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Designing Ultratough Single-Network Hydrogels with
Centimeter-Scale Fractocohesive Lengths via Inelastic Crack
Blunting

Jie Ma, Xizhe Zhang, Daochen Yin, Yijie Cai, Zihang Shen, Zhi Sheng, Jiabao Bai,
Shaoxing Qu, Shuze Zhu,* and Zheng Jia*

Fractocohesive length, defined as the ratio of fracture toughness to work of
fracture, measures the sensitivity of materials to fracture in the presence of
flaws. The larger the fractocohesive length, the more flaw-tolerant and
crack-resistant the hydrogel. For synthetic soft materials, the fractocohesive
length is short, often on the scale of 1 mm. Here, highly flaw-insensitive (HFI)
single-network hydrogels containing an entangled inhomogeneous polymer
network of widely distributed chain lengths are designed. The HFI hydrogels
demonstrate a centimeter-scale fractocohesive length of 2.21 cm, which is the
highest ever recorded for synthetic hydrogels, and an unprecedented fracture
toughness of ≈13 300 J m−2. The uncommon flaw insensitivity results from
the inelastic crack blunting inherent to the highly inhomogeneous network.
When the HFI hydrogel is stretched, a large number of short chains break
while coiled long chains can disentangle, unwind, and straighten, producing
large inelastic deformation that substantially blunts the crack tip in a plastic
manner, thereby deconcentrating crack-tip stresses and blocking crack
extension. The flaw-insensitive design strategy is applicable to various
hydrogels such as polyacrylamide and poly(N,N-dimethylacrylamide)
hydrogels and enables the development of HFI soft composites.

1. Introduction

Soft materials such as hydrogels and elastomers have been widely
used as flexible wearable devices,[1] artificial organs for tissue
engineering,[2] and soft robotics.[3] In these applications, soft ma-
terials are often subjected to large deformation and are thus sus-
ceptible to crack propagation. To enhance the crack resistance,
toughening hydrogels has been a focal topic in the field of hydro-
gel development, with various hydrogels possessing enhanced
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fracture toughness over their conventional
counterparts being developed in the past
decade. Examples include double-network
hydrogels,[4] highly entangled hydrogels,[5]

hydrogels with force-reactive extensible
chains,[6] and multi-length-scale hierar-
chical poly(vinyl alcohol) hydrogels.[7]

Nevertheless, even for tough hydrogels,
the introduction of flaws—which is often
inevitable during the fabrication or some-
times required by specific applications [8]

—can markedly reduce their stretchability
and other ultimate properties.[9] Notably,
the stretchability of elastomers and gels
can be insensitive to flaws (i.e., the stretch
at break does not reduce when a flaw
is introduced) in the sample when the
flaw length is relatively small compared
to a material-specific length—the fracto-
cohesive length,[10] which is defined as
the ratio of the fracture toughness to the
work of fracture. Obviously, the larger
the fractocohesive length, the more flaw-
tolerant and crack-resistant the hydrogel.
Hence, it is of great significance to develop

synthetic soft materials with large fractocohesive lengths, so that
they can tolerate long flaws, resist crack propagation, and main-
tain their functionality in service.

The fractocohesive length of most synthetic soft materials to
date is short—only around 1 mm (Figure 1A). Representative ex-
amples include state-of-the-art hydrogels such as hydrogels made
of metal ion-clad picot fibers (p-Pep/Cu2+ hydrogels),[11] hier-
archical poly(vinyl alcohol) (HA-PVA) hydrogel,[7] dry-annealed
PVA hydrogel,[12] PAMPS-PAAm double-network hydrogel,[4b]

regular polyacrylamide hydrogel,[13] and elastomers such as natu-
ral rubber,[10a] TPU,[9a] VHB,[10a] polyurethane,[10a] and ionic con-
ductive elastomers.[14] Although various research works have fo-
cused on the design of tough soft materials,[5a,15] of which the
fracture toughness has been greatly enhanced, these tough hy-
drogels barely possess large fractocohesive lengths since high
fracture toughness does not necessarily lead to large fracto-
cohesive length and high flaw insensitivity. For instance, the
highly entangled hydrogels are tough and strong due to mas-
sive entanglements;[5a] however, the fractocohesive length is eval-
uated to be 2.39 mm based on their toughness and work of
fracture reported. The classic PAMPS-PAAm double-network
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Figure 1. HFI PAAm hydrogels with a large fractocohesive length on the order of centimeters. A) The fractocohesive length of the HFI hydrogel and
various materials. Existing synthetic soft materials exhibit fractocohesive lengths between 1 mm and 1 cm. The HFI hydrogel reported in this work has
a fractocohesive length of 2.21 cm, outstripping nearly all existing synthetic soft materials. Notably, the fractocohesive length of the HFI PAAm hydrogel
is enhanced by more than one order of magnitude compared to regular PAAm hydrogels. B) I. HFI hydrogel has an entangled inhomogeneous network
containing polymer chains of widely distributed chain lengths—from long coiled chains to comparatively short ones. When the hydrogel is stretched, the
breakage of short chains as well as the uncoiling of long chains collectively result in large inelastic deformation and pronounced inelastic crack blunting.
A broken short chain also partly relaxes other chains entangled with it, contributing to the inelastic deformation that blunts the crack tip. II. Regular
hydrogels are comprised of chains that are overall much shorter compared to those in HFI hydrogels due to dense crosslinks. In the deformed state,
these short chains can be readily stretched taut simultaneously and build up high tension, causing chain breakage and the advancement of flaws, such
that regular hydrogels are flaw-insensitive. C) Photographs demonstrating crack blunting of HFI hydrogels in the deformed configuration. The profile
corresponding to the blunted crack surface becomes similar to the left free edge of the hydrogel, indicating the effect of the sharp crack has been largely
attenuated.

