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Abstract Different reversible molecular interactions have
been used in the past few years to generate self-healing in
synthetic hydrogels. However, self-healing hydrogels synthe-
sized so far suffer from low mechanical strength which may
limit their use in any stress-bearing applications. Here, we
present a simple technique to heal mechanically strong poly-
acrylamide hydrogels formed via hydrophobic interactions
between stearyl groups. A complete healing in the hydrogels
was achieved by the treatment of the damaged areas with an
aqueous solution of wormlike sodium dodecyl sulfate mi-
celles. The micelles in the healing agent solubilize the
hydrophobes in the cut surfaces, so that they easily find their
partners in the other cut surface due to the hydrophobic
interactions. Surfactant-induced healing produces high tough-
ness (∼1 MPa) gels withstanding 150 kPa of stress at a
deformation ratio of 1,100 %. The healing technique devel-
oped here is generally applicable to the physical gels formed
by hydrophobic associations.

Keywords Hydrogels . Self-healing . Hydrophobic
associations . Toughness . Surfactant-induced healing

Introduction

Self-healing is a common phenomenon observed in most
biological materials such as skin, bones, and wood [1, 2].
The special ability of natural materials to heal cracks often

involves an energy dissipation mechanism due to the so-called
sacrificial bonds that break and reform dynamically before the
fracture of the molecular backbone [3]. Although synthetic
hydrogels are very similar to biological tissues, they are nor-
mally very brittle and lack the ability to self-heal upon dam-
age. To obtain a hydrogel with a high degree of toughness, one
has to increase the overall viscoelastic dissipation along the
gel sample by introducing dissipative mechanisms at the
molecular level. A number of techniques for toughening of
gels have recently been proposed including the double net-
work gels [4], topological gels [5], nanocomposite hydrogels
[6], and cryogels [7]. Moreover, to generate self-healing in
synthetic hydrogels, different reversible molecular interac-
tions have been used in the past few years, including hydrogen
bonding [8–12], electrostatic interactions [13–15], molecular
recognition [16–18], metal coordination [19, 20], π −π stack-
ing [21], dynamic chemical bonds [22–25], molecular diffu-
sion [26, 27], and hydrophobic associations [28–32]. Howev-
er, self-healing hydrogels synthesized so far suffer from low
mechanical strength which may limit their use in any stress-
bearing applications such as artificial cartilages.

Recently, we presented a simple strategy for the production
of self-healing hydrogels via hydrophobic interactions [31,
32]. Large hydrophobes such as stearyl methacrylate (C18)
could be copolymerized with the hydrophilic monomer acryl-
amide (AAm) in aqueous sodium dodecyl sulfate (SDS) so-
lutions. This was achieved by the addition of salt (NaCl) into
the reaction solution [31]. Salt leads to micellar growth and,
hence, solubilization of large hydrophobes within the grown
wormlike SDS micelles. Incorporation of hydrophobic se-
quences 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 junc-
tion zones provides homogeneity and self-healing properties.
It was shown that the hydrophobic associations surrounded by
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surfactant micelles act as reversible breakable cross-links,
which are responsible for rapid self-healing of the hydrogels
at room temperature without the need for any stimulus or
healing agent [32].

However, when swollen in water, such hydrogels formed
by hydrophobic associations behave similarly to chemically
cross-linked ones with time-independent elastic moduli, a
high degree of spatial inhomogeneity, and no self-healing
ability upon damage. It was shown that the drastic structural
change in the physical gels upon swelling in water is due to the
extraction of SDS micelles from the gel network, leading to
the loss of the reversible nature of the cross-linkages [32].
Thus, although mechanically strong and tough gels could be
obtained after removal of surfactant, the resulting gels lose
their ability to self-heal. This also prevents the application of
self-healing hydrogels formed via hydrophobic interactions in
aqueous environment.

Here, we report on the discovery that complete healing in
the physical gels free of SDS micelles can be achieved by the
treatment of the damaged area with an aqueous solution of
wormlike SDS micelles. Healed hydrogels exhibit fracture
stress of 150 kPa and a toughness of ∼1 MPa. We also show
that the healing technique developed here is generally appli-
cable to the physical gels formed by hydrophobic
associations.

