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Abstract
Although polyvinyl alcohol (PVA) hydrogels display huge potential in tissue engineering, flexible and wearable 
electronic devices and soft robotics, their low intrinsic thermal conductivity and weak mechanical properties 
severely limit their wider applications in these areas. Herein, a Hofmeister effect-assisted “directional freezing-
stretching” tactic is employed for simultaneously enhancing the intrinsic thermal conduction and mechanical 
properties of PVA hydrogels. The hydrogels are obtained through directional freezing followed by salting-out 
treatment and subsequent mechanical stretching and salting-out (DFS). The DFS PVA hydrogel with 15 wt% of 
PVA and a stretching ratio of 4 (DFS4) exhibits the highest thermal conductivity of 1.25 W/(m·K), which is 2.4 and 
2.8 times that of PVA hydrogel prepared through frozen-thawed (FT) [0.52 W/(m·K)] and frozen-salted out (FS) 
[0.45 W/(m·K)] methods, respectively. The DFS4 PVA hydrogel also possesses greatly improved mechanical 
performances, exhibiting an elongation at break of 163.1%. In addition, the tensile strength, toughness, and elastic 
modulus of DFS4 PVA hydrogel significantly increase to 27.1 MPa, 25.3 MJ·m-3, and 21.5 MPa from 0.4 MPa, 
0.32 MJ·m-3, and 0.07 MPa for FT PVA hydrogels, respectively. It is elucidated that the salting-out effect generates 
hydrophobic and crystalline regions, while directional freezing and stretching enhance the chain orientation in the 
DFS strategy. These effects synergistically contribute to the improvement of thermal conductivity and mechanical 
properties of PVA hydrogels.
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INTRODUCTION
Hydrogels comprise a three-dimensional polymer network structure that is super hydrophilic and exhibits 
adaptable intriguing chemical and physical characteristics[1-4]. Polyvinyl alcohol (PVA) hydrogels display 
exceptional viscoelasticity, softness, chemical stability, biodegradability, and biocompatibility over other 
hydrogels, which endow them with immense potential for applications in fields such as tissue engineering, 
soft robotics, flexible electronics, and wearable electronic devices[5-10]. Due to the integration and 
multifunctionalization of flexible electronics and wearable electronic devices, the energy consumption of 
electronic components increases, leading to rapid accumulation of heat within the devices[11-15]. Therefore, 
the lifespan and stability of the devices will be decreased, necessitating the utilization of flexible electronic 
substrates with high efficiency of heat dissipation[16-18]. Furthermore, substrates for flexible electronic devices 
and wearable equipment must possess super flexibility, stretchability, and robust mechanical properties to 
meet the operational demands in dynamic shape-changing and strain-inducing environments[19-21].

However, conventional PVA hydrogels are characterized by a disordered arrangement and weak chain 
interactions within the polymer network, leading to significant phonon scattering and consequently a low 
thermal conductivity (λ) of approximately ~0.5 W/(m·K)[22,23]. Additionally, PVA hydrogels exhibit low 
crystallinity, with polymer chains aggregating through disordered entanglement and hydrogen bonding 
interactions, resulting in poor mechanical properties[24,25]. Therefore, the development of PVA hydrogels 
with superior λ and mechanical performances could significantly broaden their applications in the realms of 
flexible electronics and wearable electronic devices[26,27]. Despite this, most studies have solely focused on 
either their thermal conduction or mechanical properties[28-30], as achieving PVA hydrogels simultaneously 
with high intrinsic λ and superior mechanical properties remains a considerable challenge.

Research has unveiled that enhancing the crystallinity and orientation of the polymer network could 
facilitate thermal flow along the ordered molecular chains, thus effectively mitigating phonon scattering 
during the heat transfer process and improving the thermal conduction capability[31-35]. Uetani et al. induced 
the orientation of bacterial cellulose (BC) hydrogels through mechanical stretching[36]. The fabricated BC 
film demonstrated an enhanced intrinsic λ of 2.1 from 1.3 W/(m·K). Wu et al. investigated the λ of 
polyacrylamide (PAAM) hydrogels under different stretching ratios[37]. As the stretching ratio increased 
from 1 to 4, the λ of the PAAM hydrogel along the stretching direction enhanced from 0.75 to 1.4 W/(m·K).

