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ABSTRACT
On-skin power sources require ultrathin form factors, safety, andmechanical robustness, but few battery platforms simultaneously
satisfy these requirements. Here, we report the thinnest Al–air batteries to date (<270 µm) enabled by hygroscopic hydrogel
electrolytes. Operating in a water-in-salt regime with highly concentrated ionic species, strong ion–water interactions suppress
electrolyte dehydration and Al self-corrosion, while enabling high-capacity operation of 2479 mAh g‒1 at 10 mA cm‒2 in ultrathin
architectures. The cells withstand over 3000 bending cycles at a bending radius of 1 mm and remain functional under severe
deformation, including crumpling, cutting, and perforation. Stable operation over more than 1000 cycles of repeated anode
replacement suggests an operational lifespan exceeding 8000 h. When integrated with organic electrochemical transistor-based
biosensors, the system enables continuous, real-time physiological signal monitoring with a signal fidelity of up to 31.1 dB,
providing a viable route toward continuous operation of conformal epidermal electronic systems.
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Introduction

pidermal and wearable electronics are rapidly evolving into
hinner, softer, and more skin-like forms, yet no existing
ower source simultaneously satisfies the ultrathin, safe, and
echanically compliant requirements of on-skin systems [1–5].
onventional lithium-ion batteries (LIBs) are incompatible with
kin-mounted applications, as they are designed for high-energy
torage and rely on rigid, flammable components that pose safety
isks under mechanical deformation [6, 7]. Furthermore, current
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited.
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wearable devices typically depend on wired external battery
packs, which limit user mobility and hinder system integration.
Consequently, the development of intrinsically safe, ultrathin,
and mechanically compliant on-skin power systems capable
of stable operation under dynamic mechanical deformation
has become a critical challenge for next-generation conformal
electronics [8].

Various ultrathin power systems have been explored for epi-
dermal devices, including energy harvesters (e.g., solar cells
se, which permits use, distribution and reproduction in any medium, provided the
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FIGURE 1 On-skin H-AABs with ultrathin HHEs for powering skin-conformal electronics. (a) Schematic illustration of flexible ultrathin H-AABs
comprising SS314 GDL with Pt/C catalyst, HHEs, and Al anode. (b) Wearable ring- type H-AABs and optical and thermographic images of on-skin H-
AAB. (c) SEM image of cross-sectionalHHEs. Scale bar denotes 200 µm. (d) Illustration of hydration kinetics property ofHHEs. (e) Time-dependentmass-
change profile of as-prepared HHEs under air at 60% RH. (f) Corrosion rate and anticorrosion efficiency of Al anode onHHE surface. (g) Concentration-
dependent specific discharge capacity and nominal potential of on-skin H-AABs under air at 60% RH and 1 mA cm‒2. (h) Comparative analysis of
thickness normalized specific capacities for hydrogel-based flexible AABs. The dashed line represents the theoretical limit (2980 mAh g‒1), providing a
benchmark for evaluating the discharge performance of the AABs.
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9], triboelectric generators [10], and thermoelectric genera-
ors [11] and metal–air batteries (MABs) [12]. Although energy
arvesters convert environmental stimuli into electricity, their
utput is intermittent and environment-dependent, limiting the
ontinuous operation of electronics [13–15]. Therefore, epidermal
ystems require alternative power sources that provide stable
nd sustainable energy delivery under diverse environmental
nd mechanical deformations for reliable device performance.
mong MABs, Li–air systems exhibit the highest theoretical
apacity and a discharge potential (∼3.0 V) comparable to
onventional LIBs [16, 17]. However, their reliance on highly
eactive lithium metal and flammable organic electrolytes poses
nacceptable safety risks for skin-mounted applications [18]. In
ontrast, Al–air batteries (AABs) offer a unique combination
f high theoretical specific capacity (∼2980 mAh g‒1), intrinsic
afety via aqueous electrolytes, and the use of earth-abundant Al,
stablishing them as a scalable and robust solution for on-skin
ower systems [19, 20].
of 11
However, translating the advantages of AABs into ultrathin
epidermal devices remains challenging. Epidermal power sources
require thin and compliant form factors for skin conforma-
bility, but reducing battery thickness inevitably limits the
electrolyte volume and internal water reservoir. In aqueous
AABs, this volumetric constraint accelerates electrolyte dehy-
dration, weakens water retention, and increases parasitic Al
corrosion, leading to degraded discharge capacity, ionic con-
duction, oxygen reduction reaction (ORR) kinetics, and Al
utilization [21, 22]. Existing strategies to mitigate dehydra-
tion, including glycerol or ionic liquid incorporation, rely on
thicker (>500 µm) electrolytes, compromising flexibility [23–
26]. Similarly, anticorrosion approaches, including physical
barriers and corrosion inhibitors, increase interfacial resis-
tance and fail under repeated mechanical deformation [27,
28]. Therefore, achieving simultaneous water retention and
corrosion suppression in ultrathin AABs remains a critical
challenge.
Advanced Energy Materials, 2026
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ere, we demonstrate ultrathin AABs with a total thickness
elow 270 µm, overcoming the long-standing trade-off between
hickness and capacity of AABs. Hygroscopic hydrogel elec-
rolytes (HHEs) operating in a water-in-salt regime suppress
ater activity through strong ion–water interactions while retain-
ng sufficient hydration by absorbing moisture from the air,
nabling sustained ORR kinetics while limiting Al anode corro-
ion in ultrathin architectures and delivering a near-theoretical
pecific capacity of 2479 mAh g‒1 at 10 mA cm‒2. The devices
ithstand over 3000 bending cycles at a radius of 1 mm
nd remain functional under extreme mechanical deformation,
ncluding crumpling, cutting, and perforation. RepeatedAl anode
eplacement supports stable operation over more than 1000
ycles, corresponding to an operational lifespan exceeding 8000h.
ntegrationwith organic electrochemical transistor-based biosen-
ors enables continuous physiological signal monitoring with a
ignal fidelity of up to 31.1 dB.

