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time of 60 min, the hydrogel sample formed 
at Co = 30% and bo = 1/6 sustains 1.5 ± 0.2 
MPa stresses and ruptures at a stretch of 
7 ± 1 (Figure 6h).[35] To our knowledge, this 
fracture stress is the highest value reported 
so far in the literature. 

The self-healing process of micellar hydro-
gels was studied in our group by time-de-
pendent monitoring of the cut surfaces 
using scanning force microscopy (Figure 
8A).[34] It was observed that the healing pro-
cess occurs in two steps, namely fast and 
slow steps. The first step involves forma-
tion of hydrophobic associations between 
nearby hydrophobes at the damaged sur-
face, which transforms the trenches and 
protrusions created by cutting the gel into 
circular shapes. The second slower step 
requires diffusion of hydrophobes along the 
gel surface, which takes longer. This step 
involves the healing of the damaged regions 
farther away from each other. The mecha-
nism proposed for the self-healing involves 
the behavior of surfactant molecules and 
polymer chains at the air-gel interface (Figure 
8B).[34] The hydrophilic parts of the surfactant 
molecules and polymer chains are oriented 
toward the bulk gel phase containing water, 

aggregates of polymer-bound surfactant 
alkyl cations and the hydrophobic blocks 
of the hydrophilic polymer. These physical 
cross-links remain stable in water due to the 
electrostatic interactions between surfactant 
counterions and polymer backbone. [35] The 
hydrogels exhibit a high tensile strength 
(0.7−1.7 MPa) and stretchability (800−900%), 
and self-healing ability. The photographs 
in Figure 7d, e show healing of a ruptured 
PAAc hydrogel sample in equilibrium with 
water. The joint reformed between cut sur-
faces withstands large external stresses as 
the original gel sample before its fracture. 
The hydrogels’ self-healing ability was also 
quantified by conducting cut-and-heal tests 
at 35 °C for various times using a CTAB – 
NaBr mixture as the healing agent. In Figures 
8f−h, stress−strain curves of the virgin and 
healed gel samples in equilibrium with water 
are shown for various healing times. The 
fracture stress of healed gels increases with 
increasing healing time or with decreasing 
PAAc concentration (Co) of the hydrogels. 
For instance, after a healing time of 30 min, 
almost complete healing was achieved in 
the hydrogels formed at Co = 20% (Figure 
7g), while increasing Co to 30% decreases 
the healing efficiency to 50%. After a healing 

by cryo-EM micrographs and SANS mea-
surements (Figure 6b-g). Several hundred 
nm long wormlike SDS micelles with a 
cross-sectional radius of 1.60 nm formed 
after salt addition disappear upon addition 
of the monomers, and a system consisting 
of monodisperse spheres with a radius of 
2.4 nm appears.[34] Copolymerization of 
the solubilized large hydrophobes such as 
n-octadecyl acrylate having a side chain 
length of 18 carbon atoms with hydrophilic 
monomers in surfactant solutions results in 
highly stretchable hydrogels with complete 
self-healing behavior.    

High-strength self-healing hydrogels were 
recently fabricated by trapping the sur-
factant alkyl chains electrostatically in a 
supramolecular polymer network formed via 
hydrophobic interactions. [35] Such physical 
networks were generated from hydroph-
obically modified poly(acrylic acid) (PAAc) 
with oppositely charged cetyltrimethylam-
monium (CTA) counterions via hydrophobic 
and electrostatic interactions (Figure 7a-c). 
They were prepared at various CTAB / AAc 
molar ratios (bo) and total monomer con-
centrations (Co). The mixed micelles acting 
as reversible cross-links are formed by the 

Figure 6. (a): Cartoon showing formation of self-healing micellar hydrogels in aqueous SDS−NaCl solutions via hydrophobic 
interactions. (b-e): Cryo-EM micrographs of surfactant solutions. Scale bars = 50 nm. (b, c) 243 mM SDS solution before (b) and 
after addition of NaCl (c). (d, e) 243 mM SDS + 1 M NaCl solution after addition of n-hexadecane (d), and the monomers AAm + C18M 
(e). (f) SANS profiles for SDS-NaCl solution before and after monomer addition. The solid and dashed curves are best fits to a form 
factor of wormlike micelles and spheres, respectively. (g) SANS profiles for SDS-NaCl solution containing the monomers before and 
after gelation. The curves are best fits to a form factor of spheres with a radius of 2.4 nm (before gelation) and 2.8 nm (after gelation). 
From [34] with permission from the American Chemical Society.
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 Self-healing and/or shape-memory 
hydrogels

