienced at more rapid
physiological strain rates. The most common strain rate and
maximum strain appear to be 1%/s and 20%, respectively,
and represent a midpoint of the ranges for both parameters.
Thus, in vitro evaluation of constructs are well accepted and
may be sufficient with these test conditions.

Stress relaxation testing

Our systematic review showed that stress relaxation
testing was performed almost as frequently as ramp testing.
This mode of testing, outlined in Figure 4A, involves the
application of a step strain (e.g., 20%), and holding said
strain constant for a period of time. These tests can also
involve a series of strains and relaxations (Fig. 4A, left—
blue line), a so-called multistep stress-relaxation test. Ulti-
mately, the stress response is measured, and the equilibrium
stress (at the end of each relaxation period) is recorded.
Finally, equilibrium modulus can be calculated by simply
dividing the equilibrium stress by the equilibrium strain
(mostly for one-step tests), or plotting the equilibrium stress
versus strain for each step, and finding the slope of the best-
fit line (Fig. 4A, right). With these fundamentals of stress
relaxation testing as a basis, we found that three major pa-
rameters were most commonly provided in the literature,
each of which can impact testing and analysis: strain at final
step, number of steps, and relaxation time.

Upon systematic review of the stress relaxation studies,
we found that the majority of studies (33/62; 53.2%) utilized
between 15% and 20% as the final strain during testing
(Fig. 4B). As far as the number of steps (Fig. 4C), one-step
and four-step protocols were utilized in 54.8% (34/62) and
24.2% (15/62) of studies, by far the two most common step
numbers used. Finally, relaxation time was highly variable,
with a median of 1200 s. However, longer step durations
with multistep procedures can be very time consuming.

To test whether the number of steps influences results,
cartilage tissue and agarose constructs (8 mm-diameter)

were tested in unconfined compression, by first applying one
step of 20% strain and subsequent relaxation of 600 s. After
rehydration for at least 60 min, plugs were subjected to four
steps of 5% strain, with 600 s of relaxation per step. While
no differences in equilibrium modulus were noted be-
tween one-step and four-step testing of cartilage (Fig. 4D;
p = 0.1289), one-step testing appeared to overestimate the
equilibrium modulus of agarose constructs compared with
four-step testing (Fig. 4E; p = 0.0073) by about 10%. This
error may be attributed to the agarose constructs not fully
relaxing over the 600-s period. To explore this discrepancy,
the relaxation profiles of one-step curves were fit with a one-
phase decay curve, and the derivative of the curve was used
to find the relaxation time required to observe a load change
of <0.0001 N/min (sensitivity of Instron testing machine).
The relaxation profiles of cartilage and agarose (Fig. 4F)
clearly show that while cartilage profiles plateau by 600 s
that agarose continues to relax. In fact, the estimated re-
laxation time required for agarose constructs (1161 – 111 s)
was more than double that of cartilage tissue (521 – 233 s) in
this testing configuration. Thus, careful consideration must
be given to the relaxation time, depending on what type of
tissue or construct is being characterized.

Creep testing

Of the compression protocols, the least commonly per-
formed is creep testing. Creep evaluation involves the ap-
plication of a constant load as the sample continues to
deform, eventually reaching equilibrium (Fig. 2A, right).
Unlike ramp and stress relaxation testing, creep testing is
rarely performed in an unconfined configuration. The two
primary parameters given for creep testing are the creep
load applied and the time allowed to reach equilibrium. Due
to variations in sample diameter in confined scenarios and
probe diameter for in situ testing, comparisons were made
by approximating stress from load and diameter values.
Overall, the creep stress (Fig. 5A) was variable (range: 8.9–
440.6 kPa) with an average of 100.2 kPa (median: 57.74 kPa).
Furthermore, while creep time (Fig. 5B) was also variable
(range: 300–36,000 s), the mode of 3600 s (1 h) was present in
6/15 studies (40%) that reported a duration.