Results and Discussions

.1 Design and Electrical Performance of
ltrathin On-Skin H-AABs

o achieve an on-skin hygroscopic AAB (H-AAB), we integrated
50 µm-thick stainless-steel (SS) mesh-based gas diffusion layer
GDL)with a 10 µm-thick Pt/C catalyst layer, a 100 µm-thickHHE
Figure S1), a 26 µm-thick Al foil, and two 45 µm-thick passivation
ayers (Tegaderm) (Figure 1a). The active H-AAB stack had a
hickness of approximately 180 µm. After encapsulation with top
nd bottom passivation layers, the fully encapsulated on-skin H-
AB exhibited a total device thickness of approximately 270 µm.
nlike conventional carbon cloth-based GDLs (>250 µm) that
re typically bulky, ultrathin plain-weave SS mesh offers a silk-
ike texture and superior mechanical resilience. By leveraging the
ntrinsic ductility of the metallic framework, the SS mesh main-
ains its structural integrity and high porosity even after catalyst
oating (Figure S2). The H-AAB demonstrates exceptional imper-
eptible skin compatibility in both ring-type and on-skin formats,
hile its mechanically rechargeable design allows for sustainable
ower. Furthermore, thermographic analysis confirms a stable
perating temperature consistent with human skin (near 20◦C–
5◦C), ensuring thermal safety and wearer comfort for long-term
pidermal applications (Figure 1b).

he HHEs were synthesized from a poly(acrylic acid–co-
crylamide) matrix to enable continuous water replenishment
Figure S3) [29]. Successful polymerization was verified by the
omplete disappearance of the characteristic C═C─Hpeaks at 976
m‒1 for acrylic acid and 956 cm‒1 for acrylamide in FT-IR spectra
Figure S4) [30]. The HHE cross-sectional SEM image reveals a
icroporous structure that facilitates the effective transport of
ater vapor (Figure 1c) [31]. Hydration kinetics are governed by
he equilibrium between dehydration (Rd]. and moisture absorp-
ion rate (Ra) (Figure 1d); the hydrogel progressively shrinkswhen
d > Ra, whereas it swells via atmospheric moisture uptake when
d ≤ Ra. Under 60% relative humidity (RH) (Figure 1e), low-
alt-concentration HHEs (1 and 5 m) exhibit significant mass
eduction, while the 10 and 15 m HHEs show spontaneous
welling with mass gains of 21% and 51% after 7 h, respectively.
his hygroscopicity is highly sensitive to ambient humidity, with
dvanced Energy Materials, 2026
the 15 m HHE showing mass increases of 21%, 51%, and 102% at
40%, 60%, and 80% RH (Figure S5). High-concentration HHEs
maintain stable ionic conductivity over time, whereas the 1 m
HHE exhibits a continuous decline (Figure S6 and Table S1).
Furthermore, the HHE stabilizes the Al anode by suppressing
self-corrosion. The corrosion rate dropped from 58.3 µg cm‒2 h‒1
for the 1 m HHE to 8.3 µg cm‒2 h‒1 for the 15 m HHE (Figure 1f),
representing an anticorrosive efficiency of 85.7% (Figure S7). Al
corrosion is both thermodynamically and kinetically suppressed
in highly concentratedHHEs, as evidenced by the positive shift in
corrosion potential and the reduction in current density (Figure
S8 and Table S2).

