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Skin impedance reflects both the barrier function and psychophysiological state of the human body,
but long-term monitoring remains challenging due to the lack of electrodes that simultaneously offer
water resistance, stretchability, and breathability. In this study, we developed poly(vinyl alcohol)/
waterborne polyurethane (PVA/WBPU) blend nanomesh electrodes with controlled polymer
composition to address these requirements. Electrospinning produced nanofibers with an island-sea
morphology, where partial dissolution of PVA enabled temporary skin adhesion while residual WBPU
maintained structural integrity. The optimized PVA/WBPU = 5/5 electrodes showed minimal
resistance increase (1.02-fold) after 24 h of continuous water flow and retained conductivity under
80% strain and after 1000 stretch cycles. When applied to the palm, they maintained stable resistance
(<50 Q)foratleast 4 h, whereas PVA-only electrodes frequently exhibited resistance increases above
1 kQ or electrical disconnection. These results indicate that controlling the PVA/WBPU blending ratio

ensures mechanical and electrical stability while preserving breathability, establishing a materials
design strategy for long-term, skin-conformable, and breathable bioelectronic interfaces.

Skin impedance has been studied as an indicator for quantitative evaluation
of the barrier function of the stratum corneum'™ and for detection of
psychological stress levels™, and plays an important role in medical and
physiological monitoring. Because skin impedance is influenced by trans-
epidermal water loss and perspiration, continuous measurement over a
period ranging from several hours to days is expected to enable early
detection and monitoring of skin diseases such as atopic dermatitis’, as well
as stress assessment. Sweating on the palm and sole is induced by psycho-
logical stress rather than thermoregulatory mechanisms, and quantifying
this response through skin impedance is useful for evaluating autonomic
dysfunctions and psychiatric disorders”™”.

Water continuously evaporates from the skin, and perspiration can
further increase water release. In addition, skin is soft, with a Young’s
modulus of 0.4-0.85 MPa, and undergoes constant deformation’. Electro-
des intended for stable long-term skin impedance measurement therefore
require the following properties: (1) water resistance against sweat and
moisture, (2) stretchability to follow natural skin deformation, and (3)

breathability to allow physiological evaporation. Breathability is critical
because it directly affects measurement accuracy'’. Previous approaches
have developed thin-film electrodes using conductive pastes or elastomers
with durability against water and strain'"", as well as paste-like electrodes
composed of ionic or polymeric materials*'*. These designs have enabled
short-term (<1 h) skin impedance measurements.

For longer-term measurement, strategies to improve breathability
include reducing electrode area or employing fiber-based structures. As an
example of the former approach, serpentine-patterned graphene-gold thin-
film electrodes have been demonstrated”’, achieving continuous measure-
ment of palmar skin conductance for up to 16 h. This strategy highlights the
potential of miniaturized electrode designs for extended monitoring,
although the reduced contact area is known to increase contact impedance,
which can affect measurement accuracy'®”. Nanomesh electrodes represent
the latter approach, and their porous architecture has enabled continuous
skin resistance measurement for up to 12 h'*"*. However, nanomesh elec-
trodes fabricated from poly(vinyl alcohol) (PVA) require partial dissolution
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of PVA for adhesion to skin. This adhesion deteriorates under exposure to
sweat or water, and the gold nanomesh remaining after dissolution exhibits
limited stretchability and mechanical robustness, often fracturing under
small strains. Consequently, long-term stable impedance measurement on
the palm, where perspiration and mechanical stress are significant, has not
been demonstrated.