To evaluate samples with a creep protocol, cartilage plugs
(8 mm-diameter) were glued to a flat rigid surface and hy-
drated. A rigid spherical indenter (1 mm-radius) was used to
apply *100 kPa of stress (0.314 N) for 3600 s. The resulting
strain versus time graph, plotted in Figure 5C, demonstrates
an initial asymptotic deformation, followed by apparent
equilibrium soon thereafter. These data were analyzed with
two methods; the first involves dividing the equilibrium
stress (100 kPa) by the measured equilibrium strain to find
an equilibrium modulus. However, of the 20 occurrences of
creep testing, only 2 simply presented the equilibrium strain.
Since creep testing is mostly performed to parse out the
viscoelastic properties of a tissue (both an aggregate mod-
ulus and a permeability), many groups perform a regression
analysis utilizing a poroelastic model, typically a linear bi-
phasic model.27–29 In fact, 75% (15/20) of the creep studies
employed such an approach. For this reason, validation data
obtained from testing cartilage plugs were analyzed with not
only the simple equilibrium approach (as is typically done in
stress relaxation testing), but also with both a Hertzian creep
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contact equation for spherical indentation30,31 (Fig. 5D). While
these two analysis methods show some differences between
measures, these were not significant ( p = 0.3226). Biphasic
theory can also be valuable in characterizing the complex
mechanical properties of the tissue. For example, in addition
to the aggregate moduli found in the validation testing, an
average hydraulic permeability of 4.48 – 2.77 · 10-4 mm4/
N · s was determined, consistent with the literature.31 While
theory is not presented in this study, many articles have de-
rived and discussed the formulae used in such analyses.4,29

One consideration for creep testing, especially of tissue-
engineered constructs exposed to physiological loads, is that
a large deformation may occur with testing. These deforma-
tions are typically above 20% and can even exceed 50%,32,33

resulting in significant changes to the compositional charac-
teristics of constructs. For example, a 50% strain on a 3%
agarose hydrogel in a confined setting effectively doubles the
concentration of these gels to 6%. Thus, physiologic creep
loading of immature constructs may be limited to lower loads
to avoid these compositional changes.

Dynamic testing

The final mode of compressive testing, dynamic testing, is
often applied at the end of a stress relaxation test, after the
tissue has reached equilibrium. In this test, the strain is ap-
plied in a cyclic fashion while measuring the stress response
(Fig. 6A), or vice versa. The peak-to-trough difference in
stress is then divided by the peak-to-trough difference in
strain to calculate a dynamic modulus (Fig. 6B). Other dy-
namic properties commonly calculated are energy dissipation,
hysteresis, and phase lag. The typical input parameters for

dynamic testing are cycle frequency, the number of cycles,
and the strain amplitude. Our literature review of dynamic
testing showed that frequency ranged from 0.01 to 100 Hz,
but was most commonly set to either 0.1 or 1.0 Hz (Fig. 6C,
red lines). As for the number of cycles (Fig. 6D), there was an
even greater range, between 5 and 100,000 cycles, and the
geometric mean of the number of cycles was 109.3 cycles.
The studies at the higher end of this range typically charac-
terize a tissue or construct’s long-term mechanical behavior,34

transitioning from simple compaction to fatigue resistance.35

Finally, a range of strain amplitudes were used, given in terms
of strain (e.g., 1%) or deformation (e.g., 50mm). Of the 16
studies that reported the amplitude as a strain (Fig. 6E), the
mode of 1% strain amplitude was utilized 7 times.