hydrogel is considerably tough but only has a fractocohesive
length of 0.432 mm.[16] Besides soft materials, the fractocohe-
sive length of typical hard materials such as metals and ceram-
ics is often below 100 μm.[10a,17] The usefulness of materials is
determined by their ability to stretch without breaking. For the
abovementioned synthetic soft materials whose fractocohesive
length is about 1 mm, a flaw with the length of a few millimeters
can markedly reduce the stretchability of the materials. The only
hydrogel reported to date that exhibits a fractocohesive length
reaching the level of 1 cm is PAAm-alginate double-network
hydrogel.[9a] Synthetic hydrogels, especially single-network ones,
with a fractocohesive length on the order of a few centimeters,
however, are still lacking.

Here, using widely studied polyacrylamide (PAAm) hydrogel
as a representative material system, we synthesize an ultratough
highly flaw-insensitive (HFI) single-network hydrogel of a fracto-
cohesive length of 2.21 cm via the inelastic crack blunting strat-
egy, which sets the highest record for synthetic hydrogels to date

(Figure 1A). The stretchability of the HFI hydrogel is insensitive
to flaws of length of a few centimeters. In addition, the HFI hy-
drogels possess an unprecedented fracture toughness of ≈13 300
J m−2. The HFI hydrogel is synthesized using unusually low
amounts of crosslinkers with a high amount of water content. As
we will show later with experimental measurements and molecu-
lar dynamics simulations, the synthesized hydrogel has an entan-
gled inhomogeneous network that contains polymer chains with
a broad range of chain lengths—from extremely long and highly
coiled chains to comparatively short ones (Panel I of Figure 1B). It
is such inhomogeneous networks consisting of both coiled long
polymer chains and sacrificial short chains that render the hydro-
gel highly flaw-insensitive. When the HFI hydrogel is stretched,
the polymer network transmits the high stress from the crack tip
into the network, causing the breakage of a large number of short
chains in a large area ahead of the crack, while the coiled long
chains slide over each other—“lubricated” by the high content
of water—to unwind and straighten, accommodating the large
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applied elongation (Panel I of Figure 1B). The large inelastic de-
formation associated with this process gives rise to inelastic crack
blunting, a phenomenon commonly observed in tough metals
and alloys that is attributed to plastic deformation,[18] which can
transit a sharp crack to a highly blunted notch (Figure 1C). The
inelastic crack blunting can significantly attenuate the stress con-
centration at the crack tip and markedly reduce the sensitivity
of hydrogels to the flaw. In addition, the usage of unusually low
amounts of crosslinkers also leads to moderate amounts of en-
tanglements [5a] (Panel I of Figure 1B). When short chains break,
the deformation of long chains entangled with the short chains is
relaxed, also contributing to the inelastic deformation that blunts
the crack tip. In contrast, such mechanism is absent in regu-
lar hydrogels. Although regular hydrogels also possess an inho-
mogeneous network,[10b,c,19] chains in regular hydrogels have a
narrower distribution of chain lengths and much shorter overall
chain length due to dense crosslinks compared to HFI hydrogels
(Panel II of Figure 1B), so the chains can hardly slide against each
other due to the confinement of dense crosslinks and can read-
ily be stretched taut. Therefore, these chains in front of the crack
tip easily build up high tension and break almost simultaneously,
causing the advancement of flaws, consequently rendering regu-
lar hydrogel flaw-sensitive.

2. Results and Discussion

To synthesize the HFI PAAm hydrogel, we use unusually low
amounts of crosslinkers with normal amounts of water content
and initiator. It is well known that synthesized hydrogels possess
inhomogeneous networks of distributed chain lengths.[10b,c,19]

The uncommonly sparse crosslinks result in inhomogeneous
networks that contain very long and highly coiled polymer chains
as well as relatively short chains (Figure 1B), as will be demon-
strated later. For the precursor, we define M as the monomer-to-
water molar ratio, C as the crosslinker-to-monomer molar ratio,
and I as the initiator-to-monomer molar ratio. Unless otherwise
noticed, we use M = 0.0507 and I = 8.875 × 10−4 throughout
the experiment, which are normal amounts of water content and
initiator used for synthesizing common PAAm hydrogels in the
literature.[10b,c,20] We synthesize four PAAm hydrogels using pre-
cursors of different values of C = 0.355 × 10−4, 1.775 × 10−4,
2.485 × 10−4, and 3.195 × 10−4 in the ratio of 1: 5: 7: 9. For this
reason, we name the four corresponding hydrogels 1C, 5C, 7C,
and 9C hydrogels for simplicity. For example, the PAAm hydro-
gel of C = 0.355 × 10−4 is called 1C hydrogel and the hydrogel
of C = 2.485 × 10−4 is 7C hydrogel. All the hydrogel samples
with different crosslinker concentrations are well-cured. In par-
ticular, the unusually low crosslinker concentration of C = 0.355
× 10−4 (1C) can result in well-cured PAAm hydrogels that are
chemically crosslinked and insoluble in deionized water (Figure
S1, Supporting Information), while further decreasing C hardly
leads to well-cured PAAm hydrogels. Dynamic mechanical anal-
ysis (DMA) test is conducted to characterize the gelation state
of the 1C hydrogel, demonstrating that the 1C hydrogel is well-
cured and behaves like an elastic solid rather than a viscous liq-
uid (Figure S2, Supporting Information). Following the above
recipe, all resultant as-synthesized hydrogels have a water con-
tent of ≈83.33 wt%, unless otherwise noticed.

