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ABSTRACT: We present here a synthetic strategy for the preparation of
melt-processable shape-memory hydrogels with self-healing ability. The
supramolecular hydrogel with a water content of 60−80 wt % consists of
poly(acrylic acid) chains containing 20−50 mol % crystallizable n-octadecyl
acrylate (C18A) segments together with surfactant micelles. The key of our
approach to render the hydrogel melt-processable is the absence of chemical
cross-links and the presence of surfactant micelles. At temperatures above the
melting temperature Tm of the crystalline domains of alkyl side chains, the
hydrogel liquefies due to the presence of surfactant micelles effective for
solubilizing the hydrophobic C18A segments. At this stage, it can easily be
shaped into any desired form by pouring into molds. Cooling below Tm and
removing the surfactant from the gel network results in a hydrogel of any
permanent shape with a particularly high compressive strength of 90 MPa and
a Young’s modulus of 26 MPa. If the hydrogel was damaged on purpose e.g.
by cutting into two pieces, the extraordinary mechanical properties can completely be recovered via temperature-induced healing
process. The hydrogel also exhibits a complete shape fixity ratio and a shape recovery ratio of 97 ± 2%.

■ INTRODUCTION

Shape-memory polymers are materials which have the
capability to remember one or more shapes under various
conditions and therefore have attracted significant interest in
industry and academia due to their great potential for
applications in sensors, actuators, and implants for minimally
invasive surgery.1−4 Besides the bulk polymers, hydrogels
capable of a shape-memory effect have drawn increasing
attention in the biomedical field because of their softness,
smartness, elasticity, similarity to biological tissues, and
excellent permeability for transport of nutrient and metabo-
lites.5−13 Typically, shape-memory hydrogels consist of a
hybrid-cross-linked network structure composed of permanent
cross-links (netpoints) and crystalline or glassy, amorphous
domains acting as temporary cross-links (switching segments).
While the netpoints determine the permanent shape of the
hydrogel, the physical cross-links formed by solidification of the
switching segments below the melting or glass transition
temperatures fix the temporary shape gained by deformation of
the gel sample at higher temperatures.4 Shape-memory
hydrogels based on covalently cross-linked poly(acrylic acid)
(PAAc) network chain segments containing hydrophobic
domains have been prepared in organic media as well as in
aqueous micellar solutions.5,10,14,15 Upon swelling of the
hydrogels in water, hydrophilic acrylic acid (AAc) segments
provide flexibility to the network chain segments so that

hydrophobic units easily align to form crystalline domains with
a melting temperature Tm between 30 and 50 °C. The
hydrogels exhibited 120−1000-fold increase in modulus by
decreasing the temperature from above Tm to a temperature
below Tm enabling a shape-fixity ratio (Rf) as a measure of how
good the deformed shape is maintained of >99%.
Shape-memory hydrogels with the ability to self-heal have

also been prepared through host−guest interactions, dynamic
ester bonds, complexation, and hydrophobic interactions.16−19

Meng et al. described a supramolecular approach based on
dynamic phenylboronic acid−diol ester bonds and complex-
ation of alginate with Ca2+ ions to produce self-healing
hydrogels with a shape-memory effect induced by metal
ions.17 However, the hydrogels are mechanically weak with
an elastic modulus below 1 kPa. Zhang et al. prepared light-
healable, chemically cross-linked poly(N,N-dimethylacrylamide-
co-stearyl methacrylate) hydrogels with a tensile strength of 2.3
MPa possessing shape-memory properties.15 The chemical
cross-links and crystalline domains formed from the hydro-
phobic segments served as the chemical netpoints and
switching segments, respectively. Self-healing PAAc hydrogels
withstanding up to 1.7 MPa tensile stresses were recently

