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Tactile sensing is a foundational technology for developing intelligent interactive systems across
robotics, wearable devices, and human-machine interfaces. Despite progress in highly sensitive and
multifunctional soft sensors, conventional multimodal platforms suffer from limited scalability and
customization due to dependencies on complex cleanroom processes and labor-intensive assembly.
Therefore, this study proposes a multimodal e-skin platform fabricated through a scalable, in-situ, and
cleanroom-free strategy that integrates microporous-dielectric capacitive tactile sensors with UV-
laser-patterned flexible circuitry in a single low-profile system. The approach facilitates rapid,
application-specific layout design, enabling modular co-location of deformable pressure and bending
sensors alongside compact IC modules for thermal and non-contact proximity sensing. In a
representative robotic-gripper demonstration, microporous-dielectric pressure and bending sensors
are integrated in a task-specific layout to match local contact geometry and functional demands.
Additional validation across diverse applications, including robotic grippers, interactive toys, and
pressure-mapping arrays, highlights the platform’s adaptability and its system-level capacity to
integrate seamlessly with tailored multimodal e-skin prototyping for complex real-world tasks.

Tactile sensing is essential for intelligent interaction in robotic systems'~,
wearable electronics*’, and human-machine interfaces®'’. It allows
machines or wearers to perceive pressure, deformation, and environ-
mental stimuli, facilitating safe, adaptive behavior in dynamic or human-
centered environments, such as haptic or interactive systems' ™. Soft
tactile sensors have gained prominence for their mechanical compliance,
conformability, and biocompatibility'*'®. However, most have histori-
cally targeted single-modality detection, limiting their efficacy in com-
plex tasks that demand multimodal perception'”". Consequently,
emerging applications, including object manipulation, physiological
monitoring, and interactive control, therefore demand flexible and
adaptive architectures that support spatially distributed, multimodal
tactile sensing"".

Recent advances in soft sensing have developed multimodal devices,
particularly designed to mimic skin, that integrate pressure, strain, and
temperature within a single platform®*’. To enhance sensing performance,
these systems often utilize micro-structured elastomers, conductive

composites, or hybrid materials***. However, most efforts have empha-
sized improving the performance of individual sensing components, such as
sensitivity or multifunctionality. Consequently, these devices typically
require complex lithographic fabrication or multilayer assembly, con-
straining scalability, conformability, and rapid prototyping, which are cri-
tical bottlenecks in current multimodal sensor platforms™~"'. Furthermore,
many platforms rely on manual, non-standardized assembly of discrete
sensor components, leading to bulky structures, dense wiring, and align-
ment inconsistencies””’. While printing and embedding techniques offer
potential improvements’, achieving scalable, application-specific integra-
tion of multiple sensing modalities with circuit-level functionality and high
design flexibility remains a significant challenge.

This study proposes a multimodal e-skin fabricated using scalable,
in-situ fabrication methods for intelligent robotics and interactive sys-
tems. The platform mimics human skin, which perceives various stimuli
through specialized nerve receptors, such as Meissner’s corpuscles for
light touch, Pacinian corpuscles for vibration and deep pressure, Ruffini
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Fig. 1 | Concept and fabrication of the multimodal e-skin platform. a Human

sensory receptors, including Meissner’s corpuscles (light touch), Pacinian corpuscles
(deep pressure), Ruffini endings (skin stretch), thermoreceptors (temperature), and
replicated by corresponding sensor modules (created with Biorender). b Schematic

of the in-situ fabrication integrating flexible circuits, porous dielectriclayers, and IC-
based modules into a unified platform. ¢ Conceptual application scenarios of e-skin
in robotic grippers, interactive toys, and pressure sensor arrays, highlighting its
human skin-inspired multimodal sensing capabilities.

endings for skin stretch, and thermoreceptors for temperature. Fur-
thermore, it incorporates visual perception of human eyes to provide
depth and distance cues (Fig. 1a)**”. This study develops an in-situ
multi-sensor integration strategy that combines tactile sensing with a
non-contact proximity channel, enabling more comprehensive and
nuanced environmental interaction.

