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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   The high-performance hydrogel is constructed via cellulose nanofibril-guided orienting response of network.

■   The supramolecular assembly process of cellulosic network from isotropic to aligned structure is revealed.

■   The enabling hydrogel combines superstretchability, ultrarobustness, and fatigue-resistance.

M
a

teria
ls

The Innovation Materials 2(3): 100092, December 18, 2024　　　  1

mailto:liuhe.caf@gmail.com
mailto:enlaigao@whu.edu.cn
mailto:chenchaojili@whu.edu.cn
mailto:liuhe.caf@gmail.com
mailto:enlaigao@whu.edu.cn
mailto:chenchaojili@whu.edu.cn
https://doi.org/10.59717/j.xinn-mater.2024.100092
https://doi.org/10.59717/j.xinn-mater.2024.100092
https://doi.org/10.59717/j.xinn-mater.2024.100092
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Cellulose nanofibril-guided orienting response of supramolecular
network enables superstretchable, robust, and antifatigue hydrogel
Siheng Wang,1,2,4 Le Yu,2,4 Xiangzheng Jia,3,4 Lei Zhang,1 He Liu,1,* Enlai Gao,3,* and Chaoji Chen2,*
 

1Key Laboratory of Biomass Energy and Material, Jiangsu Province; Key Laboratory of Chemical Engineering of Forest Products, National Forestry and Grassland Administration;
National  Engineering  Research  Center  of  Low-Carbon  Processing  and  Utilization  of  Forest  Biomass;  Jiangsu  Co-Innovation  Center  of  Efficient  Processing  and  Utilization  of
Forest Resources, Institute of Chemical Industry of Forest Products, Chinese Academy of Forestry, Nanjing 210042, China

 

2Hubei  Biomass-Resource  Chemistry  and  Environmental  Biotechnology  Key  Laboratory,  School  of  Resource  and  Environmental  Sciences,  Wuhan  University,  Wuhan  430079,
China

 

3Department of Engineering Mechanics, School of Civil Engineering, Wuhan University, Wuhan 430072, China
 

4These authors contributed equally
*Correspondence:  liuhe.caf@gmail.com (H.L.);  enlaigao@whu.edu.cn (E.G.);  chenchaojili@whu.edu.cn (C.C.)
Received: June 27, 2024; Accepted: September 19, 2024; Published Online: September 24, 2024; https://doi.org/10.59717/j.xinn-mater.2024.100092
© 2024 The Author(s). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Citation: Wang S., Yu L., Jia X., et al., (2024). Cellulose nanofibril-guided orienting response of supramolecular network enables superstretchable, robust, and antifatigue hydrogel. The
Innovation Materials 2(3): 100092.
 
Hydrogels  featuring  randomly  networked  matrix  typically  show  poor
mechanical  strength  owing  to  the  weak  interchain  interactions  of  the
matrix. Encouragingly, the stretchability and toughness of hydrogel materi-
als  along  a  certain  direction  were  recently  improved  to  an  unprecedented
level  with  the  design  of  structured  and  oriented  matrix,  the  realization  of
excellent and concurrently isotropic mechanical performance for hydrogels
now become the next- research goal. Herein, a self-assembling process of
poly(vinyl  alcohol)  (PVA)  macromolecular  chain  and  cellulose  nanofibril
(CNF)  induced  by  the  salting-out  effect  was  reported,  which  allowed  the
formation of a strongly hydrogen-bonded PVA-CNF supramolecular matrix.
The resulting hydrogel, in any direction, can show an ultra-high stretchabil-
ity of 7,400% and a true tensile strength of 420 MPa through the orientation
of the supramolecular matrix. The robustness of the supramolecular inter-
action between PVA and CNF was experimentally demonstrated by the fact
that  the  hydrogel  showed  a  high  fracture  energy  (reaching  up  to  95.7  kJ
m−2)  and  low  notch  sensitivity  (fatigue  threshold  of  3,203  J  m−2),  even
outperforming  most  state-of-the-art  anisotropic  hydrogels.  These  results
highlight  that  constructing  supramolecular  interaction  among  various
components of gel  matrix holds great promise for the design of future gel
materials with the extraordinary mechanical performance.
 

INTRODUCTION
Due to  the  unique  combination  of  many  merits  including  flexibility,  soft-

ness, and wetness, hydrogel has been considered one of the most promising
engineering materials  in  various fields  of  soft  robotics,  artificial  skins,  wear-
able,  and  implantable  electronics,  etc.1−3 Nevertheless,  the  matrices  of
conventional hydrogels are loosely crosslinked, thus are prone to mechanical
failure  once  deformed.4 Despite  the  energy  dissipation  theory,  i.e.,  utilization
of sacrificial  bonds or structures has been widely adopted to strengthen the
hydrogel, the application of hydrogels is still severely limited by the trade-off
of mechanical properties, simultaneous achievement of high true strength (>
100 MPa), stretchability (> 2,000%), and fracture toughness (> 10 kJ m−2)5−7 to
fulfill the practical requirements remains pressing and challenging.

Encouragingly, during the past decade, anisotropic hydrogels can alleviate
these mechanical demands.8−13 However, as previously reported,9 on account
of the high orientation degree of the matrix structure of anisotropic hydrogels,
their  mechanical  property  parameters  along  the  direction  vertical  to  matrix
alignment are typically a small percentage that along the alignment direction.
Moreover, the manufacture of anisotropy hydrogels is limited to some labori-
ous  and  energy-intensive  methods  (e.g.,  freeze-casting  and  ice-templating
methods).8,14−16 Consequently,  developing  more  facile  and  economic
approach  towards  the  preparation  of  hydrogels  possessing  excellent
mechanical properties without anisotropy is the next-stage goal of the hydro-
gel  research  community.  Motivated  by  the  excellent  mechanical  strength
resulting from the aligned matrix structure of anisotropic hydrogels, one can
envisage  that  the  transformation  of  a  randomly-networked  matrix  into  an
anisotropic architecture during stretching, with the prerequisite that the origi-
nal  matrix  has  certain  compliance,  can  favor  substantial  improvements  in

mechanical  performance  of  the  hydrogels.17−21 Salting-out  treatment,  as  a
facile  yet  feasible  approach,  has  been  developed  to  achieve  mechanically
strengthened  hydrogels  due  to  its  ability  to  make  aggregated  polymer
chains.9,22−28 We  hypothesize  that  the  salting-out  effect  could  be  used  to
assist  in  the  construction  of  an  isotropic  matrix  with  a  dense  aggregated
network  structure,  which  allows  the  matrix  to  achieve  a  certain  degree  of
extension upon deformation.  Distinct  from the traditional  anisotropic  hydro-
gels  demonstrating  a  preformed  aligned  matrix,  the  matrix  of  the  above-
conceptualized hydrogel  is  isotropic,  thus theoretically  is  capable  of  deliver-
ing identical mechanical behavior in any direction.

Herein,  for  the  first  time,  we  propose  an  in  situ  self-assembly  strategy  to
prepare  supramolecular  hydrogels  assisted  by  the  salting-out  effect.  As  a
proof-of-demonstration, two widely-used hydroxyl-abundant building blocks,
poly(vinyl alcohol) (PVA) and cellulose nanofibrils (CNFs), were introduced to
prepare  an  hydrogen-bonded  (H-bonded)  supramolecular  hydrogel.29−33 As
demonstrated,  a  heavily  interweaved  PVA-CNF  matrix  could  be  formed  by
salting  out-induced  polymer  chain  aggregation,  the  tensile  process  directs
the  extensive  formation  of  highly-aligned  PVA-CNF  assembly,  making  the
hydrogel  behave like other  well-established anisotropic hydrogels to provide
an  astonishing  fracture  strain  of  7,400%  and  meanwhile  a  true  strength  of
420 MPa (Figures 1A, S1 & S2). Especially, CNF with a large aspect ratio and
salting-out assistance synergistically play a key role in inducing the orienta-
tion  of  the  supramolecular  network  under  tensile,  enabling  significant
strengthening and toughening of the hydrogel compared to those controlled
hydrogels without CNF guiding or salting out effects (Figure 1B). Additionally,
benefiting from simplicity of the preparation approach, processing the hydro-
gel into various complicated shapes and scaling up the production could be
readily realized to meet the practical application requirements (Figure S3). To
give  us a  direct  glimpse on the mechanical  performance advantages of  our
supramolecular  hydrogel,  the  mechanical  properties  parameters  in  terms of
stretchability, true strength, fatigue resistance, tear tolerance, compressibility,
and  fracture  toughness  are  visualized  in  the  radar  plots  (Figure  1C).  This
design principle—utilizing H-bond interactions on supramolecular chemistry
and  stretch-induced  structural  transformations  to  provide  highly  oriented
networks—may be  applied  to  other  polymers,  for  future  high-performance
soft materials. 

MATERIALS AND MOTHODS 

Preparation of CNFs
CNFs  were  produced  by  (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl

(TEMPO)  oxidation  of  biomass  cellulose  as  before.30 Briefly,  0.045  mol  of
NaClO  per  g  of  cellulose  was  fully  reacted  to  obtain  TEMPO  oxidized  CNFs
under  the  condition  that  the  pH  of  the  system  was  maintained  at  10−10.2.
The  resulting  CNFs  contained  1.28  mmol  g−1 surface  carboxylate  groups
(Figure S4). The average diameter and length of the obtained CNFs were 8.3 ±
1.3 nm and 200−800 nm, respectively, as confirmed by the surface morphol-
ogy  of  the  nanofibril  (Figure  S5).  In  addition,  the  strong  and  sharp  peak  at
1,608  cm−1 in  the  infrared  curve  of  the  CNF  is  attributed  to  the  stretching
vibration of the carbonyl moiety in the carboxyl group, and compared with the
cellulose,  the  CNF  still  belongs  to  the  cellulose  I-type  structure  (Figure  S6).
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These favorable results all indicate that the successful acquisition of the CNF
as consistent  with  the existing work.34 For  ease of  use,  the fabricated CNFs
suspension (roughly 1 wt% solid content) was stored at 4°C for further prepa-
ration of hydrogels. 

Preparation of salt solution
A  0.5  M  sodium  citrate  solution  was  obtained  by  dissolving  anhydrous

sodium citrate powder in DI water. After sonicating for 10 min to remove air
bubbles, a clear solution was prepared for later use. 

Synthesis of PVA/CNF hydrogel
A uniform mixture of 10 wt% PVA and CNF was prepared by dissolving PVA

powder  in  an  aqueous  CNF  suspension  with  vigorous  stirring  and  heating

(90°C),  where  the  mass  of  CNF  was  5  wt%  of  the  mass  of  PVA.  After
degassing by sonication for 1 h, a clear homogeneous mixture was obtained.
To  generate  the  freeze-thawed  hydrogel,  the  regular  freeze-casting  method
was used to cast the resulting mixture into cylindrical or cubic molds, frozen
at −20°C for 8 h, and thawed at 25°C for 3 h, and this process was repeated
for 3 cycles. Freeze-thawed hydrogels achieved with PVA and CNF mixture as
well  as  pure  PVA  solution  were  denoted  as  PVA/CNF  hydrogel  and  PVA
hydrogel, respectively.
 