We characterize the flaw-sensitivity of the as-synthesized
PAAm hydrogels by uniaxially stretching precut samples along
the height direction of the sample (Inset of Figure 2A). The hydro-
gel samples tested have overall dimensions of 1 cm in width (w),
5 cm in height (h), and 0.2 cm in thickness. Flaws of length a are
made at the edge of the hydrogel perpendicular to the stretching
direction (inset of Figure 2A). Stress–stretch curves of all samples
under uniaxial tension are recorded. For each sample with given
values of C and a/w, three samples are tested to ensure the repli-
cability of the data (Figure S3, Supporting Information). We show
that the 1C hydrogel samples are flaw-insensitive. The stretch at
rupture 𝜆r of the 1C hydrogel without flaw (i.e., a = 0) is 18.14.
As the normalized flaw length a/w increases to 0.6, 0.7, and 0.8,
the stretch at rupture 𝜆r is 18.63, 18.74, and 19.05, respectively
(Figure 2A). That is, the stretch at rupture 𝜆r of the 1C hydrogel
does not reduce in the presence of flaws of various lengths, i.e.,
the hydrogel sample is flaw-insensitive. Figure 2B shows that the
introduced flaw of a/w = 0.8 becomes highly blunted with a very
large radius of curvature at the crack front under the subcritical
stretch of 𝜆 = 18.7. In sharp contrast, 5C, 7C, and 9C hydrogel
samples are apparently flaw-sensitive (Figure 2C–E). Take 7C hy-
drogels as an example. The stretch at rupture 𝜆r is 9.20 for a/w =
0 but reduces markedly to 2.16, 1.70, and 1.50 for a/w = 0.3, 0.5,
and 0.8, respectively (Figure 2D). The sample demonstrates neg-
ligible crack blunting before the propagation of crack (Figure 2F).
To this end, we call the 1C hydrogel highly flaw-insensitive hydro-
gel (i.e., the HFI hydrogel), and the other hydrogels, including
5C, 7C, and 9C, the regular hydrogels. We found the transition
from HFI hydrogel to regular hydrogels happens around C =
1.065 × 10−4, which can be denoted as 3C (Figure S4, Support-

ing Information).
The flaw sensitivity of a material is closely related to the fracto-

cohesive length, defined as the ratio of the fracture toughnessΓ to
the work of fracture W of the material.[10] In a sufficiently large
hydrogel sample, a flaw shorter than the fractocohesive length
has negligible effects on the ultimate stretchability of the hydro-
gel, as pointed out by Yang et al.[10b] To determine the fractocohe-
sive length of the HFI hydrogel, we first measure the work of frac-
ture W of the HFI hydrogel by rupturing dumbbell-shaped sam-
ples of no cuts in the uniaxial tension tests. Measurements us-
ing different sample dimensions yield a size-independent work
of fracture W being ≈601.0 kJ m−3 (Figure S5, Supporting In-
formation). Then, we measure the fracture toughness Γ by rup-
turing hydrogel samples of no cuts and long cuts (as long as
50% sample width), respectively, in the pure shear tests. The
curves of precut samples with a/w = 0.5 and the correspond-
ing curves of uncut samples (i.e., a/w = 0) are used to calculate
the fracture toughness (Figure S6, Supporting Information). It is
found that the measured fracture toughness rises with increas-
ing dimensions of tested samples and saturates as the sample
becomes sufficiently large (Figure 3A). Considering that the frac-
ture toughness is also a material-specific quantity that should be
independent of sample dimensions, the measured values in the
saturated regime give the fracture toughness of the HFI hydro-
gel, about 13 300 J m−2 (Figure 3A and Table S1, Supporting In-
formation), which is the highest fracture toughness reported for
single-network hydrogels to date and is two orders of magnitude
higher than that of regular PAAm hydrogels. The size-dependent
fracture toughness indicates that the HFI hydrogel has a large
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Figure 2. Flaw-sensitivity of highly HFI hydrogels and regular hydrogels. A) Stress–stretch curves of HFI hydrogels with C = 0.355 × 10−4 (1C). The
1C hydrogels are called HFI hydrogels since the stretchability is insensitive to flaws of any length in the sample. B) Photo images showing pronounced
crack blunting in the 1C HFI hydrogel at large stretches. C–E) Stress–stretch curves of regular hydrogels with C = 1.775 × 10−4 (5C), 2.485 × 10−4 (7C),
and 3.195 × 10−4 (9C), respectively. The stretchability of regular hydrogels is very sensitive to the introduction of flaws. F) The profile of crack front in
7C regular hydrogels before rupture.

inelastic fracture processing zone, the size of which scales with
the fractocohesive length.[10b] When the characteristic length of
the sample (i.e., the height of the sample in the pure shear tests)
is small compared with the fracture processing zone, the fracture
toughness increases with the dimension of the hydrogel. When
the characteristic length of the sample is larger than the fracture
processing zone, the fracture toughness becomes independent
of the sample dimension. The transition from size-dependent
to size-independent fracture toughness occurs at a characteris-
tic length (i.e., the sample height) between 3 and 4 cm, which
implies that the fractocohesive length of the HFI hydrogel is at
this level since the size of the inelastic fracture processing zone
scales with the fractocohesive length.

