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Multiscale integral synchronous assembly of
cuttlebone-inspired structural materials by
predesigned hydrogels

Huai-Bin Yang 1,3, Yi-Xing Lu1,3, Xin Yue1,3, Zhao-Xiang Liu 1, Wen-Bin Sun1,
Wen-Pei Zheng1, Qing-Fang Guan 1 & Shu-Hong Yu 1,2

The overall structural integrity plays a vital role in the unique performance of
living organisms, but the integral synchronous preparation of different mul-
tiscale architectures remains challenging. Inspired by the cuttlebone’s rigid
cavity-wall structure with excellent energy absorption, we develop a robust
hierarchical predesigned hydrogel assembly strategy to integrally synchro-
nously assemblemultiple organic and inorganicmicro-nano building blocks to
different structures. The two types of predesigned hydrogels, combined with
hydrogen, covalent bonding, and electrostatic interactions, are layer-by-layer
assembled into brick-and-mortar structures and close-packed rigid micro
hollow structures in a cuttlebone-inspired structural material, respectively.
The cuttlebone-inspired structural materials gain crack growth resistance,
high strength, and energy absorption characteristics beyond typical energy-
absorbing materials with similar densities. This hierarchical hydrogel integral
synchronous assembly strategy is promising for the integrated fabrication
guidance of bioinspired structural materials with multiple different micro-
nano architectures.

Biological structural materials obtain extraordinary properties, e.g.,
excellent strength, toughness, or energy absorption, from simple
building blocks, which can be attributed mainly to their cross-scale
hierarchical structures achieved by highly ordered combinations and
coordination of various meta-structures1–4. Natural structures have
provided precious inspiration for developing engineering materials,
such as brick-and-mortar and prismatic structures of nacre5–7, and
vertically oriented micro-channels of natural wood8,9. To date, var-
ious methods have been created and further developed to construct
the bioinspired architecture, including 3D printing10–12, freeze
casting13,14, biomimetic mineralization15, layer-by-layer assembly16–19,
self-assembly and externally induced assembly20–22, and so on. These
methods can be used to preliminarily fabricate bioinspired meta-

architectures, effectively demonstrating the advancement of bioin-
spired structural design.

Although manufacturing a single type of bioinspired meta-
structure has notable success, the integrated preparation of the
overall architecture of high-performance natural structural materials
is not a low-hanging fruit. The overall structural integrity plays a vital
role in embodying unique performance for the survival of living
things23–26. As a typical example, cuttlebone can effectively withstand
tremendous hydrostatic pressure from the deep sea26,27, owing to its
overall rigid cavity-wall structure (Fig. 1a and Supplementary Fig. 1).
Under external loads, the rigid cavity can absorb the energy by suf-
ficient crushing, and the rigid wall can disperse the stress when the
rigid cavity layer breaks and fails, significantly improving the damage
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tolerance and energy absorption of the material to effectively avoid
catastrophic failure of the bulk material26–28. This ingenious structure
results in high specific stiffness and energy absorption over the
stainless-steel foam due to the structural integrity and coordination
of eachmeta-structure26. Several groups have attempted to construct
multiple sophisticated structures like cuttlebones with an overall
architecture27–29. Nevertheless, the design and fabrication of these
materials are mainly on the macroscopic scale, which does not reach
the micro-nano scale and multiple organic/inorganic complex com-
ponents of the original overall natural architecture. This is because
solving multiscale structural design and cross-scale cooperative
assembly problems of complex organic and inorganic components is
challenging. Different scales need to be considered, including the
interaction between complex organic and inorganic building ele-
ments, orderly and controllable assembly at micro- and nano-scales,
and orderly arrangement at larger scales. Unfortunately, it remains

an open issue to realize the integral synchronous assembly of dif-
ferent meta-structures in bioinspired structural materials by coor-
dinating the ordered assembly and arrangement of micro-nano
building blocks.