In this study, the blending ratio of poly(vinyl alcohol) (PVA) and
waterborne polyurethane (WBPU) was systematically optimized to develop
nanomesh electrodes that retain breathability while exhibiting improved
water resistance and stretchability. The incorporation of WBPU into the
PV A nanofiber matrix reinforces the mesh structure after partial dissolution
of PVA, which acts as a transient adhesive for skin attachment, thereby
balancing adhesion and durability—two properties that have been difficult
to achieve simultaneously in conventional PVA-based nanomesh electro-
des. The optimized PVA/WBPU =5/5 composition maintained stable
electrical resistance and mechanical integrity for at least 4h even on the
palm, where perspiration and motion impose severe stress, without com-
promising breathability. These findings demonstrate that controlling the
polymer composition in nanofiber networks is an effective strategy for
achieving mechanically robust and electrically stable breathable nanomesh
electrodes, providing a foundation for long-term, noninvasive monitoring
on dynamic and high-sweat skin regions.

Results and discussion
Overview of the study
In this study, we developed gas-permeable, water-resistant, and strain-
tolerant nanomesh electrodes composed of blended polyvinyl alcohol
(PVA) and waterborne polyurethane (WBPU) for long-term monitoring of
skin impedance and resistance. As illustrated in Fig. 1a and b, the electrode
consists of electrospun PVA/WBPU nanofibers coated with a thin gold
layer. When water is sprayed on the electrode attached to skin, part of the
PVA dissolves, acting as an adhesive that anchors the electrode, while the
WBPU remains as residual tubular fibers that preserve the mesh archi-
tecture. This unique structural transformation enables conformal contact
with the skin surface without the need for external adhesives.

The fiber structure, with diameters in the range of 300-900 nm (Fig.
S1a), ensures excellent breathability, while the total thickness of only a few
micrometers allows intimate conformity to fine epidermal microstructures

(Fig. S1b). The electrodes adhere spontaneously upon slight hydration and
maintain robust attachment even under exposure to water (Fig. 1c), while
retaining mechanical flexibility and stretchability during skin deformation
(Fig. 1d). These combined properties allow stable impedance measurement
on perspiration-prone areas such as the palm, where conventional PVA-
based nanomesh electrodes readily fail. Consequently, the PVA/WBPU
blend nanomesh electrodes achieve reliable long-term skin impedance
monitoring, expanding their applicability to continuous measurements
during daily activities, including stress evaluation, exercise monitoring, and
sleep studies.

Fabrication of PVA/WBPU blend nanofibers using
electrospinning

Electrospun nanofibers were fabricated from different polymer solutions.
The PVA-only nanofibers were prepared from a 10 wt% aqueous PVA
solution, whereas the blend nanofibers were obtained by mixing a 15 wt%
PV A solution with a 30 wt% WBPU dispersion at defined ratios. The mixing
ratio refers to the weight ratio of solid polymer components (PVA:WBPU).
As shown in Fig. S2, nanofibers with PVA/WBPU ratios of 9/1, 7/3, and 5/5
exhibited homogeneous fiber morphologies with diameters of 300-900 nm,
comparable to those of PVA-only fibers. In contrast, nanofibers with a ratio
of 3/7 exhibited non-uniform diameters, and those with a ratio of 1/9
contained numerous beads with diameters of 1-3 pm as well as ultrathin
fibers (<100 nm) (see Fig. S2). These results indicate that blend solutions
with low viscosity, particularly at ratios of 3/7 and 1/9, are unsuitable for
fabricating mechanically stable electrodes. The viscosity of the polymer
solution is a critical factor in electrospinning, as it governs the balance
between the applied electric field and the surface tension of the solution,
thereby determining the fiber morphology'**’. The viscosity data of the
polymer blend solutions (Fig. S3) confirm that the reduced viscosity at high
WBPU content accounts for the poor fiber morphology. Based on these
findings, subsequent experiments focused on PVA-only, PVA/WBPU =7/
3, and PVA/WBPU = 5/5 compositions.

