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Abstract
3D (three-dimensional) printing of soft/tough hydrogels has been widely used in flexible
electronics, regenerative medicine, and other fields. However, due to their loose crosslinking,
strong hydration and plasticizing effect of solvent (typically water) and susceptibility to
swelling, the printed hydrogels always suffer from bearing compressive stress and shear stress.
Here we report a 3D photo-printable hard/soft switchable hydrogel composite which is enabled
by the phase transition (liquid/solid transition) of supercooled hydrated salt solution (solvents)
within hydrogel. In hard status, it achieved a hardness of 86.5 Shore D (comparable to hard
plastics), a compression strength of 81.7 MPa, and Young’s modulus of 1.2 GPa. These
mechanical property parameters far exceed those of any currently 3D printed hydrogels. The
most interesting thing is that the soft/hard states are easily switchable and this process can be
repeated for many times. In the supercooled state, the random arrangement of liquid solvent
molecules within hydrogels makes it as soft as conventional hydrogels. Upon artificial seeding
of the crystal nucleus, the solvent in hydrogel undergoes rapid crystallization, resulting in the
�J�O���T�J�U�Vformation of numerous rigids, ordered rod-like nanoscale crystals uniformly embedded
within the hydrogel matrix. This hierarchical structure remarkably enhances the Young’s
modulus from kPa to GPa. Furthermore, the softness of hydrogel can be restored by heating and
then cooling down to recover the supercooled state of the solvent. Taking advantage of soft/hard
status switching, the hydrogel can conform to complex surface morphologies in its soft state and
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subsequently freeze that shape through crystallization, enabling rapid mold fabrication.
Moreover, a shape fixation and recyclable smart hydrogel medical plaster bandage was also
developed, capable of conforming the limb shapes and providing adequate support for the bone
fracture patients after 10 min of crystallization. Our work suggests a bright future for the direct
use of hard hydrogel as a robust industrial material.

Supplementary material for this article is available online

Keywords: 3D printing, soft/hard switchable hydrogel, supercooled solution, crystallization,
smart plaster bandage

1. Introduction

3D printing of hydrogel involves using additive manufacturing
technology to create three-dimensional structures from hydro-
gel materials[1]. Owing to their high elasticity, softness, and
sophisticated 3D architectures, 3D printed hydrogel has been
widely used in flexible electronics[2–4], soft robotics[5], soft
actuators[6,7], and regenerative medicine[8–10].

However, currently printed hydrogels often exhibit soft,
weak, and fragile mechanical properties due to loose cross-
linking, strong hydration and plasticizing effect of solvent
(typically water) and susceptibility to swelling. Those limit
their ability to bear compressive and shear stresses and restrict
their practical utility in engineering applications[11,12]. In
recent years, significant efforts have been devoted to enhan-
cing their mechanical properties. Proposed methods included
the construction of supramolecular hydrogels[13], the cre-
ation of nanocomposite hydrogels[14,15], the formation of
double-network[16,17], and the creation of gradient structural
hydrogels[18]. Despite notable progress achieved in this area,
these studies have primarily focused on improving the tough-
ness and without much consideration of hardness (modu-
lus). To date, the modulus of well-designed hydrogel rarely
exceeded several tens of MPa, rendering them still too soft and
weak to face the real-world challenges[19,20]. For instance, the
biological tissue, particularly the load-bearing connective tis-
sue, such as cartilage and bone, exhibits a modulus range from
several MPa up to GPa level, achieving similar modulus in
synthetic hydrogels remaining a challenging[21,22]. Therefore,
developing a hydrogel possessing superiormodulus (hardness)
is in great demand.

Several strategies have been proposed to synthes-
ize hard hydrogel. For instance, cellulose/polyacrylamide
(PAAM)hydrogel achieved Young’s modulus of 243.6 MPa
through the water-ethanol solvent exchange to induce supra-
molecular reconstruction. Nevertheless, due to the complex-
ities of processes and the limitations of the components, this
strategy is challenging to apply for the 3D printing hydrogels.
The water loss induced by the absolute ethanol was a critical
issue that cannot be overlooked[23]. Similarly, the 3D printed
silk fibroin hydrogel (shaped like a bone screw) underwent
70% ethanol soaking followed by 72 h of air-drying, res-
ulting in a hard silk screw capable of being implanted into

porcine femur[24]. Furthermore, enzyme-induced mineraliz-
ation significantly transforms the flexible and soft PAAM-
based hydrogels into rigid ones, increasing the modulus from
125 kPa to 150 MPa. However, this process requires a pro-
longed preparation period and results in irreversible mechan-
ical properties[25].

After hundreds of millions of years evolution, nature
has mastered the fabrication of astonishing materials
with high hardness by fine tuning its microstructures and
components[26]. Examples included lamellar structured
nacres, fibrous structured bamboo and certain creatures cap-
able of adjusting their hardness in response to the external
stimuli[27]. The sea cucumber, a marine animal, possesses
the extraordinary ability to rapidly and reversibly tune their
hardness of dermal tissue through the secretion of glycopro-
tein stiparin after sensing external stimuli, which act as a
stiffening agent to cause the aggregation of adjacent indi-
vidual rigid collagen fibrils within the considerably softer
hydrogel matrix (amino acids and polysaccharides)[28]. This
reinforcement of the soft hydrogel matrix with reversible
crosslinking rigid collagen fibrils allowed the sea cucumber
to achieve a modulus of 50 MPa, effectively preventing dam-
age from predators. Researchers have attempted to produce
the hard/soft status switchable hydrogels such as by heating-
induced (90 ◦C) phase separation[29], impregnating phase-
changing materials[30,31] or introducing reversibly dynamic
supramolecular network[32]. However, those approaches often
demonstrate prolonged response time (ranging from sev-
eral hours to days) and lack precise control over the timing
for hardening. What’s more, the hardening of those materi-
als relies heavily on the external physical-chemistry stimuli
(thermal as above mentioned), needing continual energy input
to maintain the mechanical state. Therefore, the performance
of abovementioned materials fell short of that observed in
nature.

