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ABSTRACT: Nature materials (skin, tissue, plant fiber, and nacre) exhibit super
strength and toughness attributed to their unique multiscale hierarchical anisotropic
structure. Hydrogels with excellent flexibility, adjustability, and good biocompatibility
have become the exciting frontiers in soft electronics, while anisotropic hydrogels that
mimic natural materials still face challenges. Herein, we fabricated an anisotropic
poly(vinyl alcohol) hydrogel (DS-PVA) with a multiscale hierarchical structure (micro,
submicron, and nano) by directional freezing versus salting out, which differs from
isotropic hydrogel mechanical performance and force stimuli electrical response
behavior. The PVA hydrogel parallel to the freezing direction (DS-PVA∥) showed
excellent strength 2.35 MPa (about five times DS-PVA⊥), toughness 1712 KJ/M3 (9.4
times DS-PVA⊥), stability, and antifatigue characteristics, while the DS-PVA⊥ indicated
a higher sensitivity (GF = 4.4, ε = 5%) and a faster response/recovery time (127 ms/63
ms). These hydrogels, similar to natural materials with anisotropic mechanical
properties, asymmetric sensing properties, and directional recognition, will provide a
strategy for flexible sensor applications.
KEYWORDS: anisotropic hydrogel, flexible sensor, directional freezing, multiscale hierarchical structure, ionic conductive

1. INTRODUCTION
Soft electronics have emerged as an exciting frontier in
research hotspots, including multiple disciplines of physics,
chemistry, material, medicine, and biology.1−3 It has been
widely studied in flexible sensors, electronic skins, soft robots,
and human−machine interfaces due to the soft electronic
virtues of great twist ability, bendability, and foldability.4−7

With high water contents, good conductivity, and mechanical
performance, conductive hydrogels are promising candidates
for soft electronics.8,9 The conductive hydrogel is the
intermediate state between solid and liquid, endowing an
adjustable structure and more functional properties. However,
most traditional conductive hydrogels have simple structures
and poor mechanical properties. So there are many efforts
between the structure designs and hydrogel properties, such as
single-network hydrogels,10,11 double-network hydrogels,12,13

and cross-linking hydrogels.14,15 Many attempts have been
made in the conductivity of hydrogels, such as introducing
conductive polymers,16 ions,17 ionic liquids,18 and nano-
conductive fillers (graphene, MXenes, and carbon nano-
tubes).19−21

Despite this, conductive hydrogels’ structure, properties, and
biocompatibility are certainly different from human tissues and
muscles. Nature materials such as skins, tissues, skeletons, plant
fibers, and nacre with super strength and toughness are
attributed to the unique hierarchical structure with multiscale

lengths (microfibers, submicron fibers, and nanofibers).22

Recently, many methods have been developed to construct
anisotropic conductive hydrogels that mimic natural materials,
such as electronic and magnetic alignment,23,24 mechanical
stretching,25,26 additional fillers,27 and directional freez-
ing.28−30 All of these methods are based on the hydrogel
molecular chain orientation along a certain direction to achieve
an ordered structure and fabricate anisotropic hydrogels. These
anisotropic hydrogels have a degree of discrepancy in
mechanical performance between the parallel and vertical
directions. Nevertheless, these anisotropic conductive hydro-
gels still cannot fully simulate natural materials due to the lack
of a certain molecular chain or aggregation structure in series
without the multiscale hierarchical structure. Therefore, many
problems still must be solved in the fabrication of conductive
anisotropic hydrogels with multiscale hierarchical structures.

Based on this, Zhai et al.31 prepared a multiscale hierarchical
structure of fibrous hydrogels by freeze-casting, solvent
substitution, and ion enhancement. Then, the relationship
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between mechanical properties and morphological structure by
the finite element method was systematically analyzed. He et
al.32 reported anisotropic hydrogels with micrometer-scale
honeycomb-like pore walls containing nanofibril mesh
interconnection based on freeze-casting and salting-out
methods. These hydrogels exhibit excellent mechanical proper-
ties, and their structures are similar to those of natural
materials. In addition, this hydrogel, mimicking the natural
material-like structure, not only shows super flexibility and
wearability similar to traditional flexible sensors but also solves
the defects of the single signal output of traditional flexible
sensors to a certain extent.33 Traditional flexible sensors
generally output a single strain response signal, which does not
have directional selectivity. In fact, the sensing response system
exhibits complex response behavior patterns such as response
asymmetry and directionality.34 For example, the detection of
complex activities of body joints (such as the finger, wrist,
neck, mouth, etc.) shows different tactile sensing, multiple
statuses, and complexity. Therefore, these structure materials
mimicking nature materials in soft electronic applications must
be systematically studied to construct an evolutionary
relationship among the internal structure, mechanical proper-
ties, and sensing performance of the hydrogels similar to
natural materials.