Received: July 16, 2016
Revised: September 9, 2016
Published: September 20, 2016

Article

pubs.acs.org/Macromolecules

© 2016 American Chemical Society 7442 DOI: 10.1021/acs.macromol.6b01539
Macromolecules 2016, 49, 7442−7449

pubs.acs.org/Macromolecules
http://dx.doi.org/10.1021/acs.macromol.6b01539


prepared on the basis of complex formation between
hydrophobically modified PAAc and cetyltrimethylammonium
(CTA) counterions.18 The hydrogels also exhibited shape-
memory capability due to the variation of the elastic moduli
with temperature. However, the shape fixity ratio of the
hydrogels was low due to the noncrystalline state of the
hydrophobic segments that cannot support the residual stress
in PAAc chains.18 More recently, it was shown that bulk
photopolymerization of hydrophilic and hydrophobic mono-
mers generate self-healing hydrogels with shape-memory effect
due to the presence of hydrophobic associations and crystalline
domains acting as the netpoints and switching segments,
respectively.19

Although significant developments have been achieved in the
field of shape-memory polymers and hydrogels, many
applications demand shape-memory materials that can be
melt-processed as thermoplastics. Because cross-linked poly-
mers do not flow, typical methods for the processing of
thermoplastic polymers such as injection molding cannot be
used for the processing of these materials in a scale relevant for
translation into market applications. Hence, ease of process-
ability is an important topic for technological application of
shape-memory polymers.2 In this context a major challenge in

the preparation of shape-memory hydrogels is to combine melt-
processability with a high mechanical strength. Moreover, in
terms of sustainability it would be beneficial if the hydrogels
provide self-healing ability and could be prepared in a simple
synthetic route.
To address this problem, here we present a supramolecular

approach for the preparation of melt-processable shape-
memory hydrogels with self-healing ability. The supramolecular
hydrogel with a water content of 60−80 wt % consists of PAAc
chains containing 20−50 mol % crystallizable n-octadecyl
acrylate (C18A) segments together with surfactant micelles. As
compared to previous works,5,10,14,18,19 the key of our approach
is the absence of chemical cross-links and the presence of an
extractable surfactant in the hydrogels. At temperatures above
Tm of the crystalline domains, the hydrogel liquefies due to the
presence of surfactant micelles effective for solubilizing the
hydrophobic associations. At this stage, it can easily be
processed in any desired shape by pouring into molds. Cooling
below Tm and removing the surfactant results in a hydrogel of
any permanent shape with a particularly high compressive
strength of 90 MPa and a Young’s modulus of 26 MPa. If
damaged, the extraordinary mechanical properties can com-
pletely be recovered via temperature-induced healing. The

Table 1. Water Contents, Melting (Tm) and Crystallization Temperatures (Tcrys), and Degrees of Crystallinity of the Hydrogelsa

water (%) Tm (°C) Tcrys (°C) crystallinity (%)

C18A (mol %) with SDS without with SDS without with SDS without with SDS without

20 66 88 51 (0) 46 (0) 0 20 (1)
35 64 70 50 (1) 51 (0) 37 (1) 45 (1) 12 (2) 35 (3)
50 63 64 50 (0) 51 (1) 38 (1) 44 (1) 17 (1) 56 (2)

aStandard deviations are in parentheses while for the water contents, they are less than 10%.

Figure 1. (a) DSC traces of the hydrogels with (solid curves) and without SDS (dashed curves). C18A content of the hydrogels is indicated. (b)
XRD pattern of 50% C18A hydrogel without (blue, dashed curves) and with SDS (dark-red, solid curves) in 1−8° and 19−24° in 2θ ranges. Scan
rate = 1° min−1. The blank sample was prepared as the hydrogel sample but without C18A addition into the comonomer feed. (c) G′ (filled
symbols) and G″ (open symbols) of the hydrogels with (left panel) and without SDS (right panel) shown as a function of the frequency ω. γ0 =
0.001. C18A = 50 (top), 35 (middle), and 20% (bottom). Temperature = 25 °C (circles) and 65 °C (triangles). The arrows indicate the changes in
the moduli of 50% C18A hydrogel during two successive steps, namely, (i) cooling the gel containing SDS from 65 to 25 °C and (ii) extraction of
SDS.
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hydrogel also exhibits complete shape recovery due to the
hydrophobic blocks of the polymer. As will be seen below, the
hydrophobic domains of the hydrogels forming strong
associations or crystalline domains above or below Tm,
respectively, act both as physical netpoints and switching
segments.

