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GRAPHICAL ABSTRACT

PUBLIC SUMMARY
■   An integrated solvent exchange and dry annealing approach to prepare polyvinyl alcohol hydrogels.

■   Toughening hydrogel with uniformly distributed, large, and densely crosslinked crystalline domains.

■   Achieved an ultrahigh tensile strength of 34.15 MPa and a toughness of 95.21 MJ m–3.
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Current  hydrogel  fabrication  techniques  often  fall  short  of  simultaneously
optimizing  key  structural  parameters,  such  as  network  uniformity,
crosslinking  density,  and  crystalline  domain  size,  essential  for  achieving
superior mechanical performance. Herein, we introduce a solvent exchange
coupled dry-annealing technique, revolutionizing the synthesis of polyvinyl
alcohol (PVA)  hydrogels.  This  strategy  seamlessly  integrates  the  unifor-
mity afforded by solvent exchange with the benefits of anisotropic densifi-
cation  and  crystallization  induced  by  dry  annealing,  thereby  transforming
the microstructural configuration of polymer networks, achieving unprece-
dented  uniformity,  along  with  adjustable  crystalline  domains  density  and
size.  Consequently,  the  resulting  PVA  hydrogels  feature  a  robust,  highly
organized  network  with  densely  packed,  and  large  crystalline  domains.
These  hydrogels  exhibit  extraordinary  mechanical  strength  with  stress
levels  reaching  34.15  MPa  and  toughness  (up  to  95.21  MJ  m-3) ,  supple-
mented  by  a  fracture  energy  of  99.2  kJ  m-2,  significantly  outperforming
traditional  hydrogels.  Further  enhancement  of  mechanical  properties  was
achieved through a salting-out process, boosting strength to 52.5 MPa and
toughness to 167.9 MJ m-3. This advancement not only ushers in a new era
of  hydrogel  technology  but  also  opens  avenues  for  creating  advanced
hydrogels with tailored mechanical properties for a variety of sophisticated
applications.
 

INTRODUCTION
Hydrogels,  known  for  their  exceptional  softness,  responsiveness,  and

biocompatibility,  have  become indispensable  in  diverse  applications  ranging
from  tissue  engineering1-3 and  flexible  electronics4-7 to  soft  robotics.8-12

Despite these advancements, the inherent loosely bound network structure of
conventional  hydrogels  often  compromises  their  load-bearing  capabilities,
thus limiting their practical utility in demanding applications. To address this
challenge,  extensive  research  efforts  have  focused  on  enhancing  the
mechanical robustness of  hydrogels,  through strategies such as transform-
ing  polymer  microphases  into  nanofibers13-15 and  constructing  double
networks.16,17 However,  these  approaches  have  generally  fallen  short  in
significantly improving crystallinity, giving rise to hydrogels with stress levels
below 5 MPa, indicating only modest mechanical enhancements.

Recent research has highlighted the profound impact of the salting-out18,19

and  wet-annealing20,21 processes  on  enhancing  hydrogel  crystallinity  and
reducing inter-crystalline distances,  leading to improved mechanical proper-
ties.  Salting-out,  effective  across  various  kosmotropic  salts  and  polymer
systems, notably improves the stress resilience of hydrogels, including those
made from gelatin.22 This discovery has paved the way for applying salting-
out techniques to PVA hydrogels. When combine d with freeze casting, salt-
ing-out  has  produced  PVA  hydrogels  with  significant  tensile  anisotropy,23

showcasing  horizontal  strengths  ranging  from  11.5  MPa  to  23.5  MPa.
However, this  method often  compromise  the  vertical  strength  of  the  hydro-
gels,  typically  falling  below  3  MPa.  The  application  of  solvent  exchange,  in
conjunction with salting out,24 has been shown to create a more uniform PVA
polymer network and optimize the distribution of  crosslinking points,  result-
ing in isotropic strengths reaching up to 24.7 MPa. However, challenges such
as  salt  diffusion  in  aqueous  environments  limit  the  practical  applications  of
salting out  in  PVA hydrogel  preparation.  Furthermore,  proposals  for  anneal-
ing hydrogels25 aim to bolster crystalline domain formation and growth. PVA

hydrogels  subjected  to  solvent  exchange  followed  by  wet  annealing20 have
demonstrated  enhanced  molecular  chain  entanglement  and  crosslinking
density. However, the volume of these hydrogels remains largely unchanged
post-treatment,  indicating  a  limitation  in  enhancing  network  density  and,
consequently,  a  maximum  mechanical  strength  of  only  11.19  MPa.  It  is
evident  that  the  mechanical  attributes  of  PVA  hydrogels  are  fundamentally
influenced by the uniformity and crosslinking density of the polymer network,
and  crystalline  domain  size.  However,  methods  that  effectively  address  all
these  aspects  simultaneously  are  rare,  presenting  a  significant  barrier  to
further improvements in the mechanical properties of PVA hydrogels.