Driven by these enhanced hydration and anticorrosive properties,
H-AAB with 100-µm-thick 15 m HHEs exhibited areal capac-
ities of 7.8 mAh cm‒2 at 1 mA cm‒2, outperforming existing
flexible AABs (Figure 1g, Figure S9). For instance, AABs using
150-µm-thick membrane/NaCl, 75-µm-thick PVA/Gly/NaCl, and
300-µm-thick PVA/PEO/LiCl hydrogels exhibited areal capacities
of 6.7, 1.3, and 0.6 mAh cm‒2 at 1 mA cm‒2, respectively [21, 32,
33]. Notably, the 15 m H-AAB achieved a maximum gravimetric
specific capacity of 2479 mAh g‒1 at 10 mA cm‒2 (Figure S10),
approaching the theoretical limit of Al utilization. To enable
direct comparison with existing wearable batteries, we introduce
thickness-normalized specific capacity as a key performance
metric (Figure 1h). This hygroscopic, ultrathin design harvests
ambient moisture to supply power, eliminating the need for
bulky packaging or external water reservoirs. The resulting struc-
tural and chemical synergy provides a low-profile, high-capacity
energy source for reliable operation on skin.

2.2 Water Confinement–Mediated Anticorrosion
and High-Capacity Operation

The superior discharge characteristics of 15 m H-AABs stem
from suppression of water activity within the highly concentrated
HHE,whichmitigates severe self-corrosion [34]. This effect arises
from the high LiCl concentration, which reinforces the hydrogen-
bonding network and restricts water activity, thereby increasing
the activation energy barrier for parasitic water reduction [35].
At low concentrations (1 m), water molecules predominantly
exist as free water or within the outer solvation shells of ions
(Figure 2a,i). In contrast, the high-concentration HHE exhibits
a reduced water-to-ion molar ratio of 1.8 (compared to 27.8 for
1 m), effectively confining most water molecules to strong ion-
solvation states or hydrogen bonding with the polymer matrix
(Figure 2a-ii, Table S3) [36]. This transition is supported by
differential scanning calorimetry (Figure 2b,c), where the distinct
melting peak at −4◦C and −33◦C observed for the 1 and 5 mHHE
disappears entirely above 10m (Figure S11). The absence of phase-
transition peaks indicates that restricted molecular mobility in
highly concentrated HHEs suppresses ice crystallization even
at −100◦C [37]. Furthermore, Raman spectroscopy (Figure 2d)
shows a pronounced decrease in the intensities of vOHfree (3580
cm‒1) and vOHSym (3262 cm‒1) with increasing LiCl concentration.
Notably, the vOHAsym (3441 cm‒1) configuration, associated with
strong ion-hydration shells, increases to 84.5% in the 15 m HHE,
while free water is reduced to 0.8% (Figure 2e, Figure S12),
indicating that the activity of confined water is restricted within
the solvation shells [38, 39].
3 of 11
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FIGURE 2 Physicochemical environments of water in highly concentrated HHEs. (a) Schematic illustration of intermolecular interaction of
(i) low- and (ii) high- concentration HHEs. (b) DSC heating curves of HHEs. Arrows point to melting peak of HHEs. (c) Melting (Tm) and crystallization
(Tc) temperature of HHEs. Tm and Tc peaks of 10 and 15 m HHEs were not detected. (d) Magnified Raman spectra of 1, 5, 10, and 15 m HHEs in
the range from 3000 to 4000 cm‒1. (e) Intensity of various –OH bond configurations by deconvoluting Raman peak ranging from 3000 to 4000 cm‒1.
(f) Concentration-dependent diffusion model of water molecules in HHEs pores under 60% RH. Linear fitting is shown by dashed line. (g) Calculated
diffusion coefficients from slope of linear fit. (h) HHE thickness-dependent areal capacity of 1 and 15 m H-AABs at a current density of 3 mA cm‒2.
(i) Discharge profile of 15 m H-AABs at a current density of 0.2–10 mA cm‒2 under air at 60% RH. (j) Current-dependent specific discharge capacity of
15 m H-AABs under air at 60% RH.
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he diffusion behavior of water molecules, quantified using
ick’s second law under non-steady-state conditions (Figure 2f),
eflects this constrained environment [40, 41]. The calculated
iffusion coefficient (Ddiffusion) decreased gradually from 1.27,
.05, 0.67, and 0.52 × 10−6 cm2 s−1 for the 1, 5, 10, and 15 m
HEs at 60% RH (Figure 2g). Interestingly, Ddiffusion for all HHEs
emained nearly constant regardless of atmospheric RH (Figure
13). Impedance analysis corroborates these sluggish kinetics,
howing a diffusion-limited response in the low-frequency region
t high salt concentrations in the HHE (Figure S14). This reduced
iffusivity limits water transport to the electrode interface,
ncreasing the activation energy for water reduction and thereby
uppressing parasitic reactions, effectively passivating the Al
node and enabling high specific capacities.

