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Abstract

Wearable wireless sensing patches enable continuous monitoring of physiological
mechanical signals in clinical and daily settings. However, they often suffer from
limited linearity and motion-induced drift due to deformation during body movement
during daily activities. We report an integrated, flexible, and miniaturized wearable
patch (FMWP) that couples an iontronic pressure sensor with a wireless readout circuit
for skin-mounted monitoring. The sensor employs a CNT-doped ionic film with
double-sided irregular microstructures that deform progressively, producing a nearly
proportional increase in contact area and hybrid ion-electron transport, thereby enabling
iontronic capacitive sensing with a high sensitivity (13.5 kPa!) and wide linear range
(2-450 kPa, R? ~ 0.999). A quadrant-grid spacer suppresses preload contact and
stabilizes the baseline capacitance, achieving fast dynamic response (6 ms response, 9
ms relaxation) and durability over 5,000 loading cycles. The backend uses rigid
electronic islands interconnected by serpentine copper traces to mechanically limit
deformation around functional components and suppress deformation-induced
electrical variations, while a patterned porous fiber layer provides breathability and
reliable, removable skin adhesion. The FMWP enables real-time, smartphone-based
multi-parameter physiological signal monitoring, including pulse, respiration, cardiac
microvibrations, and swallowing, offering a practical platform for long-term health

assessment.

Keywords: flexible wearable patch; iontronic pressure sensor; wide linear range;

mechanically compliant electronics; physiological monitoring
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Introduction
Wearable devices act as a direct interface between the human body and digital systems,
transforming health monitoring and enabling more natural intelligent human—machine
interaction.'® Compared with rigid platforms, skin-mounted soft systems maintain
conformal contact during motion, which reduces motion artifacts in long-term
monitoring of pulse,* respiratory rate,’ and heart rate.® For practical use, the sensing
front-end and signal-acquisition electronics need to work reliably together under skin
deformation..”®

At the sensing front-end, flexible pressure sensors need to balance high sensitivity
with a wide linear working range.”!! High sensitivity is crucial for detecting weak
physiological stimuli, whereas a broad linear range simplifies circuit design, reducing
the complexity of readout electronics and improving system robustness.!? Recently,
flexible iontronic pressure sensors have been developed that replace the dielectric layer
with an ionic film and form electric double layers (EDLs) with a supercapacitive
interface at the electrode/ionic film interface,'>!° thereby increasing the capacitance
density and signal amplitude compared with conventional pressure sensors. lontronic
devices with flat ionic films or electrodes often show low sensitivity in the medium-
and high-pressure ranges because the contact area (A) at the sensing interface changes

very little under compression. Introducing regular microstructured arrays'®, such as

17,18 19,20 21,22

pyramids, pillars, or hemispheres, into iontronic devices can enhance

sensitivity by enabling a variable 4 at the sensing interface. However, these sensors

commonly exhibit nonlinear responses at high pressures because geometric stiffening
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saturates both deformation and the effective 4, making it difficult to simultaneously
achieve high sensitivity and a wide linear range.”>** Several strategies, including

2830 have been used to

multilayer,>>? interlocked,”’” and foam/porous structures
enhance compressibility of the iontronic interface, promoting an approximately linear

increase in 4 with pressure and thereby improving sensitivity while extending the linear

range. Nevertheless, these structures often rely on complex and costly micro/nano

31,32 33,34

fabrication processes, such as high-resolution 3D printing’'’~ and laser engraving,
which hinder large-area manufacturing and system integration.

Beyond the sensing front end, the readout electronics introduce another constraint.
Rigid printed circuit boards provide stable electrical connections but do not conform to
skin. When the circuit deforms with the body, parasitic capacitance and interconnect
resistance can change the sensor signal.>>*® To mitigate these issues, wearable systems
are gradually shifting from rigid configurations toward semi-flexible or fully flexible

37-39 and textiles.***? Elastomeric hydrogel-

substrates based on elastomeric hydrogels,
based substrates offer favorable mechanical robustness, and fatigue resistance, but
limited breathability can cause moisture buildup, leading to discomfort during
prolonged wear. Textile substrates conform well to highly curved regions such as joints
and offer good breathability, but their inherently discrete conductive networks
significantly increase bulk resistance, which is unfavorable for accurate acquisition of
weak physiological signals. In addition, integration of multiple functional modules on

textiles often requires stacking multiple fabric layers, making system miniaturization

and optimization more difficult. Together, these limitations make it difficult to build
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compact wearable systems that maintain stable sensing and readout during deformation.
Reliable physiological monitoring therefore requires a sensor with high sensitivity and
a wide linear range. And, the readout circuit should also remain electrically stable under
deformation without introducing motion-related artifacts.