Here, we prepared a PVA conductive hydrogel with an
anisotropic multiscale hierarchical structure by directional
freezing versus citrate solution salting-out effect (DS-PVA).
The PVA molecular chain occurred at orientation with loading
the temperature gradient field, resulting in a millimeter-scale,
micron-level aggregate orientation structure. Then, under the
anion salting-out effect (Hofmeister effect), the PVA
aggregation states would be further altered, resulting in PVA
molecular chains self-coalesced, forming the nanofibrils.35

Moreover, such conductive hydrogel’s mechanical properties
and sensing performance were analyzed to establish the
evolution between material morphologies and macroscopic
properties.

2. EXPERIMENTAL SECTION
2.1. Materials. Poly(vinyl alcohol) (PVA-124) with a 54−66

mPa•s viscosity and MW 44.05 was purchased from Shanghai Aladdin
Biochemical Technology Co., Ltd. Shanghai Aladdin Biochemical
Technology Co., Ltd., provided sodium citrate (C6H5Na3O7·2H2O)
with a 294.1 MW. Chongqing Rio Tinto Gas Co., Ltd., supplied liquid
nitrogen.
2.2. Specimen Preparation. 2.2.1. Fabrication of the Multi-

scale Hierarchical Anisotropic Hydrogel (DS-PVA). First, PVA-124
was dissolved into demi water to prepare the PVA solution (2, 5, and
10%). Then, the PVA solution was poured into a container made of
PTFE (insulation layer) and copper bottom (heat transfer layer),
which was placed on the top of the copper block, and the top exposed
1 cm of liquid nitrogen. The rest was immersed in liquid nitrogen and
frozen in the direction for 30 min (Figure S1). Finally, the frozen
samples were immersed in sodium citrate solution with 10, 15, 20, 25,
30, and 40% concentrations for 24 h to get the hydrogels.
2.2.2. Fabrication of the Cyclic Freeze−Thaw Hydrogel (CT-PVA).

The PVA-124 was dissolved into demi water to prepare a 5% PVA
solution. Then, the solution was cast into the module and froze for 30
min. After that, the module was removed for thawing for 2 h. This
cycle was operated five times to prepare the CT-PVA.
2.3. Characterization. 2.3.1. Tensile Test. The multiscale

hierarchical anisotropic hydrogels were cut into dumbbell-shaped
splines along the parallel and vertical freezing directions (DS-PVA∥
and DS-PVA⊥). The CT-PVA was also cut into dumbbell-shaped
splines. Then, the specimens were measured with the universal tester
(made in Instron, Series3360) operating in a tension mode at 23 ± 2
°C. A crosshead speed of 50 mm/min was used in the test.
2.3.2. Stress−Strain Electrical Response. The stress−strain

electrical response analyzed the electrical response behavior of
different strain hydrogels by combining a ball screw electric CNC
platform with a Keithley 2450 digital source meter (Figure S2).
2.3.3. Fatigue Test. The universal tensile testing machine

(ETM103B) was used to perform a 10% strain loading−unloading
10,000-cycle fatigue test on the hydrogel specimen.
2.3.4. SEM Analysis. The DS-PVA∥ and DS-PVA⊥ adopted liquid

nitrogen brittle fractures were analyzed by scanning electron
microscopy (SEM; S-4300, HITACHI). After loading 10, 100, 300,
500, and 800% strain, the DS-PVA∥’s surface morphologies were
analyzed by SEM. After loading 10, 30, 50, and 100% strain, the DS-
PVA⊥’s surface morphologies were analyzed by SEM. SEM analysis
analyzed the fracture surfaces of DS-PVA∥, DS-PVA⊥, and CT-PVA.