Representative SEM images of nanofiber surfaces for PVA-only, 7/3,
and 5/5 are shown in Fig. 2a—c. These images are identical to those presented
in Fig. S1 for direct comparison of fiber morphologies across all blend ratios.
Cross-sectional SEM images (Fig. 2d-f) revealed that while PV A-only fibers
exhibited a homogeneous internal structure (Fig. 2f), the 7/3 and 5/5 blends

Fig. 1 | Au-PVA/WBPU blend nanomesh elec-

trode and its application on skin. a Schematic
illustration of the nanomesh electrode composed of
polyvinyl alcohol (PVA) and waterborne poly-
urethane (WBPU) nanofibers coated with a thin
gold (Au) layer. The WBPU component imparts
water resistance and stretchability, while PVA
enables temporary water-induced adhesion to the
skin. Scale bar = 2 um. b Cross-sectional scanning
electron microscopy (SEM) image of the electrode
conformally attached to a skin model after spraying
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nanomesh structure with the skin model surface.

¢ Photograph demonstrating that the electrode
remains firmly attached and intact even when water
is poured onto the skin, indicating high water
resistance and structural robustness. d Photographs
showing that the electrode maintains conformal
adhesion and mechanical integrity during repeated
skin stretching and relaxation, confirming excellent
mechanical durability.
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Fig. 2 | Structure and surface hydrophobicity of PVA/WBPU blend nanomesh
electrodes. Surface SEM images of electrospun nanofibers composed of PVA/
WBPU blends with ratios of a 5/5, b 7/3, and ¢ PVA only. The blend nanofibers
maintained uniform diameters in the submicrometer range, whereas PVA-only
fibers showed smoother but less stable morphology. Scale bars = 10 um. Cross-
sectional SEM images of Au-coated nanofibers for PVA/WBPU = 5/5 (d), PVA/
WBPU =7/3 (e), and PVA-only (f) samples. Arrows indicate the Au nanolayer,
PVA-rich domains, and the PU matrix, as labeled. The blend fibers exhibit a phase-
separated morphology in which PVA-rich domains are embedded within a con-
tinuous PU matrix, whereas the PVA-only fibers show a homogeneous internal

structure. Scale bars = 500 nm. g Contact angle measurements of nanomesh elec-
trodes with different PVA/WBPU ratios. Electrodes containing WBPU exhibited
significantly higher water contact angles compared with PVA-only electrodes,
indicating enhanced surface hydrophobicity and improved water resistance.
Representative photographs of water droplet contact angles on h PVA/WBPU = 5/5
and i PVA-only nanomesh electrodes immediately after water deposition (£ =0s)
and after 20 s. Droplets on the WBPU-containing nanomesh retained their spherical
shape, while those on the PVA-only nanomesh rapidly spread due to water
absorption. Scale bars = 0.5 mm.

(Fig. 2e, d) showed heterogeneous morphologies with multiple island-like
domains embedded within a continuous matrix. The domains were larger in
the 7/3 fibers compared with the 5/5 fibers. These observations suggest a
phase-separated configuration, where PVA forms dispersed domains and
WBPU constitutes the continuous matrix, resembling an island-sea mor-
phology. These observations suggest a phase-separated configuration,
where PVA forms dispersed domains and WBPU constitutes the con-
tinuous matrix, resembling an island-sea morphology. While cross-
sectional SEM images confirm the presence of phase separation, they do
not allow unambiguous determination of whether the PVA-rich domains
are fiber-like or particle-like in three-dimensional geometry. However, the
consistent observation of phase-separated structures across all fiber cross-
sections, together with the formation of hollow PU-supported structures
after PVA dissolution, suggests that the PVA domains are likely elongated
along the fiber direction.

To evaluate surface hydrophobicity, water contact angle measurements
were conducted (Fig. 2g-i). The PVA-only nanomesh (Fig. 2i) rapidly
absorbed water, resulting in complete disintegration within 5-10s. In

contrast, blend nanomesh electrodes incorporating WBPU showed
enhanced hydrophobicity, with contact angles increasing in proportion to
WBPU content. At 20 s, the contact angles were 74 + 1° for 7/3 and 96 + 2°
for 5/5 (Fig. 2h), confirming their enhanced hydrophobic properties. To
quantitatively evaluate wettability, water contact angle measurement was
employed as a standard method for assessing surface free energy”’ These
results indicate that WBPU is enriched at the fiber surface, consistent with
the island (PVA)-sea (PU) configuration suggested by cross-sectional SEM
analysis.