Here, inspired by the rigid cavity-wall structure of cuttlebone,
we designed a robust hierarchical predesigned hydrogel integral
synchronous assembly strategy to construct exquisitely integrated
micro-nano architecture with different meta-structures (Supple-
mentary Fig. 2). The close-packed rigid low-density structure of
hollow glass bubble (GB) was designed as the rigid cavity layer, and
the brick-and-mortar structure was used as the wall layer (Fig. 1b). By
regulating the interaction between the two types of hydrogels, we
ordered assembled multiple organic and inorganic micro-nano
building blocks and integrally fabricated rigid cavity-wall structural
material (RCWSM) with excellent energy absorption properties
(Fig. 1c, d).
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Fig. 1 | Design, structure, and interaction characterization of rigid cavity-wall
structuralmaterial (RCWSM). a Scanning electronmicroscopy (SEM) image of the
natural cuttlebone.b Structural design of the RCWSM. c SEM image of the RCWSM.
d Multiple interactions of building blocks within the RCWSM. e The rheological
properties of the GB/PVA/qCNF initial gel of rigid cavity layer. GB glass bubble, PVA

polyvinyl alcohol, qCNF quaternized cellulose nanofiber. Insets are photographs of
the initial gel at the fluid stage (left) and gel stage (right). f Solid-state nuclear
magnetic resonance spectra (11B) of the GB/PVA/qCNF, GB/PVA, GB/qCNF, and GB
samples. g B 1s X-ray photoelectron spectroscopy (XPS) of the GB and GB/PVA
samples.
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Results
Material design and fabrication strategy
To fabricate a cuttlebone-inspired rigid cavity-wall exquisite structure
on the micro-nano scale, we detailedly analyzed and designed the wall
layer and rigid cavity layer in sequence. According to our previous
works22,30, the cellulose nanofiber (CNF)-based brick-and-mortar
structure has demonstrated crack extension resistance and satisfac-
tory damage tolerance, avoiding catastrophic failure of the bulk
material and thus making it a suitable choice for the wall layer. The
mica was treated with (3-aminopropyl) triethoxysilane to achieve
surface amino functionalization (Supplementary Figs. 3–5), realizing
electrostatic interactions and hydrogen bonding with carboxylated
CNF (cCNF) (Supplementary Figs. 6–8). Through further Ca2+ cross-
linking, the designed wall layer hydrogel was prefabricated (Supple-
mentary Fig. 2a).

The core of the rigid cavity layer is to construct rigid and low-
density structures, which is challenging. GB ismadeof borosilicate glass
with a typical microscale rigid hollow cavity that demonstrates low
density, selectedas the skeletonbuildingblocks for the rigid cavity layer
(Supplementary Figs. 9–11). The hydroxyl-rich polymer, polyvinyl alco-
hol (PVA), was used to bond GB together. During the mixing process,
the viscosity and modulus of the mixture gradually increased, causing
obvious gelation (Supplementary Fig. 12). The quaternized CNF (qCNF)
was introduced to the GB/PVA mixture to construct nanonetworks and
improve the modulus and strength (Supplementary Figs. 13–15). The
rheology test results reveal that the modulus and viscosity increase
visibly and eventually flatten out with time, from which a time window
of nearly 10,000 s for easy processing molding could be estimated
(Fig. 1e and Supplementary Fig. 16). No noticeablemulti-ordermodulus
variation is observed in the GB/qCNF mixed system (Supplementary
Fig. 17). The above results demonstrate a particular interaction between
PVA and GB. Considering the boron sites on the surface of GB (Sup-
plementary Fig. 9), we speculate that the hydroxyl groups on the PVA
chain and the boracic sites on the GB surface form B–O–C bonds.