Figure 1. Fabrication of the multiscale hierarchical structure and anisotropic PVA hydrogel based on the directional freezing-assisted salting-out
effect. (a) Disorderly distributed PVA solution; (b) PVA molecular chains arranged in order after directional freezing; (c) adjustment of PVA
aggregation for the salting-out effect; (d) micrometer-scale structure diagram; (e) submicrometer-scale structure diagram; (f) nanoscale structure
diagram.
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2.3.5. Transmittance Analysis. The transmittance of DS-PVA and
CT-PVA in the visible light range (500−800 nm) was analyzed by a
UV−visible spectrophotometer (Lambda 35).
2.3.6. Differential Scanning Calorimetry (DSC) Analysis. Before

the DSC test, the CT-PVA and DS-PVA hydrogels were first freeze-
dried under −70 °C and 300 Pa for 24 h in vacuum-drying
equipment. Then, the glass transition temperature (Tg), crystallization
temperature (TC), and melting temperature (Tm) were analyzed by a
differential scanning calorimeter (METTLER). Test conditions:
temperature range, 0−250 °C; heating rate, 5 °C/min; gas
atmosphere, N2.

3. RESULTS AND DISCUSSION
3.1. Regulation Mechanism of the DS-PVA Aggrega-

tion Structure. Generally, the polymer solution was arranged
disorderedly, and the gel was macroscopically isotropic (Figure
1a). While the PVA chains suffered the freeze with a
temperature gradient, the molecular chains’ order aligned,
forming a crystal structure (Figure 1b). Then, the frozen PVA
chains were soaked in sodium citrate, triggering penetration
diffusion (Figure 1c). So, the citrate anion polarized the water
molecule, inducing the destruction of the hydrogen bond
between the water molecule and the hydroxyl group of the
PVA molecular chain (Figure 2a). Meanwhile, the ions could
increase the surface tension among the PVA molecular chains
(Figure 2b). The salt effect could also break the hydrogen

bonds among the PVA chains. Under surface tension, the PVA
molecular chains would be more aggregated, and the water
molecules between the molecular chains would be excluded,
resulting in self-coalesce and phase separation (Figure 2c).36,37

This way, the PVA phase morphology was reconstructed,
forming a multiscale hierarchical anisotropic hydrogel, which
showed the micro- and submicrometer-scale aligned pore wall
(Figure 1d,e) and nanofibril (Figure 1f).

Figure 3 shows the SEM photos of DS-PVA with parallel and
vertical directions for different scales. The morphologies
exhibited a multiscale hierarchical structure similar to natural
materials in parallel and vertical freezing directions. The PVA
aggregation states aligned with the parallel temperature
gradient direction (Figure 3a1). A similar pore wall structure
appeared on a smaller scale (Figure 3a2). Furthermore, a
nanofibril pore wall structure appeared on a 500 nm scale
(Figure 3a3). In the vertical temperature gradient direction,
the PVA morphologies showed porous structures with sizes
ranging from micro- to nanoscales (Figure 3b1−b3). Such
multiscale hierarchical anisotropic hydrogels are believed to
differ greatly in direction for mechanical performance and
sensing properties.
3.2. Relationship between Mechanical Properties and

Morphological Structure. Directional freezing aligned PVA
chains along the temperature gradient, resulting in microscale

Figure 2. Regulation principle of the PVA molecular chain structure induced by the citrate anion due to the salting-out effect. (a) Interaction
between the PVA chain and the water molecule; (b) interaction between the citrate anion and the PVA chain; (c) principle of aggregation among
the PVA chain, citrate anion, and water molecule.

Figure 3. Morphology of DS-PVA in parallel and vertical freezing directions at different scales. (a1) Morphology of DS-PVA∥ with a microscale;
(a2) morphology of DS-PVA∥ with a submicron scale; (a3) morphology of DS-PVA∥ with a nanoscale; (b1) morphology of DS-PVA⊥ with a
microscale; (b2) morphology of DS-PVA⊥ with a submicron scale; (b3) morphology of DS-PVA⊥ with a nanoscale.
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polymer aggregation clusters, while the salting-out effect
induced the lower-scale aggregation structure control of such

hydrogels. Moreover, the PVA and sodium citrate concen-
trations optimized the DS-PVA’s ideal morphological structure

Figure 4. Stress−strain curves of the anisotropic hydrogel (DS-PVA) under different process conditions with parallel and vertical freezing
directions. (a) Stress−strain curves of DS-PVA∥ with different PVA concentrations; (b) stress−strain curves of DS-PVA⊥ with different PVA
concentrations; (c) stress−strain curves of DS-PVA∥ with different salt concentrations; (d) stress−strain curves of DS-PVA⊥ with different salt
concentrations.