In this work, we present a portable, flexible and miniaturized wearable patch
(FMWP) that integrates an iontronic pressure sensor with linear response and a flexible
wireless acquisition module into a skin-mounted system. The patch combines
breathable thermoplastic polyurethane (TPU) fiber and Ecoflex encapsulation,
weighing about 3.2 g with an overall thickness of about 2.8 mm. The sensor employs
carbon nanotubes (CNTs) doped ionic film engineering with a double-sided irregular
structure (DSIS) that enables near linear contact area evolution and mixed ion-electron
transport, delivering high linearity (R?> = 0.999), high sensitivity (13.5 kPa™!) over a
wide linear range up to 450 kPa. The backend uses rigid electronic islands bridged by
compliant interconnects to preserve electrical stability under deformation. The system
supports real-time Bluetooth monitoring of pulse, respiration, and cardiac
microvibrations via a smartphone app.

Results

Design of the FMWP

The FMWP is designed for continuous, skin-mounted monitoring of physiological
mechanical signals while maintaining comfort during prolonged attachment. As shown
in Fig. 1a, the patch (size: 5 cm x 2.6 cm % 2.8 mm) integrates an iontronic sensing

module, an onboard data processing module, and a Bluetooth transmission module.



10

11
12

13

Mechanical signatures from pulse, cardiac microvibration, respiration, and swallowing
are acquired at the sensing interface, processed locally, then wirelessly transmitted to a

smartphone for real-time waveform display.
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Fig. 1 Overview and design of the flexible, miniaturized wearable patch (FMWP). a System

level schematic of the FMWP. Swallowing, cardiac, respiratory, and pulse signals are acquired by
the sensing module, conditioned and processed, wirelessly transmitted, and visualized in real-time
as waveforms in a mobile app for multi-parameter physiological monitoring. b Exploded view of
the fully integrated FMWP, including the sensing front end and the backend circuitry. ¢ Photographs
showing the conformability of the FMWP in the bent (conforming to a cylindrical surface), folded

and twisted states.

To accommodate skin deformation, the patch adopts an island-bridge layout, with rigid

6



10

11

12

13

14

15

16

17

18

19

20

21

22

components mounted on functional islands linked by serpentine interconnects (Fig.
1b).** The sensing element is positioned at one end of the patch, spatially separated
from the main readout and communication circuitry. The interconnects provide
mechanical compliance between the component islands and the sensing region, while
encapsulation protects the components and electrical connections. The skin-contact
interface is designed to provide local adhesion while allowing water vapor transport
during prolonged wear. The assembled patch conforms to a cylindrical surface and can
be folded and twisted (Fig. 1¢), demonstrating mechanical flexibility suitable for skin-

mounted physiological monitoring.

Structural Design, Sensing Mechanism, And Sensing Performance of the DSIS-
based Iontronic Pressure Sensor
Accurate epidermal monitoring requires a pressure sensor that resolves subtle
physiological stimuli while maintaining linear response under larger transient loads. In
iontronic pressure sensors, signal transduction is dominated by EDL capacitance at the
electrode and ionic film interfaces, where the pressure dependent evolution of real
contact area strongly determines output. We therefore tailored the interfacial
microstructure and the ionic layer composition to regulate 4 under compression while
sustaining low impedance for stable capacitive readout.

To regulate the increase in real contact area across different pressure regimes, we
designed three interfacial microstructures: a single-sided regular structure, a single-

sided irregular structure, and a double-sided irregular structure (DSIS). Finite-element
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analysis (FEA) was used to compare their deformation and contact-area responses
under compression (Fig. 2a). Here, Ao denotes the initial real contact area at nominal
zero load, and A4 = A — Ao is the pressure-induced increase in contact area. In the
regular array, asperities of identical geometry deform simultaneously, causing a rapid
increase in structural stiffness and early saturation of lateral expansion. Consequently,
AA increases more slowly at intermediate-to-high pressures, and the A4—P relationship
deviates from linearity (Fig. 2b). In the single-sided irregular structure, asperities of
different heights progressively engage as pressure increases, allowing the real contact
area to continue increasing over a wider pressure interval and shifting the onset of
saturation to higher pressures. DSIS introduces irregular microstructures on both
surfaces, transforming one active interface into two cooperatively deforming interfaces.
The two interfaces engage progressively and share the applied load, producing a
normalized contact-area increase A4/4o more than twice that of the single-sided
irregular structure while maintaining an approximately proportional relationship with
pressure over a broad range.

