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The growing demand for flexible and multifunctional sensors has driven the development of functional

materials that can simultaneously respond to multiple and diverse stimuli, including mechanical stress and

changes in temperature. In this work, we report the development of a multifunctional composite dielec-

tric material combining thermochromic polydiacetylene (PDA) and styrene–ethylene–butylene–styrene

(SEBS) for use in flexible capacitive pressure sensors. To further enhance pressure sensitivity, the dielectric

layer was patterned with Mesoamerican pyramid (MAP) microstructures, which amplify mechanical defor-

mation and increase effective contact area. It also shows the soft molding fabrication capability of the

composite. The composite demonstrates excellent mechanical resilience, maintaining stable capacitance

over 10 000 loading cycles at 220 N, and exhibits thermally responsive behavior, with reversible color

transitions at 45 °C and irreversible changes at 90 °C. The resulting sensors display reliable performance

across a broad dynamic range of pressure and temperature, making them well-suited for applications in

wearable electronics, biomedical monitoring, and smart human–machine interfaces. This work highlights

the potential of combining structural patterning with functional composites to engineer responsive and

robust soft sensing platforms.

Introduction

Flexible sensors have emerged as indispensable components
in modern healthcare and wearable technology due to their
combined mechanical compliance, comfort, and sensing
precision.1–3 Engineered to detect a broad range of external
stimuli and physiological signals, including temperature,
pressure, strain, heart rate, and biochemical markers, these
sensors are central to the evolution of next-generation flexible
electronic systems.4,5 Unlike traditional rigid and bulky
sensing devices, flexible sensors are fabricated from soft,
stretchable materials that can conform intimately to the con-
tours of human skin or be seamlessly integrated into textiles.6

This enables continuous, non-invasive, and real-time health
monitoring with minimal discomfort or interference with daily
activities.7 Their adaptability not only improves user compli-
ance and data accuracy but also opens new frontiers in person-
alized medicine, rehabilitation, and remote diagnostics.8–10 As

such, flexible sensors are transforming the landscape of digital
health by enabling more responsive, intelligent, and user-
friendly monitoring solutions.

Building on the growing integration of flexible sensors in
health monitoring, recent technological advancements have
made self-tracking of daily activities more accessible and
seamless than ever before.11–13 This practice relies on
embedded sensors and analytical algorithms to collect,
process, and visualize personal health data in real time.14 Its
adoption has surged, particularly in the domains of fitness,
wellness, and preventative healthcare, as users seek greater
control and insight into their physical well-being.15 In the
context of wearable health monitoring, physiological para-
meters such as pressure, temperature, and humidity are criti-
cal indicators that influence both bodily functions and daily
well-being.16,17 Traditionally, most wearable devices have
relied on single-modal sensors, each designed to detect a
specific stimulus, such as pressure, humidity, or temperature,
with high sensitivity and reliability.16 While effective in tar-
geted applications, these sensors often provide a limited view
of the complex interactions between multiple physiological
and environmental factors.18 In contrast, multi-modal sensors,
which can simultaneously monitor several stimuli, offer a
more holistic and accurate assessment of the user’s condition†These authors contributed equally to this work as co-first authors.
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and surroundings. By combining data streams from multiple
parameters, multi-modal sensors enhance decision-making
and enable more responsive and precise interventions.19

