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Concentric ice-templating of ultracompressible tough
hydrogels with bioinspired circumferentially
aligned architecture

Wenxi Gu'?, Shuqi Yang'?, Dazhe Zhao'?, Yiwei Zou'?, Chonghao Chen?, Peigi Niu'?,
Xiangyu Liang4, Chi Tat Kwok', Bingpu Zhou®, Chunming Wang3, Yan Yan Shery Huangs,
JiLiu’, lek Man Lei"?*

Materials with circumferentially aligned fibers, such as intervertebral discs and arteries, are abundant in nature
but challenging to replicate artificially, despite their mechanical advantages. Although ice-templating can create
bioinspired materials, the achievable structures remain limited to simple forms, such as honeycomb, lamellar, and
radial structures. Here, we developed a unique ice-templating technique that constructs circumferential fibrous
structures in hydrogels through slow freezing. Enhanced with rotary compression annealing, these hydrogels ex-
hibit record-breaking features that cannot concurrently be achieved in conventional ice-templated and top-
performing tough hydrogels, including high tensile properties, isotropic fatigue threshold of 2320 joules per
square meter, ultracompressibility (8% strain after 500 cycles), and extraordinary burst pressure of 1.6 bar while
maintaining 85 weight % water content. These properties enable opportunities in robotics, including hydrogel
pneumatic grippers and an untethered bioinspired robotic fish that exhibits high-force actuation and long-term
robustness. Our approach enriches the diversity of bioinspired structures in artificial materials, establishing ex-
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ceptional mechanical properties through cross-length scale structural design.

INTRODUCTION

Nature has an impressive ability to create materials with fascinating
combinations of properties from a limited palette of ingredients
(1, 2), showcasing the importance of architecture in determining
their mechanical (1, 3), optical (4), thermal (5), and many other
properties. This astonishing capability has long inspired material
scientists to develop synthetic materials that match or even surpass
the performance of their natural counterparts, particularly in the
field of hydrogel mechanics (6). As conventional hydrogels are typi-
cally brittle due to their single and amorphous polymer networks
(7), harnessing biomimetic structural designs to promote their me-
chanical performance is highly desirable. Such materials can unlock
unprecedented opportunities in tissue engineering, flexible devices,
robotics, and other cutting-edge applications (8, 9).

Ice-templating, or freeze-casting, is a simple approach for fabri-
cating hydrogels with bioinspired structures by controlling direc-
tional ice growth within a polymeric solution (10, 11). Although this
technique can impart extreme mechanical properties to hydrogels,
such as tissue-like toughness (12, 13), fatigue resistance (14-16),
and impact resistance (17), the achievable structures through ice-
templating remain severely limited. Common achievable structures,
including honeycomb (18-20), lamellar (21-23), and radial struc-
tures (24), cannot capture the rich diversity found in nature (25).
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Therefore, new fabrication strategies that can replicate the different
unique structural designs present in nature are highly in demand to
broaden the range of properties realizable in artificial hydrogels.

Circumferential fibrous structures are commonly found in natu-
ral materials, such as intervertebral discs, arteries, and fish swim
bladders. These structures are essential for withstanding internal
pressure and mechanical loads (26-30). For example, the concentric
rings of intervertebral discs enable load-bearing ability for with-
standing millions of movements over a lifetime while having high
water content (31). The concentric wall structures of arteries with
circumferentially aligned collagen fibers can effectively bear the
stress caused by physiological pressure from billions of cardiac cy-
cles (32, 33). Although some studies have explored the development
of artificial materials with concentric structures, such as the onion-
like hydrogels with macroscale concentric features (34, 35) and the
concentric ceramics created using freeze-casting with an external
acoustic field (36), creating hydrogels with circumferentially fibrous
structure at microscale using ice-templating has not reported until
now. This is likely due to the difficulties in controlling ice develop-
ment in hydrogels in a circumferential manner.

Here, we report the successful use of ice-templating to create bio-
inspired hydrogels with concentrically aligned fibrous structures
(Fig. 1, A and B). This was achieved by controlling columnar ice
growth parallel to the cold wall of a cylindrical mold within a poly-
meric solution under slow freezing. By synergistically combining
this approach with a rotary compression annealing technique, the
resulting concentric fibrous hydrogels exhibit a record-breaking
combination of mechanical properties, including a high tensile
strength of 14 MPa, an average tensile toughness of 21 MJ/m”, an
isotropic fatigue threshold of 2320 J/m?, extraordinary compress-
ibility with a residual strain of 8% after 500 cyclic loadings at 60%
strain, and a remarkable pressure-withstanding capability with a
burst pressure of 1.6 bar (Fig. 1C). Such combined properties cannot
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Fig. 1. Fabrication of hydrogels with interlaced concentric fibrous structures. (A) Schematic illustration depicting a synergistic approach that combines concentric
ice-templating under slow freezing with rotary compression annealing to result in concentric fibrous hydrogels (concentric-RA) with substantially enhanced mechanical
properties. (B) Photograph and SEM images displaying the hierarchical structure of the polymeric scaffold created using concentric ice-templating, ranging from macro-
structures to nanostructures. (C) Radar plot comparing the mechanical performance metrics of the concentric fibrous hydrogels to hydrogels with honeycomb and ran-
dom structures. The data used to evaluate the performance metrics are summarized in table S1, and the blue texts indicate the performance with the concentric fibrous

hydrogels treated by 3 hours of rotary compression annealing. ¢, strain.

be achieved in hydrogels with honeycomb or random structures,
opening up a wide range of potential applications, including high-
force pneumatic hydrogel actuators capable of withstanding high
internal pressures, mimicking the biomechanical functionality of
fish swim bladder, as well as an untethered bioinspired robotic
swimming fish with hydrogel actuators functioning as bionic muscles
with robustness over 80,000 actuation cycles. Our concentric ice-
templating technique represents an important paradigm for manu-
facturing biomimetic structural materials, enriching the design
possibilities through ice-templating.

RESULTS

Concentric ice-templating

Figure 1A and fig. S1 illustrate our fabrication strategy to create hy-
drogels with bioinspired interlaced concentric fibrous structures. In
this study, poly(vinyl alcohol) (PVA) with a 99% hydrolysis degree
was used due to its prevalent use in hydrogel mechanics and freeze-
casting research. Typically, a 5% (w/v) PVA solution was injected
into a custom-made thin-walled cylindrical mold, followed by slow
freezing in a controlled —30°C atmosphere (freezing rate = —2.1°C/
min). The ice was subsequently sublimated via freeze-drying.

Guetal., Sci. Adv. 11, eadv7786 (2025) 20 June 2025

Unlike conventional freeze-casting techniques that typically pro-
duce lamellar, honeycomb, or radial structures, our method unique-
ly produces three-dimensional (3D) polymeric scaffolds with
interlaced concentric fibrous structures. Micro-computed tomogra-
phy (p-CT) scan and scanning electron microscopy (SEM) confirm
that the transverse cross section of these scaffolds exhibits a concen-
trically aligned fibrous structure, with the concentric feature con-
verging at the center (Fig. 2, A and B). The longitudinal cross section
displays a multidomain aligned structure, forming an interlaced
structural network (Fig. 2D and fig. S2). Movie S1 illustrates the 3D
structure of the scaffold reconstructed from the p-CT scan, con-
firming the interlaced concentric fibrous architecture. The concen-
tric fibrous structure can be retained in the hydrogel after reswelling,
as evidenced by confocal microscopy images (Fig. 2C). Such con-
centric architectures in hydrogels have not been achieved with exist-
ing ice-templating methods.