In  this  study,  we  introduce  a  solvent-exchange  coupled  dry-annealing
strategy  for  fabricating  PVA  hydrogels  that  significantly  enlarge  crystalline
domains  while  ensuring  unparalleled  uniformity  and  cross-linking  density
across  the  polymer  network  (Figure  1).  We  begin  by  dissolving  PVA  in
dimethyl  sulfoxide  (DMSO),  followed  by  a  water  exchange  process  that
replaces  traditional,  often  inhomogeneous,  water-based  freeze-thaw meth-
ods, which leads to the formation of homogenous hydrogel networks. Subse-
quently,  dry  annealing  above  the  glass  transition  temperature  meticulously
evaporates water,21 inducing anisotropic drying and controlled shrinkage. This
step not only elevates crystallinity but also promotes a densely cross-linked
polymer  network,  in  contrast  to  the  volume-conserving  wet  annealing
process. The synergistic effect of solvent exchange and dry annealing culmi-
nates  in  a  rehydrated  hydrogel  characterized  by  extraordinary  crystallinity
(46.73%)  and  an  optimized  polymer  network,  leading  to  extraordinary
mechanical properties, including a tensile stress of 34.15 MPa, toughness of
95.21 MJ m−3,  and fracture energy of 99.2 kJ m−2,  marking a significant leap
forward in hydrogel technology. This research not only advances the field of
hydrogel preparation but also paves the way for the design and synthesis of
multifunctional,  high-performance hydrogels.  By overcoming the constraints
of conventional processes, our novel approach offers promising avenues for
the  development  of  hydrogels  with  tailored  properties  suitable  for  a  wide
range of applications. 

MATERIALS AND METHODS
Materials  and  chemicals: PVA-1799 (98–99%  hydrolyzed,  Aladdin),  DMSO
(Aladdin),  glycerol  (Aladdin),  Na2SO4 (Aladdin),  ZnSO4 (Aladdin),  Al2(SO4)3

(Aladdin) and Li2SO4 (Aladdin).
Preparation of PVA hydrogels: Freeze-thawed (FT) hydrogel, PVA (0.6 g) was
dissolved in 4 mL of deionized water, stirred at 90°C for 5 h under a cover to
minimize evaporation.  The degassed solution was cast in Teflon molds and
subjected  to  freeze-thaw  cycles  (-12°C  for  8  h,  thawed  at  25°C  for  2  h),
repeated twice to yield FT hydrogels.  FT hydrogels were further annealed at
110°C to  form  a  film,  then  rehydrated  to  equilibrium  to  obtain  FTDA  hydro-
gels;  solvent  exchanged  (SE)  Hydrogel:  0.6  g  PVA  was  dissolved  in  4  mL
DMSO  and  stirred  for  5  h  at  90°C  with  coverage  to  minimize  evaporation.
After  defoaming,  the  transparent  solutions  were  poured  into  Teflon  molds
and then immersed in 200 mL deionized water at room temperature for 24 h
to obtain the SE hydrogel. The resultant SE hydrogels were then annealed at
varied  temperatures  (90°C,  110°C,  130°C)  and  rehydrated  to  form  SEDA
hydrogels. Annealing at 110°C was standard unless stated otherwise. For the
SEWA hydrogel, following SE hydrogel preparation, molds were immersed in a
200  mL  glycerol  for  24  h,  then  annealed  at  110°C  and  rehydrated  to  yield
SEWA hydrogels.  Noted  that  1  h  drying  time  is  optimal  for  balancing  crys-
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tallinity and maintaining hydrogel integrity.
Mechanical  measurements: Mechanical  tests  were  conducted  using  the
WDW-01D instrument equipped with a 100 N load cell. Hydrogel samples for
tensile tests were prepared with a gauge length of  10 mm and a width of  2
mm. In successive loading-unloading tensile tests,  the strain speed was set
at  200  mm/min.  The  young's  modulus  was  determined  by  analyzing  the
slope  of  the  initial  linear  domain  of  the  stress-strain  curve.  Toughness  was
calculated as the area under the tensile stress-strain curve.  Fracture energy
was assessed through pure shear testing. In brief, force-displacement curves
were obtained for both notched and unnotched samples with identical initial
dimensions  and  under  the  same  testing  conditions.  With  denoting  of  the
sample cross section area as A, the critical distance where the notch turned
into  a  running  crack  as Lc,  and  the  work  done  to  an  unnotched  sample  to
reach Lc as U(Lc), the fracture energy can be calculated as 

Γ=
U(Lc)