he practical impact of these concentrated HHEs is most evi-
ent in the thickness-dependent performance of the H-AAB.
of 11
The discharge capacity of 1 m H-AABs is severely limited by
rapid dehydration and limited water availability, yielding an
areal capacity of only 1.0 mAh cm‒2 with 100 µm-thick HHE
(Figure 2h). In sharp contrast, the 15 m H-AAB maintains a
high areal capacity of 8.3 mAh cm‒2 even at 100 µm thick-
ness, demonstrating the effectiveness of the hygroscopic and
anticorrosive design in sustaining electrochemical activity under
water-limited conditions. As the HHE thickness increases to 1300
µm, the capacities of the two systems converge, as the larger
water reservoir in the 1 mHHE eventually mitigates dehydration.
Long-term operational stability and low self-discharge are critical
for wearable power sources. In on/off cycling tests at 0.5 mA
cm‒2, the 1 m H-AAB fails after only 14 h due to severe Al self-
corrosion during off-periods and electrolyte dry-out (Figure S15a).
By contrast, the 15 m H-AAB sustains operation for approxi-
mately 27 h, enabled by enhanced anticorrosion properties and
intrinsic hygroscopic water-retention capability (Figure S15b).
Advanced Energy Materials, 2026
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FIGURE 3 Mechanical properties and safety of ultrathin H-AABs. (a) Strain–stress curves of HHEs. Inset image shows HHE synthesized in a vial.
(b) Concentration-dependent Young’s modulus and toughness of HHEs. (c) Photograph of the fabricatedH-AAB. The thickness of the fully encapsulated
H-AAB, including top and bottom passivation layers, wasmeasured using a vernier caliper. (d) Discharge profiles of H-AABs at various bending diameter
ranging from 3.0 to 0.5 mm at 3 mA cm‒2. Dimension of H-AABs for flexibility test was 2 × 11 cm2. (e) Discharge behaviors of ultrathin 15 m H-AABs
under flat, bent, and twisted states at 0.5 mA cm‒2. (f) Discharge profile in repeated bending/released cycles at bending diameter of 1.0 mm at 0.5 mA
cm‒2. (g) Stability and safety evaluation of series-connected H-AABs, which showed sustained LED illumination at (i) bare, (ii) crumpled, (iii) cut, and
(iv) perforated states. Scale bars denote 5 mm.
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he 15 m H-AAB achieved 43.6 h of continuous discharge
peration at 0.2 mA cm‒2 (Figure 2i). Across a wide range of
urrent densities (0.2–10 mA cm‒2), the 15 m H-AAB consis-
ently maintains an areal capacity of between 8.0 and 8.7 mAh
m‒2 (Figure 2j), underscoring its potential for reliable on-skin
pidermal power sources.

.3 Mechanically Resilient and Damage-Tolerant
ltrathin H-AABs

he transition in ion–water–polymer interactions within the
HE governs both electrochemical stability and the mechanical
onstitutive behavior of the electrolyte. Stress–strain analysis
eveals that the 1 m HHE exhibits a tensile strain of 45% and
tensile strength of 7.5 kPa, reflecting a relatively stiff and
rittle nature (Figure 3a). In contrast, the 15 m HHE achieves a
ensile strain of 131% with a tensile strength of 5 kPa, indicating
ubstantially enhanced mechanical compliance. This transition
rises from the interplay between polymer plasticization and
ynamic hydrogen bonding at high salt concentrations. The
dvanced Energy Materials, 2026
pristine hydrogel is brittle due to dominant chemical crosslinking,
whereas concentrated electrolytes plasticize the polymer matrix
while simultaneously forming a dense network of reversible
hydrogen bonds. These combined effects soften the matrix while
promoting energy dissipation under deformation. As a result,
the Young’s modulus decreases to 3.7 kPa, and the tough-
ness nearly doubles to 3.3 kJ m‒3 (Figure 3b). The resulting
modulus closely matches that of human epidermis, enabling
conformal contact with skin without interlayer delamination or
irritation [42, 43].