The DSIS ionic layer consists of a TPU incorporating 1-ethyl-3-methylimidazolium
bis(trifluoromethanesulfonyl)imide ([EMIM][TFSI]) ionic liquid, with CNT additives
to simultaneously tailor mechanical compliance and ionic/electronic transport.*** The
TPU matrix provides elasticity and robustness, whereas [EMIM][TFSI] and CNTs
supply ion-electron conductance. CNT incorporation (1.7 wt%) increases the effective
modulus, delays geometric saturation of the DSIS interface, and extends the quasi-

linear pressure range. (Fig. S1). Impedance spectra further show that impedance



10

11

12

13

14

15

16

17

18

19

20

21

22

decreases with pressure for both CNT-doped and undoped films, while CNT-doped
DSIS consistently exhibits lower resistance under load (Fig. 2¢), indicating a mixed ion
electron transport network that reduces bulk and interfacial impedance and sustains
signal magnitude at higher pressures. The DSIS ionic layers are fabricated by double-
sided thermal imprinting of the TPU and [EMIM][TFSI] composite with CNTs using
sandpaper templates (Fig. S2). SEM images confirm hierarchical protrusions and
microgrooves on both surfaces of the demolded film (Fig. 2d and Fig. S3). PI/Cu films
are laser cut into square-shaped electrodes, and the sensor is assembled by
sandwiching the DSIS ionic layer between two electrodes in a vertical metal/ionic-
layer/metal stack (Fig. S4). Under bias, compression drives ions and electrons to
accumulate within nanometer scale distances at both interfaces, forming EDLs that
increase specific capacitance as contact area expands (Fig. 2e and Fig. S5).
Sensitivity was calculated from the slope of the normalized capacitance change
versus pressure. A low and stable initial capacitance (Co) increases the normalized
response. Variations in packaging preload produce different degrees of initial contact
between the electrode and 1onic layer, causing Co to vary and reducing device-to-device
consistency. We therefore introduced a spacer to maintain interfacial separation in the
unloaded state, yielding a lower and more reproducible Co. To quantify the influence
of the spacer geometry on Co we compared three configurations: spacer-free, a solid
square spacer, and a quadrant-grid spacer (Fig. S6a). Without a spacer, packaging-
induced partial contact resulted in a Cy of approximately 120 pF. A 10-pum-thick square

polyethylene terephthalate (PET) spacer reduced Co to approximately 40 pF but
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provided insufficient support in the central region. By contrast, the quadrant-grid spacer
prevented unintended contact and reduced Cop to <5pF (Fig. S6b). During cyclic
loading, the grid suppressed interfacial adhesion and allowed the ionic layer to separate
rapidly from the electrodes upon unloading, thereby stabilizing the output baseline (Fig.
2f). Because the narrow grid ribs occupy only a small fraction of the electrode area,
their effects on A and maximum capacitance are negligible. The quadrant-grid spacer
was therefore used in all subsequent measurements.

As shown in Fig. 2g, the sensor based on the CNT-doped DSIS film exhibits an
approximately linear response over a broad pressure range of 2—450 kPa, with a
sensitivity of 13.5 kPa™ and a fitting coefficient of R?> ~ 0.999. By contrast, devices
based on the CNT-free DSIS film show an earlier onset of nonlinearity at high
pressures, supporting the role of CNT incorporation in amplifying the signal and
extending the linear sensing range. Uniform 50 kPa pressure increments produce nearly
constant changes in capacitance, yielding a highly linear response from 50 to 300 kPa.
The small error bars further demonstrate good repeatability across the tested pressure
levels. (Fig. 2h). The wide linear range results from the combined effects of DSIS and
CNT incorporation. DSIS regulates contact-area evolution, while CNTs provide a
mixed ion—electron transport pathway and reduce impedance at higher pressures.