To understand the formation of the concentric fibrous structures
in polymer solutions, we observed the freezing process in situ. Mov-
ie S2 illustrates the freezing mechanism for achieving concentric fi-
brous polymeric scaffolds proposed based on our observation. Our
observation reveals that freezing rate is pivotal in determining the
structure. When the polymeric solution is directionally frozen
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Fig. 2. Structural characterizations. (A) u-CT image showing the transverse section of the polymeric scaffold produced by concentric ice-templating exhibiting a char-
acteristic concentric structure. Scale bar, 1 mm. (B) Representative SEM images taken from the transverse cross section displaying the concentric fibrous structure. Scale
bars, 100 pm. (C) Confocal images depicting that the concentric fibrous structure can be preserved after reswelling the polymeric scaffold in water to form hydrogels. Scale
bars, 100 pm. The directionality assessments of the structures showed in (B) and (C) can be found in fig. S3. (D) SEM images captured at three random locations in the
longitudinal cross section, revealing the multidomain alignments of polymer fibers. Scale bars, 100 pm. All samples were prepared from a 5% (w/v) PVA solution freezing

ata —30°C atmosphere.

slowly at —20°C (freezing rate = ~—1.5°C/min), ice preferentially
nucleates near the cold surface and forms columnar ice that grows
parallel to the cold surface (Fig. 3A and movie S3). Meanwhile, the
ice nucleates successively toward the warmer region from the cold
surface. In contrast, fast freezing at —50°C (freezing rate = ~—3.8°C/
min) leads to the formation of dendritic ice crystals that grow rap-
idly along the temperature gradient and perpendicular to the cool-
ing surface (Fig. 3B and movie S3). Therefore, by slowly freezing the
polymeric solution in a cylindrical mold, columnar ice can be devel-
oped circumferentially within the polymer solution (Fig. 3C). This
process slowly expels the polymer chains toward the ice boundaries,
yielding concentric fibrous scaffolds. Figure 3D and fig. S4 confirm
the structures of the polymeric scaffolds fabricated with different
freezing temperatures. Slow freezing conditions (i.e., in a —20° to
—40°C atmosphere with a rate of —1.5° to —2.9°C/min) resulted in
scaffolds displaying a concentric morphology at their transverse
cross section. On the other hand, radially aligned scaffolds were
formed under fast freezing conditions (freezing at <—50°C, a freez-
ing rate faster than —3.8°C/min), corroborating the findings of pre-
vious works (24, 37, 38).

Compared with conventional freeze-thawing, which also in-
volves slow freezing at a relatively high freezing temperature (39),
our method uses a one-time freezing process to produce concentric
fibrous polymeric scaffolds. When repeating the freeze-thaw cycles,
the concentric structure transitioned to a random porous structure,
similar to those reported in previous freeze-thawed hydrogels (40)
(fig. S5). This is due to microstructural distortion during the repeat-
ed freezing and thawing processes. Using concentric ice-templating,
the polymeric scaffolds predominantly display a concentric struc-
ture at different transverse planes along the longitudinal axis
(fig. S6). The concentric structure can be readily found at planes less
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than 1 cm away from both the top and bottom sides of the sample.
Such uniformity likely results from preferential ice nucleation at the
concave surface rather than the flat bottom and top surfaces (41). In
addition, the multiple domain alignments observed in the longitu-
dinal cross section, shown in the SEM images and p-CT scan, indi-
cate that the concentric ices grew in a nonplanar manner, leading to
an interlaced concentric fibrous structure (figs. S2 and S7 and movie
S1). It is important to note that such concentric fibrous structures
cannot be attained using conventional bottom-up freeze-casting
with liquid nitrogen and a 3D spiral insulating substrate, attributed
to the difficulties in generating a circumferential temperature gradi-
ent in the polymeric solution with this method (see Supplementary
Text S1).

Customizability and scalability

Concentric ice-templating not only eliminates the need for expensive
cryogenic agents and laborious monitoring required in conventional
freeze-casting but also allows the creation of structural hydrogels us-
ing a standard freezer, enhancing scalability and convenience. We
confirmed that concentric fibrous polymeric scaffolds can similarly be
attained using a standard freezer (fig. S9). Furthermore, scaffolds of
varying diameters (e.g., 5 to 18 mm) and lengths (e.g., 2 to 16 cm) can
be readily fabricated in a customizable and mass-producible manner
with consistent alignment and similar compartment size spacing of
~10 pm along their entire longitudinal axis (Fig. 3E and figs. S10 to
S$12). Although slight variations in compartment size were observed
in the transverse cross section attributed to the differing low tempera-
ture at the migrating ice front, this can potentially be addressed using
the recently reported additive freeze-casting method (42) (fig. S13).
Concentric ice-templating is also extendable to any arbitrary molds
for constructing microstructural alignments conforming to their
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Fig. 3. Freezing mechanism and scalable technique. (A and B) Schematic illustration and top-view optical images depicting the freezing processes conducted under
slow freezing at —20°C (A) and fast freezing at —50°C (B). The results indicate that columnar ice growth occurred parallel to the cold source under slow freezing, whereas
dendritic ice grew perpendicular to the cold source during fast freezing. Scale bars, 100 pm. Video of the freezing processes can be found in movie S3. (C) Schematic dia-
gram of the freezing mechanism for developing concentrically templated ice in polymeric solutions using a cylindrical container. (D) Photographs showing the transverse
cross sections of polymeric scaffolds with different structures prepared using different freezing temperatures. Scale bars, 5 mm. Trand T refer to the temperature of the
freezing chamber and the corresponding freezing rate, respectively. (E) Photographs of the polymeric scaffolds with a variety of dimensions and shapes exhibiting similar

concentric structures, fabricated using concentric ice-templating. Scale bar, 15 mm.

outer boundaries, such as rectangular and vessel-like tubular con-
structs (fig. S14). In addition, we also proved that this technique is
applicable to other polymeric systems. Similar concentric fibrous
structures can be produced with silk and chitosan-graphene oxide
solutions at a slow freezing temperature of —30°C (fig. S15, A and B;
see Supplementary Text S2 for discussion).

Mechanical toughening via rotary compression annealing

Next, we designed a rotary compression annealing strategy that can
effectively toughen the concentric fibrous hydrogels (Fig. 1A and
fig. S16A). Differing from conventional compression annealing that
is limited to film-like materials, our rotary compression annealing
method involves mechanical pressure being gradually applied to a
rotating and dried sample at 100°C. This process can preserve the
characteristic concentric structure while promoting the rearrange-
ment of polymer chains to induce nanocrystalline domains and in-
creasing the internal friction between polymer chains. As shown
in Fig. 4A and fig. S16B, a highly densified concentric fibrous
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structure was resulted after a 3-hour rotary compression annealing
treatment.

To elucidate the effect of our fabrication approach on crystallinity,
we prepared samples for comparison, including freeze-thawed five-
cycle PVA with annealing (random-A), honeycomb PVA produced by
unidirectional freeze-casting and annealing (honeycomb-A), and
concentric fibrous PVA treated by annealing (concentric-A) and ro-
tary compression annealing for different durations (concentric-
RA). Figure 4B illustrates the structures of concentric fibrous,
honeycomb, and random hydrogels. Differential scanning calorimetry
(DSC) measurements reveal that the crystallinities of the concentric-
A and honeycomb-A samples are similar, suggesting that concentric
ice-templating is capable of forming high-density crystalline domains
similar to conventional freeze-casting (Fig. 4C and fig. S18). Longer
rotary compression annealing remarkably enhanced crystallini-
ty, which reached 30.0 wt % (at its dry state) after 5 hours, surpassing
all the polymeric scaffolds tested here. After reswelling, all concentric-
RA hydrogels still retained over 82 wt % water content (Fig. 4C).
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Fig. 4. Crystallinity and crystalline structures. (A) SEM images showing the microstructure of the polymeric scaffolds before and after rotary compression annealing for
3 hours. Scale bars, 10 pm. (B) Schematic illustrations depicting the morphologies of hydrogels with concentric fibrous, honeycomb, and random structures. (C) Summary
of crystallinities and water contents of random-A, honeycomb-A, concentric-A, and concentric-RA hydrogels treated with rotary compression annealing times of 1, 3, and
5 hours (h). All annealed (-A) samples were treated with 90 min of annealing. (D) Average size of the crystalline domains (D) of different hydrogels determined from WAXS.
(E) 2D SAXS patterns of concentric-RA and random hydrogels. (F) Average intercrystal spacing (L) determined by SAXS. (G) Calculated Herman’s orientation factors. Data
in [(C), (D), (F), and (G)] are means + SD, n = 3 independent samples. Different letters in [(C), (D), (F), and (G)] indicate statistically significant differences between groups

(P < 0.05), determined using one-way ANOVA with Tukey’s test.

