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Double-network gels are a class of tough soft materials comprising
two elastic networks with contrasting structures. The formation of
a large internal damage zone ahead of the crack tip by the ruptur-
ing of the brittle network accounts for the large crack resistance of
the materials. Understanding what determines the damage zone
is the central question of the fracture mechanics of double-
network gels. In this work, we found that at the onset of crack
propagation, the size of necking zone, in which the brittle network
breaks into fragments and the stretchable network is highly
stretched, distinctly decreases with the increase of the solvent vis-
cosity, resulting in a reduction in the fracture toughness of the
material. This is in sharp contrast to the tensile behavior of the
material that does not change with the solvent viscosity. This
result suggests that the dynamics of stretchable network strands,
triggered by the rupture of the brittle network, plays a role. To
account for this solvent viscosity effect on the crack initiation, a
delayed blunting mechanism regarding the polymer dynamics
effect is proposed. The discovery on the role of the polymer
dynamic adds an important missing piece to the fracture mecha-
nism of this unique material.

chain dynamics j crack initiation j double-network gels j
nonlinear crack tip analysis

In recent decades, many tough soft materials have been devel-
oped (1–6), greatly expanding the application range of soft

materials in various fields, such as artificial cartilages (7, 8), soft
robotics (9–11), and stretchable electronics (12–15). Under-
standing the fracture mechanisms of these materials is critical
for their applications, but it poses fundamental challenges con-
sidering the strongly nonlinear elasticity and dissipative defor-
mation involved.

Generally, crack initiation and growth in soft materials
involve a wide range of time and length scales, including
molecular-scale covalent bond scission (4, 16–20), nanoscale
polymer network dynamics, mesoscale energy dissipation (4,
21–23), and macroscale crack blunting (18, 19, 24). The integra-
tion of various approaches from chemistry, polymer physics,
and continuum mechanics are required to reveal the full picture
of the fracture process. To date, most research on soft material
fracture has focused on the meso- and macroscale. At these rel-
atively large scales, the continuum mechanics theory is applica-
ble, and the deformation surrounding the crack tip can be
directly observed experimentally. According to nonlinear elastic
fracture mechanics theories, two basic length scales, the nonlin-
ear elastic length scale (or elasto-adhesive length), ‘, and the
dissipative length scale, ξ, are relevant to the fracture initiation
of highly deformable soft materials (18, 19, 25). The ‘ repre-
sents the typical distance from a crack tip below which the
deformation is dominated by strongly nonlinear elasticity (18).
The length scale ξ represents the size of the region surrounding
the crack tip where the stress or strain concentration is elimi-
nated, and it scales with the size of the dissipation zone (18, 26,
27). These two length scales ‘ and ξ are related to the fracture

energy C, the elastic modulus E, and the work of extension to
fracture W*, as ‘ ∼ C/E and ξ ∼ C/W*. For tough soft materials,
‘ and ξ are typically in a 10-μm to 10-cm range, and ‘ > ξ
because the work of extension to fracture is usually greater
than the elastic modulus (W* > E) for these materials (18). Yet
what determines these length scales and how they are related
to the specific structure of the materials are hardly known. To
answer these questions, studies at the polymer network scale is
indispensable. Because the molecular failure processes strongly
depend on the polymer network architecture and molecular
interactions, the fracture mechanism at this length scale shows
individuality and richness.

Double-network (DN) gels, a class of tough soft materials
composed of two interpenetrated elastic networks with con-
trasting structures, are a relatively simple system to address
these questions due to their rate-independent deformation
behavior and negligible molecular interactions. The role of
polymer dynamics on fracture of DN gels is the focus of this
work. The contrasting network structure of DN gels is formed
by a two-step sequential polymerization process. The first net-
work, densely cross-linked, is stiff and brittle; the second net-
work, sparsely cross-linked, is soft and stretchable. DN gels
show fracture energy C orders of magnitude larger than either
of the individual components (28). The remarkable toughness
enhancement of DN gels originates from the sacrificial rupture
of the brittle network over a wide zone (damage zone) around
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the crack tip, while the stretchable network maintains the struc-
tural integrity of the combined networks (29). Such a mecha-
nism suppresses the stress concentration and dissipates a large
amount of mechanical energy at the crack tip. The covalent
bond rupture near the crack tip has been confirmed chemically
using luminescent probes or mechano-radical polymerization
(3, 30). Because the DN effect is essentially based on the net-
work topological architecture rather than specific molecular
interactions, it has been applied to a wide range of polymer
combinations, including gels and solvent-free elastomers (3,
31–34).

