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Abstract

Flexible strain sensors are typically constructed with a fixed gauge factor (GF), making it
difficult for sensor arrays to accommodate weak, moderate, and strong mechanical inputs
within a single system. Here, we report a thermally switchable GF-bit strain-sensing
system based on a reversible shape-memory polymer/carbon black composite. Thermal
stimulation reversibly changes the programmed polymer shape state and the strain-
dependent response of the conductive network, whereas mechanical strain serves as the
sensing readout input. A single sensing pixel switches between a heated low-GF state and
a room-temperature high-GF state, with GF values of 3.3 and 72.1, respectively,
corresponding to an approximately 22-fold difference. The two GF states remained
distinguishable over 50 thermal switching cycles, and a representative single-sensor erase-
and-reprogram test yielded low- and high-GF values close to their corresponding initial
values. Temperature-dependent measurements identified a high-GF regime over the tested
range of 5-45 °C, a pronounced transition toward the low-GF state over approximately
45-54 °C, and a low-GF plateau over the tested range of 54-70 °C. By integrating GF bits
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into series, parallel, and 3 x 3 electrical arrays, local binary states were converted into discrete array-level effective-
GF outputs that were quantitatively described using a finite-strain circuit model based on exact series/parallel circuit
relations. The resulting high-, intermediate-, and low-effective-GF states provide different output windows under the
same nominal mechanical-input protocol. These results demonstrate that GF can be converted from a fixed post-
fabrication parameter into a thermally switchable and electrically combinable gain state for programmable flexible
sensor arrays.

INTRODUCTION

Flexible strain sensors convert mechanical deformation into electrical signals and are widely used in wearable
electronics, soft robotics, human-machine interfaces, and health-monitoring systems" .. Their sensitivity is
commonly described by the gauge factor (GF), which is defined as the relative resistance change per unit
strain'””). However, the GF remains a fixed scalar parameter set during fabrication by the material
composition, conductive-network morphology, and device architecture in most flexible strain sensors”'?!.
Moreover, sensors with high sensitivity, a wide detection range, or good cycling stability usually retain one
fixed gain state after fabrication?\. Flexible sensing systems are evolving from single-point readout systems
toward arrayed, multifunctional, and wide-dynamic-range monitoring"***!. In these settings, a fixed GF
limits the ability of a sensor to match different signal windows"?. This limitation is particularly important in
distributed sensor arrays, where different pixels may experience local mechanical inputs with substantially
different amplitudes"*'*). Therefore, programmable local gain matching is needed to prevent weak signals
from being lost and strong signals from being excessively amplified""'*. Simply maximizing GF does not
address this requirement, because weak, moderate, and strong mechanical-input regimes can benefit from
different sensing gains. This consideration motivates the conversion of GF from a fixed post-fabrication
parameter into a switchable, discretizable, and electrically combinable gain state for array-level multilevel
gain coding.

To extend beyond programmable sensitivity regulation"**), the GF state of a single sensing pixel can be
further defined as a discrete 0/1 GF bit. Here, a GF bit refers to a local gain unit whose GF can be switched
between two distinguishable and repeatable states, and it does not refer to a one-time GF change. Instead, it
represents a local sensitivity state that can be thermally switched and then combined with other pixels, in
which reversible shape-state regulation serves as the material basis'***\. Multiple GF bits can then be
electrically integrated into arrays to convert local binary GF states into an array-level effective GF output®*°..
In this system, the GF is no longer only a performance metric of a single device, and it can be extended to a
programmable system-level gain parameter at the array scale, reflecting the function of
structure-performance-programmable materials"””!. The key feature of a GF bit is therefore not the
magnitude of a single GF value, but the ability to discretize sensitivity into repeatably switchable 0/1 units
and combine them into low, intermediate, and high effective GF outputs.

Existing sensitivity-regulation strategies have mainly focused on increasing, broadening, or tuning the GF,
rather than discretizing the GF into switchable 0/1 states for array-level gain coding®'****. Conductive-filler
loading, percolation-network optimization, microstructural design, and encapsulation strategies can be used
to improve the GF or broaden the sensing range”*****/. In these approaches, the sensing characteristics are
usually set during fabrication and are difficult to alter during operation. Crack engineering, near-percolation
conductive networks, and strain-concentrating structures can amplify resistance changes and yield high
sensitivity!"'7*»**]_ However, these high-gain mechanisms often rely on fragile conductive contacts or
controlled crack evolution, which can lead to contact drift, irreversible structural changes, or cycling
instability. Such features make these mechanisms difficult to use as repeatably switchable local 0/1 gain units.
While mechanical presetting, 4D-printed shape-changing materials, and shape-memory-assisted sensors can
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also change sensitivity through structural reconfiguration, most of these strategies remain focused on single-
device sensitivity modulation or require external mechanical programming to change the device state"***"),
Although previous studies have enabled the enhancement, broadening, or post-fabrication regulation of GF,
most have focused on changing the sensitivity of individual devices rather than defining electrically
combinable local gain states. To the best of our knowledge, a GF-bit scheme that integrates reversible local
GF switching, deliberate discretization into binary gain states, and array-level electrical gain coding remains
largely unexplored. To clarify this distinction, representative fixed-GF, post-tunable, mechanically
programmed, and shape-reconfigurable sensing strategies are compared with the GF-bit approach developed
in this study [Supplementary Table 1]. The present system combines thermally addressable local GF
switching, discrete 0/1 gain states, and electrical integration of these local states into multilevel effective-GF
outputs.

Variation of the GF value alone is insufficient when applying a thermally switchable GF bit in array-level
gain coding. Such a bit must also provide distinguishable local GF states, reversible switching without
repeated mechanical reprogramming, and conversion into a multilevel effective GF through array coding. A
large GF contrast usually requires a marked change in the electrical transport state of the conductive
network. Many high-sensitivity networks achieve such a contrast through near-percolation contacts, crack
amplification, or microstructural deformation; however, these mechanisms can introduce irreversible
evolution, baseline drift, or cycling instability!"*”****. Switching during use also requires conductive-network
modulation without repeated prestretching, compression, or mechanically imposed reconstruction. This
remains difficult for many mechanically programmed sensitivity-tuning strategies"">'*”.. In addition, array
coding requires the integration of high- and low-GF units in one electrical array, which must produce
distinguishable multilevel effective GF outputs through binary coding rules'**?. Strategies that combine
reversible thermal switching, operation without repeated mechanical reprogramming, and array-level gain
coding remain underdeveloped. Therefore, a material design strategy is needed in which a reversible shape
state, as demonstrated in recent shape-memory polymer systems, can be repeatedly coupled to changes in the
electrical response of a conductive network and further mapped into a 0/1 GF statel*2022>*°],