Fabrication of PVA/CNF-Salting out hydrogels
The  PVA/CNF-Salting  out  hydrogel  was  prepared  by  immersing  the

PVA/CNF hydrogel into a 0.5 M sodium citrate solution for 24 h under ambi-
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Figure 1.  Design principle for the high-performance hydrogel (A) Fabrication of the PVA/CNF-Salting out hydrogel. By coupling the nanofibril and salting-out effect, based on
H-bond interactions on supramolecular chemistry, an interwoven homogeneous network is formed between the PVA and CNF chains. An anisotropic network is realized induced
by stretch. (B) Comparison of tensile strength and strain of PVA/CNF, PVA-Salting out, and PVA/CNF-Salting out hydrogels. (C) Radar plot showing comparisons among nanofib-
ril  and salt-assisted hydrogels (green area),  isotropic hydrogels (blue area),  and anisotropic hydrogels (red area).  The data used are summarized in Tables S1 -S2.  Error  bars
show the standard deviation from three independent specimens.
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ent temperature.  As a control,  the PVA hydrogel  was subjected to the same
process to obtain the PVA-Salting out hydrogel. 

DFTB calculations
Density  functional  theory-based  tight-binding  (DFTB)  calculations  were

carried out  using DFTB+ package.35 All  DFTB computations were performed
with DFT-D3 dispersion correction with Becke-Jonhson damping.36,37 The 3-
ob-1  Slater-Koster  set  of  parameters  was  employed.38−40 Energy-minimized
optimization tests were conducted using a conjugate gradient algorithm with
a  force-threshold  criterion  of  10−6 Hartree/Bohr.  The  models  of  PVA-PVA
chains, CNF-CNF chains, PVA-CNF chains, PVA-water, CNF-water, and Salt-
water  were  constructed  to  calculate  the  binding  energies.  The  aperiodic
boundary  conditions  were  adopted  along  all  directions  with  vacuum  layer
over 3 nm. The binding energy for each model was calculated as the sum of
the  energies  of  the  isolated  chains/molecules  minus  the  total  energy  of  the
adsorbed structure upon structural optimization (normalized per atom). 

Molecular dynamics simulation
To  investigate  the  enhanced  effect  of  CNF,  all-atom  molecular  dynamics

(MD)  simulations  were  performed  using  large-scale  atomic/molecular
massively  parallel  simulator  (LAMMPS)  computational  package.41 The poly-
mer  consistent  force  field  (PCFF)  was  adopted  to  describe  the  interatomic
potentials.42,43 The long-range Columbia interaction was included using parti-
cle-particle-particle mesh (PPPM) method,  while  the  van der  Waals  interac-
tion was described by the 6/9 Lennard-Jones potential with a cutoff distance
of 1.0 nm. To integrate the Newton equations of motion, the Verlet algorithm
was adopted with  a  time step of  0.5  fs.  For  comparing the  rigidity  of  single
chain, CNF and PVA chain with length of ~9 nm was surrounded by solvent
environment filled with water molecules. Periodic boundary conditions along
all  directions were adopted. During the thermostat process,  the temperature
increased  from  nearly  0  K  to  room  temperature  of  300  K,  which  was  then
equilibrated  for  1  ns.  The  radius  of  gyration  (Rg)  and  end-to-end  distance
were utilized to characterize the compactness of the polymer chains, demon-
strating  the  flexibility  of  PVA.  Besides,  we  also  calculated  the  persistence
length  of  PVA  and  CNF  chains  considering  that  polymers  will  behave  like  a
rigid rod at room temperature for lengths shorter than the persistence length.
The results indicate that PVA chains are much more flexible than CNF chains,
supporting our analyses on Rg and end-to-end distance.

For  blend  system  of  PVA,  CNF,  and  water  molecules,  different  molecules
were  blended  into  a  box  using  PACKMOL  package  for  specific  ratios.44 The
mixtures  with  different  water  content  (from  0  wt%  to  90  wt%)  were
constructed  by  regulating  the  number  of  water  molecules  and  then  were
equilibrated  at  300  K  in  NPT  ensemble.  In  all  mixtures,  the  number  of  PVA
and CNF chains remains a constant, and each chain is approximately 9 nm in
length.  To  reduce  the  influence  of  thermal  disturbance,  the  trajectory  in  the
last  0.2  ns  was  adopted  to  analyze  the  H-bonds  using  VMD  program.  In
comparison,  we also performed simulations of  PVA hydrogels with different
water  content  from 0 wt% to 90 wt%.  Herein,  number  of  H-bonds per  node,
calculated  by  dividing  the  total  number  of  H-bonds  by  the  number  of
PVA/CNF chains, was adopted to focus on the enhanced effect of CNF.

Furthermore, a model with two amorphous PVA chains bridged by straight
CNF chains was constructed to explore the contribution to strain. To ensure
quasi-static  loading,  the  uniaxial  tensile  strain  was  applied  by  uniaxially
moving the atoms at the end with a tensile velocity of 3 m/s. The evolution of
strain  and pulling force provides insights  into  the differences in  loading and
deformation capacities between the two structures. 

Finite element analysis simulation
To  simulate  the  mechanical  response  of  different  hydrogel  materials,

numerical  simulations  were  carried  out  with  ABAQUS  2018  (SIMULIA,
France).  We  used  linear  elastomer  as  a  constitutive  model  to  qualitatively
reveal  the  underlying  mechanism  for  the  tensile  test  with  pre-crack  in
mechanical properties. We employed a two-dimensional structure model for
simulation.  For  the  four  systems  of  PVA,  PVA/CNF,  PVA-Salting  out,  and
PVA/CNF-Salting  out,  their  properties  were  used  to  construct  the  material
parameters for the simulation, such as Young's modulus (0.008, 0.013, 0.042,
and 0.05 MPa, respectively) and Poisson's ratio (0.3, 1.3, 2.3, and 3.3, respec-
tively).  Then,  the  cross-sections  of  the  four  materials  were  created  and

applied  to  the  corresponding  two-dimensional  plane  strain  model.  Next,  we
built the  analysis  step  and  set  the  corresponding  time  increment  and  mini-
mum increment step requirements. At the same time, the corresponding field
variable  output  was  set  in  the  analysis  step  module  to  simulate  the  crack
growth  of  the  finite  element.  Subsequently,  the  crack  was  pre-made  in  the
interaction module to simulate the tension of the notched hydrogels, and the
program was set to allow crack growth. In the simulation of crack growth, we
used maximum principal  stress  criterion  (Maxps  Damage)45 as  the  damage
initiation and propagation criteria to qualitatively reveal the underlying mech-
anism for the tensile test with pre-crack in mechanical properties: 

f= {⟨σmax⟩
/
σ0

max}

σ0
maxWhere  is  the  value  of  critical  maximum  principal  stress.  When f in  the

range of 1.0 ≤ f ≤ 1.0 + ftol, the crack propagates.
In  the load module,  the  bottom fixed boundary  condition was used for  all

models,  and the top was set with an upward tensile displacement boundary
condition.  In  the  mesh  module,  the  entire  model  was  meshed  using  plane
strain  quadrilateral  elements,  and  the  mesh  type  was  a  two-dimensional
plane  strain  model.  Finally,  in  the  job  module,  a  stretching  program  was
created to obtain the calculation results. 

Characterization
Transmission  electron  microscope  (TEM)  and  atomic  force  microscopy

(AFM)  of  CNFs  were  conducted  using  JEM-2100 UHR  (JEOL,  Japan)  and
RTESP-300 (Bruker,  USA)  instruments  to  observe  the  size.  3D  macrostruc-
ture analyses of freeze-dried hydrogels were performed in a Zeiss Xradia 510
Versa 3D X-ray microscope (XRM), with a voltage of 60 kV and a power of 10
W. The obtained images were reconstructed via Carl Zeiss’s Object Research
Systems (ORS) image analysis program. Confocal laser scanning microscopy
(CLSM)  (LSM710,  Zeiss,  Germany)  was  performed  to  measure  the  pore
structure of  hydrogels  stained with  fluorescent  dye solution.  Scanning elec-
tron microscope (SEM) images of hydrogels were gained with environmental
scanning electron microscopy (JSM-7600 Fs, Hitachi, Japan). In situ stretch-
ing  small-angle  X-ray  scattering  (SAXS)  measurement  was  based  on  a
stretch station which can be controlled by wireless.  SAXS data of hydrogels
were  recorded  at  different  strains  from  a  SAXSpoint  2.0  apparatus  (Anton
Paar,  Germany).  Raman  spectroscopy  and  spatial  Raman  mapping  were
performed  using  a  Raman  imaging  microscope  (Thermo  Scientific  DXR2xi,
USA). The wavelength of the excitation laser was 532 nm. Raman mappings
(scan range 60 μm × 60 μm; depth of scanning, 20 μm; layer of scanning, 4
layers) were collected using the condition that the laser power was 7.0 mW,
the exposure time was 1.3 s, and the scan time was 10, and the image pixel
size was 3.0 μm. The collected spectra were preprocessed by using cosmic-
ray removal, noise filtering, and normalization techniques. The peak intensity
method developed by OMINC software was employed for calculating the H-
bond domains. The X-ray diffraction (XRD) patterns of all freeze-dried hydro-
gels,  cellulose,  and CNFs in  the diffraction angle  (2θ)  range from 10°  to  60°
were  recorded  utilizing  Siemens  D5000  X-ray  diffractometer  (Siemens,
Germany) at a scanning speed of 5° min−1.  AVTMR20-010V-I NMR analyzer
(Suzhou Niumag Corporation, China) with a probe of VTMR20-Q-10mm was
employed  to  measure  the  relaxation  time  (T2)  values  of  all  of  the  hydrogel
samples.  The  magnet  temperature  was  set  to  25  ±  0.01  °C  to  ensure  the
constant  rate  of  molecular  motion  for  probing  the  system.  The  attenuated
total internal reflectance Fourier transform infrared (ATR-FTIR) spectra of all
hydrogels,  freeze-dried  hydrogels,  cellulose,  and  CNFs  were  recorded  in  the
wavenumber  range  from  4,000  to  500  cm−1 by  a  Fourier  transform  infrared
spectrometer (Nicolet iS50, Thermo Fisher Scientific,  USA). The high-resolu-
tion  solid-state 13C  cross-polarization/magic-angle  spinning  (CP/MAS)
nuclear magnetic resonance (NMR) spectra of all freeze-dried hydrogels were
performed on a 600 MHz spectrometer equipped with a MAS probe (AVANCE
NEO, Bruker, Germany). 