Solid-state nuclear magnetic resonance (NMR) and X-ray photo-
electron spectroscopy (XPS) were also performed to study the inter-
action mechanism between PVA and GB. 11B NMR data reveals an
apparent new signal peak from the GB/PVA and the GB/PVA/qCNF
samples,which is not present in theother control samples (Fig. 1f). This
phenomenon shows that strong interactions occurred between PVA
and GB31,32. Moreover, a 191.6 eV signal is detected in the XPS results
(Fig. 1g and Supplementary Fig. 18), which is attributed to the B–O–C
bond33,34. Thus, GB could also be regarded as a solid-state crosslinking
reagent in the rigid cavity layer induced by the B–O–C bond within the
hydroxyl groups of PVA and boracic sites of the GB surface (Supple-
mentary Fig. 2b).

To fabricate the close-packed rigid micro hollow structure, we
regulated the composition and content of the energy-absorbing layer.
PVA can bondwith GB, protecting GB from breaking to some extent. A
suitable qCNF mass content (PVA:qCNF=3:1) addition can enhance the
stiffness and strength of the GB/PVA/qCNF hydrogel, which can form a
nanonetwork to protect GB from sliding to push against each other
during the dehydration and assembly process (Supplementary Fig. 19).
Under the above preconditions, with the change in GB content, the
compaction structure changes from no close packing for a low GB
content to GB cavity structure failure for GB overfilling during dehy-
dration and assembly (Supplementary Fig. 20). Therefore, considering
the compaction of the effective rigid cavity, a 50wt% mass content of
GB is appropriate for the fabricationof a close-packed rigid cavity layer
with a low density of ~0.58 g cm−3 (Supplementary Table 1).

The predesigned wall and rigid cavity layer hydrogels were
assembled successively and then dehydrated and densified (Supple-
mentary Fig. 2). In this process, multiple micro-nano building blocks
were orderly arranged to form the designed rigid cavity-wall structure
with a density of ~0.79 g cm−3 (Fig. 1c, d and Supplementary Fig. 21).

The mechanism of ordered assembly and arrangement
We further analyzed the transformation of hydrogels to final structural
materials with a rigid cavity-wall structure. In the wall layer hydrogel,
the crosslinked cCNF formed a 3D nanonetwork, while the aminomica
was uniformly dispersed in this nanonetwork (Fig. 2a, b). We directly
pressed the hydrogel to reduce its thickness and kept its in-plane size
unchanged for dehydration. During this densification process, the 2D
mica building blocks tended to have uniform orientations in a limited
domain system and finally reached an even distribution in the 1D
nanofiber network (Fig. 2a). In the brick-and-mortar structure, the
amino mica stacked regularly and was tightly wrapped by the cCNF,
forming a robust wall layer (Fig. 2c).

In the rigid cavity layer hydrogel, the qCNF and PVA constitute
nanonetworks that support the uniform distribution of GB (Fig. 2d, e).
Meanwhile, GB interactswith PVA via surface B–O–Cbonds. During the
dehydration and densification process, the distance between GB gra-
dually decreases, and the material finally reaches a close-packed state
(Fig. 2d). In the close-packed rigid micro hollow structure, the GB is
tightly packed and protected by the PVA/qCNF mixture, forming a
close-packed structure with walls approximately tangent to each
other (Fig. 2f).

We characterized the interlayer interfacial bonding between the
wall and rigid cavity layers at the hydrogel state. After external forces
break the interlayer interface, GB in the rigid cavity layer adheres to the
surface of the wall layer, and mica platelets in the wall layer adhere to
the surface of the rigid cavity layer, indicating the robust combination
of two different hydrogel layers (Supplementary Fig. 22). As for the
junction of the wall and rigid cavity layers in the densified cuttlebone-
inspired structural materials, there is no distinct gap between the two
layers, further demonstrating the advantages of this one-step method
for assembling predesigned hydrogels (Fig. 2g). GB in the rigid cavity
layer can tightly bind mica in the wall layer by mediating PVA, qCNF,
and cCNF through high-density hydrogen bonding, covalent bonding,
and electrostatic interactions (Fig. 2g). A partially embedded dovetail-
like structure is also observed at the interface between the two layers,
which helps to increase damage tolerance (Fig. 2h). We achieved syn-
chronous fabrication of highly ordered brick-and-mortar walls and
close-packed rigid cavity layers through the hierarchical predesigned
hydrogel integral synchronous assembly strategy mentioned above,
obtaining the cuttlebone-inspired structural material (Supplementary
Fig. 23). Through 3D reconstruction, a visible and robust cuttlebone-
inspired rigid cavity-wall ordered microstructure can be observed
from the surface to the inside (Fig. 2i and Supplementary Movie 1).