Many multifunctional sensors achieve their versatility by
integrating multiple sensing modalities through the physical
stacking of distinct sensing layers.20,21 While this layered archi-
tecture allows simultaneous detection of various stimuli, it
often increases device thickness, reduces flexibility, and com-
plicates fabrication processes, factors that can be limiting for
wearable and conformable applications. Moreover, stacked
configurations are prone to signal crosstalk, where overlapping
responses from different sensing units can interfere with accu-
rate data interpretation.16 To overcome these limitations, there
is a growing emphasis on the development of advanced
materials and architectures capable of intrinsically responding
to multiple external stimuli, such as pressure, humidity, and
temperature, within a single, unified sensing layer.22–26 Such
innovations are key to achieving compact, flexible, and cross-
talk-free multi-modal sensors, paving the way for next-gene-
ration wearable systems with enhanced functionality,
reliability, and user comfort. For instance, Yu et al. used
Bi2Te3, known for its thermoelectric and piezoresistive pro-
perties, as the sensing material in a thermoelectric flexible
temperature–pressure dual-modal sensor featuring a three-
dimensional (3D) helical structure.27 The sensor exhibited out-
standing performance in both temperature sensitivity
(−426.4 μV K−1) and pressure sensitivity (120 Pa−1). However,
despite these significant advancements in structural design
and material application, full decoupling of temperature and
pressure signals remain a challenge. In another work, Meng
et al. developed a dual-function flexible pressure and tempera-
ture sensor by printing a modified PEDOT:PSS layer onto a
microstructured PDMS substrate.28 The addition of dimethyl
sulfoxide (DMSO) significantly enhanced the charge transport
properties of PEDOT:PSS, making its resistivity unaffected by
temperature fluctuations. As demonstrated in their study, the
voltage between the electrodes responded exclusively to temp-
erature changes, while the resistance signal was sensitive only
to applied pressure, effectively achieving signal decoupling for
simultaneous temperature and pressure detection.

Building on these advances in multifunctional materials
and soft sensor platforms, we previously reported the synthesis
of a 1,3-butadiyne-containing oligosiloxane and its solid-state
photo crosslinking to form polydiacetylenes (PDAs), a well-
known class of thermochromic polymers capable of respond-
ing to various external stimuli through characteristic colori-
metric changes.29 These hybrid materials showed an improved
solubility in common organic solvents and enabled facile thin-
film fabrication via solution processing. The resulting material
exhibited reversible thermochromism, transitioning from blue
to red in the 25–47 °C range. More importantly, we demon-
strated the integration of these materials into dual-mode
capacitive temperature sensors, achieving reliable optical and
capacitive temperature readouts over a broad operational
window (25–80 °C) in soft, flexible formats. While these results
highlight the promise of organic hybrid materials for multi-

functional sensing, the increasing demand for real-time, wear-
able diagnostics calls for the development of platforms that
can simultaneously detect and decouple multiple stimuli
within a single sensing unit. In particular, the integration of
pressure and temperature sensing into one platform remains a
key objective.28

Herein, we report the development of a dual-mode sensor
capable of quantifying both temperature and pressure through
integrated optical and electrical readouts. The sensor platform
was fabricated by physically combining PDA-crosslinked oligo-
siloxanes with SEBS, yielding a soft, multifunctional material.
To enable pressure sensing and enhance capacitive responsive-
ness under mechanical loading, we patterned the sensing layer
with Mesoamerican pyramidal (MAP) structures, which can be
readily replicated using low-cost, out-of-cleanroom fabrication
methods.30 Our results demonstrate that MAP-structured
sensors exhibit markedly enhanced sensitivity and pronounced
capacitance variation across a broad range of applied press-
ures. In particular, the sensors show excellent performance
within the 0–480 N range, achieving a sensitivity of 68 kPa−1.
This high-pressure sensitivity, combined with stable and
repeatable capacitance changes, highlights the potential of
MAP structures for advanced sensing applications. Moreover,
the sensors display a clear and reversible optical response,
with a distinct color shift from blue to red as the temperature
increases from room temperature to 45 °C. This thermochro-
mic response allows for straightforward optical temperature
sensing without the need for additional circuitry, offering a
simple and accessible means of thermal monitoring. Our com-
posite exhibits intrinsic multi-modal sensitivity derived from a
single, structurally integrated material system. This design
avoids the need for additional processing steps or alignment
between layers, enabling simple fabrication and better
mechanical integrity under deformation. Importantly, it also
supports reliable decoupling of pressure and thermal stimuli,
which is a persistent challenge in current multifunctional
sensors.