Figure 5. Comparative analysis of the hydrogel prepared by directional freezing versus salting-out and cyclic freezing−thawing methods. (a)
Apparent contrast; (b) visible light transmittance analysis; (c) DSC analysis.
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and mechanical performance. Figure 4 shows the stress−strain
curves of DS-PVA under different process conditions with
parallel and vertical directions. The tensile strength and
Young’s modulus of DS-PVA∥ and DS-PVA⊥ increased with
PVA concentration in the same salt solution, while the strain
showed the optimum value for a 5% PVA concentration
(Figure 4a,b). Furthermore, the sodium citrate concentration
also influenced the mechanical properties of DS-PVA. As
shown in Figure 4c,d, the tensile strength and Young’s

modulus of DS-PVA∥ and DS-PVA⊥ increased with salt
concentration, while the strain showed an ideal value with
20% sodium citrate. Therefore, the DS-PVA might obtain the
best comprehensive mechanical properties in parallel and
vertical freezing directions with 5% PVA and 20% sodium
citrate.

The multiscale hierarchical anisotropic hydrogels were
attributed to the strategy for adjusting and separating the
PVA phase morphology. The PVA hydrogel (CT-PVA)

Figure 6. Mechanical performance of anisotropic (DS-PVA) and isotropic (CT-PVA) hydrogels prepared by directional freezing salting-out and
cyclic freezing−thawing processes. (a) Stress−strain cures of hydrogels; (b) photograph of the DS-PVA∥ before and after tension; (c) toughness
and Young’s modulus of hydrogels; (d1) SEM graph of DS-PVA∥ with 100% strain; (d2) SEM graph of DS-PVA∥ with 500% strain; (d3) SEM
graph of DS-PVA∥ with 800% strain; (e1) fracture morphology of CT-PVA; (e2) fracture morphology of DS-PVA⊥; (e3) fracture morphology of
DS-PVA⊥; (f1) loading−unloading tensile tests of DS-PVA∥; (f2) loading−unloading tensile tests of DS-PVA⊥.
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fabricated by the traditional freezing−thawing method showed
a homogeneous structure. Therefore, it was necessary to
analyze the mechanical properties of DS-PVA and CT-PVA
hydrogels and their structural morphology. Figure 5a shows the
appearance of DS-PVA (5% PVA and 20% sodium citrate) and
CT-PVA (5% PVA concentration). The CT-PVA showed
obvious transparency, while DS-PVA was milky white.
Moreover, the visible light transmittance spectrum of two
kinds of hydrogels is shown in Figure 5b. The visible light
transmittance of CT-PVA was almost 100%, while the
transmittance of DS-PVA was only 43%. So, according to
our experience, CT-PVA showed an amorphous structure,
while DS-PVA prepared by directional freezing combined via
the salting-out process exhibited a partially crystalline
structure. From Figure 5c, the PVA hydrogel prepared by
the cyclic freezing−thawing method (CT-PVA) showed two
transition peaks: glass transition (marked as Tg) and melting

(marked as Tm). The glass transition of CT-PVA showed lower
and broader endothermal peaks compared with the Tg of DS-
PVA. That indicated that the DS-PVA molecular chain
arrangement was more orderly and regular, which required
higher energy, inducing higher energy for structure change.
And the distinct endotherm melting peaks could be observed
at 225 °C for two types of hydrogels. Moreover, a new
endothermic peak at 175 °C for DSC curves of DS-PVA
demonstrated that the semicrystalline structure of DS-PVA
melt recrystallized, while CT-PVA showed a typical amorphous
structure. So, the directional freezing versus the salting-out
process reconstructed the PVA crystal structure and increased
crystallinity.38

Figure 6 shows the mechanical performance of anisotropic
(DS-PVA) and isotropic (CT-PVA) hydrogels prepared by
directional freezing salting-out and cyclic freezing−thawing
processes. The tensile strength was Rm/DS-PVA∥ = 2.35 MPa,