To investigate the crystalline morphology and nanostructures of
the hydrogels, we carried out wide-angle x-ray scattering (WAXS)
and small-angle x-ray scattering (SAXS) measurements. The 1D
WAXS patterns reveal that all hydrogels, including the concentric-
RA, concentric-A, concentric, and random hydrogels, exhibit dif-
fraction peaks at 20 = ~15.6° (corresponding to a d-spacing of ~4.56 A,
calculated using Bragg’s law) (fig. S19B). These peaks are associated
with the (101) reflection of PVA (43, 44), confirming their crystal-
line nature. Notably, the sharper peak for the concentric-RA hydro-
gel suggests a significantly increased crystalline domain size (D) of
8.2 nm, as determined using the Scherrer equation (Fig. 4D). This
finding supports the effectiveness of rotary compression annealing
in increasing crystallinity compared to conventional annealing. Fur-
thermore, SAXS measurements were used to analyze the intercrystal
spacing (L) of the hydrogels (Fig. 4, E and F, and fig. S20). The
Iq* versus q SAXS intensity profile of the concentric-RA hydrogels
exhibits a peak at g = ~0.063 A™", corresponding to an intercrystal
spacing (L) of ~10.0 nm, estimated by the Bragg expression
(L = 27/qmax) (Fig. 4F and fig. S20A). This intercrystal spacing is
smaller than that of the control samples, indicating a more densely
packed nanocrystalline structure in the concentric-RA hydrogels
(Fig. 4F). In addition, azimuthal angle analyses for the concentric-
RA, concentric-A, and concentric hydrogels indicate anisotropic
nanostructures (fig. S20B). The calculated Herman’s orientation
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factors for these hydrogels are 0.27, 0.24, and 0.16, respectively, con-
firming aligned nanofibril orientations (Fig. 4G). In contrast, the
Herman’s orientation factor of random hydrogels is —0.01, which
suggests a highly isotropic structure.

Tensile properties

Having established the method to fabricate concentric fibrous hy-
drogels with enhanced crystallinity, we then investigated the effect
of their structure on mechanical performance. First, we compared
their tensile properties with control samples after reswelling them in
deionized water till equilibrium. The concentric-RA|| hydrogels
measured in the longitudinal direction exhibited substantial im-
provements in tensile modulus and toughness, with increases of
~2.9- and 1.4-fold, respectively, compared to the honeycomb-RA,
hydrogels treated with the same rotary compression annealing pro-
cess (Fig. 5, A and B, and fig. S21B).

Moreover, our concentric fibrous hydrogels can be made into tu-
bular shapes and readily transformed into 2D hydrogel sheets (re-
ferred to as conc2sheet hydrogels) that exhibit an isotropic interlaced
fibrous structure (Fig. 5C; see fig. S21D for the fabrication). Through
the synergy of concentric ice-templating and rotary compression
annealing, the conc2sheet-RA hydrogels demonstrated outstanding
isotropic mechanical performance, including a 2.2-fold increase in
tensile modulus compared to the honey2sheet-RA| hydrogels, as
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cate statistically significant differences between groups (P < 0.05), determined using one-way ANOVA with Tukey'’s test.
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well as increases of 13-, 1.6-, 13-, and 24-fold in tensile modulus,
stretchability, fracture strength and toughness, respectively, com-
pared to the honey2sheet-RA- hydrogels (Fig. 5, C and D, and
fig. S21C). By varying the rotary compression annealing time and
polymer concentration, the tensile properties can be finely tuned
(fig. S23), achieving tensile performance that is comparable to or
even surpasses that of the top-performing tough hydrogels with
high water content (Fig. 5E). It should be noted that, although the
conc2sheet-RA has an interlaced circumferential fibrous structure,
no delamination was observed along the radial direction of the hy-
drogel with a high cohesion force per unit width of 690 N/m
(fig. S24). We demonstrate the potential of our concentric fibrous
hydrogels as a high-performance underwater material with acoustic
camouflaging properties (movie S4). The concentric fibrous hydro-
gels are mechanically tough, capable of lifting objects 3000 times
heavier than themselves without permanent deformation while be-
ing highly acoustic transparent due to their high water content
(Fig. 5F). The acoustic transmission of our concentric-RA hydrogel
exceeds 95% at a source frequency of 2 MHz, far outperforming tra-
ditional flexible materials, such as Ecoflex, which reduced transmis-
sion by over 70% (Fig. 5, G and H).

Conventional hydrogels typically suffer from trade-offs between
fracture toughness and modulus, as well as between fatigue thresh-
old and modulus (9). Despite the improved tensile modulus, the
fracture toughness of our conc2sheet-RA hydrogels can be simulta-
neously enhanced to ~80 KkJ/m? (fig. S25), which is comparable to
the reported top-performing isotropic PVA hydrogels (17). More-
over, our conc2sheet-RA hydrogels have superior isotropic fatigue
resistance. Evaluated using a single-notch method, the conc2sheet-
RA hydrogels exhibited fatigue thresholds of around 2320 J/m* in
longitudinal and circumferential directions (Fig. 5I), surpassing ex-
isting isotropic fatigue-resistant hydrogels (Fig. 5]). Notably, this
performance was achieved without using additive or salting-out
agents. To further validate the exceptional fatigue resistance, we per-
formed a cyclic fatigue test with a precut conc2sheet-RA hydrogel.
No obvious crack propagation was observed after 30,000 cycles of
stretching along an arbitrary direction at a high energy release rate
of 2310 J/m? (fig. S26, B to D). Such mechanical improvement was
attributed to their synergistic toughening mechanisms, including
increased crystallinity, crack deflection, fibril pulling out, and fibril
straightening at the crack tip contributed by the interlaced circum-
ferential fibrous structures (fig. S27).

Ultracompressive properties

Many natural materials have concentric fibrous microstructures,
providing them with extraordinary compressive properties. For in-
stance, the annulus fibrosus of intervertebral discs, composed of
concentric lamellae of collagen fibers, provides high stiftness to re-
sist the pressure exerted by the nucleus pulposus during repetitive
compression over a lifetime (28, 31). Inspired by this, we examined
the compressive properties of hydrogels with different structures.
The results show that concentric-RA hydrogels outperformed
honeycomb-RA and random-RA hydrogels in both axial and radial
compressions (Fig. 6A). Notably, the compressive performance of
concentric-RA hydrogels is particularly exceptional in the axial di-
rection, with a compressive modulus of 0.96 MPa and a compressive
stress of 10.7 MPa at 90% strain, which are more than 2.7 times
higher than the performance of other hydrogels (Fig. 6B).
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The effectiveness of the concentric fibrous structure in with-
standing axial compression can be evident from the appearance of
the compressed hydrogels. Honeycomb-A hydrogel experienced
catastrophic cracking at its center under 90% axial strain, whereas
concentric-A hydrogel was crack-free (fig. S29A). After rotary com-
pression annealing, concentric-RA hydrogels demonstrated en-
hanced compressive properties (fig. S29B) and exceptional resilience
with less than 6% permanent deformation at 85% axial compressive
strain (Fig. 6C and movie S5). In contrast, honeycomb-RA and
random-RA hydrogels suffered from notable permanent deforma-
tion. Furthermore, concentric-RA hydrogels demonstrate good
compressive fatigue resistance. When subjected to a cyclic axial
compressive strain of 60% after 500 cycles, concentric-RA hydrogel
displayed the best strain recovery, with a residual strain of <11%
immediately after compression and 8.3% after <1-hour recovery
(Fig. 6, D and E, and fig. $29, C and D). In comparison, honeycomb-
RA and random-RA hydrogels had residual strains over 30 and 20%,
along with substantial reductions in maximum stress by 32 and
60%, respectively. Although not as superior as in the axial direction,
concentric-RA hydrogels also demonstrated reduced residual strain
compared to the honeycomb-RA and random-RA hydrogels during
cyclic radial compression tests (fig. S30D).