The deformation of unnotched DN gels is rate independent
at a conventional strain rate (usually less than 101 s�1) because
the dynamics of network strands is much faster than the defor-
mation rate (28, 35–38). Furthermore, in tearing tests, DN gels
have a very weak tearing velocity dependence in the fracture
energy and damage zone size (37–39). Weak stress relaxation, on
the other hand, was observed, suggesting a time-dependent
effect in DN gels (40). Our question is the following: Does the
chain dynamics at the network scale influence the fracture of the
rate-independent materials? In theory, one expects that the rup-
ture of the brittle network triggers the load transfer of the
stretchable network, and hence, its dynamics might influence the
stress redistribution and extension of internal fracture, thereby
the nonlinear, energy dissipative behavior at the crack tip.

The dynamics of the polymer network in a solvated gel is
governed by the hydrodynamic friction between the monomeric
unit and the solvent, as described by the Rouse-like motion
(41–43). In this work, we tune the polymer network dynamics
of DN gels by varying the solvent viscosity ηs. Ethylene glycol
(EG)/water mixtures and glycerol/water mixtures are used to
study the effect of viscosity. These mixture solvents have a com-
parable solvent quality to water with regard to the constitutive

polymers of DN gels, as confirmed by almost the same swelling
ratios, and the tensile behaviors of unnotched DN gels. This
allows us to investigate the effect of polymer network dynamics
by varying solvent viscosity over a range 100 to 103 times of
water. We observed that the fracture energy measured by a
pure-shear test of notched specimens decreases significantly
with increasing solvent viscosity. This decrease in fracture
toughness is directly related to the reduction of the necking
zone size around the crack tip as solvent viscosity increases. We
present an explanation on the finding in terms of the dynamics
of the stretchable network in transferring the load during the
formation of the damage zone.

Results and Discussion
Our experiments were conducted with DN gels comprising
poly(2-acrylamido-2-methylpropane sulfonic acid sodium salt)
(PNaAMPS) as the first network and polyacrylamide (PAAm)
as the second network, both of which were synthesized in water
via a two-step polymerization process (29). The synthesized
PNaAMPS/PAAm DN hydrogels were swollen in water to
achieve equilibrium and then immersed in EG/water or glyc-
erol/water mixtures to achieve swelling equilibrium in the new
solvents. The DN gels swollen in EG/water mixtures and glyc-
erol/water mixtures are labeled as DNEG-ϕ and DNglycerol-ϕ,

respectively, in which ϕ is the volume fraction of the organic
solvent.

We start with DNEG-ϕ. As ϕ increases from 0 to 1.0, the vis-
cosity of the EG/water mixtures increases by a factor of 20 from
0.89 mPa�s for water to 17.12 mPa�s for EG at 25 °C (SI
Appendix). The swelling ratios of the DN gels and the corre-
sponding single-network (SN) gels are all weakly dependent on
ϕEG, indicating that EG and the EG/water mixtures have the

Fig. 1. Birefringence observation and tensile behaviors of DN gels with various ϕEG. (A) Schematic of birefringence observation of tensile process for DN
gels. L: lamp; P1, P2: crossed circular polarized films; S: sample; and V: video camera. (B) Nominal stress σ-tensile strain ε curves of DN gels swelled in EG/
water mixture with ϕEG varied from 0 (pure water) to 1.0 (pure EG). (C) Birefringence images of DNEG-0 gel under uniaxial stretching at various tensile
strains: ε = 0 (i); ε = 1.0 (ii); yielding point ε = 1.9 (iii); and ε = 3.0 (iv). The necking zone (shown by arrows) appears above the yielding point, showing
strong white birefringence.
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same solvent quality as water for both networks and DN gels
(SI Appendix, Fig. S1). Hence, the DN structure in these sol-
vents could be considered as the same, and we can study the
effect of solvent viscosity on the crack initiation of DN gels.