The multimodal sensor platform is fabricated using a unified pro-
totyping strategy that integrates sensing and circuit elements into a
single, low-profile system (Fig. 1b). Flexible circuits, patterned using
ultraviolet (UV) laser techniques, support signal routing and modular
sensor placement. Pressure and bending are measured through capaci-
tive sensors made from a porous elastomeric dielectric layer and an
electromagnetic interference (EMI)-shielding layer. Additional sensing
modalities, such as temperature and proximity, are integrated using
integrated circuit (IC)-based modules onto the flexible circuits. This
fabrication approach enables customizable, single-platform integration
of diverse sensors without complex or time-consuming post-processing.
The platform’s versatility is validated across multiple interactive use
cases, including robotic grippers, interactive toy applications, and
pressure sensor arrays, delivering robust multimodal feedback (Fig. 1¢).
The multimodal e-skin, customized for each application scenario,
integrates tactile and visual-like sensing to mimic human-like percep-
tion of target objects. Overall, this work introduces a scalable, in-situ
fabrication framework that translates material-level advancements in
soft sensors into real-world deployment for next-generation interactive
technologies.

Results

Overview of scalable in-situ fabrication of multimodal e-skin
Figure 2 outlines the concept and detailed workflow of scalable, in-situ
fabrication of the multimodal e-skin platform. The strategy integrates
flexible electronics with soft sensing elements into a mechanically robust yet
compliant architecture. This unified, rapid prototyping involves three key
stages: design and laser-based patterning of the flexible circuit, synthesis of a
porous dielectric layer with an integrated CNT-based shielding layer, and
final assembly into a unified tactile interface.

The fabrication begins with the preparation of the flexible circuit,
acting as the electrical backbone of the sensor platform. Circuit paths,
capacitive electrode arrays, and IC module layouts are custom-designed for
specific applications. A glass wafer is purified with isopropyl alcohol (IPA)
to eliminate surface contaminants and promote uniform surface wetting,
creating capillary action, facilitating the conformal, temporary adhesion of a
copper-coated polyimide (Cu/PI) film for subsequent processing (Fig.
2a(i)). A UV laser directly patterns circuit traces, electrodes, and mechanical
features onto the Cu/PI films, enabling maskless, flexible circuit customi-
zation (Fig. 2a(ii) and Supplementary Fig. S1). This step verifies the feasi-
bility of simple direct-write, maskless circuit fabrication for flexible
electronics. Commercial IC modules (e.g, temperature and proximity
sensors) are directly soldered onto the patterned copper pads using a low-
temperature solder. This approach ensures robust electrical contact while
protecting sensitive components from thermal stress. System-level inte-
gration is further achieved by attaching flexible flat cable (FFC) connectors
to the circuit via anisotropic conductive film (ACF), establishing a reliable
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Fig. 2 | Fabrication process for the flexible circuit and carbon nanotube (CNT)-
coated porous elastomer layer. a (i) Cu/PI film laminated onto an IPA-cleaned

wafer. (ii) Direct-wire UV laser patterning of the flexible circuit. (iii) Fabrication of a
sacrificial microporous PV A scaffold via 3D printing. (iv) Elastomer infiltration into
PVA scaffold under vacuum, creating an elastomer-PVA composite mold. (v) CNT
spray coating on the porous elastomer surface. (vi) Dissolution of PVA mold in

water at 200 rpm to yield a microporous elastomer structure. (vii) Lamination of the
porous CNT-elastomer film onto a patterned flexible circuit, embedding the circuit
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between elastomer layers. (viii) Final integration of the miniaturized multimodal
sensing board with the porous elastomer layer. b UV-laser-patterned flexible circuit
(i) overall view on glass wafer, and (ii) front and back views of the Cu/PI film. ¢ (i) IC
chip mounted on the flexible circuit. (ii) Sensor measurement board connected via
an FFC connector. d Cross-section of porous elastomer film after PVA removal. e (i)
CNT-coated porous elastomer layer for EMI shielding. (ii) SEM image of CNT
ground network. f Structural and shielding stability under twisting.

interface with sensor measurement boards or external data acquisition
circuits. This separation of on-board sensing functionality from external
communication allows modular integration across various applications.
Subsequently, a microporous elastomeric dielectric layer is fabricated
using sacrificial molding. A water-soluble polyvinyl alcohol (PVA) scaffold
featuring a hexagonal pore array is additive manufactured, resulting in
enhanced pressure sensitivity, mechanical compliance, and reduced hys-
teresis (Fig. 2a(iii))'*"". The PVA scaffold is immersed in a silicone elasto-
mer, and a vacuum is applied to ensure thorough infiltration (Fig. 2a(vi)). A
conductive layer for EMI shielding and electrical grounding is created by
spray-coating the elastomer with a dispersion of multi-walled carbon
nanotubes (MWCNTs) via mixing CNT powder with IPA, followed by
sonication for uniform dispersion. This film provides effective EMI sup-
pression and functions as a reliable ground (Fig. 2a(v)). This sacrificial PVA
scaffold film is dissolved by immersing it in boiling deionized (DI) water,
followed by rinsing to remove residues (Fig. 2a(vi)). The resulting porous
elastomer film exhibits excellent elasticity (Supplementary Fig. S2) and

consistent EMI shielding, rendering it suitable for high-sensitivity pressure
and bending sensing (Supplementary Fig. S3).

