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ABSTRACT

Human skin perceives complex external stimuli through the coordinated detection of temperature, static strain, and dynamic

strain. However, current skin-like multimodal sensors are typically limited to dual-mode sensing or suffer from signal interference

and excessive wirings. In this study, a soft, skin-like tri-modal sensor capable of independent and simultaneous detection of

temperature, static strain, and dynamic strain is reported. The sensor consists of a single, skin-inspired sensing layer of a soft,

piezoelectric and ionic composite film that is sandwiched between stretchable electrodes. It uses distinct frequency-domain

responses: charge relaxation time for temperature, normalized capacitance for static strain, and piezoelectric charge output for

dynamic strain—to fully decouple signals without the need for separate sensors. Practical demonstrations include simultaneous

detection of skin temperature and pulse waves at the wrist, localized mapping of strain and temperature under shear stress,

and texture recognition through dynamic force sensing. This work provides a compact and scalable platform for fully decoupled

tri-modal sensing, paving the way for intelligent prosthetics, on-skin electronics, and interactive robotics.

1 | Introduction

Skin’s multimodal sensing ability enables the simultaneous detec-
tion of temperature, slow deformation (static strain), and fast
vibration (dynamic strain) [1-4]. The simultaneous perception
of multiple signals is essential for understanding the nature
of external contact [5], monitoring physiological conditions
[6], and adjusting motor responses [7, 8]. For example, when
doctors place their hands on a patient’s body, they integrate
multiple signals—such as temperature, softness, texture, and
pulse waves—to formulate an accurate diagnosis. Similarly,
wearable multimodal healthcare sensors enable timely diagnosis
and targeted rehabilitation strategies for conditions like hyper-
tension or muscle degeneration [9-11]. In intelligent robotics

or prosthetics, multimodal sensors enhance dexterous object
manipulation [12-14].

Designing multimodal sensors requires sensing of various signals
and their decoupling. One common approach is incorporating
multiple independent sensing units into a single system to detect
different stimuli simultaneously [10, 12, 14-18]. For instance,
multimodal electronic skins were realized by multiple metal
films with different structures which have different sensitiv-
ity in temperature and pressure [12]. Another approach is to
utilize materials responsive to multiple stimuli and decouple
the signals at readout. For example, ion-gel based multimodal
sensing has been realized, which is assisted by additional signal
processing strategies for signal decoupling [19-21]. Reliable signal
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FIGURE 1 | Conceptual framework of a multimodal artificial sensing system for signal decoupling inspired by human skin. (a) Illustration of natural
skin structure showing spatial distribution of temperature, static strain, and dynamic strain sensing modalities. (b) Multilayer composite design of the

multimodal sensor, where PVDF-TrFE is used for dynamic strain sensing, PVDF-HFP for static strain sensing, and EMIM-TFSI for temperature sensing.

decoupling based on physics has been achieved by utilizing
different electrical parameters to independently monitor distinct
stimuli within a single device [13, 22-26]. A previous report
decouples the sensing of temperature and static strain based
on ion relaxation dynamics [13]. By eliminating the need for
additional sensing units, this approach effectively reduces wiring
complexity and enhances system integration.

However, the number of skin-like multimodal perceptions in
a single sensor unit has been limited to only two, although
our skin perceives more to realize collaborative perception. The
main challenge is how to integrate additional orthogonal sensing
mechanisms without adding structural complexity or introducing
signal interference. Therefore, we looked into utilizing time-
domain measurements. Ion-relaxation-based multimodal sensors
detect temperature and static strain from impedance spectra in a
frequency range of ~10°-10° Hz [27], suggesting low-frequency
signals do not affect the signal. Achieving a low-frequency
electrical property whose temperature dependence is practically
negligible relative to other effects is critical for enabling addi-
tional sensing modalities. In addition, mechanoreceptors in skin
are soft, ionic, and capable of piezoelectric transduction, convert-
ing mechanical stress into electrical signals [28, 29]. Inspired by
this, we hypothesized piezoelectricity would enable an additional
sensing mode.