Here, we report a thermally switchable and array-encoded GF-bit strain-sensing system based on a reversible
shape-memory polymer (rSMP)/carbon black (CB) composite network. In this system, thermal shape-state
switching changes the electrical response of the CB network, likely through changes in conductive contacts,
filler-network configuration, and transport pathways!*>****/. This process is distinct from a simple
thermoresistive response, as thermal stimulation serves as the input for GF-state switching, whereas
mechanical strain serves as the sensing readout input. After thermally induced shape reconstruction, the
resistance-response slope under the same mechanical readout strain is reversibly switched, thereby mapping
the programmed shape state into a GF state. At the single-pixel level, the composite network switches
between a room-temperature, high-GF state and a heated, low-GF state with an approximately 22-fold initial
GF contrast. The two gain states remain well separated over the initial 20 thermal switching cycles and
remain distinguishable during extended testing to 50 cycles. Moreover, in a representative recovery test
conducted after cycling-induced attenuation, high-temperature erasing followed by thermomechanical
reprogramming restored the low- and high-GF states to values close to their initial levels, demonstrating
recoverability of the programmed GF-bit state under the tested recovery protocol. At the array level, high-
and low-GF units are integrated into 1 x 2,2 x 1, 1 x 3, 3 x 1, and 3 x 3 electrical arrays, converting binary
switching into multilevel effective GF outputs. Finally, we use the GF-bit arrays to demonstrate sensing-
window matching under simulated photothermal/thermal elevation conditions, including contact-induced
outputs and deformation readout. Together, these results connect reversible shape-memory deformation,
conductive-network modulation, local GF-bit switching, and array-level effective GF coding, providing a
material-state-based strategy for programmable-gain flexible sensor arrays.
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EXPERIMENTAL

Materials

1,4-Bis-[4-(6-acryloyloxyhexyloxy)benzoyloxy]-2-methylbenzene (RM82) was purchased from Sigma-
Aldrich (Shanghai) Co., Ltd. Triethylamine, diethylene glycol, methanol, diphenyl(2,4,6-
trimethylbenzoyl)phosphine oxide (TPO), dichloromethane (DCM), and pentaerythritol tetrakis(3-
mercaptopropionate) (PTME) were purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
Dibutyltin oxide (DBTO) and pentadecanolide were purchased from Shanghai Macklin Biochemical
Technology Co., Ltd. Acryloyl chloride, petroleum ether, poly(ethylene glycol) diacrylate (PEGDA, M, =
200), 1,2-bis(2-mercaptoethoxy)ethane (EDDT), and butylated hydroxytoluene (BHT) were purchased from
Shanghai Titan Scientific Co., Ltd. Toluene was purchased from China National Pharmaceutical Group Co.,
Ltd. CB (average particle diameter = 15 nm) was purchased from Cabot Corporation, and CF-10 was
purchased from Dow Chemical Company. All chemicals were used as received unless otherwise specified.
The deuterated chloroform (CDCI,) used for '"H nuclear magnetic resonance (NMR) measurements was
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd. 3M 1181 double-sided conductive
copper foil tape was purchased from 3M Company (USA). A two-component liquid silicone (components
404A and 404B; mixing ratio A:B = 1:1 by mass) was purchased from Dongguan Xinbang New Material Co.,
Ltd.

Characterization and measurements

"H NMR spectra were recorded using a Bruker Avance 400 MHz NMR spectrometer (Bruker, Germany)
with CDCI, as the solvent. Differential scanning calorimetry (DSC) was performed using a DSC 3 differential
scanning calorimeter (Mettler-Toledo, Switzerland) under a nitrogen atmosphere. The samples were
subjected to heating and cooling scans over a temperature range of 10-110 °C at a rate of 2 °C:min".

Electromechanical measurements were performed using a CMT-20 electronic universal testing machine
(Jinan Lianggong Testing Technology Co., Ltd., China) combined with a Keithley 2450 SourceMeter
(Keithley Instruments, USA). Mechanical strain was applied at a tensile rate of 2 mm-min™ with an initial
gauge length of 12 mm, while the electrical resistance was simultaneously recorded using a two-probe
configuration.

Temperature-dependent sensing measurements were conducted using an LXZ-1015 temperature-controlled
stage (Shenzhen Luxianzi Technology Co., Ltd., China). The surface temperature of the sensor was
monitored using a DLX-HC2508 infrared (IR) thermometer (Delixi Electric Co., Ltd., China). Photothermal
heating was provided by a 250 W broadband IR light source with a spectral range of 0.76-5 pm [Philips
Electronics (China) Group, China].

UV photopolymerization was performed using a 365 nm UV lamp (Zhongshan Xingxuzi Lighting Co., Ltd.,
China) at an irradiation intensity of 20 mW-cm™. Ultrasonic dispersion was carried out using an F-020SD
ultrasonic system (Shenzhen Fuyang Technology Group Co., Ltd., China). Oscillatory rheological
measurements were performed using a DHR-20 rotational rheometer (TA Instruments, USA).

Oscillatory temperature-sweep rheological measurements were performed using a DHR-20 rotational
rheometer (TA Instruments, USA) equipped with a 25-mm parallel-plate geometry. Measurements were
conducted at a strain amplitude of 0.1%, an angular frequency of 10 rad-s™', and a gap of 0.2 mm. The
temperature was increased from approximately 30 to 110 °C at a rate of 2 °C-min"', while the storage
modulus (G’) and loss modulus (G”) were continuously recorded. Separate rSMP/CB specimens were
subjected to 0, 20, or 50 prior GF-switching cycles between 22 and 54 °C before rheological characterization.
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One heating temperature sweep was subsequently performed for each preconditioned specimen under
identical conditions.

Preparation of CB/CF-10 composites

CB and CF-10 were combined at a mass ratio of 1:1.5. CF-10 was first dispersed in toluene (2 mL) and
ultrasonicated using an F-020SD ultrasonic system (Shenzhen Fuyang Technology Group Co., Ltd., China)
for 10 min. The resulting dispersion was then transferred into an agate mortar containing the corresponding
amount of CB and manually ground for 10 min until a homogeneous CB/CF-10 composite was obtained.

Preparation of polypentadecanolide

Poly(pentadecanolide) (PPDL) was synthesized by bulk ring-opening polymerization of pentadecanolide
using diethylene glycol as the initiator and DBTO as the catalyst. Briefly, pentadecanolide (20 g), diethylene
glycol (0.21 g), and DBTO (0.20 g) were added to a 100 mL round-bottom flask. The reaction mixture was
mechanically stirred at 500 rpm at 130 °C for 10 h under a nitrogen atmosphere. After the reaction, the crude
product was dissolved in toluene to remove unreacted monomer and low-molecular-weight byproducts. The
toluene solution was then slowly poured into excess methanol to induce precipitation. The precipitation
process was repeated twice to further purify the polymer. The precipitate was collected and dried under a
vacuum at 50 °C for 24 h to remove residual solvent, yielding the final PPDL product. The chemical structure
of PPDL was confirmed by '"H NMR spectroscopy [Supplementary Figure 1].