Stability of nanomesh electrodes against water exposure

To evaluate the water resistance of the prepared nanomesh electrodes,
electrical resistance was measured under continuous water (22 °C) flow
using the setup shown in Fig. 3a (see also Movie S1). The results are sum-
marized in Fig. 3b. Water flow was initiated at 60 s (x = 1 on the time axis).
PVA-only electrodes (PVA/WBPU = 10/0) lost conductivity after only 36 s.
In contrast, the PVA/WBPU =7/3 electrode showed a modest 1.1-fold
increase in resistance immediately after the onset of water flow but remained
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Fig. 3 | Electromechanical stability of PVA/WBPU blend nanomesh electrodes.
a Photographs of the experimental setup for the water-stability test, in which the
nanomesh electrode was laminated on a skin model and tilted at 19°. Water flow was
initiated after 60 s. b Relative resistance changes of nanomesh electrodes composed
of PVA/WBPU =5/5 and 7/3 blends during continuous water flow. Electrodes
containing a higher fraction of WBPU exhibited markedly improved water stability,
maintaining electrical conductivity for over 1440 min, while PVA-only electrodes
lost conductivity within 105 s. Insets show optical images of the electrodes at the
respective times. ¢ Photographs of the stretchability test, where nanomesh electrodes
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connected with Cu wires and Galinstan liquid metal contacts were stretched on a
skin model. Scale bar = 1 cm. d Relative resistance as a function of applied strain for
electrodes with different blend ratios. The PVA/WBPU = 5/5 electrode maintained
low resistance change up to 80% strain, demonstrating superior mechanical
robustness. e Cyclic electromechanical stability under 20% repeated strain. The
PVA/WBPU = 5/5 electrode showed stable resistance with minimal drift over 1000
cycles, whereas electrodes with lower WBPU content exhibited progressive resis-
tance increases and eventual failure.
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stable thereafter. The PVA/WBPU = 5/5 electrode exhibited the highest
durability, with only a 1.02-fold increase in resistance even after 24 h of
continuous water flow. Room-temperature water was selected as a repro-
ducible baseline condition, as perspiration secreted from the skin is rapidly
exposed to ambient air and typically equilibrates close to room temperature,
particularly on exposed regions such as the palm. The practical relevance of
this condition is further discussed in the context of on-skin measurements
presented below.

Optical microscopy observations further clarify the origin of this
enhanced water stability. As shown in Fig. $4, after water exposure the PVA-
only nanomesh loses its fibrous morphology, leaving a cracked and dis-
continuous Au film. In contrast, the PVA/WBPU = 5/5 blend nanomesh
retains a fibrous structure after water exposure, indicating that the residual
PU fibers remain and act as a mechanical scaffold supporting the Au
nanolayer. This structural preservation explains the sustained electrical
conductivity of the PVA/WBPU = 5/5 electrodes under prolonged water
exposure.

In addition, qualitative adhesion stability was evaluated for the PVA/
WBPU =5/5 electrodes using a skin model before and after 24 h water
immersion. A Kapton tape (adhesion strength ~1.25N cm™) was used as a
reference peeling layer. While the nanomesh was largely removed imme-
diately after attachment, complete retention was observed after 24h
immersion, indicating enhanced interfacial conformity and adhesion after
PVA dissolution (Fig. S5). This enhanced adhesion is likely attributed to the
formation of hollow PU fiber structures after PVA removal, which conform
more intimately to the skin model surface and thereby increase effective
interfacial contact.

