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ABSTRACT

Hydrogels, known for their biocompatibility and responsiveness to external stimuli, are promising candidates for wearable sensors

and electronics. However, conventional hydrogels exhibit low thermal conductivity (0.2-0.6 W/m-K), which limits efficient heat

dissipation and leads to performance degradation during continuous operation, such as in long-term wearable health monitors.

Moreover, their weak mechanical and environmental stability further constrains their broader applications. In this study, we

introduce a multiscale structural engineering approach that leverages the dynamics of pores, crystallization, and hydrogen

bonding. Inspired by the design motifs of natural materials such as spider silk, we enhance the thermal conductivity of hydrogels to

1.5 W/m-K. This multiscale structural strategy also improves their mechanical strength and environmental resilience. Our findings

provide a blueprint for understanding the process-structure-property relationships and offer a design framework for expanding

the practical applications of hydrogels.

1 | Introduction

Hydrogels are widely used in advanced technologies, such as
wearable sensors and electronics due to their biocompatibility
and responsiveness to external stimuli [1-10]. However, their
application in wearable sensing is challenged by poor thermal
management, as well as limited mechanical and environmen-
tal stability. In particular, the low thermal conductivity (0.2-
0.6 W/m-K) poses a significant challenge, limiting heat dissipa-
tion and overall performance [11]. This limited heat dissipation
capacity poses challenges in thermal management, for long-term
use in wearable sensors such as health monitors and flexible
electronics [12].

Several strategies have been proposed to address the thermal
conductivity limitations of hydrogels. One common approach
to enhance thermal conductivity is the addition of high-
conductivity fillers, such as metal (e.g., silver and copper)
[13, 14] or ceramic (e.g., boron nitride and aluminum oxide) [15-
17] particles. Yet, this method increases material cost and weight.
Another strategy involves strengthening intermolecular inter-
actions, which typically focuses on single-scale modifications
(e.g., nano- or molecular-levels)[18-27]. While this approach has
shown improved thermal conductivity (e.g., 0.64-1.23 W/meK),
it still leaves room for further enhancement through multiscale
structural engineering [18-27]. Moreover, the weak intermolec-
ular interactions in hydrogels contribute to limited mechanical
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strength and environmental stability, both of which are crucial
for reliable and durable wearable sensor applications [28-30].

Nature has perfected extraordinary materials such as spider
silk, known for its exceptional thermal conductivity, mechanical
strength, and environmental resilience [31, 32]. These remark-
able characteristics are largely derived from its hierarchical
structure across multiple length scales [33, 34]. For example,
Gu et al. demonstrated that the toughness of spider silk is
governed by B-nanocrystalline domains reinforced by dense
hydrogen-bond networks [35]. Fu et al. demonstrated that the
cryogenic toughness of spider silk originates from its well-
defined micro- and nanofibrillar morphology, which blunts crack
propagation, and from the highly oriented chain structures within
the nanofibrils that enable substantial elastic energy absorption
through ordered-disordered chain deformation [32]. Huang et al.
attributed the high thermal conductivity of dragline silk to well-
organized and low-defect structures of protein chains and aligned
B-sheet nanocrystals that promote efficient phonon transport
[36]. Atomistic simulations further confirm that densely packed
B-sheet crystals and extensive hydrogen-bond networks enhance
heat transfer at the molecular level [33]. Biomimicking the
design principles of spider silk could enable the development
of hydrogels with significantly improved thermal conductivity,
broadening their range of potential applications.

In this study, inspired by the structural motifs of spider silk,
we engineered multiscale structures within hydrogel to achieve
enhanced performance. The hydrogels demonstrate superior
thermal conductivity of 1.5 W/m-K, impressive compressive
strength of 5.4 MPa, and toughness of 1.1 MJ m~3, along with
exceptional environmental tolerance across diverse conditions,
from —150°C to 70°C, under 12 psi, and after one month of
ambient storage. These advanced features result from strategic
multiscale structural modifications that improve 1) compactness
at the microscale, 2) crystallinity and crystallite size at the
nanoscale, and 3) hydrogen bonding at the molecular scale.
The multiscale engineering approach presented in this study
simultaneously enhances the thermal conductivity, along with
mechanical strength and environmental resilience (Scheme 1).
This study offers innovative material design guidelines, elucidat-
ing the mechanisms linking hierarchical structures to enhanced
performance.

2 | Results and Discussion

2.1 | Enhanced Thermal Conductivity via
Multiscale Engineering

Spider silk is known for its exceptional thermal conductivity,
attributed to its nearly defect-free structures, S-sheet crystals,
and extensive hydrogen bonding [34]. Drawing inspiration from
this, we applied multiscale structural engineering to conductive
hydrogels, utilizing solvent engineering (SE-Hydrogel) and dry
annealing (DA-Hydrogel) of a standard hydrogel (ST-Hydrogel).
This approach promotes hierarchically compact structures across
micro-, nano-, and molecular levels. To investigate how thermal
conductivity can be enhanced, we synthesized three types of
hydrogels such as ST-, SE-, and DA-Hydrogels, following detailed
procedures described in the Experimental Section (Figure S1).