During final assembly, the porous CNT-elastomer film is laminated
onto the patterned flexible circuit through uncured elastomer-based
bonding or mechanical interlocking methods, selected based on applica-
tion requirements (Fig. 2a(vii)). The completed soft, conformable, and low-
profile sensor platform supports multimodal measurements of pressure,
bending, temperature, and proximity (Fig. 2a(viii)). Capacitive sensing
enables high sensitivity and low hysteresis for pressure and bending mea-
surements. Integrating diverse IC modules further expands sensing cap-
abilities, as demonstrated by proximity sensing arrays (8x8 surface data)
and temperature sensors. At the circuit layer, UV-laser patterning enables
wafer-level fabrication of large-area Cu/PI flexible circuits, yielding a 60 pm
minimum trace width with high edge definition. A sensor measurement
board manages data acquisition and system control for modular integration
(Fig. 2b, c). At the functional layer, a cross-section analysis post-PVA
removal reveals a porous, air-filled elastomer that enhances sensitivity by
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lowering stiffness and providing a compressible volume. A CNT-coated
porous layer delivers EMI shielding with a continuous ground network, as
confirmed by scanning electron microscopy (SEM) (Fig. 2d, e). The
assembled film maintains structural integrity and shielding under torsional
stress, underscoring mechanical robustness for practical applications (Fig.
2f). This fabrication technique enables the scalable and rapid prototyping of
sensor platform designs tailored to diverse applications, including robotic
grippers, interactive toys, and pressure-sensing arrays, while ensuring
robust multimodal performance and durability.

Mechanism and sensor characterization of pressure and bend-
ing sensing

The pressure and bending sensors function on a self-capacitance principle,
defined as the capacitance between an electrode and the electrical ground.
This approach simplifies the sensor design, as each pressure or bending
sensor can be conveniently integrated onto the flexible circuit as a single,
dimensionally customizable electrode. Subsequently, the entire sensor
platform is encapsulated by a soft porous elastomer layer and an outermost
CNT coating on both sides, serving as the shared ground reference electrode.
The capacitance of a parallel-plate capacitor is expressed as:

_ kepA

C="

where C denotes capacitance, k represents the dielectric constant, &, signifies
the permittivity of free space, A refers to the surface area of the plate, and d is
the distance between plates.

Applied external pressure from a universal testing machine (UTM)
deforms the porous and CNT layers, reducing the separation between the
sensing electrode and the grounded CNT layer and increasing the sensor’s
self-capacitance (Fig. 3a). Additionally, as the elastomer’s dielectric constant
is higher than that of air, the compression of the air-filled pores further
increases the effective dielectric constant, enhancing the sensor’s sensitivity.

Figure 3b illustrates the sensor’s capacitance response to applied
pressure, revealing a two-phase sensitivity profile: a high sensitivity
(0.948kPa™') under low pressures (<10kPa) and a lower sensitivity
(0.010 kPa™") under high pressures (>40 kPa). This behavior aligns well with
established models for porous pressure sensors””. The capacitance changes
due to areduction in the electrode separation distance and an increase in the
dielectric constant of the composite medium. At low pressures, the porous
structure’s low structural stiffness permits the electrodes to move closer as
air pores compress. Simultaneously, as air within the pores is replaced by
elastomer with a higher dielectric constant, the overall dielectric constant of
the layer increases. At high pressures, once the pores are fully collapsed, the
structure stiffens, minimizing further changes in electrode spacing and
dielectric constant, reducing sensitivity. The sensor’s high sensitivity at low
pressures enables the sensor to detect minute increments as small as 10 Pa
(Fig. 3c). Additionally, the sensor exhibits robust dynamic responses,
independent of pressure application rate (Fig. 3d and Supplementary Fig.
S4), with a rapid response time averaging ~0.60 s for rise and ~0.62 s for fall
across various applied pressures. At 1 kPa, the rise and fall times are 0.65 s.
At 10kPa, the rise and fall times are 0.60s and 0.37 s, respectively. At
100 kPa, the rise time decreases to 0.54 s, and the fall time increases to 0.58 s,
highlighting the dynamic response across different pressure levels (Fig. 3e).
The porous structure ensures low hysteresis of 3.66% (Supplementary Fig.
S5) and consistent sensor performance over 10,000 loading-unloading
cycles (Fig. 3f).