Based on the size-independent fracture toughness (Γ =
13 300 J m−2) that is measured from sufficiently large sam-
ples and the work of fracture (W = 601 kJ m−3) (Figure 3A;
Table S1 and Figure S5, Supporting Information), the fractoco-
hesive length is quantitatively calculated to be Γ/W = 2.21 cm
(Figure 1A), setting the highest record for synthetic hydro-
gels so far—whose fractocohesive lengths are usually between
1 mm and 1 cm.[10a] We plot fractocohesive length data of var-
ious hydrogels and elastomers on the plane of fracture tough-

ness Γ and work of fracture W (Figure 1A). The dashed slashes
mark the constant values of the fractocohesive length Γ/W. The
HFI PAAm hydrogel occupies the top left corner of the plane.
The HFI hydrogel has a long fractocohesive length of 2.21 cm,
which has not ever been realized before. This length is far
higher than that of any state-of-the-art synthetic soft materials—
from single-network to double-network—including p-Pep/Cu2+

hydrogels,[11] biomimetic interfacial-bonding nanocomposite
(tBIN) hydrogels,[21] HA-PVA hydrogel,[7] dry-annealed PVA
hydrogel,[12] PAAm-alginate tough hydrogel,[4a] PAMPS-PAAm
double-network hydrogel,[4b] regular polyacrylamide hydrogel,[13]

natural rubber,[10a] TPU,[9a] VHB,[10a] and polyurethane.[10a] The
centimeter-scale fractocohesive length of the HFI hydrogels
even reaches the level of natural soft tissues including bovine
pericardium,[9a] rhinoceros dermal,[22] and liver capsule.[23] No-
tably, the HFI PAAm hydrogel is a single-network hydrogel, and
its centimeter-scale fractocohesive length exceeds that of existing
single-network hydrogels (including regular PAAm hydrogel) by
more than one order of magnitude.

As discussed above, fractocohesive length—the ratio of the
fracture toughness to the work of fracture—is one material con-
stant that measures the flaw sensitivity of a material: a flaw
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Figure 3. Fracture behavior and inelastic deformation of the HFI hydrogel. A) Fracture toughness of HFI hydrogels. By pure-shear tests, the fracture
toughness of HFI hydrogels is measured by samples with sufficiently large dimensions, giving 13.3 kJ m−2. B) Loading–unloading curves of HFI and
regular hydrogels. Prior to unloading, all hydrogels are stretched to subcritical stretches, which are 86% of their stretches at rupture 𝜆r. C) Residual ratio
and hysteresis ratio of HFI and regular hydrogels. The results indicate that the inelastic deformation of the HFI Hydrogel is much more pronounced than
that of regular hydrogels. D) Coarse-grained molecular dynamics (CGMD) model of hydrogels with low crosslinking rate of 0.5%. E) CGMD-predicted
chain length distribution of hydrogels with different crosslinking ratios, demonstrating a wide chain-length distribution in hydrogels with the crosslinking
ratio of 0.5%. F,G) Examples of representative chain movements in hydrogels. The results illustrate short-chain breakage at similar stretches in hydrogels
with a high crosslinking ratio of 4% prior to rupture (F), but sequential short-chain breakage as well as uncoiling/straightening of long chains in hydrogels
with a low crosslinking ratio of 0.5% (G). The latter naturally leads to pronounced inelastic deformation. The colors are used to highlight different chains.
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shorter than the fractocohesive length has negligible effects on
the ultimate stretchability of the material.[10b] It is worth noting
that there is another material constant that quantitatively char-
acterizes the flaw sensitivity of a material, the flaw-insensitive
length,[16,24] which scales with the fractocohesive length but is
measured in a different way from the fractocohesive length. The
method for determining the flaw-insensitive length is as follows:
the stretchability of sufficiently large samples with different cut
lengths is measured and recorded. The stretches at rupture of
precut samples are almost the same as the values of uncut sam-
ples when the flaw is short, but become smaller than the val-
ues of uncut samples when the cut is long.[16] The transition
takes place at a critical cut length, which is the flaw-insensitive
length. To measure the flaw-insensitive length of the HFI hy-
drogel, we use the samples with dimensions of 20 cm in width
and 8 cm in height (Figure S7, Supporting Information). Vari-
ous flaw lengths are introduced to the samples. The stretches
at rupture of the HFI hydrogel samples do not decline as the
length increases up to 5 cm, indicating that the flaw-insensitive
length of the HFI hydrogel is no less than 5 cm (Figure S7, Sup-
porting Information). To date, flaw-insensitive length has been
tested for only a few soft materials, including VHB,[25] Ecoflex,[25]

regular PAAm hydrogels,[10b] and the PAMPS-PAAm double-
network hydrogel,[16] with flaw-insensitive length ranging from
microns to millimeters (Table S2, Supporting Information). As
above noted, the flaw-insensitive length of the HFI hydrogel is on
the order of centimeter scale, well exceeding reported values of
typical soft materials, including that of the classic tough PAMPS-
PAAm double-network hydrogel.