Taken together, these results demonstrate that blending PVA with
WBPU significantly enhances both the electrical and interfacial stability of
nanomesh electrodes under wet conditions. While PVA-only electrodes
rapidly lose conductivity due to dissolution and structural collapse, the
PVA/WBPU =5/5 electrodes maintain electrical continuity even under
continuous water flow for 24h and simultaneously exhibit improved
adhesion after prolonged water immersion. The dissolution of PVA leads to
the formation of a PU-supported Au nanomesh that conforms more inti-
mately to the skin surface, thereby stabilizing both electrical performance
and effective skin adhesion. These combined properties make the PVA/
WBPU = 5/5 composition particularly suitable for long-term, continuous
skin impedance monitoring in sweat-prone and humid environments.

Electromechanical properties of nanomesh electrodes

The stretchability of the nanomesh electrodes was evaluated using the setup
shown in Fig. 3c. Figure 3d presents the relationship between strain and
resistance change for each electrode. The PVA-only electrode (PVA/
WBPU = 10/0) ruptured and lost electrical conductivity at 20-30% strain. In
contrast, the PVA/WBPU = 7/3 and 5/5 electrodes maintained conductivity
up to 80% strain, but with markedly different electromechanical responses.
The 7/3 electrode exhibited a steep increase in resistance, reaching more
than a 100-fold increase at 60% strain. In contrast, the 5/5 electrode showed
significantly enhanced strain tolerance, with only a 10-fold increase in
resistance at 60% strain and a 15-fold increase at 80% strain. These results
indicate that the stretchability of nanomesh electrodes improves with
WBPU incorporation, with the optimal performance achieved at a ratio of
5/5.

In practical applications, skin impedance is known to exceed double its
baseline value and become unstable when electrode resistance rises above
~1kQ. Since the initial resistance of the nanomesh electrodes was in the
range of 10-100 ), electrodes with R/R, > 100 can be considered unsuitable
for practical use. Additionally, considering that the maximum elongation of
human skin is approximately 66%”, electrodes intended for skin applica-
tions should maintain R/Ry < 100 at strains up to ~70%. Based on this
criterion, the PVA/WBPU = 5/5 nanomesh electrode is the most stable and
practical among those tested.

The electromechanical durability of the PVA-only and PVA/
WBPU = 5/5 electrodes was further compared under repeated stretching.

Figure 3e shows resistance changes during 1000 stretch-release cycles at
20% strain. The PVA-only electrode failed rapidly, with resistance
increasing tenfold within 30 cycles and rupture occurring at 160 cycles. By
contrast, the 5/5 electrode exhibited only a gradual increase in resistance,
retaining conductivity after 1000 cycles (110  at 0% strain and 320 Q) at
20% strain). These results confirm that blending PVA with WBPU mark-
edly enhances stretchability and durability, with the 5/5 composition pro-
viding the best electromechanical performance.

Skin impedance/resistance measurement using PVA/WBPU
blend nanomesh electrodes

To evaluate whether the PVA/WBPU blend nanomesh electrodes can
reliably capture changes in skin impedance, a film cover experiment was
performed. As shown in Fig. 4a, a pair of PVA-only electrodes and a pair of
PVA/WBPU =5/5 electrodes were attached to the subject’s right forearm,
approximately 5cm from the wrist. Skin impedance at 1 kHz was con-
tinuously measured. Ten minutes after the start of the measurement, the
measurement area was covered with a non-breathable plastic film for 1 min,
followed by 1 min of uncovering. This cycle was repeated three times.

The results, presented in Fig. 4b, show that both the PVA-only and the
PVA/WBPU =5/5 electrodes detected reproducible fluctuations in impe-
dance corresponding to the film covering and uncovering. These results are
consistent with earlier reports using PVA-only nanomesh electrodes, which
highlighted the critical importance of electrode breathability for skin
resistance monitoring'’. The present findings confirm that, in addition to
improved water and strain stability, the PVA/WBPU blend nanomesh
electrodes maintain the necessary breathability to enable reliable, real-time
monitoring of skin impedance.

