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Nature consists of various soft tissues with well-ordered hierarchical anisotropic structures, which play
essential roles in biological systems to exhibit particular functions. Mimicking bio-tissues, synthetic hy-
drogels with anisotropic structures have received considerable attention in recent years. However, exist-
ing approaches to fabricate anisotropic hydrogels often require complicated procedures, which are time-
consuming and labor-demanding. Inspired by the dry-induced crystallization phenomenon, we report a
simple yet effective prestretching-drying-swelling method to afford anisotropic crystalline polyvinyl al-
cohol hydrogels. Owing to the distinct anisotropic microstructure, the hydrogels demonstrate excellent
mechanical properties with noticeable directional distinction. It is revealed that both the enhancing of
pre-orientation strain and the extending of heating time make the hydrogels with better mechanical
properties and more remarkable anisotropicity. Owing to the anisotropically aligned structure, the hydro-
gels exhibit remarkably differential ionic conductivity: the difference between the parallel and vertical
conductivity of the same sample can reach as high as 6.6 times, making the materials possible candi-
dates as nano-conductive materials. We anticipate that this simple yet effective approach may become
highly useful for fabricating oriented hydrogels and endow the materials with more promising applica-
tion prospects in the future.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Hydrogels are three-dimensional cross-linked polymeric net-
works with a large amount of water or aqueous fluids. Owing
to the high hydration level and excellent biocompatibility, hydro-
gels demonstrate broad application prospects in various biomedi-
cal and industrial fields [1-9]. In particular, hydrogels may serve
as an ideal candidate for artificial bio-tissues [10,11]. While the
high level of similarities between synthetic hydrogels and bio-
tissues are often highlighted in the literature, substantial differ-
ences occur in terms of micro- to macro-structures. Conventional
hydrogels tend to manifest isotropic structures with randomly ori-
ented three-dimensional polymer networks. Nonetheless, biologi-
cal tissues, such as tendons, skeletal muscles, and cartilage, adopt
anisotropic structures with hierarchically integrated building units.
Such oriented structure typically plays essential roles for various
critical biological functions, such as anisotropic mechanical perfor-
mance, cell culture, and asymmetric mass transport [12].
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Considering this aspect, the fabrication and application of
anisotropic hydrogels have undoubtedly attracted considerable at-
tention during the past two decades. Scientists have conceived nu-
merous approaches to construct anisotropic hydrogels, including
with the aid of shear forces [13,14], magnetic or electronic field
[15,16], directional pre-orientation [17-19], selective mass diffu-
sion [20,21], directional crystallization [22,23], and 3D print [24].
Among all these methods, directional pre-orientation, especially
the prestretching treatment serves as a simple yet effective way
and has been widely applied in the preparation of anisotropic hy-
drogels. Via this approach, hydrogels are first deformed to give
oriented structures, followed by post-crosslinking to immobilize
the polymer alignments. For instance, Wang et al. [25] proposed
a prestretching treatment of chitosan hydrogel with a post ionic
crosslinking strategy to fabricate hierarchically anisotropic hybrid
hydrogels with excellent mechanical performance. Similarly, Kim’s
group [26] developed an anisotropic double network hydrogel by
prestretching and subsequent ionic crosslinking procedures of al-
ginate hydrogels. In another work, Fujita’s group [27] conceived
a directional tension method together with a freeze-thaw process
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Fig. 1. Schematic illustrations of the preparation process of anisotropic PVA crystalline hydrogels. (i) A piece of PVA dry film is fixed in a homemade stretcher at its two
ends. Note: The purple arrow represents the direction of prestretching. (ii) The film experiences tensile along the parallel direction, which affords an anisotropic PVA film
with well-aligned polymer chains in the tensile direction. (iii) Subsequently, the above prepared PVA film undergoes a swelling process in pure water to obtain an anisotropic
PVA hydrogel. Note that parallel direction is defined as along the pretension direction, while the vertical direction is defined as along the orthogonal direction to pretension

direction.