Uniaxial tensile tests were performed prior to the fracture
tests. The nominal strain rate was 0.14 s�1. The experimental
setup shown in Fig. 1A was used to perform real-time imaging
of birefringence during the tensile process (24). The birefrin-
gence reveals the degree of network strand orientation during
deformation (44). The sample was placed between two crossed
circular polarized films, and the two films were placed between
a white lamp and a video camera. The birefringence during ten-
sile process was recorded with the video camera (24 frames/s,
1,920 × 1,080 pixels). Fig. 1B shows that the tensile behaviors
of DN gels are hardly influenced by the change of solvents as
revealed by the well overlapped tensile stress–strain curves for
different solvents. The small difference between the curves in
Fig. 1B is due to the slight volume change using the different
solvents (SI Appendix, Fig. S2B). The rupture points varied sig-
nificantly, even for the same solvent (SI Appendix, Fig. S2 A
and E), implying that the rupture of these unnotched DN gels
is governed by preexisting defects of the DN structure. The ten-
sile behavior of the DN gels was rate independent (SI
Appendix, Fig. S3). The DN gels exhibited remarkable stress
yielding, which corresponds to the onset of necking in the sam-
ples (Fig. 1C and SI Appendix, Fig. S4). As the strain increases,
the necking zone expands, while the unnecking region
regresses. In the necking region, the brittle network is consid-
ered to rupture into fragments, and the second network strands
are highly stretched (28, 36). The necking region exhibits strong
birefringence because the network strands are highly stretched
and oriented along the tensile direction (Fig. 1C and SI
Appendix, Fig. S4).

We then performed the pure shear fracture tests on pre-
notched DN specimens with a geometry shown in Fig. 2A. The

nominal global deformation rate was 0.06 s�1. To identify the
necking zone around the crack tip, we performed real-time
imaging of the birefringence of the sample. Despite nearly
identical tensile curves for the unnotched samples (Fig. 1B),
pure-shear fracture tests revealed that the crack initiation resis-
tance of the DN gels strongly depend on the solvent. Fig. 2B
presents the nominal stress–stretch ratio curves for the pre-
notched DN specimens with various ϕEG from loading to the
onset of crack growth. Although all the curves overlap before
crack growth, the critical stretch ratio λc and stress σc at which
the crack begins to grow are significantly reduced as ϕEG

increases. As shown in Fig. 2C, the threshold λc decreases with
increasing ϕEG. Specifically, as ϕEG increases, λc decreases
gradually from 2.07 (ϕEG = 0) to 1.58 (ϕEG = 1.0). This
decreasing λc results in reduced toughness with increasing ϕEG.
Fig. 2D depicts the dependence of fracture energy C on ϕEG. C
is estimated from the area under the stress–strain curves of the
corresponding unnotched specimens to λc and the initial speci-
men height H0 (SI Appendix, Fig. S5) following the literature
(45). DN gels, in particular, show a significant reduction in frac-
ture energy C from 3,000 J � m�2 for ϕEG = 0 to 700 J � m�2 for
ϕEG = 1.0.

The real-time imaging of the birefringence allows us to
directly study crack blunting and yielding around the crack tip
of the DN gels. As typical examples, images of crack shape pro-
file for DNEG-0, DNEG-0.5, and DNEG-1.0 samples at the onset
of crack propagation are shown in Fig. 3A, and we extracted
the crack shape for different ϕEG in Fig. 3B. The DNEG-0
shows significant crack blunting. With increasing ϕEG, the crack
tip profile gradually becomes less blunted, and the magnitude
of the crack tip opening decreases. The critical crack tip open-
ing displacement (CTOD, or 2δc), defined as the crack opening
spanned by two symmetric rays originating from the crack tip
with a 90° angle between them (18) at fracture, provides a con-
dition for the initiation of crack growth. Fig. 3C depicts ϕEG