Experimental section
Materials

SEBS H1052-901243 was purchased from Asahi Kasei. Purified
P2-single-walled carbon nanotubes (SWCNTs) were sourced
from Carbon Solutions (U.S.) and were treated with regioregu-
lar poly(3-hexylthiophene) (Ossila, U.S.) as a surfactant follow-
ing reported procedures to produce conductive solution.30 1,3-
Butadiyne-containing oligosiloxane was synthesized according
to previous work.30

Measurements and characterizations

Fourier-transform Infrared (FT-IR) spectroscopy was performed
using a Bruker Alpha spectrometer. Confocal Raman spec-
troscopy was carried out using a WiTec Raman system
equipped with a 1064 nm laser source processed using Project
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FOUR 4.0 software. UV-vis spectroscopy was performed on a
Varian UV/Visible Cary 50 spectrophotometer.

SEBS–PDA composite and micropattern fabrication

To fabricate the device, SEBS (1 g) was dissolved in chloroform
(5 mL) at 80 °C. Separately, the PDMS–PDA prepolymer
(100 mg) was dissolved in chloroform (1 mL). The two solu-
tions were then blended in a 5 : 1 ratio and stirred for approxi-
mately 30 minutes to ensure homogeneity. The resulting
mixture was cast into a mold featuring Mesoamerican
Pyramidal (MAP) patterns and placed in a desiccator to remove
trapped air bubbles.30 The mold was left to dry at room temp-
erature, forming a flexible, microstructured film.
Polymerization of the diacetylene units was initiated via UV
irradiation at an intensity of 176 W m−2 (254 nm). Within 15
seconds of exposure, the film underwent a visible color change
from transparent to blue, indicating successful formation of
polydiacetylene.

Sensor fabrication

To prepare the conductive materials for the capacitor electro-
des, P2SWCNT (7 mg) was dispersed in chloroform (30 mL)
along with poly(3-hexylthiophene) (2 mg). The mixture was
probe-sonicated for 30 minutes at 30% amplitude (75 W) to
ensure uniform dispersion. Following sonication, the resulting
solution was spray-coated onto SEBS films without microstruc-
tured patterns to generate the electrodes. Capacitor devices
were then assembled by sandwiching a MAP-structured
polymer composite film between two such electrodes, with the
structured film serving as the dielectric layer (Fig. S1).

Results and discussion

The materials selected for this work, namely styrene–ethylene–
butylene–styrene (SEBS) and polydiacetylene-crosslinked (PDA)
oligosiloxanes, were deliberately chosen to synergistically

combine mechanical flexibility with thermochromic and
dielectric properties for dual-mode sensing via capacitance
and colorimetric readouts. SEBS provides the elasticity, stretch-
ability, and durability needed to form deformable yet robust
sensor structures capable of withstanding repeated mechanical
stress. The PDA network, generated through the topochemical
photopolymerization of a 1,3-butadiyne-functionalized oligosi-
loxane precursor, imparts unique thermochromic behavior,
enabling reliable and reversible color changes in response to
temperature variations.31 The integration of SEBS and PDA
thus enables the creation of multifunctional sensors that offer
both mechanical and optical sensing capabilities, while
remaining compatible with low-cost, scalable, and solvent-
based processing methods. As detailed in Experimental
section and Supplementary Information, SEBS–PDA compo-
sites were prepared by solution blending, followed by casting
into custom-made molds and UV irradiation at 254 nm in a
curing oven. The resulting composites exhibited good mechan-
ical integrity along with the characteristic blue color of the
PDA phase (Fig. 1).

Upon preparation of the thermochromic dielectric compo-
site, we investigated its integration into a capacitive pressure
sensor. To enhance the performance of such sensors, pat-
terned microstructures have been widely employed, as they can
significantly increase sensitivity, improve compressibility, and
amplify capacitance variation under applied load.32–34 As
extensively reported in the literature, structures ranging from
ordered micropyramids to random textures, inspired by
materials like sandpaper, can help enlarge the effective
contact area and modulate mechanical deformation, both criti-
cal factors in achieving high responsiveness.35 While random
patterns offer simplicity of fabrication and tolerance to misa-
lignment, ordered microstructures provide greater control over
mechanical and electrical properties. Building on these prin-
ciples, our group developed microstructured arrayed patterns
featuring Mesoamerican pyramid (MAP) geometries.30 This
design combines the benefits of ordered structures with hier-