A

All mechanics data were obtained from at least three independent samples
and expressed as the mean ± standard deviation.
Microstructural  analysis: Scanning  Electron  Microscopy  (SEM)  images  were
recorded with a TESCAN MIRA3 LM instrument to characterize microscopic
structures  of  hydrogels.  Fourier  Transform  Infrared  (FTIR)  spectra  were
obtained on a Nicolet iS 10 spectrometers assisted by ATR attachments. The
transmittance  of  hydrogels  was  measured  at  a  Shimadzu  UV-3600i  Plus
spectrometer. Atomic Force Microscopy (AFM) phase images were obtained

with  a  Bruker  Dimension  Icon  in  tapping  mode  to  visualize  crystalline  and
amorphous regions within the hydrogels.
Water content measurement: The hydrogel samples were dried in an oven at
60°C for 2 days until  completely desiccated to determine the water content.
The weights of the sample before and after drying were measured as Wswollen

and Wdry, respectively. The water content (W) can be calculated as 

W= (1− Wdry

Wswollen

)×100%

Crystallinity  content  measurement: A  differential  scanning  calorimeter  (DSC
Q20  V24.10  Build  122)  was  utilized  to  measure  the  crystallinity  of  the  PVA
hydrogels  in  their  dry  state.  In  a  standard  Differential  scanning  calorimetry
(DSC) measurement, the total mass of the dry sample was initially weighed.
The sample was then placed in a Tzero Pan and heated from 50°C to 250°C
at a  rate  of  20  °C/min.  The  enthalpy  (Hcrystalline)  for  the  melting  of  crys-
talline domains per unit mass of the sample can be calculated by integrating
the endothermic transition from 200 to 250°C. Therefore, the the crystallinity
in the dry sample (Xdry) can be calculated as 

Xdry =
Hcrystalline

H0
crystalline

where  =  138.6  J/g  is  the  enthalpy  of  the  fusion  of  100  wt%  crystalline  PVA
measured at the equilibrium melting point. With denoting of the water content
of the swollen-state sample as W, the crystallinity in the swollen sample can
be calculated as 

M
a

teria
ls

 

FTDA hydrogel SEWA hydrogel SEDA hydrogel

PVA Polymer Chain

Crystalline Domains

DMSO

Freezing

Thawing

Dry 
annealing Rehydration

Wet
annealing

Organic

solvent

Rehydration

Dry 
annealing

H
2 O Rehydration

Shrinkage

H2O

Organic Solvent

Freezing

Thawing

Dry 
annealing Rehydration

Wet
annealing

Organic

solvent

Rehydration

Dry 
annealing

H
2 O Rehydration

Shrinkage

A

B

C

PVA/H2O solution

PVA/DMSO solution

Non-homogeneous
Dense entanglement 

& cross-linking
Strong 

FTDA hydrogel

Entanglement 
& cross-linking

Tough & stretchable 
SEWA hydrogelHomogeneousSolvent 

exchange

Denser entanglement 
& cross-linking

Ultra-strong & super-tough 
SEDA hydrogelPVA/H2O

Figure 1.  Comparative overview of hydrogel fabrication techniques (A)  FTDA hydrogels undergo two freeze-thaw cycles before being subjected to dry annealing and subse-
quent rehydration. (B) SEWA hydrogels result from solvent exchange from a PVA/DMSO mixture to glycerol, followed by wet annealing and subsequent solvent exchange with
water; SEDA hydrogels are formed through direct solvent exchange from PVA/DMSO to water, culminating in dry annealing and rehydration. (C) Macromolecular configurations
characteristic of FTDA, SEWA, and SEDA hydrogels, respectively.
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Xswollen = Xdry(1−W)

X-ray diffraction (XRD) and Small-Angle X-ray Scattering (SAXS): XRD analy-
sis was performed on a MiniFlex600, with crystalline domain size (D) calcu-
lated using Scherrer’s equation. SAXS measurements on a Xeuss 2.0 instru-
ment  estimated  the  inter-crystalline  domain  distance  (L)  using  Bragg's  law
and fitted using SasView software with a spherical model. 

RESULTS AND DISCUSSION 

Densified homogeneous polymer network via SEDA
To examine the effects of solvent exchange and dry annealing on hydrogel

structures,  we  conducted  SEM  analyses  on  hydrogels  subjected  to  freeze-
thaw cycles and those treated with solvent exchange.  SEM images (Figures
2A & C) revealed that both FT and SE hydrogels exhibit a porous architecture
with interconnected filaments. However, FT hydrogels were characterized by
large,  inconsistently  distributed  pores,  suggesting  a  less  robust  polymer
network.  In  contrast,  SE  hydrogels,  formed  through  direct  solvent  exchange
from PVA/DMSO to water,  displayed a more uniform structure with smaller,
regularly spaced pores, indicating a more organized arrangement of polymer
chains  compared  to  the  water-based  FT  hydrogels.  Upon  dry  annealing  at
110°C,  the  hydrogels  underwent  noticeable  densification.  SEM  images
(Figures  2B,  D  & S1)  showed  that  the  freeze-thaw-assisted  dry  annealed
(FTDA)  hydrogels  retained  some  surface  irregularities  and  pore  structures,
whereas  the  solvent  exchange-coupled  dry  annealed  (SEDA)  hydrogels
presented a smooth, pore-less surface, reflecting a highly homogeneous and
compact polymer network.