Moreover, anisotropic structures, commonly found in nature, play a crucial role in certain natural load-
bearing organizational structures[38]. Numerous studies have demonstrated that highly oriented structures 
are critical in achieving ultra-high mechanical strength[39-41]. Anisotropic hydrogels are widely prepared 
through directional freezing[42,43], mechanical stretching[44], or mechanical training[38] by transforming a 
disordered to an ordered structure so as to enhance their mechanical properties. In recent years, employing 
the Hofmeister effect[45,46], particularly the salting-out effect, has been recognized as an effective means to 
construct strong and tough hydrogels[10]. The salting-out ions (for instance, Cit3- and SO4

2-) would 
continuously drain water molecules from the space around polymer chains[47], leading to polymer 
aggregation, forming new hydrogen-bonding interactions between hydroxyl groups, and generating rigid 
cross-linking points[42]. For instance, Sun et al. applied a biomimetic “salting-out-alignment-locking” 
strategy to improve the mechanical performances of gelatin hydrogels via a combination of pre-stretching 
and salting-out effect[48]. The resulting hydrogel exhibited 940-, 2,830-, and 1,785-fold enhancement of 
tensile strength, modulus, and toughness, respectively. Very recently, Chen et al. proposed an “ordered-to-
disordered” strategy to reconstruct the structure of PVA hydrogels employing the salting-out effect to 
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prepare super strong and tough PVA hydrogel fibers[39]. The PVA hydrogel fiber displayed an elongation at 
break of 257%, strength of 190.04 MPa, and toughness of 100.61 MJ·m-3, respectively. Inspired by the 
aforementioned studies, it would be reasonable to speculate that highly thermally conductive, strong, and 
tough PVA hydrogels can be afforded through the combination of the “salting out” effect and structural 
anisotropy.

In this work, we employed a Hofmeister effect-assisted strategy of “directional freezing-mechanical 
stretching” to improve the orientation of molecular chains within the PVA hydrogel network, fabricating 
high-strength, flexible, and highly thermally conductive hydrogels. This method involves the use of 
directional freezing to preferentially align the PVA molecular chains microscopically along the growth 
direction of ice crystals, while macroscopically fixing them into a specific shape. Subsequently, the hydrogel 
is mechanically stretched to alter the orientation of the PVA molecular chains along the stretching 
direction. Finally, the mechanically stretched PVA hydrogel is immersed into a sodium citrate (Na3Cit) 
solution, facilitating the stabilization of anisotropic microstructure and the aggregation of PVA chains, to 
fabricate orderly oriented PVA hydrogels [Figure 1]. The effects of PVA content and structural anisotropy 
on the λ and mechanical properties of PVA hydrogels were systematically investigated. The developed PVA 
hydrogels are expected to demonstrate extensive potential for utilization in the fields of bioengineering, soft 
robotics, and flexible electronics.

EXPERIMENTAL
Materials
PVA (molecular weight ~75,000 g/mol, alcoholysis ~98%-99%), sodium citrate, and glutaraldehyde were 
purchased from Macklin Biochemical Technology Co., Ltd. Hydrochloric acid was provided by Sinopharm 
Chemical Reagent Co., Ltd. All chemicals were used as received without further treatment.

Characterizations and methods
Characterization details are provided in the Supplementary Materials.

Preparation of oriented PVA hydrogels
A certain amount of PVA and deionized water with predetermined mass ratios (5:95, 10:90, and 15:85, 
respectively) were added into a 100 mL three-necked flask. The PVA was allowed to swell in the mixture at 
room temperature for 30 min and stirred until homogeneous. It was then transferred to an oil bath of 90 °C 
to stir for an additional 2 h. The PVA solution was sonicated for 30 min to remove air bubbles, resulting in 
PVA solutions with mass fractions of 5 wt%, 10 wt%, and 15 wt% PVA, respectively.