Multiscale Engineering
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SCHEME 1 | Multiscale engineered hydrogels for enhanced thermal
conductivity with improved mechanical strength and environmental
resilience.

DA-Hydrogels were synthesized through a combination of freeze-
thawing and dry-annealing processes (Figure S2). A solution was
prepared by vigorous mechanical mixing, followed by freeze-
thawing to induce physical crosslinking of PEDOT-rich crys-
talline domains and hydrogen-bonded PVA crystalline domains,
imparting conductivity and stretchability, respectively, to gen-
erate ST-Hydrogel and SE-Hydrogel, depending on the solvent
type. Subsequent dry annealing facilitated the formation of dense
hierarchical structures across micro-, nano-, and molecular-
levels to create the DA-Hydrogel. The fabrication process is
described in detail in the Experimental Section. Among these,
DA-Hydrogels exhibited the highest thermal conductivity of
1.5 W/m-K, compared to 1.0 W/m-K for ST-Hydrogels and
1.2 W/m-K for SE-Hydrogels (Figure 1a). Thermal conductivity
measurements were conducted using a 1D steady-state method,
with specifics outlined in the Experimental Section (Figure S3a).
The temperature profiles over time for the three hydrogel types
are depicted in Figure S3b. To visually represent these differences,
hydrogels were placed on a hot plate at 80°C, and an infrared
(IR) camera captured the in situ temperature distribution. DA-
Hydrogels demonstrated a faster temperature increase along
the Z-direction compared to ST- and SE-Hydrogels, confirming
the superior thermal conductivity of DA-Hydrogels (Figure 1b).
Furthermore, IR imaging provides clear evidence of higher
thermal conductivity of DA-Hydrogels, as indicated by their
higher temperature distribution relative to ST- and SE-Hydrogels
after 12 min of heating (Figure 1c; Movie S1).

The mechanisms underlying the enhanced thermal conductivity
were systematically analyzed across multiple scales, providing
insights into how microstructural compactness, crystallinity,
and strengthened hydrogen bonding collectively contribute to
performance improvements in hydrogels (Figure 1d; Figure S4).
At the microscale (> 1 pm), pore dynamics were examined
using scanning electron microscopy (SEM) (Figure 1d, top row).
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FIGURE 1 | Enhanced thermal conductivity. (a) Thermal conductivities of ST-, SE-, and DA-Hydrogels. Data presented as mean =+ SD, n = 3.
(b) Plots of AT/T, versus time for ST-, SE-, and DA-Hydrogels. (c) IR images of ST-, SE-, and DA-Hydrogels. Scale bar, 1 cm. (d) Thermal transport
analysis of ST-, SE-, and DA-Hydrogels at multi-scales. Scale bar, 50 pm. (e) XRD analysis of ST-, SE-, and DA-Hydrogels. (f) Crystallinity and crystallite
size of ST-, SE-, and DA-Hydrogels. Data presented as mean + SD, n = 3. (g) DSC analysis of ST-, SE-, and DA-Hydrogels. (h) FTIR spectra of ST-, SE-,

and DA-Hydrogels.

ST-Hydrogels, composed primarily of water, exhibit a network of
pores supported by thin polymer backbones. The introduction of
organic solvents densifies the structure in SE-Hydrogel through
increased intermolecular interactions [37], while dry annealing
further tightens molecular chain alignment and closes pores [38].
These modifications reduce the number of pores, which serve as
phonon scattering sites, thereby enhancing thermal conductivity
(Figures S5 and S6) [39, 40].

Crystallization dynamics were investigated at the nanoscale (1 nm
to 1 um) (Figure 1d, middle row). X-ray diffraction (XRD) reveals
asharp peak at 260  19.7°, indicating the crystallinity of polyvinyl
alcohol (PVA) chains (Figure le,f) [41]. ST-Hydrogel shows
the lowest crystallinity (24.9%) and crystallite size (0.88 nm),
whereas SE-Hydrogel exhibits increased crystallinity (34.9%)
and crystallite size (0.98 nm) due to enhanced chain mobility
in the supercooled state, which facilitates the formation of
more ordered PVA structures promoted by organic solvents
[42]. Dry annealing further enhances crystallinity to 44.7% and
crystallite size up 6.7 nm by promoting PVA chain alignment
through increased chain mobility (Figure le,f) [43], thereby
reducing amorphous regions that act as phonon scattering centers
[26, 44]. Differential scanning calorimetry (DSC) analysis further

demonstrates that the DA-Hydrogel exhibits a larger area of the
endothermic melting peak area compared to the ST-Hydrogel and
SE-Hydrogel, reflecting a greater number of crystalline domains
in the DA-Hydrogel (Figure 1g).