The flaw-insensitive behavior of the HFI hydrogels can be at-
tributed to inelastic crack blunting and corresponding crack-tip
stress deconcentration. To demonstrate the remarkable inelastic
deformation behavior of HFI hydrogel, we load the HFI hydro-
gels and regular hydrogels to subcritical stretches—86% of their
stretches at rupture shown in Figure 2—and unload (Figure 3B).
For all hydrogels tested, we note that after unloading, the stretch
at zero nominal stress is larger than 1, which is indicative of resid-
ual inelastic deformation. We regard the residual ratio, which is
defined by the ratio of the residual strain to the maximum ap-
plied strain, as one measure of the inelastic deformation. For
the HFI 1C hydrogel, the residual ratio due to inelastic defor-
mation is 9.28% (Figure 3C), much larger than that of regular
PAAm hydrogels—2.25% for the 5C hydrogel, 1.90% for the 7C
hydrogel, and 2.31% for the 9C hydrogel. Moreover, the unload-
ing curves of all PAAm hydrogels are below the loading curves
(Figure 3B). The area under a loading curve is the work done by
the load, and the area between the loading and unloading curve
is the energy dissipated during loading and unloading. Hystere-
sis can be defined as the ratio of the energy dissipated to the
work done, serving as another measure of the inelastic deforma-
tion of hydrogels. For the HFI hydrogel and other regular hydro-
gels of 5C, 7C, and 9C, the hysteresis is 28.00%, 8.35%, 6.33%,
and 7.12% (Figure 3C), respectively. Under cyclic stretches, the
1C HFI PAAm hydrogels also exhibit significantly higher resid-
ual ratio and hysteresis ratio than those of regular PAAm hydro-
gels (Figures S8–S10, Supporting Information). The larger resid-
ual ratio and hysteresis of HFI hydrogels in comparison to reg-
ular hydrogels indicate more pronounced inelastic deformation
in HFI hydrogels under deformation. In addition, under cyclic

loads, stress–stretch curves of HFI hydrogels exhibit consider-
able hysteresis in the first cycle but remain almost unchanged
in the subsequent cycles, indicating that the viscoelasticity of the
HFI hydrogels is negligible (Figure S11, Supporting Informa-
tion).

The significant inelastic deformation of HFI hydrogels re-
sults from a microscopic fact of polymer networks: real polymer
networks are inhomogeneous, consisting of chains of unequal
lengths, as revealed by series of experimental,[10b] theoretical,[26]

and simulation studies;[26e,f] and sparser crosslinks may lead to
wider chain length distribution.[27] To verify this molecular pic-
ture, coarse-grained molecular dynamics (CGMD) simulations
are conducted on four representative hydrogel models with dif-
ferent crosslinking ratios of 0.5%, 2%, 3%, and 4%, which are
defined as the number of crosslinks divided by the number of
grains in the network model. Note that the HFI hydrogels are
made with the unusually low amount of crosslinkers, such that
the CGMD model with low crosslinking ratios of 0.5% corre-
sponds to the HFI hydrogels, while models with crosslinking ra-
tios of 2%, 3%, and 4% correspond to regular hydrogels. It can be
found from CGMD simulations that hydrogels of 0.5% crosslink-
ing ratios contain both highly-coiled long polymer chains and
comparatively much shorter chains (Figure 3D and Figure S12,
Supporting Information). Figure 3E shows the simulated chain
length distribution of hydrogel models with different crosslink-
ing ratios: The hydrogel of the low crosslinking ratio of 0.5%
exhibits widely distributed chain lengths, containing not only
many extremely long chains—a natural consequence of using
small amounts of crosslinkers—but also, counterintuitively, a
large number of very short chains, with the chain length distribu-
tion spanning more than an order of magnitude (Figure 3E). In
stark contrast, hydrogels of high crosslinking ratios (i.e., 2%, 3%,
and 4%) have much narrower distributions of chain lengths, with
mostly very short chains as expected (Figure 3E and Figure S12,
Supporting Information). Nuclear magnetic resonance (NMR)
tests performed on crosslinked hydrogel systems also reveal that
a lower concentration of crosslinker results in higher network in-
homogeneity, which is in line with the findings from our CGMD
simulations.[27] Figures 3F,G show the deformation of a small
group of representative chains, revealed by CGMD simulations
of stretching hydrogel of different crosslinking ratios. It is shown
that as the hydrogel with the low crosslinking ratio of 0.5% is
stretched, short chains (e.g., chains highlighted by green, blue,
and yellow in Figure 3G) distributed throughout the network
sequentially break, leading to the rearrangement of the intact
long chains into longer chains (e.g., the red chain illustrated
in Figure 3G). Figure S13A (Supporting Information) records
the number of broken chains in the hydrogel model with the
low crosslinking ratio of 0.5% as the function of applied stretch,
further corroborating the sequential and continuing short chain
breakage during stretching. The short-chain breakage and the
uncoiling/straightening of extremely long chains at the micro-
scopic scale collectively give rise to the large inelastic deformation
of hydrogels with the low crosslinking ratio at the macroscopic
scale. In sharp contrast, the short chains that constitute the hy-
drogel with a high crosslinking ratio of 4% break easily at simi-
lar stretches right before the rupture of the hydrogel (Figure 3F;
Figures S13B,D, and S14, Supporting Information), resulting in
minimal inelastic deformation prior to rupture of the hydrogel.

Adv. Mater. 2024, 2311795 © 2024 Wiley-VCH GmbH2311795 (6 of 11)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202311795 by Z
hejiang U