Preparation of poly(pentadecanolide) diacrylate

PPDL was end-functionalized with acryloyl chloride to obtain poly(pentadecanolide) diacrylate (PPDL-DA).
PPDL (20 g) was dissolved in toluene (100 g) in a 250 mL three-neck round-bottom flask equipped with a
dropping funnel under nitrogen. The solution was heated to 80 °C until complete dissolution. Triethylamine
was then added as an acid scavenger at 5 molar equivalents relative to the hydroxyl groups of PPDL. Acryloyl
chloride, diluted in anhydrous DCM, was added dropwise at 10 molar equivalents relative to the hydroxyl
groups of PPDL. The reaction mixture was stirred at 500 rpm at 80 °C for 20 h under a nitrogen atmosphere.
After the reaction, the triethylamine hydrochloride salt was removed by vacuum filtration. The filtrate was
precipitated in ice-cold petroleum ether and collected by centrifugation. The product was redissolved in a
small amount of DCM and reprecipitated in petroleum ether for further purification. The purified product
was then dried under a vacuum at 50 °C for 24 h to obtain PPDL-DA as a white semicrystalline solid. The
chemical structure of PPDL-DA was confirmed by 'H NMR spectroscopy [Supplementary Figure 2].

Synthesis of the liquid-crystalline oligomer

The liquid-crystalline oligomer (LCO) was synthesized through a thiol-acrylate Michael addition reaction
using RM82 and PEGDA as acrylate monomers and EDDT as a dithiol chain extender. RM82 (10.00 g) and
PEGDA (1.276 g) were dissolved in toluene (10 g) in a 50 mL round-bottom flask. EDDT (1.935 g) was then
added, followed by triethylamine (2 wt% relative to the total monomer mass) as the catalyst and BHT (0.5
wt%) as the inhibitor. The reaction mixture was mechanically stirred at 500 rpm at 70 °C for 24 h under a
nitrogen atmosphere. After the reaction, most of the toluene was removed by rotary evaporation at 70 °C,
yielding a viscous white liquid. The product was further dried in a vacuum oven at 70 °C for 24 h to obtain
the LCO. The chemical structure of the LCO was confirmed by 'H NMR spectroscopy [Supplementary
Figure 3].

Fabrication of biphasic rSMP/CB-based flexible strain sensors

The biphasic rSMP/CB strain sensors were prepared by UV curing a homogeneous precursor mixture. First,
LCO (0.95 g) and PPDL-DA (0.05 g) were dissolved in DCM (4 mL) in a 15 mL vial. PTME (0.186 g) was
then added as the tetrafunctional thiol crosslinker. CB was incorporated at 1 wt% relative to the combined
mass of LCO, PPDL-DA, and PTME, while CF-10 was added at a CB:CF-10 mass ratio of 1:1.5. The resulting
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CB/CF-10-containing precursor was ultrasonicated using an F-020SD ultrasonic system (Shenzhen Fuyang
Technology Group Co., Ltd., China) for 10 min to obtain a homogeneous conductive precursor. Dissolved
oxygen was removed by nitrogen bubbling. TPO photoinitiator was then added at 5 wt% relative to the total
precursor mass, and the mixture was stirred at 500 rpm at 25 °C for 20 min while protected from light. The
precursor was photopolymerized using a 365 nm UV lamp (Zhongshan Xingxuzi Lighting Co., Ltd., China)
at an irradiation intensity of 20 mW-cm™ for 10 min. The resulting biphasic rSMP/CB film had a thickness of
approximately 0.3 mm. The film was cut into strip sensors or patterned array sensors with initial dimensions
of approximately 5 mm x 20 mm before thermomechanical programming.

Reversible actuation programming

The rSMP/CB sensor was thermomechanically programmed to establish stress-free reversible actuation
between the high- and low-GF states. For initial thermomechanical programming, the sample was first
heated to 140 °C and then stretched to 50% at this temperature. The sample was cooled to 54 °C (T, ,) while
the imposed deformation was maintained. During cooling through the PPDL crystallization region, oriented
PPDL crystallites formed and fixed the programmed alignment within the dual-phase network. After the
sample reached 54 °C, the external stress was removed to complete the programming process. Subsequent

stress-free cooling from 54 to 22 °C (T,,) produced the elongated high-GF state, whereas reheating to 54 °C

produced the contracted low-GF state. These two states could be repeatedly accessed by thermal cycling
between 22 and 54 °C without repeated mechanical programming. The temperature of 140 °C was used
during the initial thermomechanical programming and, when required after extended thermal cycling, as a
high-temperature erase/reset condition before reprogramming. Routine reversible GF switching and sensing
readout were performed between 22 and 54 °C; 140 °C was not used as a routine GF switching or readout
temperature. Unless otherwise specified, GF measurements were performed at 22 °C for the high-GF state
and at 54 °C for the low-GF state. When necessary, the reversible actuation state could be re-established by
repeating the same thermomechanical programming procedure after the high-temperature erasing step. The
50% pre-strain was applied only during thermomechanical programming and should be distinguished from
the subsequent stress-free reversible actuation. After programming, the sensor exhibited an approximately
31% reversible length change between the short state at 54 °C and the elongated state at 22 °C. To evaluate
whether the programmed GF states could be restored after cycling-induced attenuation, the cycled sensor
was heated to 140 °C to erase the previous programmed state and was then subjected to the same
thermomechanical programming procedure. After reprogramming, the GF was re-evaluated at 22 and 54 °C
using the same 0%-10% mechanical readout strain range.

Strain sensing measurements

The electromechanical sensing performance of the rSMP/CB sensors and GF-bit arrays was measured using
a mechanical stretching system coupled with an electrical resistance measurement system. The sample was
fixed between two tensile clamps. Unless otherwise specified, the GF measurements were conducted within a
tensile strain range of 0%-10%. The resistance signal was recorded in real time using a Keithley 2450 digital
source meter in a two-probe configuration. Copper foil electrodes were attached to both ends of the sample
using copper tape.

For temperature-dependent sensing measurements, the sample was placed on a temperature-controlled stage
or heated by IR irradiation. The high-GF state was measured at 22 °C. The low-GF state was measured after
the sensor-layer temperature was increased through the GF-switching region to approximately 54 °C. For IR
photothermal measurements, the sensor-layer temperature was maintained at approximately 54 °C. Unless
otherwise specified, quantitative sensing measurements were performed using three independently prepared
Sensors.
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Temperature-dependent GF measurements

To determine the GF-switching window, the electromechanical response was measured over an extended
temperature range from 5 to 70 °C. Measurements were performed at 5, 22, 30, 40, 45, 48, 50, 52, 54, 60, and
70 °C, with denser sampling around the switching region. At each temperature, the sample was equilibrated
for 5 min before measurement. The GF was determined from the slope of an origin-constrained linear fit to
the AR/R,strain response within the 0%-10% strain range. Unless otherwise specified, data were obtained

from n = 3 independently prepared sensors and are reported as the mean + standard deviation (SD).