The bending sensor’s response as a function of bending angle is
depicted in Fig. 3g. The bending angle is defined as 0° when the sensor is flat
and unbent. Bending causes the elastomeric layers to fold, reducing the
distance between the electrode and the CNT ground layer. This mechanism
is analogous to the low-pressure behavior of the pressure sensor, increasing
capacitance. The bending sensor demonstrates rapid and stable responses
up to 120° (Fig. 3h and Supplementary Fig. S6). Notably, the sensor exhibits
lower sensitivity (~0.0012 per degree) at small bending angles (<20°) and

higher sensitivity (~0.0061 per degree) at larger angles (>60°), displaying a
nearly linear response in the higher angle region (60-120°). Under ideal
uniform bending, the electrode near the neutral axis experiences minimal
pressure and distance changes relative to the CNT ground layer, producing
only small capacitance variations*’. However, in practical applications (such
as robotic grippers or wearable skin), bending is typically localized rather
than uniform, inducing folding-like deformations®’. Consequently, at small
angles, capacitance changes remain limited, resembling the ideal scenario,
but as bending angles increase, localized folding significantly reduces the
electrode-ground layer distance, sharply increasing capacitance. Despite
localized folding, the soft porous structure ensures high elasticity, yielding
extremely low hysteresis of 1.44% for bending (Fig. 3h). Similar to the
pressure sensor, the bending sensor demonstrates excellent dynamic
response (Fig. 3i and Supplementary Fig. S7) and maintains consistent
performance over 10,000 cycles (Fig. 3j). Additionally, integration of IC-
based temperature and proximity modules within our platform enables
accurate measurements of both modalities (Fig. 3k, 1). Combining pressure,
bending, temperature, and proximity sensors substantially broadens the
sensing modalities, allowing customized sensor configurations for diverse
application fields.

Application of e-skin for the robotic gripper and the

interactive toy

Robotic grippers are increasingly employed in household and industrial
robotics, assisting users in everyday tasks such as cooking, assembling, and
handling delicate objects. Achieving human-like dexterity and sensitivity in
such grippers necessitates sensors capable of perceiving tactile cues,
including pressure, temperature, and deformation, comparable to those
perceived by human senses. In household robots, where delicate interactions
are common, soft tactile sensors are highly advantageous. To demonstrate
the synergistic integration of our developed multimodal e-skin with robotic
grippers, a representative cooking-assistance scenario was devised (Fig. 4a
and Supplementary Movie S1). The e-skin, integrating pressure, bending,
proximity, and temperature sensors, was mounted on the robotic gripper,
enabling task execution based on comprehensive sensory feedback
(Fig. 4b, c). For precise gripper control, the bending sensor is calibrated to
map gripper-finger flexion sensing to corresponding signals, establishing a
baseline (Fig. 4d). During the subsequent cooking-assistance task of
retrieving a piece of bread from an oven, the robot initially uses proximity
sensing to detect the object’s local geometry and compensate for potential
misalignment (Fig. 4e). Specifically, the proximity sensor provides an 8x8
multizone distance map over a square field of view (FOV) of approximately
60° x 60°. At representative pre-grasp distances (60-100 mm), this FOV
corresponds to a sensing footprint of 65-120 mm per side, yielding an
effective spatial sampling density of ~10 mm per pixel. This resolution is
intentionally designed for coarse geometry perception to identify the
object’s relative position and orientation prior to contact. The gripper
approach is algorithmically guided by monitoring the depth distribution
across the 8 x 8 array; spatial depth gradients indicating misalignment are
iteratively minimized to center the gripper. In practice, this allows the sys-
tem to identify and correct misalignments of ~10-15 mm before physical
contact is established (Supplementary Fig. S8). Next, the robot applies an
optimal gripping force, determined from pressure and bending feedback, to
prevent crushing or dropping the bread (Fig. 4g and Supplementary Fig. S9).
Finally, the robot checks the bread’s temperature, analogous to human
thermal sensing, ensuring safe handover without burn risk (Fig. 4h).
Although our demonstration focuses on retrieving and cooling a hot object
before transferring it to a user, the synergy of multiple sensing modalities can
significantly enhance robotic grippers across diverse applications (Supple-
mentary Fig. S$10).