■ RESULTS AND DISCUSSION

Hydrogels were prepared by micellar copolymerization of the
hydrophilic monomer AAc with 20−50 mol % hydrophobic
monomer C18A at a total monomer concentration of 1 M by
free radical polymerization. The advantage of the micellar
polymerization technique over the solution polymerization is
the formation of copolymers in a blocky structure because of
the local high concentration of hydrophobic monomer in the
micelles,20 facilitating the formation of the aggregates.21−23 We
used an aqueous solution containing NaCl (1.5 M) and sodium
dodecyl sulfate (SDS, 22% w/v) as the micellar solution.10,24

The addition of NaCl into the surfactant solution facilitates the
growth of SDS micelles and solubilizes the hydrophobic
monomer C18A in this micellar solution.10,25 In order to
obtain supramolecular PAAc hydrogels, there is no chemical
cross-linker added during synthesis. The polymerization
reaction was initiated using a redox initiator system consisting
of ammonium persulfate (0.79 mM) and sodium metabisulfite
(1 mM). After a reaction time of 24 h, the conversion of
monomers to the water-insoluble polymer was found to be
more than 90% (for details, see Supporting Information). The
micellar polymerization technique necessarily results in hydro-
gels containing SDS micelles at a concentration of 22% w/v. To
remove the surfactant from the hydrogels, they were first
immersed in ethanol for 3 days and then in a large excess of
water for 1 month whereby all surfactant molecules could be

removed from the gel network (for details, see Supporting
Information). In the following, as-prepared and water-swollen
hydrogels will be denoted as those with and without SDS,
respectively. Moreover, the hydrogels are denoted as x% C18A
in which x is the mole fraction of C18A in the feed. The
supramolecular hydrogels with or without SDS contain 64−88
wt % water that increases with decreasing C18A content (Table
1).
DSC traces shown in Figure 1a reveal that except 20% C18A

hydrogel with SDS, they all exhibit melting and crystallization
peaks. The melting (Tm) and crystallization temperatures
(Tcrys) of the physical gels are listed in Table 1 together with
the degrees of crystallinity, estimated by assuming that the
enthalpy change during melting of crystalline C18A units is
71.2 kJ/mol.26,27 Tm of the hydrogels is at around 50 °C,
regardless of the hydrophobe content or the presence of
surfactant micelles, while recrystallization of molten hydro-
phobic domains occurs at a lower temperature than melting.
The degree of the crystallinity increases with increasing C18A
content as well as after removal of SDS from the gel network.
The latter is related with the formation of mixed micelles
composed of SDS and C18A units of the polymer hindering the
formation of crystalline domains.25 Figure 1b shows the X-ray
diffraction (XRD) patterns of the hydrogel sample containing
50 mol % C18A with and without SDS. The pattern of the
sample without SDS exhibits a sharp peak at 1.4° and a broad,
higher angle peak at 21.3° corresponding to Bragg d-spacings of
6.3 and 0.42 nm, respectively. The d-spacing of 0.42 nm
indicates packing of the side alkyl chains of C18A units in a
paraffin-like hexagonal lattice, while the d-spacing of 6.3 nm
reveals tail-to-tail alignment of the side chains perpendicularly
to the main chains.5−8,10,28 The hydrogel sample with SDS
exhibits several peaks due to the presence of surfactant micelles.
To distinguish the surfactant peaks, XRD measurements were