RESULTS AND DISCUSSION 

Characterization of the PVA-CNF interactions
Figure  2A  displays  the  optical  photograph  of  a  cubic-shaped  PVA/CNF-

Salting out hydrogel with a side length of 4 cm, which shows no liquid leak-
age  or  volume  shrinkage  over  a  period  of  100  h  (ambient  temperature),
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demonstrating  its  excellent  structural  stability.  The  reconstructed  three-
dimensional  (3D)  X-ray  micro-computed  tomography  (micro-CT)  image  of
the  freeze-dried  PVA/CNF-Salting  out  hydrogel  reveals  a  uniform  and
isotropic pore structure, where blue indicates porous regions and yellow indi-
cates  non-porous  regions  (Figure  2B  & Movie  S1). Figures  2C-D  show  the
confocal  laser  scanning  microscopy  (CLSM)  and  scanning  electron
microscopy (SEM) images of the PVA/CNF-Salting out hydrogel, compared to
the loose macropores of the PVA hydrogel, the formation of a dense 3D inter-
woven  network  was  demonstrated,  which  is  tentatively  attributed  to  the
strong  interaction  of  PVA  and  CNF  (Figure  S7),  which  is  often  observed  in
robust hydrogel materials.46−49

The impact of CNF on PVA-CNF intra-chain interactions under salting-out
treatment  was  systematically  investigated  at  the  molecular  level.50 As  first

revealed by the 2D Raman images shown in Figures 2E−H, the intensity of the
CH−OH bending vibration  of  the  four  hydrogel  samples  studied in  this  work
follows the order PVA < PVA/CNF < PVA-Salting out < PVA/CNF-Salting out,
which  is  a  powerful  proof  of  the  ever-increasing  H-bond  density  with  the
introduction of  CNF and salting out  mechanism in a baseline PVA hydrogel.
The good spatial  homogeneity and improved density of H-bond interactions
in  the  PVA/CNF-Salting  out  hydrogel  are  also  further  supported  by  the  3D
reconstructed Raman images shown in Figure S8. X-ray diffractometer (XRD)
were performed to probe the microstructure evolution of the hydrogels under
the salting-out effect. Four types of hydrogels all show an obvious character-
istic  peak  localized  at  around 2θ =  19.9°,  corresponding to  the  typical  (101)
planes of PVA.51 Notably, both the PVA- and PVA/CNF-Salting out hydrogels
show a significant new characteristic peak localized at 2θ = 14.9°. This peak
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Figure 2.  Morphology and structural analyses of hydrogels (A) The photograph of the PVA/CNF-Salting out hydrogel (4 × 4 × 4 cm). (B) Volume rendering presenting the overall
microstructure of the PVA/CNF-Salting out hydrogel derived from the reconstructed 3D X-ray micro-CT image. (C-D) (C) Confocal and (D) scanning images showing the local
microstructure of the PVA/CNF-Salting out hydrogel. (E−H) Reconstructed two-dimensional (2D) Raman images of the (E) PVA hydrogel, (F) PVA/CNF hydrogel, (G) PVA-Salting
out hydrogel, and (H) PVA/CNF-Salting out hydrogel from the −OH bending vibration intensities, respectively. (I) XRD patterns of hydrogels. (J and K) ATR-FTIR (J) spectra and
(K) ratios of the peaks located at 3,210 and 3,370 cm−1 of hydrogels. (L) Low-field 1H NMR spectrums of hydrogels. (M-N) (M) High-resolution solid-state 13C MAS NMR spectra
of hydrogels and (N) corresponding fraction of free and H-bonded O−H groups according to peak area.
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is  assigned to  the (001)  crystal  planes diffractions of  the  crystalline  PVA as
previously  reported.51−53 Compared with the initial  PVA and PVA/CNF hydro-
gels, the intensity of (101) planes exhibits a slightly increasing trend and the
appearance of new (001) planes in the PVA- and PVA/CNF-Salting out hydro-
gels,  which  jointly  suggest  that  salting-out  treatment  can  enable  the
reassembly  of  the  PVA and CNF into  new a  topological  structure.27 In addi-
tion, the introduction of CNF causes a significant decrease in the typical (101)
planes of PVA, which is due to the fact that the strong H-bonds between PVA
and CNF lead to the rearrangement of PVA chains and the inhibition of crys-
tallization, which is a good agreement with previous reports.54,55

The  attenuated  total  internal  reflectance  Fourier  transform  infrared  (ATR-
FTIR) spectra of all hydrogels feature a broad hydroxyl vibration band decon-
voluted  into  four  subpeaks  at  around  3,530,  3,370,  3,210,  and  3,060  cm−1

(Figures  2J  & S9).  Among  them,  the  subpeaks  localized  at  3,370  and  3,210

cm−1 correspond  to  the  H-bond  of  PVA-water  and  PVA-PVA/PVA-CNF,
respectively.56,57 The subpeaks around 3,530 and 3,060 cm−1 are attributed to
the  non-H-bonded  O−H  stretching  mode  in  the  PVA  chains  as  reported.58,59

These peaks are observed in all hydrogels because free hydroxyl groups and
H-bonded  hydroxyl  groups  both  existed  in  the  systems.  The  abundance  of
different  H-bonded  patterns  is  determined  by  their  integral  area  ratio.  It  is
observed that the inter- and intra-macromolecular H-bond instead of macro-
molecule-water  H-bond interactions  become  the  dominant.  More  quantita-
tively, a much higher inter- and intra-macromolecular H-bond ratio of 45.0%
as  compared  to  31.6%,  32.8%  and  38.9%  of  the  PVA  hydrogel  before/after
salting-out treatment and PVA/CNF hydrogel are observed, respectively. This
is in good accordance with the low-filed NMR (LF NMR) results. The hydro-
gel releases more free water through combining the CNF and ion-enhancing
approaches,  resulting  in  a  large  amount  of  immediate  and  bound  water,

 

Figure 3.  Tensile and compressive performance of hydrogels (A) Typical tensile stress-strain curves of hydrogels. The inset image is that the PVA/CNF-Salting out hydrogel is
uniaxially stretched to 7,000% strain. (B) A comparison of work of fracture and tensile strain of hydrogels. (C) A comparison of the toughness and ultimate tensile strain of our
obtained hydrogel with previously reported tough hydrogels. The data used are summarized in Tables S2 and S3. (D) Typical true tensile stress-strain curves of hydrogels and the
corresponding enlarged one showing in the inset. (E) True strength of our resultant hydrogel and other tough hydrogels. I, II, III, IV, V, VI correspond to the six types of hydrogels
described in (C). The data used are summarized in Tables S2 -S3. (F) Typical compressive stress-strain curves of hydrogels. The inset image shows that a sample can easily
hold a weight of 24 kg that is 400-fold its own weight.  (G) Photographs of the PVA/CNF-Salting out hydrogel  supporting the weight of a car,  in which the structure remained
intact after loading. (H) Tensile loading-unloading curves of hydrogels to a strain of 1,000%. (I) Compressive loading-unloading curves of hydrogels to a strain of 80%. Error bars
show the standard deviation from three independent specimens.
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which  is  ascribed  to  the  H-bonded-induced  confinement  behavior  on  the
mobility  of  water  among  chains  (Figure  S10).60 As  expected,  the  LF  NMR
spectral  displays  that  the  bound  water-related  relaxation  time  (T2)  in  the
PVA/CNF-Salting out hydrogel is shifted toward shorter times, suggesting an
intense H-bond network (Figure 2L).

We  also  applied  solid-state 13C  magic-angle  spinning  (MAS)  nuclear
magnetic  resonance  (NMR)  spectroscopy  to  gain  ulteriorly  insights  into
molecular  evolutions  in  hydrogel  systems.  As  presented  in Figure  2M  and
Figure S11, in addition to the characteristic peak of −CH2 located at 44.6 ppm,
the  characteristic  peak  of  the  CH  moiety  could  be  deconvoluted  into  three
component peaks (I,  II,  and III)  localized at around 76.1, 70.9,  and 64.5 ppm,
corresponding  to  the  inter- and  intra-molecular  H-bonded  CH �(I  and  II)  and
free CH (III), respectively.61,62 The combined relative area ratio of peaks I and II
increase from 58.7% for the virgin PVA hydrogel  to 67.1% for the PVA/CNF-
Salting out hydrogel,  meaning the stronger existence of H-bond crosslinking
after  salting  out  treatment  (Figure  2N),  which  is  mainly  responsible  for  the
formation of the nano- and microscopic isotropic network. 

Quantitative study of mechanical properties
Tensile  and  compressive  strain-stress  were  conducted  to  quantitatively

investigate  the  mechanical  properties  of  hydrogels,  the  fracture  strain  of
PVA/CNF-Salting out  hydrogel  is  measured  to  be  up  to  ~7,430%,  concur-
rently with an ultimate stress of 3.9 MPa (Figure 3A). These two parameters
are  significantly  higher  than  that  of  other  three  control  hydrogel  samples,
about  43.3  and  6.1  times  that  of  the  PVA  hydrogel,  respectively.  The  inset
image in Figure 3A indicates that the PVA/CNF-Salting out hydrogel has the
ability to be uniaxially stretched to 7,000% strain. As a result of the simultane-
ous achievement  of  high  tensile  strength  and  fracture  strain,  a  high  tough-
ness of 141.4 MJ m−3 that is 240 times that of the PVA hydrogel is delivered
by the PVA/CNF-Salting out hydrogel (Figures 3B & S12). Figure S13 shows
that a pillar-like hydrogel sample with 0.45 cm2 cross-sectional area is able to
hold  a  12-kg  dumbbell,  about  2,400  times  that  of  the  hydrogel.  Due  to  the
excellent  stretchability  is  not  achieved  through  substantially  reducing  the
water  content  (Figures  S14  &  S15)  and/or  preforming  a  directionally-struc-
tured matrix with extra steps (prestretching or others), all the above mechani-
cal  properties  show  independency  of  the  loading  direction  (Figure  S16),
differentiating our PVA/CNF-Salting out hydrogel with previous ones.63,64

The  unique  combination  of  high  stretchability  and  toughness  places  our
PVA/CNF-Salting out hydrogel at the upper right corner of the Ashby plot of
tensile strain versus toughness (Figure 3C). In consideration of the dramati-
cal  decreased  cross-sectional  area  at  conditions  of  high  elongation  over
7,000%, the corrected true tensile strength of the PVA/CNF-Salting out hydro-
gel is estimated to be ~420 MPa (Figure 3D). This result,  to our best knowl-
edge,  also  ranks  the  toughest  anisotropic  hydrogels  ever  reported  (Figure
3E).9 Notably,  compared  with  the  PVA-salting  out  hydrogel  and  PVA/CNF
hydrogel, the PVA/CNF-salting out hydrogel show more outstanding stretch-
ability and strength, underscoring that CNF aided with salting out synergisti-
cally promote improved mechanical performance of the hydrogel. This can be
explained  by  the  introduction  of  CNF  which  can  guide  the  formation  of
enhanced  H-bonded supramolecular  network  assisted  by  salting  out  treat-
ment.

Figure 3F shows the compressive strain-stress curves of four investigated
hydrogels under 95% compressive strain,  the PVA/CNF-Salting out hydrogel
shows the highest stress of 51.7 MPa, which is 21.4, 10.1, and 2.9 times that
of the pure PVA hydrogel,  PVA/CNF hydrogel,  and PVA-Salting out hydrogel,
showing excellent  compressibility  and compressive  strength (Figures S17 &
S18).  The  high  toughness  and  compression  strength  are  further  visually
presented by that a 23 × 20 × 2 cm hydrogel plate can withstand the run over
of  a  1,550  kg  car  and  rapidly  recover  its  original  appearance  (Figure  3G  &
Movie S2).

Tensile  and  compressive  loading-unloading  tests  were  carried  out  to
investigate the energy dissipation mechanism to gain further insight into H-
bond  interaction  in  different  hydrogels.  Under  tensile  mode,  the  PVA/CNF-
Salting out hydrogel exhibits a high mechanical hysteresis (Uhys, up to 6.2 MJ
m−3 at 1,000% strain) and a large residual strain (around 400%) after unload-
ing (Figures 3H & S19); under compression mode the Uhys is measured to be
up  to  702.0  kJ  m−3 at  80%  compression  (Figures  3I  & S20). Uhys of  the

PVA/CNF-Salting  out  hydrogel  obtained  at  both  two  testing  modes  are
approximately  21.6%  and  56.6%  higher  than  that  of  the  PVA-Salting  out
hydrogel, 5.9  to  14.5  times  and  10.1  to  16.6  times  that  of  the  two  investi-
gated hydrogels without salting out  treatment,  indicating its  superior  energy
dissipation ability facilitated by high-density sacrificial H-bonds (Figures S21
& S22). 