Fig. 2. Birefringence observation and pure shear fracture behaviors of DN gels with various ϕEG. (A) Schematic of real-time birefringence observation of
fracture process for DN gels in pure shear test. L: lamp; P1, P2: crossed circular polarized films; S: sample; and V: video camera. (B) Nominal stress σ-stretch
ratio λ curves of notched DN gels with various ϕEG in the pure-shear fracture test before crack growth. The asterisks indicate the onset of crack growth.
(C) Dependence of the critical stretch ratio λc at the onset of crack growth on ϕEG. The data points correspond to B. (D) Fracture energy C obtained from
pure-shear fracture tests as a function of ϕEG. The data points are the average values with SD of three measurements for each sample.
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dependence of 2δc. Notably, the 2δc gradually decreases from
16 mm for the DNEG-0 gel to 6 mm for the DNEG-1.0 gel, indi-
cating a reduction in crack blunting ability prior to crack
growth.

In the DNEG-0 gels, a large bright birefringence area was
observed in front of the crack tip as shown in Fig. 3A. This
bright area represents the necking zone around the crack tip as
illustrated in Fig. 3D and as seen in the tensile tests (Fig. 1C
and SI Appendix, Fig. S4). The birefringence area decreases
with increasing ϕEG and becomes so small that it could hardly
be observed in DNEG-1.0 gel. The critical necking zone area Sc
(mm2) at the deformed state is estimated from the strong bire-
fringence area ahead of crack tips for different ϕEG as shown in
Fig. 3E. The Sc in the deformed state of the gels decreases
monotonically with increasing ϕEG. The characteristic necking
zone size at the undeformed state, hc, was roughly estimated
from the square root of Sc using the relation hc = Sc

0.5/λn, in
which λn is the stretch ratio of the necking region. Here, we
assumed that the stretch ratio of every material point in the
necking zone at the crack tip is the same as the material point
in the strong birefringence necking region in the uniaxial ten-
sion test. We used this uniaxial approximation because previous
studies showed that for a highly deformable soft solid under
mode I plane stress conditions, uniaxial tension dominates the
stress field near the crack tip (18, 25). λn = 9.0 was estimated
from the stretching ratio in the necking region in the uniaxial
tensile test (SI Appendix, Fig. S6) and was found independent
of ϕEG. As shown in Fig. 3E, hc decreases with increasing ϕEG,

and the size of the necking zone hc observed in this work for
DN gels in water (ϕEG = 0) is consistent with previous studies
(38, 46). In previous studies, the damage zone thickness h was
determined using optical microscopes and may have included
unnecked regions where the first network rupture occurs by
random bond scission. Regardless of the difference in method,
the necking zone hc observed in this study is of the same order
of magnitude as h in these previous studies.

To confirm if the observed phenomenon is generic, we fur-
ther performed the same measurement of DN gels in glycerol/
water mixtures, which have a much wider range of viscosity (SI
Appendix, Fig. S7A). Glycerol/water mixtures also have similar
solvent quality as water to the DN gels (SI Appendix, Fig. S7B).
The experiments were performed using a different batch of DN
gels that had similar tensile behavior to that of EG/water mix-
tures (SI Appendix, Fig. S8). In glycerol/water mixtures, the
fracture energy, necking zone, and crack blunting also obviously
decrease as glycerol fraction ϕglycerol increases, similar to the
behavior in EG/water mixtures (SI Appendix, Fig. S7 C–E).

For both two series of samples with EG/water mixture and
glycerol/water mixture as solvents, we observed that the fracture
energy C linearly correlates to the necking zone size hc with a
proportional constant of 6.5 MJ/m3 (Fig. 4A). This result clearly
shows that increasing the solvent viscosity suppresses the ability
of the DN gels to form a large necking zone ahead of the crack
tip, which accounts for the reduced fracture toughness.