To illustrate test sample response to dynamic conditions,
agarose gels (8-mm diameter) were compressed to 10%
strain, relaxed for 600 s, and subjected to cyclic strain.
Specifically, gels were compressed with 1% strain amplitude
for 100 cycles, either at 0.1 or 1.0 Hz. Furthermore, during
analysis, either the first 10 or 100 cycles were analyzed to
calculate dynamic modulus. Frequency impacted the cal-
culated dynamic modulus ( p = 0.0003), whereas the num-
ber of cycles for analysis did not ( p = 0.1030), with testing
at 1.0 Hz giving a modulus 8.2–33.6% greater than testing at
0.1 Hz (Fig. 6F). For this reason, many studies test at multiple
frequencies, sometimes as part of a frequency sweep, eluci-
dating viscoelastic properties.36–39

A final consideration for dynamic cartilage testing in-
volves frequencies that are too high, causing the platen to
separate from the sample and creating ‘‘squared’’ regions of
the data that make it difficult to assess true tissue properties.
These regions can be identified and quantified by measuring

FIG. 5. Creep testing. Systematic
review of (A) creep stress and (B)
creep relaxation time (logarithmic
scale). Mean presented with black
line, and values used for validation
testing presented with green dashed
line. (C) Four cartilage samples
showing creep response (strain in
mm/mm) with time after applica-
tion of a stress of 100 kPa. (D)
Calculated equilibrium modulus,
contact modulus, and aggregate
modulus of cartilage tissues from
creep testing. Color images are
available online.
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the harmonic distortion of loading, whether by observing
deformities in the loading waveform,38 or performing a
Fourier analysis to identify nonlinearity.40 Mauck et al.41

found that at a dynamic frequency of 1 Hz, strain amplitudes
of >10% prevented lift-off from engineered chondrocyte-
seeded agarose constructs. However, with the variety of dy-
namic frequencies and amplitudes, as well as differential
responses between tissues and constructs, verification of
harmonic loading should be performed for each application.

Considerations for testing configuration

Testing configuration can certainly have an impact on
results.42 Perhaps the simplest of the configurations is un-
confined compression, which only involves two flat platens,
with the sample placed between. Users should verify that the
platens are parallel, and that the two surfaces of the testing
sample are parallel, to avoid malalignment. Malalignment
can cause the platen to make contact with only a portion of
the sample face, decreasing the stress applied and leading
to underestimation of properties.

Confined testing requires either a porous indenter or a
porous base to allow for unidirectional fluid flow. While not
an overly complicated configuration, confined compression
testing is more complicated than unconfined testing, espe-
cially with regard to the viscoelastic modeling that typically
accompanies it.29,43,44 For confined testing, it is crucial that the
indenter does not contact the side walls of the confined cham-
ber, as this will register false load readings. Additionally, the
porosity and stiffness of the indenter can lead to a interdigi-
tating contact between the platen and tissue/construct. For
softer constructs and hydrogels, expansion of sample materials
into the pores of the platen may occur; incorporation of this
interdigitation into analysis may be necessary for accurate es-
timation of material properties.45 Furthermore, the assumption
of frictionless versus perfectly adhesive contact between platen
and tissue/construct should be considered as it has implications
on viscoelastic modeling solutions,46,47 both in unconfined48

and confined49 compression.
Finally, in situ testing relies upon embedding the sample

in a rigid assembly, either an entire osteochondral segment
for cartilage tissue, or a construct larger than the probe used
for testing. A flat-ended cylindrical or spherical indenter
probe is then used to apply stress or strain to the tissue/
construct. For all configurations of compression testing, ri-
gid connectors are required, as any laxity can lead to abrupt
changes in either strain or stress.

A final consideration to testing samples in compression is
the size of samples and probes used (Fig. 7). Of the 103
unconfined protocols and 20 confined protocols, only 3 oc-
currences of noncircular cross-sections were observed,
meaning that groups typically test cylindrical constructs. A
review of all compression protocols showed that unconfined
and confined testing typically used average sample diameters
of 5.46 – 1.85 and 4.85 – 1.25 mm, respectively. Sample
height can also have an impact on outcomes, especially as it
relates to the diameter. Typically, samples with a width/
height aspect ratio of at least 2 (twice as wide as high) should
be utilized to avoid sample buckling into a ‘‘parallelogram’’
deformation. With regard to in situ testing, of the 54 occur-
rences, 11 used spherical probes and 27 used cylindrical (flat-
ended) probes, with an additional 16 unspecified geometries.