In this study, as depicted in Figure 1, inspired by the
remarkable soft/hard switching capability of sea cucum-
ber, a hardness-switching hydrogel/hydrated salt composite
(PAAM/ sodium acetate (NAAC)) was successfully developed
by infusing supersaturated NAAC salt solution into 3D prin-
ted PAAM hydrogel structures. Projection-based 3D printing,
known for its high resolution, rapid printing speed, and mater-
ial efficiency, was employed to fabricate these structures[33].

2

https://doi.org/10.1088/2631-7990/adbd97


Int. J. Extrem. Manuf. 7 (2025) 045001
3D printing of hard/soft switchable hydrogels

Liu G et al.

Figure 1. The design andmanufacturing of hard soft switchable hydrogels. The schematic diagram illustrating the hardness-changing behavior
of sea cucumber during their transition between relaxed (soft) and stimulated (hard) states and the bioinspired design of hard/soft switchable
hydrogel/NAAC composites. The two-step manufacturing process of hydrogel/NAAC composites and their switching of Young’s modulus
between the soft and hard states.

This approach enables the fabrication of sophisticated and
customizable macrostructures, which were essential for tail-
oring PAAM/NAAC composite to specific architectural and
application requirements. Energy barriers separated the super-
saturation solution state (soft state) and the crystallization
state (hard state), both states resting in the energetic min-
imum that endowed the PAAM/NAAC composites bistable
equilibrium property and soft/hard switching capability. In the
supersaturated state, overcoming the energy barrier to crys-
tallize by spontaneously forming a critical size crystal nuc-
leus was difficult, therefore, PAAM/NAAC composite hydro-
gel remained in a soft state. Fortunately, artificial seeding for-
eign crystal nucleus (seeds) provided nucleation sites, promot-
ing phase transition from supersaturation to crystalline state
rapidly (from soft to hard state). In detail, upon artificially
seeding of a crystal nucleus, the solvent in hydrogel under-
goes rapid crystallization, resulting in the �J�O���T�J�U�Vformation
of numerous rigids, ordered rod-like nanoscale crystals uni-
formly embedded within the hydrogel matrix. This hierarch-
ical structure remarkably enhances the Young’s modulus. This
process was much resembling the hardening of sea cucum-
ber, in which the foreign crystal nucleus was equivalent to the
secreted glycoprotein stiparin and also formed a rigid network
to harden the hydrogel matrix. Compared with the soft state,
the compression Young’s modulus drastically enhanced 358
times (�&hard/�&soft) after 1 min of crystallization and approxim-
ately 7 700 times after 24 h of crystallization, from 110 KPa
to 871.88 MPa for the composite containing 150 wt% salt.
Moreover, the softness of hydrogel can be restored by heat-
ing and then cooling it down to recover the supercooled state

of solvent. Therefore, the soft and hard states were switch-
able by seeding a crystal nucleus or heating and then cool-
ing down, and this process could be repeated for many times.
Taking advantage of soft/hard status switching, the shape fix-
ation function was explored. In the soft state, the composites
can be molded into desired structure or conformed to the com-
plex surface morphology and then frozen that shape by crys-
tallization. A recyclable hydrogel smart medical plaster band-
age, capable of fitting the shape of limb in the soft state and
providing sufficient support for injured sites after 10 min of
crystallization, was developed to explore the practical applic-
ations. In addition, a finger splint was 3D printed, leveraging
the customizable macrostructure of 3D printing and shape-
able properties of PAAM/NAAC in their soft state to conform
to the finger’s shape, while providing immobilization for the
injured joint after crystallization. Furthermore, taking advant-
age of the 3D printing technology and the exothermic process
during crystallization, the information encryption, decryption,
and self-erase were also realized by precise spatial deposition
of thermochromic micro powder in different layers.

2. Results and discussion

2.1. The morphology and structures of the 3D printing of
hydrogel

The preparation of the 3D printed salt-gel mainly consisted
of two steps. The first step was to print hydrogel structure
using a projection-based photopolymerization printer, and the
second step was to soak it into supersaturated NAAC salt
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solution for solvent exchanging. As shown in Figure S1(a),
the hydrogel precursor inks were composed of AAM (acryl-
amide, the monomer, 30 wt% to water), MBAA (N, N’-
Methylenebis (acrylamide), the crosslinker, 0.02 g, 0.04 g,
0.08 g and 0.16 g in 10 ml water), LAP (lithium phenyl-2,4,6-
trimethylbenzoylphosphinate, the photo-initiator, 0.5 wt%
to water) and tartrazine (the light absorber, 0.05 wt% to
water). The details about optimal the printing parameters were
described in Supplementary Information. The optimal printing
parameters for PAAM was selected to be light exposure time
of 6 s–10 s, a light intensity of 12 mW·cm−2 and layer thick-
ness of 100 � m. After printing, the as-printed hydrogel struc-
tures were soaked into a high concentration sodium acetate
(NAAC) solution for several days at 80 ◦C, allowing NAAC
to infuse into the hydrogel structure (more details will be dis-
cussed later).

The as-printed porous lattice structure and solid structure
(including the school emblem of Zhejiang University, 3D
Benchy and the Stanford Bunny) were defect-free and fine
perforated pore for lattice structure. After being infused with
NAAC, they changed from the transparent and soft state, to the
opaque and rigid state while maintaining their shape integrity
(Figure 2(a)).