Experimental

Materials

Acrylamide (AAm, Merck), sodium dodecylsulfate (SDS,
Sigma), ammonium persulfate (APS, Merck), N ,N ,N ′,N ′-
tetramethylethylenediamine (TEMED, Merck), and NaCl
(Merck) were used as received. Commercially available
stearyl methacrylate (C18, Fluka) consists of 65 % n -
octadecyl methacrylate and 35 % n -hexadecyl methacrylate.
Hydrogels were prepared by the micellar copolymerization of
AAm with C18 at 24 °C for 24 h in the presence of an APS
(3.5 mM)–TEMED (0.25v /v%) redox initiator system. SDS

and NaCl concentrations were set to 7w /v% (0.24 M) and
0.5 M, respectively. The total monomer concentration and the
hydrophobe content of the monomer mixture were also fixed
at 10w /v% and 2 mol %, respectively. The gel preparation
procedure was the same as in our previous studies [31, 32].
Shortly, SDS (0.7 g) was dissolved in 9.9 mL of aqueous
solution of NaCl (0.2925 g) at 35 °C to obtain a transparent
solution. Then, hydrophobic monomer C18 (0.0862 g) was
dissolved in this SDS–NaCl solution under stirring for 2 h at
35 °C. After adding and dissolving AAm (0.9137 g) for
30 min, TEMED (25 μL) was added into the solution. Finally,
0.1 mL of APS stock solution (0.8 g APS/10 mL distilled
water) was added to initiate the reaction. The copolymeriza-
tion reactions were carried out in plastic syringes of 4.7-mm
internal diameters.

To obtain hydrogels free of SDS micelles, the gel samples
were immersed in a large excess of water at 24 °C for at least
15 days by replacing water every second or third day to extract
any soluble species. SDS concentration in the external solu-
tions was estimated using the methylene bluemethod [31, 33].
A swelling time of about 8 days was needed to extract all SDS
from the gels. The masses m of the gel samples were moni-
tored as a function of swelling time by weighing the samples.
Relative weight swelling ratio m rel of gels was calculated as
m rel=m /m0, where m0 is the initial mass of the gel sample.
Then, the equilibrium swollen gel samples were taken out of
water and immersed in liquid nitrogen for 5 min before they
were freeze-dried. The gel fractionWg, that is, the conversion
of monomers to the cross-linked polymer (mass of water-
insoluble polymer/initial mass of the monomer) was calculat-
ed from the masses of dry, extracted polymer network and
from the comonomer feed.

Uniaxial compression measurements

The measurements were performed in a thermostated room at
24±0.5 °C on cylindrical hydrogel samples of 4.7 mm in
diameter and 5.3±0.3 mm in length. The uniaxial compres-
sion measurements were performed on a Zwick Roell test
machine using a 500-N load cell. The hydrogel sample was

Fig. 1 Stress–strain curves of the
hydrogels with a and without
SDS b as the dependence of
nominal σnom (open symbols) and
true σ true stresses (filled symbols)
on the deformation ratio λ
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placed between the plates of the instrument. 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 is presented by its nominal
σnom and true values σ true (=λ σnom), which are the forces per
cross-sectional area of the undeformed and deformed gel
specimen, respectively, while the strain is given by λ , the
deformation ratio (deformed length/initial length). Compres-
sive modulus was calculated from the slope of stress–strain
curves between 5 and 15 % compressions. At large compres-
sions, failure was not easily observed in the hydrogels because
the nominal stress σnom did not decrease after the samples
broke. This is illustrated in Fig. 1 showing the stress–strain
curves of the hydrogels with and without SDS under com-
pression as the dependence of nominal σnom and true σ true

stresses on the deformation ratio λ . Although σnom increases
continuously with increasing strain, σ true−λ plots pass
through maxima due to the onset of failure in the gel speci-
men. Note that the brittle gel samples prepared in the presence
of a chemical cross-linker suddenly fractured during the com-
pression tests so that the failure occurred at the maxima of

σ true−λ plots. The behavior of the present gels was a conse-
quence of the sample breaking into several pieces that still
supported the stress. The fracture stress σ f and the compression
ratio at break λ f were calculated from the maxima in σ true−λ
plots taken as the fracture point of the gel samples.