The average probe diameter of all indentation probes was
1.84 mm, notably less than the unconfined and confined
sample diameters, indicating smaller contact geometries with
in situ configurations. Of note, the tissue or construct diam-
eter needs to be greater than the probe diameter to assure full
contact between the probe and sample. For example, Meloni
et al.50 determined, through finite element modeling that
when testing with a 2-mm-diameter spherical indenter, a di-
ameter of at least 6 mm was required to accurately measure
reaction forces and fluid pressurization. Thus, the size and
geometry of both samples and probes should be considered,
especially as it relates to outcome values.

Alternative Testing Types

While compression is by far the most common type of
testing, other techniques are very important to physically
evaluate the efficacy of a treatment. For example, studies
aimed at improving cartilage tribology are interested in de-
termining the lubrication modes and coefficient of friction at
the articulating surface. Furthermore, other techniques probe
the micromechanics of the cartilage tissue, as well as the in-
tegration between constructs and the surrounding tissue. The
following section provides a brief description of these testing
methods, utilizing the studies from the systematic review.

Lubrication

Maintaining a low friction interface is essential for tissue
longevity due to the load-bearing nature where cartilage ex-
periences millions of sliding cycles per year. It is well un-
derstood that elevated friction in a synovial joint can lead to
both mechanical wear and erosion of the articular surface51,52

in addition to instigating adverse biological responses in
chondrocytes such as apoptosis.53,54 With this in mind, lu-
brication of engineered or repair tissue is not only important
to ensure its own longevity, but also the homeostasis of the
contacting cartilage it will articulate against. Consequently,
there has been recent emphasis in promoting effective lubri-
cation of engineered or repaired cartilage tissue.

FIG. 7. Sample diameters (for unconfined and confined
compression) and probe diameters (for in situ testing) from
systematic review.
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Healthy articular cartilage relies on a combination of lu-
bricating mechanisms, where the structure of articular car-
tilage and biomolecular makeup of the articular surface both
serve to reduce friction to provide a well lubricated inter-
face.55–57 First, the structure of articular cartilage, specifi-
cally its low hydraulic permeability, causes the articular
surface to be supported by high interstitial fluid pressures by
the same mechanism that causes strain rate-dependent
stiffening of cartilage described above.55,58,59 In essence,
there is a load sharing between the solid (Fig. 8, Ps) and fluid
states (Pf) at the articular surface. The higher the proportion
of load supported by fluid pressurization, the lower the
friction coefficient at the articular surface will be. The other
mechanism of lubrication for articular cartilage depends on
surface chemistry and lubricating biomolecules, such as
lubricin and hyaluronic acid.60 These two molecules interact
with the articular surface and reduce friction through a
mechanism called boundary lubrication.56,57

Due to the relative contributions of these two mechanisms
in cartilage lubrication, two main methods for testing car-
tilage lubrication properties have emerged (Fig. 8). The first
method uses a migrating contact area (Fig. 8A).58,61 In this
testing mode, a probe migrates across the cartilage surface
causing dynamic deformation in the cartilage matrix. Con-
sequently, friction coefficients are typically very low in this
testing configuration as fluid pressure (Pf) is maintained by
the active deformation of the cartilage surface. This load
support can be described by the Peclet number, where low
friction occurs when Pe >> 1 and convective fluid velocity
surpasses diffusive fluid velocity.55,61 Simply put, this test-
ing configuration is robust in measuring the fluid pressuri-
zation potential of native and engineered cartilage. This
response is sensitive to cartilage mechanical properties de-
scribed above, such as the compressive and tensile moduli
and the hydraulic permeability.62

The second method of lubrication analysis uses a sta-
tionary contact area configuration and is designed to be
more sensitive to boundary lubrication (Fig. 8B). In this
method, a sample is compressed against a rigid counterface
(e.g., glass slide, polished stainless steel), and the friction
coefficient is tracked over time as interstitial fluid pressure
drops to the ambient pressure.61,63 Once interstitial fluid
pressure subsides and the normal load is supported by solid/
solid contact (Ps > 0, Pf & 0), the friction coefficient is
dictated by the structural and biochemical makeup of the
articular surface. Consequently, this testing configuration is
sensitive to factors such as lubricin localization to the ar-
ticular surface or interactions with other lubricating bio-
molecules such as hyaluronic acid.