Fig. 2. In-situ observation of anisotropic hydrogels with well-aligned structures. Polarizing optical microscopic (POM) images of anisotropic hydrogels with different pre-
stretching strains: (i) 0, (ii) 50, (iii) 75, and (iv) 150% (The scale bars represent a length of 50 pm). Note that the first line photos display the color variation of anisotropic
hydrogel along the parallel direction, while the second line photos are along the vertical direction. Moreover, the olive arrows indicate prestretching direction (parallel

direction), and the gold arrows show vertical direction.

to physically immobilized semi-crystalline gels. Nevertheless, most
anisotropic hydrogels with these approaches often require compli-
cated preparation operations, as the post-crosslinking processes are
typically time-consuming and labor-demanding [28]. This disad-
vantage severely restricts industrial production and the widespread
application of such anisotropic hydrogels.

Clearly, the complex post-crosslinking method in the direc-
tional deformation strategy becomes a rate-determining step in
the fabrication process of anisotropic hydrogels. The dry-induced
crystallization phenomenon is a common feature for certain crys-
talline polymers, which can physically crosslink polymer networks
and serve as a facile and effective approach to prepare hydrogels
[29,30]. Inspired by this feature, herein we report a simple yet ef-
fective preparation approach of anisotropic hydrogels with a dry-
induced crystallization process. Semi-crystalline hydrophilic poly-
mer poly(vinyl alcohol) (PVA) is chosen as a model system to il-
lustrate this concept. In brief, the preparation of PVA anisotropic
hydrogels is realized with a facile prestretching-drying-swelling
process. The prestretching process leads to the oriented polymer
structure, the heating process immobilizes the alignment with
crystalline domains and the swelling process endows the materials
with considerable water content. Due to its distinct well-oriented
micro-structure similar to bio-tissues, the hydrogels demonstrate
excellent mechanical properties. Moreover, the mechanical perfor-
mance manifests a noticeable anisotropic performance with the
chain alignment. It is further verified that the fabrication param-
eters play a vital role in mechanical properties and anisotropicity:
the large the pre-orientation strain and the longer the heating time
give rise to better mechanical performance and more remarkable
anisotropicity. Benefited from the anisotropically oriented feature,
the hydrogels exhibited remarkably differential mass transporta-
tion, bringing in a 6.6-fold difference in ionic conductivity.
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As depicted in Fig. 1, the solution is dehydrated at a low tem-
perature to afford isotropic PVA films (i). Once cast, the films un-
dergo uniaxial deformation at high temperature prior to cooling,
which endows the polymer mobility and induces chain alignment
along the stretching direction (ii). Benefitted from its well-oriented
hydroxy side groups in PVA structures, crystalline domains are
formed and immobilize the oriented structure [29]. Subsequently,
the material is immersed in water for swelling (iii). During this
process, the polymer crystalline domains remain relatively stable,
which serves as physical crosslinking points to maintain the ma-
terials at solid-state; the polymer amorphous domains mix with
solvent owing to their high hydrophilicity, which absorbs a large
amount of liquid by osmotic pressure. Therefore, anisotropic PVA
hydrogels are obtained with a well-oriented structure by this sim-
ple prestretching-drying-swelling process.