The above PVA solutions were poured into a customized mold composed of a thermally conductive copper 
block at the bottom and a thermal-insulating polytetrafluoroethylene chamber at the top for directional 
freezing. Subsequently, the solutions were placed in a sodium citrate solution (1.5 mol/L) for salting out for 
24 h, to obtain directional freezing-salting out PVA hydrogels (denoted as DFS PVA hydrogels). The DFS 
PVA hydrogels were then salted out in a sodium citrate solution (1.5 mol/L) for another 4 h, followed by 
stretching to two, three, and four times their original length at a rate of 10 mm/min using a universal testing 
machine, respectively. The stretched hydrogels were fixed using a mold and continued to be salted out in a 
sodium citrate solution (1.5 mol/L) for another 20 h, yielding oriented DFS PVA hydrogels, denoted as 
DFS2, DFS3, and DFS4, respectively. The DFS PVA hydrogel without stretching was denoted as DFS1. The 
preparation process of DFS PVA hydrogels is illustrated in Figure 1. PVA hydrogels were also prepared 
using frozen-thawed (FT) and frozen-salted out (FS) methods (described below) for comparison.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 1. Schematic diagram for the preparation of oriented orderly PVA hydrogels with an anisotropic structure. PVA: Polyvinyl alcohol.

Preparation of FT PVA hydrogels
Aqueous PVA solutions with different mass fractions of PVA were poured into square glass molds and 
frozen at -18 °C for 12 h followed by thawing at room temperature for 2 h. The above procedure was 
repeated three times to afford the FT PVA hydrogels.

Preparation of FS PVA hydrogels
Aqueous PVA solutions with different mass fractions of PVA were poured into square glass molds and 
subjected to freezing at -18 °C for 12 h. After demolding, the samples were immersed in 100 mL of sodium 
citrate solution (1.5 mol/L) for salting out over 24 h to obtain FS PVA hydrogels.

RESULTS AND DISCUSSION
Structures and mechanisms of PVA hydrogels obtained by the DFS method
The morphologies of DFS PVA hydrogels were investigated and compared with those of FT and FS PVA 
hydrogels using scanning electron microscopy (SEM, Figure 2). As presented in Figure 2A, FT PVA 
hydrogels exhibited an isotropic and disordered structure. This is because PVA chains were squeezed and 
dispersed by disorderly growing ice crystals during the freezing and thawing process. Only a small amount 
of hydrogen bonds and physical entanglements existed between PVA chains, leading to the formation of 
disordered and loose three-dimensional structures of FT PVA hydrogels. The interior of FS PVA hydrogels 
presented a continuous porous structure, with uneven pore size and a wide distribution range [Figure 2B]. 
This is mainly due to the aggregation and disordered growth of PVA chains squeezed by ice crystals during 
the freezing and salting out process, resulting in the formation of disordered porous structures. In contrast, 
DFS1 PVA hydrogels displayed oriented pore channel structures, which aligned along the direction of ice 
crystal growth [Figure 2C]. As the stretching ratio increased from 2 to 4, the spacing between the pore 
channels decreased [Figure 2D-F]. Meanwhile, the pore channel walls became thinner and gradually 
transitioned into a tightly packed, long-range oriented continuous fibrous structure due to the tighter PVA 
chains caused by high stretching. Besides, the digital image of the DFS PVA hydrogel showed a dense 
arrangement along the stretching direction [Supplementary Figure 1].

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 2. SEM images (longitudinal section) for FT (A), FS (B), and DFS PVA hydrogels with stretching ratios of 1 (C), 2 (D), 3 (E), and 4 
(F) containing 15 wt% PVA. SEM: Scanning electron microscopy; FT: frozen-thawed; FS: frozen-salted out; DFS: directional freezing and 
salting-out; PVA: polyvinyl alcohol.