Mixing NAAC solution and hydrogel precursor ink as a
new ink for photopolymerization printing looks more conveni-
ent and time saving, but several issues may arise. To prevent
the crystallization during printing, a relatively high temperat-
ure (70− 80 ◦C) was required. However, this high temperature
can cause water evaporation and concentrate the printing ink,
thereby altering the composition ratio. Moreover, as shown in
Figure S1(g), phase separation usually occurred due to incon-
gruent melting, causing anhydrous NAAC to precipitate out,
which can potentially interfere with the printing process and
even damage the printer[34]. Thus, dividing the printing pro-
cess and infusion salt separately was found to be better than
directly printing PAAM/NAAC composite in single step.

To optimize the NAAC salt infusion procedure, sys-
tematic investigations were conducted on the weight and
volume changes, TG analysis, crystal structure, and micro-
morphology. It was reported that the NAAC was highly sol-
uble in water as the temperature rose. As depicted in Figure
S4(a), the solubility in water was 465 g·L−1 at 20 ◦C and
increased to 1 530 g·L−1 at 80 ◦C and 1 700 g·L−1 at
100 ◦C. The printed hydrogel structures were soaked in NAAC
solutions with varying concentrations (70 wt%, 90 wt%,
110 wt%, 130 wt%, 150 wt%, and 170 wt% relative to water)
at 80 ◦C for several days, allowing the NAAC salt to fully
infusing into. Correspondingly, those composites were named
as PAAM/0.7NAAC, PAAM/0.9NAAC, PAAM/1.1NAAC,
PAAM/1.5NAAC, and PAAM/1.7NAAC. For the convenience
of research, the PAAM/1.3NAAC and PAAM/1.5NAAC com-
posites were chosen as the representative. The dry weight
of PAAM/1.3NAAC increased steeply within the first 36 h
and then stabilized, ultimately reaching 6.1 times its initial
value. In contrast, the volume (not dried) decreased at the 4th
hour due to the osmotic pressure difference. It then gradually
swelled and ultimately increased by 1.7 times, as shown in
Figure 2(b).

Thermogravimetry analysis (TGA) was conducted
on PAAM, pure sodium acetate trihydrate (SAT), and
PAAM/1.3NAAC as shown in Figures 2(c) and S4(b). The
weight loss below 100 ◦C was attributed to the evaporation
of free water, which constituted 76% weight of PAAM and
20% weight of PAAM/1.3NAAC. The weight loss between
100 to 140 ◦C was attributed to the loss of crystalline water,
while the weight loss between 140 to 800 ◦C was assigned
to the decomposition of NAAC and PAAM. By combining
the dry weight experiment results with TG data, the com-
position of PAAM/1.3NAAC was determined to be 20 wt%
of free water, 11.2 wt% of PAAM, and 68.8 wt% of SAT,
respectively. Moreover, TGA was also performed on compos-
ites soaked in NAAC solution of varying concentrations, and
results showed that a higher NAAC solution concentration led
to a greater weight of infused SAT. The crystal structure of
PAAM and PAAM/1.3NAAC was characterized by XRD, as
shown in Figure 2(d). The XRD pattern of PAAM hydrogel
exhibited a typically broad and round peak, a common fea-
ture in the amorphous polymer. In contrast, XRD pattern of
the PAAM/1.3NAAC hydrogel displayed a characteristic peak
corresponding to SAT, which was well matched with the inter-
national center for diffraction data (ICDD) powder diffraction
file (PDF) #0-029-1160[35].

The micro-morphologies and EDS mapping of PAAM and
PAAM/1.3NAAC after soaking in NAAC solution for 4, 12,
and 48 h were exhibited in Figure 2(e). It can be seen that
the freeze-drying PAAM exhibited a porous and sponge-like
structure with pore size ranging from near one hundred to hun-
dreds of micrometers. After soaking in NAAC for 4 h, the size
of pores was sharply reduced to tens micrometers as a result
of the precipitated SAT providing more nucleus sites for ice
crystal formation, leading to a reduction in the size of ice crys-
tal. Meanwhile, the EDS mapping at the 4th hour of soaking
indicated that those pores were filled with SAT, and a distinct
interface between PAAM and SAT was observed forming a
lake-islands like structure. As the soaking time prolonged to
12 and 48 h, a large number of needle-shaped monoclinic SAT
crystals, ranging from 500 nanometers to a few micrometers
in diameter, were observed embedded within the PAAM mat-
rix in a parallel alignment manner. In addition, the EDS map-
ping at the 48th hour showed a uniform distribution of those
two phases without visible aggregation and interface. Based on
the observed micro and macro structures, the multiscale struc-
ture of the 3D printed PAAM/NAAC composite was charac-
terized, as shown in Figure S3. It exhibited four distinct levels
of structure, including a cm-scale (macroscale) appearance,
an mm-scale lattice unit structure, � m-scale crystal-formed
patterns, and nm-size needle-like crystals. Among these, 3D
printing addressed the macroscale/mesoscale structure with its
high design and manufacturing flexibility, while �J�O���T�J�U�VNAAC
crystallization contributed to the nanoscale (microscale) struc-
ture, which presented a locally ordered but globally disordered
state. Due to the microscale structure being highly depend-
ent on the self-assembly of NAAC crystals, which exhibited
poor controllability and uncertainty, we focused on regulating
the cm-scale and mm-scale lattice unit structures through 3D
printing.
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Figure 2. The morphology, structure, and phase-changing behavior of 3D-printed PAAM/NAAC hydrogel. (a) The 3D model, as-printed
porous lattice structure and solid structure (school emblem of Zhejiang university, 3D Benchy and the Stanford Bunny) and those structures
after infusion of NAAC salt and crystallization. (b) The weight and volume changes of PAAM/1.3NAAC composite as the soaking time
prolong. The TGA curve (c) and XRD patterns (d) of PAAM of PAAM/1.3NAAC, (e) the SEM images and EDS spectrum images of PAAM
and PAAM/1.3NAAC after soaking in NAAC solution for different time interval. (f) The DSC curve of PAAM/1.3NAAC. (g) The schematic
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(l) The rapidly crystallization of 3D printed hollowed Stanford Bunny, the soft/rigid switching behavior of the printed PAAM/1.3NAAC lattice
structure in its supersaturation state and crystallization state.