To understand the ultracompressibility of the concentric hydro-
gels, we used finite element modeling to probe the fracture behav-
iors of concentric and honeycomb structures under axial and radial
compressions (movie S6). Under axial compression, the honeycomb
lattice buckles at mid-height, leading to localized stress and struc-
tural failure at ~30% strain (Fig. 6F). In contrast, the concentric
structure can effectively distribute the stress, allowing it to with-
stand larger strain than the honeycomb structure. Similar findings
were also observed in the simulation with a simple honeycomb unit
and the simulations used representative volume elements (RVEs) to
model the macroscopic mechanical behavior (fig. S31). It should be
noted that our experimental results showed that the concentric-RA
hydrogels can withstand a larger compressive strain than the simu-
lated results. This discrepancy is probably because the interlaced
structure in the concentric fibrous hydrogels was not considered in
the simulations, and this structure can also effectively contribute to
its compressibility (see Supplementary Text S3 for discussion). The
simulation of radial compression behavior also aligns with the ex-
perimental data, revealing that the concentric model is capable of
producing a greater radial compressive force and exhibiting a larger
fracture strain than the honeycomb model (fig. S32B). The poorer
radial compressibility of the honeycomb structure can be attributed
to the weak connections between its longitudinally aligned fibers,
which can be easily ruptured under radial compression (fig. S32C).

The extraordinary axial compressibility of concentric-RA hydro-
gels is further illustrated. Despite containing 85 wt % of water, a cen-
timetric concentric-RA hydrogel can resist cutting by a sharp scalpel
and can withstand a 65-kg human for over a minute without perma-
nent failure (fig. S33, A and B). Impressively, a 1480-kg four-wheel
car can repeatedly run over the concentric-RA hydrogel five times
and remain on it for 10 s (Fig. 6G, fig. S33C, and movie S7). No frac-
tures were observed, and its thickness retained over 86%. By contrast,
the random-RA and honeycomb-RA hydrogels experienced over 25
and 43% permanent deformation after just one compression by the
car. Noteworthy, the compressive stress of concentric-RA hydrogels
surpasses that of the existing hydrogels produced with ice-templating
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Fig. 6. Ultracompressive properties. (A) Stress-strain and force-displacement curves depicting the performance of hydrogels with different structures under axial and
radial compression. (B) Summary of the axial compressive modulus and compressive stress at 90% strain for different hydrogels. (C) Photographs showing random-RA,
honeycomb-RA, and concentric-RA after axial compression to a strain of 85%, with values at the upper right indicating the residual strains after compression. Scale bars,
10 mm. (D) Residual strains of different hydrogels over 500 cycles of axial compressive loading at 60% strain. (E) Photographs show the concentric-RA and honeycomb-RA
hydrogels before compression and after <1-hour recovery following 500 axial compression cycles. The percentage values indicate the residual strains. (F) Simulated stress
distributions in concentric and honeycomb structures under compressive loads. (G) Photographs of a concentric-RA hydrogel with a size of 5.9 mm (L) by 9.9 mm (D) be-
fore and after being compressed by a 1480-kg car for 10 s, followed by five consecutive compressions. (H and I) Ashby diagrams of compressive stress versus compressive
strain for concentric-RA hydrogels compared with other reported hydrogels produced via ice-templating (H) and other reported PVA-based hydrogels with enhanced
compressive mechanical properties (I). The percentage values indicate the water contents of the hydrogels reported in the literature, with some data omitted due to un-
availability. Literature data are summarized in tables S4 and S5. Data in (B) are means + SD, n = 3 independent samples. Different letters above the bars in (B) indicate
statistically significant differences between groups (P < 0.05), determined using one-way ANOVA with Tukey’s test. Unless otherwise stated, all -RA samples here were
treated by 3 hours of rotary compression annealing.
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methods and other top-performing PVA-based hydrogels with simi-
lar high water content reported in the literature (Fig. 6, H and I). This
achievement is accomplished solely through structural design and
crystallinity enhancement, without additives. The above results indi-
cate the compelling potential of concentric fibrous hydrogels for
load-bearing applications that require extreme compressive proper-
ties. Similar compressive properties can be achieved in samples of
different diameters by simply adjusting the rotary compression an-
nealing time to ensure complete densification of the polymeric scaf-
folds, which is ~50% reduction in diameter (fig. S34).

Burst pressure and hydrogel pneumatic actuators

Circumferentially aligned fibrous structures are often observed in
pressure-withstanding biological organs in animals and marine crea-
tures. For example, human arteries can endure pulsatile flow from
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~3 billion cardiac cycles over a lifetime (32, 45). This remarkable
ability is partly attributed to their concentric lamellar layers and the
circumferentially aligned collagen fibers in the tunica media, which
evenly distribute stress and bear most stress generated by physiolog-
ical pressure (26, 33). In fish, swim bladders are internal gas-filled
organs crucial for modulating buoyancy, allowing fish to stay at the
desired water level. These organs consist of circumferentially orient-
ed collagen fibers, which enable them to withstand high pressure
(29, 30). Inspired by their pressure-withstanding capabilities, we ex-
amined the pressure-resisting capacity of our concentric-RA hydro-
gels. Burst pressure tests were conducted. The concentric-RA
hydrogels had a high burst pressure of 1.63 bar, which significantly
exceeded that of honeycomb-RA (0.45 bar), random-RA (0.92 bar)
hydrogels, and even Ecoflex (0.60 bar), a common material used in
soft robotic applications (Fig. 7A).
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Fig. 7. High-pressure durability of concentric-RA pneumatic hydrogel actuators. (A) Burst pressure of different hydrogels and Ecoflex. The measurements were conducted with
3-mm-thick hydrogels. The inset shows the experimental setup, which is also illustrated in fig. S35. (B) Pneumatic hydrogel actuators made from concentric-RA hydrogels,
honeycomb-RA hydrogels, and Ecoflex with a diameter of 25 mm and a length of 80 mm actuated at 0.45, 0.18, and 0.18 bar, respectively. The concentric-RA hydrogel actuator can
generate sufficient actuation force to kick a 5-kg object due to its high pressurization capacity, whereas the honeycomb-RA and Ecoflex actuators failed to achieve this. Scale bars,
50 mm. (C) A hydrogel gripper composed of three concentric-RA chambers is capable of performing pick-and-place operations on soft and fragile objects. Scale bar, 30 mm. (D) Sche-
matic illustrating the design and working principle of an untethered bioinspired robotic fish powered by alternating inflation and deflation of an antagonistic pair of concentric-RA
actuators. (E and F) The untethered bioinspired fish robot can operate in static water (E) and wavy conditions (F) over long distances. Data in (A) are means + SD, n = 3 independent
samples. Different letters above the bars in (A) indicate statistically significant differences between groups (P < 0.05), determined using one-way ANOVA with Tukey’s test.
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The high burst pressure of our concentric fibrous hydrogels
suggests their pressure-withstanding potential for pneumatic ac-
tuation applications. Whereas hydrogel actuators and robots offer
advantages of skin-like touch, biocompatibility, and high water
content (46), traditional hydrogel actuators often suffer from slow
and low-force actuation (<1 N) (47, 48). They are too soft and can
swell, making stable pneumatic actuation difficult (49). We fabri-
cated pneumatic actuators using concentric-RA, honeycomb-RA,
and random-RA hydrogels (fig. S36A). The concentric-RA hydro-
gel actuators demonstrated a substantially higher pressurization
capacity of 0.5 bar than the honeycomb-RA, random-RA, and
Ecoflex actuators, which failed at 0.2, 0.25, and 0.2 bar, respec-
tively (fig. S36B). This remarkable pressurized capability enables
high actuation forces of the concentric-RA actuators. A small
concentric-RA actuator can easily flip a 5-kg object, which is 800
times heavier than its hydrated weight, without bursting (Fig. 7B).
Furthermore, the concentric-RA actuator showed fatigue resis-
tance, capable of actuating continuously for more than 25,000
cycles over 14 hours (movie S8), attributed to their unique inter-
laced concentrically aligned fibrous structure that efficiently
withstands circumferential stress. In contrast, other hydrogels
have limited pressurization capacities due to their inappropriate
microstructures (see Supplementary Text S4 for discussion). In
particular, honeycomb hydrogels are prone to failure as the cir-
cumferential stress can easily crack through the unidirectional
fibril direction. Besides, concentric-RA hydrogels show negligi-
ble swelling over 5 months, making them suitable for long-term
applications (fig. S37). Compared to commonly used materials in
soft actuators, such as Ecoflex, concentric-RA actuators offer ad-
vantages of higher pressurization capability, actuation with faster
speed and higher force, tunable anisotropic deformability, and
acoustic transparency while also providing tissue-like flexibility
and high water content for biocompatibility (Fig. 5, G and H, and
fig. S38).

