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Injuries to articular cartilage result in significant pain to patients and high medical costs. Unfortunately, cartilage
repair strategies have been notoriously unreliable and/or complex. Biomaterial-based tissue-engineering strat-
egies offer great promise, including the use of hydrogels to regenerate articular cartilage. Mechanical integrity is
arguably the most important functional outcome of engineered cartilage, although mechanical testing of hy-
drogel-based constructs to date has focused primarily on deformation rather than failure properties. In addition
to deformation testing, as the field of cartilage tissue engineering matures, this community will benefit from the
addition of mechanical failure testing to outcome analyses, given the crucial clinical importance of the success of
engineered constructs. However, there is a tremendous disparity in the methods used to evaluate mechanical
failure of hydrogels and articular cartilage. In an effort to bridge the gap in mechanical testing methods of
articular cartilage and hydrogels in cartilage regeneration, this review classifies the different toughness mea-
surements for each. The urgency for identifying the common ground between these two disparate fields is high,
as mechanical failure is ready to stand alongside stiffness as a functional design requirement. In comparing
toughness measurement methods between hydrogels and cartilage, we recommend that the best option for
evaluating mechanical failure of hydrogel-based constructs for cartilage tissue engineering may be tensile testing
based on the single edge notch test, in part because specimen preparation is more straightforward and a related
American Society for Testing and Materials (ASTM) standard can be adopted in a fracture mechanics context.

Introduction

Articular cartilage injuries and resulting arthritis are
one of the leading causes of disability in the United

States.1 Biomaterial-based tissue-engineering strategies offer
great promise, including the use of hydrogels to regenerate
articular cartilage.2–4 Hydrogels are one broad class of bio-
materials that have earned widespread interest in cartilage
regeneration, with the emphasis primarily being on eliciting
desired biological responses. One must appreciate that both
the biological response and the mechanical integrity of the
hydrogel are very important and both must be considered.
Here we focus on the mechanical integrity of hydrogel-based
constructs, and highlight failure testing as an important
consideration in addition to the standard compression/
indentation testing methods.

Hydrogels have been investigated for use in a variety of
biomedical applications, such as tissue engineering4–6 and
drug delivery.7,8 To replace damaged cartilage tissue, hydro-
gels will be required to provide appropriate stiffness or de-
formation properties as well as resistance to fracture.
Currently, the most common evaluation of mechanical prop-
erties is through compressive modulus measurement.2,4,6,9

However, failure properties, such as the resistance to fracture
in the presence of an existing crack, must be evaluated by
fracture toughness techniques. In a composite material such as
cartilage, apparent fracture toughness reflects how much en-
ergy the material will absorb to fracture with an existing de-
fect10 and contributes to the response of materials in crack
extension to failure.11 However, virtually all of the hydrogel
studies to date in articular cartilage tissue engineering have
lacked evaluation of fracture toughness.2 Some studies only
consider ultimate compressive stress or strain, which may
suffer from issues with reproducibility.10,12

In traditional fracture mechanics, fracture toughness is de-
fined as the quantitative expression of the ability of a brittle
material to resist fracture in the presence of an existing sharp
crack. The material property of fracture toughness is defined
for a given material by measurement using a minimum
specimen size that will guarantee dominance of plane strain
conditions, therefore allowing for consistent fracture tough-
ness values for the given material. Use of the term ‘‘apparent
fracture toughness’’ recognizes that for tough composite ma-
terials such as cartilage, the normal rules of traditional fracture
toughness measurement are not possible. We suggest that
consistent use of apparent fracture toughness be used as a
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reminder to researchers in the biomaterials community that
specimen size does matter and that any comparisons made to
other materials should be done with caution and complete
understanding of the limitations involved.

Therefore, to establish testing methods for appropriate
evaluation of hydrogels for use in cartilage tissue engineer-
ing, it is necessary to examine fracture toughness studies of
articular cartilage, and juxtapose them with fracture tough-
ness studies of hydrogels used in applications outside of the
cartilage tissue-engineering field.13–18 Ultimately, to have an
effective hydrogel for cartilage tissue engineering, both the
deformation properties and fracture properties should be in
the range of those of articular cartilage. Therefore, estab-
lished methods to test cartilage fracture properties can be
used as a guide in testing hydrogels for cartilage tissue en-
gineering. These tests include the single edge notch (SEN)
test, trouser tear test, and indentation test.19,20

Based on the apparent fracture toughness measurements
of articular cartilage and of hydrogels used in applications
outside of cartilage tissue engineering, we will establish the
groundwork for linking methodologies between fracture
testing of cartilage and hydrogels and provide recommen-
dations for evaluation of fracture properties for hydrogels
used in cartilage tissue engineering (Fig. 1).