Figure 2. (a) G′ (filled symbols) and G″ (open symbols) of the hydrogels with (triangles) and without SDS (circles) during cooling and heating
scans. DSC traces of the hydrogels with and without SDS are also shown by the solid and dashed curves, respectively. C18A = 50 (top), 35 (middle),
and 20% (bottom panel). ω = 6.3 rad s−1. γ0 = 0.001. (b) G′ and tan δ of the hydrogels without (left panel) and with SDS (right panel) at below and
above the melting temperature. ω = 6.3 rad s−1. γ0 = 0.001.
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also conducted using control samples obtained by micellar
polymerization in the absence of the hydrophobic comonomer
C18A. Thus, these samples correspond to a semidilute solution
of PAAc and SDS micelles. The XRD pattern of this sample
denoted as blank is also shown in Figure 1b. Comparison of the
control with the gel sample containing SDS reveals that the gel
exhibits a characteristic peak at 21.6° (d-spacing 0.41 nm)
indicating hexagonal packing of the side alkyl chains in the
presence of surfactant.
Figure 1c shows the frequency (ω) dependencies of the

elastic modulus G′ (filled symbols) and viscous modulus G″
(open symbols) of the hydrogels at 25 and 65 °C, i.e., at below
and above Tm of crystalline domains. The data from hydrogels
with (left panel) and without SDS (right panel) are shown. At
65 °C, the hydrogels with SDS exhibit a liquid-like response
typical for a semidilute polymer solution; i.e., G″ exceeds G′
over a wide range of frequencies while there is a crossover point
between G′ and G″ at a high frequency (≥160 rad s−1).
Cooling the hydrogel containing SDS below Tcrys forms a weak
gel which, after extraction of SDS, exhibits frequency-
independent elastic modulus of 0.2−8 MPa and a loss factor
tan δ (= G″/G′) close to 0.01, as typical for strong gels.
Particularly remarkable is the drastic change in the viscoelastic
properties of 50% C18A hydrogel during these successive steps,
namely (i) cooling the gel containing SDS from 65 to 25 °C
and (ii) extraction of SDS. These are illustrated in Figure 1c by
the arrows. Starting from a viscoelastic liquid with tan δ = 3 at a
frequency of 6.3 rad s−1, one may obtain a hydrogel with an
elastic modulus of 8.4 MPa and tan δ = 0.02.
The variation of the temperature-dependent moduli of the

hydrogels was investigated at a fixed frequency (6.3 rad s−1)
during the cooling−heating cycles between 65 and 25 °C.
Figure 2a shows G′ and G″ of the hydrogels with and without
SDS during cooling and heating scans. DSC traces of the gels
with and without SDS are also shown in the figures by the solid
and dashed curves, respectively. At a temperature around the
melting and crystallization temperatures, the moduli of the
hydrogels change reversibly due to the formation and melting
of the crystalline domains of the alkyl side chains. In Figure 2b,

G′ and the loss factor tan δ of the hydrogels without and with
SDS at below (25 °C) and above (65 °C) Tm are exhibited. The
dashed horizontal lines denote tan δ values for sol-to-gel (=1)
and weak-to-strong gel (=0.1) transitions. 50% C18A hydrogel
without SDS undergoes a reversible 1100-fold change in G′
(between 8.4 MPa and 7.5 kPa) below and above Tm.
Simultaneously, tan δ changes between below and above 0.1,
demonstrating reversible weak-to-strong gel transition. More-
over, the hydrogels with SDS undergo reversible sol−gel
transitions during thermal cycling; i.e., tan δ changes between
below and above unity. Hydrogels become solutions at
temperatures above 36, 46, and 49 °C for 20, 35, and 50 mol
% C18A samples, respectively. On cooling, they recover their
gel states at 34, 40, and 48 °C, respectively. Thus, sol-to-gel and
weak-to-strong gel transitions can be observed depending on
the presence of the surfactant and on the temperature. The
results also show easy transformation of a polymer solution into
a strong hydrogel possessing a modulus of around 8 MPa.
Figure 3 demonstrates moldability and shape-memory