Intermolecular interactions at the molecular scale (< 1 nm) were
analyzed using Fourier transform infrared (FTIR) spectroscopy
(Figure 1d, bottom row, Figure 1h). The C—O stretching band at
1089 cm™! in ST-Hydrogel shifts to lower wave numbers (1038
and 1035 cm™) in SE- and DA-Hydrogels, indicating stronger
hydrogen bonding (Figure S7a) [45]. Additionally, DA-Hydrogel
shows an intensified crystal-sensitive band at 1144 cm™, reflect-
ing enhanced PVA crystallization and stronger intermolecular
interactions compared to ST- and SE-Hydrogels (Figure S7b) [46].
These strengthened hydrogen bonds eliminate gaps within the
DA-Hydrogel, further reducing phonon scattering centers and
enhancing thermal conductivity [24]. The thermal conductivity
increases with the decreased water content and then reaches a
plateau thereafter (Figure S8). In conclusion, multiscale struc-
tural changes, including 1) reduced voids at the microscale,
2) increased crystalline regions at the nanoscale, and 3) strength-
ened intermolecular interactions at the molecular scale, work
synergistically to improve thermal conductivity, surpassing the
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thermal conductivity of previously reported single- or dual-
scale approaches or materials with low-water-content (Figure S9;
Tables S1 and S2) [18-27, 47-50].

2.2 | Strong yet Lightweight Hydrogels

Many applications, such as wearable devices and soft robotics,
require materials with high mechanical performance to ensure
long-term durability [28]. At the same time, low density is essen-
tial to maintain the agility of moving components and enhance
user comfort [51]. However, hydrogels often suffer from limited
mechanical strength and high density due to their high water
content [51, 52]. Consequently, the development of mechanically
robust and lightweight hydrogels is of great importance.

By employing compact structuring across micro-, nano-, and
molecular scales, DA-Hydrogels demonstrate outstanding
mechanical strength. Specifically, DA-Hydrogels exhibit
1) reduced voids at the microscale, 2) increased crystalline
regions and crystallinity at the nanoscale, and 3) strengthened
hydrogen bonding at the molecular scale. This hierarchical
multiscale compactness in hydrogels significantly enhances
the mechanical properties of DA-Hydrogels compared to
ST- and SE-Hydrogels, as demonstrated in Figure 2a and
Figure S10.

To illustrate the enhanced mechanical properties, a 13.6 kg
dumbbell (1360 times the hydrogel’s own weight) was placed on
ST-, SE-, and DA-Hydrogels. While ST- and SE-Hydrogels exhib-
ited pronounced deformation under this load, DA-Hydrogels
maintained their structural integrity with minimal deformation
(Figure 2b). This remarkable load-bearing capacity is attributed
to synergistic effects from enhanced crystallinity, increased crys-
tallite size, and strengthened hydrogen bonding, coupled with
compact microstructures, as depicted schematically in Figure 2c.
The multiscale toughening and strengthening strategy enabled
the DA-Hydrogel to support an even greater load of 45.4 kg (1892
times its weight) without mechanical failure (Figure 2d; Movie
S2). Such exceptional mechanical robustness originates from
dynamic interactions operating across multiple length scales,
including compact microstructures, enhanced nanocrystalliza-
tion, and strengthened intermolecular interactions. As a result,
the combined effects of reduced voids, enhanced crystallinity
and crystallite size, and strengthened hydrogen bonding led to
significant improvements in compressive mechanical strength,
modulus, and toughness, surpassing the performance of previ-
ously developed tough hydrogels (Figure S11) [53-58].

DA-Hydrogels exhibit a remarkably lightweight nature, pri-
marily due to water evaporation during the dry annealing
process. This weight reduction enables them to rest stably on
a single leaf of a pencil cactus, visually demonstrating their
low density (Figure 2e). This water evaporation is supported
by FTIR analysis, which shows a decreased intensity of the
peak at 1645 cm™ corresponding to the bending vibration of
hydroxyl groups (6 (—OH, H,0)), associated with bound water
(Figure 2f) [46]. Peaks corresponding to the bending vibration of
hydroxyl groups (6(—OH, H,0)) at 1645 cm™!, which are attributed
to bound water, are still observed even after dry annealing
(Figure 2f). This observation indicates that the residual bound

water cannot be completely removed, thereby confirming the
persistence of the hydrogel network structure. DA-Hydrogels
achieve the lowest density due to water evaporation, and ST-
Hydrogels have lower density than SE-Hydrogels since water is
less dense than organic solvents (Figure 2g). This unique com-
bination of low density and enhanced mechanical performance
enables DA-Hydrogels to achieve the highest specific mechan-
ical properties compared to ST- and SE-Hydrogels (Figure 2h,
Figure S12).