Fracture tolerance and fatigue resistance of hydrogels
To deepen the knowledge on the relationship between the fracture behav-

ior of hydrogels and their H-bond networks, the fracture toughness of differ-
ent  hydrogels  was  thoroughly  investigated  via  a  combined  approach  of
trouser-tearing and pure shear tests.65,66 It is found that, from the trouser-like
tear  test,  the  PVA/CNF-Salting  out  hydrogel  shows  significantly  higher  tear
displacement and tear force than the other three types of comparative hydro-
gels (Figures 4A-B). The PVA/CNF-Salting out hydrogel consequently exhibits
a high tearing energy (T) of 11.9 kJ m−2,  which is 1.8 times that of the PVA-
Salting out hydrogel of 6.5 kJ m−2, and 17.0 times that of the PVA/CNF hydro-
gel of 0.7 kJ m−2 (Figures 4C & S23). Moreover, the notched PVA/CNF-Salting
out  hydrogel  presents superb crack tolerance in  the fracture process with a
maximum  strain  around  4,000%  from  the  pure  shear  test  (Figure  4D).  The
calculated fracture energy (Γ) of the PVA/CNF-Salting out hydrogel is as high
as  95.7  kJ  m−2,  delivering  3.4  times  that  of  the  PVA-Salting  out  hydrogel  of
28.3  kJ  m−2,  and  23.9  times  that  of  the  PVA/CNF  hydrogel  of  4.0  kJ  m−2

(Figures  4E  & S24).  These  observations  demonstrate  the  excellent  fracture
toughness of the PVA/CNF-Salting out hydrogel  and the positive reinforcing
effect  of  CNF  aided  with  salting  out  treatments  in  retarding  crack  growth.
This  can  be  attributed  to  the  strong  H-bond  interactions  between  PVA  and
CNF due to the salting-out effect, in which CNF functioned as a stress dissi-
pation  and  transfer  center.67 Finite  element  analysis  (FEA)  simulation  of  the
stress  distribution  was  performed  to  visualize  the  stress-concentration
evolution at the crack tip in the notched hydrogels (Figure 4F & Movie S3). It is
shown that the stress at  the crack propagation site of  the PVA/CNF-Salting
out hydrogel is around 102.9 kPa, significantly higher than that of other three
hydrogels  (6.6,  20.2,  and  70.1  for  the  PVA,  PVA/CNF,  and  PVA-Salting  out
hydrogel  respectively),  also  theoretically  highlighting  the  significant  role  of
CNF aided with salting out in preventing crack propagation (Figure S25).

The cracking  behavior  was  investigated  by  recording  the  crack  propaga-
tion of the PVA/CNF-Salting out hydrogel with a precut notch under different
constant  strains  (Figures  S26 & S27).  It  can  be  found  that  the  maximum
stress  and  strain  do  not  show  catastrophic  degradation  during  consecutive
stretch  at  fixed  strains  of  50,  100%,  and  150%,  indicating  that  the  tensile
stress of each deformation is comparable and the hydrogel  delivers negligi-
ble  crack  growth.  The  result  demonstrates  that  the  PVA/CNF-Salting  out
hydrogel  can  exhibit  excellent  fatigue  resistance  with  a  record-high  fatigue
threshold (Γ0)  of  3,202.7 J m−2, which is about twice that of the 2D isotropi-
cally  fatigue-resistant  hydrogel  (Figure  4G).15 We  applied  an  energy  release
rate  (Gc)  of  2,949.7  J  m−2 to  a  notched  sample  over  10,000  cycles,  and
observed  no  crack  propagation  or  redirection,  profoundly  validating  this
extremely  high  fatigue  threshold  (Figure  4H),  making  it  one  of  the  most
promising  fatigue-resistant  hydrogel  materials  (Figure  4I). The  unprece-
dented improvements of mechanical properties, in terms of ultra-stretchabil-
ity,  high  strength,  toughness,  tear  tolerance,  as  well  as  fatigue  resistance,
underscore  that  the  hydrogel  material  developed  herein  may  access  an
entirely unexplored property area. 

Mechanism for strengthening and toughening hydrogels
As shown in Figure  5A,  the  PVA/CNF-Salting out  hydrogel  could  be  elon-

gated to 70 times of  its  initial  length,  showing extraordinary stretchability.  A
combined approach of in situ CLSM, SEM, and small-angle X-ray scattering
(SAXS)  were  performed  to  reveal  the  underlying  mechanism  behind  the
extraordinary  stretchability  of  the  PVA/CNF-Salting  out  hydrogel  (Figures
5B−D).  Both  the  CLSM  and  SEM  images  shown  in Figure  5B-C  reveal  that,
compared  to  the  original  state  of  random  distribution,  the  fibrils  in  the
PVA/CNF-Salting out  hydrogel  at  1,500% and 4,000% strains become highly
oriented,  indicating  that  the  ease  of  directional  realignment  of  the  fibrils  is
mainly responsible for the excellent stretchability. From the 2D SAXS patterns
of the PVA/CNF-Salting out hydrogel at different strains,  we find that as the
tensile  strain  increases,  the  scattering  ring  gradually  become  rhombic,  and
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the scattering  signal  changes  from  a  spherically  distributed  state  to  ellip-
soidal  distribution  along  the  equatorial  direction,  revealing  the  PVA-CNF
assembly become directionally bundled along the strain direction (Figure 5D).
This  sharply  contrasts  with  that  no  obvious  orientation  is  observed  for  the
PVA hydrogel without salting out treatment (Figure S28).29,68,69 The structural
evolution  of  the  PVA-Salting  out  hydrogel  and  PVA/CNF  hydrogel  show  a
similar trend with the PVA/CNF-Salting out hydrogel,  albeit  to a much lower
extent,  which  is  attribute  to  less  pronounced  H-bond  interaction  in  the
absence  of  CNF  incorporation  and/or  salting  out  treatment  (Figures  S29 &
S30).

The  extracted  1D  SAXS  profiles  of  hydrogels  also  provide  favorable

evidences, i.e., the critical vector corresponding to the peak intensity shows a
high-shifting trend from 0.484 to 0.698 Å–1 with increasing strain from 0% to
4,000%  in  the  PVA/CNF-Salting  out  hydrogel,  which  demonstrates  that  the
average  distance L between  adjacent  aggregated  domains  shortens  from
1.09 to 0.83 nm according to the Bragg expression (Figure S31).70 While the
PVA-Salting out hydrogel presents higher L at the same tensile strain due to
the  absence  of  CNF,  further  revealing  the  positive  contribution  of  CNF  for
guiding the cellulosic network to form aligned arrangements under deforma-
tion. A comparative analysis of above results points to the indispensable role
of  both  incorporating  CNF  and  salting  out  treatment  in  enabling  superior
stretchability,  which  also  promotes  the  generation  of  strengthened  and

 

Figure 4.  Antifatigue performance of hydrogels (A) Photographs of tearing tests of the PVA/CNF-Salting out hydrogel and schematic of the tearing test trouser-like samples,
with important dimensions labelled. (B-C) (B) Tearing force-displacement curves of the hydrogels and (C) the corresponding tearing energy (T). (D) Photographs of pure shear
tests of the PVA/CNF-Salting out hydrogel. (E) Fracture energy (Γ) of the hydrogels. (F) The FEA nephogram of the stress distribution inside the PVA/CNF-Salting out and PVA-
Salting out hydrogels during crack propagation. The scale bar from blue to red indicates the stress concentration is from low to high. (G) The crack propagation per loading cycle,
dc/dN,  versus  energy  release  rate  for  the  PVA/CNF-Salting  out  hydrogel.  (H)  Validation  of  an  energy  release  rate  (Gc)  of  2,949.7  J  m−2 for  the  PVA/CNF-Salting  out  hydrogel
sample using the single-notch test at the cycle number of 3,000, 5,000, and 10,000. Scale bars, 25 mm. (I) A comparison between this work and previously reported antifatigue
hydrogels plotted by fatigue threshold (Γ0) versus fracture energy (Γ). The data used are summarized in Table S4. Error bars show the standard deviation from three independent
specimens.

8  　　　The Innovation Materials 2(3): 100092, December 18, 2024 www.the-innovation.org/materials

https://www.the-innovation.org/materials
https://www.the-innovation.org/materials
https://www.the-innovation.org/materials


toughened hydrogels.
DFTB combined with all-atom MD simulations were conducted to provide

computational evidence on the salting-out effect and working mechanism of
CNF  at  the  molecular  scale.  First,  the  binding  energy  between  various
components  of  the  investigated  hydrogels  was  calculated  to  gain  basic
understanding  of  the  intermolecular  interaction.  As  shown  in Figure  S32,
sodium  citrate  shows  much  higher  binding  energy  with  water  (380
meV/atom)  compared  to  PVA  (86  meV/atom)  and  CNF  (110  meV/atom),
confirming the  ability  of  sodium  citrate  to  drive  out  water  from  the  inter-
spaces of  the macromolecule matrix  (Figure S33),  known as the salting-out
effect.  The  inter-molecular  interaction  calculation  results,  28.31,  26.52,  and
33.45 meV/atom respectively for PVA-PVA, CNF-CNF, and PVA-CNF, suggest
PVA  have  a  strong  tendency  to  form  PVA-CNF  supramolecular  assembly
(Figure 5E).

To theoretically reveal  the mechanism underlying the enhanced mechani-
cal  performance of  PVA/CNF-Salting  out  hydrogel,  to  begin  with,  the  kinetic
behaviors  of  PVA  and  CNF  chains  (both  with  an  initial  length  of  8.5  nm)  in
water were studied. After equilibration at room temperature (300 K) for 1 ns,
the  simulated  radius  of  gyration  (Rg,  characterizing  the  compactness  of  the
chain)  and  end-to-end  distance  (reflecting  the  rigidity  and  flexibility  of  the
chain)  demonstrate  the  high  rigidity  of  CNF  chain  compared  to  PVA  chain

(Figure  S34).  DFTB  calculations  show  that  the
persistence  length  of  PVA  and  CNF  chains  are
0.55 nm and 6.04 nm, respectively (Figure S35).
The  curling  behavior  of  PVA  is  believed  to
severely  limit  its  interaction  with  adjacent  PVA
through  H-bond  interactions,  as  suggested  by
the H-bond density of intermolecular interaction
node  in  PVA  hydrogel  and  PVA/CNF  hydrogel
obtained  from  MD  simulations  (Figures  S36 &
S37):  the  number  of  H-bonds  per  node  in
PVA/CNF  hydrogel  is  significantly  higher  than
that  of  the  PVA  hydrogel,  more  importantly,  H-
bonds belong to PVA-CNF play a dominate role,
jointly  indicating  the  critical  role  of  CNF  in
boosting H-bond density of the polymer matrix.
Further considering  that  the  salting  out  treat-
ment  can  drive  out  water  molecules  among
polymer chains to enable a localized low-water-
content  environment,  hydrogel  models with low
water contents were constructed and simulated,
which  show  significant  increase  in  the  number
of H-bonds, providing solid theoretical  evidence
for  salting  out  treatment  in  enabling  denser  H-
bonded  network  (Figures  5F  & S38).  With  the
above merits, further simulation of a tensile test
suggests that  the CNF can strongly  bond adja-
cent  PVA  chains,  facilitating  the  dissipation  of
mechanical  load  by  chain  sliding  and  thus
dramatically  improving  the  tensile  strain
(Figures  5G, S39 & Movie  S4).  Theoretically,  a
small  simulative  PVA-CNF  assembly  can
sustain  a  strain  of  up  to  140%,  promising  an

extraordinarily high stretchability of the practical PVA-CNF hydrogel. 