FTIR spectroscopy (Figures 2E-H) revealed two smaller  peaks at approxi-
mately 3210 cm−1 and 3405 cm−1, corresponding to hydroxyl group vibrations
associated  with  PVA-PVA  and  PVA-water  interactions,  respectively.26,27 The
peak  area  ratio  at 3210 cm−1 to  the  total  peak  area  was  calculated  for  FT,
FTDA-110,  SE,  and SEDA-110 hydrogels  (Figure  S2),  yielding values of  36%,
44%,  40%,  and  49%,  respectively.  This  suggests  a  denser  arrangement  of
polymer  chains  in  hydrogels  formed  through  solvent  exchange.  Moreover,

this trend persists after dry annealing, implying that solvent exchange estab-
lishes  a  compact  network  of  polymer  chains  within  hydrogels  while  dry
annealing further enhances chain mobility, thereby amplifying this advantage.

In Figure  2I,  XRD analysis  showed that  both  FT and SE hydrogels  initially
displayed common diffraction peaks at 20.4° and 41.2°, corresponding to the
(101) plane of semi-crystalline PVA and the (102) plane of PVA, respectively.
After  the  post-annealing  process,  both  the  FTDA  and  SEDA  hydrogels
revealed a new diffraction peak at 23.4°, attributed to the (200) plane of PVA
polymer crystals.28 This indicates a notable increase in crystallinity, suggest-
ing the  dry  annealing  process  effectively  promote  the  organization  of  poly-
mer chains into more defined crystalline structures. Moreover, the intensity of
the  pre-existing  peaks  at  20.4°  and  41.2°  markedly  increased  in  both  the
FTDA and SEDA hydrogels after  annealing.  Notably,  the peak at  20.4°  in  the
SEDA  hydrogels  became  more  pronounced,  with  a  sharper  definition  and  a
reduced half-peak width.

DSC  was  employed  to  further  investigate  the  crystalline  behavior  (Figure
S3).  The enthalpy peaks and crystallinity  of  SE hydrogel  surpassed those of
FT hydrogel in both dry and wet states, as observed after dry annealing.29 Dry
annealing  greatly  enhances  the  overall  crystallinity  of  hydrogel  samples.
Additionally, the transparency of SEDA hydrogel was slightly lower at 83.35%
compared  to  86.74%  for  the  FTDA  hydrogel  (Figure  2J),  which  can  be
attributed  to  the  influence  of  crystalline  domains  on  light  reflection  and
refraction,  further  confirming  the  enhanced  crystallinity  of  SEDA  hydrogel.
The impact of dry annealing on hydrogel transparency is notably distinct, with
SE hydrogels displaying significantly less transparency than their SEDA coun-
terparts, as evident in Figures 2K-L. This variance in transparency can largely
be  attributed  to  the  reconfiguration  of  hydrogen  bonds  within  the  PVA
network during annealing, crosslinking the polymer chains into a more coher-
ent structure that facilitates uniform light transmission and reduces scatter-
ing.30,31

To further understand the impact of dry annealing on hydrogel microstruc-
ture, we analyzed SE hydrogels annealed at different temperatures (SEDA-X,
where  X  represents  90°C,  110°C,  and  130°C)  through  SEM.  As  shown  in
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Figure 2.  Evolution of hydrogel structures SEM images of (A) FT, (B) FTDA, (C) SE, and (D) SEDA hydrogel. ATR-FTIR spectra of (E) FT, (F) FTDA, (G) SE, and (H) SEDA hydrogel.
(I) XRD spectra. (J) Transmittance spectra. (K-L) Optical images of (K) SE and (L) SEDA hydrogel.
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Figure  S4,  SEDA-90  hydrogels  presented  a  markedly  rugged  surface  with
randomly  distributed  larger  pores.  Cross-sectional  SEM  images  confirmed
that  all  SEDA  hydrogels  possess  a  pore-less,  dense  polymer  network,  as
shown in Figure S5.  Whereas SEDA-130 hydrogels exhibited a highly dense,
almost plate-like structure with minimal pore presence. This density in SEDA-
130 hydrogels  notably  hindered  water  molecule  penetration  during  rehydra-
tion, potentially limiting its water content and increasing friction among PVA
chains  and  affecting  mechanical  properties.  Conversely,  the  SEDA-110
hydrogels  demonstrated  a  balance  of  surface  smoothness  and  mesopore
distribution. The analysis indicated that annealing temperature influences the
hydrogel’s microstructural,  crystalline  domains,  and  potentially  its  mechani-
cal properties. 

