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a b s t r a c t

Self-healing hydrogels suffer from low mechanical strength due to their reversible breakable bonds
which may limit their use in any stress-bearing applications. This deficiency may be improved by
creating a hybrid network composed of a combination of a physical network formed via reversible
crosslinks and a covalent network. Here, we prepared a series of hybrid hydrogels by the micellar
copolymerization of acrylamide with 2 mol % stearyl methacrylate (C18) as a physical crosslinker and
various amounts of N,N0-methylenebis(acrylamide) (BAAm) as a chemical crosslinker. Rheological
measurements show that the dynamic reversible crosslinks consisting of hydrophobic associations
surrounded by surfactant micelles are also effective within the covalent network of the hybrid hydrogels.
A significant enhancement in the compressive mechanical properties of the hybrid gels was observed
with increasing BAAm content. The existence of an autonomous self-healing process was also demon-
strated in hybrid gels formed at low chemical crosslinker ratios. The largest self-healing efficiency in
hybrids was observed in terms of the recovered elastic modulus, which was about 80% of the original
value.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Synthetic hydrogels are very similar to biological tissues, and
therefore have been important materials for drug delivery and tissue
engineering. Inspired by natural healing processes [1e3], a variety of
synthetic hydrogels have been developed recently that can heal
damage autonomously or by using an external stimulus such as
temperature and pH [4e25]. Autonomous damage repair and
resulting healing in such hydrogels require reversible breakable
bonds which prevent the fracture of the molecular backbone.
Different reversible molecular interactions have been used to
generate self-healing hydrogels, including hydrogen bonding [4e8],
electrostatic interactions [9e11], molecular recognition [12e14],
metal coordination [15,16],pep stacking [17], and dynamic chemical
bonds [18e21]. However, self-healing of permanently crosslinked
hydrogels is a challenging task because of the irreversible nature of
chemical crosslinks. Phadke et al. achieved self-healing in chemically
crosslinked hydrogels through introduction of pendant side chains
possessing an optimal balance of hydrophilic and hydrophobic
moieties [4]. Sun et al. prepared such dual gels by mixing two types
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of crosslinked polymer: ionically crosslinked alginate, and covalently
crosslinked polyacrylamide (PAAm) [11].

Our group recently developed a simple strategy to create strong
hydrophobic interactions between hydrophilic polymers leading to
the production of self-healing hydrogels [22e25]. Large hydro-
phobes such as stearyl methacrylate (C18) could be copolymerized
with the hydrophilic monomer acrylamide (AAm) in aqueous so-
dium dodecyl sulfate (SDS) solutions. This was achieved by the
addition of salt (NaCl) into the reaction solution [22]. Salt leads to
micellar growth and hence, solubilization of large hydrophobes
within the grown wormlike SDS micelles. Incorporation of hydro-
phobic sequences within the hydrophilic polyacrylamide (PAAm)
chains via micellar polymerization technique generates strong
hydrophobic interactions, which prevent dissolution of the physical
gels in water, while the dynamic nature of the junction zones
provides homogeneity and self-healing properties. It was shown
that the hydrophobic associations surrounded by surfactant mi-
celles act as reversible breakable crosslinks, which are responsible
for rapid self-healing of the hydrogels at room temperaturewithout
the need for any stimulus or healing agent [23e25].

Self-healing hydrogels synthesized so far suffer from low me-
chanical strength due to their reversible bonds which may limit
their use in any stress-bearing applications. This deficiency may be
improved by creating a hybrid network composed of a combination
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of a physical network formed via reversible breakable crosslinks
and a covalent network. This type of hybrid approach has been used
by several research groups to improve the mechanical performance
of hydrogels [26e30], but not to create self-healing ability in a
covalently crosslinked network. Here, we prepared a series of
hybrid hydrogels by the micellar copolymerization of AAm with
2 mol % C18 as a physical crosslinker and various amounts of N,N0-
methylenebis(acrylamide) (BAAm) as a chemical crosslinker. The
rheological and mechanical properties as well as the self-healing
abilities of the hybrid gels were investigated as a function of the
chemical crosslinker ratio. As will be seen below, an enhancement
in the compressive mechanical properties of the hybrid gels was
observed with increasing BAAm content. We also demonstrate the
existence of an autonomous self-healing process in hybrid gels
formed at low chemical crosslinker ratios.
2. Experimental part