The differential scanning calorimetry (DSC) was util-
ized to determine the phase transition temperature of
PAAM/1.3NAAC as results shown in Figure 2(f). An endo-
thermic peak emerged at 60.53 ◦C during the heating stage,
indicating the melting transition at this point. As shown in
Figure 2(j), with the temperature gradually rising from room

temperature to 70 ◦C, the cylinder sample underwent a trans-
formation from opaque to transparent, unveiling the school
emblem of Zhejiang University (Movie S1, Supplementary
Information). This change was caused by the dissolution of
the needle-like crystal in its crystalline water that was clearly
displayed in the optical microscope image in Figure 2(j).
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to 4.1% (78.4 times). Furthermore, the three-point bending
testing was also performed on the PAAM/NAAC, as results
presented from Figures S6(a) and (c). As the NAAC concen-
tration increased from 70 wt% to 150 wt% in PAAM/�YNAAC
composites, the ultimate bending strength increased from
0.18 MPa to 36.7 MPa. However, the yield points or the strain
at fracture decreased from 8% to 0.4%. For PAAM/1.7NAAC
composite, it exhibited similar mechanical behavior with that
of PAAM/1.5NAAC composite other than the slightly lower
in modulus. Those findings demonstrated that the SAT crystal
can significantly enhanced the mechanical performance of the
composites, particularly in the modulus and strength aspects.

It was worth noting that when the NAAC content in
PAAM/xNAAC was less than 130 wt%, the mechanical per-
formance showed a certain degree of decline after 10 min of
crystallization. The decreased mechanical performance may
be explained by the Ostwald ripening effect, a theory describ-
ing the transition of crystals from a metastable state to a
more stable state, where a higher content of free water in
PAAM/xNAAC led to a more significant reduction in mod-
ulus after 24 h of crystallization. For example, as shown in
Figure 3(g), in PAAM/0.7NAAC composite, the compres-
sion Young’s modulus decreased from 4.89 MPa to 208 KPa
after 24 h of crystallization, with 23.4 times decrease, while
in PAAM/1.5NAAC and PAAM/1.7NAAC composites, an
increasing of Young’s modulus was observed. According to
the molecular formula of SAT, which suggested that the
150 wt% and 170 wt% NAAC solution would consume nearly
all of the free water during the crystallization to construct the
SAT crystal.

The Shore hardness testing, offering the advantage of
assessing a wide spectrum of material hardness spanning from
very soft to hard, was employed to evaluate the hardness
of the PAAM/xNAAC composites. As illustrated in Figure
S5(f) and the Shore durometer chart in Table S1, the hard-
ness values increased with the increase of NAAC concentra-
tion and reached 86.50 Shore D in PAAM/1.7NAAC com-
posite, indicating the same level of hardness comparable to
that of hard plastic materials. Compared to previously repor-
ted hardness-switching hydrogels (including phase separation
hydrogels, thermally responsive hydrogels, and hydrogel bio-
mineralization, as referenced in Table S2 of the Supplementary
Information), our approach demonstrated a moderate response
time and achieved higher strength, Young’s modulus, and
rate of increase, as shown in the radar plot in Figure 3(h).
Moreover, the multiscale structure has a positive effect on the
response time. The time-dependent compressive mechanical
properties of the bulk solid cylinder and the multiscale por-
ous structure of PAAM/1.3NAAC composite were tested at
the same ambient temperature, as shown in Figure S10. The
porous sample achieved 74% of the maximum modulus after
1 min of crystallization, while the bulk solid cylinder reached
only 19% at the same time points. Since crystallization was an
exothermic process, the multiscale porous structure facilitated
heat dissipation, thereby enhancing the response speed.

The stiffness-changing can be repeated for many times by
heating and inducing crystallization. The viscoelastic prop-
erties of PAAM/1.3NAAC composite were investigated as

the function of temperature using dynamic mechanical ana-
lysis (DMA) in single cantilever mode. The results including
storage modulus, loss modulus, and tan� were reordered in
Figure 3(i). As the temperature increased, the storage mod-
ulus of the composite sharply decreased due to the melting of
the crystal, resulting in its softness and flexibility. Notably, the
melting point (77 ◦C) on the tan� curve in DMA testing was
higher than that value (60 ◦C) observed in DSC testing. This
discrepancy was due to the DMA samples being in bulk form,
while the DSC samples were in powder form. As expected, the
storage modulus, loss modulus, and tan� increased simultan-
eously along with the temperature decreased, resulting in the
materials becoming more rigid. The occurrence of spontan-
eous crystallization at 37 ◦C was likely attributed to either the
residual incomplete melting of the crystal or the direct contact
with the fixture of the DMA device, which acted as the for-
eign nucleus to induce crystallization. Moreover, the stiffness-
changing can be realized for many times by heating or seed-
ing foreign nucleus, and 35 hard-soft cycles were performed
on the PAAM/1.3NAAC composite. As shown in Figure 3(j),
the mechanical property (compression Young’s modulus) in
the hard state initially increased, then stabilized at approxim-
ately 40 MPa before 25 cycles, and subsequently decreased.
As evident from the TG curves in Figure S6(d), the reduc-
tion in water content, caused by repeated heating and cool-
ing during the cycling process, was believed to contribute to
the initial increase in modulus. During the cycling process, the
partial transition of NaCH3COO·3H2O to anhydrous sodium
acetate was confirmed by the XRD patterns and the decreased
enthalpy of fusion at DSC curves in Figures S6(e) and (f),
which were thought to be responsible for the reduction inmod-
ulus after 25 cycles. Therefore, it was recommended that the
number of hard-soft cycles should not exceed 25, which was
regarded as its cycle lifetime.