Practical application demonstration
As  an  added  benefit  of  the  incorporation  of  sodium  citrate  during  salting

out  treatment,  the  PVA/CNF-Salting  out  hydrogel  shows a  freezing point  as
low  as −19°C,  thus  even  at  sub-zero  temperatures,  it  can  show  high  ionic
conductivity (6.8 mS cm−1 at −10°C) and desirable mechanical performance,
superior  to  most  reported  strong  and  ionic-conductive  hydrogels  (Figures
S40−S42). Compared with the PVA-Salting out hydrogel, we found that, unex-
pectedly, the presence of CNF can significantly improve the ionic conductiv-
ity  of  hydrogel,  maybe  resulted  from  that  the  negatively  charged  CNF  is
susceptible to correlate with the cation and speed up the cation transport as
previous  works  proposed  (Figure  S43).71 Such  a  combination  of  high  ionic
conductivity  and  mechanical  strength  over  a  wide  temperature  allow  us  to
demonstrate the broad application prospects, especially for scenarios call for
long-term and reliable operation of the hydrogel parts (Figure S44 & S45). In a
proof-of-concept  demonstration,  we  applied  this  hydrogel  as  sensing
element  to  continuously  monitor  the  human  movements  and  physiological
signals,  reproducible responses with high signal-to-noise ratio are observed
over  a  wide  temperature  range,  implying  the  long-term  stability  of  the
PVA/CNF-Salting out hydrogel  for  handling real-life  applications (Figure S46
& Movies S5). 
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Figure 5.  Structural  evolution  during  stretching  of
the PVA/CNF-Salting out hydrogel (A) Photographs
of the PVA/CNF-Salting out hydrogel  stretched to a
strain of 7,000%. i) represents the initial state and ii)
represents  the  70-fold  elongated  state.  (B−D)  (B)
Confocal and (C)  scanning images show the defor-
mation  of  the  PVA/CNF-Salting  out  hydrogel
network from homogeneous structure to orientation
during  stretching  and  (D)  the  corresponding  in  situ
SAXS patterns. Scale bars, 10 μm (in B and C); 0.01
Å−1 (in D).  (E) Binding energy of different molecules.
(F)  Number  of  H-bonds  per  node.  (G)  Simulation
snapshots of PVA-CNF under tension.
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CONCLUSION
By  incorporating  CNF  followed  by  salting-out  treatment,  we  realized  the

transformation  of  a  weakly  H-bonded  PVA  hydrogel  into  a  mechanically
strong  hydrogel  featuring  a  strongly  H-bonded  PVA-CNF  supramolecular
matrix, showing an unprecedent combination of superstretchability (7,430%),
true strength (420 MPa), fracture energy (95.7 kJ m−2), and fatigue threshold
(3,202.7 J m−2). It was experimentally and theoretically revealed that the CNF
guided,  stress-induced  orientation  behavior  of  PVA-CNF  assembly,  and
energy  dissipation  ability  of  the  very  high-density  H-bonds  formed  among
various  components  jointly  contribute  to  the  high  stretchability  and  fatigue
resistance.  Considering  the  economic,  efficiency,  and  effectiveness,  we  are
convinced  that,  by  constructing  a  densely  H-bonded  polymer/nanofiller
matrix  and  leveraging  the  nanofibril-guided  and  stress-induced  orientation
mechanism to prepare a supramolecular hydrogel is a promising alternative
strategy  to  previously  developed  methods  of  pre-stretching,  ice-templating,
etc.
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Supplemental Materials and Methods 

Materials 

Poly(vinyl alcohol) (PVA) [weight-average molecular weight (Mw of 89,000~98,000 and degree 

of hydrolysis of 99.0%)], sodium citrate (NaCitr, AR, 98%), sodium hydroxide (NaOH, AR, 

96%), and (2,2,6,6-tetramethylpiperidin-1-yl)oxidanyl (TEMPO, AR, >97%) were obtained 

from Aladdin. Sodium hypochlorite solution (NaClO, available chlorine content is 13%~16%), 

sodium chlorite (NaClO2, 80%), and sodium bromide (NaBr, AR, 99%) were gained from 

Macklin. Poplar powder was purchased from Qingdao Ruilibo International Trade Co., Ltd. 

Biomass cellulose was obtained by soaking poplar powder in an alkaline solution to remove 

hemicellulose, lignin, and other components according to our previous work.[1] Deionized (DI) 

water obtained from a laboratory water purifying system was used throughout the experiments. 

Unless otherwise stated, all the chemicals in this work were used as received and directly used 

without further purification. 

Tensile and compressive testing 

Tensile and compressive measurements were performed on hydrogel specimens using a SUNS 

UTM6503 universal testing machine equipped with 100-N and 5,000-N loading cells. The width 

and thickness of each individual rectangular hydrogel specimen, measured with a caliper, were 

typically around 20 and 2 mm, respectively, for regular tensile testing. Tensile stress-strain curves 

were obtained at a continuous tensile speed of 10 mm min−1. For the compressive test, cylinder-

shaped hydrogel specimens with a height of 15 mm and a diameter of 10 mm were existed on 

the center of the lower flat plate and compressed by a constant loading rate of test of 5 mm min−1. 

Cyclic tensile and compressive tests were performed by conducting subsequent trials 

immediately after initial loading. Three hydrogel specimens were tested for each condition and 

the average results were recorded. 

True stress 

The corrected true tensile strength of the hydrogels is more representative of the actual stress, 

given the shrinkage of the cross-sectional area of the hydrogels, especially when stretched 

beyond 5,000%. We therefore employed a classical broad uniaxial deformation approach for 

polymer networks,[2] and it has been demonstrated that the stress-strain relation can be described 



by a constitutive equation relating the true stress (σtrue) with the elongation ratio (λ) as following: 
22
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where G is the rigid modulus of the hydrogels, and 2 2
0 maxR R=β  is the ratio of the mean-

square average end-to-end distance of the strand in the hydrogel networks to the square of the 

end-to-end distance of the fully stretched strand 2
maxR . 

Water content measurements 

Excess water on the surface of the hydrogel specimens was wiped off before they were 

continuously snap-frozen with liquid nitrogen followed by a freeze-drying process. The water 

content of the hydrogels was measured by comparing their weights before and after freeze-drying, 

and the water content (W) can be obtained by the following formula: 
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=          (2) 

where mwet and mdry are the weight of the hydrogels before and after freeze-drying in equilibrium, 

respectively. 

Trouser-tearing tests 

Trouser-tearing tests were carried out to measure the tearing fracture energy of hydrogels. The 

tests were performed using a tensile tester (UTM6503, SUNS) equipped with a 100-N loading 

cell. The hydrogel specimen was prepared with 50 mm of length, 20 mm of width (W), and about 
1 mm of thickness (h). An initial crack of 25 mm was made in the middle of the hydrogel 

specimen along the length direction with a sharp blade. One leg of the hydrogel specimen was 

fixed on the base and another one on the crosshead, which is pulled upward at a speed of 50 mm 

min−1. After testing, the tearing force-displacement curves were obtained to calculate the tearing 

energy (T) specimens by the following equation:[3,4] 

2FT
h

=            (3) 

where F is the tearing force at the steady state during tearing, h is the thickness of the hydrogel 

specimen. 



Pure shear tests 

For fracture energy testing, pure shear tests were performed at a stretching rate of 10 mm min−1, 

the rectangular specimens are 20 mm wide, 2 mm thick, and a crack width of 5 mm. The critical 

stretch (εc) for unstable propagation of the crack hydrogel specimens was obtained from the 

stretch at the break. The pairing unnotched hydrogel specimens were subsequently stretched until 

ε = εc. After testing, the fracture energy (Γ) was obtained by the following equation:[5] 
c
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ε ε
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where σ is the stress of the unnotched hydrogel specimen under tension, H is the gauge length. 

Fatigue tests 

To validate the fatigue threshold of our hydrogels, we employed the simple single-edge notch 

method at ambient conditions (25 °C, 70 ± 1 RH%).[6] The used rectangular specimen had a 

width of 20 mm and a thickness of 2 mm with a notch of 1/5 the width. The notched hydrogel 

specimens were subjected to continuous cyclic tensile tests at a speed of 500 min mm−1 without 

relaxation time. A digital camera (EOS 6D, Cannon) was employed to record the crack 

propagation of the hydrogel samples. The energy release rate (G) of the notched specimens under 

the Nth cycle with a maximal applied strain of εm was calculated as follows: 

m m m( , ) 2 ( ) ( ) ( , )G N k c N W N= ⋅ ⋅ε ε ε        (5) 

Where k(εm) is a slowly varying function of the applied strain, determined empirically by 

m m( ) 3 / 1k = +ε ε , c(N) is the propagation length, and W (εm, N) is the strain energy density of 

the parallel dimensional unnotched hydrogel specimens stretched to the same applied strain εm. 

Freeze resistance tests 

The storage and loss modulus of the hydrogel specimens were obtained by a TA Instruments 

DMA 850 in tensile mode at a constant frequency of 1 Hz at a cooling rate of 5 °C min−1. The 

freezing point of the hydrogel specimens was performed using a TA Instruments DSC 8500 with 

a cooling speed of 5 °C min−1 by cooling the samples from 25 to −30 °C. 

Electrochemical performance tests 

The electrochemical properties of the hydrogels were tested using a Chenhua (CHI 760E) 



electrochemical workstation. The real-time resistance of the hydrogel-based sensor under tension 

and bending was recorded by a Keithley digital multimeter (DMM 7510). The real-time voltage 

and current data of the hydrogel-based triboelectric nanogenerator were collected utilizing a 

high-resistance electrometer (Keithley 6514). The data of impedances were obtained by 

electrochemical AC impedance spectroscopy (IMP) method at ambient and low temperature, and 

the frequency of all hydrogel specimens was swept from 10−1 to 105. The formula for calculating 

the ionic conductivity (σc) of the hydrogel was as follows: 

c
L

RA
=σ           (6) 

where L is the distance between the two electrodes, R is the electrical resistance of the hydrogel 

specimen and A is the cross-sectional area of the hydrogel specimen.  
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Figure S1. Design of nanofibril and salt-assisted hydrogels. 

The nanofibril and salt-assisted hydrogel is obtained using CNFs and salting-out treatment, 

which mainly contains two types of H-bonds crosslinked networks, that is, PVA-CNF H-bonds 

and PVA-PVA H-bonds.  



 

Figure S2. Photographs of the PVA hydrogel and PVA/CNF-Salting out hydrogel. 