2.1. Materials

Acrylamide (AAm, Merck), N,N0-methylenebis(acrylamide)
(BAAm, Merck), sodium dodecyl sulfate (SDS, Merck), ammonium
persulfate (APS, Sigma), N,N,N0,N0-tetramethylethylenediamine
(TEMED, Sigma), and NaCl (Merck) were used as received.
Commercially available stearyl methacrylate (C18, Sigma) consists
of 65% n-octadecyl methacrylate and 35% n-hexadecyl methacry-
late. Hydrogels were prepared by the micellar copolymerization of
AAm with C18 at 24 � 1 �C for 24 h in the presence of an APS
(3.5 mM) e TEMED (0.25 v/v %) redox initiator system. Following
parameters were fixed:
Total monomer (acrylamide þ C18) concentration : 10 w/v %
C18 content of the monomer mixture : 2 mol %
SDS concentration : 7 w/v % (0.24 M)
NaCl concentration : 0.5 M
BAAm as a chemical crosslinker was included into the como-
nomer feed at various crosslinker ratios X (molar ratio of BAAm to
the monomer) between 0 and 0.02. The gel preparation condition
was the same as that used for the preparation of the physical gels
[22,23]. Shortly, SDS (0.7 g) was dissolved in 9.9 mL aqueous so-
lution of NaCl (0.2925 g) at 35 �C to obtain a transparent solution.
Then, hydrophobic monomer C18 (0.0862 g) was dissolved in this
SDSeNaCl solution under stirring for 2 h at 35 �C. After addition and
dissolving AAm (0.9137 g) and BAAm (between 0 and 40.4 mg) for
30 min, TEMED (25 mL) was added into the solution. Finally, 0.1 mL
of APS stock solution (0.8 g APS/10mL distilled water) was added to
initiate the reaction. For the mechanical and gel fraction mea-
surements, the copolymerization reactions were carried out in
plastic syringes of 4.7 mm internal diameters while, for the rheo-
logical measurements, they were conducted within the rheometer.
For comparison, chemical PAAm gels were also prepared under
the same experimental conditions, but in the absence of C18 and
SDSeNaCl system.

For the gel fraction measurements, hydrogel samples were
immersed in a large excess of water at 24 �C for at least 30 days by
replacing water every second or third day, until the SDS concen-
tration in the external solution decreases below the detection limit
of the methylene blue method (0.20 mg L�1) [22,23]. Then, the
equilibrium swollen gel samples were taken out of water and freeze
dried. The gel fraction Wg, that is, the conversion of monomers to
the crosslinked polymer (mass of water-insoluble polymer/initial
mass of the monomer) was calculated from the masses of dry
polymer network and from the comonomer feed.

2.2. Rheological experiments

Gelation reactions were carried out at 25 �C within the
rheometer (Gemini 150 Rheometer system, Bohlin Instruments)
equipped with a cone-and-plate geometry with a cone angle of 4�

and diameter of 40 mm. The instrument was equipped with a
Peltier device for temperature control. The reactions were moni-
tored at an angular frequency u of 6.3 rad/s and a deformation
amplitude go ¼ 0.01. After a reaction time of 3 h, the elastic G0 and
viscous moduli G00 of the reaction solutions approached limiting
values. Then, frequency-sweep tests were carried out at 25 �C, as
described before [22].

2.3. Mechanical tests

The measurements were performed in a thermostated room at
24 � 1 �C on cylindrical hydrogel samples of 4.7 mm diameter. The
uniaxial compression measurements were performed on a Zwick
Roell test machine using a 500 N load cell. The hydrogel sample of
5.3 � 0.3 mm length was placed between the plates of the instru-
ment. Before the test, an initial compressive contact to
0.004� 0.003 N was applied to ensure a complete contact between
the gel and the plates. The tests were conducted at a strain rate of
1.6 � 10�3 s�1 (0.5 mm/min). Load and displacement data were
collected during the experiment. Compressive stress was presented
by its nominal snom and true values strue (¼l snom), which are the
forces per cross-sectional area of the undeformed and deformed gel
specimen, respectively, while the strain is given by l, the defor-
mation ratio (deformed length/initial length). Compressive
modulus was calculated from the slope of stressestrain curves
between 5 and 15% compressions. Cyclic compression tests were
conducted at a constant crosshead speed of 0.5 mm/min to a
maximum compression ratio, followed by retraction to zero force
and awaiting time of 7 min, until the next cycle of compression. For
reproducibility, at least six samples weremeasured for each gel and
the results were averaged.