Fracture Toughness Measurement
of Articular Cartilage

The fracture behavior of articular cartilage is intrinsically
connected to its structure.21 Articular cartilage is usually
divided into four macroscopic layers.22,23 The surface layer,
or the superficial zone, is known to be more resistant to shear
stress and wear than the underlying layers due to the parallel
orientation of the collagen fibers relative to the articular
surface.24 Under the superficial zone lie the middle and deep
zones, in which fibers turn obliquely to form a radially
aligned 3-D mesh.21 The bottom calcified zone bears com-

pressive loads21,25 with collagen fibers distributing load
perpendicular to the surface of the articular cartilage.

In isotropic, linearly elastic materials, different loading
modes result in distinctly different values for apparent frac-
ture toughness.20,26 There are three primary fracture loading
modes used in traditional fracture mechanics. Mode I loading
opens a crack by inducing tensile stresses normal to the crack
plane (Fig. 2A). In contrast, Mode II loading propagates a
crack between two surfaces by inducing in-plane shearing
loads (Fig. 2B). Finally, Mode III loading extends a crack by
transverse (out of plane) shearing (Fig. 2C). Mode I has been
used most often for cartilage, as tensile stresses are the pri-
mary mode of crack opening and typically the most stringent
criteria for evaluation of a material.20 Mode III testing has
also been used extensively by the biomechanics community
in several forms, including microindentation.

It is important to note that fracture mechanics methods
were originally developed to evaluate linear elastic materials,
so the meaning of the data obtained from tests on other types
of materials (such as soft tissues) must be interpreted with
care. Since articular cartilage tissue is viscoelastic, aniso-
tropic, and is composed of different layers, even with con-
sistent loading methods, crack extension can vary in
magnitude and mode, making it difficult to obtain consistent
and understandable apparent fracture toughness measure-
ments. For these types of materials, the energy criterion
(versus the stress intensity of the crack tip) is used to rep-
resent the apparent fracture toughness instead of the stress
intensity factor.20 The energy criterion can be interpreted as
the point when sufficient energy is available to overcome the
resistance of the material to grow an existing crack per a
given unit of crack extension. In addition, the specimen size
and shape, loading rates, boundary conditions of gripping,
and other factors have an influence on the outcome of the
energy release rate, therefore testing must be done in a
controlled fashion, and comparisons between tests must be
interpreted carefully.20

We are cognizant of the fact that cartilage failure as a
biological phenomenon in osteoarthritis is typically consid-
ered in the context of an impact injury followed by a cascade
of signaling events over an extended period of time that re-
sult in the breakdown of the cartilage structure and thus the
loss of mechanical integrity. However, for the purposes of
this review, we examine cartilage as a material, and we thus

FIG. 1. Venn diagram emphasizing the distinct fields of (1)
hydrogels in tissue engineering, (2) cartilage biomechanics,
and (3) fracture mechanics. The purpose of this review is to
identify the common ground for these distinct fields, more
specifically, to understand how to best identify fracture me-
chanics methods most suitable for evaluating both hydrogels
and cartilage. The urgency for identifying this common
ground is high in light of the advanced state of hydrogels in
cartilage regeneration, where fracture is ready to stand
alongside stiffness as a functional design requirement. Color
images available online at www.liebertpub.com/teb

FIG. 2. Different modes for testing fracture toughness of
cartilage summed up by Ahsan and Sah20: (A) Mode I—
Opening mode; (B) Mode II—Shearing mode; (C) Mode III—
Tearing mode. Modes I and III have been the preferred
methods used for evaluations of cartilage toughness. Color
images available online at www.liebertpub.com/teb
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review studies that have evaluated its failure properties as a
material, which will serve to facilitate the juxtaposition of
cartilage failure and hydrogel failure. Therefore, the follow-
ing subsections will discuss loading Mode I (opening mode)
and Mode III (out of plane mode and indentation test). Based
on the results of investigations of cartilage failure with these
different mechanisms, we will conclude this section with
suggestions for selecting a reliable method for fracture
toughness measurement of articular cartilage in the context
of looking forward to tissue-engineering studies.