Fig. 1 Preparation of the thermochromic dielectric composite, combining SEBS with 1,3-butadiyne-containing oligosiloxane as polydiacetylene
precursor.
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archical features that promote enhanced deformation and
capacitance changes across a wide pressure range. The MAP
structures were fabricated using 3D-printed molds, allowing
precise control over size and height, as detailed in Fig. 2a and
Supplementary Information. The MAP structures remained
intact upon irradiation with UV (254 nm) (Fig. 2b). Scanning
electron microscopy (SEM) confirmed the uniformity and
dimensions of the MAP-structured thermochromic dielectric
layer, as shown in Fig. 2c and d. The MAPs exhibited a height
of 1250 µm, a base width of 2100 µm, and an engineered inter-
structural gap of 400 µm. To finalize the capacitor and further
optimize the sensor performance, carbon nanotube (CNT)
films were employed as flexible electrodes, leveraging their
good electrical conductivity, thermal stability, and mechanical
compliance. CNT films were deposited on SEBS substrates via
spray coating, a versatile, low-cost, and scalable method com-
patible with various inks and substrates.36

In order to confirm the formation of PDA in the elastomeric
matrix, the material was first characterized through Raman
spectroscopy as this technique is widely used in literature for
PDA-containing materials due to its particular sensitivity to
alkyne and alkene functional groups.37 Spectra of SEBS and
the SEBS–PDA composite (before and after photoirradiation)
were obtained using a laser excitation at 1064 nm. As illus-
trated in Fig. 3a (black curve), no peaks corresponding to
alkyne or alkene are observed in the initial uncrosslinked com-

posite. Upon photo-crosslinking, two new vibrations appear: a
broad peak at 1453 cm−1 and another at 2081 cm−1 (blue
curve). Both peaks are characteristic of the formation of PDA
and can be attributed to the CvC and CuC bonds in the PDA
backbone, respectively. When the temperature is increased to
50 °C, both peaks exhibit a slight shift to 1512 cm−1 and
2118 cm−1, accompanied by an observable color change from
blue to red. These changes, typically observed for other types
of PDA-based materials, can be attributed to the distortion of
the ene-yne backbone from planarity in the polymer compo-
site.38 To further validate the Raman spectroscopy findings,
Fourier-transform infrared (FTIR) spectroscopy was conducted,
with results shown in Fig. S2. As FTIR is less sensitive to non-
polar chemical bonds, the spectra of the SEBS–PDA composite
in both the blue and red phases showed no significant
differences. Even after heating the polydiacetylene above 50 °C
to induce the blue-to-red transition, no additional spectral
changes were observed. However, the SEBS–PDA composite
exhibited a new peak around 1000 cm−1, attributed to the oli-
gosiloxane backbone, which confirmed the presence of the
PDMS–PDA polymer. To further investigate the thermomech-
anical properties of the SEBS–PDA composite, thermo-
gravimetric analysis (TGA) was first conducted. As shown in
Fig. S3, both the pure SEBS and the composite exhibited
similar thermal stability, with a 5% weight loss occurring
around 400 °C, indicating the onset of thermal degradation.

Fig. 2 Patterning of the SEBS–PDA composite. Photography of MAP-patterned dielectric materials (a) before and (b) after irradiation with UV
(254 nm); scanning electron microscopy (SEM) image of (c) lateral and (d) cross-section of the MAP structure. Scale bars are respectively 0.5 and
1 mm.
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This suggests that the incorporation of the PDA-oligosiloxane
network does not compromise the overall thermal stability of
the elastomeric matrix. Differential scanning calorimetry
(DSC) was subsequently performed to examine thermal tran-
sitions, with the corresponding thermograms presented in
Fig. S4. Pristine SEBS displayed two characteristic features at
−55.4 °C and 22.6 °C, corresponding to the glass transition
and melting of the PEB mid-block, respectively. During
cooling, crystallization of the PEB segments was observed at
approximately 8.5 °C, in good agreement with previously
reported values.39 In the SEBS–PDA composite, similar SEBS-
derived transitions were detected at −53.9 °C and 15.2 °C,
reflecting the preserved thermal behavior of the host matrix.
Notably, an additional endothermic event appears at ∼47 °C.
This transition, consistent with prior observations in related
PDMS–PDA systems, can be attributed to irreversible chain
twisting within the PDA domains and the associated thermo-
chromic response of the composite film.