Here, we show a skin-like tri-modal sensor for temperature, static
strain, and dynamic strain determination, made of a soft ionic
and piezoelectric composite sandwiched between stretchable
electrodes. Our sensor replicates the multifunctional capabili-
ties of human skin, which relies on distinct thermoreceptors,
mechanoreceptors, and nociceptors for temperature, static pres-
sure, and dynamic mechanical vibrations, respectively (Figure 1).
It effectively decouples temperature, static strain, and dynamic
strain using frequency domain measurements. The multimodal
sensing capability allows accurate temperature and strain map-
ping, which is essential for real-time physiological monitoring
and artificial tactile sensing. By integrating the sensor into pros-
thetic fingers, we demonstrate its ability to detect physiological
signals such as body temperature and heart rate, highlighting its
potential in wearable health monitoring.

2 | Fabrication of the Multimodal Sensor and the
Characteristic of the Piezoelectric-Ionic Composite
Film

The multimodal sensor comprises a functional composite sensing
layer sandwiched between stretchable electrodes. The stretchable
electrodes are based on highly conductive silver nanowires
embedded in elastic styrene-ethylene-butylene-styrene (SEBS)
[13]. The sensing active layer is a 4-um-thick composite film,
integrating the piezoelectric copolymer, poly (vinylidene fluoride-
trifluoro ethylene) (PVDF-TrFE), a fluorinated elastomer,
poly (vinylidene fluoride-co-hexafluoropropylene) (PVDF-
HFP), and an ionic conductor, 1-ethyl-3-methylimidazolium
bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) (Figure 1B). The
detailed manufacturing process of the sensor is shown in Figure
S1. Similar to how human skin integrates different receptors for
comprehensive sensory feedback, the sensor utilizes multiple
physical mechanisms to detect various stimuli simultaneously.
PVDF-TrFE detects dynamic strain via the piezoelectric effect,
PVDF-HFP functions as a dielectric medium for capacitive-based
static strain sensing, and EMIM-TFSI enables temperature
sensing through impedance variations [27, 30]. By leveraging
charge relaxation time [31], normalized capacitance, and
piezoelectric output, tri-modal sensing is effectively realized.

We first examined the influence of each component’s concentra-
tion on the mechanical and electrical properties of the composite
films. Figure 2a shows the effect of the mixing ratio of PVDF-TrFE
and PVDF-HFP in the stretchability and piezoelectric constant.
The concentration of EMIM-TFSI was fixed at 5.0 wt.%. The
stretchability was characterized by crack onset strain, which
marks the initiation of microcracks under tensile strain [32, 33].
The crack onset strain of neat PVDF-TrFe was only 20%, and
that of the composite (PVDF-TrFE: PVDF-HFP = 1:1 (w:w)) was
enhanced to 75%. The optical microscope images of the composite
films under different strains are shown in Table S1. As the PVDF-
HFP ratio increased, the piezoelectric coefficient (d;;) decreased.
Neat PVDF-TrFE showed a dj; of 25 pC N7! while the PVDF-
TrFE: PVDF-HFP (1:3) had a d;; of 4.2 pC N7L. This observation
agrees with a previous report on the composite of PVDF-TrFE and
elastomers without ionic liquids [34].
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FIGURE 2 | Characterization of mechanical and electrical properties of composite films composed of PVDF-TrFE, PVDF-HFP, and ionic liquid
(IL, EMIM-TFSI). (a) Variation of stretchability and piezoelectric coefficient ds; as a function of PVDF-HFP weight fraction. (b) Frequency-dependent
impedance spectra of composite films with varying IL concentrations (0.5-7.5 wt.%). (c-f) Broadband dielectric and conductivity analysis of three
representative composite configurations: PVDF-TrFE + PVDF-HFP + IL, PVDF-TrFE + PVDF-HFP, and PVDF-TrFE + IL. (c) Imaginary part of electrical
permittivity (¢”); (d) Real part of electrical permittivity (¢); (e) Imaginary part of electrical conductivity (¢”); (f) Real part of electrical conductivity (¢”).
These results demonstrate the synergistic effects of blending PVDF-HFP and IL on both stretchability and ionic-electronic transport performance.