By coupling multiple hydrogel pneumatic actuators, more com-
plex tasks can be accomplished. A hydrogel gripper was created for
the delicate manipulation of fragile items, such as ultrasoft tofu
(Fig. 7C and movie S9). Furthermore, inspired by the swimming
mechanism of natural fish (50), we designed an untethered robotic
fish actuated by an antagonistic pair of hydrogel actuators (Fig. 7D).
Figure S39 details our design with onboard processors, air pumps,
sensors, and a power source. Natural fish swim by alternatively acti-
vating and contracting their right and left axial muscles to generate
propulsive waves. In our case, the concentric-RA pneumatic hydro-
gel actuators are attached to the robotic fish tail, functioning as
bionic muscles with high water content. These actuators are al-
ternatively inflated and deflated by the onboard air pumps to create
a swing motion for propulsion. The large pressurization capability of
the hydrogel muscles allows the robot to generate sufficient propul-
sion force to navigate in both static and dynamic wavy water envi-
ronments (Fig. 7, E and F, and movie S10). With a fully charged
2000-mA-hour battery, the untethered robotic fish can operate for
more than 4 hours. Furthermore, the durability of the concentric-
RA hydrogels enables long-term operation of the robotic fish, main-
taining its functionality for at least 48 hours (~80,000 times actuation
of the bionic muscles) (fig. S40A). This high pressurization capabil-
ity also allows our concentric-RA hydrogel actuators to imitate the
buoyancy-modulating functions of fish swim bladders. By varying
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the pressurization of the hydrogel chambers in a robotic fish, its
buoyancy can be adjusted (fig. S40B). The above demonstrations
showcase the potential of coupling the biomimetic pressure-
withstanding concentric hydrogel actuators with swim bladder-
mimetic buoyancy functions and fish-inspired propulsion for aquatic
and underwater vehicles. This approach eliminates hard compo-
nents and high-speed rotation to achieve propulsion and diving,
ensuring gentle interaction with marine animals and thus minimiz-
ing harm to ecosystems.

DISCUSSION
This work presents a previously unknown ice-templating para-
digm that creates circumferentially aligned fibrous structures in
hydrogels. A freezing mechanism is proposed, revealing the im-
portance of slow freezing in forming these structures. Enabled by
the circumferentially aligned structure and a rotary compression
annealing technique, the hydrogels demonstrate a record-breaking
combination of tensile properties, fatigue resistance, ultracom-
pressibility, and pressure durability, outperforming existing PVA
hydrogels and ice-templated hydrogels with similar high water
content. The interlaced concentrically aligned fibers in the hydro-
gels provide unique structural advantages in enhancing compress-
ibility and pressure durability, which are challenging to achieve
with the random and honeycomb structures produced using con-
ventional freeze-thawing and ice-templating approaches (see Sup-
plementary Text S3 and S4 for a detailed discussion on their
structural advantages). These fibers can effectively withstand cir-
cumferential stress during pressurization, resist radial expansion
during axial compression, and promote crack deflection. In addi-
tion, concentric ice-templating uses mild freezing temperatures
(~—30°C) and avoids the need for costly cryogens, making it a
more accessible alternative to conventional ice-templating ap-
proaches. The resulting properties enable high-performance appli-
cations in underwater environments and robotics. These include
materials for underwater acoustic camouflage, pneumatic grippers
for manipulating fragile objects, and high-force hydrogel actuators
that function as bionic muscles of an untethered fish-inspired
swimming robot and biomimetic swim bladders for buoyancy
control, offering potential advantages for aquatic vehicles.
Considering the biomimetic structure-derived mechanical prop-
erties achieved with our hydrogels, future research could explore
their potential in tissue engineering and bioengineering applica-
tions, such as artificial intervertebral discs and vascular grafts. These
hydrogels can assist in replicating the biomechanical properties of
native tissues while addressing mechanical mismatches associated
with conventional implants. Furthermore, circumferentially aligned
fibers can be harnessed to guide cell orientation in hydrogel bioma-
terials (e.g., silk) for the regeneration of circumferentially aligned
tissue organizations, such as the alignment of muscle cells in bio-
logical vessels. It is also crucial to investigate the generalizability of
the concentric ice-templating technique by examining factors that
influence the growth of concentric ice structures in different hydro-
gels, including factors that affect the polymer-water interaction and
the amount of free water in hydrogels (see Supplementary Text S2
for discussion). Overall, our work broadens the range of bioinspired
structures achievable with ice-templating, highlighting the impor-
tance of structural designs in controlling mechanical properties.
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MATERIALS AND METHODS

Experimental design

This study developed a previously unknown concentric freeze-
casting technique to create hydrogels with bioinspired concentric
structures. The effect of the freezing temperatures on the ice forma-
tion and ice growth in PVA solutions was investigated through
in situ observation, revealing the underlying mechanism for the for-
mation of these intricate concentric structures. The microstructures
of the resulting freeze-casted scaffolds and hydrogels were charac-
terized using confocal microscopy, SEM, and CT scan, allowing for
a thorough analysis of their structural morphology, scalability, and
consistency. Rotary compression annealing was designed and ap-
plied to the scaffolds to delicately preserve their microstructures
while enhancing their crystallinity. Their crystalline structures were
examined via SAXS and WAXS. Comprehensive tensile and com-
pressive mechanical tests, as well as burst pressure tests, were con-
ducted to assess their mechanical properties in comparison to
traditional freeze-casted hydrogels. Finite element models were de-
veloped to elucidate the mechanisms behind their remarkable com-
pressibility. The exceptional properties of these hydrogels, which
surpass those of existing top-performing PVA hydrogels and freeze-
casted hydrogels, were further demonstrated in car-compression
tests, pneumatic grippers, and a bioinspired fish-inspired swim-
ming robot.

Materials

All the chemicals in this study were used without further purifica-
tion. PVA (molecular weight = 146~186 kDa, 99% hydrolyzed)
and 5-([4,6-dichlorotriazin-2-ylJamino)fluorescein hydrochloride
(5-DTAF) were purchased from Sigma-Aldrich. Glutaraldehyde
solution (50 vol %) and hydrochloric acid (36.5 to 38 wt %) were
obtained from Aladdin.