Shape-memory hydrogels are a type 
of hydrogel that can undergo a reversible 
change in shape in response to external stim-
uli, such as temperature. These hydrogels 
typically consist of a 3D network structure 
formed by both permanent and temporary 
cross-links. The permanent shape of the 
hydrogel is determined by chemical cross-
links, while the temporary shape is fixed by 
glassy or crystalline domains, which act as 
the switching segments. Figure 9A shows a 
typical example of shape-memory behav-
ior in a hydrogel containing both chemical 
cross-links and crystalline domains with 
a melting temperature (Tm) of 48±2 °C.[36] 
The hydrogel’s permanent shape is a rod. 
When heated above Tm, it becomes soft and 
can be easily deformed into a spiral shape. 
This temporary shape is fixed by cooling 
the specimen below Tm, during which the 
crystalline domains reform and lock the 
deformed chain conformation. By heating 
the sample above Tm again, it returns to its 
initial rod shape within 20 seconds. The 
chemically cross-linked network structure of 
the hydrogel determines the permanent rod 
shape, while the crystalline domains serve 
as the switching segments to fix the tempo-
rary spiral shape.[36] The thermo-responsive 
shape-memory behavior is based on the 
covalently cross-linked network structure 
restoring its random coil conformation when 
the temperature is elevated above the Tm of 
the crystalline domains.

The hydrogels prepared by complex for-
mation between hydrophobically modified 
PAAc and CTA counterions discussed in the 
previous section also exhibit shape-mem-
ory behavior due to significant variations in 
their moduli with temperature. [35] Figure 9B 
demonstrates shape-memory behavior of 
a hydrophobically modified PAAc hydrogel 
sample containing CTA counterions. The 
permanent shape of the sample is ITU,̇ the 
abbreviated name of our university (a). After 
heating to 70 °C, the gel become soft and 
could easily be deformed into a temporary 
shape (b). This temporary shape is fixed by 
cooling the sample to 25 °C. After immersing 
the gel sample in a water bath at 70 °C (c → 
e), it returns back to its initial shape within 
10 s. All hydrogel samples exhibit 100% 
shape-recovery ratios at 70 °C, as deter-
mined by the bending tests.[35]

A simple and versatile strategy to prepare 
self-healing and shape-memory hydrogels 
is bulk photopolymerization of hydrophilic 
and hydrophobic monomers, resulting in 
hydrogels containing hydrophobic asso-
ciations and crystalline domains. [37,38] 
These hydrogels were prepared by bulk 

when a gel sample is subjected to increased 
humidity (87% RH) and temperature (35 
°C), the holes and islands formed by cut-
ting the gel has shifted laterally, indicating 
gel dynamics. The holes and islands also 
decrease in depth and height, respectively, 
showing the healing process. After a suffi-
cient time of resting the gel sample under 
elevated temperature and humidity, all the 
holes consume the islands, and the gel 
sample heals completely.

while the hydrophobic parts are oriented 
away from the gel toward the cut surface.  
XRD results suggest that the mixed micelles 
act as mobile cross-links in the hydrogel and 
form a layered structure similar to molecules 
in molecular liquids. The micelles exhibit fast 
mobility within the layers but slower mobility 
between the layers. Because increasing 
humidity and temperature facilitate both 
intra- and interlayer mobilities of the micelles, 
the healing process occurs more effectively 
at higher humidity and temperature. Indeed, 

Figure 7 (a, b): Cartoon presenting the micellar cross-links in self-healing PAAc 
hydrogels. (c): Image of a spherical PAAc hydrogel sample in equilibrium with water.  
C0 = 20 %. �o= 1/8. (d): Healing of swollen PAAc hydrogel samples formed at C0 = 
30 % and �o = 1/6.  Healing agent: CTAB (10 %) – NaBr (0.25 M) solution at pH = 1.  
Photographs before (a) and after cutting of the sample into two pieces (b). After the 
treatment of cut surfaces with the surfactant solution and pressing them together (c), 
they merge into a single piece (d).  (e): Photographs during stretching of a hydrogel 
sample self-healed via heating and surfactant treatment.  One of the virgin samples 
forming the healed gel is colored with crystal violet for clarity. (f-h):   Stress-strain 
curves of virgin (solid curves) and healed PAAc hydrogels samples in swollen state.  
(dashed curves).  (f): C0 = 15%. �o = 1/8.  (g): C0 = 20%. �o = 1/8.  (h): C0 = 30%. �o = 1/6.   
From [35] with permission from the American Chemical Society.
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of crystalline domains that allow the hydrogel 
to switch between its temporary and per-
manent shapes in response to changes in 
temperature. 