In addition, the sensor exhibits negligible signal hysteresis. Capacitance—pressure
curves measured at compression rates of 1, 5, and 10 mm-min! nearly overlap (Fig.
2i), and the capacitance closely follows the loading—unloading profile, indicating a
stable and robust response. Response/relaxation time is another important parameter

10
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for pressure sensors. Microstructured architectures have been proved to accelerate
rebound and signal recovery by promoting rapid elastic energy storage and release.?”
46,47 Upon rapid step loading-unloading to 25 kPa (Fig. 2j), the device exhibits a 6 ms
response time and a 9 ms relaxation time. This fast dynamic is enabled by rapid elastic
recovery arising from the double-sided irregular microstructure and the introduced
spacer, which collectively shortens the relaxation process. Under 5,000 compression—
release cycles at a peak pressure of 130 kPa, the sensor maintains a consistent output
without noticeable drift or fluctuation (Fig. 2k), demonstrating the mechanical
robustness required for stable, long-term operation. Moreover, the capture of motion
signals and swallow-related vibrations further indicates that the sensing module can
reliably capture target mechanical signals (Fig. S7), supporting subsequent
miniaturization and patch integration.

Overall, the sensor incorporating the CNT-doped DSIS ionic film shows high
sensitivity, a wide linear working range, fast dynamics, and good stability, providing a
reliable front-end sensing module for integration into wearable patch systems in long-

term pressure monitoring.

11
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Fig. 2 Structural design and sensing mechanism, and sensing performance of the iontronic

pressure sensor. a Stress distribution and compressive deformation from FEA for ionic layers with

three microstructures under pressures up to 100 kPa: single-sided regular structure, single-sided

irregular structure, and DSIS. b Normalized evolution of the contact area between the electrode and

the ionic layer for the three configurations from 0 to 100 kPa. ¢ Nyquist plots of CNT-free and CNT-

doped DSIS measured under 100 kPa and 300 kPa pressure. d Cross-sectional and top-view SEM

images of the CNT-doped DSIS ionic film at different magnifications. e Schematic illustration of

the iontronic sensing mechanism before and after applying pressure. f Cycling response under

repeated loading and unloading for sensors with no spacer and with the quadrant-grid spacer. g

Capacitance change over pressures up to 450 kPa for sensors using DSIS ionic layers with and

without CNTs. h Step response under pressures from 50 to 300 kPa in 50 kPa increments. Error bars
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represent the standard deviation of multiple independent measurements. i Dynamic response at
different compression rates. j Response and relaxation time at a pressure of ~ 25 kPa. k Working

stability tested over 5,000 cycles under a high pressure of 130 kPa.

LC-resonant capacitance readout and system integration of the FMWP
Continuous monitoring on skin requires the capacitance response of the CNT-doped
DSIS sensor to be converted, processed and transmitted by miniaturized electronics
integrated in a mechanically compliant format. We developed a miniaturized system
comprising an LC resonant front end, a frequency-to-digital converter, a
microcontroller and a low-power Bluetooth module for wireless readout. (Fig. 3a and
Fig. S8). At the readout front end, the iontronic pressure sensor is represented by a
variable EDL capacitance Cepr, which forms a parallel resonant circuit with an inductor
(L), a fixed capacitor (Crefr) and the parasitic capacitance (Cpar). The expressions for the
total effective capacitance (Ciotal) and resonant frequency (fs) are shown in Fig. 3a.
Applied pressure enlarges the real contact area between the electrodes and ionic layer,
increasing Cepr and Ciota and shifting £ to a lower frequency. The FDC2214 interfaces
with the LC resonant circuit and converts the resonance-frequency shift into a digital
output. The microcontroller receives the digital output via I°C, calculates the equivalent
capacitance using the calibrated frequency-capacitance relation, and processes the data
for transmission to a mobile device over Bluetooth (Fig. S9).