niversity, W
iley O

nline L
ibrary on [14/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

The entanglements formed due to the usage of unusually low
amounts of crosslinkers in synthesizing the HFI hydrogel (1C)
are also believed to contribute to the inelastic deformation that
substantially blunts the crack. It is widely recognized that lower
crosslinker concentration leads to smaller modulus and softer
hydrogels.[5a] Here, we found that the modulus of the HFI PAAm
hydrogel synthesized with the unusually low crosslinker concen-
tration C = 0.355 × 10−4 (1C) is about 21.6 kPa (Figure S15, Sup-
porting Information), very close to that of regular PAAm hydro-
gels with C = 1.775 × 10−4 (5C), 2.485 × 10−4 (7C), and 3.195 ×
10−4 (9C), which are five, seven, and nine times that of the
crosslinker concentration used for the 1C HFI PAAm hydrogel.
Moreover, the modulus of the HFI PAAm hydrogel is also com-
parable to that of most regular PAAm hydrogels reported in the
literature,[10b,c,13a,20,28] which is on the order of 10 kPa (Table S3,
Supporting Information). The results indicate that the modulus
of HFI hydrogels is not compromised by the uncommonly low
crosslinker concentration, which signifies the existence of en-
tanglements formed due to low crosslink density.[5a] Following
Kim et al.,[5a] we assume that all crosslinkers in a precursor are
incorporated into the polymer. Each crosslinker connects four
chains and each chain has two ends. Hence, the average number
of monomers per chain is 1/2C, where C is the crosslinker-to-
monomer molar ratio. For the HFI hydrogel, the average number
of monomers per chain is 1/(2 × 0.355 × 10−4) = 1.41 × 104—
each chain has, on average, 1.41 × 104 monomers. Note that the
modulus of the HFI hydrogel, of which C = 0.355 × 10−4, is
similar to that of the 9C hydrogel, of which C = 3.195 × 10−4,
indicating that the entanglements in the HFI hydrogel effectively
shorten the polymer chains to 1/(2 × 3.195 × 10−4) = 0.156 × 104

monomers. That is, each chain has entanglements equivalent to
≈10 cross-links. When the HFI hydrogels are stretched, before
the short chains break, tension transmits along the chain and to
many other long chains through entanglements. When the short
chains break, the network relaxes the tension and deformation
in many long chains that were entangled with the short chains,
contributing to the inelastic deformation of HFI hydrogels.

The above physical picture can be applied to understand the
unprecedented fractocohesive length of the HFI hydrogel. The
inelastic deformation due to long-chain disentangling and un-
winding induced by short-chain scission is more pronounced
near the tip of existing flaws. From the macroscopic perspec-
tive, it is well known that inelastic deformation causes inelastic
crack-tip blunting,[18b] i.e., the irreversible transition from a sharp
crack to a highly blunted notch. Figure S16 (Supporting Informa-
tion) demonstrates significant inelastic deformation around the
crack tip in HFI hydrogels. After being stretched to a subcritical
stretch of 18.63 and released, an initial round black mark ahead
of the sharp crack tip in the HFI hydrogels becomes a narrow
stripe along a widely open V-shaped notch (Figure S16A, Sup-
porting Information), which suggests that significant inelastic
deformation occurs around the crack tip in the HFI PAAm hy-
drogel. The inelastic deformation around the crack tip leads to
inelastic crack blunting, where the initial sharp crack irreversibly
turns into a highly blunted crack (Figure S16A, Supporting In-
formation). The blunting of crack can significantly deconcentrate
stresses at the tip of flaws. By contrast, the inelastic deformation
around the crack tip in the regular 7C hydrogel is negligible, with
the initial crack remaining sharp after being released from the

subcritical stretch (Figure S16B, Supporting Information), sug-
gesting a lack of stress attenuation mechanisms. From the mi-
croscopic perspective, chains in regular hydrogels have narrower
chain length distributions and are much shorter than those in
HFI hydrogels; they can hardly slide against each other due to
the confinement of dense crosslinks. When the regular hydro-
gel is stretched, these chains on the crack plane easily build up
high stresses and break (Figure S17A, Supporting Information),
causing the advancement of flaws. In sharp contrast, coiled long
polymer chains in HFI hydrogels can accommodate the large de-
formation near the tip of flaws by disentangling, decoiling, and
sliding against each other, significantly deconcentrating high ten-
sion of chains and stresses at the flaw tips (Figure S17B, Support-
ing Information), thereby giving remarkable flaw insensitivity of
the HFI hydrogels.

Fracture is a size-dependent phenomenon. Larger samples are
more prone to crack advancement than smaller ones. Thanks to
the unprecedented fractocohesive length, large-sized HFI hydro-
gels with characteristic lengths on the scale of centimeters can
be insensitive to flaws contained in the sample. The fracture of
materials is a result of the interplay between the characteristic
length of the sample (i.e., the smallest relevant sample dimen-
sion and the flaw length) and the size of the fracture processing
zone, which scales as the fractocohesive length. Therefore, the
stretch at rupture of hydrogels is not only dependent on the flaw
length, but also on the sample sizes. When the sample dimension
is relatively small compared to the size of the fracture processing
zone, a hydrogel is insensitive to flaws contained in the sample.
Otherwise, the hydrogel becomes susceptible to the propagation
of existing flaws and is sensitive to flaws contained in the sam-
ple. For this reason, it is widely recognized that large hydrogel
samples tend to be sensitive to flaws. The stretchability of com-
mon hydrogel samples with characteristic length reaching ≈1 cm
is sensitive to flaws introduced to the samples.[4a,10b,29] Here, we
show that large HFI hydrogel samples with characteristic length
up to ≈8 cm are flaw-insensitive, we test a series of HFI hydrogel
samples, with the same sample width of w = 20 cm and thick-
ness of 0.2 cm but varying heights of 6 and 8 cm, respectively
(inset of Figure 4C). The samples with heights of 6 and 8 cm
are flaw-insensitive with different flaw lengths (Figure 4A,B). In
sharp contrast, 7C regular hydrogels with dimensions of 20 cm ×
6 cm × 0.2 cm and precuts (length of cut is 5, 10, and 15 cm, re-
spectively) all rupture at a very low stretch around 2, significantly
lower than that of uncut samples, which is 8.68 (Figure 4C).
In fact, regular PAAm hydrogel samples with even smaller di-
mensions are still sensitive to flaws (Figure 2C–E). Moreover, it
is worth noting that double-network PAAm-alginate hydrogel—
a well-known representative tough hydrogel with a fractocohe-
sive length around ≈1 cm—with dimensions of 7.5 cm × 0.5 cm,
which is much smaller than dimensions of HFI hydrogels in
Figure 4A,B, is sensitive to flaws in it: Introducing a flaw reduces
the stretchability of the PAAm-alginate hydrogel from 21 to 17,
with an ≈19% reduction.[4a]