To confirm the anisotropic structure of PVA hydrogels, a po-
larizing optical microscopic (POM) was selected to observe the
aligned microstructure of PVA chains under different prestretch-
ing strains (Fig. 2). Obviously, when hydrogel without experienc-
ing pre-orientation strain process (0%, i), the parallel and verti-
cal directions presented no visible color variation, implying an
isotropic structure. When a prestretched strain is imposed, the hy-
drogels demonstrated evident distinction in color aspect (ii-iv), in-
dicating the unidirectional orientation. Moreover, the color diver-
gence became increasingly important with the growth of preten-
sion strains (50%—150%), which again emphasized the importance
of prestretching on the anisotropic performance and stayed in
good agreement with previous studies with prestretching-induced
anisotropicity [31]. The anisotropically aligned structures have
been further confirmed with scanning electron microscope (SEM,
Fig. S1 in Supporting information) and Atomic Force Microscope
(AFM, Fig. S2 in Supporting information).
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Fig. 3. (a) Uniaxial tensile stress-strain curves of anisotropic hydrogels with different prestretching strains along the parallel direction. (b) Young’s modulus and fracture
stress of PVA hydrogels with prestretching strains range from 0 to 200% in the parallel direction. (c) The polymer fraction, Young's modulus, and normalized modulus (E/¢)
of anisotropic hydrogels with different prestretching strains. (d) XRD spectra of anisotropic hydrogels with different prestretching strains. Note that the PVA films were
prestretched to given strain at 120 °C, and no waiting time is placed for all the films prior to reswell in water at room temperature.

According to the previous observation, the well-orientation of
polymer chains was formed in the hydrogels network by pre-
stretching. This polymer alignment may endow the hydrogels with
excellent mechanical properties. Meanwhile, the presence of crys-
tallization domains may also contribute to the materials’ mechani-
cal performance. Therefore, in the next step, PVA anisotropic hy-
drogels’ mechanical properties along the parallel direction were
investigated by uniaxial tensile tests. As shown in Fig. 3a, The
mechanical performance of anisotropic hydrogels was significantly
improved with the enhancing of prestretching strains. To clarify
this phenomenon, we summarized Young’s modulus and fracture
stress of all samples, as is demonstrated in Fig. 3b. In general,
both parameters demonstrated evident positive dependence on the
prestretching ratio. In a typical example, an anisotropic hydrogel
with 200% of pretension strain along the parallel direction mani-
fested Young’s modulus and fracture stress as high as 3.6 MPa and
6.2 MPa, respectively, which are more than 3 and 4 folds higher
than that PVA hydrogel without any prestretching treatment. Con-
sequently, anisotropic PVA hydrogels with considerable mechanical
performance were well prepared by a simple yet effective method.
In addition, this preparation method demonstrates good stability
as it has almost no shape dependence (Fig. S3 in Supporting infor-
mation).

From the above results, it is obvious that the mechanical prop-
erties of anisotropic hydrogels manifested large-scale tunability
just by imposing different pretension strains. However, the re-
inforcement mechanism of mechanical strength demands further
investigation. When the samples are treated with different pre-
stretching strains, certainly that this process can affect the hydra-
tion capacity of hydrogels, resulting in the difference of polymer
fraction. Based on classical rubber elasticity theory [32], hydrogels’
polymer volume fraction directly affects its Young’s modulus per-
manent entanglement, that is:

E/@p = 3V.RT (1)
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where ¢ is defined as the volume fraction of polymer, v is defined
as at the solvent-free state effectively elastic polymer chain den-
sity, R is gas constant and T is the absolute temperature. Undoubt-
edly, Young’s modulus of all the hydrogels presented a positive cor-
relation with polymer fraction (Fig. 3c). On the whole, the higher
polymer fraction of samples can endow better mechanical strength.
To exclude the role played by polymer fraction variation, we fur-
ther normalized Young’s modulus (E/¢) as a function of pretension
strains. According to Eq. 1, it is clear that this value should stay
constant for all the hydrogels if no other factor governs. However,
this value experimentally exhibited nonlinearly increased tendency
with the enhancement of prestretching strains, from 2.9 MPa to
8.4 MPa, indicating polymer fraction only partly factor for hydro-
gels’ toughening. Indeed, amorphous and crystalline regions coex-
ist for such as PVA semi-crystalline hydrogels. Therefore, we spec-
ulate that the crystalline regions may also play a prominent role in
toughening of hydrogels. As seen in Fig. 3d, X-ray diffraction (XRD)
measurement markedly signified that the pretension strains could
conspicuously affect hydrogels’ crystalline levels. While the sam-
ple stretched to 200% showed a sharp crystalline peak at 18°-21°,
which is a characteristic peak from PVA crystallization, the sam-
ple without prestretching treatment displayed a rather slight sig-
nal peak at the same range. All these results indicate that both
amorphous and crystalline domains are strikingly affected by im-
posing different pretension strains, therefore the hydrogels are tun-
ably strengthened to different levels.