Adjustable large crystalline domains via SEDA
DSC analysis  provided  further  insights  into  the  crystallinity  of  the  hydro-

gels (Figures 3A-B), revealing that SEDA-110 hydrogels showcased the high-
est  endothermic  peak,  indicative  of  a  dry  state  crystallinity  of  46.73%.  The
crystallization kinetics of PVA are contingent upon the alignment and entan-
glement  of  PVA  molecular  chains,  inherently  influenced  by  both  annealing
temperature  and  duration.  Increased  annealing  temperature  facilitates
enhanced  molecular  mobility  and  chain  entanglement,  thereby  augmenting
the  material’s  crystallinity.32 This  phenomenon  elucidates  the  observed
disparity  in  dry  state  crystallinity,  with  SEDA-90  hydrogels  manifesting  a
lower crystallinity  of  28.18% compared to their  SEDA-110 counterparts.  The
progression  of  PVA  crystallinity  initially  enlarges  with  extended  annealing

durations,  reaching  a  plateau  as  the  PVA
concentration intensifies  due to  water  evapora-
tion.  This  concentration  increase  imposes  a
kinetic  barrier,  decelerating  chain  mobility  and,
consequently,  the  rate  of  crystallization.  Once
fully  dehydrated,  PVA  chain  movement  halts,
preventing  further  increases  in  crystallinity.
Excessively high temperatures can lead to rapid
water  evaporation,  limiting  the  crystallization
time  and  reducing  crystallinity,  as  observed  in
SEDA-130  hydrogels.  However,  the  SEDA-130
hydrogels exhibited  the  highest  wet  state  crys-
tallinity,  attributed  to  their  markedly  reduced
water  content  compared  to  the  SEDA-90  and
SEDA-110 variants, as evidenced in Figure 3C.

SAXS  analysis  was  employed  to  examine
changes  within  the  crystalline  domains,  using
the  Bragg  equation  to  determine  the  average
distance  between  crystalline  domains33,34.  Initial
observations  showed  that  SAXS  profile  of  SE
hydrogel  exhibited  a  left-shifted  peak  (Figure
3C),  indicative  of  minimal  interference  among
adjacent crystalline domains. However, post-dry
annealing,  a  significant  shift  to  the  right  in  the
peak  position  was  observed,  coupled  with  an
increase  in  peak  intensity  as  the  annealing
temperature  was  elevated  from  90°C  to  130°C.

This shift indicated stronger interactions among crystalline domains, leading
to  a  decrease  in  the  average  inter-domain  distance  from  14.07  nm  to  8.44
nm  (Figure  3D), reflecting  enhanced  crosslinking  and  more  robust  interac-
tions among crystalline domains.

XRD analysis  (Figure S6) further  complemented these findings by provid-
ing insights into the average size of crystalline domains, the peak domain size
observed  at  110°C  (6.85  nm).  Further  increase  in  temperature  to  130  °C
resulted in a domain size of 6.83 nm, indicating no significant change, align-
ing  with  the  SAXS  data  (Figure  S7).  This  demonstrates  the  critical  role  of
annealing temperature in modulating both the spatial distribution and dimen-
sional  attributes  of  crystalline  domains  within  the  hydrogel  matrix,  thereby
enhancing polymer chain interactions and promoting crosslinking. A compar-
ison  between  the  size  (D)  and  spacing  (L)  of  crystalline  domains  in  SEDA
hydrogels  and  other  previously  reported  PVA  hydrogels24,30,35,36 (Figure  3E  &
Table  S1),  reveal  that  SEDA  hydrogels  boast  substantially  larger  crystalline
domains coupled with notably tighter inter-domain spacing.