Preparation of PVA solutions

PVA solutions [2, 3, 5, and 7% (w/v)] were prepared by dissolving
the PVA powder in deionized water at 100°C. The solutions were
stirred in a container for at least 5 hours until a clear solution was
obtained, and the container was loosely covered with its lid to pre-
vent water evaporation. Afterward, the solutions were cooled down
to room temperature before hydrogel fabrication.

Fabrication of the ice-templating molds
Cylindrical aluminum foil molds were used in the concentric ice-
templating process. To prepare the molds, SolidWorks 2019 (Das-
sault Systemes) was used to design 3D models of cylindrical rods,
which served as support for creating the molds. In this study, rods
with a diameter ranging from 5 to 30 mm and a length between 50
and 200 mm were designed and 3D printed using a fused deposition
modeling 3D printer (Ultimaker S3) with polylactic acid (PLA) ma-
terials. The printed rods were wrapped twice with aluminum foil
(20 pm in thickness), which was then secured with aluminum tape,
and its bottom was sealed with additional aluminum tape. Last, the
rod support was removed to attain the cylindrical aluminum foil
mold for subsequent fabrication procedures. These aluminum foil
molds can be customized to create hydrogels in various dimensions.
To create polymeric scaffolds with honeycomb structures, molds
used in a previous work on unidirectional freeze-casting were ad-
opted (15). Specifically, molds with vertical slots, either in rectangu-
lar or cylindrical shapes, were designed and 3D printed with PLA.
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Preparation of PVA hydrogels with concentric
fibrous structures
Unless otherwise stated, a 5% (w/v) PVA solution was used to pre-
pare the hydrogels. However, solution ranging from 2 to 7% (w/v)
PVA was also used in this study. All solutions were degassed prior to
the freezing process. Figure S1 outlines the procedure for fabricating
concentric fibrous hydrogels. To create PVA hydrogels with concen-
tric structures, PVA solution was poured into a cylindrical alumi-
num foil mold. The mold with the solution was then placed in a
custom-built temperature-controlled freezing chamber or a stan-
dard freezer for slow freezing in an atmosphere at temperatures
ranging from —20° to —40°C until the solution was fully frozen.
Samples with sizes less than 30 mm (L) by 10 mm (D) were frozen
for a minimum of 2 hours. Larger samples might require a longer
freezing time. This process allows for the formation of concentri-
cally templated ice in the PVA solution. The freezing rates at differ-
ent temperatures were measured using type K thermocouples and a
thermocouple data logger (TC-08, Pico Technology) (fig. $43). Un-
less otherwise stated, the freezing temperature used was —30°C.
After the freezing process, the samples were freeze-dried using a
freeze dryer (10N/C, SCIENTZ) with a —80°C cold trap under a
pressure of 1 Pa until all water was removed. The dried concentric
fibrous polymeric scaffolds were then either annealed in an oven at
100°C for 90 min or annealed by rotary compression annealing. Fig-
ure S16A illustrates the custom-built setup designed for rotary com-
pression annealing. In this method, the freeze-dried sample was
placed between two heating pads, which were maintained at a tem-
perature of 100°C. The upper heating pad was moved linearly at a
speed of 15 mm/s by a gantry system to create a rotational motion to
the samples, whereas an air cylinder (CU16-80, Chanto Air Hydrau-
lics) installed between the gantry system and the upper pad applied
increasing compression pressure at a rate of 0.5 bar/hour to the sam-
ple. This compression rate was chosen to optimize densification
while preserving the circumferentially aligned structures (fig. S17).
After annealing or rotary compression annealing, the polymeric
scaffolds were reswelled in deionized water until equilibrium, result-
ing in the formation of concentric-A and concentric-RA hydrogels.
Tubular samples with concentric fibrous structures or conc-
2sheet hydrogels were prepared using a similar method, with the
addition of a rod placed at the center of the mold during freezing
(fig. S21D). After freezing, the samples were freeze-dried. They were
either treated with annealing in an oven at 100°C for 90 min or an-
nealed by rotary compression annealing. The samples were then re-
swelled in deionized water. Conc2sheet hydrogels were prepared by
cutting the tubular hydrogels into hydrogel sheets (fig. S21D). Un-
less otherwise stated, all concentric-RA and conc2sheet-RA samples
were treated by 3 hours of rotary compression annealing.

Preparation of PVA hydrogels with other structures

PVA hydrogels with other structures were prepared for performance
comparison. To create PVA hydrogels with a radial structure, a rapid
freezing approach using a cylindrical mold was used. The cylindrical
aluminum foil mold filled with PVA solution was placed either in a
liquid nitrogen bath or in a custom-built freezing chamber set to a
temperature ranging from —50° to —196°C for rapid freezing. For the
preparation of PVA hydrogels with a honeycomb structure, the PVA
solution was poured into the vertical slots of a PLA mold, which was
placed on top of a copper block submerged in liquid nitrogen for uni-
directional freeze-casting. To prepare PVA hydrogels with a random
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porous structure, a PVA solution was frozen at —30°C for 8 hours,
followed by thawing at room temperature for another 3 hours. This
freeze-thaw process was repeated for a total of five cycles. The final
samples were soaked in deionized water to equilibrium. All samples
were then freeze-dried, treated with either annealing or rotary com-
pression annealing, and reswelled in deionized water until equilibri-
um. The honey2sheet and ran2sheet hydrogels were fabricated using
a similar method with a tubular mold as described in fig. S21D but
used either unidirectional freeze-casting or a five-cycle freeze-thaw
to attain the samples. The rotary compression annealing for the
honeycomb-RA, random-RA, honey2sheet-RA, and ran2sheet-RA
was conducted under the same condition used for the concentric-RA
and conc2sheet-RA samples.

To prepare the chemically cross-linked PVA hydrogels, two
aqueous solutions were first prepared: one containing 5 pl of glutar-
aldehyde (50 vol %, Aladdin) as a chemical cross-linker in 1 ml of
5% (w/v) PVA solution and the other with 5 pl of hydrochloric acid
(36.5 to 38 wt %, Aladdin) as a cross-linking reaction accelerator in
another 1 ml of 5% (w/v) PVA solution. The two PVA aqueous solu-
tions were mixed using a centrifugal mixer (AR-100, Thinky), trans-
ferred into a mold, and cross-linked at room temperature for 3 hours.
The cross-linked hydrogel sample was then soaked in deionized
water for 2 days to remove unreacted chemicals.

In situ observation of ice growth

To observe the formation of ice crystals at various freezing tempera-
tures, PVA aqueous solution was placed in a container with a size of
40 mm (L) by 40 mm (w) by 6 mm (H) and a wall thickness of 2 mm.
An aluminum heat exchanger that was connected to a thermostatic
chiller (DHJF-8005E, Greatwall) was placed next to one side of the
container. The setup allowed for precise control of the cold surface
temperature and established a directional temperature gradient
within the solution. The formation of ice crystals in the solution was
observed and recorded using a high-resolution camera with zoom
functionality (EFL-LM-SM1000, EFL).

Microstructure characterizations

The microstructure of the polymeric scaffolds was examined using a
field-emission scanning electron microscope (Merlin, Zeiss) at an ac-
celeration voltage of 4 kV. All types of samples were analyzed by SEM
before swelling in water in the fabrication procedure, except the
freeze-thawed hydrogels, which were freeze-dried prior to SEM im-
aging. Before carrying out the SEM imaging, the samples were frac-
tured using liquid nitrogen to expose either the perpendicular or
transverse interface, and the fracture surfaces were then sputter coat-
ed with platinum using anion sputtering device (Q150T ES, Quorum).