Mode I—modified SEN test

Based on Mode I loading, Chin-Purcell and Lewis27 initiated
the modified SEN test (MSEN) that was developed from a
modification of the compact tension test method recommended
in American Society for Testing and Materials (ASTM) E399. In
this test, a slice of bone with cartilage attached was prepared by
creating a notch from the subchondral bone of the adult mon-
grel canine patella into the deep and middle zones of articular
cartilage (Fig. 3). They equilibrated the sliced specimens for
*1 h in a temperature-controlled saline bath at 37�C. After
equilibration, each specimen was placed in specially designed
holders to grip the bone section. The grips were spring loaded
with the same spring tension for each test. In this way, the grips
grabbed the subchondral bone instead of the articular cartilage,
which helped to avoid slippage and deformation of the articular
cartilage and provided boundary conditions more similar to
that found in the body for a defect extending into the cartilage
from the bone. However, free rotation around the grips was not
allowed, thus yielding a deviation from compact tension ASTM
fracture mechanics tests. Adams et al.28 supplemented the car-
tilage research of Chin-Purcell and Lewis27 by finding that the
thickness (between 0.7 and 2.7 mm) of the cartilage samples
used in the MSEN test had no effect on the apparent fracture
toughness through a comparison between the crack opening
angle and fracture toughness. This finding is important because
it provides evidence that plane strain conditions dominated the
Mode I fracture toughness measured for cartilage using this
specimen type within this range of specimen thickness.

Mode I—SEN test

Stok and Oloyede11,21 supplemented these aforemen-
tioned studies by testing all four cartilage zones, instead of

only the deep zone, in a SEN test that did not incorporate
bone. They shaved the cartilage from bovine bone and
trimmed the cartilage into strips. A notch was made through
the superficial zone into one edge of the cartilage and the
tensile loading was applied at both ends of the cartilage
(Fig. 4). Furthermore, they analyzed crack extension at
varying rates of tensile loading (1.5, 3.0, and 4.5 mm/min)
and found that the energy measured during crack extension
did not vary significantly with the different loading rates.
Therefore, they proposed that it was the structural variations
between the diverse zones of the tissue, rather than the speed
of loading, that predominately determined the characteristics
of fracture in articular cartilage.11

The main difference between the MSEN test and SEN test,
both classified as Mode I tests, is the geometry of the samples
and direction of the defect extension. Specifically, in the
MSEN test, the cartilage remains attached to the bone and
this single osteochondral unit is sectioned into slices as whole
pieces, whereas in the SEN test, the cartilage is removed from
the bone. The SEN test does not replicate the boundary
conditions of cartilage as it exists in the human body, given
that it allows the cartilage to deform freely where it would
normally be constrained by the bone. This difference in the
geometry affects the shape factor in the data analyzing
model and the stresses generated at the crack tip, which will
thus influence the final values obtained. The nature of the
material in the zone around the tip of the crack is also critical;
therefore, the direction of extension of the defect is important
to consider. With SEN specimens, crack extension can extend
from the deepest or the superficial layer depending on where
the defect is made, but with the MSEN notch test, the crack
can only extend from the deepest layer of the cartilage into
the other zones.

Mode III—trouser tear test

Mode III loading was originally derived from anticlastic
plate bending.29 Anticlastic plate bending30 was defined as a
rectangular plate undergoing a twisting type of load to de-
form by two opposite curvatures wherein the plate assumes
a saddle-shaped configuration.

As for testing articular cartilage, Chin-Purcell and Lewis27

introduced the trouser tear test based on the mechanics of
Mode III loading. In their procedure, the cartilage was cut up
the middle with a scalpel through the bone section to the
cartilage base, dividing it into two pieces as ‘‘trouser legs’’

FIG. 3. Modified single edge notch (MSEN) test for carti-
lage (Mode I). Note that the cartilage remains affixed to the
bone. The crack made before testing extends through the
bone and continues a fixed distance into the cartilage, pro-
viding a rigid gripping point with the bone. Color images
available online at www.liebertpub.com/teb

FIG. 4. SEN test (Mode I). Note that the cartilage is not
affixed to bone, unlike the MSEN test. Here, the cartilage is
gripped directly. Color images available online at www
.liebertpub.com/teb
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(displayed schematically in Fig. 5). The trouser legs were
*1.5 mm wide. The bone on the legs was carefully placed
into the grips so that the length of the leg was parallel to the
line of loading. The loading rate was the same as the MSEN
test, tearing the cartilage apart along the radial direction of
the cartilage. The tear always progressed in this direction.
The critical load was determined from the load displacement
curve as the first maximum load.