Thermal switching durability

The cycling durability of the thermally switchable GF states was evaluated by repeatedly switching the sensor
between 22 and 54 °C. One complete switching cycle consisted of equilibration at 22 °C, heating to 54 °C,
holding until thermal equilibrium was reached, and cooling back to 22 °C. The GF values of the high- and
low-GF states were determined at selected cycle numbers over 50 complete thermal cycles. Data were
obtained from three independently prepared sensors (1 = 3) and are reported as the mean + SD.

GF calculation
The GF of an individual sensing unit was calculated according to the conventional definition for resistive
strain sensors”:
_ (R=R)/Ry
&

GF

where R, is the initial resistance before strain loading, R is the resistance under applied strain, AR =R - R,,
and ¢ is the applied tensile strain. Unless otherwise specified, the GF was obtained from the slope of an
origin-constrained linear fit to the AR/R,strain curve within the 0%-10% strain range.

For real-time sensing measurements, the relative resistance change was calculated as”!
AR _ R(1) - Ry
Ry~ Ro

where R(t) is the time-dependent resistance, and R, is the baseline resistance before mechanical input.

Effective GF calculation for coded arrays
Following the conventional GF definition", the effective GF of a coded array was defined from the relative
resistance change of the entire array as

(Rarray - Rarray,O)/Rarray,O
&

GFeff =

where R, . is the initial resistance of the array, AR, =R, - R, , is the resistance change of the array
under strain, and ¢ is the applied tensile strain. The effective GF was obtained from the slope of the
AR, /R, ~strain curve within the selected strain range. The strain-dependent responses of series-, parallel-,
and series—parallel-connected GF-bit arrays were calculated using exact circuit relations based on the
measured initial resistance and GF of each constituent unit. For quantitative comparison with experiment,
the calculated response was generated over the same 0%-10% strain range, and the calculated effective GF
was obtained using the same origin-constrained linear-fitting procedure as for the experimental data. The

complete derivation is provided in Supplementary Note 1.

In the coded array, 0 denotes a low-GF unit, whereas 1 denotes a high-GF unit. Before each measurement,
the array was thermally addressed into the desired 0/1 coded state, and the overall resistance response was
then measured between the common positive and negative electrodes. The exact circuit model for calculating
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the strain-dependent response and effective GF of coded arrays, together with its derivation, is provided in
Supplementary Note 1.

Electrical connection of GF-bit arrays

The GF-bit arrays were constructed using different electrical connection topologies to achieve multilevel
effective GF values. For the 1 x 2 series array, two sensing units were connected in series, and the total
resistance was measured between the two outer electrodes. For the 2 x 1 parallel array, two sensing units
were connected in parallel between common positive and negative electrodes. For the 1 x 3 series array, three
sensing units were connected in series. For the 3 x 1 parallel array, three sensing units were connected in
parallel.

For the 3 x 3 array, each row consisted of three sensing units connected in series, and the three rows were
further connected in parallel between common positive and negative electrodes. The all-0 state refers to an
array in which all units are in the low-GF state, the all-1 state refers to an array in which all units are in the
high-GF state, and the mixed 0/1 state refers to an array in which different units are spatially encoded into
different GF states. The total resistance and (AR/R,) response of the array were measured between the

common positive and negative electrodes.

IR photothermal addressing and temperature measurement

Local photothermal addressing was performed using a 250 W broadband IR light source with a spectral
range of 0.76-5 um. The distance between the light source and the sample surface was 15 cm. During
irradiation, the active sensor-layer temperature was monitored using a DLX-HC2508 IR thermometer.
Under the selected continuous-irradiation condition, approximately 43 s was required for the active sensing
layer to first reach 54 °C. Irradiation was continued as necessary to maintain the sensor within the
experimentally identified low-GF temperature plateau. Therefore, 43 s denotes the time required to first
reach the representative low-GF readout temperature rather than the total irradiation duration or the final
steady-state temperature.

After the IR light source was turned off, the sample was naturally cooled to room temperature to recover the
high-GF state. For locally coded arrays, units heated through the experimentally determined GF-switching
region and stabilized within the low-GF temperature range were defined as low-GF units, whereas unheated
units remaining within the tested low-temperature high-GF regime were defined as high-GF units.

Wearable sensing demonstrations

For the wearable sensing demonstrations, the rfSMP/CB sensor was attached to the skin surface of one
healthy adult participant. Components A and B of the two-component liquid silicone were mixed at a mass
ratio of 1:1, degassed, cast into a mold, and cured at 25 °C for 12 h to obtain a silicone-resin sheet with a
thickness of approximately 3 mm. For the demonstration conducted at an active sensor-layer temperature of
approximately 54 °C, the cured silicone-resin separation layer was positioned between the active sensing
layer and the participant’s skin to prevent direct physical contact. The reported temperature of
approximately 54 °C therefore refers specifically to the active rSMP/CB sensing layer rather than the skin-
contact interface.

Forehead wrinkling and finger flexion were performed voluntarily by the participant while the
corresponding resistance responses were recorded. The wearable tests were non-invasive, and the sensor
assembly was removed immediately if any discomfort occurred.
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Statistical analysis and reproducibility

Unless otherwise specified, quantitative data are presented as the mean + SD obtained from three
independently prepared samples (n = 3). For each sensing sample, the GF was determined from the slope of
an origin-constrained linear fit to the AR/R,-strain curve within the specified strain range. Representative
time-dependent sensing traces are shown where indicated; these experiments were independently repeated at
least three times with similar results. The definition of n and the meaning of the error bars are specified in
the corresponding figure captions.

RESULTS AND DISCUSSION

We first established the concept of a thermally switchable GF-bit array for programmable gain coding
considering the proposed design principle [Figure 1]. A conventional flexible strain sensor has a fixed GF
after fabrication; therefore, the same mechanical deformation is always converted into an electrical output
with one predetermined gain [Figure 1A]. This fixed-gain response is unsuitable for distributed sensing
systems in which weak, intermediate, and strong mechanical signals may coexist. In this case, simply
increasing the GF cannot address this issue because a gain that benefits weak-signal detection can over-
amplify stronger inputs, whereas a lower gain that stabilizes strong-input readout may lose subtle signals. To
overcome this limitation, we define each sensing pixel as a binary GF bit, in which the room-temperature or
unheated state represents a high-GF unit, denoted as 1, whereas the thermally switched state represents a
low-GF unit, denoted as 0. Here, the binary state refers to the strain-response gain rather than an on/off
electrical conductance state; both 0 and 1 units remain mechanically readable sensors. Electrical integration
of these local 0/1 gain units allows the array-level effective GF to be programmed by the coding distribution
of high- and low-GF pixels. Thus, an all-1 array provides a high effective GF for weak-signal amplification,
an all-o array provides a low effective GF for stable readout of strong inputs, and mixed 0/1 arrays generate
intermediate effective GF values for moderate signal windows. The material basis of the GF-bit behavior is
the programmed dual-phase structure of the rfSMP/CB composite [Figure 1B]".