Fourier transform infrared (FT-IR) spectroscopy was then conducted to investigate the mechanisms of DFS 
methods. As observed in Figure 3A, all PVA hydrogels exhibited a characteristic absorption peak at around 
3,292 cm-1 corresponding to the stretching vibration of O-H, implying that hydroxyl groups remained stable 
after the DFS method. However, this peak for FS and DFS PVA hydrogels with different stretching ratios 
shifted from 3,292 cm-1 to a lower wavenumber of 3,244 cm-1, mainly attributed to the enhanced hydrogen 
bonding between PVA chains after salting-out [Figure 3B]. In addition, the intensity of the peak around 
1,640 cm-1 corresponding to the shear bending vibration of -OH groups in water for FS PVA and DFS PVA 
hydrogels gradually decreased and shifted to a higher wavenumber [Figure 3C], indicating a reduction of 
water content within the PVA hydrogel during salting-out and disruption of hydrogen bonds between water 
molecules and PVA molecular chains[49]. Furthermore, a new characteristic peak at 1,144 cm-1 corresponding 
to the symmetric stretching vibration of O-C-C, which was the fingerprint peak of crystalline PVA chains, 
appeared for FS and DFS PVA hydrogels [Figure 3D]. Its intensity progressively increased with the 
stretching ratio, suggesting formation of crystalline regions during salting-out and stretching process[30]. 
Besides, FS and DFS PVA hydrogels showed enhanced characteristic peaks at 2,950, 1,420, and 1,092 cm-1 
attributed to stretching vibrations of -CH, -CH2 and C-O groups of PVA chains, respectively, indicating 
aggregation of the PVA chains and strong hydrophobic interaction after salting-out[50]. Additionally, the 
DFS hydrogels with different stretching ratios displayed very similar FT-IR spectra, suggesting the 
stretching was essentially a physical procedure.

In order to further investigate the effects of salting-out and mechanical stretching on the crystalline 
structure of PVA hydrogels, X-ray diffraction (XRD) and differential scanning calorimetry (DSC) analyses 
were conducted. As depicted in Figure 3E, FS and DFS PVA hydrogels exhibited new diffraction peaks at 
21° and 41° compared to FT PVA hydrogels, which represented the (101) and (111) crystal plane, 
respectively, indicating crystalline domains existed in PVA hydrogels. Moreover, as the stretching ratio 
grew, the diffraction peak around 21° for DFS hydrogels gradually enhanced and the full width at half 
maximum broadened as shown in Supplementary Figure 2. This indicated an increase in the number of 
crystalline regions and a decrease in the average size of the crystallites. Analysis of DSC curves shown in 
Figure 3F revealed that FT PVA hydrogels exhibited the lowest crystallinity of 0.37%, which was lower than 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 3. Full FT-IR spectra (A) and zoomed-in FT-IR spectra at 3,700-3,000 cm-1 (B), 1,800-1,500 cm-1 (C), and 1,200-1,000 cm-1 (D); 
XRD (E) and DSC (F) curves for FT PVA, FS PVA, and DFS PVA hydrogels. FT-IR: Fourier transform infrared; XRD: X-ray diffraction; DSC: 
differential scanning calorimetry; FT: frozen-thawed; PVA: polyvinyl alcohol; FS: frozen-salted out; DFS: directional freezing and salting-
out.

that of FS PVA hydrogels (3.59%, Supplementary Figure 3). In the meantime, the DFS PVA hydrogels 
displayed higher crystallinity than both FT and FS PVA hydrogels, which increased from 4% to 11.97% as 
the stretching ratio increased from 1 to 4. This was consistent with the XRD results.

To conclude, the mechanism of the salting-out of the Hofmeister effect is as follows: the citrate anions 
would polarize the hydration water surrounding the PVA chains, disrupting the stability of hydrogen bonds 
between PVA and hydration water molecules. Meanwhile, the surface tension of cavities around the 
polymer chains increased, interfering with the hydrophobicity of the polymer. Macroscopically, the 
disordered aggregation and crystallinity of the hydrogel were enhanced, while microcosmically, the 
hydrogen bond between PVA molecules was strengthened. Salting out under a stretching state would 
generate hydrophobic domains, make the PVA chains crystallize in the orientation state, and strengthen the 
hydrogen bond between PVA chains in the amorphous region. Therefore, the orderly oriented alignment 
was locked due to the Hofmeister effect [Figure 4].

Small angle X-ray scattering (SAXS) was further employed to investigate the chain orientation of PVA 
polymers. As shown in Figure 5A, the 2D-SAXS pattern of FS PVA hydrogels displayed a uniformly 
distributed intensity ring, suggesting an isotropic structure. In contrast, the scattering circles of DFS PVA 
hydrogels were slowly distorted as the stretching ratio increased. The scattering patterns of the 2D-SAXS of 
DFS PVA hydrogels gradually transitioned from a circle of DFS1 to a distorted ellipse for DFS4, suggesting a 
highly anisotropic structure due to the orientation caused by stretching [Figure 5B-F]. Additionally, FS PVA 
hydrogels exhibited nearly the same scattering intensity in all directions. In contrast, the relative scattering 
intensity near the azimuthal angle of 90° for DFS PVA hydrogels increased with the stretching ratio 
[Figure 5G], suggesting enhanced anisotropy. The orientation degree of FS PVA hydrogels was only 0.359, 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 4. Schematics of the aggregation states of PVA hydrogel during the salting out process: the interactions among ions, polymer 
chains, and water molecules (A) and hydrogen bonds between PVA chains enhanced by Hofmeister effect (B). PVA: Polyvinyl alcohol.