Because these two methods to measure friction coeffi-
cients provide different information about the lubricating
ability of both native and engineered cartilage, special care
is necessary when interpreting results. For example, a tissue
surface that promotes localization of lubricants, but has a
high permeability would have a relatively low friction co-
efficient in a stationary contact area experiment compared
with a relatively high coefficient of friction in a migrating
contact area experiment. Conversely, a tissue that is effec-
tive at pressurizing interstitial fluid but fails to boundary
lubricate effectively would have a relatively low friction
coefficient in a migrating contact area experiment, but a
relatively high friction coefficient in a stationary contact
area experiment. Consequently, it is difficult to understand
the true lubricating ability of a tissue and compare between
studies that utilize different testing methods without taking
both mechanisms of lubrication into account.

Nanoindentation

Similar to lubrication, nanoindentation has emerged re-
cently as a metric used to understand the complex me-
chanics of healthy and engineered cartilage tissues at lower
length scales. Often, nanoindentation is conducted using an
atomic force microscope equipped with colloidal or pyra-
midal tips that can probe the cartilage surface with high
spatial resolution.64 Often working under the assumption
that the Peclet number is low (see Lubrication section), the
force displacement curves are fit to a model, such as a
modified Hertzian contact model for colloidal probes,65 to
extract parameters such as the local indentation modulus.
The size of tips can be highly variable (systematic review:
10 nm–100mm) to elucidate individual matrix fiber properties,
as well as overall microscale tissue properties. Recent ad-
vances in this technique have focused on understanding the
heterogeneity of cartilage and engineered tissue both in
terms of spatial variation in moduli as well as stiffness
gradients between the ECM, the pericellular matrix, and the
chondrocytes.66,67 Indeed, testing is trending toward micro-
scopic systems,54,67 enabling the determination of localized
properties in both developing and regenerating tissues.

Other testing

Additional testing modes of cartilage tissues and con-
structs include tensile, shear, and integration testing. Ar-
ticular cartilage is robust at supporting tensile stresses in the
superficial zone, as aligned superficial bundles resist stresses
parallel to the articulating surface. However, only a limited

FIG. 8. Lubrication. Schematics of the two major forms of
lubrication analysis are (A) migrating contact area and (B)
stationary contact area. Depictions of stresses on the solid
phase (Ps) and fluid phase (Pf) for each analysis are shown.
Color images are available online.
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number of studies during the review period tested the tensile
properties of the superficial zone of cartilage68,69; from this
systematic review, tensile testing was typically performed
on scaffolds/constructs developed for cartilage tissue engi-
neering (20/23; 87.0%). Scaffolds were typically cut into
either rectangular or dogbone-shaped samples,70,71 yet no
consistent loading profiles and rates were observed. These
properties are certainly integral to those aiming to create the
cartilage superficial zone, and comparison to native tissue
can help normalize studies with different loading schemes.
Tensile properties also contribute substantially to the ef-
fective compressive modulus when evaluated by indentation
or in unconfined compression,70,72 where the Poisson’s ratio
of cartilage is often quite low and depends on the tensile
properties of the specimen.73,74

The final two forms of testing, shear and integration, were
performed by <2% of all studies that were systematically
reviewed. Shear testing has been used for a variety of pur-
poses, including but not limited to characterization of the
cartilage/bone interface,75 tissue/scaffold interface,76 tran-
sitional zone shear properties,77 and torsional resistance.78