The resulting H-AAB, with a total thickness of 0.27mm including
passivation layers (Figure 3c), enables conformal integrationwith
the complex topography of human skin without mechanical
constraint. Mechanical robustness was evaluated through dis-
charge tests under extreme bending conditions, with bending
diameters (δ) down to 0.5 mm (Figure 3d). Given the device
thickness of 0.27 mm, such deformation imposes out-of-plane
compressive strain across the multilayer structure rather than
simple flexural bending. Despite these conditions, the 15 m
H-AAB maintains stable electrochemical operation, indicating
5 of 11
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hat the HHE matrix effectively accommodates localized strain
hile preserving structural integrity. This behavior arises from
he viscoelastic nature of the concentrated HHE, in which
ynamic hydrogen-bond networks dissipate mechanical energy
nd prevent crack propagation. As a result, gas diffusion path-
ays and ionic conduction channels remain uninterrupted even
nder extreme deformation. At a current density of 0.5 mA
m‒2, the device delivers a stable discharge potential of 0.68
across flat, bent, and twisted configurations (Figure 3e),

emonstrating that electrochemical performance is decoupled
rom macroscopic deformation. This mechanical invariance is
urther supported by strong interfacial adhesion between the
ompliant HHE and the electrodes, which suppresses interfa-
ial delamination and maintains ion-transport pathways during
epeated deformation. Durability was demonstrated over 3000
ending–release cycles at δ = 1.0 mm (Figure 3f), with no
bservable potential decay or interfacial degradation, indicat-
ng stable electrochemical operation under repeated mechani-
al strain and suitability for integration with skin-compatible
lectronics.

eyond individual cell reliability, we demonstrate the system-
evel damage tolerance and stable operation of H-AAB assemblies
nder selected mechanical damage conditions. A ring-type H-
AB continues to power a light-emitting diode under severe
eformation, including high-density crumpling, cutting, and
erforation (Figure 3g,i–iv), conditions that exceed the mechan-
cal strain encountered during typical human motion or textile
eformation. The sustained operation under these conditions
ndicates that electrochemical functionality is preserved despite
tructural discontinuities, reflecting the tolerance of the sys-
em to localized mechanical damage. This damage tolerance
rises from the non-flammable aqueous HHE, which suppress
ncontrolled reactions even under mechanical failure or internal
hort-circuiting. In contrast to conventional lithium-ion batteries
rone to thermal runaway upon structural damage, the H-AAB
aintains stable operation without thermal or electrochemical
nstability, indicating that electrochemical functionality is effec-
ively decoupled from mechanical integrity even under severe
eformation.

.4 System-Level Integration for Continuous
n-Skin Bioelectronics

e introduce a mechanical recharge strategy based on physical
l anode replacement. Here, mechanical recharge refers to
eplacing the consumed Al anode with a fresh Al foil to restore
ischarge capability, rather than electrochemically recharging the
AB. This mechanically refreshed design supports continuous
peration while bypassing the intrinsic rechargeability limita-
ion of conventional primary AAB systems. The flexibility and
elf-hydrating nature of the HHE allow rapid, skin-interfaced
eplacement of active components, while periodic electrolyte
efreshes maintain a stable electrochemical environment. This
pproach effectively decouples the total energy capacity from
he initial fuel inventory, enabling sustained power delivery for
ong-term on-skin operation. To evaluate the reversibility and
nterfacial stability of this process, the cell was subjected to
000 mechanical recharge cycles (Figure 4a). The cell potential
emained stable above 0.7 V throughout cycling, indicating min-
of 11
imal electrochemical degradation despite repeated mechanical
handling and interface reconstruction. Based on stable cycling
behavior over 1000 mechanical recharge cycles and an average
discharge duration of ∼8 h per cycle, the projected cumula-
tive operational lifetime exceeds 8000 h. These results indicate
that system longevity is governed by mechanical refueling
frequency.