2.3 | Mechanical Stability and Recovery

Ensuring mechanical stability and recovery is crucial for the
long-term durability and functionality of conductive hydrogels
under repetitive or extreme stresses [59]. The compressibility and
self-recovery of DA-Hydrogels were evaluated using cylindrical
specimens subjected to 50% compressive strain. The DA-Hydrogel
demonstrated rapid recovery to its original shape upon unloading
(Figure 3a). Compressive loading-unloading cycles at 50% strain
were conducted on ST-, SE-, and DA-Hydrogels to assess energy
dissipation (Figure 3b). DA-Hydrogels exhibited superior energy
dissipation, attributed to crystalline domains and dense hydrogen
bonding that unzip and release mechanical energy. This struc-
tural configuration allows DA-Hydrogels to dissipate more energy
than ST- and SE-Hydrogels, as evidenced by significant energy
dissipation and a higher energy dissipation coefficient during the
initial cycle (Figure S13).

The cyclic compressive tests reveal that the DA-Hydrogel
maintains consistent hysteresis loops beyond the first cycle,
demonstrating rapid self-recovery and excellent fatigue resis-
tance (Figure 3c). The stable energy dissipation coefficient (Uyy,
coefficient) and preserved stress levels underscore the hydro-
gel’s durability (Figure 3d). DA-Hydrogels also show increased
hysteresis energy with higher strain levels, attributed to the
gradual destruction of crystalline domains and hydrogen bonds,
maintaining higher energy dissipation and stress compared
to ST- and SE-Hydrogels (Figure 3e; Figure S14). Even after
1000 loading/unloading cycles at 50% strain, DA-Hydrogels
retain exceptional fatigue resistance and durability (Figure 3f).
Extreme compressibility and recoverability were further demon-
strated through human and vehicle compression tests. The
hydrogel withstood a 70 kg person standing on it for 1 min
(Figure 3g) and endured repeated compression by a 1500 kg
vehicle (Figure 3h; Movie S3), showing complete recovery with
no fractures or permanent deformation (Figure 3h; Figure
S15). Additionally, cutting deformation tests showed that DA-
Hydrogels resist high localized stress without visible damage,
further illustrating their toughness and self-recovery (Figure 3i;
Movie S4). These findings highlight the exceptional compress-
ibility, energy dissipation, and recoverability of DA-Hydrogels,
making them ideal for applications subjected to extreme
mechanical stresses.

2.4 | Environmental Stability

Hydrogels often suffer from limited environmental stability,
restricting their usability in varying conditions [8, 60-62].
Regarding the environmental stability, we conducted various
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FIGURE 2 |

Enhanced specific mechanical properties. (a) Compressive stress—strain curves and mechanical properties (e.g., strength, modulus, and

toughness) of ST-, SE-, and DA-Hydrogels. Data presented as mean + SD, n = 3. (b) Comparison of deformation in ST-, SE-, and DA-Hydrogels under
a13.6 kg load. Scale bar, 6 cm. (c) Multiscale strengthening and toughening mechanism of the DA-Hydrogel. (d) DA-Hydrogel, supporting the weight
of a 45.3 kg dumbbell. Scale bar, 20 cm. (e) Photograph of DA-Hydrogel positioned on a leaf. Scale bar, 2 cm. (f) FTIR spectra of hydrogels before and

after annealing. (g) Density of ST-, SE-, and DA-Hydrogels. Data presented as mean + SD, n = 3. (h) Specific strength versus density of ST-, SE-, and

DA-Hydrogels. Data presented as mean + SD, n = 3.

environmental stability tests and DA-Hydrogels achieved excep-
tional stability through multiscale structural engineering. For
example, the anti-drying properties were tested by tracking
weight changes over 30 days at room temperature. DA-Hydrogels
exhibited minimal weight loss, indicating strong resistance to
drying, attributed to their dense structure and robust intermolec-
ular interactions, while ST- and SE-Hydrogels showed significant
weight reduction under the same conditions (Figure 4a). The
anti-freezing capabilities of DA-Hydrogels are also remarkable,
due to these strong interactions. DSC measurements from —150°C
to 50°C showed a sharp peak at 3.8°C for ST-Hydrogels, corre-
sponding to water freezing. In contrast, DA-Hydrogels displayed
no significant freezing peaks, underscoring the improved freeze
resistance (Figure 4b). DA-Hydrogels retained compressibility
at —20°C, unlike ST-Hydrogels, which fractured when ham-
mered at this temperature (inset in Figure 4b), demonstrating
superior freeze resistance compared to conventional hydrogels
(Figure S16) [60, 61, 63]. Further environmental tests at tem-
peratures ranging from —20°C to 70°C and under vacuum
(12 psi) revealed negligible weight variation over 12 h, confirming