capability of 50% C18A hydrogels. After heating to 60 °C,
the hydrogel with SDS is in a liquid state and could be shaped
in any desired shape by pouring into molds (Figure 3a,b and
Supporting Information movie). After cooling to 25 °C and
extracting SDS from the gel, this permanent shape is fixed.
When the gel sample is heated above Tm, the gel becomes soft
and could be deformed into any temporary shape, which is
fixed afterward by cooling it to 25 °C (Figure 3c). Once the gel
sample is heated in a water bath to 60 °C, it recovers its
permanent shape within 15 s (Figure 3c).
We propose that the moldability and the shape-memory

capability of the hydrogels appear due to the temperature- and
surfactant-induced changes in the properties of the physical
cross-links, as depicted in Figures 4a−d. For the hydrogel with
SDS, mixed micelles consisting of C18A blocks of the polymer
and SDS act as the physical cross-links (a).25 Because of the
weakening of hydrophobic interactions in the presence of a
surfactant,24 the hydrogel is weak with an elastic modulus of
10−2−10−1 MPa and a loss factor above 0.1 (Figure 1c). Upon
heating the hydrogel above Tm, the hydrophobic domains are

Figure 3. Images demonstrating the melt-processability, shape-memory, and self-healing behavior of the hydrogels. (a) Flow behavior of hydrogels
containing surfactant at 60 °C. (b) Various permanent shapes after cooling and surfactant extraction, where two gel solutions were colored with dyes.
(c) The shape recovery within 15 s from the temporary compressed ring to the permanent ring shape at 60 °C. (d) Photographs of two virgin
hydrogel samples after equilibrium swelling in water. One of the gel samples was colored for clarity. Gel samples were brought together in a closed
container and fused together by heating to 80 °C for 1 day. After stretching the combined gel samples at 56 °C, the healed gel sustains up to 1500%
strain. All images are from hydrogel samples with 50 mol % C18A.
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solubilized by the SDS micelles to form a semidilute polymer
solution (b). Moreover, removing SDS from the hydrogel
drastically changes the viscoelastic properties of the hydrogels
due to the increasing extent of hydrophobic interactions
(Figure 1c). Hydrophobic groups in the SDS-free hydrogel
form stronger associations and larger number of crystalline
domains to minimize their exposure to the gel phase; thereby
the modulus increases to 10−1−101 MPa and the loss factor
decreases below 0.1. Heating above Tm again destroys the
crystalline domains while the associations formed act as the
physical netpoints in the hydrogels (Figure 4c→d). Thus, the
hydrophobic associations of C18A blocks of the hydrophilic

polymer chains act as physical netpoints to determine the
permanent shape while, below Tm, the same blocks forming
side chain alkyl crystals act as molecular switches to fix the
temporary shape gained by deformation of the hydrogel sample
at a temperature above Tm.
Shape-memory properties of the hydrogels were determined

by both bending experiments and uniaxial tensile tests
conducted in aqueous environment. Bending test was carried
out by first folding the cylindrical hydrogel sample at 60 °C to a
deformation angle θd of 180° and then cooling to 15 °C to fix
the deformation (Figure S1). The deformed sample was then
stepwise heated from 15 to 70 °C in steps of 1−3 °C whereby
the recovering of the permanent shape was recorded in terms of
the deformation angle θd depending on temperature (see
Figure S2). Results of bending tests are presented in Figure 5a
where the recovered permanent angle Rθ (= 1 − θd/180) of the
folded hydrogels is shown as a function of the temperature. Rθ

increases to 100% for gels with 35 and 50 mol % C18A over a
rather small temperature range, i.e., between 45−59 and 50−61
°C, respectively. Thus, the crystalline domains in these
hydrogels are able to fix the temporary folded shape up to a
temperature close to their melting temperature Tm (51 °C). In
contrast, the Rθ value of 20% C18A hydrogel steadily increases
with temperature, which we attribute to the low crystallinity of
this sample, i.e., its lower physical netpoint density (Table 1).
The fixity of the permanent shape solely by hydrophobic

associations was explored in stress relaxation experiments. The
tests were conducted at 56 °C on hydrogel samples with 50 mol
% C18A. At this temperature, no more crystalline domains
exist, and hence all C18A blocks in the hydrogel involve in

Figure 4. Cartoon showing the physical cross-links of the hydrogels at
various stages.