Thermal safety, a critical requirement for on-skin electronics, was
evaluated during continuous discharge at 1 mA cm‒2 (Figure 4b).
The hydrogel electrolyte buffers the exothermic oxidation of the
Al anode through its high latent heat, maintaining the device
surface temperature near 25◦C even during prolonged operation.
This near-ambient temperature profile minimizes the risk of
thermal discomfort or skin irritation, ensuring safe operation
under direct epidermal contact (Figure S16). The scalability of
the H-AAB system was further demonstrated through series and
parallel configurations (Figure 4c). Two cells connected in series
increased the nominal discharge potential to 1.23 V, while a
parallel configuration increased the areal capacity from 8.7 to
19.8 mAh cm‒2 at 3 mA cm‒2. Accordingly, a 2S2P configuration
would enable simultaneous enhancement of both voltage and
capacity. With an areal power density of 8.3 mW cm‒2 (Figure
S17), the system meets the energy and power requirements for
autonomous wearable and skin-conformal electronics.

To demonstrate standalone, integrated operation, the H-AAB-
powered skin-conformal system was applied to real-time biosig-
nal monitoring using organic electrochemical transistor (OECT)-
based sensors (Figure S18). The mechanical compliance of
the H-AAB allows the battery to conform to wrinkle-scale
skin deformations during wrist motion while maintaining sta-
ble power delivery without delamination (Figure 4d, Figure
S19). This low-profile and compliant power source is therefore
suitable for imperceptible epidermal electronics, where stable
skin contact and minimal mechanical burden are required
during natural motion. When the OECT was not in contact
with the skin, wrist motion produced a stable baseline despite
deformation of the H-AAB (Figure 4e, top), indicating that
mechanical deformation of the power source introduces neg-
ligible electrical noise. In contrast, with the OECT in contact
with the skin, identical motion generated clear variations in
the RMS signal corresponding to muscle activation (Figure 4e,
bottom). This confirms that the H-AAB provides a mechani-
cally robust, noise-free power source for biosignal acquisition.
Under this stable power supply, the RMS current reproducibly
varies between 0.4 and 0.9 µA in response to muscle activity.
When integrated with an EMG sensor on the forearm, the
device resolves force-dependent muscle activity across a 10–
40 kg range, with RMS values scaling from 0.8 to 3.3 µA
(Figure 4f). Importantly, this stable power delivery enables con-
tinuous ECG monitoring in a clinically relevant, chest-mounted
configuration (Figure 4g), which conventionally relies on rigid
and bulky batteries. The system maintains a consistent signal-
to-noise (S/N) ratio of ∼30 dB over 1000 mechanical recharge
cycles without degradation (Figure 4h). Noise analysis shows
a reduction in current noise from 49 µA (commercial source
meter) to below 1 µA for the H-AAB (Figure S20). These
results demonstrate that the ultrathin H-AAB serves as a reli-
able power platform for integrated, multimodal skin-conformal
bioelectronics.
Advanced Energy Materials, 2026
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FIGURE 4 Integrated skin-conformal biosensor systems with on-skin H-AABs. (a) Voltage evolution of 15 m H-AABs upon repeated mechanical
recharge by replacing Al anode every cycle at 0.1 mA cm‒2. (b) Surface temperature of H-AABs at every 1 h of galvanostatic discharge at 1 mA cm‒2.
(c) Discharge profiles of series and parallel-connected 15 m HHEs at 3 mA cm‒2 under 60% RH. (d) Images showing movements of wrist attached with
skin-conformal EMG sensor system. (e) EMG-signal measurements during wrist movements. (f) Force-dependent EMG signals recorded by integrated
skin-conformal EMG sensor system. (g) Equivalent circuit and photograph of skin-conformal ECG sensor system on chest. Inset showsmagnified image
of ECG sensor. (h) ECG signals and S/N ratio of integrated ECG sensor systempowered bymechanically rechargeable 15mH-AAB. Signals were recorded
every 200 cycles.
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Conclusions

n summary, we report an ultrathin (∼270 µm), mechanically
ompliant on-skin AAB platform for imperceptible epider-
al electronics, which overcomes the persistent challenges of
ehydration and Al corrosion in flexible MABs. By engineer-
ng a highly concentrated LiCl-based hydrogel electrolyte, we
nable autonomous atmospheric moisture harvesting and sup-
ress water activity at the molecular level, thereby inhibiting
arasitic reactions. The resulting H-AAB delivers a high spe-
ific capacity of 2479 mAh g‒1 at 10 mA cm−2 and supports
xtended operation through a modular mechanical recharge
trategy over 1000 cycles, corresponding to projected lifetimes
xceeding 8000 h. The device maintains structural integrity
ver 3000 bending cycles at a bending radius of 1 mm and
xhibits stable operation under selected mechanical damage
ondition such as crumpling, cutting, and perforation. When
ntegrated into skin-conformal systems, the H-AAB provides
stable, low-noise power supply for high-fidelity ECG and
MG monitoring, achieving signal fidelities of up to 31.1 dB.
dvanced Energy Materials, 2026

rea
These results provide a broadly applicable strategy for designing
self-hydrating hydrogel electrolytes in ultrathin aqueous MABs,
offering a scalable energy platform for next-generation epidermal
bioelectronics.