DA-Hydrogels’ robust tolerance, except at 120°C (Figure 4c).
The compressive stress-strain curves remained consistent across
these conditions, affirming excellent stability (Figure 4d). The
DA-Hydrogel maintained impressive compressive stress under
diverse conditions, as demonstrated by its capacity to support
a 500 g weight (Figure 4e). The DA-Hydrogel also retained
its toughness across diverse environmental conditions, further
underscoring its robustness (Figure 4f). Similarly, tensile stress—
strain curves demonstrated environmental stability, supporting
the hydrogel’s reliability in diverse environments (Figure S17).
These findings highlight how multiscale structural engineer-
ing enhances both mechanical properties and environmental
resilience.

2.5 | Strain Sensing Performance

The combination of superior mechanical properties and envi-
ronmental resilience makes DA-Hydrogels well-suited for strain
sensing. The hydrogels exhibit highly linear relative resistance
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FIGURE 3 | Mechanical stability and recovery. (a) Photographs of compression and self-recovery of the DA-Hydrogel. Scale bar, 1 cm.

(b) Compressive stress-strain curves for ST-, SE-, and DA-Hydrogels. (c) Cyclic stress-strain curves for DA-Hydrogels. (d) The evolution of energy loss

coefficient and compressive stress as a function of loading-unloading cycles. Data presented as mean + SD, n = 3. (e) Compressive stress—strain curves

of DA-Hydrogels at different strains. (f) Compressive stress of the DA-Hydrogel throughout 1000 loading-unloading cycles. (g) Photographs, showing

the compressive strength of the DA-Hydrogel under the 70 kg human load. Scale bar, 5 cm. (h) Photographs of a car compression test demonstrating

the DA-Hydrogel subjected to a compressive force of 1500 kg from a car over 5 consecutive cycles. Scale bar, 3 cm. Enlarged photographs, showing
DA-Hydrogels before and after car compression testing. Scale bar, 5 mm. (i) Photographs of the DA-Hydrogel cut with scissors. Scale bar, 5 mm.

changes (AR/R,) under compressive strain across varied envi-
ronmental conditions (R? > 0.98), including a broad temperature
range (—20 to 70°C), vacuum conditions (12 psi), and extended
storage (1-month in ambient conditions) (Figure 5a). The hydro-
gels demonstrate a gauge factor exceeding 0.25, ensuring con-
sistent and reliable pressure sensing performance (Figure 5b).
Similarly, the hydrogels exhibit stable electrical sensing under
tensile strain with high linearity (R* > 0.99) and a gauge
factor exceeding 0.30 across diverse environments (Figure S18).
Figure 5c illustrates the AR/R,, response of the DA-Hydrogel sub-
jected to 50% compressive strain during loading-unloading cycles
across various conditions. The response patterns remained con-

sistent under all tested environmental conditions, underscoring
its remarkable environmental resilience and durability. Figure 5d
shows the AR/R, response of the DA-Hydrogel during loading-
unloading cycles at varying strain levels (10%, 30%, and 50%).
The consistent response patterns observed at various compressive
strain levels underscore the stability and reliable performance
of the DA-hydrogels, demonstrating continuous and repeatable
responses during cyclic loading. The consistency is sustained over
1000 cycles of compressive strains of 50%, further demonstrating
the DA-Hydrogel’s stability and enduring performance without
any signs of failure (Figure 5e). Figure 5f presents the response
and recovery times of the DA-Hydrogel under the compressive
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DA-Hydrogels under various environments. Data presented as mean + SD, n = 3. (d) Compressive stress-strain curves of DA-Hydrogels under various
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Data presented as mean + SD, n = 3. (f) Toughness of the DA-Hydrogel across various environments. Data presented as mean + SD, n = 3.

strain of 50%, with a loading and unloading rate of 500 mm
min~!. The DA-Hydrogel demonstrated response and recovery
times without notable deviations under 50% compressive strain
with the response and recovery times of approximately 725 and
922 ms.

2.6 | Proof-Of-Concept Demonstrations in
Wearable Sensing

Achieving environmental tolerance while maintaining strain
sensing performance and thermal management in the hydrogel
is essential for wearable sensing to broaden their utilization

[24, 64-68]. In this regard, our hydrogel uniquely possesses
the combination of strain sensing, thermal management, and
environmental resilience. To demonstrate both thermal manage-
ment and strain sensing capabilities, ST-, SE-, and DA-Hydrogels
were tested on a hot plate maintained at 70 °C. After ther-
mal equilibrium was reached, the hydrogels were transferred
to a clean surface at room temperature. The DA-Hydrogel
exhibited the fastest temperature decrease (30.3%) compared
to SE-Hydrogel (25.3%) and ST-Hydrogel (20%), owing to its
hierarchically compact structure, which significantly enhances
thermal conductivity (Figure 6a). Pressure sensing performance
was evaluated by subjecting the hydrogels to repeated pressing
and releasing motions. Both DA- and SE-Hydrogels successfully
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DA-Hydrogel at the compressive strain of 50% at room temperature.