Another practical application of the multimodal e-skin is in interactive
toys, a growing field that fosters emotional engagement through sensory
interaction, particularly for children. Tactile sensing significantly enriches
user experience by enabling responsive, emotionally expressive interactions,
supporting children’s natural tactile exploration. To illustrate this potential,
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Fig. 3 | Pressure and bending sensor performance characterization. a Schematic of
the pressure-sensing setup and mechanism. b Capacitance response under varying
pressures (0-150 kPa). ¢ Sensor response to incremental pressures (0-50 Pa) in the
low-pressure regime. d Dynamic responses at different pressure loading rates. e Rise
and fall times at 1, 10, and 100 kPa pressures. f Long-term stability under 10,000-

cycle pressure loading. g Schematic of bending sensor deformation. h Capacitance
responses across bending angles (0°-120°). i Dynamic capacitance under repeated
bending,. j Stability over 10,000 bending cycles. k Proximity sensor output at different
distances. 1 Temperature sensor response at varying distances from the hotplate.

an interactive elephant toy was developed using elastomeric materials,
additive manufacturing, commercially available electronic components, and
the multimodal e-skin (Fig. 5a). The toy integrates various tactile sensing
modalities, including pressure, bending, and temperature sensors, alongside
actuators such as vibration motors, speakers, and LEDs (Fig. 5b, c).

A pressure sensor mounted onto the toy’s chest simulates a realistic
heartbeat by controlling a vibration motor, with vibration frequency and
intensity modulated with applied pressure: higher pressure produces faster
heartbeat-like vibrations, enhancing realism (Fig. 5d). A bending sensor
embedded in the elephant’s ear detects deformations when bending the ear,
triggering an auditory response (e.g., “Hi! I'm elephant”) via the integrated
speaker when a bending threshold is exceeded (Fig. 5e). This system reliably

registers events even under rapid, repetitive bending actions, ensuring
robust and consistent responses during interactive play. Furthermore, a
temperature sensor placed on the elephant’s head detects warmth from skin
contact, activating cheek-mounted LEDs when the threshold is reached to
provide visual feedback (Fig. 5f). This demonstration underscores the ver-
satility of the developed multimodal sensor platform, enabling rapid pro-
totyping of interactive toys that seamlessly incorporate tactile, auditory, and
visual feedback to enhance emotional engagement and play experiences
(Supplementary Movie S2).

Overall, the developed e-skin fabrication method efficiently supports
the design of multimodal tactile sensors, including proximity, pressure,
bending, and temperature detection, while also integrating standard
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Fig. 4 | Application of the proposed e-skin-integrated robotic gripper in a
cooking-assistance scenario. a Overview and b workflow of the developed gripper.
¢ Sensor layout illustrating pressure sensor array indices, bending sensor location,
and integrated IC chip. d Average change in bending-sensor capacitance during
gripper deformation. e Proximity sensing: (i) sensor placement and approach
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closer, a shallow elevation reveals the target outline; (iv) ¢ = 17 (near distance): at
close range, the surface exhibits a pronounced peak and a clearer object contour,
enabling precise localization. f (i) Gripping demonstration and (ii) corresponding
pressure distribution measured by the pressure sensor array. g (i) Object handling
and (ii) handover from the robotic gripper to the user once the temperature reaches a
safe handling threshold.

electronic components, including actuators, LEDs, and speakers. The
platform’s rapid prototyping allows designers to readily tailor sensor lay-
outs, geometries, and modality selection for different robotic grippers and
task demands. The soft multimodal sensor platform streamlines prototyp-
ing and evaluation, markedly reducing design complexity and turn-
around time.