From the previous report, extending the heating time is able
to enhance the crystalline ratio of PVA-type polymer [33]. There-
fore, we systematically investigated the heating time in the follow-
ing studies. A series of PVA hydrogels have been prepared with a
fixed prestretching strain of 100% but varied waiting periods from
0 to 60 min at high temperature. As shown in Fig. 4a, uniaxial ten-
sile stress-strain curves of hydrogel without waiting time exhibited
only a slight variation in mechanical performance between the par-
allel and vertical directions. Moreover, the samples demonstrated a
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Fig. 4. Uniaxial tensile stress-strain curves of anisotropic PVA hydrogels along the parallel direction and vertical direction with pretension strain of 100% upon PVA films
were placed oven at 120 °C for different waiting periods of (a) 0, (b) 5, (c) 10, (d) 20, (e) 35, (f) 60, (g) 90 and (h) 120 min. (i) Young's moduli in the parallel direction (P),
the vertical direction (V), and the anisotropicity ratio (denoted as the P/V) of hydrogels with different waiting periods.

classical entropy-induced elasticity with a fairly limited elongation
ratio. By placing certain stages of waiting periods, the gels mani-
fested evident differences in the parallel and vertical directions. As
seen in Figs. 4b-h, the rigidity of the parallel direction surpasses
that of the vertical direction. Additionally, the materials in both di-
rections manifested much better extensibility and toughness. This
distinction gets increasingly prominent by raising the waiting time.
In addition, the gels with waiting periods manifested an obvi-
ous strain-softening and strain-hardening performance, which re-
sembles the results with physical interactions reinforced hydrogels
[34,35]. To better evaluate the waiting time effect, we further ex-
tract Young’s modulus of two directions for all samples as a func-
tion of waiting periods (Fig. 4i). With heating time rising from 0
to 20 min, Young’s modulus of hydrogels along the parallel direc-
tion (P) augmented by a large margin from 2.3 MPa to 10.4 MPa,
while the same parameter in the vertical direction (V) slighted in-
creased from 2.1 MPa to 3.8 MPa. At the same time, the polymer
volume fraction experienced a steady increase with extending the
heating time (Fig. S4 in Supporting information). Interestingly, the
rigidity at both directions experienced noticeable decreases with
a long-term period in the oven (20-120 min), which may due to
the possible degradation of polymer in such a harsh environment.
On the basis of the rigidity at two directions, anisotropicity ra-
tio, which corresponding to Young’s modulus ratio in parallel and
vertical direction (P/V), is defined to better characterize the unidi-
rectional performance. From Fig. 4i, this value keeps monotonous
growth from 1.1 to 3.3 with the improvement of waiting time from
0 to 60 min. This increase is especially remarkable at short periods
from 0 to 20 min, while the more extended period only brings in
a slight increase in the anisotropicity ratio. From this point, the
hydrogels can embrace a more evident anisotropic feature owing
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to the longer waiting time of samples at high temperature. When
continuously enhancing the heating time, the anisotropicity ratio
becomes less prominent together with the dropping of rigidity in
both directions. In contrast to the huge impact of the heating con-
dition, the cooling temperature displayed a relatively limited in-
fluence on the mechanical performance. Almost no difference in
terms of rigidity and extensibility appears between three samples
that were directly quenched to different cooling temperatures (Fig.
S5 in Supporting information). Although the programmable cooling
process can lead to differences in mechanical performance (Fig. S6
in Supporting information), this variation may mainly come from
the different heating periods, which is in good agreement with the
previous discussion.