UV–vis spectroscopy was used to investigate the tempera-
ture-dependent optoelectronic properties of the SEBS–PDA
composite, as shown in Fig. 3b. Upon heating the crosslinked
SEBS–PDA thin films from room temperature to 60 °C, the
absorption band associated with the blue phase at λ = 640 nm

progressively decreased, while a new band emerged at λ =
540 nm, indicative of the formation of the red-phase PDA.
Notably, this thermochromic transition was found to be irre-
versible above 45 °C; however, when heated to temperatures
below this threshold, the color change remained fully revers-
ible. These results align with previous reports highlighting the
role of the oligosiloxane backbone in modulating the reversi-
bility of thermochromism.29 The corresponding visual color
change is shown in Fig. 3c, and further discussion on thermo-
chromism in polydiacetylenes can be found in previous
literature.40

Building on the initial characterization and confirmation of
its colorimetric temperature sensitivity, the SEBS–PDA compo-
site was subsequently employed as a dielectric layer in a
capacitive sensor. Designed to respond to both mechanical
and thermal stimuli, this class of sensor has demonstrated
utility in diverse applications, including soft electronics and
environmental monitoring. To thoroughly assess the perform-
ance of the device and its constituent materials, systematic
experiments were conducted under varying pressure and temp-
erature conditions, focusing on pressure sensing behavior,
thermal responsiveness, and durability under cyclic and
environmental stress. The pressure sensitivity of the MAP-

Fig. 3 Photocrosslinking of the composite. (a) Raman spectroscopy analysis for SEBS–PDA composite before crosslinked (black), after crosslinked
(blue), polymer after heating (red); (b) UV-vis spectra of SEBS–PDA-crosslinked composite films from 25–60 °C, and (c) SEBS–PDA photocrosslinked
composite before (left) and after (right) heating to 60 °C.
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structured SEBS–PDA-based capacitor was first evaluated at
constant temperature (room temperature), with experimental
procedures detailed in the SI. As shown in Fig. 4a, the sensor
exhibited a stepwise increase in relative capacitance change
with increasing pressure using ascending weights ranging
from 10 to 500 g (force less than 5 N). The signal remained
stable at each pressure level, confirming the sensor’s capa-
bility to distinguish discrete pressure inputs. To evaluate the
sensor’s mechanical resilience and repeatability, cyclic
loading tests were conducted under a constant, moderate
force of 55 N, as shown in Fig. 4b. This force was deliberately
chosen to fall within the typical range of human interaction
forces, such as firm finger presses or light gripping, which
generally span from 30 N to 100 N.41 This choice ensured
that the testing conditions are representative of real-world
scenarios relevant to wearable or biomedical applications.
Under these conditions, the sensor demonstrated stable and
repeatable performance over multiple cycles, confirming its
robustness for practical use. To evaluate the sensor’s behavior
under high mechanical stress, a cyclic force of 220 N was
applied, representative of forces commonly encountered in
real-world scenarios such as leaning with one arm, sitting
pressure, or localized contact during equipment handling.
Under this load, the sensor underwent 10 000 repeated

loading cycles, as shown in Fig. 4c. It maintained a consistent
capacitance swing throughout the fatigue test, indicating
minimal performance degradation and a stable electrode–
dielectric interface. The sensor continued to exhibit a sharp
and reproducible response, demonstrating reliable perform-
ance across a broad dynamic pressure range. The sensitivity
increased slightly from 60.0 to 63.8 kPa−1, which is about a
6.3% rise. This improvement is likely due to mechanical pre-
conditioning, where repeated loading helps the microstruc-
tures settle into a better shape, improving contact and
internal distribution of stress. In addition to durability and
stability, the sensor also showed a response time of 0.54
seconds, further confirming its suitability for real-time
pressure sensing. When looking at hysteresis (Fig. 4d), our
results confirmed a nonlinear yet stable relationship between
applied pressure (up to 450 N) and capacitance response. The
curve showed a steep initial slope at low pressures, indicative
of high sensitivity, followed by a gradual saturation at higher
loads. Notably, standard deviation across repeated measure-
ments remained stable, confirming reproducibility and a rela-
tively low hysteresis.