The fracture surface of PAAM/�YNAAC composites con-
taining various NAAC was displayed in Figure 3(k). When
the NAAC concentrations were less than 110 wt%, pores were
filled with SAT, and a distinct interface between PAAM (lake)
and SAT (island) existed, forming a typical lake-islands like
structure. As the NAAC concentrations exceeded 130wt%, the
morphology of the composites changed significantly. A large
number of needle-shaped monoclinic SAT crystals, with the
diameter of about 500 nm, were observed embedded within
the hydrogel matrix.

The mechanism responsible for mechanical enhancement
mainly involved the following aspects: firstly, the rigid nano-
scale SAT crystals well embedded throughout the soft PAAM
matrix which formed a strong and rigid secondary filler, which
significantly strengthened the composites. Secondly, the form-
ation of SAT consumed a certain amount of free water, immob-
ilizing the polymer chains, and increasing the modulus of
the composites. Additionally, the crystals squeezed the poly-
mer network, resulting in higher density of the polymer net-
work, which was another important factor contributing to the
mechanical enhancement. More importantly, the interaction
between the PAAM polymer chain and the SAT was nonneg-
ligible advantages and characterized by the XPS as results
shown in Figures 3(l)–(o), where a contaminate peak appeared
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at a position of 284.58 eV and the entire spectra were sub-
sequently corrected for accurate analysis. Notably, the C–C
bond in Figures 3(l)–(n) exhibited obviously shift, which exis-
ted the overlapping of multiple C–C peaks with different prop-
erties. Through analyzing the side chain foundational group of
C–C, it was determined that two forms of side-chain groups,
namely R2 (–H) and R3 (–OH, =O), were present in PAAM.
Furthermore, the XPS spectra were subjected to curve fitting
to obtain more detailed information. The analysis revealed
that the binding energy of the R3–C–C bond experienced a
shift towards higher energy by 0.2 eV compared to the R2–
C–C bond. It was worthy to noting that comparing with pure
PAAM the binding energy of C–N bond in PAAM/1.5NAAC
composite was experienced a significant shift towards higher
energy by 0.34 eV. In addition, the interaction between NAAC
crystal and the PAAM was investigated using FT-IR spectro-
scopy, a widely used technique for identifying intermolecu-
lar interactions. The FT-IR spectra of the PAAM, NAAC, and
the PAAM/1.5NAAC were presented in the Figure S7(a) and
their corresponding absorption peaks were listed in Table S3.
In the PAAM/1.5NAAC composite, the peak of –NH2 from
the PAAM component shifted to lower wavenumber, from 3
189 cm−1 to 3 166 cm−1. Meanwhile, the peak of –C=O
from the –COO– group of NAAC shifted from 1 557 cm−1

to 1 549 cm−1. Combining the results of XPS and FT-IR, the
potential intermolecular hydrogen bonding was the interaction
between the –NH2 group of PAAM hydrogel and the –COO–
group of NAAC[38].

Furthermore, the influence of polymer network density
(by adjusting crosslinker concertation) on the final mechan-
ical performance of PAAM/1.3NAAC and PAAM/1.5NAAC
composites, containing different mass percentages of MBAA
(crosslinker) was evaluated by compression testing. As
shown in Figures S7(b)–(e), with the crosslinker concerta-
tion increased from 0.02 to 0.16, compression Young’s mod-
ulus of the resulting PAAM/xMBAA-1.3NAAC increased 75
times, and that of in PAAM/xMBAA-1.5NAAC composites
increased to 1.2 GPa and the compression strength reached
81.7 MPa. Therefore, the crosslinking density of the hydro-
gel had positive impacts on the overall load-bearing capa-
city of PAAM/NAAC composite. Furthermore, the mechan-
ical properties of the materials were also controlled by the
multiscale structural design. A body-centered cubic lattice
structure with the same overall density and cubic appear-
ance (24 mm × 24 mm × 20 mm), but varying strut sizes,
was fabricated, as shown in Figure S8. The printed part with
smaller strut sizes, and accompanied more unit cells, exhib-
ited superior compressive mechanical performance. In addi-
tion, as shown in Figure S9, the mechanical performance
of the 3D printed PAAM/NAAC composite with different
unit cell structures was also evaluated. The cubic structure
(12 mm × 12 mm × 10 mm) with various unit cell designs
exhibited distinct stress-strain curves and strengths, with the
gyroid unit cell demonstrating the optimal compressive mech-
anical performance. Therefore, the mechanical properties of
the PAAM/NAAC composite can be tuned through multiscale
structural design.

2.3. The self-healing property of PAAM/NAAC composite
and the universality of strengthening hydrogel by introducing
hydrated salt

The melting and crystallization of SAT within PAAM/NAAC
composite material involved in the reversible breaking and
reformation of ionic bonds between the sodium and acetate
ion, indicating the potential of self-healing and self-adhesion
properties for the composites. A schematic diagram of the self-
healing process was presented in Figure 4(a). The fractured
two halves were heated and subsequently cooled down to room
temperature, followed by squeezing those two parts together.
During this process, the liquefied SAT on the fractured sur-
face exuded into the gap and filled the cracks, allowing the
reformation of ionic bonds and regaining structure integrity
even strength.