Depth-dependent shear properties can also be quantified,
through microscope-guided strain mapping, where com-
pressive and shear loads are applied to tissue or construct
hemicylinders.79 By matrix staining with DAPI to identify
nuclei or 5-dichlorotriazinyl-aminofluorescein to image
matrix, local shear strains and moduli in the tissue can be
calculated, for native tissue80 and constructs.81

Integration testing, on the other hand, typically involves
testing the physical joining of constructs to surrounding
articular cartilage that occurs through biological remodel-
ing, either by push-out, lap-shear, or uniaxial tension testing.
In the push-out scenario, used for testing cartilage or me-
niscus integration, a cylindrical punch is cored and replaced
by a scaffold or construct and cultured for a duration of time
to strengthen the interface.82–85 The inner core is then pushed
out of the outer core with an indenter, allowing for calculation
of the integration strength. Another method for testing carti-
lage integration approaches involves lap-shear testing,86–88

which is achieved by fixing each side of an interface to a
substrate or clamping, and applying tension parallel to the
adhesive interface. Finally, cartilage integration is often tested
in uniaxial tension. For example, in culture or subcutaneous
rodent models a scaffold can be placed between two cartilage
discs, after which integration is evaluated by applying tension
to the two cartilage discs.89,90 These forms of testing are ex-
tremely valuable to groups attempting to improve on the
typically poor integration of cartilage constructs.

Guidance Documents and Potential Standardization

Mechanical characterization of repaired or regenerate
articular cartilage is vital for its translation and, ultimately,
clinical use. To aid in this translation, the United States
Food and Drug Administration (FDA) and International
Cartilage Repair Society (ICRS) have published guidance
documents91,92 with recommendations for preclinical study
outcomes of cartilage repair, each containing a section on
mechanical testing outcomes. These two documents focus
on compression as a primary mode of testing, with men-
tion of biphasic or poroelastic modeling to determine
viscoelastic properties (aggregate modulus, permeability).

Interestingly, the ASTM standard on cartilage repair and
regeneration (F2451-0593) only describes confined creep
testing as a requirement for mechanical evaluation, and suggests
that creep indentation curves should be fit to Mow’s biphasic
theory4 to obtain aggregate modulus and permeability.

The FDA and ICRS documents both recommend ex-
panding on this to carry out dynamic testing to quantify the
physiological response, in addition to the aforementioned
static (creep or stress relaxation) testing to quantify material
properties. From our systematic review, of the 158 studies to
perform compression testing, only 18 (11.4%) performed
both static time-dependent tests (stress relaxation, creep)
and dynamic testing, indicating that the majority of these
studies did not satisfy the recommendations of the FDA and
ICRS guidance documents. The FDA and ICRS documents
are also more flexible with regard to configuration, indi-
cating that unconfined, confined, and indentation configu-
rations are all adequate. Furthermore, the FDA and ICRS
documents allude to other testing types (shear, integration,
tension, lubrication, wear; Table 1) as being important, but do
not provide an accompanying description. Certainly, these
properties are integral to the function evaluation of carti-
lage therapies, and should be evaluated in addition to
compression testing. Of the 197 studies included in the sys-
tematic review, 158 performed one testing type, 30 performed
two, 5 performed three, and only 2 studies performed four
types of testing. These two studies94,95 performed a com-
prehensive battery of tests, and serve as examples of multi-
functional evaluation of cartilage constructs.