Next, we use the nonlinear elastic fracture mechanics theory
to quantitatively explain the linear correlation between C and

Fig. 3. Birefringence images and crack tip behaviors of DN gels with various ϕEG at the onset of crack growth. (A) Birefringence images around the crack
tip for ϕEG = 0, 0.5, and 1.0. (B) Crack tip profiles of DN gels with various ϕEG. (C) Critical CTOD, 2δc defined in A as a function of ϕEG. (D) Schematic illus-
tration of network structure in the necking zone ahead of the crack tip as seen by strong birefringence area in A. (E) Average necking zone area Sc in
deformed state and necking zone size hc at undeformed state as functions of ϕEG (average of three parallel tests).
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hc. For crack tip fields in generalized neo-Hookean soft elastic
solids subjected to large deformation in mode I, the asymptotic
near-tip stress field is dominated by tension and has the form
σT ¼ αC

r , in which σT is the true stress in tension direction, r is
the radial coordinate of a material point in the undeformed
configuration, and α is a numerical constant that depends on
the angular coordinate and strain hardening characteristics (18,
25). By setting the asymptotic near-tip stress field (true stress,
σT) to the true critical stress for necking (yielding), σT, y, and r
to the necking zone size hc, we obtain σT,y ¼ α C

hc
: Because σT, y

and α are all independent of solvents, C and hc should be pro-
portional to each other. We estimated the numerical constant α
∼ 0.2 from the slope of the linear regression (6.5 MJ/m3) in
Fig. 4A and the true yielding stress σT, y ∼ 1.2 to 1.7 MPa, which
is the product of the nominal critical yielding stress and stretch
ratio in the tensile test (SI Appendix, Table S1). In theory, the
constant α is exactly 1/π ∼ 0.32 for a neo-Hookean solid (18,
25). Our experimental observations yielded comparable results.
The quantitative consistency of the C–hc relationship with the
necking stress confirms that increasing ϕEG or ϕglycerol reduces
the toughness of the DN gels, which is directly related to neck-
ing zone reduction near the crack tip.

We also discovered that the macroscale crack blunting corre-
lates well with the size of the mesoscale necking zone. As
shown in Fig. 4B, the half CTOD δc is linearly correlated with
the necking zone size hc with a slope of 0.06. This linear rela-
tionship between δc and hc clearly indicates that the macroscale
blunting is intrinsically determined by the formation of the
mesoscale necking zone.

The rate-independent deformation of the DN gels allows us
to use the nonlinear elastic fracture mechanics theory to discuss
the macro- and mesoscale behaviors. For various generalized
neo-Hookean incompressible materials, the theory predicts that
the half CTOD (δc) takes the form δc ∼ ðC=EÞβ ∼ ℓβ, in
which β varies ∼0.8 to 1.1 (18, 25). As a result of the scaling
analysis, the relation δc ∼ ‘ should be approximately valid for a
wide range of highly deformable soft materials (18, 25). To

examine the validity of this scaling for the DN gels, we plot the
nonlinear elastic length scale ‘ = C=E versus δc for various ϕEG

and ϕglycerol in Fig. 4C. We used the elastic modulus E esti-
mated from the pure shear specimens in this case. We observe
a good linear correlation of ‘ ∼ δc for two series of samples
with mixture solvents, which agrees well with the theoretical
prediction of nonlinear elastic fracture mechanics.

To examine whether the necking zone size at undeformed
state hc is correlated to the dissipative length scale ξ, we calcu-
lated ξ ∼ C/W*, in which W* is the critical energy per unit vol-
ume for material failure. W* was determined from the work of
extension to fracture of the unnotched samples in uniaxial ten-
sile deformation (the area under the stress–strain curves in
Fig.1B and SI Appendix, Table S1). As shown in Fig. 4D, hc and
ξ are nearly equal; that is, hc ≈ ξ. This finding indicates that the
crack tip load transfer length for the DN gels is nearly identical
to the average necking zone size. The length scale ξ is com-
monly defined as the size of the region surrounding the crack
tip, where the stress or strain concentration because of the
crack is eliminated by dissipative processes (18). The result of
hc ≈ ξ is reasonable because significant dissipation occurs in the
necking region due to chain breakage.