The healing details can be observed from the SEM images,
as displayed in Figure 4(b), that interface restored to an intact
condition, with no visible defect and the prior damages. The
mechanical property of the adhesion joints was evaluated by
the tensile lap shear testing, in which the shear strength was
calculated by dividing the shear force by the adhesive area. As
a result, the healed rectangular block exhibited a shear strength
of 0.62 MPa before debonding (Figure 4(c)). Additionally,
three-point bending test was carried out on the assembled
8 cubes (Figure 4(d)). Those assembled cubes were able to
withstand a weight of 5 kg and an ultimate force of 115 N
before breaking. Lastly, the tensile tests were conducted on
the self-healed tensile specimen (Figure 4(e)). The healed
tensile specimen exhibited a breaking strength of 2.19 MPa
and elongation at a break of 4%. Furthermore, compressive
testing was also conducted on the self-healed cubic samples,
as shown in Figures S7(g) and (h). The self-healed cubic
samples exhibited a compressive strength of 30.9 MPa and
a modulus of 382 MPa, which were lower than the pre-
healing values of 49 MPa in strength and 871 MPa in modu-
lus. Compared with the state-of-the-art self-healing materials
(as referenced in Table S4 of the Supplementary Information),
the PAAM/1.5NAAC composite exhibited a short healing time
and obtained a higher post-healed tensile strength, as shown in
the radar plot in Figure 4(f)[39].

It was proved that PAAM/NAAC composite material can
rapidly restore strength through self-healing process. For
instance, the fractured 3D printed PAAM/NAAC spoon can
be repaired by selectively heating the fractured surface, rather
than the entire samples, followed by squeezing and recrystal-
lization, taking only 1 min (Figure 4(g)). Notably, this self-
healing process shared similarities with the welding techno-
logy, as both involved heating and recrystallization. However,
the self-healing stood out in that it did not require additional
materials and could be carried out under a milder condition.

Furthermore, to prove the universality of strengthening
hydrogel by introducing hydrated salt, the as-printed porous
lattice structure PAAM hydrogel was soaked in several types
of salt solution, namely MgSO4, FeSO4, CaCl2, and KNO3

(serving as the control group). In addition, the as-printed poly-
ethylene glycol diacrylate (PEGDA) hydrogel was also soaked
in CaCl2 solution. Here, the PEGDA hydrogel was utilized to
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Figure 4. The self-healing property of PAAM/NAAC composite and the universality of strengthening hydrogel by introducing hydrated
salt. (a) The schematic diagram of self-healing PAAM/NAAC composite. (b) The SEM images of the self-healed interface. (c) The lap
shear testing for self-healed PAAM/NAAC bulks. (d) Three-point bending test for the assembled cubes. (e) The self-healed tensile specimen
and its corresponding stress-strain curves. (f) Comparison of the self-healed mechanical performance of PAAM/1.5NAAC composite with
those of several other representative self-healed hydrogels reported in the literature. (g) The self-healing spoon, (h) the photograph and
compression stress-strain curves of melting and crystallization state of PAAM/MgSO4�7H2O, PAAM/FeSO4�7H2O, PAAM/CaCl2�6H2O and
PEGDA/CaCl2�6H2O.

10



Int. J. Extrem. Manuf. 7 (2025) 045001
3D printing of hard/soft switchable hydrogels

Liu G et al.

Table 1. The melting point, crystallization point, modulus at melting and crystallization state of lattice structured hydrogel/hydrated salt
composites.

Samples Melting Point (� C) Crystallization Point (� C)
Modulus at melting
state (MPa)

Modulus at crystallization
state (MPa)

Increased times

PAAM/FeSO4�7H2O 72.01 � 34.11 0.010 9 � 0.001 9 0.922 4 � 0.192 5 84.6
PEGDA/CaCl2�6H2O 32.41 and 43.93 � 3.99 0.0261 � 0.001 5 2.223 3 � 0.258 0 85.18
PAAM/MgSO4�7H2O 57.38 and 89.8 76.18 0.013 0 � 0.000 8 2.389 8 � 0.057 9 183.7
PAAM/NAAC�3H2O 60.53 Supercooling 0.021 1 � 0.004 0 12.924 2 � 0.567 13 612.5
PAAM/CaCl2�6H2O 30.45 � 11.37 0.004 8 � 0.000 9 5.504 1 � 0.367 2 1 146.6
PAAM/KNO3 No data No data 0.006 7 � 0.000 9 0.028 5 � 0.001 3 4.1

confirm that this strengthening effect was applicable to differ-
ent hydrogel systems, further substantiating the general applic-
ability of this method.

The results were presented in Figure 4(h) and Table 1.
After crystallization, the resulting hydrogel/hydrated salt
composites exhibited an opaque and rigid appearance while
maintaining their shape integrity. The XRD patterns (Figure
S11) confirmed that the resulting hydrogel/hydrated salt com-
posites were PAAM/MgSO4·7H2O, PAAM/FeSO4·7H2O,
PAAM/CaCl2·6H2O, and PEGDA/CaCl2·6H2O composites,
matching with ICDD data PDF # 04-009-8711, PDF # 4-010-
6631, PDF #04-010-1498, PDF#04-010-1498, respectively.
The DSC curves of those four composites exhibited an endo-
thermic peak during the heating stage and an exothermic peak
during the cooling stage, indicating phase transition at those
points.

It was worth noting that, after crystallization, the com-
pression Young’s modulus of the lattice structure hydro-
gel/hydrated salt composites significantly increased by 1–
4 order magnitude (as listed in Table 1 and illustrated
in Figure S12). For instance, the modulus increased by
84.6 times for PAAM/MgSO4·7H2O and 1 146.6 times for
PAAM/CaCl2·6H2O and those structures were capable of sup-
porting a weight of 100 g without any deformation.