while that of DFS PVA hydrogels increased from 0.580 to 0.839 as the stretching ratio rose from 1 to 4 
[Figure 5H]. As depicted in Figure 5I, with increasing stretching, the diffraction peak representing the 
spacing between adjacent crystal domains in the corrected scattering intensity-scattering vector curve along 
the orientation direction shifted to the left, with a slight increase in peak intensity. This suggests that the 
average spacing between adjacent crystal domains expanded with greater stretching along the stretching 
direction. At a stretching ratio of 4, the DFS4 PVA hydrogel showed the largest crystal domain spacing 
along the orientation direction of 14.9 nm, higher than 9.9, 10.6, and 13.5 nm of DFS1, DFS2, and DFS3 
PVA hydrogels, respectively [Figure 5J]. Additionally, the crystallinity of DFS PVA hydrogel enhanced as 
the stretching ratio increased, accompanied by a reduction in the average size of the crystalline domains 
[Supplementary Figures 2 and 3]. The average crystal size of DFS PVA hydrogel decreased, while the 
spacing between crystal domains expanded with increasing stretching, indicating that the curled molecular 
chains between the crystalline regions were straightened under mechanical stretching and that the 
molecular chains in the amorphous regions formed an ordered structure [Figure 5F].

Furthermore, the orderly oriented alignment was verified using a polarized optical microscope. As shown in 
Supplementary Figure 4, isotropic FS PVA hydrogels exhibited no birefringence at both 0° and 45°. In 
contrast, anisotropic DFS PVA hydrogels only displayed strong interference at 45° but not at 0°, further 
confirming their anisotropic structure.

Thermal conductivities of DFS PVA hydrogels
The λ was investigated to evaluate the thermal conduction performance of PVA hydrogels. As shown in 
Figure 6A, all the λ of FT, FS, and DFS1 PVA hydrogels decreased with increasing mass fraction of PVA. 
Besides, the FT PVA hydrogel exhibited the highest λ, followed by the λ of DFS1 PVA hydrogel, while the FS 
PVA hydrogel displayed the lowest λ at the same content of PVA. When the mass fraction of PVA was 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 5. 2D-SAXS patterns of FS (A) and DFS PVA hydrogels with stretching ratios of 1 (B), 2 (C), 3 (D), and 4 (E); schematic diagram 
of microstructural changes from FS to DFS PVA hydrogel (F); scattering intensity vs. azimuthal angle curve of FS PVA and DFS PVA 
hydrogels (G) and corresponding orientation degree (H); scattering intensity I·q2 vs. scattering vector q along the orientation direction of 
DFS PVA hydrogels (I) and average distance L between adjacent crystal domains along the orientation direction vs. stretching ratio for 
DFS PVA hydrogels (J). SAXS: Small angle X-ray scattering; FS: frozen-salted out; DFS: directional freezing and salting-out; PVA: 
polyvinyl alcohol.
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Figure 6. λ values of FT, FS, and DFS1 PVA hydrogels with different PVA mass fractions (A) and DFS PVA hydrogels with different PVA 
mass fractions and stretching ratios (B); infrared thermal images of FT, FS, DFS1, and DFS4 PVA hydrogels (C) and the corresponding 
surface temperatures (D) at different heating times. FT: Frozen-thawed; FS: frozen-salted out; PVA: polyvinyl alcohol.

5 wt%, the λ of the FT PVA hydrogel was 0.60 W/(m·K), higher than 0.55 and 0.57 W/(m·K) for FS and 
DFS1 PVA hydrogels, respectively. As the fraction of PVA increased further to 15 wt%, the λ of the FT PVA 
hydrogel decreased to 0.52 W/(m·K), which was almost equal to 0.51 W/(m·K) for DFS1 PVA hydrogel but 
higher than 0.45 W/(m·K) for FS PVA hydrogels.