Figure S2 shows the ionic conductivity of the composite films
with different PVDF-TrFE/PVDF-HFP compositions. The con-
centration of EMIM-TFSI was fixed at 5.0 wt.%. With increasing
PVDF-HFP content from 0% to 100% in PVDF-TrFE/PVDF-HFP,
the ionic conductivity increased from 8.1 X 107° S cm™ to 3.0 X
10~% S cm™. The enhanced ionic conductivity is attributed to the
more amorphous nature of PVDF-HFP, which provides increased
free volume and improved ion mobility compared to PVDF-TrFE.
In summary, the PVDF-TrFE: PVDF-HFP (1:1) composite resulted
in an optimal balance between mechanical stretchability (70%),
which is larger than nominal strain in human skin, higher ionic
conductivity (5.0 X 107 S cm™) and a relatively high piezoelectric
coefficient of 12 pC N7,

The effect of ionic liquid content in the composite was first
evaluated by the crack onset strain. As the ionic liquid content
increased from 0.5 wt.% to 7.5 wt.%, the crack onset strain

increased from 40% to 70%, indicating ionic liquid worked as
a plasticizer (Figure S3). In addition, the piezoelectric coeffi-
cient ds; of the composite films increased monotonically from
9.9 pC N7! at 0.5 wt.% to 16.1 pC N7! at 7.5 wt.% (Figure S3f).
The increased d,; in the presence of the ionic liquid may be
attributed to the enhancement of -Phase crystalline structure
of PVDF ([35]. Figure 2b shows impedance spectroscopy of
composite films with varying ionic liquid concentrations (0.5
7.5 wt.%). As the ion concentration increases, the low frequency
impedance of the composite decreased significantly. Low ion
concentrations were found to enhance temperature sensitiv-
ity by increasing the activation energy of ionic conductivity,
enabling more sensitive detection of temperature changes [13].
At 5.0 wt.%, the relatively high resistance of the composite
provided a significant impedance difference from the stretchable
silver-nanowires-based electrodes, enhancing the sensitivity and
stability of the sensor performance. In addition, both resistance
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(R) and capacitance (C) of the composite can be accurately
measured within the instrument’s accessible frequency range
(107'-10° Hz). Therefore, an ion concentration of 5 wt.% was used
in the following study. The composite film (PVDF-TrFe: PVDF-
HFP: EMIM-TFSI = 10: 10: 1) was observed using atomic force
microscopy (AFM) and showed uniform morphology (Figure S4).

The morphologies of the composite films, such as polymer polar-
ization behavior and ion migration were systematically analyzed
by impedance spectroscopy (Figure 2c-f). To clarify the role of
each component, three systems were investigated: PVDF-TrFE
+ PVDF-HFP + EMIM-TFSI (PPE) (10:10:1, w:w), PVDF-TrFE +
PVDF-HFP (PP) (1:1, w:w), and PVDF-TrFE + EMIM-TFSI (PE)
(20:1, w:w). All composite sensing films were contact poled under
aDC electric field of 100 MV/m, and the thickness of each sensing
film was kept at 4 pm.

Figure 2c,d present the imaginary part (¢”) and real part (¢')
dielectric constants of three polymer composite systems at dif-
ferent frequencies. The electrical behavior of ionic conductors
exhibits a significant frequency dependence. In the low frequency
regime (102-10* Hz), the dielectric response is dominated by
the ionic electrical double layer near the electrodes, which
makes the apparent dielectric constant high. At high frequen-
cies (>10* Hz), the dielectric properties are determined by the
orientation polarization of nonionic molecules, due to the slow
response of ions to the alternating electric field [27, 31]. In the low
frequency range (102-10* Hz), the PE system exhibits the highest
dielectric constant. The internal polarizing electric field causes a
significant ion migration and the accumulation around electrodes
to form electrical double layer capacitance. PPE system shows an
intermediate dielectric constant because the internal polarizing
electric field is diluted by non-piezoelectric PVDF-HFP. The PP
system showed the lowest dielectric constant due to its lack of
ionic liquids, and its dielectric response mainly comes from the
orientation polarization of polar groups on the polymer chains.
In the high-frequency regime (>10* Hz), the dielectric constant
shows a gradual and more stable decline, indicating a change in
the dominant polarization mechanism. The decrease in ¢ and
¢” indicates the occurrence of the polarization lag phenomenon.
Outside this frequency range, the dielectric response is mainly
determined by the dipole orientation rather than the ionic
displacement. The ionic mobility is insufficient to follow the
rapidly alternating electric field. This transformation reflects the
transition from ionic conduction to dielectric polarization, which
can be effectively described by a parallel RC circuit model.