These salts resulted in varying degrees of modulus
improvement in their respective composites, which can be
explained from two factors. During the preparation pro-
cess, the solubility of these salts at 80 ◦C was as follows:
CH3COONa > CaCl2 > MgSO4 > FeSO4, where the higher
salt content within the hydrogels might led to greater mod-
ulus in their crystallization state. In addition, in the melted
state, ions derived from those salts can interact distinctly
differently with the polymer chains of hydrogel due to
Hofmeister effect. Based on their effects on polymer aggreg-
ation, ions can be classified as salting-out (promoting aggreg-
ation) or salting-in (disrupting aggregation)[40]. According to
the general Hofmeister series, the salting-out anions were
ranked: citrate3− > (Cit3−) > SO4

2− > F− > acetate−

(Ac−), whereas the Cl− was classified as a salting-
in ion. Similarly, salting-out cations were ranked:
N(CH3)4+ > K+ > Cs+ > Na+ > NH4

+ , whereas the
Mg2+ and Ca2+ were classified as salting-in ions[41]. In addi-
tion, the Hofmeister effect’s impact was also influenced by
the ionic concentration. Consequently, in melted state, the
modulus of the PAAM/NAAC was higher than that of in

PAAM/MgSO4·7H2O and PAAM/FeSO4·7H2O, while the
salting-in effect of CaCl2 resulted in a lower modulus for
PAAM/CaCl2·6H2O compared to PAAM in water. Therefore,
the varying degrees of modulus improvement between the
crystallization and melted state can be explained by consider-
ing the salts concentration and the Hofmeister effect.

In contrast, the modulus of PAAM/KNO3 increased only by
4.1 times. This difference can be attributed to the fact that the
KNO3 solution crystalized without crystal water at room tem-
perature, resulting in PAAM/KNO3 composite maintaining its
softness.

Based on the above results, to effectively strengthen the
mechanical properties of hydrogel using salt, several condi-
tions need to be met. Firstly, it was expected that the solubil-
ity of salts in water would exhibit a significant increase with
temperature rising. Additionally, the hydrogel can swell in the
salt solution, which facilitated the infusion of more salt into
hydrogel matrix. Lastly, the salt should be capable of form-
ing crystals with crystal water. Overall, the solubility of salt in
water, the swelling behavior of the hydrogel, and the crystal
structure of the salt were all important factors that need to be
considered when designing hydrogel/hydrated salt composites
for mechanical reinforcement.

Furthermore, the PAAM/salt structures can be utilized to
strengthen soft and tough materials, such as polydimethyl-
siloxane (PDMS), as shown in Figure S13. The crystalized
PAAM/NAAC structures were embedded into liquid PDMS
and subsequently cured at 45 ◦C. The PDMS-PAAM/NAAC
complex demonstrated higher compressive strength and mod-
ulus compared to pure PDMS in the crystallization state, while
lower modulus in the supersaturation state, imparting PDMS
with hardness-switchable properties.

2.4. The application of shape-fixing PAAM/NAAC composite
as smart medical plaster bandage

The reversible breaking and reformation of ionic bonds within
PAAM/NAAC composite may endow its shape fixation func-
tion. In the supersaturation state, the composite exhibited soft-
ness, which could be molded into a desired shape and frozen
that shape upon crystallization. For example, as shown in
Figure 5(a), the supersaturated PAAM/NAAC ribbon exhib-
ited a transparent and soft appearance, maintaining its original
flat shape. Then, it was manually programmed to a twisted
shape and crystallized. The strong ionic bond of SAT crystal
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Figure 5. The application of shape-fixing PAAM/NAAC composite as smart medical plaster bandage and its recycle property. (a) The shape
fixation and shape replication functions of PAAM/NAAC. (b) The flexibility of smart plaster bandage and the mechanical property of smart
and traditional plaster bandage as the function of time under three-point bending test. (c) The application of smart plaster cast. (d) and (e) The
infrared images during the crystallization of plaster cast and the inner side temperature changes as function of time during the crystallization.
(f) The application of 3D printed finger splint. (g) The Micro-CT and x-ray images of sheep tibia wrapped with two kinds of plater cast. (h)
and (i) The images and recorded weight and volume changes of PAAM/NAAC composite and pure PAAM after exposing to air. (j) The shape
recover of the twisted ribbon, the compressed hollowed egg and hollowed Stanford Bunny. (k) The recycle of NAAC salt.

locked the PAAM polymer chain, fixed them in a twisted
shape. In addition to testing the shape-fitting capability of the
composite, the surface morphology of a toy lollipop and a toy
bear was replicated by covering them with the PAAM/NAAC
composite in its soft state. This was followed by compress-
ing the composite with vacuum assistance and subsequent
crystallization. As shown in Figure 5(a), a clear outline was
observed on the replicated toy lollipop and the distinct texture
and details (the number 12 in the front) were visible on the
replicated toy bear (the female mold). Those results indicated
the high fidelity of the replication process. In the end, the soft

or hard replicas of the toy bear were created by casting trans-
parent resin or PDMS into the female molds. The versatility of
the PAAM/NAAC composite in capturing fine details and pro-
ducing durable replicas demonstrated its potential for applic-
ations in fast molding and prototyping.

The shape fixed function and robust mechanical proper-
ties of PAAM/NAAC composites make it a promising can-
didate for use in medical plaster bandage or external fixation
systems. When individuals suffer bone fractures, the med-
ical plaster bandage is crucial for bone healing. However,
traditional plaster bandage has been found to present several
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drawbacks, such as prolonged curing times which last sev-
eral hours to days, not being easy to operate, and being non-
recyclable.