Figure 7. Strain electrical response behavior of the anisotropic hydrogel. (a) Morphologies of DS-PVA∥ with different strains: (a1) 10%; (a2)
100%; (a3) 300%; (a4) 800%; (b1) cycling relative resistance variation with different strains for DS-PVA∥; (b2) GF and stress variation with
different strains for DS-PV∥; (c1) cycling relative resistance variation with different strains for DS-PVA⊥; (c2) GF and stress variation with different
strains for DS-PVA⊥; (d) morphologies of DS-PVA⊥ with different strains: (d1) 10%; (d2) 30%; (d3) 50%; (d4) 100%.
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Rm/CT-PVA = 0.54 MPa, and Rm/DS-PVA⊥ = 0.38 MPa
(Figure 6a). So the Rm/DS-PVA∥ was about 4.35 times for
Rm/CT-PVA and 6.2 times for Rm/DS-PVA⊥, which
indicated that the DS-PVA after directional freezing versus
salting-out method showed the higher strength feature in the
parallel freezing direction. Moreover, the strain of DS-PVA∥
was 1477%, far beyond that of CT-PVA and DS-PVA⊥,
demonstrating the super ductility in the parallel freezing
direction. Figure 6b shows this point clearly. Young’s modulus
(E) could be calculated by the slope of linear elasticity 20−
30% strain. The following formula could calculate toughness
(U):

=UToughness d
0 (1)

where U is the toughness (KJ/m3) and ε is the strain (%).
Figure 6c shows the toughness (U) and Young’s modulus

(E) of hydrogels. The DS-PVA∥ indicated excellent toughness
with U = 1712 KJ/m3, about 9.4 times U/DS-PVA⊥. Young’s
modulus of DS-PVA∥ was also increased to a certain extent
compared with CT-PVA and DS-PVA⊥. Therefore, the DS-
PVA showed excellent strength, toughness, and stretchability
in the freezing direction, which might be attributed to its
special multiscale hierarchical anisotropic structure. From
Figure 6d1−d3, the different scales of PVA aggregations

(morphologies of DS-PVA∥ with 100, 500, and 800% strain)
oriented along with the tensile direction, resulting in the
fibrosis structure. When the strain was 100%, the nanofibers
broke up between the oriented aggregation to dissipate the
energy (Figure 6d1). The submicron aggregation fractured
with 500% strain, while large-scale microaggregation broke
with 800% strain. In this way, DS-PVA∥ could realize self-
reinforcing and toughening by its structure. Furthermore, the
fracture surface of CT-PVA showed a homogeneous and
relatively brittle fracture morphology (Figure 6e1). However,
the DS-PVA∥ and DS-PVA⊥ showed a multiscale hierarchical
tough fracture, especially for DS-PVA∥, and the fiber fracture
structure at all levels appeared (Figure 6e2,e3).

As these multiscale hierarchy structures were believable to
effectively dissipate the energy, we further analyzed the
loading−unloading curves of DS-PVA in two freezing
directions with different strains (Figure 6f1,f2). The DS-
PVA∥ showed efficient energy dissipation within 0−200%
strain, while the DS-PVA⊥ also got consistent results within 0−
130% strain, which might be attributed to sacrificing a
nanofiber structure. In addition, the curves showed good
Mullins’ effect in two freezing directions during the cycle
loading−unloading with different strains.39 Imaginably, these
partially sacrificing nanofibers could efficiently dissipate energy
without causing stress concentration, providing a sustained

Figure 8. Asymmetric sensing mechanism of the multiscale hierarchical anisotropic hydrogel. (a1) Loading and unloading electrical response of
DS-PVA⊥; (a2) loading and unloading electrical response of DS-PVA∥; (b1) bending from 0 to 90° current−time curves of DS-PVA⊥; (b2)
bending from 0 to 90° current−time curves of DS-PVA∥; corresponding resistivity and electric conductivity; (c1) conductivity and resistivity curves
for stretching DS-PVA∥; (c2) conductivity and resistivity curves for stretching DS-PVA⊥.
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toughening mechanism.40 As shown in Figure S3, the DS-
PVA∥ showed good antifatigue characteristics after tens of
thousands of loading and unloading with 10% strain. The
loading and unloading curves shifted with the increase in the
cycle number. The hydrogel materials were subjected to
longer-term loading, and the internal molecular chain and
cross-linking point failed to recover over time, resulting in a
decrease in tensile stress. However, from the initial stage of
cyclic loading and unloading to the end stage (Figure S3a1−
a3), five loading and unloading curves in each stage almost
overlap, showing good stability and fatigue resistance of the
hydrogel material.
3.3. Relationship between Sensing Performance and

Structure. Traditional ionically conductive hydrogels with 3D
networks containing large free ions provided many stable
channels for ion migration, realizing the mechanical−electronic
response behavior.41 When the ionic hydrogels suffered stress
(stretch, press, and bend), the ionic hydrogels responded
accordingly on the electrical signal diagram.42 For isotropic
hydrogels, the mechanical−electrical response exhibited
isotropy.43 Therefore, it was necessary to systematically analyze
the sensing performance for such multiscale hierarchical
anisotropic hydrogels.