At large compressions, failure was not easily observed in hybrid
gels formed at a crosslinker ratio X < 0.01 because the nominal
stress snom did not decrease after the samples broke. This is illus-
trated in Fig. 1 showing the stressestrain curves of hybrid gels
under compression as the dependence of nominal snom and true
strue stresses on the deformation ratio l. Although snom increases
continuously with increasing strain, strue e l plots pass through
maxima due to the onset of failure in the gel specimen. This
behavior observed at low crosslinker ratios was a consequence of
the sample breaking into several pieces that still supported the
stress. However, the gel sample that was brittle at a high crosslinker
ratio suddenly fractures so that the point of failure was clear. The
fracture stress sf and the compression ratio at break lf were
calculated from the maxima in strue e l plots taken as the fracture
point of the gel samples. Fig. 1 also shows that the use of snom e l

plots to assess gel fracture may lead to erroneously high fracture
stresses sf, while our idea to assess sf from strue e l plots corrects
this error. However, to make a comparison possible with previous
works on self-healing hydrogels, we report in the following snom e

l plots up to the fracture point and the nominal fracture stresses.
The uniaxial elongation measurements were performed on a

Zwick Roell test machine using a 10 N load cell under the following
conditions: Strain rate ¼ 0.075 s�1 (50 mm/min), sample length
between jaws¼ 11�1mm. Samples were held on the test machine
between clamps altered with anti-slip tape (Tesa, 25 � 15 mm)
together with wood strips to better grip the slippery gel samples.
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Fig. 1. Stressestrain curves of hybrid gels under compression as the dependence of nominal snom (open symbols) and true strue stresses (filled symbols) on the deformation ratio l.
X ¼ 0.002 (A), 0.005 (B), and 0.010 (C).
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Cyclic elongation tests were conducted similar to the cyclic
compression tests at a constant crosshead speed of 50mm/min.We
have to note that the tensile tests were conducted at a higher strain
rate compared to the compression tests to prevent drying of the gel
samples exhibiting a high stretchability.

3. Results and discussion

Hybrid gels were prepared by the micellar copolymerization of
AAm with 2 mol % C18 as a physical crosslinker together with the
chemical crosslinker BAAm at various crosslinker ratios X (molar
ratio of BAAm to the monomer) between 0 and 0.02. The gel frac-
tion Wg was unity for all the hydrogels indicating complete con-
version of the monomers into the hybrid network. In the following,
all the hydrogels investigated are at the state of preparation. Fig. 2A
and B shows the frequency dependencies of the elastic modulus G0

and the loss factor tan d (¼ G00/G0) of the hydrogels formed at
various X, respectively. The arrows show the directions of
increasing X. In comparison, open symbols in the figures represent
the data obtained from a chemical PAAm gel formed at X ¼ 0.02 in
the absence of C18. In contrast to the chemical gel that exhibits a
frequency-independent elastic modulus G0, hybrid gels exhibit
frequency-dependent elastic moduli with plateau moduli at high
frequencies (>102 rad/s). The height of the plateau increases with
rising X due to the effect of covalent crosslinks on the elasticity of
hybrid gels. At X¼ 0.02, the plateau elastic modulus of the hybrid is
A

Fig. 2. G0 (A) and tan d (B) of hybrid gels at 25 �C shown as a function of angular frequency
0 ( ), 0.002 ( ), 0.005 ( ), 0.010 ( ), and 0.020 ( ). Open symbols represent data obtaine
25 kPa as compared to 20 kPa of the chemical gel, revealing the
contribution of hydrophobic associations to the effective crosslink
density of the hybrid gel at short experimental time scales. At
longer times, the modulus of hybrids becomes less frequency-
dependent with rising X, while the loss factor tan d decreases
demonstrating increasing lifetime of hydrophobic associations
within the covalent network structure. At low frequencies, G0 of the
hybrid gel formed at X ¼ 0.02 is less than G0 of the chemical gel
indicating that the presence of the hydrophobes and/or surfactant
micelles affects the polymerization kinetics. Moreover, the peak in
tan d appears at around 10 rad/s independent of X indicating that
the energy dissipation mainly occurs at this frequency for all the
hybrid gels. The fact that all hybrids show time-dependent moduli
reveals the finite lifetimes of C18 associations. Hence, the dynamic
reversible crosslinks are also effective within the covalent network
of the present hybrid hydrogels.