measured external pressure and release motions, demonstrating
stable sensing capabilities under thermal exposure (Figure 6b;
Figure S19). DA-Hydrogel maintained its sensing capability
at —20°C, successfully capturing both pressure and release
motions (Figure S20). In contrast, ST-Hydrogel was unsuitable
for pressure sensing, as it experienced water loss at elevated
temperatures and freezing at lower temperatures, both of which
severely compromised its mechanical integrity and electrical
properties (Figure S21 and Movie S5). These results under-
score the DA-Hydrogel’s superior thermal management and
stable strain sensing performance, making it a highly promising
material for wearable sensors capable of operating in various
environments.

DA-Hydrogels effectively track human movements in real-time,
which is crucial for biomechanics and kinesiology [69-75]. These
features have implications for healthcare and performance mon-
itoring, including injury prevention [76], pain management [77],
and precise gait analysis [78]. To demonstrate the application of
the hydrogel in motion tracking, we developed several prototypes
capable of measuring strain changes in various body joints (e.g.,
foot, elbow, wrist, and knee) (Figure 6¢). The hydrogel exhibited
consistent and significant resistance changes in response to
deformations caused by diverse body movements (Figure 6d).
Remarkably, this performance remained stable even after expo-
sure to various conditions, attributed to the hydrogel’s unique
properties, including environmental stability and stable strain
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from the different body parts.

sensing performance. Skin irritation tests confirmed their safety
for use on the skin (Figure S22). In the tests, the hydrogel and
3 M tapes were applied to human skin for approximately 10 min
and then removed, with untreated bare skin serving as a control.
The 3 M tapes caused visible irritation, indicated by a hemoglobin
level of 1.8 mg/mL, whereas the hydrogel showed no irritation,
with a hemoglobin level of 1.5 mg/mL. These findings highlight
the hydrogel’s superior biocompatibility. Detailed protocols and
results of the skin irritation tests are provided in the Experimental
Section.

3 | Conclusion

This study introduces a multiscale engineering strategy for
developing hydrogels with enhanced thermal conductivity,
mechanical strength, and environmental resilience. Inspired by
the design motifs of spider silk, the integration of compact
structures across multiple scales has significantly improved
hydrogel performance. This multiscale approach provides a
versatile framework for designing materials with exceptional
properties, critical for applications in wearable sensors and
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beyond. By advancing the understanding of the relationship
between hierarchical structures and hydrogel performance, this
work establishes a strong foundation for the rational design
of biomimetic hydrogels. The principles demonstrated here are
broadly applicable to other material systems, offering oppor-
tunities to enhance performance and expand applications in
fields such as electronics, soft robotics, energy, and healthcare.
While these results are promising, further efforts are required to
scale up production and integrate these hydrogels into emerging
technologies, including devices, electronics and energy stor-
age, to facilitate their transition from lab-scale innovations to
practical industrial applications. This work not only advances
the field of biomimetic materials but also paves the way for
transformative innovations across industries, including wearable
sensors, electronics, soft robotics, energy systems, and biomedical
technologies.

4 | Experimental Section
4.1 | Fabrication of Hydrogels

DA-Hydrogels were synthesized using a combination of freeze-
thaw and dry-annealing methods, as illustrated in Figure S2.
We selected PVA (Mw: 146 000-186 000) as the base polymer
for its tunable microstructure, crystallinity, and intermolecu-
lar interactions [79]. The synthesis of SE-Hydrogel began by
heating a mixture of 4 g deionized water and ethylene glycol
(Fisher Chemical) to 95°C, followed by the dissolution of 0.31 g
hydroxypropyl cellulose (HPC, Sigma-Aldrich) with continuous
stirring for 1 h. Once fully dissolved, 1 g of PVA was added to
the solution and stirred for an additional h to achieve homo-
geneity. Subsequently, 1 g of PEDOT:PSS was incorporated into
the PVA-HPC solution, with stirring maintained for another
hour. Lastly, 2 g of glycerol (Sigma-Aldrich) was added, and
the mixture was stirred until a uniform hydrogel precursor
was obtained. The prepared solution was transferred into a
pre-cleaned mold and allowed to rest at room temperature
for 1 min to eliminate air bubbles. To ensure sterility and
prevent contamination, a glass cover, thoroughly cleaned with
acetone, isopropanol, and deionized water, was placed over
the mold. The solution underwent a freeze-thaw process to
enhance its mechanical and electrical properties. Specifically,
the hydrogel solution was frozen at —20°C overnight, followed
by thawing at 25°C for 3 h. After the thawing process, the
hydrogel was carefully demolded and trimmed to the desired
dimensions, yielding the SE-hydrogel. The hydrogel formula-
tion consisted of 1 g of PVA, 10 g of deionized water, and
1 g of PEDOT:PSS, while the ST-Hydrogel included an addi-
tional 0.31 g of HPC along with the same components, and
both were synthesized using an identical protocol. There is no
evidence of new chemical bond formation between PVA and
HPC, as indicated by the absence of additional peaks in the
FTIR spectra (Figure S23) [80]. While the inclusion of HPC
improved the mechanical strength of the hydrogels, excessive
amounts were found to reduce the strain, with the optimal
concentration determined to be 2.5 wt.% HPC (Figure S24). The
dry annealing process was performed by placing the freeze-
thawed and trimmed specimens between two glass substrates,
followed by heating at 60°C for over 1 h. After the initial
stage, one glass substrate was removed to expose one side of