Figure 2e,f display the corresponding frequency-dependent imag-
inary (¢”) and real (¢’) parts of the complex conductivity. In
the low-frequency region (10°-10* Hz), the PE system shows the
highest conductivity. This may be because the internal polarizing
electric field causes the ions to concentrate near the electrode
interface. The PPE system shows an intermediate conductiv-
ity due to the introduction of PVDF-HFP which weakens the
piezoelectric polarization ability and the internal electric field.
The PP system shows the lowest conductivity due to the lack
of ionic liquids. In the high-frequency range (>10* Hz), the rate
of increase in o’ becomes significantly more pronounced for
all three systems. This change in slope indicates a transition
in the dominant electrical behavior—from ionic conduction to
dielectric polarization. As the frequency increases, the response

of mobile ions becomes increasingly sluggish, and dipolar ori-
entation begins to dominate the material’s interaction with the
alternating field. This transition is consistent with the dielectric
constant results (Figure 2c,d), which likewise show a shift in
material behavior from conduction-driven to polarization-driven
mechanisms near 10* Hz.

These results reveal a frequency-dependent transition in charge
transport mechanisms. All composite systems shift from ion-
dominated conduction to dipolar polarization near 10* Hz. This
behavior aligns with the RC time constants extracted from the
equivalent circuit model. The findings highlight the tunabil-
ity of dielectric properties through material composition and
structural design. Among the three systems, PPE shows well-
balanced dielectric and conductive performance across the full
frequency range. This suggests its strong potential for optimized
multifunctional applications.

2.1 | Multimodal Sensing Ability of Our Sensor

Our soft ionic and piezoelectric composite enabled multimodal
sensing of temperature, static strain, and dynamic strain by
decoupling the signals in the frequency domain. The equiv-
alent circuit model in Figure 3a illustrates our frequency-
domain decoupling strategy for multimodal sensing. At low
frequencies (~10? Hz), the impedance response is dominated by
dynamic strain (vibration), while mid-frequency (~10° Hz) and
high-frequency (~10° Hz) signals primarily reflect temperature
induced ionic relaxation and a static strain induced capacitance
change. By analyzing the sensor’s response across these distinct
frequency regimes, individual physical stimuli can be effectively
separated for accurate multimodal detection. We use the intrinsic
variable charge relaxation time (7 = ¢/c = RC; ¢ and o are the
dielectric constant and conductivity, respectively), independent
of size change, and the extrinsic variable normalized capacitance
(C/Cy), sensitive to size change (strain), to achieve precise
decoupling of thermal and mechanical signals.

Figure 3b shows the Bode plot of the sensor at different tempera-
tures, which is similar to a previously reported ionic system [13].
Figure S5 shows the temperature-dependent ionic conductivity
obtained from Figure 3b. The Figure 3c shows the temperature
dependence of the charge relaxation time under different strains
(=0, 20, 50%), confirming static strain independent temperature
sensing. Figure 3d shows strain sensing using C/C,. The variation
curves of C/C, with uniaxial strain at all temperatures (30 to
50°C) fell on a single curve, which confirms the temperature-
independent sensing of static strain. The mechanical durability
of the device was confirmed by 100 cycles of 20% strain. The
temperature-dependent transport behavior was measured before
and after stretching cycles, and negligible changes were observed
(Figure S6). In addition, our trimodal sensor showed high
humidity-independent sensing across different humidity levels
(Figure S7). Although we hypothesized that a hygroscopic ionic
liquid could affect stability, the silicone-based encapsulation
appears sufficient.