Finally, we discuss the molecular mechanism to determine
necking zone size hc. In Fig. 5, we show that the two sets of
results in EG/water mixtures and glycerol/water mixtures well
overlap on a plot of hc versus the solvent viscosity ηs. In a small
viscosity regime (solvent viscosity range of 0.89 to 20 mPa�s), hc
roughly follows a power law relation hc ∼ ηs

�0.5, whereas in a
large viscosity regime, hc becomes constant. Notably, the satu-
ration of hc at high viscosity is not due to the spatial limitation
of the measurement, considering we observed a linear correla-
tion between hc and the fracture energy C for all viscosity
ranges (Fig. 4A). This result clearly indicates that the network
dynamics controls necking zone size at the onset of crack prop-
agation. To clarify if the global deformation rate also influences
the necking zone formation around the crack tip, we further
performed the birefringence imaging of crack tips for DN gels

Fig. 4. Strong coupling of multiscale length scales of nonlinear elastic crack tip of DN gels. (A) Correlation between fracture energy C and necking zone
size hc. (B) Correlation between hc and the half CTOD δc. (C) Correlation between nonlinear, elastic length ‘ and δc. (D) Correlation between the dissipa-
tive length ξ and hc. ‘ and ξ were estimated from the nonlinear, elastic fracture theory.
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with various ϕEG subjected to different loading velocities. The
necking zone size at the onset of crack propagation hardly
changes with loading velocity over three orders of magnitude
from 0.5 to 1,000 mm/min, corresponding to a global strain rate
range of 5.6 × 10�4 to 1.1 s�1 for DN gels with different ϕEG

(SI Appendix, Figs. S9–S11). These findings are reasonable
because the strain rate at the crack tip, although being ampli-
fied to some extent in comparison to the global strain rate, is
still slow enough when compared to the dynamics of polymer
strands, and the two networks behave elastically before rupture.
Specifically, the Rouse-like dynamics of PAAm hydrogels have
been observed at time scales faster than 10�3 to 10�5 s (47).
This time scale is much shorter than the inverse of the defor-
mation rate in the tensile test and pure shear test of this study.

Therefore, the viscosity effect on necking zone size should be
related to the Rouse-like dynamic process that is much faster
than the applied loading rate.

How does the fast polymer network dynamics influence the
necking zone size around the crack tip hc? We hypothesize
that the dynamics of the second network governs the local
deformation rate at the time of the first network rupture, which
influences the local stress redistribution and necking zone devel-
opment. First, we consider the expansion of necking zone and
the crack opening with the increase of global stretch λ (Fig. 6).
Upon stretching, stress is concentrated around the crack tip,
which leads to the rupture of the first network there. Once the
first network strand ruptures, the load carried by this first net-
work is immediately transferred to the second network, causing
the second network to extend. Then, strain hardening of the
second network induces further rupture of the neighboring brit-
tle network, thereby expanding the necking zone and resulting
in blunting (increase of crack tip opening displacement 2δ). The
necking zone expanding and crack blunting suppress the stress
concentration at the crack tip and prevent crack propagation.
This process is repeated, and the necking zone size h increases
with increase in stretching λ until the tensile stress at the crack
tip, where the stress is most concentrated, reaches a level suffi-
cient to activate the bond scission of the second network strands
that bridge the crack. When the critical value, λc, is exceeded,
the crack with a necking zone size hc begins to advance. Here,
we consider the effect of second network dynamics on the neck-
ing zone increment from h to h + Δh. By a quasistatic global
stretch increment Δλ, the stress also increases quasistatically
until the breaking of the brittle network in the necking front
region from h to h + Δh, and the stress in this region is immedi-
ately transferred to the second network. However, because of
the Rouse-like relaxation of the second network strands, it takes
a time, sR, for the second network strands in Δh to extend;
therefore, the stress redistribution and the crack tip opening is
delayed by a time of sR. As a result, a transient stress overshoot
appears in the region h immediately after an increment of Δλ
and decays to a lower level after sR. That is, when λ is increased
to λ + Δλ, the necking zone advances from h to h + Δh, and the
crack tip opening displacement increases from 2δ to 2(δ + Δδ)
with a time lag governed by the second network relaxation of

Fig. 6. Possible explanation for the dynamic effect of second network on the critical necking zone size hc for crack initiation. (A) A global stretch λ
results in a necking zone size h and crack tip opening displacement 2δ. (B) An increment Δλ causes further breaking of the brittle network in the necking
front region Δh, and the stress in this region is immediately transferred to the second network. However, it takes a time, sR, for the second network
strands to be stretched into extended conformation in the newly formed necking zone. (C) As a result, the crack blunting to 2(δ + Δδ) is delayed by a
time sR. Such a time lag results in a stress overshoot around the crack. When the stress is large enough to activate the bond breaking of the second net-
work at the crack tip, the crack propagates. Because the Rouse-like relaxation time sR is proportional to the solvent viscosity, in a high-viscosity solvent,
the probability to induce bond breaking is high, and the necking zone size hc at crack initiation decreases. See text for detailed explanation.