The p-CT scan of the concentric fibrous polymeric scaffold was
acquired using a p-CT imaging system (Nano Voxel 2000, Sanying).
The scanning parameters were set as follows: a spatial resolution of
4 pm, an x-ray tube voltage of 40 kV, an x-ray tube power of 10 kW,
and a scanning step length of 4 pm. After scanning, the 3D volume
of the sample was rendered using CTvox (version 3.3.1), and movie
S1 with pseudocoloring was generated.

To observe the microstructures of the hydrated PVA hydrogel
samples, hydrogels were reswelled in water until equilibrium. They
were then frozen and cut into 50-pm-thick slices using a rotary mi-
crotome (NX70, Thermo Fisher Scientific). The slices were then
chemically stained with a 5-DTAF fluorescent dye according to a pre-
viously reported protocol (15). The microstructure of the hydrogel
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slices was then imaged using a confocal laser scanning microscope
(Stellaris 5, Leica). The directionality assessments of the SEM and
confocal images were conducted using the Orientation] plugin (Bio-
medical Image Group, EPFL, Switzerland) in Image] (version 1.54 g).

Measurement of water content

The water contents of the hydrogels (@,,..,) were determined by
measuring the weight difference between fully swollen and fully
dried samples. Hydrogel samples were fully swollen in deionised
water until equilibrium, and their weights were measured (m1,,,,,)-
After that, they were dried at 35°C for 12 hours and then at 90°C for
4 hours to ensure complete water removal. The weights of the dried
sample were measured (mg,,), and the water contents were calcu-
lated using the following equation

(pwater = (mswallen - mdry) /mswollen % 100 % (1)

Measurement of crystallinity
The crystallinities of the PVA hydrogels in their dry state were quanti-
fied using DSC (Themys One, Setaram). Following a previously re-
ported protocol (15), the hydrogel samples were first chemically
cross-linked with glutaraldehyde to fix the amorphous polymer chains,
followed by air-drying in an oven at 37°C for 2 hours. The mass of the
dried sample (with residual water) (m,,,,) was measured. The dried
sample was then heated up at a rate of 10°C/min from 50° to 250°C
with a nitrogen flow of 35 ml/min in the DSC machine. The resulting
DSC curve reveals a broad peak between 60° and 160°C, which corre-
sponds to the evaporation of residual water. Thus, the enthalpy for wa-
ter evaporation per unit mass of the dried sample (with residual water)
(H,psiqua) Was determined by integrating the endothermic peak be-
tween 60° and 160°C. The mass of the residual water was calculated as
My osidual = Miotal X (Hresidual/Hg/mgr)’ Where Hg,mer = 2260 ] g_l is the
latent heat for water evaporation. Another peak from 200° to 250°C in
the DSC heating curve is associated with the melting of the PVA crys-
talline domains. The enthalpy for melting the crystalline domains per
unit mass of the dried sample (with residual water) (H.,gpine) Was

estimated by integrating the endothermic peak from 200° to

250°C. Therefore, the mass of the crystalline domains (11,,,3;) Was

0
crystulline/HC,},Sm”ine)) where

Hf talling = 138-6 7 g~" is the enthalpy of fusion of 100% crystalline

PVA. The crystallinity of the dried sample X (without residual water)
was calculated as below

calculated as mqine = Myprar X (H

X= (mcrystulline)/(mtotul - mwuter) x100% (2)

X-ray scattering characterization

SAXS and WAXS tests were conducted on hydrogel samples at the
BL10U1 and BL16B1 beamlines in the Shanghai Synchrotron Radi-
ation Facility. The tests were performed using an x-ray radiation
wavelength of 0.1239 nm. The sample-to-detector distances were set
at 5245.19 mm (SAXS, BL10U1), 2201.86 mm (SAXS, BL16B1), and
205.53 mm (WAXS, BL10U1), and the exposure times were set at 1 s
(BL10U1) and 15 s (BL16B1).

Fit2D software was used to analyze the 2D SAXS and WAXS pat-
terns. The plots of the intensity (I) versus diffraction angle (20) ob-
tained from WAXS patterns were used to determine the average
sizes of crystalline domains (D), which were approximated using the
Scherrer equation
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D=k/(Peosd) 3)

where k is a dimensionless shape factor varying with the actual
shape of the crystalline domain (set as 1, assuming a spherical shape
of the crystalline domains), A is the wavelength of x-ray diffraction,
B is the half-width of the maximum diffraction, and 0 is the Bragg
angle. p and 6 were identified from the I versus 26 curves after sub-
tracting the baseline.

The average intercrystal spacings (L) were determined from the
Iq* versus g curves obtained from the SAXS patterns using the Bragg
expression

where g,,,, is the g value at the peak intensity.
The Herman’s orientation factors (f) were calculated using the
below equations

_ 3(cos’¢)—1

f 5 ©)
J I(@)singpcos’*pd @
(cos’)="— 6)
JI (p)sinpd
0

where @ is the azimuthal angle, and I(¢) is the 1D SAXS scattering
intensity as a function of ¢.

Mechanical characterization
All mechanical tests, except for the fatigue threshold measurements,
were performed at room temperature using a universal testing ma-
chine (C25.102, Shenzhen SANS) with a 500-N load cell. Tensile
tests were conducted at a deformation rate of 50 mm/min. The cy-
lindrical samples used in tensile tests, including the concentric-RA,
honeycomb-RA, and random-RA, have a size of 25 mm (L) by 3 mm
(D). All hydrogel sheet samples, including conc2sheet-RA,
honey2sheet-RA, ran2sheet-RA, and conc2sheet-A, have a dimen-
sion of 25 mm (L) by 6 mm (w) by 2 mm (¢). Before the tensile tests,
they were cut from a fully swollen hydrogel sheet at random loca-
tions along the axis of interest. The selected locations did not affect
the consistency of the mechanical results of the conc2sheet-RA
samples (fig. S28). The stress (o) was calculated as the measured
force divided by the initial cross-sectional area of the sample. The
strain (e) was obtained as the ratio of the change in length to the
initial length. The Young’s moduli were the approximate linear fit-
ting values of the stress-strain curves in the strain range of 5 to 10%.
The tensile toughness was determined from the area under the
stress-strain curves of unnotched samples until the fracture point.
To quantify fracture toughness, various groups of hydrogels with
dimensions of 5 mm (L) by 24 mm (w) by 1 mm (¢) were prepared,
including both notched and unnotched samples. The notched sam-
ples were prepared by making a 4-mm-long precut at the middle of
the sample using a razor blade. Both notched and unnotched sam-
ples of the same type were tested in tension at a strain rate of 20 mm/
min to obtain one fracture toughness value. The notched sample was
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used to determine the critical strain (g.) at which crack propagation
occurred. The fracture toughness, K, was then determined by inte-
grating the area under the stress-strain (c versus €) curve of the un-
notched sample from zero to €. and multiplying the area with the
initial clamp distance (Lo) (Eq. 7)

€

K(SE) =L0J6d8 7)
0

Fatigue threshold was determined using the single-notch meth-
od (51). All fatigue tests were performed using fully swollen hydro-
gel samples immersed in a water bath with a mechanical tester
(CellScale, load cell = 44 N). Notched samples were prepared with a
precut crack length of less than 1/5 of the sample width, specifically
0.5 mm, unless otherwise stated. Cyclic tensile tests were first con-
ducted on the unnotched samples at a defined applied stretch ().
The strain energy density of the unnotched sample, W, under the
Nth cycle, when the loading-unloading curves become stable, was

calculated using the following equation

A
W(hy,N) = J odh )

1

The same cyclic stretch of A4 was then applied to the notched
samples. The evolution of the crack length in the unloaded state (c)
was recorded using a digital microscope (AM4815ZT, Dino-Lite).