The piezoelectric effect of the composite material is used to sense
the dynamic strain. Through a series of control experiments,
the decoupling ability of piezoelectric output to temperature and
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FIGURE 3 | Frequency-dependent decoupling mechanism and multifunctional sensing performance of the composite sensor. (a) Schematic of the
frequency-domain decoupling principle: vibration signals are detected in the low-frequency range (~10%> Hz), temperature effects dominate the mid-
frequency (~10° Hz), and strain induced impedance changes occur in the high-frequency range (~10° Hz). (b) Impedance spectroscopy of the sensor
under the temperature from 30 to 50°C. (c) Changes of In(r) with respect to T~! (T, temperature) at three tensile strains, with dashed lines representing
linear fits, demonstrating that 7 is insensitive to static strain and enabling reliable temperature calibration. (d) Changes in C/Cy as a function of tensile
strains at different temperatures, where the dashed lines indicate linear fitting, showing C/Cj is insensitive to temperature. (e) The piezoelectric output
during drop test measurements at temperatures of 30, 40, and 50°C, with linear fits illustrating a consistent calibration relationship and temperature-
insensitive dynamic sensing. (f) Output voltage under different stretching strains (0%-50%) with constant impact force, showing a decoupled response

to a dynamic mechanical input.

strain is verified. We designed a falling ball experiment to apply
dynamic strain input to the sensor under different temperatures
and static strain. The sensor is placed under an electromagnet,
and the release of the iron ball is controlled by switching the
voltage applied to the electromagnet. The amount of dynamic
strain applied is determined by the falling height of the iron
ball. As shown in Figure 3e, the piezoelectric output voltage
of the sensor drops along a consistent main curve at different
ambient temperatures (30 to 50°C), indicating that its piezoelec-
tric response is independent from temperature. The piezoelectric
response of PVDF-TrFE is caused by the dipole arrangement in its
semi-crystalline structure. At temperatures well below the Curie

temperature (~130°C), the ambient temperature change is not
sufficient to depolarize the composite. Therefore, its piezoelectric
coefficient remains stable, ensuring that the piezoelectric output
is not sensitive to temperature changes.

In addition, falling ball experiments were performed at room
temperature (25°C) while uniaxial transverse static strains (0%-
50%) was applied to the sensor (Figure 3f). The piezoelectric
output voltage of the sensor drops along a consistent main curve
under different static strains, indicating that its piezoelectric
response is also independent from static strain. The output
signal of piezoelectric materials depends on changes in dipole
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orientation rather than their absolute state. As a result, they
respond to dynamic mechanical stimuli and cannot measure
static signals. Under static strain, such as continuous stretching,
the initial deformation causes dipole rearrangement, leading to
an instantaneous charge separation. However, once the dipoles
stabilize in their new orientation, further strain no longer induces
additional charge separation [36]. In addition, PVDF-HFP is
much softer than PVDF-TrFE. As a result, most of the strain is
applied to the PVDF-HFP domains. This allows the material to
maintain its piezoelectric activity under large strains.

2.2 | Demonstration and Potential Applications

Based on the verified decoupling of tri-modal signals, we further
demonstrate the practical application of our multimodal sensor.
We first integrated the sensor into a prosthetic finger (Figure 4a).
First, a prosthetic finger equipped with a multimodal sensor
was placed on the wrist to demonstrate multimodal sensing
(Figure 4b). The skin temperature was measured to be 31.9°C
using impedance (detailed data are shown in Table S2). Addi-
tionally, the piezoelectric response clearly captures the pulse
wave signal. In addition, when the sensor was placed on the
neck (Figure 4c), the temperature was found to be 35.5°C. The
impedance spectroscopy measured by the sensor is shown in
Figure S8. The obtained data were highly consistent with the
measured results of the infrared thermometer, indicating that
the sensor has good temperature sensing accuracy and reliability
(Figure S9).

Furthermore, we fabricated a 3 x 3 sensor array of multimodal
sensors onto a prosthetic hand (Figure 4d). Under shear stress,
local strain signals near the contact point were enhanced, and
temperature increased due to finger heat conduction. Two-
dimensional strain and temperature profiles (Figure 4e,f) were
generated from normalized capacitance (C/C,) and charge relax-
ation time (In(r)) data. The strain distribution showed local-
ized effects of shear stress, while the temperature distribution
remained unaffected by strain, demonstrating its stability. The
experimental results show that the strain and temperature are
concentrated in the shear stress region, verifying the multi-modal
response capability of the sensor array and realizing real-time
perception and distribution analysis of complex external stimuli.