The mechanical behavior of the hydrogels was investigated by
both uniaxial compression and tensile tests. Fig. 3A compares the
stressestrain data of the hybrid gel formed at X ¼ 0.01 with its
individual components, the physical (X ¼ 0) and chemical gels
(X ¼ 0.01), as the dependence of the nominal stress snom on the
deformation ratio l. Fig. 3B shows a summary of the compressive
fracture stresses sf, compressivemoduli E, and the elongation ratios
at break lf for each type of hydrogel. The hybrid gel withstands
8.1 �1 MPa compressive stress which is more than 24 and 4 times
higher than that of the individual chemical and physical gels,
B

u. go ¼ 0.01. The arrows show the directions of increasing crosslinker ratio X, which is
d from a chemical PAAm gel formed at X ¼ 0.02.



A

B

Fig. 3. (A): Typical stressestrain curves of the physical (B), chemical ( ), and hybrid gels ( ) under compression (l < 1) and elongation (l > 1) as the dependence of nominal stress
snom on the deformation ratio l. (B): Fracture stress sf, compressive modulus E and elongation ratio at break lf for the physical, chemical (X ¼ 0.01) and hybrid gels (X ¼ 0.01).
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respectively. Thus, the fracture stress of the hybrid gel far exceeds
that of either of its parents. Themodulus of the hybrid is 38� 5 kPa,
which is the sum of the moduli of the chemical and physical gels
(35 � 1 kPa and 5 � 1 kPa, respectively). Thus, the mechanical
strength of the physical gel is significantly improved by use of the
hybrid approach. In contrast, the hybrid gel does not exhibit the
high stretchability of the physical gel. As seen in Fig. 3, although the
physical gel ruptures when stretched to about 18 times its original
length, the hybrid gel ruptures at lf ¼ 4.1 � 0.2, which is only 2.4
times higher than that of the chemical gel (1.7 � 0.1).

Fig. 4A represents stressestrain data of the hybrid gels formed at
various X between 0.002 and 0.02. In Fig. 4B, mechanical charac-
teristics of the gels are plotted against the crosslinker ratio X. The
results obtained from the chemical gels formed at X¼ 0.01 and 0.02
are also shown by triangles. The general trend is that the hybrid
gels formed at X< 0.02 withstand up to 96e97% compression ratios
and exhibit an increase in the fracture stress sf with increasing X,
while those formed at larger X become brittle. Moreover, the
modulus E increases while the elongation at break lf decreases
continuously with rising X and, the values E and lf of hybrids are
mainly determined by the chemical gel component.
Fig. 4. (A): Typical stressestrain curves of the hybrid gels formed at various crosslinker ratio
break lf of the gels plotted against the crosslinker ratio X. The data of the chemical gels ar
Fig. 4B also shows that the elongation at break drastically de-
creases upon addition of a small amount of the chemical crosslinker
BAAm. For instance, the physical gel (X ¼ 0) withstands up to an
elongation ratio of 18� 1, whereas the hybridwith X¼ 0.002 fails at
an elongation ratio of 8. Since the crosslinker ratio X ¼ 0.002 cor-
responds to one crosslinker per 500 monomers, i.e., on average 250
units between two successive covalent crosslinks, the network
chains are expected to be long enough to behave like Gaussian coils.
For a network of Gaussian chains, the maximum extensibility lm is
equal to N1/2, where N is the number of monomer units between
two successive crosslinks, i.e., N ¼ (2X)�1 [31]. Thus, for X ¼ 0.002,
lm is predicted to be 16, which is close to lf of the physical gel.
However, mixing these chemical and physical crosslinks to make a
hybrid gel results in a decrease of lf to 8 indicating that even a
loosely crosslinked covalent network structure leads to a dramatic
loss of stretchability of the physical gel.