The photographs of the smart plaster bandage were presen-
ted in Figure 5(b). The smart plaster cast was packed in a poly-
ethylene (PE) film to prevent the interference of foreign nuclei
that might induce crystallization. The smart plaster cast exhib-
ited flexibleness, allowing for bending, folding and rolling up,
thereby enabling portable for outdoor use and more import-
ant conformance to the curved surface of limbs. The smart
and traditional plaster bandage shared the similar strength-
ening mechanism, which involved the transformation of free
water into bound water during crystallization to enhance their
mechanical property. However, the traditional plaster bandage
needs additional water immersion and is not easy to operate.
The mechanical performance of those two types of plaster cast
was tested using three-point bending method (Figure 5(b)).
With the curing time prolonging, the bending mechanical per-
formance for both plaster casts increased, in which the mech-
anical response of the traditional one was relatively slow,
taking about 24 h to fully harden and reach its maximum
yield strength of 3.9 MPa. Surprisingly, the smart plaster cast
responded rapidly, which reached 8.7 MPa after 10 min of
crystallization and continually increased thereafter. Therefore,
the smart plaster cast exhibited a short response time and better
mechanical performance.

Its ease of use, portability, and fast response character-
istics may provide a simple yet effective solution for emer-
gency and first aid situations. The application of smart plaster
cast was depicted in Figure 5(c) (Movie S4, Supplementary
Information). Initially, a layer of soft cotton padding was
applied to the injured limb to offer cushioning and comfort.
Subsequently, the smart plaster cast was carefully wrapped
around the padding, followed by the application of multiple
layers of bandage to ensure stability. In the end, the smart
plaster cast was induced to crystallize to achieve effective
immobilization and provide protection for the injured limb.
The smart plaster cast can rapidly provide support after crys-
tallization for 10 min and well copy the curved surface of arm.
In addition to the wearing comfort provided by the soft cot-
ton padding, the precise conformity to the natural shape of
the body ensured even pressure distribution, thereby enhan-
cing overall comfort.

Meanwhile, due to the exothermal nature of crystalliza-
tion, infrared images and temperature were captured during
this process and the results are presented in Figures 5(d) and
(e). It was observed that the crystal rapidly grew from the seed-
ing site toward the left, taking minutes to complete the growth.
For the safety consideration during the crystallization, temper-
ature changes were monitored at the side closest to the skin.
It was observed that the temperature of the smart plaster cast
reached a maximum of 41.5 ◦C after 25 min of crystallization
and decreased thereafter. In accordance with the ISO standard
(ISO 13732-1:2006), the recommended maximum safe tem-
perature for human contact is typically set below 50 ◦C[42].
The use of soft cotton padding at the side closest to the skin
could lower the temperatures. Moreover, with the protection
of the PE film and the physical spatial isolation provided by

the soft cotton padding, the smart medical plaster bandage did
not come into direct contact with tissues (skin) or cause irrita-
tion. Besides, a finger splint was 3D printed and aimed to treat
mallet finger, as presented in Figure 5(f). Similar to the smart
plaster cast, the printed splint was soft at the supersaturated
state, allowing for fitting to the finger shape of the patient.
Upon crystallization for ten minutes, the rigid splint would
immobilize the injured joint and kept the fingertip at a straight
position.

During the bone healing process, regular x-ray examina-
tion may be needed to monitor this progress. However, the
traditional plaster cast obstructed the x-ray, while removal of
the plaster may cause the injured area repositioned. In con-
trast, x-ray can easily penetrate through the smart plaster cast
and produce high-quality x-ray and micro-CT images due to
the lower atomic number of CH3COONa·3H2O than that of
CaSO4·2H2O (Figure 5(g)). As the duration of wearing plaster
cast extended, the weight and volume of PAAM/NAAC com-
posite maintained nearly unchanged even after being exposed
in air for 200 h, while a serious shrinkage occurred in pure
PAAM hydrogel within 24 h (as recorded in Figures 5(h) and
(i)), since the boundwater within SAT crystal wasmuch stable,
which indicated that the plaster could provide a stable mech-
anical support.

Additionally, the PAAM/NAAC composite can be reverted
to its original softness by heating it above the melting points.
For example, as shown in Figures 5(i) and (j) and Movie
S6, upon heating above 70 ◦C, the crystalized twisted rib-
bon unfolded and the compressed hollowed gee and Stanford
Bunny rapidly recovered their original shapes. Therefore, the
smart plaster cast can be recycled in two ways, the used plaster
can be heated to its melting point, subsequently sterilized,
and repackaged for reuse. Furthermore, the SAT salt can be
recovered from the PAAM/NAAC composite through immer-
sion in water and subsequent concentration of the resulting
solution. The recovered salt can be reused in the subsequent
soaking of a new batch of printed PAAM structures.

2.5. The application of PAAM/NAAC composite in information
encryption, decryption, and self-erasing

As a phase change energy storage material, NAAC·3H2O
exhibits an outstanding thermal storage ability, (latent heat
� H = 264.27 J·g−1) making it a promising candidate for con-
trollable heat release application. The heat release behavior
of PAAM/NAAC composite was investigated by the infrared
thermal imaging method. As shown in Figure 6(a), after seed-
ing a crystal nucleus on PAAM/1.3NAAC composite, the
temperature was rapidly increased from 29.8 ◦C to 47.6 ◦C
within just in seconds due to the release of latent heat dur-
ing crystallization. The temperature change curves over time
of PAAM/�YNAAC composites containing varying concentra-
tions of NAAC were also recorded in Figure 6(b). All of
PAAM/xNAAC composites reached their maximum temper-
ature within 30 s and lasted for about 10 min before cooling
down to room temperature. As expected, the maximum tem-
perature gradually rose from 40 ◦C to 46 ◦C as theNAACmass
increased.
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