Mechanical properties and mechanism analysis
The predesigned hydrogel integral synchronous assembly strategy is
universal and scalable for building complex bioinspired structures,
through which a structural material with a rigid cavity-wall structure
was fabricated. Moreover, sandwich structuralmaterial (SSM) with the
same composition and content were also prepared via the same
strategy to systematically study the influence of the integrated com-
plex structure on the mechanical properties (Supplementary Fig. 24).
We analyzed the fracturemodes and failure behaviors ofmaterialswith
two different structural designs through crack propagation behavior,
static compression tests, and split Hopkinson pressure bar
(SHPB) tests.

After pre-cracking the sample, the materials with two structures
exhibit different fracture behaviors under external forces. The initial
crack directly penetrates through the rigid cavity in the sandwich
structure (Fig. 3a and SupplementaryMovie 2). For the material with a
rigid cavity-wall structure, the initial crack is significantly hindered
during the propagation process by the brick-and-mortar wall layers,
and it has a tortuous crack propagation path (Fig. 3b and Supple-
mentaryMovie 3).We further analyzed the fracture toughness by the J-
R curve approach, which can represent the increase in fracture
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toughness with crack extension and multiple extrinsic toughening
mechanisms30,35. Due to the reinforcing effect of the brick-and-
mortar wall layers, crack initiation can be effectively resisted in the
rigid cavity-wall structure. Meanwhile, brick-and-mortar wall layers
can effectively relieve locally high stress and achieve energy dis-
sipation inside the material36,37, endowing the RCWSM with a max-
imum fracture toughness (KJc) greater than twice that of the SSM
(Fig. 3c). Through multiple extrinsic toughening mechanisms, such
as interfacial delamination, crack branching and bridging, cata-
strophic failure of the material in the case of internal defects can be
avoided (Fig. 3d).

Figure 3e shows the compressive stress–stain curves of the
RCWSM and SSM. Compared with SSM, RCWSM embodies a higher

plateau stage under compressive stress. Differences in compressive
stress-strain curve behavior result in the apparent superiority of the
rigid cavity-wall structure in strength andenergy absorption compared
with the sandwich structure (Fig. 3f). Under compressive stress, the
energy-absorbing part of the SSM is extruded and breaks at the edges
without GB being sufficiently broken, resulting in premature failure of
thematerial for full function (Fig. 3g and SupplementaryMovie 4). The
rigid cavity-wall structure can effectively confine rigid cavity layers by
brick-and-mortar wall layers, enhancing the overall structural stability
and promoting sufficient failure rather than extruding rigid cavity
layers under compressive stress (Fig. 3h and Supplementary Movie 5).
Thus, RCWSM achieves better strength and energy absorption than
SSM with the same composition and content, demonstrating the
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rigid cavity layer. h Polarizing microscope image of the cross-section of the
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advantage of cuttlebone-inspired overall structural integrity design
(Supplementary Fig. 25).

To visualize the energy absorption process of the RCWSM, we
carried out compression testing coupled with in situ X-ray micro-
tomography to interpret internal 3Dmicrostructural changes (Fig. 4a).
At the initial stage of compression testing (from 0 to 10% compressive
strain), the rigid cavity-wall structure can maintain the overall stability
of the internal structure, reflecting obvious structural rigidity. When
reaching 30% compressive strain, a typical strain in the plateau stage,
partial GB microspheres were crushed and densified in rigid cavity
layers, during which a clearly compact region was observed. However,
thebrick-and-mortarwall layers remained intact. Thebrick-and-mortar
wall layers appeared to fracture at 65% compressive strain and cata-
strophic fracture failure at 80% compressive strain. Moreover, nearly
all the GB had already been broken catastrophically, and extensive
densification had occurred in the original rigid cavity layers. These
micro-structural behaviors further illustrate the effect of brick-and-
mortar wall layers on reducing stress concentration, resulting in the
superior mechanical properties of the rigid cavity-wall structure
design.