Conclusions
The second-generation hydrogels devel-

oped in the past 20 years exhibit extraordi-
nary mechanical properties comparable to 
load-bearing tissues like tendons, cartilage, 
and ligaments. They have a wide range of 
engineering, biomedical, and load-bearing 

alkyl crystals providing effective self-heal-
ing and shape-memory functions (Figure 
10A). Figure 10B presenting the stress-strain 
curves of virgin (solid curves) and healed 
hydrogel samples after cutting (dashed 
curves) reveals a complete healing at 80 °C 
after a healing time of 24 h.[37] The hydrogels 
also exhibit an excellent shape recovery 
at or above 52 °C, with a shape-recovery 
ratio R of 100% (Figure 10C). This behavior 
is attributed to the reversible nature of the 
hydrophobic associations and the formation 

copolymerization of the hydrophilic mono-
mers DMAA or AAc with the hydrophobic 
monomers stearyl methacrylate (C17.3M) 
and C18A. The melting temperature Tm and 
the degree of crystallinity of the hydrogels 
are between 36-56 °C and 3-33%, and they 
increase with increasing hydrophobic mono-
mer content, or by replacing C17.3M units 
with C18A ones. The hydrogels exhibit sig-
nificant reversible changes in storage mod-
ulus G’ modulus depending on temperature 
due to the melting and recrystallization of 

Figure 8. (A): Topography images of gel surface just after cutting the surface (a), after a few tens of seconds (b); and after 75 min (c). 
The colored dotted lines across the images indicate the cross sections on the right side of the images in the respective colors. The 
color scale of the images is 50 nm from black to white. (B): Cartoon showing self-healing mechanism of hydrophobically modified 
hydrogels containing surfactant micelles. From [34] with permission from the American Chemical Society.
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Figure 9(A): Images demonstrating 
the transition from the temporary 
spiral shape to the permanent rod 
shape for a PAAc hydrogel with 50 
% C18A. From [36] with permission 
from the American Chemical 
Society. (B): Images of permanent 
(a) and temporary shapes (b) of a 
hydrogel sample at WH20 = 12 % and 
the transition from the temporary 
shape to the permanent shape 
(b → e).  The recovery takes 10 s 
after immersing the gel sample in 
a water bath at 70oC.  C0 = 20 %. 
�o = 1/8. From [35] with permission 
from the American Chemical 
Society. 

Figure 10.  (A): G’ (filled symbols), and G’’ (open symbols) of DMAA/C17.M, DMAA/C18A, and AAc/C18A hydrogels with 50 mol % 
hydrophobe during their heating - cooling cycles between 80 and 5 °C.  ω= 6.28 rad/s. go = 0.1%.  (B; C) Stress-strain curves of virgin 
and healed hydrogel samples, solid and dashed curves, respectively (B), and the temperature-dependent shape-recovery ratios R 
(C). Hydrophobe contents are indicated. From [37] with permission from Elsevier.
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crystalline domains, enables self-healing and 
shape-memory functions. The combination 
of self-healing and shape-memory capabil-
ities in hydrogels opens up exciting possi-
bilities for various applications, including in 
biomedical devices, sensors, actuators, and 
other fields where flexibility, responsiveness 
to stimuli, and mechanical strength are desir-
able features. These recent advancements 
in self-healing and shape-memory hydrogels 
pave the way for the development of innova-
tive and functional soft materials with broad 
potential in diverse industries.

DAT, and UPy, which can form multiple 
H-bonds, have been used to achieve this 
property. Another approach involves the 
copolymerization of vinyl monomers with 
H-bond acceptor and donor sites, which 
also leads to the formation of self-healing 
hydrogels. Hydrophobically modified hydro-
gels, prepared through micellar copolym-
erization of hydrophilic and hydrophobic 
monomers, have shown increased mechani-
cal strength with higher hydrophobe content 
and longer side alkyl chains. The physi-
cal network structure of these hydrogels, 
based on hydrophobic associations and 

applications. Another challenge in the gel 
science is to generate self-healing and 
shape-memory functions in mechanically 
strong hydrogels to extend their application 
areas. The focus on self-healing hydro-
gels formed via non-covalent interactions, 
such as H-bonding and hydrophobic 
interactions, has shown promising results 
in creating mechanically strong and sta-
ble hydrogels with self-healing behavior. 
Multiple H-bonding interactions between 
polymer chains have been utilized to pro-
duce mechanically strong hydrogels with 
self-healing ability. Monomers like NAGA, 
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