In this network, the PPDL crystalline phase primarily acts as a physical alignment frame established during
thermomechanical programming, whereas the lower-temperature liquid-crystalline transition provides the
reversible stress-free actuation used for GF switching. During operation between 22 and 54 °C, the
temperature remains below the principal PPDL melting region. Heating across the lower-temperature
transition reduces liquid-crystalline ordering and contracts the programmed sample, producing the low-GF
state. Subsequent cooling restores liquid-crystalline ordering and the elongated high-GF state while the
PPDL crystalline frame is retained. The accompanying change in matrix configuration alters how the
embedded CB conductive network responds to the same applied strain, thereby changing the
resistance-strain slope. Thermal stimulation therefore defines the gain state, whereas mechanical strain
remains the real-time sensing input. Accordingly, the measured output represents a thermally reconfigured
electromechanical gain rather than a simple thermoresistive resistance change. At the device level, a single
sensor can be switched from the room-temperature high-GF state to the heated low-GF state by uniform
heating, while localized IR irradiation provides a conceptual route to the spatially mixed 0/1 thermal-state
coding in an array [Figure 1C]. Under localized irradiation, the target unit was maintained near the
representative low-GF readout temperature, whereas the adjacent unit remained below the switching
window, supporting thermal contrast between addressed and nonaddressed units [Supplementary Figure 4].
This binary coding strategy can be extended from simple two-pixel units to scalable 3 x 3 arrays, in which
increasing the fraction of high-GF pixels gradually increases the effective GF [Figure 1D]. Therefore, Figure 1
summarizes the design used in this study by transforming the GF from a fixed single-device parameter into a
discrete, thermally switchable, and electrically combinable array-level gain state. The following sections
validate this concept by first demonstrating single-pixel GF switching, then establishing electrical coding in
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Figure 1. Concept of thermally switchable GF bits for array-level multilevel gain coding. (A) Comparison between a conventional fixed-GF
strain sensor and the proposed GF-bit array. Under the same mechanical input, all-1, mixed 0/1, and all-O arrays generate high,
intermediate, and low effective GF outputs, respectively; (B) Schematic mechanism of thermally switchable GF states in the programmed
dual-phase rSMP/CB network. Heating across the lower-temperature liquid-crystalline transition drives the contracted low-GF state while
the PPDL crystalline framework is retained, whereas cooling restores liquid-crystalline ordering and the elongated high-GF state; (C)
Thermal-state coding of single sensors and array pixels. A room-temperature sensor corresponds to the high-GF state, uniform heating
switches the sensor to the low-GF state, and local IR irradiation provides a conceptual route to spatially mixed 0/1 thermal-state patterns;
(D) Electrical coding from a two-pixel unit to scalable 3 X 3 arrays, showing that increasing the fraction of high-GF pixels increases the
array-level effective GF. GF: Gauge factor; rSMP: reversible shape-memory polymer; CB: carbon black; PPDL: poly(pentadecanolide); IR:
infrared; LCE: liquid-crystalline elastomer.

small arrays, and finally extending the strategy to multilevel array gain coding and sensing-window
matching.