The cuttlebone-inspired rigid cavity-wall design and multiple
cross-scale organic/inorganic micro-nano architectures endow the
RCWSM with excellent mechanical properties. With a low density of
0.79 g cm−3, the RCWSM reaches a high specific compressive strength
[up to 66.8MPa/(Mgm−3)] and high specific energy absorption (up to
52.6 J g−1), both of which are higher than those of other typical energy
absorption materials with similar densities (Fig. 4b, c; Supplementary
Fig. 26 and Supplementary Tables 2–3). Moreover, under the dynamic
impact of the SHPB test, the rigid cavity-wall structure can also play a
pivotal role in exerting the confinement function of brick-and-mortar
wall layers, allowing the rigid cavity layers to fully absorb the energy.

Compared with that of the SSM, the compressive stress-strain curve of
the RCWSM exhibits a plateau stage, during which the RCWSM could
absorb impact energy and realize adequate protection effectively
(Fig. 4d). In addition, to demonstrate the durability in practical appli-
cation, we further evaluated the mechanical properties of RCWSM
under different environmental conditions. After 20 days of ultraviolet
(UV) aging treatment, RCWSM can maintain similar compressive
strength and energy absorption (Supplementary Fig. 27). Under cyclic
load, the maximum stress of RCWSM has nearly no significant change
after 200 times uniaxial cyclic loading and unloading (Supplemen-
tary Fig. 28).

Discussion
We engineered a hydrogel integral synchronous assembly strategy
based on predesigned cross-scale organic/inorganic hydrogels to
construct hierarchical cuttlebone-inspired rigid cavity-wall archi-
tectures. Through multiple interactions regulated by the prede-
signed hydrogels, organic and inorganic micro-nano building blocks
are assembled in a highly ordered way to synchronously form a
brick-and-mortar structure wall layer and a close-packed rigid micro
hollow structure, as expected. The various interactions between
organic and inorganic micro-nano building blocks are also respon-
sible for the strong bonding and maintenance of structural integrity
in the obtained RCWSM. Owing to the spatial confinement of brick-
and-mortar structure wall layers, the RCWSM reaches excellent
strength and energy absorption, higher than those of other typical
energy absorption materials with similar densities. Moreover, mul-
tiple extrinsic toughening mechanisms can effectively prevent crack
growth and thus avoid catastrophic failure. Our predesigned
hydrogel fabrication strategy provides experience for the integrated
preparation of multiple sophisticated bioinspired architectures,
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which have potential in various complex functional coupling appli-
cations, such as lightweight and energy-absorbing protective
structural materials in intelligent cars and aerospace devices.

Methods
Materials
All of the chemical reagents and raw materials were commercially
available.

Carboxylated cellulose nanofiber (cCNF) was prepared from
bacterial cellulose (BC; Hainan Yide Food Co., Ltd.) by 2,2,6,6-tetra-
methylpiperidin-1-oxy (TEMPO; Aladdin)-mediated oxidation38. BCwas
dispersed in 3000mL of phosphate buffer, which consisted of KOH
(0.08mol, SinopharmChemical Reagent Beijing Co., Ltd.) and KH2PO4

(0.17mol, Sinopharm Chemical Reagent Beijing Co., Ltd.), dissolving
3.5mmol of TEMPO and NaClO2 (80%, 0.35mol, Macklin). NaClO
aqueous solution (35mL, Sinopharm Chemical Reagent Beijing Co.,
Ltd.) was diluted by adding it to 500mL of phosphate buffer, and this
mixed liquidwas added to initiate the oxidation reaction. The reaction
was carried out at 60 °C for about 3 days. The reaction mixture was
sufficiently washed with deionized water (DIW). Finally, cCNF was
received after being suspended in DIW and nanofibrillated by high-
pressure homogenization.