We also evaluated the human-like ability of multimodal sensors to
detect the texture of various materials through their piezoelectric
sensing capabilities. A multimodal sensor is set to rub several
material surfaces (artificial skin, facial tissue, and copy paper) of
different hardness and roughness at a constant speed (107> m s™!)
(Figure 4g,h). During the test, the piezoelectric output of our
sensor recorded the dynamic change of the normal force over
time. The difference of force signal reflects the obvious difference
of surface hardness, roughness and texture of different materials
[37]. Specifically, in our study, the force signal on the artificial
skin showed high-frequency oscillations with small amplitudes,
indicating that the surface is smooth and has some elasticity. In
contrast, the facial tissue showed a lower oscillation frequency,
and the amplitude of fluctuation was larger than that of the
artificial skin, indicating a larger structural inhomogeneity on
its surface. This is consistent with previous studies showing
that microtextured surfaces induce a moderate level of vibration

response in tactile sensors, associated with moderate roughness
and deformation characteristics [38-40]. When the sensor slides
on the paper surface, the force signal shows the largest peak-
to-peak change, and the oscillation frequency is low, indicating
that the surface is rough, and the material is rigid, resulting
in drastic changes in the contact force. The data show that
our multimodal sensor can effectively distinguish the physical
properties of different material surfaces through the frequency
and amplitude characteristics of the force signal.

3 | Discussion

Table S3 compares the performance of our multimodal sen-
sor with previously reported multimodal devices, highlighting
improvements in signal decoupling, stretchability, and integra-
tion simplicity [10, 12, 13, 18, 22-25, 41]. To the best of our
knowledge, this work represents the first demonstration of
decoupling of three signals in a single two-terminal sensor. The
decoupling is achieved at the physical mechanism level rather
than through device geometry or signal post-processing. Com-
pared to multi-cell sensor architectures, our sensors effectively
reduce structural complexity and signal interference. Existing
single-device multimodal sensors have significantly advanced
multifunctional sensing; however, several intrinsic limitations
remained. The number of multimodal sensing modalities with
signal decoupling in a single device was limited to two without
additional signal processing. Sensors with multimodality more
than two often had to rely on artificial intelligence-based signal
processing which can mask the reliability or physical meaning of
the signals.

In this work, these limitations are addressed by a piezo—ionic mul-
timodal sensing architecture that combines piezoelectric polar-
ization and ionic migration, two fundamentally different physical
mechanisms with distinct temporal responses. By exploiting the
frequency-dependent characteristics of ionic and piezoelectric
signals, multiple stimuli can be effectively decoupled within a
single sensing platform, enabling robust and scalable multimodal
sensing. In this study, the core of multi-modal detection lies in
the strategic integration of ionic and piezoelectric materials, and
effective multiple signal decoupling is realized by using charge
relaxation time, normalized capacitance, and piezoelectric output
as independent variables. In addition, our design utilizes the
principle of frequency domain separation, where the electrical
responses of different signals occur in different frequency ranges,
thereby avoiding signal interference and improving measurement
accuracy. While our sensors offer trimodal sensing, they face
limitations in challenging environmental conditions. Although
our sensors showed high stability across different humidity levels,
moisture can still affect device performance after long-term
exposure to high humidity. The use of hydrophobic ionic liquids
or stretchable encapsulations can fundamentally mitigate this
issue [42, 43].

4 | Conclusions
In conclusion, multimodal sensors based on a soft ionic and

piezoelectric composite demonstrate strong potential for flexible
electronics, particularly in intelligent robotics, continuous health
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FIGURE 4 | Demonstration of multimodal sensing capabilities. (a) A photograph showing the sensor attached to a prosthetic finger. (b, c) Real-time
pulse wave detection and skin temperature monitoring at different sites (31.9°C on the fingertip (b) and 35.5°C near the neck (c)). (d) A photograph of
the sensor array applied on skin with finger pressing, used for spatial mapping. (e) Strain mapping result showing spatial distribution of mechanical
deformation across the sensor area. (f) Temperature mapping obtained by the sensor, demonstrating thermal gradient detection. (g) A schematic diagram
of the sliding test setup used to evaluate surface texture detection. (h) Output voltage profiles generated by sliding across different materials (artificial

skin, facial tissue, and copy paper).

monitoring, and human-computer interaction. By integrating
temperature, static strain, and dynamic strain sensing capabilities
into a single stretchable device, the sensor effectively addresses
key challenges in multimodal sensing, such as signal crosstalk
and limited sensitivity. This capability enabled real-time, accurate
monitoring of physiological signals such as body temperature and
pulse waves, as well as tactile perception of surface hardness and
roughness. This research combines high sensitivity, mechanical
durability and versatility to establish a practical platform for
smarter and more efficient medical solutions and intelligent
interactive systems.