the specimen, allowing for additional annealing. The annealing
procedure was carried out overnight, resulting in the final DA-
Hydrogel. Dry annealing of the SE-Hydrogel, which initially
contains approximately 40.5 wt.% water, significantly reduces its
water content. Specifically, dry annealing results in a consistent
weight reduction of 39.4% (Figure S25a), primarily attributed
to water loss. The dry annealing promotes PVA crystallization,
which disrupts the electrical conductive pathways and conse-
quently reduces the electrical conductivity (Figure S25b) [81].
Hydrogels without HPC and PEDOT:PSS, prepared by freeze-
thaw and dry annealing, exhibited a thermal conductivity of
0.6 W/m-K, highlighting the role of their hydrogen bonding
with PVA in enhancing thermal conductivity (Figure S26)
[82, 83].

4.2 | Thermal Characterization

The thermal conductivities of the samples were measured using a
1D steady-state method in accordance with ASTM D5470 (Figure
S3a) [84]. The reference material used was stainless steel, with
a thermal conductivity of 16.3 W/m-K. The test sample was
positioned between two metal blocks vertically installed in the
cylindrically-shaped test section, which was well-insulated to
minimize heat loss to the surroundings. Heat was applied to the
upper metal block via a film heater, while the temperature of
the lower metal block was maintained using a cooling system.
To minimize thermal contact resistance between the sample and
the metal blocks, pressure was applied during the measurement.
Moreover, insulating materials (polyethylene foam, Techlon,
with a thermal conductivity of 0.036 W/m-K) were installed
in the test section to minimize heat loss during the measure-
ments. The temperatures at six locations on the sample were
monitored using type T thermocouples. Thermal conductivities
were determined using the Fourier heat conduction equation as
shown below:

0.5% (g +q)) x |ds — d,]
K=

1
T3 T3] W
" stlTl_T2|
— st 2 2
W= =) @
L KX |Ts— T4
- s> 6l 3
R RN ®

where k is the calculated thermal conductivity (W/m-K), q“y and
q”. represent the heat fluxes in the upper and lower parts of
the measurement section, d is the location of the temperature
measurement, T denotes the temperature of the specific location,
x, is the thermal conductivity of the reference material (stainless
steel, 16.3 W/m-K). The temperature profiles over time for the
three types of hydrogels are presented in Figure S3b as shown in
the Supporting Information. To intuitively illustrate differences in
thermal conductivities, ST-, SE-, and DA-Hydrogels were placed
on a flat hot surface set to 80°C. The IR images and temperature
profiles were recorded using a thermal infrared camera (FLIR
E96 Advanced Thermal Imaging Camera, Teledyne FLIR LLC,
Wilsonville, OR).
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4.3 | Mechanical Characterization

The mechanical performance of the samples was assessed using
a Mark-10 mechanical testing system, which generated stress—
strain curves for analysis. Stress was defined as the ratio of
the applied force to the cross-sectional area of the specimen,
while strain was calculated as the ratio of the elongation to the
initial length of the sample. The elastic modulus was determined
from the slope of the initial linear region of the stress-strain
curve. Toughness, representing the energy required to deform the
material, was quantified by integrating the total area under the
stress—strain curve. Energy dissipation, reflecting the material’s
capacity to absorb and release energy, was calculated from the
area enclosed within the loading and unloading stress-strain
loops.

4.4 | Electrical Characterization

The electrical resistance of the samples was measured using
a Keithley 2400 source meter (Tektronix, Inc.). To assess
mechanical and electrical performance under diverse condi-
tions, samples were pre-conditioned by subjecting them to
specific environments prior to testing at room temperature.
These conditions included exposure to —20°C or 70°C, vac-
uum treatment at 12 psi for 12 h, and storage in ambient
air for one month. Gauge factor is defined by the following
Equation (4):

GF = (AR/R,) /¢ 4

where R, AR, and ¢ are the initial resistance before stretching,
the change in resistance under stretching, and the applied strain,
respectively.