Quaternized cellulose nanofiber (qCNF) was prepared from BC by
the quaternization method39. BC was reacted with 5wt% NaOH (Sino-
pharm Chemical Reagent Beijing Co., Ltd.) and 3wt% glycidyl tri-
methylammonium chloride (Shanghai Haohong Biomedical Technology

Co., Ltd.) aqueous solution under stirring at 65 °C for about 6 h. The
reactionmixture was neutralized with glacial acetic acid and sufficiently
washed with DIW. Finally, qCNF was obtained after being suspended in
DIW and nanofibrillated by high-pressure homogenization.

Glass bubbles (GB, iM30K, 3M Company) were alkali-treated with
an alkaline etching solution obtained by diluting 1mol L−1 NaOH aqu-
eous solution with ethanol (Sinopharm Chemical Reagent Beijing Co.,
Ltd.) five times to achieve sufficient activation of the surface for about
16 h. Then, the pretreated GB was filtered and washed once with
ethanol and then washed three times with DIW.

Amino mica was pretreated by hydrolysis with N-[3-(trimethox-
ysilyl)propyl]ethylenediamine. In a typical fabrication, 70 g of mica
platelets (Chuzhou Wanjuan New Materials Co., Ltd.) was calcined at
800 °C for 2 h using a muffle furnace. Then, the heat-treated mica was
dispersed in 500mL of ethanol, N-[3-(trimethoxysilyl)propyl]ethyle-
nediamine (10 g, Aladdin), and about 5mL of DIW was added, and the
mixturewas stirred at room temperature for 4 h as a pretreatment. The
amino mica dispersion was subsequently filtered and washed three
times with ethanol.

Fabrication of cuttlebone-inspired rigid cavity-wall structural
material (RCWSM)
RCWSMwas fabricated from different initial hydrogels to construct the
corresponding microstructures. The brick-and-mortar wall layer was
fabricated by assembling amino-modified mica platelets and cCNF
through Ca2+ crosslinking27. In a typical fabrication, 10 g of amino mica
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Fig. 4 | Mechanism and performance for energy absorption of the RCWSM.
a Failureprocess of theRCWSMunder static compression coupledwith in situX-ray
microtomography. 3D reconstructions and corresponding cross-sections of the
RCWSMunder various compressive strains are shown to demonstrate the details of
the failure process. Scale bar: 100μm. b, c Ashby diagrams of specific strength
versus density (b) and specific energy absorption versus density (c) for the RCWSM

compared with those of typical energy absorption materials40–49. Dark blue region:
polymer foams; light blue region: Mg foams; green region: Al alloy foams; gray
region: Al foams.dCompressive stress-strain curves of the SSMandRCWSMfor the
split Hopkinson pressure bar (SHPB) test under a 6000 s−1 strain rate. The dashed
line indicates that the integrity of the RCWSMhas been destroyed, and the RCWSM
has failed. Inset: schematic of the SHPB test.
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dispersion (about 25wt%) was evenlymixed with 250 g of cCNF (1wt%),
whichwas crosslinked by spraying about 200mL 1mol L−1 CaCl2 (Xilong
Scientific Co., Ltd.) solution evenly on the mixed slurry of amino mica
and cCNF, and then washed three times with DIW. Formed initial
hydrogelwas divided evenly into6parts. For the rigid cavity layer, 4 gof
GBafter surface alkali-activation treatmentwere evenlymixed in a 100g
aqueous dispersion with 3wt% PVA (1750± 50, Sinopharm Chemical
Reagent Beijing Co., Ltd.) and 1wt% qCNF. After stable molding for
about 12 h, themixture was formed and evenly divided into 5 parts. The
above-mentioned initial hydrogels were stacked in turn and pressed at
90 °C under 20MPa of pressure to achieve integral assembly.