The  crystalline  domain  changes  were  visualized  by  AFM.  As  shown  in
phase  diagrams  (Figures  3F-I),  the  original  SE  hydrogel  displayed  minimal
crystalline features, while the three dry-annealed hydrogels exhibited varying
degrees  of  crystalline  domain  distribution.  The  SEDA-90  hydrogel  exhibited
isolated,  bright  crystalline  domains  with  some  dark  amorphous  regions.
Notably,  the  SEDA-110  hydrogel  showed  a  prolific  distribution  of  uniformly
spaced  crystalline  domains,  suggesting  an  optimal  structural  arrangement
conducive  to  superior  mechanical  properties.  In  contrast,  the  SEDA-130
hydrogel,  despite its dense crystalline domain distribution,  lacked uniformity,
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Figure 3.  Crystallinity  enhancement  in  hydrogel
structural  evolution (A)  DSC  thermograph  of  the
different  hydrogels.  (B)  Calculated  crystallinities  in
dry and  swollen  states.  (C)  SAXS  profiles  of  differ-
ent  hydrogels.  (D)  Average  size  of  the  crystalline
domains  (D) and  average  distance  between  adja-
cent crystalline domains (L) of different PVA Hydro-
gels. (E) Comparative analysis of D versus L for vari-
ous  PVA  hydrogels.  (F-I)  AFM  phase  images  of  SE
hydrogel (F), SEDA-90 (G), SEDA-110 (H), and SEDA-
130 (I),  where  bright  domains  correspond  to  crys-
talline domains,  while  dark  areas  represent  amor-
phous domains. (J) Schematic illustration PVA crys-
tal  formation  during  solvent  exchange  and  dry
annealing.
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potentially compromising its mechanical performance.37

A comprehensive model was developed to encapsulate the effects of SEDA
method on the PVA hydrogel microstructure (Figure 3J). Initially, the solvent-
exchanged  hydrogel  presented  a  uniform  network  with  limited  crystalline
domains. The dry  annealing process then induced water  molecule  evapora-
tion,  leading  to  an  expansion  in  both  the  number  and  size  of  crystalline
domains, alongside a decrease in the space among adjacent domains. Rehy-
dration transformed  this  structured  matrix  into  SEDA  hydrogels  character-
ized by a dense, evenly distributed, highly crosslinked crystalline network. The
average  inter-domain  distance  in  the  dry  state  was  approximately  6.77  nm,
which expanded upon swelling due to polymer chain elongation (Figure S8).
This  microstructural  evolution  underscores  the  effectiveness  of  SEDA  in
enhancing the formation and distribution of large crystalline domains, affirm-
ing  the  superior  structural  integrity  and  mechanical  performance  of  SEDA
hydrogels. 

Mechanical properties and structural evolution of SEDA hydrogels
The mechanical properties of SEDA hydrogels, as presented in Figures 4A-

D, were thoroughly examined across a range of annealing temperatures from
90°C to 130°C. A notable enhancement in mechanical strength was observed
with the transition from SEDA-90 to SEDA-110,  evidenced by an increase in
the tensile stress from 21.05 MPa to 34.15 MPa and in toughness from 54.88
MJ m−3 to 95.21 MJ m−3. However, a further increment to 130°C (SEDA-130)
resulted  in  a  decrease  in  these  metrics,  with  stress  reducing  to  29.11  MPa
and  toughness  to  84.71  MJ  m−3.  Contrary  to  typical  hydrogels  where
mechanical properties increase with decreasing water content,  our observa-
tions  differ.  For  SEDA  hydrogels,  the  optimal  mechanical  performance  was
observed  in  SEDA-110,  which  has  a  water  content  of  55%  (Figure  4E).
Although  water  content  declines  from  67.8%  in  SEDA-90  to  about  30%  in
SEDA-130,  the  SEDA-130  variant  exhibited  weaker  mechanical  properties.
This  unexpected  trend  can  be  attributed  to  the  lower  wet  crystallinity  and
nonuniform  crystalline  domain  distribution  in  the  SEDA-130 hydrogel,  high-
lighting  the  critical  influence  of  a  dense,  uniformly  structured  polymer
network enriched with tightly crosslinked crystalline domains on the hydrogel’
s mechanical attributes.

The  dry  annealing  process  notably  reduced  the  water  content  in  FTDA
hydrogels as well (Figure 4F), resulting in diminished hydrogel thickness and

enhanced  PVA  chain  entanglement,  thereby
elevating  the  mechanical  strength  of  FTDA
hydrogels compared to their FT predecessors.
This  improvement  mirrors  the  enhancements
seen  in  SEDA  hydrogels  over  their  SE  origins.
Despite  the  precursor  process-whether  FT  or
SE-the  dry  annealing  led  to  hydrogels  with
comparable  water  content  levels.  However,
with similar hydration levels, SEDA-110 hydro-
gels  outshone  FTDA  variants  (Figure  4G),
achieving an ultimate stress of 34.15 MPa and
an ultimate strain of 727.78%, markedly higher
than  the  FTDA-110  hydrogel,  which  showed
an ultimate  stress  of  9.77  MPa  and  an  ulti-
mate strain  of  487.81%.  This  disparity  accen-
tuates the profound impact of network unifor-
mity  on  mechanical  properties  prior  to  dry

annealing, as illustrated in Figure 1A.
The SEDA hydrogels also excelled in terms of toughness (95.21 ± 6.26 MJ