Uniaxial elongation measurements

The measurements were performed on cylindrical hydrogel
samples of 4.7 mm in diameter on a Zwick Roell test machine
using a 10-N load cell under the following conditions: strain
rate=0.075 s−1 (50 mm/min), sample length between jaws=
11±1 mm. Samples were held on the test machine between
clamps altered with antislip tape (Tesa, 25×15 mm) together
with cyanoacrylate adhesive (Evobond), or with wood strips
to better grip the slippery gel samples. The fracture stress,
elongation ratio at break, and toughness were recorded. Ten-
sile modulus was calculated from the slope of stress–strain
curves between elongations of 5 and 15 %. Cyclic elongation
tests were conducted at a constant crosshead speed of 50 mm/
min to a maximum elongation ratio, followed by retraction to
zero force and a waiting time of 7 min, until the next cycle of
elongation. All the gel samples recovered their original

Table 1 Properties of the physical gels with and without SDS

SDS (%) Self-healing
efficiency (%)

Elongation Compression

E /kPa σ f/kPa λ f W /kJ m−3 E /kPa σ f/MPa λ f W /kJ m−3

7 100 8 (2) 16 (3) 18 (2) 136 (24) 5 (1) 2.7 (0.3) 0.037 (0.006) 70 (16)

0 0 32 (4) 138 (15) 8 (1) 580 (140) 30 (2) 8.6 (0.6) 0.044 (0.002) 450 (22)

Standard deviations are in parentheses

E Young’s modulus, σ f fracture stress, λ f deformation ratio to break, W toughness

Fig. 2 Successive loading/
unloading cycles for the physical
gels with and without SDS. Panel
b is a zoom-in view of the data of
gels containing SDS
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lengths after 7 min of relaxation time. For reproducibility, at
least six samples were measured for each gel, and the results
were averaged.

Results and discussion

Physical gels were prepared by the micellar copolymerization
of AAm with 2 mol % C18 at 24 °C in aqueous SDS–NaCl
solutions. To obtain physical gels free of SDSmicelles, the gel
samples were extracted in water at 24 °C. The gel fraction
(mass of water-insoluble polymer/initial mass of the mono-
mer) was above 0.90, while the weight swelling ratio of the
gels with respect to the state of preparation was close to unity.
In this way, two types of physical gels of the same polymer
concentration (10w /v%) and composition (2 mol % C18 and
the rest being AAm units) were obtained, one containing 7w /
v% SDS and the other free of SDS, which will be called
hereafter gels with and without SDS, respectively.

The mechanical characteristics of the physical gels with
and without SDS are collected in Table 1. The tensile and

compressive moduli E of the physical gel increase 4- and 6-
fold, respectively, upon removal of the surfactant from the gel
network. The gel containing SDS ruptures when stretched to
about 18 times its original length, while the same gel without
SDS ruptures at λ f=8±1. Moreover, the gel with SDS fails
upon application of 16±3 kPa compressive stress whereas that
without SDS withstands about 9-fold larger fracture stress and
exhibits about 5-fold larger toughness. Thus, the mechanical
strength of the physical gel is significantly improved after its
swelling in water, i.e., after extraction of SDS micelles from
the physical network. This is, as detailed before, due to the
weakening of hydrophobic interactions in the presence of
surfactants [32].

The large strain properties of the gels were compared by
cyclic elongation tests conducted up to a strain below the
failure. In Fig. 2a, successive loading–unloading cycles of
the gel samples with and without SDS are shown as the
dependence of the nominal stress σnom on the deformation
ratio λ . Figure 2b is a zoom-in view of the data of gels
containing SDS. For clarity, successive cycles are presented
by curves with different colors, and the loading curves are
indicated by up-pointing arrows. The tests were carried out by
first elongating the gel samples to a maximum strain λmax,1

and then unloading. After a wait time of 7 min, the samples
were again loaded and elongated to an increasing maximum
strain λmax,2 and unloaded. These successive tensile cycles
were carried out several times with increasing maximum
strain up to λmax,n=11 and 7 for gels with and without SDS,
respectively. For the gel with SDS (Fig. 2b), the n th loading
curve is always overlapped by the (n −1)th loading curve over
the whole range of λmax,n. The perfect superposition of the
successive loading curves up to 1,000 % of elongation ratio
reveals that the damage done to the gel sample during the
loading cycle is recoverable in nature, and the bonds broken
during elongation are reformed after a wait time of 7 min. In
contrast, the gel without SDS exhibits irreversibility (Fig. 2a),
i.e., n th loading curve follows the path of the unloading curve
of the previous cycle up to its maximum strain λmax,n−1. This