Fig. 5. Relation between necking zone size hc and solvent viscosity ηs.
Log–log plot of necking zone size hc and viscosity of solvent ηs for two
series of samples with EG/water mixture and glycerol/water mixture as sol-
vents. hc roughly follows a power law relation of hc ∼ ηs

�0.5 at a low-
viscosity regime and becomes constant at a large viscosity regime. The
dashed line is a guide for eyes.
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sR. Because sR is much shorter than the inverse of the global
stretch rate, such dynamic effect does not appear in the tensile
test (Fig. 1B) and crack opening process (SI Appendix, Fig. S12)
before the onset of crack propagation (the stress at crack tip is
well below the threshold of the second network). It does, how-
ever, have an effect on the critical stretch ratio λc for crack
propagation, which is the point that the stress overshoot at the
crack tip is large enough to activate the bond scission of the sec-
ond network (SI Appendix, Fig. S13). Because the Rouse time is
proportional to the solvent viscosity (41), the stress on the crack
tip decays slowly at high viscosity, increasing the likelihood of
bond scission at the same λ. As a result, the crack advances at a
lower λc, with a smaller necking zone size hc for a more viscous
solvent. According to polymer physics (41), the stress relaxation
modulus as a function of time, t, of polymers is given by G(t) ∼
ðτR=t)1/2 within the Rouse time. Because τR is proportional to
ηs (41), the short-time modulus G(t) of the second network at a
time scale shorter than τR should scale with the solvent viscosity
ηs as G(t) ∼ ηs

0.5. The observed relation between the necking
zone size and solvent viscosity, hc ∼ ηs

�0.5, is probably related to
this short-time modulus dependence on the viscosity.

It should be noted that the above discussion only considers
the solvent viscosity effect on the polymer dynamics, ignoring
the possible contribution from inter- or intramolecular interac-
tions between polymer strands at an increased fraction of highly
viscous solvents. In the presence of these interchain interac-
tions, the resistance to strand rearrangement of the second net-
work upon deformation may be greater than the pure friction
from solvent viscosity. Even when these possible molecular
interactions are considered, the picture of chain dynamics effect
still holds.

This study demonstrates that, despite DN gels being made
up of two elastic networks, the dynamics of the second network,
which is much faster than the global deformation rate, has a

strong influence on the critical stretching ratio λc and necking
zone size for crack propagation. The second network relaxation
delays the crack blunting and causes stress overshoot around
the crack tip, which increases the probability to activate the
bond breakage of the second network and results in a smaller
damage zone at the onset of crack propagation. This knowl-
edge, we believe, is crucially important for understanding the
dynamic molecular process of fracture and for further theoreti-
cal analysis to predict fractures in soft materials.

Materials and Methods
Materials. 2-Acrylamido-2-methylpropanesulfonic acid sodium salt (Toagosei
Co., Ltd.), acrylamide (Junsei Chemical Co. Ltd.), N,N0-methylenebis(acryla-
mide) (Wako Pure Chemical Industries, Ltd.), α-ketoglutaric acid (Wako Pure
Chemical Industries, Ltd.), EG (Wako Pure Chemical Industries, Ltd.), and glyc-
erol (Wako Pure Chemical Industries, Ltd.) were used as received. Milli-Qwater
(resistivity: 18.3MΩ/cm) was used in all experiments.

Synthesis of DN Gels. The PNaAMPS/PAAm DN hydrogels were synthesized by
a two-step sequential network formation technique following the litera-
ture (29).

All details associated with sample preparations, solvent viscosity calcula-
tion, procedures of reswelling samples in EG/water mixture and glycerol/water
mixture, tensile tests, pure-shear fracture tests and real-time birefringence
observation, and an estimation of stretch ratio in necking region are available
in SI Appendix.

Data Availability. All study data are included in the article and/or SI Appendix.
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