Figure 5. (a) Variation of the recoverability Rθ of the permanent angle of folded hydrogels with temperature as a function of C18 mol % content. (b)
Nominal stress σnom vs strain ε curves from stress relaxation tests conducted at 56 °C on hydrogel samples up to a maximum strain of 100% (left)
and 200% (right). Five successive loading/unloading cycles conducted on a 50% C18A gel specimen are shown. (c) Results of five successive
thermomechanical shape-memory cycles conducted on 50 mol % C18A hydrogel as the dependence of the nominal stress σnom on the strain ε. (d)
Strain ε (solid curve)/temperature (dashed curve) vs time plots of five successive thermomechanical shape-memory cycles.
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hydrophobic associations or exist as nonassociated free groups.
Stress-relaxation test were performed on a tensile tester Zwick
Z2.5 (see Supporting Information) with a tempered water tank
at 56 °C in order to determine the elastic recovery of the
hydrogel samples at T > Tm. The specimens were stretched to
an elongation εm of 100% or 200% with a deformation rate of
10 mm min−1 and then held shortly for a time period of 10 s
under constant strain. Afterward, the stress was released to a
zero force of 10 mN at a rate of 0.1 N min−1 to enable the
sample to recover from the imposed strain. When this zero
force condition was maintained for 15 min, the elongation of
the sample reached a plateau, and the recovered elongation
became stable. This cycle was then repeated four times. The
results of five successive stress-relaxation tests are shown in
Figure 5b as the dependence of the nominal stress σnom on the
strain ε, i.e., λ − 1, where λ is the elongation ratio. The
maximum strain εm is 100% (left) and 200% (right). In both
cases, the first cycle shows the largest mechanical hysteresis and
permanent deformation. We attribute this to decoupling of
entanglements, disruption of weak associations, and reorienta-
tion of polymer chains. However, the following cycles are
almost reversible with no additional permanent deformation.
The average hysteresis energy Uhys for the second to fifth cycles
calculated from the area between the loading and unloading
curves is 0.44 ± 0.05 and 0.8 ± 0.1 MJ m−3 for εm = 100% and
200%, respectively. These are 2 orders of magnitude larger than
Uhys of supramolecular hydrogels formed via hydrophobic
associations24,29 and reveal the existence of larger number of
associations in the present hydrogels. Moreover, because Uhys is
related to the extent of damage in the gel samples, i.e., to the
number of bonds broken during the loading/unloading
cycle,24,30 the reversibility of the successive cycles reveals that
the damage done to the gel samples is recoverable in nature.
Thus, the results indicate temperature-triggered healing ability
of the hydrogels. The tests also confirm that the hydrophobic

associations are very effective acting as netpoints determining
the permanent shape of the hydrogels.
The hydrogel sample with 50 mol % C18A was also

subjected to thermomechanical shape-memory cycles. The gel
sample was first stretched at 57 °C to εm of 100% at a strain
rate of 10 mm min−1. After a waiting time period of 5 min at εm
to allow relaxation, the loaded sample was cooled to 32 °C
while keeping the strain at εm. Finally, the sample was unloaded
to zero relaxation force, 10 mN, and the strain εu(n) of the
sample in the temporary shape was obtained. The recovery
behavior was followed by reheating the sample up to 57 °C
with a rate of 1 °C min−1 and then keeping at this temperature.
The total time at zero relaxation force was fixed at 50 min. After
completion of the recovery process, the permanent elongation
of the sample εp(n) was determined. The strain recovery ratio
Rr(n) and strain fixity ratio Rf(n) of the nth cycle were
calculated by