The energy release rate (G) under the Nth cycle at A4 was evalu-
ated using Eq. 9

G(hg N) =2k(ry) - c(N)- W (A, N) 9)

k is a strain-dependent parameter, which was approximated as
k=3-A A_l/ 2 (51). By adjusting the applied stretch (A4), the rela-
tionship between the crack extension per cycle (dc/dN) and the cor-
responding energy release rate G was derived. By linearly
extrapolating the curve of dc/dN versus G to the intercept with the
abscissa, the fatigue threshold was identified. To validate the identi-
fied fatigue threshold, a notched hydrogel sample with a precrack
length of ~0.5 mm was subjected to cyclic tensile loading at an en-
ergy release rate of 2310 J/m? for 30,000 cycles with crack propaga-
tion monitored using a camera.

Axial compression tests were carried out with cylindrical sam-
ples with a size of 10 mm (D) by 8 mm (L) at a compressive speed of
100 mm/min using a universal testing machine (C25.102, Shenzhen
SANS), whereas radial compression tests used a sample size of 7.5 mm
(D) by 5 mm (L). Cyclic compression tests were conducted at a de-
formation rate of 20 mm/min without waiting intervals. Unless oth-
erwise stated, all the hydrogels used in the mechanical tests were
prepared with a 5% (w/v) PVA solution. The samples subjected to
rotary compression annealing (RA) were treated for 3 hours, where-
as the samples subjected to standard annealing (A) were treated for
90 min. The car compression test was conducted with a 1480-kg
four-wheel vehicle (Suzuki Swift).

Measurement of acoustic properties

Acoustic transmission properties of the concentric-RA and Ecoflex
samples were measured in a water tank with ultrasonic transducers
(LS-03A, YuZheng) using samples with dimensions of 40 mm (w) by
65 mm (L) by 2 mm (¢). The sample was placed between two
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transducers. A sinusoidal signal with a frequency of 2 MHz and a
peak-to-peak voltage of 1.5 Vpp was generated by a signal generator
(33210A, KEYSIGHT). The signal was boosted to 150 Vpp using a
voltage amplifier (ATA7010, Aigtek) and was sent to a transducer as
a signal source. During the measurement, the ultrasonic signal trav-
eled through the sample, and the transmitted signal was measured
by another transducer, which was connected to an oscillograph
(UPO3202CS, UNI-T) with signal recording function as a receiver.

Burst pressure tests

Burst pressure tests were conducted using both hydrogel sheets and
tubular hydrogels. For the tests with hydrogel sheets, a sample with
a dimension of 30 mm (L) by 20 mm (w) by 3 mm (¢) was fixed to a
custom-made single-sided hermetic setup as shown in fig. $35. The
setup was pressurized with incrementally increasing airflow, con-
trolled by a pneumatic controller (OB1, Elveflow). The setup was
increased by 50 mbar with each increment. In addition, the burst
pressures of closed-end tubular hydrogel chambers were evaluated
by directly applying air pressure to the hydrogels using the setup
shown in fig. S36B. In all tests, the burst pressure was defined as the
pressure when failure of the sample occurred.

Fabrication of a hydrogel gripper and an untethered

fish robot

Prototypes of a hydrogel gripper and a bionic fish-inspired robot were
created to demonstrate the pneumatic actuation capabilities of con-
centric hydrogels. To prepare the hydrogel gripper, three concentric-
RA hydrogel chambers, which were treated with 0.5 hours of rotary
compression annealing, were installed on a customized adapter con-
nected to a pneumatic controller (OB1, Elveflow). Each hydrogel
chamber was covered with cotton fabric on one side and wrapped with
cotton yarn to enable bending motion and increase friction for grip-
ping objects. An air pressure of 0.08 to 0.1 bar was used during opera-
tion for gripping, transporting, and releasing soft tofu.

For the preparation of the untethered bioinspired fish robot, cus-
tomized parts, including the shell cover, the main body, and the tail,
were designed in SolidWorks 2019 and were fabricated with PLA or
polyethylene terephthalate glycol (PETG) filaments using a 3D
printer (Ultimaker S3) (fig. S39A). Electrical components, including
a battery, a microcontroller (Arduino NANO), small electric air
pumps, miniature solenoid valves, and air pressure sensors (RSC-
M171100k), were installed on a removable control box attached to
the main body (fig. $39, B and C). Figure S39D shows the fabrica-
tion and the installation of the concentric-RA hydrogels actuators
on the robotic fish. A pair of concentric-RA-3-hour hydrogel cham-
bers, serving as bionic muscles, was produced via concentric ice-
templating and was secured to the bottom surface of the main body
and attached to the tail of the robot. The connection of the compo-
nents and the control logic for the swimming operation are shown
in fig. S39E. Specifically, each hydrogel chamber was connected to a
valve, a pressure sensor, and an air pump. A controller was used to
control the on/off operation of the air pump and the valve based on
the pressure detection in each chamber. The swimming operation of
the robot was achieved by alternately pressurizing to create wiggling
motion of the fish tail.

Measurement of actuation speed
To evaluate the actuation speeds of chambers made from concentric-
RA hydrogels and Ecoflex, videos of the actuations were captured

Guetal., Sci. Adv. 11, eadv7786 (2025) 20 June 2025

using a high-speed camera (VEO-710S, AMETEK) at a sampling
rate of 500 fps. The actuation pressure was controlled using a pneu-
matic controller (OB1, Elveflow). The actuation speeds in the axial
and radial directions were determined by dividing the changes in
the length and width of the chambers, resulting from the actuation,
by the duration of the actuation.

Finite element modeling of compression behaviors

All mechanical simulations were carried out using the commercial
software ANSYS 2024 (ANSYS 2024R1, ANSYS) to simulate the
stress distribution within the hydrogels with honeycomb and con-
centric structures during compression loading. Five models were
developed. They were the simple structural models of honeycomb
and concentric geometries, a simple honeycomb unit model, as
well as macroscopic models representing the two structures. All of
these models were used to comprehensively study the axial com-
pression behaviors of different structures, whereas the macroscop-
ic models were used to simulate their radial compression behaviors.
The geometries of the simple structural models can be found in
fig. S31A. Each model has a size of 2 mm (w) by 2 mm (L) by 3 mm
(), and the diameter of the pores is 0.2 mm. The geometry of the
simple honeycomb unit model is shown in fig. S31B. For the mac-
roscopic models, the RVE method was used to develop the models.
The dimensions of the RVE composites can be found in fig. S31C,
which are a cube with a size of 330 pm by 330 pm by 330 pm, and
the porosity of the RVE was kept at 0.1. The shape of the macro-
scopic model is set as a cylinder with a size of 5 mm (D) by 5 mm
(h). The Material Designer module in ANSYS Workbench was
used to compute the material parameters (Young’s modulus, shear
modulus, and Poisson’s ratio) of the RVE orthotropic composite
structures, including honeycomb and concentric structures. In all
models, the matrix and pore-filling materials were assumed to be
pure PVA and water, where the Young’s modulus and Poisson’s ra-
tio of pure PVA were set as 0.5 MPa and 0.48, respectively. The
linear elastic mechanism was used as a constitutive model to qual-
itatively reveal the mechanical response of materials during com-
pressive loading. The maximum principal stress criterion was used
to evaluate finite element failure, with the maximum fracture stress
set at 0.06 MPa. Before analysis, an explicit meshing method was
used to mesh the models using an auto minimum size setting. LS-
DYNA (Lagrange) was used to simulate the compressive behaviors
by setting the displacement as 50% of the sample’s height. A fric-
tion coefficient of 0.1 was applied at the interface between the sam-
ple and the compression plate.

Statistical analysis

The quantitative experimental data are presented as means + SD
(n = 3 independent replicates). The statistical significance of datasets
containing multiple groups was determined by one-way analysis of
variance (ANOVA) with Tukey’s test. A value of P < 0.05 was con-
sidered statistically significant.

Supplementary Materials
The PDF file includes:
Supplementary Text S1 to S6

Figs. S1to S43

Tables S1 to S5

Legends for movies S1to S10
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