Inspired by the above results, we further investigated the me-
chanical properties of anisotropic hydrogels with different pre-
stretching strains upon samples with an optimal waiting time of
60 min. As depicted in Fig. 5a, the typical uniaxial stress-strain
curves of hydrogel without prestretching strain along parallel and
vertical directions showed high similarity. At the same time, the
hydrogel with a pretension strain of 25% presented evident varia-
tion in the stress-strain curves along with two directions (Fig. 5b).
The difference became increasingly remarkable with a longer pre-
stretching ability (Figs. 5c-e). The gel with 100% prestretching
strain revealed excellent mechanical performance, with maximum
fracture stress as high as 9.6 MPa. By using the similar analytical
method in Fig. 4f, we also calculated the elastic modulus of hy-
drogels with different prestretching strains ranged from 0 to 100%.
Evidently, As seen in Fig. 5f, Young’s modulus along the parallel
direction and vertical direction of hydrogel without any treatment
presented a pretty similar value. With the growth of prestretching
strains, Young’s modulus of all anisotropic hydrogels along paral-
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lel direction show a sharp and monodirectional increase, while the
ones in vertical direction exhibited a one-way decreased tendency.
As the result, the anisotropicity ratio (P/V) demonstrated a direc-
tional ascent ranged from 1.0 to 3.3 with prestretching strain en-
hancement.

Benefitted from the well-oriented structure, the hydrogels em-
braced distinct differential ionic conductivity perior to treated with
1 mol/L CaCl, solution. As shown in Fig. 6 and Fig. S7 (Support-
ing information), the electrical resistance of anisotropic hydrogels
along the parallel direction displayed relatively low values (80-
170 k€2, Fig. 6a and Figs. S7a and c). This value kept decreas-
ing with the increase of waiting time. In contrast, the values in
the vertical direction are much higher and more stable, ranging
of ca. 300-500 k€2 (Fig. 6b, Figs. S7b and d). Therefore, the re-
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sistance gap between the two directions became increasingly re-
markable by enhancing the waiting periods from 5 min to 60 min.
The comparability is more prominent by comparing the ionic con-
ductivity (Fig. 6¢). While the conductivity in the parallel direc-
tion experienced a gradual and sharp increase from 0.08 S/m to
0.32 S/m, the values demonstrated a smooth and steadily decrease
trend in the vertical direction. For better comparison, we divide
the conductivity value from the two directions to characterize the
anisotropicity. Similar to the value from mechanical performance,
the ionic conductivity anisotropicity experienced a 3-fold sharp in-
crease with the extending of the heating period at 120 °C from 5
min to 60 min. The anisotropicity value reached a maximum value
of 6.6 with 100% prestretching ratio and 60 min waiting period.
As the prominent difference of resistance of anisotropic hydrogels
along two directions plays a vital role in the field of electrochem-
istry, the hydrogels are expected to manifest interesting application
prospects in the fields of gel polymer electrolyte and supercapaci-
tor.

In this work, the construction of anisotropic crystalline hy-
drogels has been successfully realized by a simple yet effective
prestretching-drying-swelling process, which is attributed to the
dry-induced crystallization phenomenon of PVA polymers. Due to
their distinct well-oriented micro-structure, the hydrogels demon-
strate excellent mechanical properties with noticeable directional
distinction. Fabrication parameters, such as the pre-orientation
strain and the heating time, play a critical role in tuning hydrogels’
mechanical properties and anisotropicity. Owing to the anisotrop-
ically aligned polymer structure, the hydrogels exhibited remark-
ably differential mass transportation, which leads to a 6.6-fold dif-
ference in ionic conductivity. This method proves to be a facile
yet effective approach in anisotropic hydrogels fabrication, which
may become highly useful for guiding the oriented structure for
other hydrogel systems. We anticipate that this method may en-
dow the materials with more interesting application prospects as
bio-inspired materials in the future.
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