After defining the GF-bit concept, we next examined the thermal and electromechanical behavior of a single
rSMP/CB sensing pixel [Figure 2]. The composite was constructed from a programmed dual-phase polymer
network containing a liquid-crystalline component, a PPDL crystalline phase, and an embedded CB
conductive network prepared with CF-10 as a dispersing additive [Figure 2A]. In the programmed network,
the PPDL crystalline phase primarily acts as a physical alignment frame, whereas reversible thermally
induced changes in liquid-crystalline ordering drive the stress-free dimensional change used for GF
switching. DSC measurements revealed the thermal-transition characteristics of the dual-phase network
[Figure 2B]. The 22 and 54 °C markers in Figure 2B denote the selected representative readout temperatures
for the high- and low-GF states, respectively; they do not denote material phase-transition onset or peak
temperatures. Temperature-dependent electromechanical measurements identify an operational GF-
switching interval of approximately 45-54 °C [Supplementary Figure 5], which should be distinguished from
the thermal transitions observed by DSC, including PPDL crystallization and melting. During normal
operation between 22 and 54 °C, the temperature remains below the principal PPDL melting region, allowing
the programmed crystalline frame to be retained. Consistent with this mechanism, the programmed sensor
reversibly switches between an elongated high-GF state at 22 °C and a contracted low-GF state at 54 °C,
while heating to 140 °C is separately used for the high-temperature erasing/resetting of the programmed state
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[Figure 2C]. In Figure 2C, the approximately 21 mm length observed after the 140 °C erase/reset corresponds
to the original unprogrammed reference length of the photographed specimen. This value is numerically
close to the contracted length of the programmed low-GF state at 54 °C, but the two configurations represent
different internal material states. At 54 °C, the programmed PPDL crystalline alignment framework is
retained, whereas heating to 140 °C erases the previously programmed alignment. Consequently, the erased
specimen cannot be used directly as the low-GF working state and must undergo the 50%
stretch-cool-unload thermomechanical programming procedure before the thermally switchable GF states
are re-established. Temperature-dependent GF measurements identified three response regimes over the
tested temperature range of 5-70 °C [Supplementary Figure 5]. From 5 to approximately 45 °C, the sensor
remained in a high-GF regime, although GF decreased modestly with increasing temperature. A substantially
steeper decrease occurred over approximately 45-54 °C, identifying this interval as the principal GF-
switching region. From 54 to 70 °C, the sensor exhibited a low-GF plateau. The gradual variation observed
over the tested 5-45 °C range may be associated with progressive temperature-dependent evolution of liquid-
crystalline ordering before the principal switching region is reached. This interpretation is consistent with
the dual-phase liquid-crystalline elastomer system reported by Chen et al., in which thermally driven
changes in liquid-crystalline ordering are coupled to reversible deformation while the crystalline PPDL phase
provides an alignment framework!"”. The electrical response confirmed that this shape-state transition
produced a clear GF contrast. Under the same mechanical readout strain, the high-GF state showed a much
steeper AR/Rystrain response than the low-GF state, demonstrating that the thermal stimulus acts as the GF-
state switching input and that the mechanical strain is used as the sensing readout input [Figure 2D]. Because
this comparison is made over the same strain range, the difference in slope directly reflects a gain-state
change rather than a change in the applied mechanical input. Quantitatively, the GF increased from 3.3 in
the low-GF state to 72.1 in the high-GF state, corresponding to an approximately 22-fold difference [Figure
2E]. Such a large contrast provides a practical separation between the 0 and 1 gain states, which is necessary
for reliable array-level coding. Repeated heating—cooling tests showed that the high- and low-GF states
remained well separated over the initial 20 thermal switching cycles [Figure 2F]. Extending the test to 50
cycles further confirmed that the two GF states remained clearly distinguishable throughout the complete
cycling period [Supplementary Figure 6]. During the later cycles, the high-GF state exhibited a modest
downward adjustment, whereas the low-GF state showed only a small upward shift. Nevertheless, the two GF
ranges remained clearly separated without overlap, indicating that these limited changes in the characteristic
GF levels did not compromise reliable gain-state discrimination. These results support retained sensing
functionality and GF-state discrimination under the tested 50-cycle protocol, while also revealing modest
cycle-dependent shifts rather than invariant GF values. To examine whether the modest cycle-dependent
shifts in GF were accompanied by detectable changes in the bulk polymer network, temperature-sweep
oscillatory rheology was performed on rSMP/CB specimens subjected to 0, 20, and 50 prior thermal
switching cycles between 22 and 54 °C [Supplementary Figure 7]. During heating from approximately 30 to
110 °C, both the storage modulus (G’) and loss modulus (G”) exhibited pronounced temperature-dependent
changes. The specimens subjected to 0, 20, and 50 prior switching cycles showed broadly comparable
G'-temperature and G"-temperature profiles over the investigated heating range, suggesting that the
characteristic temperature-dependent bulk viscoelastic response of the rSMP/CB network is retained after
different prior switching histories. Importantly, the cycle-dependent GF drift observed during the 50-cycle
evaluation did not prevent subsequent re-establishment of the programmed gain states. After one 140 °C
erase-and-reprogram operation, the measured low- and high-GF values were 3.35 and 73.9, respectively,
close to their corresponding initial values of 3.3 and 72.1, thereby recovering an approximately 22-fold GF
contrast [Supplementary Table 2]. This post-cycling result demonstrates erasability and reprogrammability
of the programmed GF-bit states under the tested protocol and identifies erase-and-reprogramming as a
feasible route for refreshing the programmed gain contrast after cycling-induced drift. In addition, IR
irradiation increased the sensor-layer temperature through the GF-switching region to approximately 54 °C
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Figure 2. Single-pixel thermally switchable GF bit based on an rSMP/CB composite. (A) Material design of the programmed dual-phase
rSMP/CB network containing the liquid-crystalline component, PPDL crystalline phase, and CB conductive fillers prepared with CF-10 as a
dispersing additive; (B) DSC heating and cooling curves of the dual-phase network. The vertical dashed lines at 22 and 54 °C mark the
representative high- and low-GF readout temperatures, respectively, rather than material phase-transition onset or peak temperatures.
The operational GF-switching interval of approximately 45-54 °C was identified separately from temperature-dependent
electromechanical measurements [Supplementary Figure 51; (C) Reversible thermal switching of the programmed sensor between the
contracted low-GF state at 54 °C and the elongated high-GF state at 22 °C after thermomechanical programming. The 50% pre-strain is
applied only during programming, whereas the subsequent stress-free reversible actuation is approximately 31%. The approximately 21
mm length observed after the 140 °C erase/reset corresponds to the restored unprogrammed reference length of the photographed
specimen. Although this length is numerically close to that of the programmed low-GF state at 54 °C, the two configurations represent
physically different internal states: the programmed PPDL crystalline alignment is retained at 54 °C but erased at 140 °C, after which
thermomechanical reprogramming is required to re-establish the switchable GF states; (D) AR/Ro—strain responses of the sensor in the
low- and high-GF states; (E) GF comparison between the two states; (F) Repeated thermal switching of the high- and low-GF states over
the initial 20 heating—cooling cycles. Extended cycling behavior up to 50 cycles is provided in Supplementary Figure 6; (G) IR-triggered
photothermal response and corresponding length change, demonstrating photothermal access to the low-GF state. Data in (E and F) are
presented as the mean £ SD (n = 3 independently prepared sensors). The time-dependent traces in (G) are representative of three
independently repeated measurements. GF: Gauge factor; rSMP: reversible shape-memory polymer; CB: carbon black; PPDL:
poly(pentadecanolide); DSC: differential scanning calorimetry; IR: infrared; SD: standard deviation; UV: ultraviolet.

and produced a corresponding reversible length change, demonstrating that broadband IR photothermal
heating can externally access the representative low-GF state [Figure 2G]. The sensor-layer temperature
reached approximately 54 °C within 43 s under the selected IR irradiation condition [Supplementary Figure
8]. These results identify the single rSMP/CB pixel as a thermally switchable GF bit and provide a basis for
the electrical coding of multiple GF bits.

After confirming the single-pixel GF bit, we next examined whether multiple thermally switchable gain units
could be electrically combined to generate discrete array-level effective GF outputs. We first constructed 1 x
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2 series-connected GF-bit units with four binary codes: 00, 01, 10, and 11 [Figure 3A]. Here, 0 denotes the
heated low-GF state and 1 denotes the room-temperature high-GF state. Under the same mechanical readout
strain, the 00 code produced the lowest resistance-response slope, the 11 code produced the highest slope,
and the mixed 01/10 codes generated intermediate responses [Figure 3B]. The extracted effective GF values
followed the same trend, confirming that the local binary GF states can be converted into a stepwise array-
level gain output through electrical integration [Figure 3C]. The mixed 0/1 code therefore represents the
simplest intermediate-gain state generated by combining two binary GF bits. The similar responses of the 01
and 10 states also indicate that, in a symmetric series configuration, the effective gain is mainly determined
by the number of high-GF units rather than their order. This behavior is expected for a nearly symmetric
series unit, where the two pixels additively contribute to the total resistance change. Repeated switching
among 00, 01, and 11 codes further verified that the two-bit unit can be reversibly coded and read out
without reconstructing the device architecture [Figure 3D]. Next, the two-bit coding strategy was extended to
2 x 1 parallel-connected GF-bit units to examine the role of electrical topology [Figure 3E]. Similar to the
series configuration, the parallel units showed distinguishable low, intermediate, and high resistance-
response slopes for the 00, mixed 0/1, and 11 codes, respectively [Figure 3F]. The corresponding effective GF
values increased stepwise with the fraction of high-GF units, demonstrating that binary GF states can be
translated into multilevel gain outputs not only in series circuits but also in parallel electrical configurations
[Figure 3G]. Although the absolute effective GF differs between series and parallel topologies, both
configurations preserve the same low-to-high gain hierarchy from 00 to mixed 0/1 and 11 states. These
results establish the basic electrical coding rule of GF bits and indicate the possibility of scaling the strategy
from two-bit units to larger arrays.