The SEBS–PDA capacitive pressure sensors demonstrated
reliable performance, comparable to other elastomer-based
sensors using materials like PDMS.34,42 Notably, the SEBS–

Fig. 4 Pressure sensing characteristics of the SEBS–PDA blend sensor at room temperature. (a) Relative capacitances change under ascending
pressure (b) cyclic loading at 55 N; (c) fatigue tests at 220 N for 10 000 cycles, and (d) hysteresis plot for loading and unloading (0–480 N).
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PDA composite with MAP structure withstood tensile strains
over 60% without failure, while previously-reported MAP-pat-
terned PDMS-based sensors fractured at 35–40%, indicating
1.5 to 1.7 times greater stretchability and superior mechanical
flexibility.30 However, the SEBS–PDA MAP sensor showed
slightly lower pressure sensitivity (60 kPa−1) than its PDMS
counterpart (77 kPa−1), confirming that sensitivity depends
not only on elasticity but also on dielectric properties, internal
air gaps, and baseline capacitance (Table S1). The SEBS–PDA
MAP sensor also showed device characteristics comparable to
other well-known soft pressure sensors (Table S2).
Capacitance-time plots taken before and after the 10 000 cycles
showed that the sensor response remained consistent, there
was no loss in signal quality, no drift in baseline, and peak
values stayed the same. This contrasts with the MAP–PDMS
sensor, which showed a 12.8% drop in sensitivity under
similar testing, indicating mechanical wear. Overall, these
results show that the SEBS–PDA MAP sensor is not only more
elastic and structurally stable, but it also improves slightly
with repeated use. Its ability to maintain and even enhance
sensitivity under both mechanical and thermal stress makes it
highly suitable for long-term and high-temperature sensing
applications.

To evaluate the thermal sensing capability and mechani-
cal durability of the SEBS–PDA-based device, a series of
temperature- and strain-dependent experiments were con-
ducted, as depicted in Fig. 5. As shown in Fig. 5a, the sensor
was initially loaded with a 500 g (5 N approximately) weight,
and the temperature was subsequently increased from room
temperature to 90 °C. This resulted in a smooth and consist-
ent increase in capacitance, followed by a stable region, con-
firming the thermal stability of the dielectric layer. This
response is likely due to the thermally activated softening of
SEBS above 80 °C, where the solid film begins to deform
and partially melt, resulting in a thinner dielectric layer. To
compare the effects of pressure and temperature on the
sensor with a dielectric composed of SEBS without PDA,
similar test conditions were applied, as shown in Fig. 5b. In
this case, the sensor was initially loaded with a 500 g weight,
and the temperature was subsequently increased from room
temperature to 90 °C. The results show that temperature has
a significant effect on the capacitance compared to the
SEBS–PDA composite. This behavior arises because SEBS
deforms more easily under heat when it lacks the PDA pre-
cursor. Furthermore, the sensor exhibited poor reversibility;
after the weight was removed, the capacitance did not return
to its initial value. To further investigate the sensor’s
mechanical and thermal behavior, cyclic loading was per-
formed at 220 N under two temperature conditions: 45 °C
and 90 °C (Fig. 5c and d). To reflect practical usage scen-
arios, 45 °C was chosen to approximate elevated skin temp-
eratures during extended contact in wearable and biomedical
settings.43,44 At 45 °C, the SEBS–PDA composite exhibited
reversible thermochromic behavior, transitioning visibly from
blue to red and returning upon cooling, demonstrating
stable and repeatable thermal responsiveness (Fig. S5–9).