To understand the enhancement in compressive mechanical
properties of the physical gel in spite of loss of its extensibility upon
addition of chemical crosslinks, it is important to consider the
characteristics of PAAm gels formed by BAAm crosslinker. Such gels
possess an uneven topological distribution of crosslinks, commonly
A

B

s X indicated. (B): Fracture stress sf, compressive modulus E, and the elongation ratio at
e shown by triangles.



Fig. 5. Photographs of the physical (X ¼ 0) and hybrid gels (X ¼ 0.005) during the compression tests. The physical gel remains deformed after removal of the stress (top-right image)
and, a full recovery of the original shape was observed after a waiting time of 3 min.
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referred to as spatial gel inhomogeneity [32,33], a feature that is
caused by cyclization reactions, microgel formation during gelation,
differences between the reactivities of vinyl groups, and diffusion
controlled reactions [32e38]. To highlight the imperfections in the
covalent network structure of the hybrids, we estimated the effi-
ciency of BAAm to form elastically effective crosslinks. Since the
elastic modulus G0 of the chemical gel formed at X ¼ 0.02 is
Fig. 6. Nominal stress snom vs deformation ratio l curves from cyclic elongation (AeC) and co
behavior of a chemical PAAm gel (X ¼ 0.02) is shown in the lower right figure. The tests w
independent of the frequency (Fig. 2A), it also corresponds to its
shearmodulus G. Assuming that all BAAmmolecules used in the gel
preparation participate in forming effective crosslinks, theoretical
shear modulus Gtheo of the hydrogel can be estimated as [38]:

Gtheo ¼ A
1

NVr
RTn02 (1)
mpression tests (DeF) for the gel samples with various X indicated. For comparison, the
ere conducted with increasing strain.



F  /  N

0.0 0.1 0.2 0.3 0.4
0

6

12

18

24

F  /  N

0.0 0.4 0.8 1.2

U
hys

 / kPa

0

1

2

3

A

0.002

0.005

0.01

0.02

0
B

0.002

0.005

0

Fig. 7. Hysteresis energy Uhys during the loading/unloading compression (A) and
elongation tests (B) shown as a function of the maximum load F. The crosslinker ratio X
as indicated. Due to the limited extensibility of the gels, data of only two hybrid gels
are shown in B.

D.C. Tuncaboylu et al. / Polymer 54 (2013) 6381e63886386
where the front factor A equals to 1 for an affine network and
1 � 2/f for a phantom network, f is the functionality of the
crosslinks, Vr is the molar volume of repeat unit (53 mL/mol), n02 is
the volume fraction of crosslinked polymer after the gel prepara-
tion. R and T are in their usual meanings. Previous works show that
the phantom network theory of elasticity adequately describes the
stressestrain behavior of PAAm gels [39]. Assuming phantom
network behavior (f ¼ 4), Gtheo of the chemical gel with X ¼ 0.02
was calculated as 70 kPa, as compared to its experimental value of
25 kPa. Thus, about 64% of BAAm used in the gel preparation were
wasted in elastically ineffective links. For the chemical gel formed
at X ¼ 0.002, the modulus was measured as 3.3 kPa as compared to
Gtheo ¼ 7 kPa, i.e., the wasted fraction of BAAm is 53%. The high
fraction of wasted BAAm in PAAm gels mainly originates from the
multiple crosslinking reactions leading to an inhomogeneous dis-
tribution of crosslinks along the gel sample, i.e., to a broad molec-
ular weight distribution of the network chains [34,35]. Although
the small strain properties such as the modulus would be expected
to be dominated by the contribution of both long and short
network chains, the extensibility of the network chains before
failure will mainly be influenced by the shorter chains. The loss of
stretchability of the physical gel upon addition of chemical cross-
links is thus due to the contribution of short network chains. Since
A B

Fig. 8. (A): Stressestrain curves of virgin (dashed curve) and healed gel samples with X ¼
stress sf, elongation ratio lf at break, and toughness of healed gels shown as a function of the
lines are the standard deviations.
increasing chemical crosslink density also increases the degree of
inhomogeneity [32,33,36e38], increasing number of shorter
network chains make the hybrid gels brittle at crosslinker ratios
X > 0.01. On the other hand, the improvement in the compressive
mechanical properties of hybrids is due to the introduction of a
covalent network structure. This feature is also illustrated in Fig. 5
where the images of the physical (X¼ 0) and hybrid gels (X¼ 0.005)
during the compression tests are shown. Hybrid gel is highly elastic
due to the presence of permanent crosslinks and recovers back to
its original shape when the stress is released. In contrast, the
physical gel remains deformed after removal of the stress (the top-
right image in Fig. 5) and, a full recovery of the original shape was
observed after a waiting time of 3 min.