As described above, DS-PVA had anisotropy on the
mechanical properties and structural morphology. Based on
this, we analyzed the mechanical−electronic properties of the
device (Figure S5) in parallel and vertical freezing directions.
Figure 7 shows the strain electrical response behavior of DS-
PVA. From Figure 7b1,c1, the DS-PVA had different detection
ranges, 0−800% for the parallel freezing direction and 0−100%
for the vertical freezing direction. The relative change (ΔR/R0)
increased with the strain increment. Moreover, the DS-PVA

could realize five stable cycles with different strains in two
freezing directions.

Sensitivity (gauge factor: GF) was an important factor value
of the flexible sensor.44 The GF showed a similar discipline,
and the fitting curves presented power function characteristics
with the strain, demonstrating negative characteristics (Figure
7b2,c2). The GF decreased dramatically at the lower strain,
while GF decreased slowly with the strain increase. It was
worth noting that the GF value of DS-PVA⊥ was almost double
that of DS-PVA∥ at each corresponding strain, which was like
different human bodies with different sensitivities under the
same stimulus. The potential reason was that the DS-PVA⊥
showed a multiscale porous hierarchical structure, while the
DS-PVA∥ showed a multiscale fibrosis hierarchical structure.
So, the specific structure of DS-PVA would indeed affect its
sensing mechanism. As shown in Figure 8b1,b2, the DS-PVA⊥
direction had a higher initial current value. With the increase of
the bending angles, the current of the hydrogel material
showed a stepped attenuation and the DS-PVA⊥ direction
showed a higher responsivity. Similarly, the DS-PVA⊥ direction
showed a relatively higher conductivity and lower resistivity
than DS-PVA∥. Moreover, such hydrogels in both directions
showed a similar variation with the strain increase, while the
DS-PVA⊥ indicated a more significant change in conductivity
and resistivity (Figure 8c1,c2). As for the morphological
structure difference between DS-PVA∥ and DS-PVA⊥, the
hydrogels had significantly different ionic transfer channels in
parallel and vertical freezing directions. Therefore, the sensing
mechanism of such hydrogels showed obvious nonsymmetry in
its sensing mechanism in two directions. Figure 8a1,a2 shows
the curves of the resistance change rate during continuous
loading−unloading of DS-PVA∥ and DS-PVA⊥. When DS-
PVA∥ and DS-PVA⊥ suffered different loading and unloading
strains, the ΔR/R0 stably increased with the strain increment
and decreased with the strain reduction, forming the closed-
loop curves of different strains. At the same time, the area
between the loading curve and the unloading curve under
different strains was small, which showed that hydrogel
materials had low hysteresis in both directions and would
not affect the stable use of hydrogel materials in sensing
applications. All curves showed that the hydrogels’ internal
energy consumption and modulus remained stable during the
load and unloading process, which indicated good device
stability. Figure 7a1−a4 shows the morphologies of DS-PVA∥
with different strains. When the DS-PVA∥ suffered lower strain
(0−100%), the multiscale fibrosis hierarchical structure was
almost unchanged due to the linear elastic range (Figure
7a1,a2). When the strain was over 300%, the morphologies
showed significant plastic deformation and increased fiber
orientation degree (Figure 7a3,a4). Additionally, the DS-PVA⊥
showed a linear elastic range from 0 to 50% with a consistent
fiber aggregation parallel distribution structure (Figure 7d1−
d3). As the strain was over 80%, the parallel spacing of fiber
aggregates increased to a certain extent (Figure 7d4).