5 | Method
5.1 | Materials

Glass substrates were purchased from Matsunami glass Ind.,
Ltd. Silver nanowire (AgNW) ink was purchased from Zhe-
jiang KeChuang Advanced Material Co., Ltd (China) (Product:
AWO090, 70-105 nm diameter, 1 wt.% in 2-propanol). 2-butanone
was purchased from FUJIFILM Wako Pure Chemical Indus-
tries. The piezoelectric polymer PVDF-TrFE (Piezotech FC25)
(Typical TrFE content: 25 mol%, Curie Temperature: 115°C,
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Molecular weight: 370-530 kg M) was purchased from Arkema.
Hydrogenated styrene thermoplastic elastomer (SEBS, Tuftec
H1051) was supplied from Asahi Kasei Corporation. PVDF-HFP
(FC2176) was purchased from 3 M. EMIM-TFSI was purchased
from IOLITEC. Polydimethylsiloxane (PDMS) was purchased
from Dow (Product: SILPOT 184). Toluene and 2-propanol were
purchased from Fujifilm Wako Pure Chemical Corporation.

5.2 | AgNW Electrodes

The 12 mL AgNW solution was diluted with 6 mL 2-propanol.
The AgNW solution was sprayed onto a clean glass slide placed
on a hot plate at 80°C and sprayed using an injection pump
at a flow rate of 3.0 mL min~' (API GIKEN, API-40RS). The
stencil mask was placed on a glass slide to create patterned
electrodes. The spray pressure is set to 100 kPa, the distance
between the nozzle and the sample is 50 mm, and the scanning
speed of the nozzle is 50 mm s™'. The same spraying process
was repeated five times. After spraying, the substrate is soaked
in deionized water for 10 min. to remove remaining surfactant
and then dried. Subsequently, the SEBS solution (0.5 wt.% in
toluene) was spincoated on the AgNW layer at 1000 RPM for
1 min. Due to its low concentration, the initial SEBS solution
permeates the AgNW infiltration network. After that, a more
concentrated SEBS solution (10 wt.% in toluene) was spincoated
at 1000 RPM for 1 min. And then thermally annealed at 120°C
for 30 min. The SEBS composite was then treated with an O,
plasma (PIE SCIENTIFIC, Tergeo-plus) (50 W, 60 s), and the
PDMS prepolymer (10:1 ratio of prepolymer to curing agent) was
then spincoated at 500 RPM for 30 s. The PDMS is then thermally
cured at 100°C for 1 h. After curing, the stretchable electrode was
delaminated from the glass carrier.

5.3 | Fabrication of Tri-Modal Sensors

PVDF-TrFE, PVDF-HFP, and EMIM-TFSI were mixed at a weight
ratio of 10:10:1 and dissolved in a 20 wt.% 2-butanone solution.
The mixture was stirred thoroughly at room temperature for
3 h to ensure complete dissolution and homogeneous blending
of all components. Dextran solution (10 wt.% in toluene) was
spincoated onto the glass substrate at 1500 RPM for 20 s, followed
by annealing at 100°C for 5 min. Subsequently, the composite
solution was spincoated onto the Dextran-glass substrate at 2000
RPM for 90 s. and then thermally annealed at 135°C for 1 h.
Next, a 1 X 1 cm PDMS film (10:1, thickness about 1 mm) was
placed on the surface of the composite film and cut along the edge
of the PDMS using a knife. Deionized water was then dripped
over the incision and left for 5 min to dissolve the Dextran layer.
The surface was then dried at 60°C to ensure full adhesion of
the composite film to the PDMS layer. Finally, the composite
films were transferred to the AgNW electrode using PDMS. After
heating at 100°C for 5 min, the PDMS was carefully removed to
obtain a sensing active layer uniformly deposited on the AgNW
electrode. Finally, laminate the top electrode on top to complete
the assembly of the sensor. Because of the conformal contact
between the thin viscoelastic layers, the multi-layer material
showed good adhesion. To polarize the sample via contact poling,
an electric field (100 MV m™) was applied for 30 min at room
temperature. Typically, thickness of the composite active layer

was 1.5 um. Area of the sensors was defined by crossing area of
top and bottom AgNW electrodes and was 0.25 cm?.