Long-term on-skin stability of PVA/WBPU blend nanomesh
electrodes

To evaluate the long-term electrical stability of the nanomesh electrodes on
skin, pairs of PVA-only and PVA/WBPU = 5/5 electrodes were attached to
the forearm (Fig. 5a) and palm (Fig. 5¢). The resistance of each electrode was
monitored over several hours to compare the performance of conventional
PVA-only nanomesh electrodes with that of the blend electrodes. Note that
the forearm and palm measurements were conducted on different subjects
to account for variations in skin properties between these regions.

On the forearm, PVA-only electrodes initially exhibited resistances
around 100 Q. Some samples maintained relatively stable values over several
hours, but others showed a rapid increase, exceeding 1 kQ within 6 h, and in
certain cases complete disconnection occurred (Fig. 5b). In contrast, all of
the PVA/WBPU =5/5 electrodes showed consistently low and stable
resistance values, remaining within 10-30 Q throughout the same period.
Quantitatively, only 2 out of 6 PVA-only electrodes (33%) retained resis-
tances below 1kQ after 6 h, whereas all 6 of the PVA/WBPU =5/5 elec-
trodes (100%) remained below this threshold (Fig. 5e). These findings
indicate that the blend electrodes provide reproducible electrical stability,
unlike the variable performance of PVA-only electrodes.

A similar trend was observed on the palm, where sweat and motion
impose more severe conditions. Among the PVA-only electrodes, some
retained stable resistance, but many exhibited large increases within 1-2 h,
frequently surpassing 1000 Q) or failing entirely with slight movement (Fig.
5d). Quantitatively, only 3 out of 8 PVA-only electrodes (38%) maintained
resistances below 1 kQ after 4 h, whereas all 8 of the PVA/WBPU =5/5
electrodes (100%) remained below 50 Q) throughout the same period. This
variability in the PVA-only samples resulted in poor reproducibility of skin
impedance measurements, while the blend electrodes enabled reliable
measurements even under high-sweat conditions.

The observed differences are attributed to the structural composition of
the electrodes. In PV A-only electrodes, dissolution of PVA in sweat leaves
only the Au nanomesh, which is prone to fracture when pressed into skin
grooves, resulting in unstable resistance or disconnection. In contrast, in
PVA/WBPU = 5/5 electrodes, tubular PU fibers remain after partial dis-
solution of PVA, reinforcing the structure and preventing Au rupture.
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Fig. 4 | Skin impedance measurement using nanomesh electrodes. a Photographs
and schematic illustrations of the experimental setup for skin impedance mea-

surement. PVA/WBPU = 5/5 and PVA-only nanomesh electrodes were attached to
the forearm skin. During the measurement, the electrodes were covered with a non-
breathable plastic film to suppress natural evaporation and to accentuate the effect of

sweat accumulation beneath the electrodes. b Skin impedance recorded at a mea-
surement frequency of 1 kHz. Both PVA/WBPU = 5/5 and PVA-only nanomesh
electrodes clearly captured the decrease in skin resistance when sweat evaporation
was blocked by the non-breathable plastic film, demonstrating their ability to detect
sweat-induced impedance changes.

Consequently, the PVA/WBPU blend architecture ensures both mechanical
robustness and electrical reliability under dynamic, high-humidity condi-
tions, leading to reproducible performance across different skin sites and
users. These results clarify that the incorporation of WBPU into the PVA
nanomesh effectively enhances the electrode’s mechanical robustness and
electrical stability under wet and deformable skin conditions, enabling
reliable long-term skin impedance measurement.

This study demonstrated that blending PVA with WBPU yielded
nanomesh electrodes that combine water resistance, stretchability, and
breathability. Structural analyses revealed a phase-separated morphology in
which PVA domains dissolve to provide adhesion, while WBPU fibers
remain to reinforce the mesh network. By optimizing the blend ratio to
PVA/WBPU =5/5, the electrodes maintained stable electrical resistance
and mechanical integrity for at least 4 h even on the palm, where sweating
and motion impose severe stress. These results clarify that controlling the
polymer composition enables stable performance of breathable nanomesh
electrodes under dynamic and humid skin conditions. In principle, higher
WBPU fractions may further improve mechanical robustness; however, in
this study WBPU was used as a commercially supplied aqueous dispersion,
and reducing the water content raised concerns regarding phase separation

or material alteration. Therefore, optimization was performed within the
practical constraints of the selected materials, yielding PVA/WBPU = 5/5 as
the optimal composition.