Mode III—micro-penetration test

Many of the models of the indentation technique focused
their attention on the mechanical characteristics of articular
cartilage such as surface roughness, wear, and elastic modulus
in situ and in vivo.31–36 When combined with visualization
techniques such as atomic force microscopy and scanning
electron microscopy, we can obtain a much more explicit view
of those properties of articular cartilage.19,37,38 However, few
indentation methods have focused on measurement of the
fracture-related failure properties of cartilage.

In 2004, Simha et al.39 introduced a new method of inden-
tation testing for measuring the apparent fracture toughness
of articular cartilage. A penetration or fracture defect in the
surface of an intact cartilage, which was left attached to a thin
layer of the underlying subchondral bone, was created by a
small conical tip (Fig. 6). Unlike tensile and conventional
fracture tests, preparation of small or regularly shaped spec-
imens is not required with this method, which is an advantage
because this type of specimen preparation is difficult in small
animals due to the small volume of cartilage tissue. Due to the
small indenting tips they used, the indentation depths were
shortened to the order of 100mm, which were significantly
larger than those in conventional nanoindentation methods.
Therefore, the name of the described methods above was
designated ‘‘micro-penetration’’ by Simha et al.39

To identify whether penetration had occurred, they
stained the tested specimens with India ink and examined

them under an optical dissecting microscope to identify the
penetration by localization of India ink in the created defect.
Then, the apparent fracture toughness measurement fol-
lowed. The apparent fracture toughness, T, was calculated as

T¼
Wp

ffiffiffi
2
p

(1þ cos a)
3
2

phpen
2sin a

(1)

Penetration work¼Wp¼
Z

F dhs (2)

where Wp was the penetration work, F was the indenting
force, hpen was the total penetration depth, hs was the dis-
placement during penetration, and a was the apex angle of
the cone.

Summary of cartilage fracture toughness testing

All of the above methods are tabulated in detail (Table 1),
including their advantages, disadvantages, and numerical
findings. Among those methods, the MSEN test (a Mode I
test) is promising in future studies because it is easy to ma-
nipulate and visualize, and it maintains the boundary con-
ditions of cartilage. It is also based on a modification of the
ASTM standards designed for the SEN test. In contrast,
during the SEN test (also a Mode I test), the sample may be
easily over-gripped, which can affect the measurement, as
deformation of the sample at the deep zone/bone interface
does not conform to that which exists in the body. However,
the SEN test is relatively easy to perform and can be ap-
proached with defects starting from either the top or bottom
side of the cartilage. The tear test (a Mode III test) is limited
in that it is difficult to grip the bone close to the cartilage
interface and observe the whole measurement process be-
cause of the shear mode of crack opening. The indentation
test may be promising in the measurement of intrinsic frac-
ture parameters of brittle solids. In particular, basic infor-
mation on fracture-surface energies and crack-velocity
functions may be extracted from experimental observa-
tions,40 although additional studies on testing different zones
in the cartilage would be required to further support its use.

Fracture Toughness Measurement of Hydrogels

Hydrogels enable encapsulation of cells and affect their
gene expression16 under physiological conditions because
of their bio-amenable properties such as their high water
content capacity, mild gelation conditions for abundant

FIG. 5. Loading mode III—Trouser tear test: The grips grab
the bone parts to tear through the cartilage, where the bone
part is the area above the dot-dashed line and the cartilage
part is the area below the dot-dashed line. The dotted line
indicates the initial crack from the bone into the cartilage.
The tearing force is applied only on the bone section. Color
images available online at www.liebertpub.com/teb

FIG. 6. A penetration or fracture defect in the surface of
intact cartilage, which is attached to the underlying sub-
chondral bone, is created by a small conical indenter. Color
images available online at www.liebertpub.com/teb
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naturally occurring polymers, and their response under
loading.41 For scaffolds in articular cartilage regeneration,
the fracture properties of synthetic hydrogels are particularly
critical, since cartilage requires a mechanical integrity that
can sustain large deformations without fracture.42–44