Implementing this readout scheme in a skin-mounted patch requires the circuit to
accommodate deformation while maintaining electrical connections between rigid
components. We therefore developed a rigid-soft integration approach using an island-
bridge layout and patterned encapsulation to support rigid components locally while
allowing the interconnects to deform. A PI/Cu laminate was laser-patterned to define
the functional islands, contact pads and serpentine interconnects (Fig. 3b). The

13



10

11

12

13

14

15

16

17

18

19

20

patterned circuit was picked up with water-soluble tape and transferred onto partially
cured Ecoflex (Fig. S10 and Fig. 3c). After the tape was dissolved, the electronic
components were mounted on the functional islands and soldered. The iontronic sensor
was soldered to enlarged contact pads on the readout circuit. An insulating coating was
then sprayed over the assembled circuit, and Ecoflex was applied by spin coating to
encapsulate the components, solder joints and metal traces. Finally, a patterned porous
TPU fibrous layer was laminated to the skin-contact side of the encapsulated patch (Fig.
S11). The completed flexible patch integrates iontronic sensing, data acquisition and
processing, and Bluetooth communication (Fig. 3d, left).

The serpentine PI/Cu interconnects were designed to accommodate relative motion
between the islands during bending, slight stretching and folding of the patch, while
limiting strain in the rigid components and solder joints. Zero-ohm jumpers provided
the required crossovers in the single-layer routing (Fig. 3d, right). The jumpers and
their pads were positioned in regions expected to undergo little deformation. At the
skin-contact surface, Ecoflex occupied the regions corresponding to the functional
islands and the patch perimeter to provide local component support and edge adhesion
(Fig. S12). The porous TPU covers the deformable regions containing the serpentine
interconnects, allowing these regions to deform while providing a path for water-vapor

transport.

14
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10  Mechanical robustness, deformation-resilient signal acquisition, and skin-
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The flexible circuit was evaluated under bending, twisting, and stretching. As shown in
Fig. 4a, FEA was conducted to map the strain field in the FMWP under representative
deformation modes, including conformal bending to a curved surface (bending radius r
~ 2 cm), 90° twisting, and 30% lateral plus 20% longitudinal stretching. In all
deformation cases, strain is concentrated at the bends and corners of the serpentine
PI/Cu interconnects, with a peak principal strain of ~0.04, while the regions hosting
functional components remain largely strain-isolated. Therefore, strain remains
concentrated in the serpentine interconnects, while the functional islands experience
much lower strain.*® To assess on-body conformability, the integrated patch was
applied directly to the wrist. Under bending, twisting, and skin stretch associated with
joint motion, it remained conformally attached to the doubly curved wrist surface
without visible lift-off or local misfit.

To assess the influence of circuit deformation on pressure readout, we cyclically bent
or stretched the readout circuit while keeping the sensor unloaded or under a constant
pressure of 50 kPa. Holding the sensor load fixed allowed changes associated with
circuit motion to be assessed separately from the response to pressure. At a bending
radius of ~2 cm, the unloaded signal remained close to its baseline in the unbent state
(Fig. 4b). Applying 50 kPa raised the output, and this loaded level was maintained
under the same cyclic bending conditions (Fig. 4c). The agreement between bent and
unbent readings at both pressure levels indicates that bending affected neither the

baseline nor the static pressure response to an appreciable extent. Cyclic stretching
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likewise left both output levels stable (Fig. 4d), showing that the readout was also
maintained as the circuit underwent tensile deformation.

We then combined cyclic pressure loading with circuit stretching to examine
acquisition under a dynamic pressure. The sensing module was fixed on a rigid platform
and cyclically compressed to a peak pressure of 50 kPa at the speeds of 1 and 3mm
min~'. At the same time, a movable stage applied approximately 10 cycles of lateral
stretching to the readout circuit, reaching 30% strain in each cycle (Fig. 4e). At each
compression speed, successive pressure cycles produced repeatable responses, with no
apparent baseline drift during circuit stretching (Fig. 4f). The repeatability of the
pressure responses and the stable baseline show that acquisition was maintained
throughout the combined loading cycles, confirming that the compliant readout remains
electrically stable under deformation and does not interfere with pressure acquisition.

The stable electrical readout under deformation mainly results from two aspects. On
the one hand, the serpentine PI/Cu interconnects accommodate the relative
displacement of the islands without a substantial increase in resistance. Under cyclic
loading, the interconnect resistance was 7.4 Q at 30% strain, close to its initial value of
7.0 Q, and increased to only 9.7 Q at 60% strain, maintaining good electrical continuity
(Fig. S13). On the other hand, the electronic components were firmly soldered onto
pads on the functional islands (Fig. 3d, right). The islands provide local mechanical
support around the soldered connections and reduce deformation in these regions. This

distribution of deformation is consistent with the FEA results, which place higher
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strains in the serpentine interconnects and lower strains in the functional islands (Fig.
4a).