The PVA hydrogel exhibits flexibility and softness due to its inherent relatively loose network 

structure. Encouragingly, by coupling of CNFs and salt-assisted treatment, the obtained 

reinforced PVA/CNF-Salting out hydrogel is able to easily support a weight of 50 g, showing 

high strength and stiffness. This can be explained by that the strong H-bond interaction between 

the PVA and CNF chains that enables a robust network architecture to bear the force. 



 

Figure S3. Photographs of PVA/CNF-Salting out hydrogels with different shapes (a) and large 

scales (b) (100 cm by 25 cm by 1 cm). 

Benefiting from the facile fabrication process, the traditional anisotropic hydrogels prepared by 

freeze-casting and ice-templating methods are freed from the confinement of complicate forming 

equipment, which can be realized into arbitrary modes, such as the shape of cylinders, hearts, 

and stars etc. Furthermore, a large-scale production potential is enabled to apply to real-world 

requirements.  



 
Figure S4. Typical conductometric titration curve of our obtained CNFs for determining the 

surface charge density. 

Surface carboxylate groups content of our prepared CNFs for hydrogels is calculated as 1.28 

mmol g−1.  
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Figure S5. Surface morphology analysis of our obtained CNFs. TEM (a) and AFM (b) images 

of our obtained CNFs. 

TEM and AFM images showing the average diameter and length of the fabricated CNFs are 8.3 

± 1.3 nm and 200−800 nm, respectively.  



 

Figure S6. Structural characterizations of our obtained CNFs. FTIR curves (a) and XRD 

patterns (b) of CNFs. 

The strong and sharp peak at 1,608 cm−1 in the FTIR curve of the CNF is attributed to the 

stretching vibration of the carbonyl peak in the carboxyl group, indicating the successful 

preparation of CNFs. From the XRD pattern, we can find that, compared with the cellulose, the 

characteristic diffraction peaks of the CNF have no visible transformation and attenuation, which 

proves that the crystalline structure of the CNF is retained as the cellulose I-type structure. 



 

Figure S7. Micromorphology analysis of the PVA hydrogel and PVA/CNF-Salting out 

hydrogel. a, b SEM images of the PVA hydrogel at high (a) and low (b) magnifications. c, d 

SEM images of the PVA/CNF-Salting out hydrogel at high (c) and low (d) magnifications. 

SEM images confirm the fact that the PVA hydrogel exhibits large microporous structures due 

to the infirm H-bond crosslinked network. Conversely, the PVA/CNF-Salting out hydrogel 

presents densely compact pores on account of the attachment of CNFs to the PVA chains, which 

is attributed to the strong H-bond interaction between the PVA and CNF chains contributing to 

the interwove robust architecture.  



 

Figure S8. a, Raman spectra of different hydrogels. b, c Reconstructed 2D Raman images of the 

PVA-Salting out hydrogel (b) and PVA/CNF hydrogel (c). 

The intensity of the peak at 1,475 cm−1 belonging to the CH−OH bending vibration represents 

the degree of H-bond crosslinking in the hydrogel (Figure S8a). We can find that the 

characteristic peak intensity of the PVA/CNF-Salting out hydrogel is much higher than that of 

the PVA hydrogel, indicating that it has the intense H-bond crosslinking domains. This is 

consistent with the results of the reconstructed 3D Raman images. Particularly, the PVA/CNF-

Salting out hydrogel displays relatively high H-bond crosslinking domains, which is opposite to 

that of the PVA hydrogel (Figure S8b, c).  



 

Figure S9. a, ATR-FTIR spectra of different hydrogels. b, c The ratios of the peaks located at 

3,210 and 3,370 cm−1 of the PVA/CNF hydrogel (b) and PVA-Salting out hydrogel (c). 

The region of 3,000−3,400 cm−1 in the ATR-FTIR curve is ascribed to a broad −OH stretching 

vibration, which can be deconvoluted into two subpeaks around 3,210 and 3,370 cm−1, 

corresponding to the H-bond of PVA-CNF/PVA-PVA and PVA-water, respectively (Figure S9a). 

We found that the PVA-Salting out hydrogel exhibits intenser the H-bond of PVA-CNF/PVA-

PVA than the PVA/CNF hydrogel, which proves that the operation of salting out treatment 

presents a more favorable positive effect on the formation to the H-bond between polymer chains 

in the hydrogel (Figure S9b, c).  



 

Figure S10. a, Low-field (LF) NMR spectra of different hydrogels. b, The content distributions 

of the three types of water in different hydrogels are calculated from the integrated areas of the 

corresponding characteristic peaks in the LF curves. 

The LF test results show that there are mainly three types of water in the hydrogels, that is, free 

water, immediate water, and bound water (Figure S10a). Obviously, when the PVA hydrogel is 

treated by CNFs with salt assistance, the obtained PVA/CNF-Salting out hydrogel presents a 

significant reduction in free water, which is on account of the compact H-bond crosslinked 

network between the PVA and CNF chains restricts the free movement of water, thereby 

promoting the formation of more immediate water (Figure S10b).  



 

Figure S11. a, Schematic representation for inter- and intramolecular H-bond interactions 

between the PVA and CNF chains. b, c High-resolution solid-state 13C MAS NMR spectra of the 

PVA/CNF hydrogel (b) and PVA-Salting out hydrogel (c). 

In addition to the characteristic peak of CH2 at 44.6 ppm, the chemical shift peak of the CH group 

is split into three bands (I, II, and III) localized at around 76.1, 70.9, and 64.5 ppm corresponded 

to the inter- and intra-molecular H-bonded CH (I and II) and free CH (III), respectively (Figure 

S11a). Figure S11b and c show the change in the ratio of inter- and intra-molecular H-bonds, as 

well as free CH in hydrogels. We found that the proportion of H-bonds for the PVA-Salting out 

is higher than that of the PVA/CNF hydrogel, which is attributed to the formation of more strong 

H-bonds among PVA chains with salt assistance.  



 

Figure S12. a, b Comparisons of tensile strength and modulus (a) and tensile strain and 

toughness (b) of the four types of hydrogels. Error bars show the standard deviation from three 

independent specimens. 

Benefiting from the stretch-induced in situ self-assembly based on the strong H-bond interactions 

between PVA and CNF chains on supramolecular chemistry, the PVA/CNF-Salting out hydrogel 

presents excellent stretchable performance. Specifically, for the PVA/CNF-Salting out hydrogel, 

exhibiting tensile strength of 3.9 MPa, tensile modulus of 0.15 MPa, tensile strain of 7,430%, 

and toughness of 141.4 MJ m−3, which is 43.3 times, 50 times, 6.1 times, and 234.7 times that of 

the corresponding the PVA hydrogel, respectively, implying its comprehensively superior 

mechanical properties.  



 

Figure S13. Photograph showing a thin strip of the specimen can successfully lift a weight of 12 

kg that is 2,400-fold its own weight.  



 

Figure S14. The water content of four types of hydrogels. Error bars show the standard deviation 

from three independent specimens. 

The water content of the obtained PVA/CNF-Salting out hydrogel after CNF and salt-assisted 

enhancement treatment is around 70%, which is attributed to the ion-specific effect, that is, the 

salting-out operation makes the free water in the network move outward. It is worth noting that 

despite the decrease in water content, it still maintains the inherent feature of high water content 

of polymer hydrogels, which is rare in highly strong tough hydrogels.  
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Figure S15. a,b Tensile (a) and compressive (b) stress-strain curves of the PVA hydrogel at 90% 

and 70% water content. c,d Tensile (c) and compressive (d) stress-strain curves of the PVA/CNF 

hydrogel at 90% and 70% water content. 

The tensile and compressive behaviors of the PVA hydrogel and the PVA/CNF hydrogel are 

consistent with those of conventional hydrogels, that is, with decreasing water content in the 

hydrogel system, an increased tensile and compressive strength yet decreased fracture strain are 

exhibited. However, at a water content of 70%, the strength and strain both under tension and 

compression present inferiority compared to the corresponding PVA-Salting out hydrogel and 

PVA/CNF-Salting out hydrogel.  



 

Figure S16. a, Schematic illustration of the PVA/CNF-Salting out hydrogel being stretched 

along different directions. b, c Tensile stress-strain curves (b) and corresponding toughness (c) 

of the PVA/CNF-Salting out hydrogel in different directions. d, Schematic illustration of the 

PVA/CNF-Salting out hydrogel being compressed along different directions. e, f Compressive 

stress-strain curves (e) and corresponding compressive strength (f) of the PVA/CNF-Salting out 

hydrogel in different directions. Error bars show the standard deviation from three independent 

specimens. 

Benefiting from the isotropic homogeneous robust H-bond crosslinked network from the 

PVA/CNF-Salting out hydrogel, when stretched in three directions, the tensile stress-strain 

curves are close to coincide, and the corresponding toughness is not without obvious differences, 

indicating that it has excellent superstretchability despite the force loading at varied angles. This 

impressive result demonstrates its verifiable, stable, and trustworthy mechanical performances. 

As we expected, similar to the isotropic tensile properties, the PVA/CNF-Salting out hydrogel 

also presents stable, undifferentiated compressive mechanical properties at varied directions, 

further demonstrating the homogeneous and steady mechanical properties facilitated by the 

intense isotropic H-bond crosslinked network.  



 

Figure S17. Photographs of hydrogels before and after being compressed to 95% strain. 

It is observed that the PVA/CNF-Salting out hydrogels show only a squashed state but no visible 

fracture after being compressed to an ultimate strain of 95%, while the remaining three hydrogels 

exist or more or less destroyed. This can be explained by the fact that the presence of a highly 

compact interwoven H-bonded crosslinked network in the PVA/CNF-Salting out hydrogel 

facilitates resistance to extrusion even under extreme deformation.  



 

Figure S18. Comparisons of compressive strength and modulus of the four types of hydrogels. 

Error bars show the standard deviation from three independent specimens. 

The maximum stress of the PVA/CNF-Salting out hydrogel is 51.7 MPa at an astonishing strain 

of 95%, which is 21.4 times that of the pure PVA hydrogel, implying a good indicator of high 

strength and robustness. Additionally, the compressive modulus of the PVA/CNF-Salting out 

hydrogel reaches 0.423 MPa, which is an order of magnitude higher than that of the PVA 

hydrogel (below 0.01 MPa), indicating its strong yet stiff features.  



 

Figure S19. Cyclic tensile properties of the PVA/CNF-Salting out hydrogel. a, Multiple 

loading-unloading curves of the PVA/CNF-Salting out hydrogel. b, Tensile stress of the 

PVA/CNF-Salting out hydrogel at different cycles. c, Stress retention and hysteresis energy of 

the PVA/CNF-Salting out hydrogel at different cycles. 

The PVA/CNF-Salting out hydrogel still has good stress retention and energy hysteresis after 

repeated cyclic stretching, suggesting a positive indicator of the capacity of the durability and 

strain memory.  



 

Figure S20. Cyclic compressive properties of the PVA/CNF-Salting out hydrogel. a, 

Multiple loading-unloading curves of the PVA/CNF-Salting out hydrogel. b, Compressive stress 

of the PVA/CNF-Salting out hydrogel at different cycles. c, Stress retention and hysteresis 

energy of the PVA/CNF-Salting out hydrogel at different cycles. 

The PVA/CNF-Salting out hydrogel still has good stress retention and energy hysteresis after 

repeated cyclic compressing, indicating its durability and strain memory.  