The deformation of hydrogels in response to applied stress
is different from that of cartilage. Cartilage deforms rela-
tively easily at small strains, but stiffens with increasing
strain. Hence, the stress–strain response of a cartilage is seen
as a J-shaped curve, with an initial toe region. In contrast,
typical hydrogels are ideal elastic materials, which means
that they fit a neo-Hookean stress–strain model described by
the equation:

r¼G(k� 1=k2) (3)

where G is the shear modulus, s is the stress, and l = L/L0,
where L is the deformed length and L0 is the undeformed
length.45 When plotted as stress versus strain under com-
pression, this function shows a continuously increasing
stress with increasing strain, and reduces to Hooke’s law
only at small strains (below *10%). Hence, the stress–strain
relationship described by this function differs from the
J-shaped curve of cartilage. This is due to the fact that ideal

elastic materials have no internal order and their stress–
strain response is governed simply by the entropic penalty of
shifting randomly oriented chains away from their most
probable distribution. However, there are hydrogels that
deviate from ideal elastic behavior, and display a response
something closer to cartilage. A recent example is that of a
double network gel comprised of a methacrylated chon-
droitin sulfate gel interpenetrated by a polyacrylamide gel.
The multicomponent structure of this gel allowed changes in
the stress response in different deformation modes, as seen in
cartilage.46

In the following subsections, we will introduce the meth-
ods that have been used to evaluate the toughness of hy-
drogels in general. However, in an effort to determine a
reliable method for toughness measurement of hydrogels in
cartilage regeneration, we will discuss only the methods that
can be applied to both hydrogels and cartilage.

Tensile test: with and without notch

For hydrogels, there are two primary methods of tensile
failure testing. The first, with notch, is based on the opening
Mode I—SEN test, analogous to what was discussed previ-
ously with cartilage. The other, without notch, is pure tensile

Table 1. Comparison of Fracture Toughness Measurements of Articular Cartilage

Method type
Modified single edge

notch test
Single edge
notch test Trouser tear test Micro-penetration test

Sample sources Cartilage with bone
from the patella
of adult mongrel
dogs* and cows**

Bovine patellae Cartilage with bone
from the patella of
adult mongrel
canines

Bovine articular cartilage
from patellae

Geometry of
samples

6 mm width, 0.2 mm
thickness in a
rectangular
shape

7 · 25 mm in width ·
length, 1–4 mm
thickness in a
rectangular shape

3 mm width, 0.2 mm
thickness in a
rectangular shape

10 · 10 · 4 mm in a
rectangular shape,
including the articular
cartilage (1–2 mm thick)

Model From energy balance,
a pseudoelastic
model

The poroelastic fracture
toughness model21

From energy balance,
one-dimensional
model

Modified standard
protocols for
Nanoindenter XP

Fracture
toughness
value

Toughness of canine
cartilage range
J = 0.14–1.2 kN/m
(Average
1070 – 870 Nm/m2)*;
Average toughness
of bovine cartilage
1030 – 1019 Nm/m2**

KpIc = 1.83 –
0.8 MPa.mm½

Finding: T = J/1.7 Run #1: 1102 –
136 Nm/m2; Run #2:
825 – 133 Nm/m2

Crack opening
mode

Mode I Mode I Mode III Mode III

Advantages Easily view the whole
process and
approximate
the elastic modulus

The process is simple
and fast. Easily view
the whole process and
approximate the elastic
modulus

Straightforward
calculation and
fewer samples
are needed

Significantly smaller
standard deviations
of toughness value
are obtained.

Disadvantages Complicated calculation
and more samples
are required.

Complicated calculation
and sample preparation
is difficult to
some extent

Difficult to view the
fracture process under
a microscope. It
simulates unrealistic
failure mode.

The tip geometry
affects the results.

References *27; **28 21,11 27 39

KpIc, Apparent fracture toughness; T, Apparent fracture toughness; J, J integral.
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testing. While the word toughness is used to describe the
energy to failure parameter for both tests (with and without
notch), these two parameters cannot be compared. Fracture
toughness is a measure of the energy required to extend a pre-
existing defect, while toughness as traditionally measured in
tensile testing without a notch refers to the overall ability of
the material to resist failure or total energy to failure nor-
malized to specimen volume. This energy includes crack for-
mation as well as extension. A typical tensile test with a notch
present would not conform to a standard fracture toughness
geometry and would not represent apparent toughness mea-
sured from within the cartilage midsubstance.