It is widely recognized that high water content often compro-
mises the mechanical properties of hydrogels, since water neg-
ligibly transfers forces. Here, we find that high water content,
counter-intuitively, is key to maintaining the flaw-insensitivity
of HFI PAAm hydrogel. To demonstrate this, we synthesize hy-
drogels of various water content—from 75 to 84.62 wt%—by

Adv. Mater. 2024, 2311795 © 2024 Wiley-VCH GmbH2311795 (7 of 11)
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Figure 4. Flaw sensitivity of HFI PAAm hydrogel samples of large dimensions and in the fully swollen state. A,B) Stretch at rupture of HFI PAAm hydrogel
samples with large dimensions of 20 cm × 6 cm and 20 cm × 8 cm, which are insensitive to flaws of different lengths. C) Flaw-sensitive stretch at
rupture of regular PAAm hydrogel sample in the dimensions of 20 cm × 6 cm. D) Water content of HFI hydrogels immersed in water as a function of
time. The water content gradually increases from 83.33 to 95.68 wt% in 24 h. E) Stretch at rupture of fully swollen HFI hydrogels with dimensions of 1 cm
(width) × 5 cm (height) as a function of normalized cut length. F) Stress–stretch curves of fully swollen HFI hydrogel samples with dimensions of 20 cm
(width) × 8 cm (height). The hydrogel sample is flaw-insensitive since the introduction of flaws does not lead to a decline in the ultimate stretchability.

changing the water content of the precursor solution. The hy-
drogel dimensions are fixed to 1 cm (width) × 5 cm (height) ×
0.2 cm (thickness). It is found that hydrogel samples with high
water content—no less than 76.47 wt%—are flaw-insensitive
(Figure S18A–C), while samples with relatively low water
content—less than 75 wt%—become flaw-sensitive (Figure
S18D, Supporting Information). That is, the reduction in wa-
ter content leads to a transition from flaw-insensitive to flaw-
sensitive behavior. It is speculated that high water content can
reduce the molecular interaction (i.e., friction) between polymer
chains and facilitate the sliding and uncoiling of long chains, thus
enabling large inelastic deformation and imparting high flaw-
insensitivity to the hydrogel. Moreover, to test the flaw-sensitivity
of fully swollen hydrogels (often with water content beyond
90 wt%) immersed in water environment, a working condition
required by many applications, we put as-synthesized HFI hydro-
gel samples with initial water content of 83.33 wt% in deionized
water. The hydrogel swells to equilibrium after the submersion
in water, with the water content increasing gradually and even-
tually reaching a plateau level of 95.73 wt% at the fully swollen
state (Figure 4D and Figure S19, Supporting Information). It is
demonstrated that the fully swollen HFI PAAm hydrogel sam-
ples with in-plane dimensions of 1 cm (width) × 5 cm (height)
and 20 cm (height) × 8 cm (width) are both insensitive to large
flaws (Figure 4E,F), demonstrating that HFI hydrogel samples

in its fully swollen state with an equilibrium water content of
95.73 wt% are still highly flaw-insensitive. It is speculated that
the high water content facilitates the coiled long polymer chains
to slide over each other, unwinding and straightening them, re-
sulting in large inelastic deformation and large flaw insensitivity.
Notably, despite the unusually low amount of cross-linker used
in the synthesis of the HFI PAAm hydrogels, the measured wa-
ter content of fully swollen HFI PAAm hydrogels (95.73 wt%) is
comparable to that of fully swollen regular PAAm hydrogels us-
ing a normal amount of crosslinkers (Table S4, Supporting In-
formation), which indicates the formation of entanglements in
the HFI PAAm hydrogel, as speculated above. The entanglement
compensates for the influence of low crosslinking density, result-
ing in a swelling ratio that is comparable to, rather than much
higher than, those reported in the literature for regular PAAm
hydrogels. As expected, uniaxial tension tests reveal that the fully
swollen HFI hydrogel possesses a lower modulus of 4.57 kPa,
which is lower than that (≈21.6 kPa) of the as-synthesized HFI
hydrogel (Figure S20, Supporting Information).

In terms of application, the HFI PAAm hydrogel can be ap-
plied to enhance the flaw-resistance of regular hydrogels via fabri-
cating hydrogel composites, which consist of alternating strips of
HFI hydrogel and regular hydrogel. We demonstrate the strategy
by fabricating a model composite, with the 7C regular hydrogel—
which is flaw-sensitive—and 1C HFI hydrogel arranged in an

Adv. Mater. 2024, 2311795 © 2024 Wiley-VCH GmbH2311795 (8 of 11)
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Figure 5. Highly flaw-insensitive soft composites enabled by the HFI PAAm hydrogels. A) Stress–stretch curves of uncut and precut soft composites
consisting of alternating strips of 1C HFI hydrogel and 7C regular hydrogel. The comparison of stretchability between soft composites with and without
the 1 cm flaw demonstrates great flaw insensitivity of the soft composite. B,C) Snapshots of uncut and precut soft composite under stretch. The
snapshots are corresponding to particular moments on the stress–stretch curves.