 

Figure S21. Hysteresis energy and maximum stress of cyclic tensile tests of hydrogels at a fixed 

strain of 1,000%. Error bars show the standard deviation from three independent specimens. 

On account of the destruction of an enormous of sacrificial H-bonds during deformation, the 

PVA/CNF-Salting out hydrogel exhibits a substantial mechanical hysteresis (up to 6.2 MJ m−3) 

after unloading, indicating its efficient energy dissipation capability. By contrast, the PVA 

hydrogel yields negligible energy dissipation of 0.4 MJ m−3 as a result of the weak H-bond 

between PVA chains. Similarly, the stress at a strain of 1,000% display the same trend. These 

good results all prove that there are a large number of H-bonds in the PVA/CNF-Salting out 

hydrogel to bear the force.  



 

Figure S22. Hysteresis energy and maximum stress of cyclic compressive tests of hydrogels at 

a fixed strain of 80%. Error bars show the standard deviation from three independent specimens. 

Owing to a substantial of sacrificial H-bonds crosslinking, during compression, for the 

PVA/CNF-Salting out hydrogel, the energy dissipation of 702.02 kJ m−3 can be realized by 

reputing the H-bond, and its maximum stress at a fixed strain of 80% reaches 9.02 MPa, which 

is 14.8 times higher than that of the PVA hydrogel, further revealing the strong yet tough 

performances.  



 

Figure S23. Tear resistance of hydrogels. a, Photographs before and after the PVA/CNF-

Salting out hydrogel tearing test b, c, Tearing strength (b) and tearing energy (c) of the hydrogels. 

Error bars show the standard deviation from three independent specimens. 

The results of the trouser-tearing test show that the PVA/CNF-Salting out hydrogel have high 

tearing force, and the corresponding tearing strength and tearing energy are 5.9 kN m−1 and 11.9 

kJ m−2, respectively.  



 

Figure S24. Pure shear testing of hydrogels. a Photographs of pure shear testing of the PVA 

hydrogel. b, c Stress-strain curves (b) of notched and unnotched the PVA hydrogel, and the 

corresponding critical stretch and fracture energy (c). Similarly, d-f belong to the PVA/CNF 

hydrogel, g-i represent the PVA-Salting out hydrogel, and j-l are assigned to the PVA/CNF-

Salting out hydrogel. Error bars show the standard deviation from three independent specimens. 

The pure shear test results present that the PVA/CNF-Salting out hydrogel has the highest 

fracture toughness, and its fracture energy is as high as 95.7 kJ m−2, which is two orders of 

magnitude higher than that of PVA hydrogel, specifically 127.6 times.  



 
Figure S25. The FEA nephogram of the stress distribution inside the PVA hydrogel (a), 

PVA/CNF hydrogel (b), PVA-Salting out hydrogel (c), and PVA/CNF-Salting out hydrogel (d) 

during crack propagation. The scale bar from blue to red indicates the stress concentration is 

from low to high. 

The FEA results show that the stress of the PVA/CNF-Salting out hydrogel at the crack 

propagation site is around 102.9 kPa, significantly higher than its rest part (less than 100 kPa), 

and also exceeds the other three type of hydrogels as result of the existence of the robust H-bond 

cross-linked network.  



 

Figure S26. Cyclic tensile stress curve (cycles 1−3,000) of the notched PVA/CNF-Salting out 

hydrogel at strains of 50% (a), 100% (b), 150% (c), and 200% (d). 

The maximum stress and strain do not show catastrophic degradation during 3,000 consecutive 

stretches at fixed strains of 50, 100%, and 150%, indicating that the tensile stress of each 

deformation is comparable and the hydrogel delivers negligible crack growth. These impressive 

observations demonstrate the excellent fatigue resistance of the PVA/CNF-Salting out hydrogel. 

However, at an applied strain of 200%, the maximum stress of the hydrogel exhibits a noticeable 

decay after around 250 cycles of stretching, which is caused by crack propagation in the notched 

hydrogel. Notably, a slight increase in the maximum stress is observed at all four strains, which 

is attributed to the elevated density of the molecular chains due to water evaporation 

(approximately 5 wt%).  



 

Figure S27. Fatigue resistance of the PVA/CNF-Salting out hydrogel. a, The crack 

propagation per loading cycle, dc/dN, versus energy release rate for the PVA/CNF-Salting out 

hydrogel. b-f Fatigue tests of the PVA/CNF-Salting out hydrogel at strains of 50% (b), 100% 

(c), 150% (d), 200% (e), and 250% (f), respectively. 

Fatigue test results display that the notched PVA/CNF-Salting out hydrogel is loaded and 

unloaded for 3,000 cycles at strains below 200%, and no visible crack growth or failure is 

obversed, until crack propagation occurrs at a strain of 250%. Furthermore, a high fatigue 

threshold of 3,202.7 J m−2 is realized, indicating that the hydrogel possesses excellent fatigue 

resistance.  



 

Figure S28. Random alignment behavior of the PVA hydrogel even during stretching. a, b 

CLSM (a) and SEM (b) images of the PVA hydrogel at different tensile strains. c, In situ stretched 

SAXS patterns of the PVA hydrogel. 

As a control, we found that even at a tensile strain of 500%, the PVA hydrogel consistently 

remains a random network structure, which is also well demonstrated from the corresponding 

2D scattering images.  



 

Figure S29. Network structure of the PVA/CNF hydrogel during stretching. a, b CLSM (a) 

and SEM (b) images of the PVA/CNF hydrogel at different tensile strains. c, In situ stretched 

SAXS patterns of the PVA/CNF hydrogel. 

For the PVA/CNF hydrogel, it can be observed that compared with the PVA hydrogel, a certain 

alignment structure is presented when the tensile strain is higher than 500%, indicating that CNF 

contributes to the directional alignment. However, compared with the PVA/CNF-Salting out 

hydrogel, it exhibits a relatively lower stretchability due to the lack of specific ions. 



 
Figure S30. Network structure of the PVA-Salting out hydrogel during stretching. a, b 

CLSM (a) and SEM (b) images of the PVA-Salting out hydrogel at different tensile strains. c, In 

situ stretched SAXS patterns of the PVA-Salting out hydrogel. 

It can be observed that although the PVA-Salting out hydrogel also has a certain fibril orientation 

during stretching, when it is stretched to 2,000% strain, the PVA chains are prone to decouple 

and the hydrogel is easy to break. Note that compared to the PVA/CNF-Salting out hydrogel, the 

PVA-Salting out hydrogel exhibits lower stretchability.  



 
Figure S31. Representative SAXS profiles of four types of hydrogels during stretching. a, 

SAXS curves of the PVA hydrogel under different strains. b, SAXS curves of the PVA/CNF 

hydrogel under different strains. c, SAXS curves of the PVA-Salting out hydrogel under different 

strains. d, SAXS curves of the PVA/CNF-Salting out hydrogel under different strains. 

For the PVA hydrogel, with changing strain, the critical vector at q = 0.435 corresponding to the 

peak intensity does not show a significant shift, and the corresponding average distance L is 1.44 

nm. For the PVA/CNF hydrogel, the average distance L shortens from 1.31 to 1.12 nm with 

varying tensile strain. For the PVA-Salting out hydrogel, the average distance L shortens from 

1.11 to 0.90 nm with varying tensile strain. For the PVA/CNF-Salting out hydrogel, the average 

distance L shortens from 1.09 to 0.83 nm with varying tensile strain.  



 

Figure S32. Binding energy of different molecules. 

The binding energy of salt-water (380 meV/atom) was much higher than that of PVA-water (86 

meV/atom) and CNF-water (110 meV/atom).  



 

Figure S33. Schematic diagram of the CNF enhancement effect assisted with salt. 

This indicates that salt tends to break the H-bonds interaction between water molecules and PVA 

chains, which accounts for the removal of water molecules between PVA chains and provides 

the evidence of salting-out effect.   



 
Figure S34. a, b Total radius of gyration (a) and end-to-end distance (b) of PVA and CNF in 

water.  



 

Figure S35. Comparison of rigidity between PVA and CNF. a, b Simulation snapshots of PVA 

(a) and CNF (b) in water before and after equilibrium at room temperature (300 K) for 1 ns. c 

Persistence length (Lp) of PVA and CNF chain. The huge discrepancy indicates that CNF is 

relatively rigid compared to PVA.  



 
Figure S36. Simulation snapshots of PVA/CNF hydrogels with different water content. To 

balance the computational cost and accuracy, the water content was regulated by adjusting the 

number of water molecules. This induces the change of box size for systems equilibrated at 300 

K in NPT ensemble.  



 
Figure S37. Simulation snapshots of PVA hydrogels with different water content. To balance 

the computational cost and accuracy, the water content was regulated by adjusting the number 

of water molecules. This induces the change of box size for systems equilibrated at 300 K in 

NPT ensemble.  



 

Figure S38. Number of H-bonds of the hydrogels containing different water content. a, b 

Total number of H-bonds for PVA/CNF hydrogel system and PVA hydrogel system (b). c, d 

Number of H-bonds per node for PVA/CNF hydrogel system (c) and PVA hydrogel system (d). 



 

Figure S39. Effect of CNF on the load transfer behaviors. a Simulation snapshots of PVA 

under tension. b Pulling force-strain curves of PVA hydrogel system and PVA/CNF hydrogel 

system.  



 

Figure S40. Freezing resistance properties of hydrogels. a, b Storage modulus (G’) (a) and 

DSC curves (b) of hydrogels. 

Benefiting from the ice crystal inhibition of ionic salts, the PVA/CNF-Salting out hydrogel 

performs a significantly lower freezing point of −19 °C compared to the PVA hydrogel, 

indicating its excellent low temperature resistance.  



 

Figure S41. Optical images of hydrogel at low temperature. a-d Photographs of the 

PVA/CNF-Salting out hydrogel placed (a), stretched (b), twisted (c), and bent (d) at −10 °C. e-

f Photographs of the PVA hydrogel at 25 °C (e)and −10 °C (f) and before (g) and after (h) 

bending at −10 °C. 

Due to the excellent freezing tolerance, stretching, twisting or bending of the PVA/CNF-Salting 

out hydrogel can be easily achieved, representing outstanding mechanical properties even at 

−10 °C. However, the PVA hydrogel is rapidly frozen at −10 °C and transforms from initially 

transparent to opaque, while being prone to fracture under external forces because of its 

inherently high freezing point.  



 

Figure S42. Electrochemical AC impedance spectra (IMP) of hydrogels at 25 (a), 0 (b), −5 (c) 

and −10 °C (d). 

It can be seen from the IMP spectrum that the internal resistance of all hydrogels exhibits a 

natural increasing trend with decreasing temperature. However, we found that the PVA/CNF-

Salting out hydrogel possesses the lowest internal resistance regardless of the temperature 

environment, which is attributed to its low freezing point that ensures the free movement of ions 

in the network even at low temperature.  



 

Figure S43. Electrochemical properties of hydrogels. a, Ionic conductivity of hydrogels at 

different temperatures. b, Comparison of ionic conductivity of the PVA-Salting out hydrogel 

and PVA/CNF-Salting out hydrogel at 25 and −10 °C. c, The increasing effect of CNF on the 

ionic conductivity of hydrogels. d, Zeta potential of PVA, CNF and PVA/CNF dispersions. e, 

Schematic illustration of the mechanism of CNF enhancing the ionic conductivity of hydrogels. 