Breathability is evaluated using an evaporation test (25 °C, about 35% RH) with vials
sealed by Ecoflex film, TPU fiber sheet, and patterned Ecoflex/TPU fiber layer (Fig.
S14). Ecoflex alone shows negligible water loss over 7 days, whereas the patterned
composite enables about 15% mass loss, evidencing improved vapor transport through
the porous network (Fig. 4g). A 48-h skin-contact test showed no visible signs of
irritation, consistent with the patch’s breathable and skin-compatible interface,
supporting the compatibility and suitability of the FMWP for extended wear. (Fig. 4h).
In addition, the laminated interface also provided sufficient inherent tack to maintain
stable skin-mounted attachment, and the patch remained in place when the forearm was
held vertically at a 90° orientation without detachment (Fig. 4i).

Overall, the integrated architecture delivers motion-robust readout with a breathable,

skin-compatible interface, enabling stable long-term epidermal monitoring.
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stretching at 0 and 50 kPa. e. Schematic of the anti-interference test. The sensor was mounted on a
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motorized platform. f. Output signals during the anti-interference test. g Air permeability assessed
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by remaining water mass over time for three sealing materials: Ecoflex, TPU fiber, and an
Ecoflex/TPU fiber layer. h. Skin compatibility of the FMWP after 48 h continuous wear, showing
no visible redness or irritation at the attachment site. i. Demonstration of the adhesion of the FMWP

on skin, showing no detachment when the skin was tilted to ~ 90°.

Physiological Signal Monitoring by the FMWP
The untethered system integrates the iontronic sensing front end, a flexible acquisition
and processing module, an onboard battery, and a Bluetooth enabled smartphone
application for real-time visualization (Fig. 5a). The capacitance signal is digitized by
an FDC2214 based LC resonance readout and transmitted at approximately 45 Hz,
enabling continuous waveform streaming for subsequent time frequency analysis. The
data are then wirelessly transmitted to a smartphone through a Bluetooth link for real-
time visualization in a custom mobile app. To assess general applicability across
representative physiological scenarios, we conducted on-body measurements at the
wrist, chest, abdomen, and throat, targeting pulse, cardiopulmonary activity,
respiration, and swallowing, respectively (Fig. Sb—m). With the patch attached to the
wrist (Fig. Sb), the FMWP continuously captured pulse waveforms, which were
displayed in real-time on the smartphone app (Fig. S¢ and Video S1). The enlarged
segment shows distinct, repeatable peaks, and the wavelet time—frequency map reveals
a dominant component at 1.31 Hz, corresponding to a pulse rate of ~78.6 beats per
minute (Fig. 5d).

When placed on the chest, the patch recorded a mixed cardiopulmonary waveform in
which respiration-driven low-frequency deformation is superimposed with heartbeat-
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related microvibrations (Fig. S5e,f). Wavelet analysis resolves two dominant
components at 0.30 Hz and 1.11 Hz (Fig. 5g), corresponding to a respiratory rate (RR)
of ~18 breaths per minute and a heart rate (HR) of ~66.6 beats per minute, respectively,
thereby separating respiratory and cardiac signatures from the same mechanical
readout. Notably, respiration can also be monitored at the abdomen (Fig. Sh).
Compared with the chest, abdominal placement suppresses cardiac interference due to
the larger distance from the heart and emphasizes breathing-driven abdominal motion
(Fig. 5i). Accordingly, the wavelet map shows a single prominent component at 0.22
Hz (Fig. 5j), corresponding to an RR of ~13.2 breaths per minute. Taken together, the
chest offers a convenient single-site solution for concurrent HR/RR tracking after time—
frequency decoupling, whereas the abdomen provides a cleaner respiration-dominant
readout that can be preferable for robust RR monitoring.