Fig. 3 Stress–strain curves of the virgin gel sample without SDS (dashed
curve) and the healed gel samples (solid curves). Healing times are
indicated. The blue (dash-dot) curve in panel b represents the stress–
strain data of a gel sample healed for 24 h, which was then immersed into
an excess of water for 2 weeks to extract SDS prior to the mechanical tests

Fig. 4 Young’s modulus E ,
fracture stress σ f, elongation ratio
λ f at break, and toughness of
healed gels shown as a function of
the healing time. The solid lines
represent the behavior of virgin
gel sample without SDS, and the
dashed lines are the standard
deviations

514 Colloid Polym Sci (2014) 292:511–517



indicates the occurrence of an irreversible damage during the
previous cycle, while additional damage only occurs at a
higher maximum strain.

In accord with the cyclic test results, the weak gels with
SDS exhibited a self-healing efficiency of nearly 100% after a
healing time of 60 min [32]. However, no such self-healing
behavior was observed in mechanically strong gels without
SDS. This suggests that the key factor leading to the self-
healing is the weakening of strong hydrophobic interactions
due to the presence of surfactant molecules.We tried to induce
healing in the physical gels free of SDS micelles by the
treatment of the cut surfaces with surfactant solutions. For this
purpose, cylindrical gel samples of about 5 mm in diameter
and 6 cm in length were cut in the middle, and the cut regions
were immersed (5 mm deep) into an aqueous 7w /v% SDS
solution for 10 min. Then, the two halves were merged to-
gether within a plastic syringe (of the same diameter as the gel
sample) at 24 °C by slightly pressing the piston plunger. The
healing time was varied from 10 min to 12 days, and each
experiment was carried out starting from a virgin sample. No
healing could be achieved in the hydrogels even at elevated
temperatures (up to 60 °C). This is attributed to the presence of
small SDS micelles in the surfactant solution that cannot
solubilize large hydrophobic sequences locating in the cut
surfaces. However, 7w /v% SDS solution prepared in 0.5 M
NaCl induced a significant healing in a short period of time.

Since the aggregation number of SDS micelles in 0.5 M NaCl
is about 200, as compared to 60 for the minimum spherical
SDS micelle [32], this suggests that the grown micelles in the
healing agent are able to solubilize the hydrophobes in the cut
surfaces. Indeed, it was observed that the cut surfaces im-
mersed in SDS–NaCl solutions start to liquefy after a few
minutes, so that the hydrophobes can easily find their partners
in the other cut surface due to the hydrophobic interactions.

In Fig. 3a, stress–strain curves of the virgin gel sample
without SDS (dashed curve) and the healed gel samples (solid
curves) are shown. The fracture stress after 1 h of healing is 25
±5 kPa which is close twice the fracture stress of the virgin gel
sample containing SDS (Table 1). For healing times ranging
from 30 min to 9 h, we observed that the healed region of gels
is more swollen as compared to the bulk region. This is
expected, given that the absorption of SDS by the polymer
at the welded interface produces an excess of counterion
concentration inside the gel and leads to increased gel swell-
ing [31]. This interface also acts as a weak point in the healed
gels so that they always rupture at this region. However, for
longer healing times (>9 h), the welded interface deswells
again and becomes identical to the bulk region; simultaneous-
ly, the healed gel samples rupture in the bulk region, while the
welded interface remains unbroken. For all healing times
indicated in Fig. 3a, the surfactant-mediated healing is irre-
versible: When immersed in water to extract the healing agent
(SDS + NaCl), the healed gel samples remain stable as the
virgin ones.