Application to the pressure sensor array

The proposed e-skin fabrication method can produce multimodal sensing
platforms and also support the simple fabrication of single-modality sensor
arrays. Pressure sensors fabricated with this method exhibit a uniform
porous structure, achieving high sensitivity and low hysteresis. The outer-
most CNT-based EMI-shielding layer provides compatibility with various
conductive and non-conductive objects (Supplementary Fig. S11). Such
pressure sensor arrays are critical in applications requiring spatially

distributed force measurements, such as object recognition, posture mon-
itoring, and robotic grasp analysis. These sensors detect both pressure
magnitude and spatial distribution across surfaces, enabling nuanced
interpretation of contact events (Supplementary Movie S3). The fabrication
method facilitates rapid, accurate pressure mapping by pairing electrode
arrays with microporous pressure-sensing films, as demonstrated with an
8 x 15 sensor array (Fig. 6a and Supplementary Fig. S12). A system-level
demonstration employs this array in a smart weighing platform that mea-
sures the weights of multiple objects placed arbitrarily and computes their
combined center of mass. Using gloved fingertip presses of varying direc-
tions and forces, the smart weighing system accurately identifies centers of
mass for diverse object shapes and arrangements, and enables line-tracing
tasks (Fig. 6b). Similarly, multi-touch operation is demonstrated by
simultaneously applying conductive weights of different masses on the
array, producing distinct pressure levels proportional to their masses (Fig.
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Fig. 5 | Application of the e-skin integrated interactive toy. a Overview, and

b workflow of the toy. ¢ Schematic of the positions of the integrated sensors and
electronic modules. d Pressure interaction: (i) pressing the chest sensor, and (ii)
corresponding pressure signal and vibration frequency response. e Bending-induced

response: (i) folding the toy’s ears, (ii) triggering audio playback, and capacitance
response due to repeated ear bending. f Temperature sensing: (i) head sensor detects
human body heat, and (ii) cheek LEDs illuminate when the preset temperature
threshold is exceeded and turn off below the threshold.

6¢). Position invariance is verified by placing identical weights at multiple
locations, yielding consistent pressure distributions and validating stable,
reliable sensor output (Fig. 6d). This functionality can be further extended to
smart office and home systems for object identification or functioning as an
interactive smart touch interface. Additionally, when 3D-printed letter
stamps (e.g., “E,” “T,” “R,” and “T”) are pressed onto the sensor array, the
resulting sensor readings distinctly reflect these shapes, highlighting the
platform’s high spatial resolution (Fig. 6e). The array’s layout, resolution,
and mechanical flexibility can be tailored for diverse applications. Fur-
thermore, the platform’s rapid prototyping capability enables swift adjust-
ments to layout and material properties, accelerating design iterations and
optimizing form factors and sensing performance.

Discussion
This study proposes a multimodal e-skin sensor capable of measuring
pressure, bending, proximity, and temperature, developed through a

scalable, integrated fabrication process that emulates key sensory functions
of human skin. The sensors demonstrated high sensitivity, low hysteresis,
rapid response, and long-term reliability under repeated mechanical
deformation and pressure application. These characteristics closely mirror
the adaptability and responsiveness of human skin to various stimuli. When
integrated with flexible circuit substrates, the sensors prove effective across
practical applications, including robotic gripping, interactive toys, and
pressure mapping systems, showcasing their potential to enable intelligent,
responsive systems capable of nuanced environmental interaction.
Despite these significant advancements, several limitations remain that
warrant future research. First, although the proposed fabrication method is
scalable and in-situ, it still involves manual alignment and lamination of
separately produced flexible circuits and porous elastomer layers. This
constraint may cause misalignment, reduced reproducibility, and hinder
high-volume manufacturing. Future research could explore fully automated
alignment, monolithic integration of all sensor layers directly onto the
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differences. d Position invariance: identical weights applied at different positions
yield consistent pressure distribution across the sensor array, confirming stable and
reliable sensor output. e Pressure mapping of letter-shaped stamps (E, T, R, I)
pressed onto the sensor array, demonstrating high spatial resolution. Scale

bar: 10 mm.

flexible substrate, or self-alignment approaches using alignment marks or
mechanical interlocking structures.

Second, the current e-skin exhibits lower sensitivity at higher pressures
(>40kPa), potentially limiting its versatility and its applicability. Sensor
performance across pressure ranges could be enhanced by tuning the
conductive nanomaterial (e.g., CNTs) content in the elastomer according to
percolation-threshold theory, adjusting the dielectric constant of the porous
layer via high-k fillers (e.g., TiO.) proportion dispersed in the elastomer, or
controlling the porosity of the elastomer to modify mechanical response.
Such tailored approaches could significantly broaden the applicability of the
e-skin platform by enabling the fabrication of sensors with customizable
sensitivities across diverse pressure ranges and allowing integration of
multiple sensitivity levels within a single e-skin platform, better replicating
the complex tactile characteristics of human skin.