Swallowing monitoring is relevant to dysphagia screening or assessment, as impaired
neuromuscular coordination can alter the timing, strength, and sequence of swallowing-
related mechanical signatures.*” With the patch applied to the throat (Fig. 5k), the
recorded waveform showed a clear swallowing-related mechanical signature without
interruption during water ingestion. The recorded signals and time—frequency indicate
smooth swallowing without choking or interruption (Fig. 5l,m and Video S2),
consistent with normal swallowing function. In addition, the system can wirelessly
stream a range of movement-associated signals for real-time display, including wrist,
elbow, and knee flexion, as well as mouth opening/closing, abnormal blinking events,
and laryngeal articulation (Fig. S15).
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Collectively, the integrated FMWP provides motion robust, real-time multi parameter
physiological readout with phone connectivity, supported by a high linearity iontronic
sensor, a deformation-tolerant backend circuit architecture, and a breathable skin

interface for stable, long-term epidermal monitoring.
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waveform shown in the app with an enlarged segment. d Wavelet transform map of the enlarged
pulse segment in ¢. e Photograph of the FMWP attached to the chest. f Respiratory and cardiac
waveforms shown in the app with an enlarged segment. g Wavelet transform map of the enlarged
respiratory and cardiac segment in f. h Photograph of the FMWP attached to the abdomen. i
Respiratory waveform shown in the app with an enlarged segment. j Wavelet transform map of the
enlarged respiratory segment in i. k Photograph of the FMWP attached to the throat. 1 Swallowing
waveform shown in the app with an enlarged segment. m Wavelet transform map of the enlarged

swallowing segment in 1.

Discussion
The iontronic pressure response is governed by pressure dependent evolution of the
microstructured ionic interface from partial contact to increased effective contact area.
The characteristic feature size and its dispersion strongly shape this process (Fig. S16).
Larger features preserve deformation volume at elevated loads and delay geometric
saturation, thereby broadening the linear regime (Fig. S17). By contrast, smaller and
more uniform features compress more synchronously and reach saturation earlier;
contact area growth is suppressed at high pressures and linearity deteriorates. The
double-sided irregular microstructure further supports progressive engagement from
both interfaces, sustaining a near-proportional increase in effective contact area across
the working range. Thus, feature size and its distribution provide a way to tune the
sensitivity and linear range of the sensor while retaining a scalable templating process..
For epidermal physiological signal monitoring, signal fidelity is further constrained
by mounting variability and motion-coupled artifacts. A quadrant-grid spacer
suppresses unintended preload contact to stabilize the initial capacitance and promotes

rapid elastic recovery after unloading, supporting fast response and relaxation together
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with stable cycling. To retain this device-level behavior during real wear, the backend
adopts a mechanically informed island—bridge architecture. Rigid electronic islands
localize strain-sensitive components in low strain regions, while serpentine PI/Cu
interconnects accommodate bending, twisting, and stretching to reduce deformation-
induced parasitic variations in the readout. A porous fibrous interface enables
conformal skin contact while maintaining breathability during daily wear. Together, the
sensor, readout circuit, and skin interface maintain stable signal acquisition during

deformation and daily wear.

Methods

Finite Element Analysis

FEA was performed in ABAQUS 2022. The CNT-doped and CNT-free DSIS ionic
films were modeled as nearly incompressible Mooney—Rivlin hyperelastic solids, with
effective Young’s moduli of 48 and 30 MPa, respectively. All contacts were defined as
frictionless, with hard contact in the normal direction to prevent interpenetration. The
initial electrode/ionic film contact area was evaluated under a nominal pressure of ~50
Pa. For single-sided microstructures, the bottom edges were fixed and a rigid plate was
displaced downward to compress the top surface. For double-sided microstructures, the
bottom rigid plate was fixed while the top plate was progressively displaced downward;
lateral motion was constrained to minimize interfacial slip during compression. Hybrid
elements (e.g., C3D8H) were used to alleviate volumetric locking, and the PI/Cu

electrodes were simplified as rigid plates.
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Preparation of Ionic Layer