This is because the PVA molecular chain had little effect on the intrinsic λ of the hydrogel at a low degree of 
orientation, and the thermal conduction was mainly through the motion collision of water molecules. 
Besides, the salting out process caused the aggregation of PVA chains, which would restrict the movement 
of water molecules, thereby reducing the λ of the hydrogel. Consequently, the λ of FS PVA hydrogels was 
lower than that of FT PVA hydrogels. However, the PVA chains in DFS1 PVA hydrogels were aligned along 
the ice crystal growth direction, leading to a reduced disordered structure[51], which facilitated heat transfer, 
thus showing a higher λ compared to FS PVA hydrogel. Although the λ of DFS1 PVA hydrogels was lower 
than that of FT PVA hydrogels, this difference decreased with increasing PVA mass fraction. This is 
because, although the orientation degree of PVA chains was increased in DFS1 PVA hydrogels, the low 
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PVA mass fraction showed little impact on the λ of the hydrogel. At the same time, due to the enhanced 
aggregation of PVA chains, the heat transfer of water molecules was limited, resulting in its λ being lower 
than that of FT PVA hydrogels. However, when the mass fraction of PVA increased, the oriented PVA 
chains in DFS1 PVA hydrogels significantly improved the λ, reducing the difference between the λ of DFS1 
and FT PVA hydrogels.

Figure 6B displayed the λ of DFS PVA hydrogels at different PVA fractions and stretching ratios. At the 
same mass fraction of PVA, the λ of DFS PVA hydrogels gradually increased with the stretching ratio. The 
higher the PVA content was, the greater the enhancement of λ with increasing stretching ratios. When the 
PVA mass fraction was 15 wt%, DFS4 PVA hydrogels exhibited the highest λ of 1.25 W/(m·K), which was 
145.1% higher than 0.51 W/(m·K) of DFS1 PVA hydrogel, and was also higher than 0.99 and 0.82 W/(m·K) 
of DFS4 PVA hydrogels with 5 wt% and 10 wt% of PVA, respectively. This is because the network of PVA 
hydrogels comprised crystalline and amorphous regions. The PVA chains were oriented and arranged 
under the effect of tension during stretching, and the orientation degree along the stretching direction 
increased with the increase of stretching ratio, which caused the increase of crystallinity. The orientation 
arrangement of PVA chains also increased the orderliness of amorphous domains. Besides, stretching 
caused aggregation of PVA chains, which enhanced the interaction between molecular chains. In addition, 
the salting-out effect caused strong hydrogen-bonding interactions between hydroxyl groups, which 
generated rigid cross-linking points and reduced ineffective molecular vibrations. These factors jointly 
restricted phonon scattering and segmental rotation. Therefore, the mean free path of phonons was 
increased and resulted in high-speed phonon propagation, facilitating more effective heat transfer[52-56] 
[Supplementary Figure 5]. The higher the mass fraction of PVA was, the greater the contribution of orderly 
orientated PVA chains to the overall λ of the hydrogel.

The infrared thermal imaging in Figure 6C provided an intuitive demonstration of the λ of different PVA 
hydrogels. As observed, the DFS4 PVA hydrogel exhibited the highest rate of temperature increase 
[Figure 6D], while the FS PVA hydrogel showed the lowest. The surface temperature of DFS4 PVA 
hydrogels reached 59.5 °C after 30 s, higher than 52.1 °C of FS PVA hydrogels, confirming DFS4 PVA 
hydrogels possessed the highest λ.