ε ε
ε ε

=
−

− −
R n

n

n
( )

( )

( 1)r
m p

m p (1)

ε
ε

=R n
n

( )
( )

f
u
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The results of five shape-memory cycles are shown in Figure 5c
as stress σnom vs strain ε plots, while Figure 5d displays
corresponding strain/temperature vs time plots. The hydrogel
completely preserves its temporary shape after relaxation at 32
°C, which is equivalent to a Rf of >99%. Moreover, similar to
the results of stress-relaxation tests (Figure 5b), the first
thermomechanical cycle results in a permanent deformation in
the hydrogel and the shape recovery ratio Rr(1) of this cycle is
76%. However, excellent reproducibility and reversibility of the
shape changes were observed in the subsequent cycles (n = 2−
5) with an average shape recovery ratio Rr(n) of 97 ± 2%.

Figure 6. (a, b) Typical stress−strain curves of the hydrogels under compression as the dependencies of nominal σnom (a) and true stresses σtrue (b)
on the compressive strain εc. Inset to (b) shows the σtrue vs λbiax plots. Circles corresponding to the maxima in σtrue − λ(or, σtrue − λbiax) plots are
taken as the points of failure in the gel samples. C18A content of the hydrogels is indicated. Solid and dashed (blue) curves are results obtained from
virgin and healed hydrogel samples, respectively. (c) Young’s modulus E, fracture stress σf, and fracture strain εf of the virgin (filled symbols) and
healed hydrogels (open symbols) plotted against their hydrophobe (C18A) content. (d) Stress−strain curves of tensile tests conducted at 56 °C on
virgin and healed hydrogel samples with 50 mol % C18A.
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Considering the first cycle as the preconditioning cycle, the
shape of the hydrogel is almost completely recovered by
heating above Tm of crystalline domains.
The mechanical properties of SDS-free hydrogels after

cooling to 23 ± 2 °C were determined by uniaxial compression
and tensile measurements. Solid curves in Figures 6a and 6b
represent typical stress−strain curves of the hydrogels as the
dependencies of the nominal σnom (a) and true stresses σtrue (b)
on the compressive strain εc (= l − λ), respectively. Because
uniaxial compression corresponds to biaxial extension, σtrue is
also plotted against the biaxial extension ratio λbiax (=λ

−0.5) in
the inset to Figure 6b. From σnom vs εc curves, it is seen that the
hydrogels sustain compressions up to about 94%, and they
rupture under 30−160 MPa nominal stresses. However, the
corresponding σtrue vs εc/λbiax plots pass through maxima below
these strains (Figure 6b), indicating that the actual fracture
points are below these stress values. This behavior is a result of
the formation of microscopic cracks sustaining the stress under
large strain.29,31 Therefore, the fracture nominal stress σf and
strain εf at failure were calculated from the maxima in σtrue − εc
or λσtrue − λbiax plots, as indicated by the dashed vertical lines
and circles in the figures. Filled circles in Figure 6c show
Young’s modulus E, fracture stress σf, and fracture strain εf of
the hydrogels plotted against the C18A content. All hydrogel
samples were capable to sustain up to 85−92% compressive
strain. They display particularly high compressive strength
(12−90 MPa) and Young’s modulus (0.5−26 MPa), which
increase with increasing C18A content. Note that the measured
Young’s modulus is approximately 3 times the frequency
independent elastic modulus of the hydrogels (0.2−8 MPa),
consistent with an isotropic elastic material of Poisson’s ratio
close to 0.5.32 The hydrogels were also subjected to tensile
testing experiments at 23 ± 2 °C. They exhibited a high
Young’s modulus (0.1−28 MPa) but a low stretchability (3−
40% elongation) and low fracture stress (33−751 kPa) due to
the high degree of crystallinity of the hydrogels (Table S1 and
Figure S3).
Because of the supramolecular network structure of the