While this work establishes the fundamental advantage of polymer
blending for improving the durability of nanomesh electrodes, several
challenges remain for future translation. In particular, achieving reliable
electrical interconnection between the nanomesh and external systems,
integrating stretchable wiring, and combining the electrodes with wireless
modules will be important for realizing practical long-term monitoring
devices. Future studies should also extend evaluation toward chronic
applications and assess the clinical relevance of continuous skin impedance
monitoring. Overall, this study demonstrates the scientific significance of
optimizing polymer blend ratios as a materials design strategy to ensure the
electrical and mechanical stability of breathable nanomesh electrodes.

Methods

Materials

Polyvinyl alcohol (EG-22P & EG-48P) were purchased from the Nippon
Synthetic Chemical Industry Co., Ltd., Tokyo. Waterborne polyurethane
(ETERNACOLL® UW-1005E) was supplied from UBE Corporation,
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Preparation of solutions

First, 2.0 g of PVA (EG-22P) powder and 1.0 g of PVA (EG-48P) powder
were added to 27 g of pure water and stirred at 70 °C for 2 h, followed by
overnight stirring at room temperature to obtain a 10 wt% PV A solution for
conventional nanomesh electrodes. A 15wt% PVA solution for blend
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Fig. 5 | Long-term stability of PVA/WBPU blend nanomesh electrodes on skin.
a Photographs of PVA/WBPU = 5/5 and PV A-only nanomesh electrodes attached
to the forearm for long-term evaluation. b Relative resistance of 12 electrodes on the
forearm over time. PVA/WBPU = 5/5 electrodes exhibited stable resistance values
with minimal drift, whereas PVA-only electrodes showed large fluctuations and
eventual failure due to loss of adhesion. ¢ Photographs of PVA/WBPU = 5/5 and
PVA-only nanomesh electrodes attached to the palm, a region subject to sweating
and frequent deformation. d Relative resistance of 16 electrodes on the palm. The
PVA/WBPU = 5/5 electrodes maintained stable conductivity, while PVA-only

electrodes displayed unstable signals and rapid degradation. e Quantitative com-
parison of resistance stability on the forearm after 6 h. Only 2 out of 6 PVA-only
electrodes (33%) maintained resistances below 1 kQ, whereas all 6 of the PVA/
WBPU = 5/5 electrodes (100%) remained within this range, confirming the repro-
ducible electrical stability of the blend electrodes. f Quantitative comparison of
resistance stability on the palm after 4 h. Only 3 out of 8 PVA-only electrodes (38%)
maintained resistances below 1 k), while all 8 of the PVA/WBPU = 5/5 electrodes
(100%) remained below 50 ), demonstrating stable performance even under high-
sweat and motion conditions.

nanomesh electrodes was prepared in the same manner by adjusting the
amount of pure water.

A commercially supplied 30 wt% waterborne polyurethane (WBPU)
aqueous dispersion was used as received without further dilution. The 15 wt
% PVA solution and the 30 wt% WBPU dispersion were mixed at weight
ratios of 18:1, 14:3, 2:1, 6:7, and 2:9. Each mixture was stirred for 1 h at room
temperature to obtain PVA/WBPU solutions with polymer weight ratios of
9/1, 7/3, 5/5, 3/7, and 1/9, respectively.