Cyclic mechanical testing is a powerful tool to understand
the nature of crosslinks in the hybrid gels. Five successive
loadingeunloading compression and tensile cycles of hybrid gels
up to a strain below the failure are shown in Fig. 6. The tests were
carried out with increasing maximum strain and with a waiting
time of 7 min between cycles. For clarity, successive cycles are
presented by curves with different colors and the loading curves
are indicated by up arrows. For comparison, the behavior of the
chemical PAAm gel (X ¼ 0.02) is also shown in figure (Fig. 6F).
Due to the lack of an efficient energy dissipation mechanism, the
chemical gel exhibits negligible hysteresis across the entire
measured range of strains whereas the physical gel (X ¼ 0, left
panel) exhibits a significant hysteresis. The energy Uhys dissi-
pated during the cycle was calculated from the area between the
loading and unloading curves. Since hydrophobic associations
can be broken under low external forces while the chemical
crosslinks remain intact, we calculated Uhys released under a
maximum load F of less than 1 N. In Fig. 7, the hysteresis energies
Uhys calculated during compression and tensile cycles are plotted
against F for various crosslinker ratios X. The hysteresis increases
with increasing maximum load F, i.e., with increasing maximum
strain during the loading step. Moreover, as the crosslinker ratio
X is increased at a constant load, hysteresis decreases indicating
decreasing number of hydrophobic associations acting as
reversibly breakable crosslinks.

The perfect superposition of the successive loading curves of the
physical gel demonstrates that the damage done to this gel sample
during the loading cycle is recoverable in nature. Although at a
lesser extent, this reversibility is also observable in the hybrid
hydrogel formed at X ¼ 0.002. As illustrated in the inset to Fig. 6B,
C

0 (solid curves). Healing times are indicated. (B, C): Tensile modulus E, tensile fracture
healing time. The solid lines represent the behavior of virgin gel sample and the dashed
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Fig. 9. (A): Stressestrain curves of virgin (dashes curves) and healed gel samples (solid curves). The crosslinker ratio X of the gels is indicated. Healing time ¼ 60 min. (B): Tensile
modulus E and the elongation ratio at break lf of virgin and healed gel samples shown as a function of the crosslinker ratio X.

D.C. Tuncaboylu et al. / Polymer 54 (2013) 6381e6388 6387
the loading curve with a maximum strain lmax ¼ 4 closely follows
the path of the previous loading curve with lmax ¼ 3 implying that
the structure of the hybrid gel returns to its initial state after the
cycle up to lmax¼ 3 and the energy Uhys released during this cycle is
due to the recoverable damage of the physical crosslinks. For
lmax ¼ 3, Uhys was calculated as 2.14 kPa for this hybrid gel, as
compared to 2.69 kPa for the physical gel subjected to the same
cycle. Since the hysteresis energy is proportional to the number of
associations broken down during the cycle [23,24], this means that
about 80% of the hydrophobic associations in the hybrid gel are
broken reversibly during deformation.

Experiments showed that, when the fracture surfaces of a
ruptured hybrid gel sample with X < 0.01 are pressed together at
24 �C, the two pieces merge into a single piece. This demonstrates
autonomous self-healing in a covalently crosslinked hydrogel. To
quantify the healing efficiency, tensile testing experiments were
performed using cylindrical gel samples of 4.7 mm in diameter and
6 cm in length. The samples were cut in the middle and then, the
two halves were merged together within a plastic syringe (of the
same diameter as the gel sample) at 24 �C by slightly pressing the
piston plunger. To find the optimum healing time, we first con-
ducted themechanical measurements using the physical gel (X¼ 0)
at various healing times. In Fig. 8A, stressestrain curves of the
virgin (dashed curve) and healed gel samples (solid curves) are
shown. In Fig. 8B and C, the tensile modulus E, the fracture stress sf,
the elongation ratio at break lf and the toughness of the healed gel
samples are plotted against the healing time. The horizontal solid
lines represent the characteristics of the virgin gel with standard
deviations indicated by the dashed lines. The fracture stress after
10 min healing isw10 kPa which is 63% of the fracture stress of the
virgin gel sample. The results indicate the occurrence of a rapid and
autonomous self-healing process in the physical gel. A healing time
of 60 min suffices to recover all the initial mechanical properties of
the physical hydrogel.