Fabrication of sandwich structural material (SSM)
SSM was fabricated by in-turn stacking of an amino-modified mica/
cCNF composite hydrogel and a GB/PVA/qCNF composite hydrogel as
a sandwich-like structure. The contents, mass, and fabrication process
of the SSMwere the same as those of the RCWSM. The initial hydrogel
of the brick-and-mortar wall was divided equally in half as the external
layers of the SSM before integral assembly.

Fabrication of rigid cavity layers with various content ratios
GB composites with various content ratios were prepared for the opti-
mum design of effective rigid microcavities. Composites with different
GB/PVA/qCNF mass content ratios were prepared. The mass ratios of
each component are shown in Supplementary Table 1. All of the initial
gels were stably molded at 90 °C under 20MPa of forming pressure.

Characterizations
Scanning electron microscopy (SEM) images and scanning electron
microscopy/energy-dispersive X‐ray spectrometry (SEM/EDS) were
takenwith aGeminiSEM450Schottkyfield emission scanning electron
microscope at acceleration voltages ranging from 1 to 5 kV. All the
samples were gold-sputtered for 45 s at a constant current of 30mA
before observation. In particular, for the SEM sample preparation of
various initial hydrogels, the initial hydrogel was dried with super-
critical CO2 after the original solvent was sufficiently exchanged with
ethanol in a critical point dryer (Leica EM CPD300).

11B solid-state nuclear magnetic resonance (NMR) cross-
polarization magic angle spinning spectra were obtained by a WB
Solid-State Nuclear Magnetic Resonance Spectrometer (Bruker
AVANCE NEO 600 WB, 600MHz).

Zeta potential curves were obtained by a Malvern Zetasizer at
room temperature. All of the samples for the zeta potential testwere at
a concentration of ~0.05wt% at pH = 7.

Atomic force microscopy (AFM) images were obtained using a
Bruker Dimension Icon. The samples were dispersed in DIW at a con-
centration of ~0.05wt% and then dropped on themica substrate to dry
naturally.

For Fourier transform infrared (FT-IR) spectroscopy, the spectra
of the cCNF and qCNF filmswere obtained by a Bruker Vector-22 FT-IR
spectrometer in attenuated total reflectance (ATR) mode at room
temperature.

Amicroscope image of the RCWSMwas obtained by anOLYMPUS
BX53M optical microscope.

The particle size distribution curve was obtained by a laser par-
ticle analyzer (Malvern Mastersizer 2000).

X-ray photoelectron spectroscopy (XPS) was performed with a
Thermo Scientific K-Alpha instrument using a monochromatic Al Kα
radiation source. Deconvolution of the XPS spectra was performed
with XPS Peak software.

Rheological test
Rheological property analysis was performed with a rotating rhe-
ometer (TAHR20). The storagemodulus, lossmodulus and viscosity of
all the samples were tested for 40,000 s at room temperature with a

60mm parallel plate clamp. For the rheological property test, the
water content of the sample was about 93%. Themass content ratio of
theGB/PVA/qCNF samplewasGB:PVA:qCNF = 4:3:1; that of theGB/PVA
sample was GB:PVA = 1:1; and that of the GB/qCNF sample was GB:
qCNF = 1:1. All of the samples were loaded onto the sample stage, and
the tests were started immediately while the samples were mixed
evenly.

Single-edge notched bend (SENB) test
For the SENB tests, the RCWSMand SSMsampleswerenotchedusing a
diamond saw (~300μm), and then the notchwas sharpened by slightly
sliding a razor blade repeatedly. The loading rate was 10μmmin−1 for
the SENB samples under a polarizingmicroscope (Olympus BX53M) to
study their crack propagation behavior.

Compression test
The compression test was performed with a Shimadzu AGX-V universal
testing machine at a loading rate of 1mmmin−1. All cuboid samples
(about 5mm×5mm×4mm) were tested at room temperature via
compressive tests. The compressionprocesswas recordedby themovie.