For response/recovery time, DS-PVA also showed some
discrepancy characteristics in parallel and vertical freezing
directions. The DS-PVA⊥ had a faster response time of 127 ms
and a recovery time of 63 ms with the 30% strain, while the
DS-PVA∥ showed a response of 232 ms and a recovery time of
84 ms, respectively (Figure S4a,b). DS-PVA had an anisotropy
structure and different ion transfer channels inducing the
response/recovery time diversity, similar to human skin and
tissue with different tactile response thresholds. The antifatigue

Figure 9. Cycling stability test for the anisotropic DS-PVA hydrogel.
(a) Cycling stability test for DS-PVA∥ with 100% strain; (b) cycling
stability test for DS-PVA⊥ with 30% strain.
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and stability of the DS-PVA could be assessed by relative
resistance change (ΔR/R0) for certain stretch and release
cycles. The DS-PVA∥ suffered over 5000 cycles under 100%
strain, while the DS-PVA⊥ withstood about 2500 cycles under
30% strain (Figure 9a,b). Therefore, the multiscale hierarchical
anisotropy hydrogels different from the traditional hydrogels
with unity stress-electrical response behavior showed an
asymmetry and direction-selective sensing behavior similar to
the human body to some extent.

Furthermore, some applications showed the asymmetry and
directional selectivity of multiscale hierarchical anisotropic
hydrogels in sensing mechanisms. Figure 10 shows some
sensing applications for DS-PVA in two different freezing
directions. The LED brightness of DS-PVA⊥ was brighter than

that of DS-PVA∥ with 0% strain (Figure 10a1,b1) under the
same working voltage, which indicated that the electron
transport rate and the electron transport channel of DS-PVA in
two freezing directions were different due to the anisotropy of
the material structure. When we applied 50% strain, the LED
brightness was weakened for DS-PVA∥ and DS-PVA⊥ (Figure
10b1,b2). The LED brightness attenuation in DS-PVA⊥ was
greater than that in DS-PVA∥, indicating more sensitivity of
DS-PVA⊥ under the same amplitude strain. Moreover, some
large-scale human motion identifications could be repeatably
detected by DS-PVA∥ and DS-PVA⊥ (Figure 10c1,c2). Based
on the sensing properties of this kind of hydrogel material, two
identical DS-PVA∥ specimens were combined with orthogonal
stacking of the PVA orientation direction to form an

Figure 10. Sensing applications: (a1) LED brightness of DS-PVA∥ with 0%; (a2) LED brightness of DS-PVA∥ with 50%; (b1) LED brightness of
DS-PVA⊥ with 0%; (b2) LED brightness of DS-PVA⊥ with 50%; (c1) finger bending with DS-PVA∥ and DS-PVA⊥; (c2) elbow bending with DS-
PVA∥ and DS-PVA⊥; (d1) direction identification orthogonal strain sensor; (d2) sensing performance of the biaxial strain sensor under the 30%
strains with stretch directions of 0, 45, and 90°.
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orthogonal strain sensor, as shown in Figure 10d1. Such an
orthogonal strain sensor fabricated by DS-PVA∥ could provide
effective strains in the orthogonal axes to realize direction
recognition.45 The electrical signals of the biaxial strain sensor
stretched in different directions (0, 45, and 90°) were recorded
under the cyclic 30% strain (Figure 10d2). When the
stretching angle was 0° in the orthogonal system, the X-axis
showed a higher signal, while the Y-axis showed a weaker
signal. On the contrary, the electrical signal output of the X-
and Y-axes was just the opposite when the stretching angle was
90°. Moreover, when the stretching angle was 45°, the two
same-intensity electrical signal peaks were almost output on
the X- and Y-axes. Therefore, the orthogonal strain sensor
designed by this kind of multiscale hierarchical anisotropic
hydrogel could accurately identify the strain in different
directions by comparing the signal output of different
amplitudes. The DS-PVA was similar to the human skin and
tissue structure, so its sensing mechanism was asymmetry and
directional selectivity, similar to tactile sensitivity and response
speed of different parts of the human body. Therefore, such
multiscale hierarchical anisotropic hydrogels might have
potential application value in next generation wearable
electronics.

4. CONCLUSIONS
In conclusion, we fabricated a multiscale hierarchical
anisotropic hydrogel similar to human skin and tissue by
directional freezing versus salting-out effect. The anisotropic
morphology and multiple-graded structure resulted in the
anisotropy of the mechanical properties and the asymmetry
and directional selectivity of the sensing properties. The DS-
PVA∥ showed super strength, toughness, antifatigue, and wide
sensing detection range characteristics, while the DS-PVA⊥
showed high sensitivity and fast response/recovery time. Such
multiscale hierarchical anisotropic hydrogels might apply to e-
skin, flexible sensors, tissue engineering, and human−machine
interfaces.
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