Fabrication of nanomesh electrodes

Nanomesh electrodes were fabricated largely in accordance with the fabri-
cation method reported in previous study'®"*. First, six kinds of nanofibers
were prepared from 10 wt% PVA and 5 kinds of PVA/WBPU blend solu-
tion by electrospinning method. Electrospinning machine (MECC,
NANON-03) was used and applied voltage, needle-collector distance, feed
rate, and solution volume were set at 25 kV, 12.5 cm, 0.6 mL/h, and 1.2 mL,
respectively. Then nanofibers were heatpressed to enhance physical dur-
ability and conductivity as electrode”. PVA nanofiber sheets were heat-
pressed at the condition of 180 °C, 50 kPa, 1 min, same as the previous study.
PVA/WBPU nanofiber sheets were heatpressed at the condition of 150 °C,
50 kPa, 1 min. Finally, 100-nm-thick of gold was deposited on each nano-
fiber sheets by thermal evaporation method (ULVAC, EX-200). Masks for
patterning of gold were prepared by cutting 125-um-thick polyimide films
with green laser (Keyence, MD-T1000 Series).

Measurement of contact angle

Contact angle measurements were performed using the following procedure
with a measuring instrument (Asumi Giken Co., Ltd., Contact Angle Tester
B100). Each nanomesh electrode was peeled off from the cooking sheet and
placed on a glass plate with the gold side up. Since the electrode is very thin, it
was temporarily fixed with ethanol, and water was sprayed 2-3 times from a
distance of 20 cm with a mist sprayer. After waiting for the surface to dry, it
was set on the stand of the measuring instrument. Water was sucked into a
syringe and droplets were created using a needle (30 G). The droplet size was
adjusted to 1.00 £ 0.05 pL and the contact angle was measured for 20 s after
adhesion to the interface.

Water-stability test

First, an artificial skin sheet was attached to an acrylic plate, and an
I-shaped nanomesh electrode was attached on top of it. Conductors were
connected to both ends of the electrode with Kapton tape and connected
to a multimeter. The acrylic plate prepared in this way was stood on a
container so that it was inclined at an angle of approximately 19°, and a
hose was fixed over the acrylic plate so that it was perpendicular to the
electrode. One minute after the start of electrode resistance measurement
with the multimeter, water was flowed at approximately 1 MPa using a
running water pump (Tsukasa Electric Works, Ltd., portable tube pump
PP-DP1-200) The cross-section of the tube used was a circle with a dia-
meter of 4 mm.

Tensile test

To evaluate the stretchability when the electrode was attached to the skin
rather than the stretchability of the electrode itself, the tensile test was
conducted by attaching the nanomesh electrode to an artificial skin sheet
and applying strain to the sheet using a linear translation stage (Thorlabs,

LTS150C). A 10 cm x 10 cm artificial skin sheet was cut into 15 rectangular
pieces of 2cmx3.3 cm. A nanomesh electrode (0.6 cm x2.4cm) was
attached to the center of each rectangle using water. The initial gap of the
translation stage was set to 2.4 cm, and both ends of the artificial skin sheet
were fixed using VHB™ tape (3 M) and Kapton tape. To measure the
electrode resistance, liquid metal (galinstan) was used to connect copper
wires to both ends of the electrode, which were then connected to a mul-
timeter. Using this experimental setup, two types of experiments were
conducted. In the first experiment, the stage was stretched by 10%, held for
one minute, and the electrode resistance was measured repeatedly until the
extension reached 80%. In the second experiment, the stage was alternately
stretched by 20% and returned to 0%.

Measurement of skin impedance with an LCR meter

A pair of nanomesh electrodes was delaminated from a cooking sheet and
placed on the forearm with the Au-coated side facing the skin. A small
amount of water was sprayed to induce adhesion of the electrodes to the skin
by taking advantage of the water solubility of PVA. An Au-PU nanomesh
connector, fabricated in the same manner as described in a previous stud)rm,
was then attached to the electrodes to establish electrical contact with the
probes of an LCR meter (Agilent, E4980A). Skin impedance was measured
at a frequency of 1 kHz.

Data availability

Data is provided within the manuscript or supplementary information files.
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