m−3) and Young’s modulus (3.77 ± 0.28 MPa), demonstrating superior defor-
mation  resistance  (Figure  4H).  In  contrast,  SEWA  hydrogels,  derived  from
solvent exchange followed by wet annealing, showcased larger strain capaci-
ties  (890-997%),  indicative  of  enhanced  polymer  chain  entanglement  and
crosslinking.  However,  this  process  resulted  in  lower  stress  levels  in  SEWA
hydrogels (3.92 MPa), toughness (22.48 MJ m−3) and Young's modulus (0.36
MPa),  as  shown  in Figure  S9,  most  likely  due  to  minor  changes  in  network
density  during  the  wet  annealing  process  (Figure  1B). The  SEDA  methodol-
ogy, characterized by its homogeneous PVA/DMSO solution preparation and
controlled anisotropic  drying,  surpassed the FTDA and SEWA techniques by
promoting  the  formation  of  extensive,  uniform  crystalline  domains,  which
significantly contributed to the superior mechanical strength of the hydrogels.
Moreover,  the  mechanical  performance  of  SEDA-110  hydrogels  exceeded
that of previously reported PVA hydrogels prepared via freeze-thaw or salting-
out methods20,24,36,38 (Table S2, Supporting Information), as shown in Figure 4I.
This achievement  highlights  the  effectiveness  of  the  SEDA  strategy,  under-
scoring  the  pivotal  role  of  network  uniformity  and  the  distribution  of  large
crystalline domains in defining the mechanical properties of hydrogels.

To rigorously evaluate the stress-relaxation and absorption capabilities of
the  SEDA-110  hydrogel,  its  energy  dissipation  under  cyclic  stretching-
unloading  conditions  was  quantitatively  analyzed.  During  a  series  of  10
cycles  at  a  fixed  strain  of  1,  as  shown  in Figures  5A  & S10,  the  SEDA-110
hydrogel  exhibited significant  hysteresis,  indicative of  energy loss within  the
material.  The  initial  cycle  revealed  a  notably  high  energy  dissipation  of  1.74
MJ m−3, as illustrated in Figure 5B, suggesting that the deformation predomi-
nantly  involved  the  rupture  of  internal  hydrogen  bonds.  Subsequent  cycles
displayed relatively consistent energy dissipation levels, implying the hydrogel’
s internal network structure remained stable despite considerable disruption
of  hydrogen  bonds,  thus  preventing  failure  from  stress  concentration.  The
Marangoni  effect  was  observed  with  increasing  tensile  strain  from  1  to  5
during  continuous  cyclic  stretching  (Figure  5C),  causing  a  rise  in  dissipated
energy  per  unit  volume  from  1.82  MJ  m−3 to  29.49  MJ  m−3,  as  detailed  in
Figure 5D. Following the first cycle, the rate of energy dissipation consistently
exceeded  72%,  highlighting  the  SEDA-110  hydrogel's  ability  to  effectively
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Figure 4.  Mechanical characterization  of  hydro-
gels (A)  Tensile  stress–strain  curves  of  different
SEDA hydrogels,  and  (B)  the  corresponding  tough-
ness  and  (C)  Young’s  modulus.  (D)  Comparative
assessment  of  mechanical  properties  among  SE,
SEDA-90,  SEDA-110,  and  SEDA-130  hydrogels.  (E)
Water content  evaluation  for  different  SEDA  hydro-
gels.  (F)  Water  content  of  FT,  FTDA-110,  SE,  and
SEDA-110  hydrogels.  (G)  Tensile  stress–strain
curves  of  FT,  FTDA-110,  SE,  and  SEDA-110 hydro-
gels  and  (H)  the  corresponding  toughness  and
Young’s  modulus.  (I)  Comparison  of  stress  versus
strain  of  SEDA-110  hydrogel  to  previously  reported
PVA hydrogels.
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relieve stress through its homogenous network structure during stretching.
In situ stretching conditions were further investigated using SAXS charac-

terization for both SE and SEDA-110 hydrogels to investigate the mechanism
behind the  enhancement  of  hydrogels  during stretching.  Notably,  no signifi-
cant  peaks were detected along the stretching direction for  the SE hydrogel
over  strains  from  0%  to  300%,  as  depicted  in Figures  5E-F.  In  contrast,  the
SEDA-110  hydrogel  transitioned  from  an  isotropic  to  an  oriented  structure
upon  stretching,  as  evidenced  in Figures  5G-H  & S11,  with  the  average
distance between adjacent crystalline domains decreasing from 8 nm to 7.14
nm, as shown in Figures 5I-J.  This structural  reconfiguration,  demonstrated
in Figure 5K,  suggests that  stretching promotes polymer chain alignment in
SEDA-110  hydrogel,  leading  to  a  more  organized  and  compact  polymer
network, which in turn enhances the hydrogel’s toughness. 