4 Materials andMethods

4.1 Materials

Acrylamide (AAm, >99%, Sigma–Aldrich), N, N′-Methyl-
enebisacrylamide (MBAA, ≥99.5%, Sigma–Aldrich), acrylic acid
(AA, 99%, Samchun, Korea), Potassium persulfate (KPS, 98%,
Samchun, Korea), lithium chloride (LiCl, 98.2%, Anhydrous,
Samchun, Korea), ethanol (EtOH, 99.9%, Duksan, Korea), and
(3-Glycidyloxypropyl)trimethoxysilane (Gly-Si, ≥98%, Sigma–
Aldrich) were used as purchased. Stainless steel mesh (SS mesh,
316L, diameter: 25 µm) was used as a GDL of air cathodes. Pt/C
(20 wt.% Pt on Vulcan XC-72) and Nafion solution (D520) were
used as purchased.
7 of 11
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.2 Synthesis of Ultrathin HHEs

o synthesize the HHEs, AAm and AA were copolymerized via
ree-radical polymerization in a custom-developed mold (Figure
3). LiCl was dissolved in 6.65 g of water in vials. After fully
ixing and cooling the solutions in a water bath, 0.525, 0.105,
nd 0.175 g of AAm,MBAA, and AA, respectively, were dissolved.
ubsequently, amonomer solutionwas prepared by adding 0.112 g
f KPS to the solution above. Themass of LiClwas 0.282, 1.41, 2.82,
r 4.23 g, depending on the HHE concentration. The prepared
onomer solution was poured into themold and stored in a 60◦C
ven for 2 h. The HHEs were cut into the desired size (1.1 cm × 1.1
m for this study) before use.

.3 Fabrication of H-AABs

o fabricate the H-AABs, an air cathode and an Al anode were
repared. First, a Pt/C catalyst ink was prepared. In a vial, 0.1
of Pt/C powder was added to a 4 g EtOH/H2O mixture (1:1
y mass), followed by the addition of 0.6 g of Nafion solution.
ubsequently, the mixture was sonicated for 1 h to obtain a
omogeneous ink. The ink was sonicated for an additional 30
in prior to every use. This catalyst ink was spray coated onto
he SSmesh to prepare the air cathode using the ultrasonic spray-
asting method. The feed rate was 0.2 mL/min, the air flow rate
as 5 L/min, and the frequency was 180 Hz. The SS layer was
eated to 90◦C on a hot plate. The distance to the nozzle was
pproximately 4 cm and the mass loading of the catalysts was 1
o 1.2 mg cm‒2. A 26-µm-thick Al foil was used as an anode. Gly-
i was used to stabilize the Al anode surface, as described in a
revious study [44]. Additionally, 5 wt.% Gly-Si solution in EtOH
as prepared and Al foils were stored in the solution for 24 h.
ubsequently, excess Gly-Si solution was rinsed with EtOH and
ured in a 130◦C vacuum oven to fix a Gly-Si coating layer on the
l surface. Finally, H-AABs were fabricated by vertically stacking
he Al anode, HHEs, and air cathode. The areal and gravimetric
pecific capacities of the H-AABs were calculated by normalizing
he measured discharge capacity to the active Al anode area and
he consumed Al mass, respectively. The consumed Al mass was
etermined from the mass difference of the Al anode before and
fter discharge.

𝑄
[
𝑚𝐴ℎ 𝑐𝑚−2] = 𝐼 × 𝑡

𝐴

𝑄
[
𝑚𝐴ℎ 𝑔−1

]
= 𝐼 × 𝑡
𝑚𝐴𝑙,0 −𝑚𝐴𝑙,𝑑

here, I (mA) is applied current, t (h) is discharge time, A (cm2)
s the Al anode area, andmAl, 0 andmAl,d (g) are mass of Al before
nd after discharge, respectively.