4.5 | Structural Analysis

The hydrogels underwent microstructural analysis using high-
resolution scanning electron microscopy (SEM, S-4800; Hitachi,
Inc.) following a 48-h freeze-drying process with a Scientific Pro
Freeze Dryer (HR7000-M, Harvestright, LLC).

4.6 | XRD Analysis

Crystallinity and crystallite size were characterized via XRD
using a Panalytical Empyrean system with Cu Ko radiation at
45 kV and 40 mA. The degree of crystallinity was calculated
as the ratio of the crystalline component to the sum of the
crystalline and amorphous components derived from deconvo-
lution. Crystallite size (D) was determined using the Scherrer
Equation (5):

K2
D= —Fr —— 5
(FWHM) X cosf ®)
where K is the equipment constant (0.89) and A is the wavelength
of X-ray (1.54178 A). FWHM represents the full width at half
maxima of the peak and 6 is the diffraction angle.

4.7 | FTIR Spectroscopy

FTIR spectroscopy was performed on a Thermo Nicolet iS50
spectrometer in absorption mode over a wavenumber range of
500-4000 cm™', with and a resolution of 4 cm™ and 16 scan
acquisitions. Samples were carefully positioned to ensure full
coverage of the FTIR crystal surface.

4.8 | DSC Analysis

DSC analysis was performed using a DSC 8500 system
(PerkinElmer, USA) under a nitrogen atmosphere, with a
temperature ramp rate of 10 °C min™".

4.9 | Motion Detection

All human studies were conducted in accordance with university
regulations and were approved by the Institutional Review Board
(IRB, protocol #: 202212-009-03). For electrical connections,
copper tapes (CST5, Digi-Key) and silicone-covered stranded-
core wires (Adafruit, Inc.) were secured to both sides of the
samples.

4.10 | Skin Irritation Assessment

Imaging was employed to assess potential skin irritation, with
erythema and hemoglobin concentration changes serving as key
indicators of inflammation [85]. Hyperspectral line-scan images
(hypercubes) were captured using a monochrome camera (GS3-
U3-120S6M-C, FLIR) paired with a 23 um slit and a groove
density of 150 mm™. Illumination was provided by an LED
light source (D65, 6,500 K), while a xenon light source, emitting
multiple narrow peaks at specific wavelengths, was used for
spectrograph calibration. Imaging was conducted with a fixed
focal length lens (MVL25M1, Navitar) providing a field of view
of 10 mm X 10 mm. RGB images of the same skin area were
captured using a smartphone camera (iPhone 11 Pro, Apple). The
DA-Hydrogel was applied to the medial antebrachial cutaneous
region of the forearm for 10 min. A 3 M tape was attached to
the same area for 10 min as a positive control. Images were
captured both before and after the test to evaluate changes in
hemoglobin content. Data acquisition involved a mechanical
linear scan at 0.25 mm increments, with data collected via a
custom MATLAB interface. To extract hemodynamic parameters,
a tissue reflectance spectral model was applied, incorporating
radiative transport theory and approximations such as diffusion,
Born, and empirical models. The reflected intensity from the
biological tissue was analyzed as a function of wavelength (1)
in the visible spectrum. The spectral range of hyperspectral line-
scan data was 380-720 nm, and the spectral resolution A1 was
0.5 nm. We make use of a tissue reflectance spectral model to
extract key hemodynamic parameters from the ground-truth and
recovered hyperspectral data. Light propagation in tissue can be
modeled in accordance with the theory of radiative transport and
robust approximations (e.g. diffusion, Born, and empirical mod-
eling). Specifically, we conducted parameter extractions using
an extensively used empirical modeling method. The intensity
reflected from a biological sample can be expressed as a function
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of 1 in the visible range:

b, -4
A A
A ["1(70) (%) ]

exp [~by X {bs X €0, (1) + (1 = bs) X e, (D] (6)

where b, b,, and b, are associated with the scattering (Mie or
Rayleigh) contributions at 4, = 800 nm, &y,0, (1) denotes the
absorption coefficient of oxygenated hemoglobin (HbO,), &, (1)
denotes the absorption coefficient of deoxygenated hemoglobin
(H,), b, is the hemoglobin concentration multiplied by the
optical pathlength, and b; is the blood oxygen saturation (sPO,).
Hemoglobin values of all the pixels in the image were averaged
to show the bar graph in Figure S22. Specifically, the value of
hemoglobin contents multiplied by the optical path length (b4)
was utilized to indicate the level of skin irritation by Equation (6).
All fitting parameters were computed utilizing the simplex search
(Nelder-Mead) algorithm.

4.11 | Statistical Analysis

Data are presented as mean + standard deviation (SD), with

sample sizes of n = 3-4 as specified for each experiment.
Statistical analysis was performed using Origin software.
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