alternating pattern (inset of Figure 5A). The soft composite
consists of seven hydrogel stripes with an overall dimension
of 8 cm × 1 cm. A 1 cm flaw is introduced in the sample—
across the interface of two adjacent strips—to evaluate the flaw-
sensitivity of the soft composite. For a composite sample without
any flaw, it ruptures at a stretch ratio of 9.3 (Figure 5A,B). In con-
trast, when the soft composite with the 1 cm flaw is stretched, the
regular hydrogel strip ruptures at the stretch of 2.7 due to flaw
extension, while the flaw extension is halted by the neighboring
HFI hydrogel strip (Figure 5C). The soft composite preserves its
stretchability and ruptures until 𝜆r = 10.4, even slightly higher
than that of uncut soft composite, showing that the soft compos-
ite is insensitive to the 1 cm flaw. These results highlight the rein-
forcement effect of the HFI hydrogel on other regular hydrogels,
and demonstrate its potential for fabricating soft composites with
high flaw insensitivity.

The strategy of synthesizing highly flaw-insensitive PAAm hy-
drogel is also applicable for other hydrogels. Following similar ap-
proaches, we fabricate poly(N,N-dimethylacrylamide) hydrogels
(PDMA hydrogels, an extensively used biocompatible hydrogel)
using an unusually low amount of crosslinkers C = 0.1144 ×
10−4, resulting in PDMA networks of widely distributed chain
lengths. Large-sized PDMA samples with in-plane dimensions of
20 cm (width) × 2 cm (height) and 20 cm (width) × 3 cm (height)
are used to test the flaw-sensitivity of the PDMA hydrogel. Both
samples exhibit flaw-insensitive behaviors (Figure S21, Support-
ing Information). For example, for the 20 cm (width) × 3 cm
(height) PDMA hydrogel, the intact samples can be stretched un-
til 𝜆r = 38.29, while the precut sample with a 10 cm flaw ruptures
at a larger stretch, 𝜆r = 41.43. The results demonstrate that the
PDMA hydrogel also possesses high flaw insensitivity, indicating
the broad applicability of the strategy.

Finally, we would like to mention that PAAm hydrogels with
extremely low crosslinking density have also been studied in
other research works, representative examples include studies of
Kim et al.[5a] and Norioka et al.[30] Our study is unique in terms

of synthesis processes and mechanical properties compared to
that of Kim et al. and in terms of discoveries and understand-
ings compared to that of Norioka et al. Kim et al. synthesized
the PAAm hydrogel using a precursor with an uncommonly low
water content (≈34 wt%), which produces dense entanglements
that are ten times higher than the HFI hydrogels in our work in
terms of the entanglement-to-crosslink ratio. The resulting mas-
sive amounts of entanglements reduce effective chain lengths
and significantly increase the friction between polymer chains,
leading to a millimeter-scale fractocohesive length of their hydro-
gel. The hydrogel studied by Norioka et al. with a crosslinker con-
centration of C = 0.1 × 10−4 is similar to that of our HFI hydro-
gel on the aspect of material formulation. However, they do not
investigate the fracture behavior of the hydrogel, which should
be tested using precut samples according to the fracture me-
chanics principle. As a result, the remarkable flaw-insensitivity
and record-breaking centimeter-scale fractocohesive length of the
hydrogels—the key findings of our work—are not reported in
their work. The key synergistic mechanism underpinning the in-
elastic crack blunting and the resulting high flaw insensitivity are
not revealed in their work either.

3. Conclusions

In summary, we have synthesized a highly flaw-insensitive
PAAm hydrogels containing an entangled inhomogeneous net-
work of unequal chain lengths, using an unusually low amount
of crosslinkers. The hydrogels achieve a fractocohesive length up
to 2.21 cm, which sets the highest record for synthetic hydrogels
and exceeds that of most hydrogels—including regular PAAm
hydrogels—by more than one order of magnitude. The HFI hy-
drogels also possess centimeter-scale flaw-insensitive length (an-
other material constant that quantitatively measures the flaw
sensitivity of materials), well exceeding reported values of flaw-
insensitive length for typical soft materials that range from sev-
eral micrometers to several millimeters. The unprecedented flaw

Adv. Mater. 2024, 2311795 © 2024 Wiley-VCH GmbH2311795 (9 of 11)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202311795 by Z
hejiang U

niversity, W
iley O

nline L
ibrary on [14/03/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

insensitivity stems from the inelastic deformation resulting from
a combination of mechanisms including i) coiled long chains,
ii) widely distributed chain lengths, iii) moderate amounts of
entanglements, and iv) sliding between long chains lubricated
by water molecules. When the hydrogel is stretched, the short
chains break, while the coiled long chains disentangled and—
“lubricated” by the high content of water—slide against each
other to unwind and straighten, which collectively generates in-
elastic deformation. The large inelastic deformation at the crack
tip leads to pronounced inelastic crack blunting, which decon-
centrates the stress near the crack tip and blocks the extension
of the crack. Owing to the large fractocohesive length, HFI hy-
drogel samples with characteristic lengths of several centimeters
are insensitive to flaws contained in the sample. We further show
that the strategy of synthesizing HFI hydrogels can be readily ex-
tended to other hydrogel systems such as PDMA hydrogels. De-
spite the unusually low amount of crosslinker used, the modulus
of synthesized HFI hydrogel, counter-intuitively, is not compro-
mised because of topological entanglements formed. In terms
of applications, the HFI hydrogels can be combined with regu-
lar hydrogels to fabricate flaw-insensitive soft composites. It is
hoped that the HFI hydrogels will aid in bioengineering and soft
robotics.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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