Notably, although the CNT electrodes used in this study were
not fully transparent, the chromic response remained visible
through the surrounding SEBS matrix and from the edges of
the dielectric layer where PDA was not obscured by the elec-
trode footprint. Transparent electrode options such as ITO-
coated PET can also be readily implemented, as demon-
strated in our previous work, without altering the composite
formulation.29 In contrast, 90 °C was selected to probe
sensor stability and functionality in high-temperature scen-
arios exceeding typical physiological exposure.45 At this elev-
ated temperature, the SEBS–PDA composite underwent an
irreversible color change, indicating a permanent phase or
molecular transition within the PDA domains. Moreover,
SEBS starts to soften above 80 °C, and the MAP structure
slowly disappears due to the heat (Fig. S10). As a result, the
sensor deforms more with each cycle, which causes the
capacitance to increase over time. Therefore, the effective
operating temperature range of the device lies below the soft-
ening and melting transition of SEBS, approximately under
80 °C, where the material retains its mechanical integrity
and the sensor delivers stable, reproducible performance
without noticeable capacitance drift. This behavior delineates
the upper thermal stability limit of the composite and pro-
vides critical insight into the sensor’s reliable operational
window for practical applications.46,47 A combined pressure–
temperature experiment (Fig. 5d) reveals a progressive
increase in peak capacitance across cycles, suggesting a coup-
ling effect in which the dielectric becomes more compressi-
ble at higher temperatures. Long-term durability was evalu-
ated through cyclic tensile loading, with results shown in
Fig. 5e. The sensor was repeatedly stretched from its initial
length to 80% strain for 50 cycles without notable signal
degradation. Instead, a gradual increase in response ampli-
tude was observed, likely due to polymer relaxation or
improved contact between the electrodes and dielectric over
time. The mechanical robustness of the sensor was also con-
firmed under tensile conditions (Fig. 5f), with the same
polymer sample exhibiting a Young’s modulus of approxi-
mately 1.3 MPa. Notably, as shown in Fig. S11, the colori-
metric response remained unchanged during mechanical
stretching, confirming that the blue-to-red color transition is
governed by temperature, not mechanical strain. To further
validate this observation, UV-vis spectroscopy was performed
on the composite under applied tensile strain. The resulting
spectra (Fig. S12) showed no significant changes in absorp-
tion features associated with the PDA phase transition, con-
firming that strain alone does not affect the optical pro-
perties of the material. Taken together, these findings
demonstrate that the SEBS–PDA composite sensor exhibits
dual sensitivity to pressure and temperature, with strong
repeatability, stability, and mechanical durability. Its non-
linear but predictable response across a wide range of con-
ditions makes it well suited for both low- and high-pressure
applications. The gradual, monotonic thermal response high-
lights its potential for integration into environmental or
wearable sensing platforms.
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Conclusion

In summary, this work presents a multifunctional composite
material that integrates mechanical resilience, thermal respon-
siveness, and pressure sensitivity into a single platform. By
combining SEBS with thermochromic PDA, we developed a
dielectric layer capable of withstanding extensive cyclic
loading while exhibiting reversible color changes at physiologi-
cally relevant temperatures. To further enhance sensitivity in

capacitive measurements, the composite material was pat-
terned with Mesoamerican pyramid (MAP) structures, resulting
in a structured dielectric layer optimized for pressure sensor
applications. In addition to reversible thermochromism con-
firmed by UV-vis spectroscopy, the sensor demonstrated stable
capacitive responses under both moderate and high mechani-
cal stress, as well as under varying thermal conditions, con-
firming the robustness of the electrode–dielectric interface
and the reliability of the composite system. Importantly, the

Fig. 5 Temperature Sensing Response and mechanical properties of the SEBS–PDA composite. (a) Relative change in capacitance during a gradual
temperature increase from room temperature to 90 °C under a constant 500 g load; (b) Relative change in capacitance during a gradual temperature
increase from room temperature to 90 °C under a constant 500 g for SEBS without PDA precursor (c) cyclic response at a constant 220N loading at
45 °C; (d) Cyclic response at constant 220N loading at 90 °C; (e) sensor stretched at 50 cycles using Velmex stretching stage, and (f ) stress- strain
curve analysis using INSTRON tensile measurement.
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irreversible thermochromic behavior observed at elevated
temperatures offers additional insight into the thermal limits
of the material, which may inform future design consider-
ations for application-specific deployment. Together, these
results underscore the potential of SEBS–PDA composites for
use in wearable electronics, smart biomedical devices, and soft
robotics where integrated mechanical and thermal sensing is
essential.
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