5.4 | Electronic Properties of AgNW Layer

The AgNW electrode on SEBS/PDMS substrate was peeled
from the glass substrate and fixed onto an X-axis stage (Coms
Corporation., PM80B-200X-HQ). The sample was longitudinally
stretched at a speed of 0.5 mm s™! using the position controller
(Coms Corporation, CP-700D), and conductivity was conducted
using the LCR meter (NF Corporation, ZM2376). The resis-
tances of silver nanowires under different strains are shown in
Figure S10.

5.5 | Impedance Measurement

Impedance spectroscopy is measured using an impedance ana-
lyzer (PalmSens, PalmSense4) and an electrochemical worksta-
tion (Bio-Logic VMP3). The applied AC voltage is 0.25 V, and the
scanning frequency ranges from 0.1 Hz to 1 MHz. The tempera-
ture of the sensor was changed by a hotplate, and after changing
the temperature, the impedance is scanned several times until
the signal is stable. In order to observe the temperature response
of the multimodal sensor in the stretched state, the sensor was
adhered onto a glass substrate for impedance measurement.
Humidity was controlled by Humidity Control Unit (Kitz Micro
Filter Corporation, AHCU-2). Ionic conductivity was calculated
from impedance at 10* Hz. Unless specifically mentioned, all
measurements were conducted at room temperature (20°C) and
a relative humidity of 20%.

5.6 | Atomic Force Microscopy

All atomic force microscopy (AFM) images were acquired using
a scanning probe microscope (SPM, NANOCUTE / Nanonavi
11, Hitachi High-Tech Science, Japan) operated under ambient
conditions at room temperature. AFM measurements were per-
formed using silicon self-sensing micro-cantilevers (PRC-DF40P)
with a nominal resonance frequency of approximately 324 kHz.
The AFM was operated in dynamic (tapping) mode. Images were
recorded a with an image resolution of 218 x 218 pixels.

5.7 | Physiological Signal Measurement

The multimodal sensors are fixed on the body surface (wrist,
neck) of the volunteers using medical adhesive tape. The
impedance spectra are measured using an impedance analyzer
(PalmSens, PalmSense4) and an electrochemical workstation
(Bio-Logic VMP3). The applied alternating voltage is 0.25 V,
and the scanning frequency range is from 0.1 Hz to 1 MHz.
The humidity of the measurement environment is maintained
at 30%. At the same time, a thermal camera is used to mea-
sure the body surface temperature of the experimental area
as a control group. A pulse signal was received using an
oscilloscope (Keysight, DSOX1204G). This experiment has been
approved by the University of Tokyo, Research Ethics Committee
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(Approval No. 24-230), and written informed consent was
obtained from the volunteers.

5.8 | Falling Ball Experiment

An electromagnet was fixed at the top of the experimental setup,
with the sensor placed directly underneath. A 15 cm diameter
iron ball (~14 g) was used to apply pressure to the sensor. During
the experiment, the electromagnet was switched on and off to
control the release of the iron ball, while the height of the
electromagnet was adjusted to regulate the impact force applied
to the sensor. The entire setup was placed inside an oven (Yamato,
DKN402) to maintain a controlled experimental temperature.
The output voltage was recorded using an oscilloscope (Keysight,
DSOX1204G) to analyze the sensor’s response under varying
impact forces and environmental conditions.

5.9 | Material Identification Experiment

The material identification experiment was assisted by a static
friction measuring machine (Trinity-Lab.Inc., i-tester TL201).
The multi-modal sensors of this study were fixed on the tactile
contactor of the static friction measuring machine, and the
experimental objects (artificial leather, copy paper, facial tissue)
were fixed on the experimental table of the measuring machine.
The sensor was controlled by the measuring machine to slide on
the surface of the experimental objects (with a weight of 50 grams,
a distance of 10 millimeters, a speed of 10 mm s7!, and repeated
sliding 4 times). The oscilloscope (Keysight, DSOX1204G) was
used to receive the voltage signal output by the sensor.
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