Fatigue energy and tunability of SEDA hydrogels
Upon  the  application  of  external  forces,  SEDA  hydrogels  demonstrate

exceptional stress distribution and absorption capabilities due to their dense

crystalline  domains,  effectively  hindering  crack  propagation.  The  fracture
energy, a critical indicator of the hydrogels’ resistance to crack growth,39 was
meticulously evaluated using a single-edge notched tensile test (Figure S12).
It was found that the fracture energy of the hydrogels varied with the degree
of  dry  annealing;  SEDA-90  hydrogel  exhibited  a  fracture  energy  of  14.27  kJ
m−2,  SE-110  hydrogel  31.94  kJ  m−2,  and  SEDA-130  hydrogel  an  impressive
99.2 kJ m−2,  as shown in Figure 6A.  The inverse relationship between water
content  and  fracture  energy  post-annealing  suggests  that  the  enhanced
crystallinity  in  the  SEDA-130  hydrogel  contributes  to  its  superior  fracture
resistance.  Compared  to  other  previously  reported  toughen
hydrogels20,24,36,38,40-43 (Table  S3,  Supporting  Information),  SEDA  hydrogels
stand out for their near-optimal balance of stress resistance, toughness, and
fracture energy (Figures 6B-C). A notable demonstration of their mechanical
prowess  is  a  SEDA-110  hydrogel  sample,  measuring  4  cm ×  0.5  cm,  which
successfully lifted an iron pellet weighing approximately 14000 times its own
weight (Figure 6D).

Building upon the concept of microstructural densification through salting-
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out, as pioneered by He et al,23 we hypothesized that incorporating a salting-
out treatment  could  further  enhance  the  network  density  of  the  large  crys-
talline domains for our SEDA hydrogels (Figure S9). To test this, we subjected
a SEDA-110 hydrogel to a hypertonic salt solution treatment. This process led
to  contraction  of  hydrogel  due  to  the  osmotic  influx  of  salt  ions  and  liquid-
liquid  phase  separation,  reflecting  the  aggregation  of  PVA  chains  and  the
formation of new crystalline structures within the matrix. An initial investiga-
tion into the effects of various salt solution concentrations revealed that a 1.5
M  Na2SO4 solution  propelled  the  hydrogel’s  strain  capacity  to  a  peak  of  50
MPa, as depicted in Figure 6E. Extending this analysis to other salt solutions
while  maintaining  the  same  concentration  level,  it  was  observed  that  an
Al2(SO4)3 solution induced a stress level of 52.5 MPa in the hydrogel, whereas
a  Na2SO4 solution  enhanced its  toughness  to  167.9  MJ m−3 (Figures  6F-G).
The  salting-out  process,  while  enhancing  toughness,  slightly  reduced  the
hydrogel's  strain  capacity  due  to  the  formation  of  new  crystalline  domains
that  restrict  the  hydrogel’s  extensibility  under  tensile  stress.  This
phenomenon  is  compounded  by  the  salt-induced  entanglement  of  polymer
chains  and  a  reduction  in  water  content,  further  detailed  in Figure  6H.  In
essence,  the  strategic  integration  of  the  salting-out  process  with  solvent
exchange and dry annealing techniques significantly bolsters the mechanical
robustness  of  the  SEDA  hydrogel,  positioning  it  as  a  superior  contender
within the realm of advanced hydrogel systems. 

CONCLUSION
In this study, we have unveiled a novel strategy that seamlessly combines

solvent  exchange  with  dry  annealing  to  fabricate  exceptionally  strong  and
stiff  PVA  hydrogels.  This  cutting-edge  method  allows  for  the  meticulous
customization of hydrogel microstructures, ensuring the optimization of poly-
mer network uniformity and crosslinking density as well as the precise regu-
lation of crystalline domain size and distance. Consequently, SEDA hydrogels
emerge  with  a  highly  organized  network,  featuring  densely  packed,  large
crystalline domains, setting a new benchmark in hydrogel architecture. SEDA
hydrogels  possess  extraordinary  mechanical  properties,  achieving  stress
levels  of  34.15  MPa  and  toughness  of  95.21  MJ  m−3,  alongside  a  fracture
energy of  99.2  kJ m−2. These figures significantly  surpass those of  conven-
tional  PVA hydrogels  fabricated  via  freeze-thawing and wet  annealing  tech-

niques.  Furthermore,  the  incorporation  of  a
salting-out  process  into  SEDA  hydrogels
notably enhances their mechanical properties,
pushing strengths up to 52.5 MPa and tough-
ness  to  167.9  MJ  m−3. Our  research  demon-
strates that the adjustable mechanical proper-
ties  derived  from  controlled  microstructural
evolution, may open up avenues for  a  revolu-
tion  in  material  design,  especially  in  sectors
that demand ultra-strong and stiff hydrogels.
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