Having established two-Dbit electrical coding, we next examined whether the GF-bit strategy could be scaled
to larger arrays and whether the resulting effective GF could be quantitatively rationalized [Figure 4]. This is
important because the GF-bit concept is useful only if local binary gain states remain distinguishable after
electrical integration into larger and more complex arrays. To evaluate such systems, we first constructed 1 x
3 series-connected GF-bit arrays with different binary codes [Figure 4A]. Increasing the number of high-GF
units progressively increased the effective GF, confirming that local 0/1 gain states can be combined into
multilevel outputs in a series topology. We next evaluated 3 x 1 parallel-connected arrays [Figure 4B].
Despite the different electrical topology, the effective GF again increased with the fraction of high-GF units,
showing that the coding strategy is not limited to a specific circuit configuration. To further demonstrate
scalability, we fabricated 3 x 3 GF-bit arrays with different distributions of low- and high-GF units [Figure
4C]. Under the same mechanical readout strain, these arrays exhibited distinct AR/R,-strain slopes, with

higher fractions of high-GF units producing larger resistance responses [Figure 4D].

Because the readout strain is unchanged, these different slopes arise from the programmed GEF-bit
distribution rather than from differences in mechanical loading. The measured array-level effective GF
values were 4.4, 32.0, 51.5, and 76.2 for states a-d, respectively, corresponding to 0/9 (all-0), 3/9, 6/9, and 9/9
(all-1) high-GF units in the specific configurations shown in Figure 4C-E. These results indicate that local
binary states can be converted into graded array-level gain outputs. To rationalize this behavior, we
developed a finite-strain circuit model based on the fitted local GF values, measured initial resistances, and
exact series/parallel circuit relations of the constituent GF-bit units [Figure 4F and Supplementary Note 1].
The calculated effective GF was then obtained from an origin-constrained linear fit to the calculated
AR/R,-strain response over the same 0%-10% strain range used experimentally. The calculated effective GF
values followed the measured values across the series, parallel, and 3 x 3 array configurations [Figure 4G].
The observed deviations are likely associated with unit-to-unit resistance variation, electrode/contact
resistance, and small differences in thermal-state switching among pixels. Moreover, the measured effective
GF systematically increased with the fraction of high-GF units across different array topologies [Figure 4H].
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Figure 3. Two-bit electrical coding of thermally switchable GF units. (A) Schematic and photographs of 1 X 2 series-connected GF-bit units
with 00, 01,10, and 11 codes; (B and C) Strain-dependent resistance responses and extracted effective GF values of the series-connected
units, showing stepwise gain modulation from 00 to mixed 0/1and 11 states; (D) Reversible coding/readout sequence of the series-
connected GF-bit unit; (E) Schematic and photographs of 2 X 1 parallel-connected GF-bit units representing the 00, mixed 01/10, and 11
codes; (F and G) Strain-dependent resistance responses and extracted effective GF values of the parallel-connected units, demonstrating
electrical-topology-dependent multilevel gain coding. GF values are presented as the mean £ SD (n = 3 independently prepared two-pixel
arrays). GF: Gauge factor; SD: standard deviation.

To distinguish the effect of a high-GF fraction from that of the spatial arrangement, we further compared 3 x
3 arrays containing the same number of high-GF units but exhibiting different spatial distributions
[Supplementary Figure 9]. The resulting effective GF values differed only slightly within the range of
experimental variation, indicating that, for the present array with approximately balanced unit resistances,
the high-GF fraction is the primary determinant of the effective GF, whereas spatial arrangement provides
only a secondary contribution. This monotonic relationship provides the direct experimental basis for
converting binary 0/1 GF states into programmable multilevel gain outputs. Together, these results show that
GF-bit arrays can be scaled and quantitatively rationalized across different electrical topologies, providing a
basis for selecting effective GF values according to the mechanical signal window.

After establishing scalable and model-rationalized GF-bit array coding, we examined sensing-window
matching under controlled thermal and photothermal conditions [Figure 5]. The purpose of this
demonstration is to evaluate whether different GF states can be selected for mechanical inputs with different
amplitudes, rather than to define 54 °C as a temperature for prolonged direct skin exposure. The 22 and
40 °C measurements represent low- and mildly elevated-temperature conditions in which the high-GF state
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Figure 4. Scalable GF-bit array coding and model-rationalized effective GF outputs. (A) Coding configurations and extracted effective GF
values of 1 X 3 series-connected GF-bit arrays; (B) Coding configurations and extracted effective GF values of 3 X 1 parallel-connected GF-
bit arrays; (C) Four representative 3 X 3 coding states, with blue denoting the low-GF state (0) and orange denoting the high-GF state (1).
Reading each row from left to right and the rows from top to bottom, states a-d are 000/000,/000, 000/001/011, 001/011/111, and
11/11/1, respectively. These states contain O, 3, 6, and 9 high-GF units out of 9; (D and E) Corresponding resistance-strain responses
and measured array-level effective GF values of 4.4 (a, all-0), 32.0 (b, 1/3 high-GF), 51.5 (c, 2/3 high-GF), and 76.2 (d, all-1), respectively.
Each row contains three units in series, and the three rows are connected in parallel; (F) Finite-strain circuit model based on the fitted unit-
level GF values, measured initial resistances, and exact series/parallel circuit relations; (G) Comparison between the circuit-model
calculations and measured effective GF values for different array configurations; (H) Measured effective GF as a function of the fraction of
high-GF units, showing binary-to-multilevel gain coding across series, parallel, and 3 X 3 arrays. The measured GF values are presented as
the mean £ SD (n = 3 independently prepared arrays). GF: Gauge factor; SD: standard deviation.