Mechanical properties of DFS PVA hydrogels
Figure 7A-F demonstrates that both FT PVA and FS PVA hydrogels exhibited typical stress-strain behavior, 
characterized by being “soft yet tough” with low modulus and high elongation at break. The tensile strength 
and toughness of FT PVA hydrogels improved gradually with the PVA mass fraction, while the elongation 
at break first increased and then decreased [Figure 7B]. As the mass fraction of PVA rose from 5 wt% to 
15 wt%, the tensile strength of FT PVA hydrogel grew from 0.1 to 0.4 MPa whereas the elongation at break 
decreased from 240% to 215%. Besides, the toughness and the elastic modulus progressed from 0.09 MJ·m-3 
and 0.03 MPa to 0.32 MJ·m-3 and 0.07 MPa, respectively [Figure 7C]. This is because higher PVA content 
effectively enhanced the aggregation of polymer chains, strengthening the interaction between molecular 
chains, thus improving breaking strength. Moderate physical entanglement between PVA chains can 
enhance the elongation at break, while excessive entanglement would reduce it. For the FS PVA hydrogels 
[Figure 7D], the tensile strength, toughness, and elastic modulus increased gradually with increasing the 
PVA content, whereas the elongation at break gradually decreased [Figure 7E and F]. When the mass 
fraction of PVA shifted from 5 wt% to 15 wt%, the tensile strength, toughness, and elastic modulus went 
from 0.8 MPa, 0.8 MJ·m-3, and 0.3 MPa to 4.9 MPa, 4.8 MJ·m-3, and 3.1 MPa, respectively, while the 
elongation at break dropped from 230% to 181%.

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 7. Stress-strain curves and mechanical properties of FT PVA (A-C), FS PVA (D-F), and DFS PVA (G-I, with stretching ratio of 1) 
hydrogels with different mass fractions of PVA. FT: Frozen-thawed; PVA: polyvinyl alcohol; FS: frozen-salted out; DFS: directional 
freezing and salting-out.

It can be concluded that FS PVA hydrogels possessed much higher tensile strength, toughness, and elastic 
modulus compared to FT PVA hydrogels. This is because, in FT PVA hydrogels, the polymer network was 
cross-linked only by a limited number of hydrogen bonds and physical entanglements, resulting in low 
tensile strength and poor toughness. However, during the salting-out process, the Hofmeister effect 
enhanced the aggregation of PVA chains, hydrogen bonding, and crystallinity of the hydrogel, leading to a 
densification of the polymer network and an obvious improvement in the tensile strength, toughness, and 
elastic modulus of PVA. However, the unordered distribution of crystalline and amorphous domains 
resulted in the non-uniform structure of FS PVA hydrogel, which caused the decrease of elongation at 
break.

The DFS PVA hydrogels exhibited a highly anisotropic character ascribed to the stretching-induced PVA 
chain alignment. In order to analyze this anisotropic behavior, the mechanical properties of DFS1 PVA 
hydrogels along and perpendicular to the stretching direction were examined. As displayed in Figure 7G, 
DFS1 PVA hydrogels were demonstrated to be strong, tough, and stretchable along the orientation direction 
but non-stretchable and brittle along the perpendicular direction because the tensile strength and 
elongation at break were much higher along the stretching direction.
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Generally, tensile strength both along and perpendicular to the stretching direction rose, while the 
elongation at break decreased as the mass fraction of PVA increased [Figure 7H and I]. When the PVA 
content was 15 wt%, the tensile strength of DFS1 PVA hydrogel along the orientation direction increased to 
14.8 MPa while the elongation at break decreased to 326.7%, which were significantly higher than the tensile 
strength (1.92 MPa) and elongation at break (116.3%) of perpendicular to the stretching direction. In 
addition, DFS1 PVA hydrogels displayed higher tensile strength and elongation at break than both FT and 
FS PVA hydrogels with the same content of PVA. This is attributed to the anisotropic oriented pore channel 
structure of DFS1 PVA hydrogels. The PVA polymer chains were orderly aligned along the orientation 
direction with crystalline and amorphous domains alternately distributed in the network, imparting high 
strength to the hydrogel. In contrast, PVA hydrogels presented a layered structure in the perpendicular 
direction, with aggregated molecular chains separated by pore channels containing a large amount of water, 
resulting in weak interaction forces and making them prone to fracture.