Kong et al.16 investigated various aspects of gel cross-
linking to independently regulate the elastic modulus (E) and
toughness in the presence of notches (Wt). After inventing a
new type of alginate gel, they assessed the toughness of these
hydrogels using the double edge notch test (i.e., the tensile
test with notch). They introduced two notches in the rect-
angular gel strips (10 · 3 · 0.1 cm) with a razor blade. The
strips were extended at a constant deformation rate of
1 mm/min with the initial notch lengths varying from 1 to
3 mm, and load as a function of displacement was measured.
The total work to fracture (Wt) was calculated from the area
under the stress versus displacement curve, where stress was
defined as the force divided by the cross-sectional area be-
tween the notches. Although testing was performed in the
presence of defects, the method of determining the toughness
parameter was not consistent with fracture toughness ap-
proaches. While similar in concept to fracture toughness
tests, this test did not use either a standard geometry or
typical calculations used in fracture toughness testing and
did not measure work to fracture in the presence of notches
in the depth direction of the cartilage. The results cannot be
directly compared to those from fracture toughness tests.

Smith et al.12 studied the toughness of hydrogels in
phosphate-buffered saline at different temperatures, con-
ducting failure tests and comparing the elastic modulus and
toughness of the specimens. In the test, dog-bone specimens
(laser-cut according to dimensions specified in ASTM D 638-
03 Type IV or V) were loaded on a universal testing machine
(MTS Systems, Insight 2) using a 2 kN load cell with a
1 mm/min strain rate. The elastic modulus was calculated as
the slope of the initial linear region of the stress–strain curve,
while toughness was calculated as the area under the stress–
strain curve up to the fracture stress point in units of MJ/m3.
They concluded that the primary factors that influenced the
toughness of hydrogels were the test temperature relative to
the glass transition temperature, the water content, and the
network structure. In relation to cartilage fracture toughness,
it must be noted that this toughness measurement approach
does not yield values that can be directly compared with
fracture mechanics approaches. Toughness measurements
(i.e., energy to failure without the presence of a pre-existing
crack) can be used as a means of understanding overall en-
ergy-absorbing capabilities of materials until failure, but are
often difficult to interpret and have relatively large varia-
tions, particularly in composite materials, because failure can
occur from many different sources throughout the material.
Fracture toughness implies testing to failure in the presence
of a specifically defined, sharp crack; if performed under
specific conditions to account for the size and shape of the
sample and material ductility, fracture toughness measure-

ments can result in repeatable test results that can be com-
pared between materials.

Mode III—tear test

Tanaka et al.15 measured the Mode III fracture toughness of
poly(2-acrylamido-2-methyl-propanesulfonic acid) (PAMPS)/
polyacrylamide (PAAm) double network gels with different
cross-linking densities. They first cut the gels into the stan-
dardized rectangular shape (30 mm width) with a gel cutting
machine (Dumb Bell Co., Ltd.) (Fig. 7A). The notch length was
20 mm, and the two arms of the test sample (Fig. 7B) were
placed in the grips. It was not specified whether the test was
performed under hydrated or dry conditions. During the test,
only the upper grip was pulled upward at a constant velocity
Vp. By recording the tearing force F, they calculated fracture
energy G using the following equation,

G¼ Fave

2W
(4)

where Fave was the average of F during tear and w was the
width of the gels. G was defined as the energy required to
create a unit area of fracture surface in a sample gel. The
equation was modified to G = Fave/w by Nakajima et al.47 and
in later articles. Since only one arm of the tearing sample was
pulled and the other arm was fixed, they assumed that there
was no elongation of the arms and that the crack velocity V

FIG. 7. (Top) Standardized rectangular shape for a trouser
tear test with a hydrogel: w = 5 mm, L = 50 mm, h = 7.5 mm,
the length of the initial notch is 20 mm; (Bottom) trouser tear
test: F is the tearing force, Vp is the pulling velocity, and V is
the crack velocity. Color images available online at
www.liebertpub.com/teb
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was equal to Vp/2 for such an asymmetrical loading. The
work done to the sample per unit time dW/dt is given by
dW/dt = FaveVp, and the newly created fracture area per unit
time dA/dt is given by dA/dt = 2wV (the numerical number 2
accounts for two surfaces); thus, Gh(dW/dt)/(dA/dt) = Fave/
w. Even taking elongation of the arms into account, the tearing
velocity V was changed from 0.5 · 10- 5 to 0.5 · 10- 2 m/s,
which may be considered negligible. The change of elastic
energy stored in the pulled arms resulted in a correction of
only a few percent for G and V, which is also insignificant.