Lap-shear test
The lap-shear test was performed with Instron 5565-A universal testing
machine at a loading rate of 5mmmin−1. Two different hydrogels were
combined and formed under ~20MPa. All rectangular samples (with
the bond area of about 5mm× 5mm) were tested at room tempera-
ture via lap-shear test.

180° peel test
The 180° peel test was performedwith Instron 5565-A universal testing
machine at a loading rate of 5mmmin−1. Two different hydrogels were
combined and formed under ~20MPa. All rectangular samples (with
the width of about 8.5mm) were tested at room temperature via 180°
peel test.

In situ X-ray microtomography
X-raymicrotomographywas conducted during compression testing of
the RCWSM on a Zeiss Xradia 520. This in situ compression-X-ray
microtomography characterization can reveal the changes in the
three-dimensional (3D) microstructure of the RCWSM non-
destructively during compression (representative status: compres-
sive strains of 0%, 10%, 30%, 65%, and 80%). The raw X-ray micro-
tomography data were reconstructed using Dragonfly software by
assembling the static images in sequence.

Split Hopkinson pressure bar (SHPB) test
For the SHPB tests, the RCWSMandSSM sampleswere in cuboid shape
(6 × 6mm2 in sectional area and about 4mm in height), and the com-
pression strain rate was about 6000 s−1.

UV aging treatment
The RCWSM samples (about 5mm× 5mm×4mm) were treated in an
accelerated aging tester (FBS-UV340 L) under UV irradiation intensity
of 2.00Wm−2 for 20 days. The test temperature and relative humidity
were 30 °C and 50%.

Cyclic compression test
The cyclic compression test was performed with a Shimadzu AGX-V
universal testing machine at a loading rate of 0.2mmmin−1. All cuboid
samples (about 5mm× 5mm×4mm) were tested at room tempera-
ture via cyclic compressive tests.

Calculations
The density of the cuboid samples was calculated as the mass divided
by the volume.
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The energy absorption of the cuboid samples was calculated by
the integrated area under the compressive stress-strain curve before
densification, which was about 60% of the strain determined by the
actual compressive testing movie of the corresponding samples.

The specific energy absorption of the cuboid samples was calcu-
lated by dividing the energy absorption by the density of the corre-
sponding samples.

The fracture toughness of the RCWSM and SSM samples was
calculated via the SENB test. The fracture toughness for crack initiation
(KIc) was calculated by

K Ic =
PIcS

BW 3=2
f a=W
� � ð1Þ

where PIc is the load in the SENB test, S is the span, B is the thickness of
the SENB specimen,W is the width, and a is the length of the precrack.
The function f a=W

� �
is given by

f a=W
� �

=
3ða=W Þ1=2 1:99� a=W

� �
1� a=W
� �

2:15� 3:93a=W + 2:7ða=W Þ2
� �h i

2ð1 + 2a=W Þð1� a=W Þ3=2

ð2Þ
The maximum fracture toughness (KJc) was determined by

K Jc = ½ðJel + JplÞE 0�1=2 ð3Þ

where Jel represents the elastic component of the J-integral, Jpl is the
plastic component of the J-integral, and E’ is given by

E 0 = Eð1� v2Þ ð4Þ

where E represents the elastic modulus and ν is the Poisson’s ratio.
The elastic component Jel was based on linear elastic fracture

mechanics.

Jel =
K 2

Ic

E 0 ð5Þ

The plastic component Jpl was calculated by

Jpl =
2Apl

BðW � aÞ ð6Þ

where Apl is the area of the plastic region under the load-
displacement curve.

The crack length, Δa, was calculated using the following equation:

Δa=an � a ð7Þ

an =an�1 +
W � an�1

2
Cn � Cn�1

Cn
ð8Þ

Cn =
un

f n
ð9Þ

wherean,Cn, un, and fn are the crack length, compliance, displacement,
and load at each point after crack initiation, respectively.

Data availability
The data generated in this study are provided in the Supplementary
Information and Source Data file. All the data are available from the
corresponding author upon request. Source data are provided in
this paper.
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