Additionally, the sensor’s two-phase sensitivity profile, with a notice-
able reduction above ~40 kPa, could restrict its effectiveness in applications
demanding high signal linearity and consistent responses over the entire
pressure range. Implementing machine-learning-based calibration could
mitigate this non-linearity, enhancing the e-skin’s reliability and versatility
in practical, real-world scenarios.

Therefore, this study constitutes a significant advancement in multi-
modal tactile sensing by introducing a straightforward, effective fabrication
approach combined with robust performance (Supplementary Table 1).
The developed e-skin holds considerable potential for intelligent robotics,

interactive human-machine interfaces, and biomedical monitoring devices.
Furthermore, the methodologies and performance benchmarks established
in this research provide a valuable foundation for future developments in
flexible and stretchable electronic sensor platforms.

Methods

Design and scalable in-situ fabrication of multimodal e-skin

The multimodal e-skin is fabricated through a detailed procedure encom-
passing flexible circuit preparation, microporous dielectric formation with
CNT shielding, and final assembly. The flexible circuit acts as the sensor’s
electrical backbone. A glass wafer is cleaned using IPA to remove surface
contaminants and promote uniform surface wetting, enabling temporary
adhesion of the Cu/PI film via capillary forces. Circuit paths, sensor electrode
layouts, and via-holes are defined using a UV laser system (MD-U100C,
Keyence, Japan) operating in surface-etching or full-depth cutting modes,
facilitating precise electrical routing and mechanical contouring. Commercial
temperature (BME680, Bosch Sensortec, Germany) and proximity
(VL53L5CX, Sparkfun Electronics, USA) sensing IC modules are soldered
onto patterned copper pads using low-temperature solder. FFC connectors
are subsequently bonded using anisotropic ACF to interface the flexible circuit
with an external measurement board (ESP32-S3, Espressif Systems Co.,
China) or other data acquisition systems for multi-channel capacitive readout
for system-level demonstrations. The microporous dielectric layer is fabri-
cated through sacrificial molding. A PV A scaffold with a hexagonal pore array
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(diameter ~180 um, spacing ~150 um, height ~2mm) is produced with
additive manufacturing using fused-deposition modeling 3D printing
(Cubicon Style, Cubicon, Republic of Korea). A dispersion of MWCNTSs
(Carbon Nano-material Technology Co., Ltd., Korea) is then prepared by
sonicating CNT powder with IPA at a 100:1 weight ratio with 0.5 wt% sur-
factant for 1 h to achieve uniform dispersion. This dispersion is spray-coated
onto a 160 °C wafer using a 0.4 mm nozzle airbrush at 2 bar pressure, ensuring
uniform coverage. The PVA scaffold is placed onto the CNT-coated wafer,
and a silicone-based elastomer (Ecoflex 00-30, Smooth-on, USA; 1:1 base-to-
curing-agent ratio) is poured onto the scaffold, vacuum-infiltrated for 20 min,
hot-pressed using a flat press (QM900M, Qmesys, Republic of Korea), and
cured at 60 °C for 1 h. The cured composite is peeled off and immersed in
boiling DI water at 200 rpm for 12 h to dissolve the PVA template, followed by
another 12-h rinse in clean DI water. The resulting porous CNT-elastomeric
film is dried at 70 °C for 1h. To integrate the components, an uncured
elastomer is spin-coated at 500 rpm for 1 min (SF-100A, Rhabdos) onto the
laser-patterned flexible circuit, forming a uniform interfacial layer. A single-
sided CNT-coated porous elastomer is aligned and laminated on top. This
structure is cured at room temperature for 2 h; the laminate is then carefully
peeled off. The encapsulation is completed by repeating the lamination of the
uncured elastomer to the opposite side of the laminate and spin-coating at
500 rpm for 1 min. After which, a second single-sided CNT-coated porous
elastomer layer is aligned and laminated using the same method, followed by
curing at room temperature for 2 h. This two-sided lamination embeds the
flexible circuit within porous elastomer layers on both sides.