Compression test

In transitioning away from toughness in a fracture me-
chanics context, the most straightforward evaluation of
general toughness for hydrogels is through the compression
test, through which the elastic modulus and shear modulus
can also be obtained. We were the first to develop a new
method for encapsulating cells in interpenetrating network
(IPN) hydrogels of superior mechanical performance,6 where
dynamic mechanical analysis was used to determine the
mechanical performance of a new IPN hydrogel based on
two biocompatible materials—agarose and poly(ethylene
glycol) diacrylate. During these tests, all of the hydrogel
samples were prepared in a cylindrical shape and placed
between compression platens, which were lubricated with
mineral oil. The toughness was then calculated by numerical
integration of the stress–strain curve generated by com-
pressing each sample at a rate of 0.0005 mm/s. It should be
noted that this approach differs from the toughness param-
eters measured in tensile testing as well as the fracture

toughness evaluated in fracture mechanics approaches, thus
the values cannot be directly compared. Compression to
failure is highly dependent on artifacts in the gel, and es-
pecially considering the nonlinear stress–strain relationship,
differences in fracture strain are manifested in larger differ-
ences in fracture strength and even larger differences in
toughness, resulting in relatively high variability. This is
inherent to the method, where there is an extreme limit of
100% strain, and a high degree of variability with materials
that fracture at 80%–90% strain under compression. The
concern with the relatively large variability in toughness
values acquired via compression juxtaposed with the more
reproducible methods in fracture mechanics in large part
inspired the current review to examine alternatives for
evaluating mechanical failure properties of tissue-engineered
constructs.

Summary of hydrogel fracture toughness testing

Tests to measure toughness parameters of hydrogels have
included tensile tests (with and without notches present),
tear testing of a notched specimen, and compression. Only
the tests done in the presence of notches represent a fracture
mechanics approach and none of these tests are in direct
accordance with ASTM standards that were developed for
plastic materials. All of the above methods are tabulated in
detail (See Table 2), and their advantages and disadvantages
are provided. Referring to Table 2, the SEN test based on the
tensile testing for polymers from ASTM standards is prom-
ising because different types of fracture energy can be cal-
culated, such as the work to fracture dissipated outside the

Table 2. Comparison of Fracture Toughness and Toughness Measurements of Hydrogels

Method type Single edge notch test Tensile test Tear test Compression test

Sample sources Alginate gels MMA-co-45% PEGDMA,
2HEMA-co-2% PEGDMA,
MA-co-MMA-co-2%
PEGDMA, 100% PEGDMA

PAMPS + PAAm
double network
gels

Agarose, PEG, IPN

Geometry of the
samples

Rectangular strips Dog bone shape Rectangular Cylindrical

Model Energy balance Integration of the stress vs.
strain curve

One-dimensional
model

Integration of the stress
vs. strain curve

Toughness value 0.4–80.4 J/m3 0.08–200 MJ/m3 102–103 J/m2 *0.2–146 kJ/m3

Advantages Different types of
fracture energy
can be calculated

Can avoid stress
concentrations; This
method is applied for
many types of hydrogels

Straightforward
testing with
standardized
specimen geometry;
It is easy to analyze
data

A straightforward
test with standardized
specimen geometry;
It is easy to analyze
data

Disadvantages It is likely to crush
the gel or
lengthen the
crack when the
gel is loaded

The sample preparation
is time-consuming.
It can only evaluate
the energy to failure
(not fracture toughness)
for the given specimen
shape

It is difficult to load
the gels since it is a
3D process

The failure
mechanism is
different between
compression and
tension so we cannot
compare the value.
Reproducibility can
be a challenge

References 16 12 15 6

MMA, methyl methacrylate; PEGDMA, poly(ethylene glycol) dimethacrylate; PAMPS, poly(2-acrylamido-2-methylpropanesulfonic acid);
PAAm, polyacrylamide; PEG, poly(ethylene glycol); IPN, interpenetrating network.
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process zone and the essential work at the process zone.
Other tests have limitations that may show some unsatisfied
aspects. For example, the tensile test without notch can only
evaluate the overall toughness. The trouser tear test used for
soft hydrogel samples has issues in comparison with carti-
lage with gripping of the specimen. In cartilage testing, the
attached bone is gripped and the cartilage torn. When the
grips grab the tear legs of the soft hydrogel samples, the
trouser legs will easily be torn before tear loading is applied
because of the stress concentrations at the grip faces. In ad-
dition, a large amount of sample materials may be needed to
meet the standard geometry in the tear test. There are many
ASTM standards related to composite polymers and plastic
materials, but no specific standards for hydrogels. Similarly,
there are no specific standards for toughness measurements
for hydrogels used in cartilage regeneration.