Error bars show the standard deviation from three independent specimens. 

The ionic conductivity of all hydrogels show a natural decreasing trend with decreasing 

temperature. As we expected, the PVA/CNF-Salting out hydrogel present the highest ionic 

conductivity, that is, 21.6 and 6.8 mS cm−1 at 25 and −10 °C, respectively, which exceeds most 



existing ionic conductive tough hydrogels (Figure S43a).[7−11] Notably, the aid of CNFs can 

significantly enhance the ionic conductivity, respectively showing an astounding 4-fold and 9-

fold increase at room temperature and −10 °C compared to the PVA-Salting out hydrogel (Figure 

S43b, c). This interesting finding is attributed to a fact that negatively charged complexes can 

facilitate the rapid migration of free ions by providing high-speed channels (Figure S43d, e). 



 
Figure S44. a, b Photographs of the PVA/CNF-Salting out hydrogel as ionic conductor lighting 

up a LED lamps at 25 °C (a) and −10 °C (b). c, d Photographs of the PVA hydrogel as ionic 

conductor lighting up a LED lamps at 25 °C (c) and −10 °C (d). 

On account of the excellent freezing resistance and ionic conductivity, the PVA/CNF-Salting out 

hydrogel can easily light up a LED lamps and emit dazzling light even at −10 °C. In sharp 

contrast, the high internal resistance of the PVA hydrogel only yield dim a LED despite at 25 °C, 

and expectedly becomes weaker when placed on −10 °C.  



 

Figure S45. a, Photographs of the PVA/CNF-Salting out hydrogel lighting up a LED under 

different deformations at −10°C. b, Photographs of the change of LED lamp brightness under 

external force when the PVA/CNF-Salting out hydrogel is served as an ionic conductor. 

Combining good mechanical properties, high ionic conductivity, and freezing tolerance, the 

PVA/CNF-Salting out hydrogel can light up a LED and emit dazzling light under stretching, 

twisting, bending, and knotting deformation. Moreover, when acting as an ionic conductor, the 

LED brightness exhibits a visual response of brightening and dimming under the extrusion and 

recovery of an external force, indicating its promising application in the field of strain or stress 

sensors.  



 
Figure S46. Advanced the PVA/CNF-Salting out hydrogel-based sensor in monitoring 

human joints and physiological signals. a-f The relative resistance changes of the hydrogel 

sensor in response to bending and releasing of finger (a) wrist (b), elbow (c), knee (d), nod (e), 

and sounding (f). g, h The hydrogel sensor attachs to a human model for monitoring elbow (g) 

and knee (h) rotation at −10 °C. 

At room temperature and −10 °C, the resistance of the PVA/CNF-Salting out hydrogel-based 

sensor show repeated and stable responsive changes during deformations and could be applied 

to monitor body movements and physiological signals. The peak part of the relative resistance 

changes curves presents that the hydrogel is deformed, and the valley part indicates it returns to 

the original state.  



Supplemental Tables 

Table S1. Summary of the four types of produced hydrogels. 

Types 
Tensile 
strain 
(%) 

Tensile 
strength 
(MPa) 

Toughness 
(MJ m−3) 

True 
tensile 

strength 
(MPa) 

Compressive 
strength 
(MPa) 

Fracture 
energy 

(kJ m−2) 

Tearing 
energy 

(kJ 
m−2) 

PVA 1,231 0.09 0.6 0.6 2.4 0.8 0.5 

PVA/CNF 1,974 0.2 2.5 2.6 5.1 4.0 0.7 

PVA-Salting out 2,950 1.3 21.5 49.6 18.0 28.3 6.5 

PVA/CNF-Salting out 7,430 3.9 141.4 421.6 51.7 95.7 11.9 

  



Table S2. Summary of strong and tough hydrogels. 

Network 
structure 

Hydrogel 
components 

Tensil
e 

strain 
(%) 

True 
tensile 
strengt

h 
(MPa) 

Fractu
re 

energy 
(kJ 

m−2) 

Fatigue 
thresho

ld (J 
m−2) 

Compressi
ve strength 

(MPa) 

Tearin
g 

energ
y (kJ 
m−2) 

Referenc
es 

Isotropic PVA/CNF/NaCitr 7,430 421.6 95.7 3,202.7 51.7 11.9 
This 
work 

Isotropic 

Gelatin/(NH4)2SO4 200 ~0.5 2.3 N/A 0.8 N/A Ref. [12] 

PAAM/PDMAA 
~3,23

0 
~9 87 2,120 N/A N/A Ref. [13] 

PAM/PAMPS 5,300 ~10.6 157 4,200 N/A N/A Ref. [14] 
PAM/PDMS ~200 ~0.5 87 N/A N/A N/A Ref. [15] 

PVA/Alg/ZnSO4 750 15 39 N/A N/A N/A Ref. [16] 
PVA/KAc 400 ~16 70.8 N/A N/A N/A Ref. [17] 

PAM/Carrageenan/
KCl 

700 ~2.8 14.0 N/A N/A N/A Ref. [18] 

PVA/DESs 550 20.2 62.7 N/A N/A 4.24 Ref. [19] 
PVA ~800 ~67.2 ~60 770 N/A N/A Ref. [20] 

PAM/Alg/BaCl2 ~650 ~8.5 1.09 N/A N/A N/A Ref. [21] 

PAM/Alg/CaSO4 
~2,25

0 
~1.8 8.7 N/A N/A N/A Ref. [22] 

Gelatin/(NH4)2SO4 126 ~0.5 0.4 N/A 1.05 N/A Ref. [23] 
PAM/CMCS/Zn(Cl

O4)2 
~630 ~2.5 ~12.6 N/A ~10 N/A Ref. [24] 

Anisotrop
ic 

PVA/NaCitr 2,900 ~440 131.1 10,500 N/A N/A Ref. [25] 
PVA 

/NaCitr/DMSO 
1,100 

~148.
5 

~1279 N/A N/A N/A Ref. [26] 

PVA ~250 ~13 ~65 1,250 N/A N/A Ref. [27] 
PVA/GO ~240 ~21.1 ~105.6 1,567 N/A N/A Ref. [28] 

PVA/ethanol/FeCl3 1,710 ~111.1 661.54 N/A N/A N/A Ref. [29] 
PVA 400 ~10 50 1,340 N/A N/A Ref. [30] 

Cellulose 316 ~2 0.83 N/A N/A N/A Ref. [31] 
PVA/ polyaniline 360 ~4.4 29.8 N/A 4.62 N/A Ref. [32] 
PAM/AgNW/Ag-

CNT 
2,430 ~41.3 ~20.6 N/A N/A N/A Ref. [33] 

PAM/Alg 1,400 ~7.3 6.1 N/A N/A N/A Ref. [34] 
PAM/PAA/FeCl3 ~240 ~84 ~42 N/A N/A N/A Ref. [35] 

  



Table S3. Summary of stretchable and tough hydrogels. 

Enhancement 
mechanisms 

Hydrogel components 
Tensile 

strain (%) 
Toughness 
(MJ m−3) 

References 

Nanofibril and salt-
assisted 

PVA/CNF/NaCitr 7430 141.4 This work 

Single-network (I) PVA/DMSO 500 5.05 Ref. [36] 
Metal coordination 

(II) 
PAM/CaCl2 ~5,800 ~0.23 Ref. [15] 

PAM/PAA/FeCl3 ~240 ~42 Ref. [35] 

Cross-linked (III) 

PVA/Alg/ZnSO4 750 56 Ref. [16] 
PVA ~800 ~33.6 Ref. [20] 

Cellulose 316 0.83 Ref. [31] 
PEG/ hydroxypropyl-a-

cyclodextrin 
~1,300 22 Ref. [37] 

PAM/Polyprotein ~1,100 ~0.06 Ref. [38] 

Double-network (IV) 

PAM/Carrageenan/KCl 700 1.4 Ref. [18] 
PAM/Alg/BaCl2 ~650 ~4.2 Ref. [21] 
PAM/Alg/CaSO4 ~2,250 ~0.2 Ref. [22] 

PAM/Alg 1,400 6.1 Ref. [34] 
PAM/PAMPS/bicyclo[6.2.0]decane 1,000 6.4 Ref. [19] 

Gelatin/CS/Phytate ~680 4.76 Ref. [40] 

Nanocomposite (V) 

PAAM/PDMAA ~3,230 19 Ref. [13] 
PAM/PAMPS 5,300 18.9 Ref. [14] 

PAM/AgNW/Ag-CNT 2,430 ~20.6 Ref. [33] 
PAM/PDMS ~200 ~0.25 Ref. [41] 

PVA/GO ~240 ~10.56 Ref. [28] 

Salting-out (VI) 

Gelatin/(NH4)2SO4 200 0.23 Ref. [12] 
PVA/KAc 400 7.8 Ref. [17] 

Gelatin/(NH4)2SO4 126 0.04 Ref. [23] 
PAM/CMCS/Zn(ClO4)2 ~630 ~1.26 Ref. [24] 

PVA/NaCitr 2,900 175 Ref. [25] 
PVA/NaCitr/DMSO 1,100 127.9 Ref. [26] 

PAM/CS/NaCitr ~400 ~11.2 Ref. [42] 
PVA/PAM/NaCl 2,224 0.28 Ref. [43] 

PVA/CMC/EG/Zn(CF3SO3)2 423.1 1.35 Ref. [44] 

  



Table S4. Summary of tough and fatigue-resistant hydrogels. 

Enhancement 
mechanisms 

Hydrogel components 
Fracture 

energy (kJ 
m−2) 

Fatigue 
threshold (J 

m−2) 
References 

Nanofibril and 
salt-assisted 

PVA/CNF/NaCitr 95.7 3,202.7 This work 

Single-network PVA/DMSO ~1 ~200 Ref. [36] 

Double-network 

PAM/Alg/BaCl2 1.09 ~121.1 Ref. [21] 
PAM/PAMPS/bicyclo[6.2.0]decane 2.84 ~315.6 Ref. [39] 

Gelatin/CS/Phytate 13.79 1,532.2 Ref. [40] 
PMMA/Alg 92.3 2,682 Ref. [45] 

PAM/Alg/CaSO4 ~1.8 200 Ref. [46] 

Nanocomposite 
PAAM/PDMAA 87 2,120 Ref. [13] 

PAM/PDMS 4.136 1,290 Ref. [41] 
PVA/GO ~12 1,567 Ref. [28] 

Cross-linked 

PVA/Alg/ZnSO4 39 N/A Ref. [16] 
PVA ~60 770 Ref. [20] 

PEG/ hydroxypropyl-a-
cyclodextrin 

3.6 N/A Ref. [37] 

PAM/Polyprotein ~0.9 ~126 Ref. [38] 

Salting-out 
PVA/NaCitr 131.1 10,500 Ref. [25] 

PAM/CS/NaCitr 14.0 ~1,500 Ref. [42] 
PVA/CMC/EG/Zn(CF3SO3)2 13.5 ~1,445 Ref. [44] 

Annealed 
PVA ~10 1,000 Ref. [6] 
PVA ~12.5 1,340 Ref. [30] 

Biological 
Skeletal muscle ~50 ~1000 Ref. [27] 

Heart valve ~20 ~400 Ref. [47] 
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