.4 Characterization

Raman spectroscope (LabRAM HR Evolution, Horiba)
quipped with a confocal microscope (BX41, Olympus) was
sed to characterize the chemical environment of the water
olecules in different HHE concentrations ranging from 400 to
000 cm‒1 under a 532 nm light source. The OH stretch peak was
of 11
deconvoluted using the built-in function of the Origin software.
DSC (DSC 200 F3 Maia, Netzsch) was used to characterize
the thermal properties of LiCl solutions from −100◦C to 60◦C
at a scan rate of 5◦C/min. Electrochemical analyses of the
AABs were performed using a potentiostat (CS310X, Corrtest
Instruments) for galvanostatic discharge and electrochemical
impedance spectroscopy (EIS) was performed in a benchtop
climate chamber (LP4006, Shanghai Jianheng Instrument
Co., Ltd.). The mechanical flexibility of the H-AABs (2 × 11
cm2) was evaluated by measuring the bending diameter at
the curvature site using vernier calipers during deformation.
The mechanical rechargeability of the H-AABs was tested
during galvanostatic discharge by replacing the Al anode with a
fresh one every cycle. HHEs were also replaced every 20 cycle.
Ionic conductivity was determined based on EIS data using
the equation σ = (d)/(R × A), where σ represents the ionic
conductivity, d the distance between electrodes, R the resistance,
and A the electrode area. ITO glasses were used as electrodes
on both sides of the HHEs for EIS measurements. The porous
structures of freeze-dried HHEs were observed using scanning
electron microscopy (SEM, SU8600, Hitachi). The mechanical
properties of various HHEs were measured using a universal
testing machine (UTM, LDW-5, Jinan Chuanbai Instrument
Equipment Co., Ltd.). All specimens for UTM measured 1 cm
× 4 cm and 1 mm thick. An anticorrosion test was conducted
by contacting the HHEs and Al foil under ambient conditions
for 24 h. The mass change of the Al foil (Δm) was measured,
whereas the corrosion rate ν (mg cm‒2 h‒1) and anticorrosion
efficiency ηH (%) were calculated using the following equations,
respectively [45, 46]:

𝜈 = Δ𝑚

24 × 𝐴

𝜂𝐻 =
𝜈1𝑚 − 𝜈

𝜈1𝑚

where A is the surface area of the Al foil, which is 1 cm2 in this
study; and ν1m is the corrosion rate of Al anode on the 1 m HHEs.
The diffusion behavior of the HHEs was modeled using Fick’s
second law to quantify the effective water diffusion coefficient
(Ddiffusion). Ddiffusion was calculated using the following equation:

𝑀𝑡 −𝑀𝑒

𝑀0 −𝑀𝑒

= 1 − 2

𝑑

(
𝐷𝑑𝑖𝑓𝑓𝑢𝑠𝑖𝑜𝑛 × 𝑡

𝜋

)1∕2

where Mt, Me, and M0 are the mass of the hydrogel at time t,
equilibrium, and initial state in the humid chamber, respectively;
and d is the thickness of the HHEs.

4.5 Real-Time ECG and EMG Signal Recording

The fabrication methods for the OECT-based skin-conformal
biosensors are described in the Supporting Information. For
ECG signal acquisition, the biosensor was conformally laminated
onto the right wrist using a droplet of phosphate-buffered saline
to promote ionic coupling and stable skin contact, while a
conventional gel electrode was placed on the chest to serve
as a reference terminal. The S/N ratio was calculated as the
ratio of the peak signal amplitude to the standard deviation
Advanced Energy Materials, 2026
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f the baseline current within the quiescent interval between
djacent peaks. For EMG signal measurements, the same elec-
rical configuration was adopted, with both the integrated
evice and reference gel electrode conformally attached to the
rist to detect localized muscular activity. During the mea-
urements, the participants were instructed to alternately flex
downward) and extend (upward) the wrist to produce direction-
ependent muscle contractions of varying intensities. These
oluntary motions generated distinct modulations in the drain
urrent, which corresponded to the electrophysiological response
f the forearm muscles under different force directions. The
ecorded EMG waveforms were processed offline to extract
he RMS amplitudes using a custom MATLAB script, thus
nabling a quantitative assessment of the muscle activation
trength.

ll the real-time physiological signals were recorded using an
ntegrated device connected to an external Cr/Au (10/45 nm)
nterconnect line, which was extended to an alligator clip and
onnected to a gel electrode. The output was routed through an
R570 preamplifier (Stanford Research Systems) and captured
sing a data-acquisition system at a sampling rate of 1 kHz under
ero-bias operation.

dditional Information

ll data supporting the findings of this study are available within
he Article and its Supplementary Information.
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