present hydrogels, they exhibited self-healing ability when the
damaged areas were heated above the melting temperature of
the crystalline domains. The large mechanical hysteresis and the
reversibility of the loading/unloading cycles shown in Figure 5b
already demonstrate the self-healing capability of the hydrogels.
This is also illustrated in Figure 3d where photographs of two
virgin 50% C18A hydrogel samples after equilibrium swelling in
water are shown. After pressing the gel surfaces together in a
closed container at 80 °C for 24 h, they merge into a single
specimen. The dashed (blue) curves in Figures 6a and 6b show
the stress−strain curves of the healed gel samples. A perfect
superposition is observed between the stress−strain curves
obtained from virgin (solid curves) and healed gel samples. The
mechanical data of the healed hydrogels are represented by the
open triangles in Figure 6c. The results reveal complete healing
efficiency with respect to the compressive modulus, fracture
stress, and fracture strain after a healing time period of 24 h at
80 °C. Healing tests were also conducted by uniaxial elongation
tests at an elevated temperature. Figure 6d shows tensile test
results of virgin and healed hydrogel samples at 56 °C. Note
that samples could only be elongated up to 1500% because of
the experimental limitation (dimensions of the water tank). A
good superposition is observable in tensile stress−strain curves,
indicating a complete healing of the gel sample. Indeed, the
Young’s modulus E of both virgin and healed hydrogels is 12

kPa at 56 °C, indicating complete recovery of the initial
microstructure of the physical hydrogel.
The supramolecular approach described here can be

extended to create a range of melt-processable hydrogels by
varying the hydrophilic and hydrophobic monomers as well as
hydrophobically modified polymer−surfactant systems. The
key requirement is the presence of surfactant micelles in the
physical gels effective for solubilizing the hydrophobic
associations at a high temperature. Moreover, the surfactant
should not form a complex with the polymer chains such as in
oppositely charged surfactant−polymer systems, so that it could
be removed from the physical network after determining the
permanent shape of the hydrogel. A high mechanical strength
and a complete shape-memory effect require hydrophobic
segments in hydrophilic polymers able to form strong
associations and crystalline domains acting as physical netpoints
and molecular switches, respectively. We have to note that the
elaborative surfactant removal step from the hydrogels, namely
immersion in ethanol for 3 days and then in water for 1 month,
is the limitation of the present approach for translation of the
materials into marked applications. Further work is in progress
to develop an easy surfactant removal process from the
hydrogels.

■ CONCLUSIONS

We present a supramolecular approach to the preparation of
melt-processable shape-memory hydrogels with self-healing
ability. The hydrogels contain 60−80 wt % water and consist of
PAAc chains containing 20−50 mol % C18A segments together
with SDS micelles. The key of our approach is the absence of
covalent cross-links and the presence of surfactant in the
hydrogels. Above the melting temperature Tm of the crystalline
domains, the hydrogel liquefies due to the presence of
surfactant micelles effective for solubilizing the hydrophobic
associations. At this stage, it can easily be processed in any
desired shape by pouring into molds. Cooling below Tm and
removing the surfactant results in a hydrogel of any permanent
shape with a compressive strength of 90 MPa and a Young’s
modulus of 26 MPa. The hydrogel exhibited complete shape
recovery due to the hydrophobic blocks of the polymer acting
as physical netpoints and switching segments above and below
Tm, respectively. If damaged, the extraordinary mechanical
properties could be completely recovered via temperature-
induced healing process. The synthetic strategy presented here
offers the design of shape-memory hydrogels in various
permanent shapes for the production of multifunctional smart
hydrogel coatings, thin films, microspheres, tubings, rods, and
wires to be used in various applications, including biomedical,
packaging, sensors, and actuators.
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