The mechanical characteristics of the healed gel samples
are plotted in Fig. 4 against the healing time. The horizontal
solid lines represent the characteristics of the virgin sample
listed in the second row of Table 1 with standard deviations
indicated by the dashed lines. Both the fracture stress σ f and
the elongation at break λ f of the gel samples rapidly increase
with increasing healing time, and after 20 h, they reach to the
values of the virgin gel sample. For longer healing times, the
healed gel samples become stronger and tougher than the
original gel. However, the modulus E of healed gels partially

Fig. 5 Healing of a surface scratch in the gel containing no SDS. The gel
was colored using a dye for easy visualization. a Virgin surface of the gel.
b After making scratches (about 2 mm deep) on the surface of the gel. c
The surface of the gel after spraying the healing agent and after a healing
time of 24 h

Table 2 Tensile strength and elongations to break of healed hydrogels formed via different reversible molecular interactions

Healing process Healing type Tensile strength (healing time) Elongation to break Reference

Hydrophobic interactions Self 0.1 kPa (10 s) – [29]

Self 30 kPa (3 days) 11 [28]

Self 20–40 kPa (30 min) 13–17 [32, 35]

Surfactant-induced 150 kPa (24 h) 12 Present work

H-bonding pH-induced 35 kPa (24 h) – [8]

Self ∼100 kPa (24 h) 4 [9]

Self (graphene oxide composite hydrogel) 200–350 kPa (24 h) 25–48 [11]

Self (nanocomposite hydrogel) 130 kPa (30 min) 12 [12]

Dynamic chemical bonds Self 300 kPa (24 h) 5 [22]
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recovers its original value, and about 63 % of healing effi-
ciency in terms of the recovered modulus was obtained after
50 h. We attribute this behavior to the presence of SDS in the
healed gel samples weakening hydrophobic interactions. In-
deed, when the healed samples are immersed into an excess of
water to extract SDS micelles, their stress–strain curves ap-
proach to the curve of the virgin sample. This behavior is
illustrated by the blue (dash-dot) curve in Fig. 3b representing
the stress–strain data of a gel sample healed for 24 h, which
was then immersed into an excess of water for 2 weeks to
extract SDS prior to the mechanical tests. Both the fracture
stress and the elongation at break are 80 % of the original
values. Experiments also showed that increasing temperature
during healing further increases the efficiency of healing. For
instance, fixing the healing time at 6 h while increasing the
healing temperature from 25 to 60 °C leads to an increase in
the fracture stress of healed hydrogels from 60 to 90 kPa. The
increasing ability of the hydrogels to self-heal at a high tem-
perature is ascribed to a decrease of the lifetime of hydropho-
bic associations, as already observed in semi-dilute solutions
of hydrophobically modified PAAms [34].

The healing technique developed here is applicable to the
physical gels formed by hydrophobic associations. PAAm
hydrogels formed using 2 mol % n -alkyl (meth)acrylates of
various alkyl chain lengths between 12 and 22 carbon atoms
as the physical cross-linker, as we reported before [35], could
be healed using the SDS–NaCl solution This technique thus
overcomes the necessity of the presence of surfactant micelles
in the gels for their healing and, therefore, opens their appli-
cations in the aqueous environment. To demonstrate the ap-
plication of the hydrogels as healing coatings, artificial
scratches about 2 mm deep were created on the gel surfaces
(Fig. 5). A complete healing was achieved by spraying the
cracks with the SDS–NaCl solution after a healing time of
24 h.

Conclusions

We have demonstrated that the physical gels formed via
hydrophobic interactions can be healed using aqueous solu-
tions of wormlike surfactants. Since the hydrogels formed by
large hydrophobes as a physical cross-linker have long-lived
associations [32, 35], the polymer chains cannot diffuse to the
damaged area to heal the broken gel sample. As a conse-
quence, healing needs an external stimulus to facilitate the
diffusion of polymer chains, so that the broken associations
are able to reform their original structure. The results show
that healing induced by wormlike SDS micelles produces gels
of high toughness (∼1 MPa) withstanding 150 kPa of stress at
a deformation ratio of 1,100%. Table 2 summarizes the tensile
strength and elongation to break of healed hydrogels formed
via different reversible molecular interactions. Present

hydrogels exhibit the highest mechanical strength ever report-
ed for gels formed by hydrophobic associations. We propose
that the nanoparticles included into the physical network of
the present hydrogels would further increase the mechanical
performance of healed hydrogels.
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