Even with these guidance documents, only *25% of
studies since 2011 (publishing of documents) adhered to the
mechanical testing set forth in these documents.96 Thus, if
novel replacement and therapeutics are aiming for clinical
translation, better adherence to these documents will be
required, and will need to include multiple mechanical
evaluations (static and dynamic compression, lubrication,
integration, wear). That being said, none of the three doc-
uments (FDA, ICRS, ATSM) gives suggestions on specific
test parameters and rates. While physiological loading is

Table 1. Guidance Documents

FDA ICRS ASTM

Testing type
Compression x x x
Lubrication/Friction x
Shear x
Tension x x
Integration/Fixation x
Wear x x
Fatigue x

Mode
Quasistatic x x x
Dynamic x x

Configuration
Unconfined x x
Confined x x x
Indentation x x

Testing types, modes, and configurations suggested by the Food
and Drug Administration (FDA91), the International Cartilage Repair
Society (ICRS92), and the American Society for Testing and Materials
(ASTM93).
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recommended, standardization of testing protocols would
be greatly beneficial to cartilage tissue engineers. Our rec-
ommendations on testing parameters and protocols, derived
from our analysis and consideration of both clinical/functional
relevance and common procedures, are provided below:

1. Time-Dependent Compression Testing (at least one)
a. Stress relaxation (four steps of 5% strain; >10-min

relaxation)
b. Creep (100 kPa for constructs, 1 MPa for cartilage;

>60-min relaxation)
2. Dynamic Compression Testing

a. Following 10–20% stress relaxation
b. One to 10% strain amplitude at 1 Hz for >10 cycles

3. Other Testing (dependent upon application)
a. Lubrication (required for viscosupplementation and

superficial cartilage studies)
b. Nanoindentation (for microscopic mapping/char-

acterization of pericellular matrix/ECM properties)
c. Shear (highly recommended for all studies)
d. Integration (to assess lateral integration)

4. Testing configurations
a. Unconfined or confined for constructs
b. Indentation for explants (to preserve the osteochon-

dral unit)

Conclusions and Future Directions

Articular cartilage is an organizationally and compo-
sitionally complex tissue, allowing it to withstand an array
of dynamic stresses of high magnitude that arise with the
activities of daily living. The inherent properties of cartilage
aid in this resistance, but are compromised and can progres-
sively deteriorate after injury or with disease. Novel treat-
ments and scaffolds are constantly being developed, and the
mechanical function of the cartilage tissue or regenerating
construct is paramount for its efficacy. This study systemati-
cally reviewed the articular cartilage mechanical testing lit-
erature from the last 10 years, showing that the majority of
studies performed compression testing. Further exploration of
modes, configurations, and testing parameters revealed high
variability in test criteria and analysis methods, motivating
the standardization of these approaches. Validation testing of
many of these key parameters demonstrated their influence
on outcome measures. Thus, careful consideration to testing
protocols and method of analysis must be taken, and this work
serves as a guide for those undertaking such studies. Stan-
dardization of testing and reporting measures will enable more
ready comparison between studies, and this will undoubtedly
speed development of these constructs.

Many of the testing configurations and techniques men-
tioned throughout this review have been utilized for de-
cades, mostly to evaluate harvested cartilage specimens
from animal studies, constructs from in vitro culture studies,
and scaffolds from fabrication studies. Techniques to eval-
uate in vivo cartilage mechanics have also been developed,
and even utilized clinically. For example, Lyyra et al.97

developed an arthroscopically applicable device to indent
cartilage; these indentation devices can characterize the
health of living cartilage and identify functional changes
that may not be visually apparent through arthroscopy and
imaging modalities. These techniques have since been

modified to apply dynamic loads that further quantify stiff-
ness,98,99 providing further insight into early cartilage degen-
eration. As these physical technologies have progressed
with time, imaging modalities have also advanced to the
point that mechanical deformations can be determined in vivo
with high spatial resolution. Both magnetic resonance imag-
ing24 and ultrasound elastography100 can be used in preclin-
ical and clinical studies to noninvasively and nondestructively
predict mechanical properties,101–103 a potential future of the
field. Moreover, the ability to perform these analyses at
nonterminal time points allows for the ability to evaluate
the mechanical maturation of cartilage constructs or pro-
tective capabilities of therapeutics. Certainly, while these
novel approaches are on the horizon, cartilage tissue en-
gineers stand to benefit from a detailed review and vali-
dation of current cartilage mechanical testing techniques.
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