The mechanical properties of DFS PVA hydrogels with different mass fractions of PVA under various 
stretching ratios were also investigated [Figure 8]. As observed, the tensile strength of DFS PVA hydrogels 
with the same PVA mass fraction progressively increased with the stretching ratio, while the elongation at 
break gradually decreased. Meanwhile, the tensile strength of DFS PVA hydrogels with the same stretching 
ratio enhanced with the PVA mass fraction. Specifically, the tensile strength of DFS PVA hydrogels with 
15 wt% PVA and a stretching ratio of 4 rose to 27.1 MPa from 14.8 MPa at a stretching ratio of 1, which was 
also much higher than the tensile strengths of 17.2 and 14.1 MPa for DFS PVA hydrogels with 5 wt% and 
10 wt% of PVA, respectively, at a stretching ratio of 4. However, its elongation at break declined from 
326.7% for a stretching ratio of 1 to 163.1%, yet remained higher than 121% and 125% of DFS PVA 
hydrogels with 5 wt% and 10 wt% PVA at a stretching ratio of 4. Additionally, its toughness and elastic 
modulus increased from 19.6 MJ·m-3 and 10.5 MPa at a stretching ratio of 1 to 25.3 MJ·m-3 and 21.5 MPa, 
respectively, both higher than 12.1 and 12.9 MJ·m-3 as well as 11.7 and 13.5 MPa for DFS PVA hydrogels 
with 5 wt% and 10 wt% PVA at a stretching ratio of 4.

This is attributed to the lower orientation and crystallinity of PVA chains within the hydrogel without 
stretching, resulting in lower tensile strength but larger deformation. Upon stretching, the PVA polymer 
chains were rearranged and aligned along the stretching direction. Furthermore, the polymer chains 
achieved higher orientation and crystallinity as the stretching ratio increased, leading to a more compact 
structure. The crystalline domains, which acted as a reinforcement phase, greatly enhanced the tensile 
strength. However, the movement of polymer chains would also be restricted, thereby reducing the 
elongation at break. The high mechanical strength of DFS PVA hydrogels can also be demonstrated by 
holding the weight of 500 g [Supplementary Figure 6A]. Additionally, these hydrogels demonstrated 
exceptional flexibility by undergoing arbitrary bending and folding as illustrated in Supplementary Figure 
6B and C. Overall, the DFS PVA hydrogels exhibited both enhanced intrinsic thermal conductivities and 
mechanical properties compared to FT PVA hydrogels [Supplementary Table 1].

CONCLUSIONS
In summary, highly thermally conductive, strong, and tough PVA (DFS PVA) hydrogels with structural 
anisotropy were prepared through the synergy of directional freezing and mechanical stretching assisted by 
the Hofmeister effect. The DFS PVA hydrogel with 15 wt% of PVA and a stretching ratio of 4 (DFS4) 
exhibited the highest λ of 1.25 W/(m·K), which was 2.4 and 2.8 times that of 0.52 and 0.45 W/(m·K) for 
hydrogels made by FT and FS methods, respectively. Meanwhile, the DFS4 PVA hydrogels with 15 wt% 
PVA also exhibited greatly enhanced mechanical performances. For instance, their tensile strength, 
toughness, and elastic modulus significantly increased to 27.1 MPa, 25.3 MJ·m-3, and 21.5 MPa, respectively, 

https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
https://oaepublishstorage.blob.core.windows.net/articlepdfpreview202501/ss4072-SupplementaryMaterials.pdf
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Figure 8. Stress-strain curves and mechanical properties of DFS PVA hydrogels at different stretching ratios with 5 wt% (A-C), 10 wt% 
(D-F), and 15 wt% (G-I) of PVA. DFS: Directional freezing and salting-out; PVA: polyvinyl alcohol.

from 0.4 MPa, 0.32 MJ·m-3, and 0.07 MPa for FT PVA hydrogels. Additionally, the elongation at break was 
163.1%. This enhancement was attributed to the salting-out effect, which generated hydrophobic and 
crystalline regions, while directional freezing and stretching promoted chain orientation in the DFS strategy. 
These effects synergistically contributed to the improvement of intrinsic λ and mechanical properties of 
PVA hydrogels. This study provides a new strategy for simultaneously enhancing intrinsic λ and mechanical 
properties of hydrogels by constructing an oriented structure with alternating soft (PVA chains) and hard 
(physical cross-linking) regions. This strategy is expected to promote the application of PVA hydrogels in 
bioengineering and flexible electronics. Future work will focus on introducing stimuli-responsive materials 
or dynamic covalent bonds into the hydrogels. For instance, integrating carbon nanotubes will impart 
photo-thermal effect to PVA hydrogels under near-infrared light, which could be utilized for wound healing 
by remote and non-contact control. Additionally, introducing dynamic covalent bonds into the hydrogel 
network could endow the hydrogel with self-healing behavior triggered by external stimuli.
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