Discussion

In a general view of testing articular cartilage, there are
several different methods for testing the apparent fracture
toughness. However, diverse cartilage sources may affect the
choice of the testing method. For example, in the SEN test,
articular cartilage from small animals may be difficult to
grip, due to their limited length and thickness. With the ar-
ticular cartilage from the ankles of even large animals, the
trouser tear test (Mode III) may not be practical because the
thinness of the cartilage layer and its irregular surface will
make it difficult to section into the standard geometry.

Another point of consideration is that cartilage is heteroge-
neous, which means that different toughness values may be
obtained when using different specimen preparation methods.
For example, in Chin-Purcell and Lewis’s work, they sectioned
off the superficial zone of the cartilage to avoid the aber-
rant crack extension and only tested the fracture resistance in
the deep and middle zones. In contrast, in their later micro-
penetration test, the fracture resistance was measured in the
surface. Experimental data in bovine specimens indicated that
the tensile module in the superficial zone was five times greater
than in the middle zone. The tensile modulus in the middle zone
was in turn four times greater than in the deep zone.

Furthermore, variations in toughness values may occur
even with the same testing method for cartilage. Few articles
actually mentioned how the crack position was verified.
Finding a method to best ensure that cracks are made con-
sistently may help to overcome the problem. Although a
number of investigators have supplemented Chin-Purcell
and Lewis’s work in testing apparent fracture toughness in
tension, future research still remains such as changing the
depth of the crack in the MSEN test so as to identify the
fracture resistance in each zone of cartilage.

Of course, the geometry of hydrogels can be easily con-
trolled. Thus, different testing methods can be applied, such as
the tensile test, tear test, or compression test, to one type of
hydrogel. Strict attention is necessary to avoid creating any
microcracks when loading those hydrogels into the testing
machine, especially when using the trouser tear test or SEN test.

However, based on the testing methods of articular carti-
lage, we may narrow those methods for hydrogels down to
fit the purpose of evaluating mechanical failure of hydrogel-
based constructs for cartilage tissue engineering. In com-
paring the articular cartilage and hydrogel-based constructs

side by side, the differences in testing systems such as in the
micro-penetration method would ideally be eliminated. Al-
though it works well on articular cartilage with straightfor-
ward manipulation, it is limited in testing hydrogels.
Because the hydrogels in cartilage regeneration are normally
softer compared to other types, such as contact lenses,17,48–50

when testing soft samples, a large viscoelastic deformation
occurs, the tear closes upon unloading and the equivalence of
the indentation of the material with a penetration defect and
a flat surface becomes unrealistic.

To consolidate the two distinct fields of cartilage and hy-
drogel fracture testing, the best method for both cartilage
and hydrogels may be tensile testing based on Mode I, thus
eliminating the Mode III trouser tear test. The testing system
setup for micro-penetration is not suitable for hydrogels.
Moreover, compression testing does not lend itself well to
yielding reproducible data, nor does it provide fracture
toughness in a strict fracture mechanics sense. Thus, the test
in Mode I may be the most appropriate approach for testing
both hydrogels and articular cartilage, thus allowing for
more relevant comparisons. In addition, Mode I has a solid
data analytical method based on ASTM standards.

Conclusion

Biomaterial-based tissue-engineering strategies offer great
promise, including the use of hydrogels to regenerate artic-
ular cartilage. Cartilage and hydrogels have different frac-
ture properties and mechanisms, and because of these
differences, the cartilage tissue-engineering research com-
munity would benefit from the development of a uniform
method that can be applied to both materials. Based on
fracture mechanics literature from both the cartilage and
hydrogel fields, a leading candidate for a fracture toughness
testing method for hydrogels in cartilage regeneration may
be the MSEN test. This recommendation is primarily based
on the ability to test identical geometries of cartilage and
hydrogels (and therefore reduce related boundary condition
inconsistencies that will influence measured values), mea-
surement in Mode I, the ability to use minimal materials
during testing, and the ability to measure and compare
fracture properties in the depth direction of various zones.
Providing standards and testing methods that accommodate
for both hydrogel and cartilage will allow us to improve the
failure properties of hydrogels and will ultimately lead to
better tissue replacements for damaged articular cartilage.
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