Mechanical characterization of multimodal e-skin

The mechanical stability of the sensors was evaluated through pressure and
bending tests. For pressure testing, a multimodal e-skin sample
(20 mm x 20 mm), comprising a laser-patterned flexible circuit encapsu-
lated between two CNT-coated porous elastomer layers, was centered in a
cylindrical holder. A UTM (AGS-X, Shimadzu, Japan), incremental
loading-unloading cycles up to 150kPa wusing a load cell
(24.5 mm x 24.5 mm) larger than the sample area to ensure uniform pres-
sure distribution. Capacitance responses of the sensor were simultaneously
recorded using an LCR meter (E4980A, Keysight Technologies, USA). For
the bending test, the multimodal e-skin sensor was mounted onto double-
sided tape (56212, 3M, USA) fixed on a custom-built programmable
bending machine. The sensor was bent incrementally from 0° to 120°, while
capacitance responses were monitored using an LCR meter.

Electrical characterization of multimodal e-skin

The integrated IC sensors of the multimodal e-skin were electrically char-
acterized through proximity and temperature sensing tests. For proximity
sensing, the e-skin was attached to the UTM’s load cell and aligned parallel
to a flat plate surface. The load cell was translated vertically from the holder
to precisely vary the distance between the sensor and the plate surface while
recording sensor outputs. For temperature sensing, a similar configuration
was used, with the sensor parallel and directed toward a 150 °C hotplate
instead of the cylindrical holder. The sensor’s tip was vertically moved from
the hotplate, and its temperature readings were recorded.

Demonstration of multimodal e-skin for various applications

A robotic gripper experiment demonstrated the e-skin’s integration with
robotic systems for precise object handling through multimodal tactile feed-
back. A six-degrees-of-freedom robot (Mycobot 280, Elephant Robotics,
China) was selected for its precision in delicate tasks in a controlled envir-
onment. A gripper (Mycobot parallel gripper, Elephant Robotics, China) was
attached to the robot’s end effector. To accommodate the gripper’s narrow,
short end, an auxiliary polylactic acid filament (DY PLA-ST, DYAIR,
Republic of Korea) fixture was designed (Autodesk Fusion, Autodesk, USA)
and 3D printed and affixed to the gripper’s end. This fixture ensured stable,
uniform pressure distribution on the sensor during object manipulation. The
e-skin was attached to the gripper’s end using double-sided tape. For real-time
data acquisition, the e-skin was connected to an ESP32-S3 embedded board,

using its native capacitive inputs (GPIO1-GPIO14) to read 12 pressure and
two bending sensors. The embedded system was USB-powered (3.3 V) for
benchtop experiments and supports battery-powered wireless operation, with
a typical average current of <100 mA. Sensor data was collected and visualized
in real time using Python. The experimental protocol was approved by the
ETRI Institutional Review Board (IRB no. 2025-HR-0012).

An interactive toy was developed to enhance emotional engagement
through tactile feedback, promoting natural exploration and interaction.
The toy’s bottom and top molds were designed using 3D modeling software,
and a release agent (Easy-release 200, Mann Release Technologies, USA)
was applied to its interior surfaces to facilitate separation of the elastomer.
Elastomer, mixed with white dye (Silc Pig PMS white, Smooth-On, USA)
and black dye (Silc Pig PMS black, Smooth-On, USA) at a 20:1 ratio, was
poured into the molds and cured for one hour. The flexible circuit was
mounted onto the bottom mold, and the top mold was aligned for encap-
sulation. Real-time pressure, bending, and temperature data were displayed
in a Python interface. This experiment was approved by the ETRI Institu-
tional Review Board (IRB no. 2025-HR-0012).

The pressure sensor array experiment evaluated the spatial pressure-
mapping capabilities of the developed e-skin platform, enabling detailed
interpretation of distributed contact events. A commercial projected-
capacitance controller (IQS550, Azoteq (Pty) Ltd., South Africa) was inter-
faced with the flexible circuit, offering high sensitivity and low hysteresis
suitable for multimodal sensing. Data acquisition and visualization were
processed in real time using Python, which applied cubic interpolation to
quadruple resolution, yielding a smoother and more detailed visual output.
The resulting pressure map was displayed with a custom colormap for
intuitive analysis. This setup provides an accurate representation of pressure
distribution for real-time monitoring of contact events, facilitating a deeper
understanding of the sensor array’s performance in practical applications.
This experimental protocol was approved by the ETRI Institutional Review
Board (IRB no. 2025-HR-0012).

Data availability

The datasets generated and/or analyzed during the current study are not
publicly available due to all data needed to evaluate the conclusions being
present in the paper and/or the Supplementary Materials but are available
from the corresponding author on reasonable request.
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