Self-healing tests were also performed using hybrid gel samples
after a healing time of 60 min which was the optimum time for the
physical gel. No self-healing was observed in hybrids formed at
X � 0.01, which is attributed to decreased mobility of C18 blocks in
the inhomogeneous network structure. However, those formed at
lower crosslinker ratios exhibited self-healing behavior. In Fig. 9,
the stressestrain curves (A), the tensile moduli E (B), and the
elongation ratios at break lf (C) of the virgin and healed gel samples
are shown for X¼ 0, 0.002, and 0.005. The largest healing efficiency
in hybrids was observed in terms of the recovered tensile modulus
E, which was about 80% of the original value. We have to mention
that the tensile moduli of the original gels are 8, 13, and 15 kPa for
X ¼ 0, 0.002, and 0.005, respectively. Thus, the physical crosslinks
contribute 53e62% of the moduli of these hybrid gels, which seem
to be responsible for the high recovery of E of the healed gel
samples. The healed gel samples formed at X ¼ 0.002 and 0.005
withstand up to 9 kPa fracture stress at 200% deformation ratios.
The results thus show that 30� 5% of the tensile fracture stress and
the elongation at break of the virgin samples can be autonomously
recovered in the hybrid gels formed at X � 0.005.

4. Conclusions

Self-healing hydrogels suffer from low mechanical strength due
to their reversible breakable bonds. Here, we attempted to improve
this deficiency by creating a hybrid network composed of a com-
bination of a physical network formed via reversible crosslinks and
a covalent network.We prepared a series of hybrid hydrogels by the
micellar copolymerization of AAm with 2 mol % C18 as a physical
crosslinker and various amounts of BAAm as a chemical crosslinker.
Rheological measurements show that the dynamic reversible
crosslinks consisting of hydrophobic associations surrounded by
surfactantmicelles are also effectivewithin the covalent network of
the hybrid hydrogels. A significant enhancement in the compres-
sive mechanical properties of the hybrid gels was observed with
increasing BAAm content. For instance, the hybrid gel formed at
X ¼ 0.01 withstands 8.1 �1 MPa compressive stress which is more
than 24 and 4 times higher than that of the individual chemical and
physical gels, respectively. The modulus of the hybrid gel formed at
X ¼ 0.01 is 38 � 5 kPa, which is the sum of the moduli of the
chemical and physical gels. In contrast, the hybrid gel does not
exhibit the high stretchability of the physical gel. Cyclic tensile and
compression tests show that the fraction of hydrophobic associa-
tions reversibly broken under an external force decreases with
increasing crosslinker ratio X. The largest self-healing efficiency in
hybrids was observed in terms of the recovered modulus E, which
was about 80% of the original value. The healed gel samples formed
at a low BAAm content withstand about 9 kPa fracture stress at
200% deformation ratios.

The results also show that self-healing in hybrid gels can be
observed at low chemical crosslink densities where the network
chains are sufficiently flexible to allow the re-formation of broken
hydrophobic associations on the cut surfaces. Recently, Phadke
et al. have demonstrated pH-induced healing in chemical gels
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containing dangling hydrocarbon side chains with terminal
carboxyl groups that mediate hydrogen bonding across the
hydrogel interfaces at a low pH [4]. They also showed that healing
requires a low crosslink density to make the carboxyl groups across
the damaged area available to each other [4]. Thus, our results also
support this finding. Moreover, a lesser degree of spatial gel in-
homogeneity is expected to produce much better healing effi-
ciencies in hybrid hydrogels. We also propose that the use of
hydrophobic monomers with longer alkyl side chains would pro-
duce enhanced self-healing properties due to the increased
mobility of the hydrophobes.
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