The composite ionic gel solution was prepared by dissolving 1 g TPU (Mw ~ 100,000,
from BASF SE) powder in 15 g N, N-dimethylformamide (99.5%, from Shanghai
Macklin Biochemical Co., Ltd.) within a reagent bottle, followed by the addition of 0.7
g [EMIM][TFSI] (97%, from Aladdin Industrial Corporation). The mixture was
magnetically stirred at 110°C with 1000 rpm rotation for 2 h until complete TPU
dissolution. Subsequently, 0.03 g CNTs (99%, from Suiheng Technology) were added
and stirred for 30 minutes. The solution was then transferred to an ultrasonic cell
disruptor for 2-hour dispersion at 90 W power to ensure homogeneous CNTs
distribution. Finally, the solution underwent 5S-minute degassing in an ultrasonic cleaner
to eliminate bubbles, yielding the final composite ionic solution. Commercial
sandpaper (roughness of 1000-grit and 10000-grit sandpaper, from Eagle Axe Co., Ltd.)
was patterned using a UV laser cutter (YLCF65UV) to create template components:
top layer (4 cm x 4 cm) and bottom layer (2.9 cm x 2.9 cm) sandpaper templates, along
with a PI tape mold featuring square apertures (3 cm X 3 cm, thickness: 150 pum). The
PI tape mold was affixed to a glass substrate, securing the bottom sandpaper template
while maintaining planar alignment of the square aperture region. Precisely 1.42 g of
the prepared composite ionic gel solution was dispensed into the PI tape aperture. The
assembly was transferred to a horizontal hot plate at 80°C for 40 minutes drying in a
fume hood to achieve primary curing of the ionic layer. The top sandpaper template
was then aligned and firmly attached to the layer surface. The complete template

underwent bilateral hot-pressing at 110°C for 3 minutes per side using a thermal press,
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simultaneously imprinting sandpaper-derived microstructures on both surfaces of the
ionic layer. Post-pressing, the template was returned to the fume hood for final drying
before carefully peeling off the double-sided irregular sandpaper-microstructured ionic
layer from the PI tape mold.

Preparation of Iontronic Pressure Sensor

The fabrication of the flexible iontronic pressure sensor mainly involved the following
steps. (i) Patterned PI/Cu electrode preparation. A 50-um-thick PI tape was laminated
onto 20-um-thick Cu foil to form the PI/Cu film, which was then patterned into square-
shaped electrodes by ultraviolet laser cutting equipment (50,000 Hz, 300 mm min™', 15
cycles). After cutting, non-patterned PI/Cu regions were removed to obtain the designed
electrode configuration. (ii) Ecoflex substrate/encapsulation layer formation. Ecoflex
00-30 Parts A and B were mixed (1:1, m/m) and vacuum-degassed. The mixture was
then spin-coated on a glass plate at 1000 rpm for 10 s and cured at room temperature
for ~2 h to obtain a uniform elastomer layer. (ii1) Water-soluble tape-assisted electrode
transfer printing. The patterned electrodes were picked up using a water-soluble transfer
tape and then aligned onto the Ecoflex substrate pre-coated with a thin uncured Ecoflex
layer (~10 um). After gently squeegeeing to expel trapped air, the stack was cured at
room temperature to secure interfacial bonding. The sacrificial tape was subsequently
dissolved by immersion in deionized water, yielding electrodes integrated with the
Ecoflex substrate. (iv) Spacer fabrication and device assembly. A 10-um-thick PET
adhesive film was laser-cut into quadrant-grid spacers for later use. The device was

assembled in the following order: top encapsulation layer/ top electrode/spacer/ionic
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layer/bottom electrode/bottom encapsulation layer. Before assembly, the bonding
surfaces of the top and bottom Ecoflex encapsulation layers were plasma-treated for 30
s and immediately brought into contact under a mild pre-pressure, enabling interfacial
bonding and completing encapsulation.

Fabrication of the FMWP

PI/Cu electrodes and interconnects were patterned by UV laser ablation based on the
CAD layout shown in Fig. S10. The laser-patterned circuit was released and transferred
using water-soluble transfer tape. Electronic components were then assembled by
reflow soldering. After the circuit was cleaned with anhydrous ethanol, flux and solder
paste were selectively applied to the component pads, followed by component
placement and reflow. The assembled circuit was spray-coated with insulating varnish
to passivate exposed conductive regions and prevent electrical shorting. Each sensing
unit was individually encapsulated before integration with the circuit. The integrated
device was subsequently encapsulated with a spin-coated Ecoflex layer cured at room
temperature. Finally, a patterned porous TPU fibrous membrane was laminated onto
the Ecoflex layer using partially cured Ecoflex as the bonding layer to form the skin-
contact interface. The porous membrane covered the stretchable interconnects, whereas
Ecoflex remained exposed around the patch perimeter and over the rigid electronic
islands to provide localized skin adhesion. This patterned interface was designed to
improve breathability and wearing comfort while maintaining reliable attachment to the
skin.

Data availability
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The data supporting the findings of this study are available within the article and its
Supplementary Information. Additional data are available from the corresponding
author upon reasonable request.
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