is retained, whereas 54 °C is used as a controlled proof-of-concept sensor-layer temperature for accessing the
low-GF state. Therefore, temperature serves as the GF-state control input, while deformation or contact is
the mechanical sensing input. In the skin-mounted configuration, the rSMP/CB sensing layer was integrated
with a layered structure containing a thermal-protective layer between the active sensing layer and the skin,
such that external irradiation increased the sensor-layer temperature without direct contact between the
heated sensing layer and the skin [Figure 5A]. This configuration was designed to separate the roles of the
two inputs, wherein temperature controls the GF state and mechanical deformation or contact provides the
sensing input. During repeated heating-cooling cycles, the sensor switches between the high- and low-GF
states as the temperature crosses the GF-switching window, without changing the device architecture [Figure
5B]. We first evaluated whether the sensor could maintain its mechanical readout during different thermal
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stages. At 22 °C, the high-GF state clearly resolved weak forehead-wrinkling deformation, demonstrating the
advantage of high gain for subtle signals [Figure 5C]. When the sensor was maintained at 40 °C, below the
GF-switching threshold, the high-GF state was preserved and could identify finger flexion deformation
[Figure 5D]. The 40 °C result shows that mild heating within the tested high-GF regime does not switch the
sensor into the low-GF state. By contrast, when the active sensing layer was brought to approximately 54 °C
under controlled thermal conditions, the sensor entered and maintained the low-GF state. During this proof-
of-concept wearable demonstration, the active sensing layer was separated from the participant’s skin by the
approximately 3 mm cured 404A/404B silicone-resin layer. The stated temperature refers to the active
sensing layer rather than the skin-side interface. Because the skin-side interface temperature was not
independently measured, no quantitative claim regarding the skin-contact temperature is made. The low-GF
state produced a lower-amplitude mechanical response during finger flexion [Figure 5E] and maintained a
stable resistance response over the tested strain range of 0%-30% [Supplementary Figure 10]. We next used a
nominal repeated normal-contact protocol to compare low-, intermediate-, and high-effective-GF arrays
[Figure sF and G]. The all-0 array produced the lowest output amplitude, the mixed 0/1 array produced an
intermediate output, and the all-1 array produced the largest output. These results demonstrate selectable
output-amplitude windows through array-level GF coding rather than simple maximization of GF. The
selectable gain states enable the array response to be matched to different expected mechanical-signal
amplitude ranges. Related skin-interfaced thermal, photothermal, compression, and electronic-skin systems
illustrate application settings in which thermal and mechanical inputs may coexist“***. Potential applications
of the GF-bit concept include wearable motion monitoring, electronic skins, distributed robotic skins, and
soft human-machine interfaces containing mechanical signals with different amplitudes. However, the
present 54 °C condition should be regarded as a proof-of-concept active sensor-layer temperature. Shifting
the GF-switching window toward a physiologically comfortable temperature range remains necessary for
prolonged skin-contact applications.

More specifically, the practical distinction between the GF-bit architecture and a conventional fixed-GF
sensor lies in selectable gain-window matching rather than in maximizing GF alone. Whereas a fixed-GF
sensor provides only one electromechanical gain after fabrication, the same GF-bit sensing platform can
access low-, intermediate-, and high-array-level gain states through local thermal-state assignment and
electrical combination, without requiring a separately fabricated sensor for each gain window. For the
specific 3 x 3 configurations shown in Figure 4C-E, the measured effective GF values were approximately 4.4,
32.0, 51.5, and 76.2 for the all-0, 1/3-high-GF, 2/3-high-GF, and all-1 coding states, respectively, under
nominally matched mechanical-input conditions. Accordingly, high-gain states can be selected for weak
deformation such as subtle motion or light contact, intermediate-gain states for moderate joint or tactile
inputs, and low-gain states for larger bending or stronger contact inputs requiring a more moderate output
amplitude. At the framework level, GF-bit coding is defined by functional requirements rather than by a
particular polymer formulation: the sensing elements must provide reproducibly distinguishable and
switchable local GF states that can be discretized and electrically combined. Thermally reversible matrix
behavior has also been demonstrated in crosslinked polyurethane networks containing poly(e-caprolactone)
(PCL) segments of different molecular weights and in poly(octylene adipate) (POA)/PCL cocrystalline
networks”*). These systems provide credible alternative matrix platforms for future GF-bit implementations
when integrated with a suitable conductive phase and experimentally established switchable GF states.
Because the circuit model developed here uses the measured initial resistance and GF of each sensing unit
and has been validated in series, parallel, and series—parallel topologies, the array-coding framework is not
restricted to the specific -tSMP/CB formulation demonstrated in this study. The present system therefore
represents a material realization of a broader strategy for converting switchable local sensitivity states into
programmable multilevel array gain.
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Figure 5. Thermal-state-controlled sensing-window matching under simulated photothermal/thermal elevation conditions. (A) Schematic
of the layered skin-mounted configuration. For the approximately 54 °C active sensor-layer condition, a cured 404A/404B silicone-resin
separation layer with a thickness of approximately 3 mm was positioned between the rSMP/CB sensing layer and the participant’s skin to
prevent direct contact with the heated sensing layer. The stated temperature refers to the active sensing layer rather than the skin-side
interface; (B) Reversible thermal switching of the GF state during repeated heating—cooling cycles; (C) High-GF readout of weak forehead-
wrinkling deformation at 22 °C; (D) High-GF response maintained at 40 °C, below the GF-switching threshold, showing that mild heating
does not trigger the low-GF state; (E) Low-GF finger-flexion readout with the active rSMP/CB sensing layer maintained at approximately
54 °C and separated from the skin by the 3 mm silicone-resin layer; (F) Pressing-induced normal-contact input used to evaluate contact-
signal window matching; (G) Representative resistance responses of low-, intermediate-, and high-effective-GF arrays under the same
nominal contact-input protocol. The coded arrays produce progressively increasing output amplitudes from the low- to intermediate- and
high-effective-GF states. The photographs in (C-E) were taken by the authors during the reported experiments. rSMP: Reversible shape-
memory polymer; CB: carbon black; GF: gauge factor.

Limitations of the study

The present study establishes the GF-bit strategy as a proof-of-concept using rSMP/CB sensing units and
arrays up to 3 x 3 under a tested 50-cycle thermal switching protocol. The current 54 °C low-GF condition is
a representative active sensor-layer readout temperature for the low-GF state and should be shifted toward a
lower operating range for prolonged skin-contact applications. Future development will focus on longer-
term switching operation, independent thermal addressing in larger arrays, and experimental
implementation of the functionally defined GF-bit framework in other material systems providing
reproducibly distinguishable and switchable local GF states.

CONCLUSION

We demonstrated a thermally switchable GF-bit strain-sensing system based on a programmed dual-phase
shape-memory polymer/CB composite. Thermal actuation changes the polymer shape state and the
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strain-dependent response of the CB network, whereas mechanical strain provides the sensing readout input.
A single sensing pixel exhibited high- and low-GF states of 72.1 and 3.3, respectively, corresponding to an
approximately 22-fold difference. Temperature-dependent measurements identified a high-GF regime over
the tested range of 5-45 °C, a principal GF-switching region over approximately 45-54 °C, and a low-GF
plateau over the tested range of 54-70 °C. The 22 and 54 °C conditions serve as representative readout
temperatures for the high- and low-GF states, respectively, rather than material phase-transition onset or
peak temperatures. The two GF states remained distinguishable over the tested 50-cycle thermal switching
interval, although gradual cycle-dependent shifts in the characteristic GF levels became evident during later
cycles. Temperature-sweep rheological measurements on specimens subjected to 0, 20, and 50 prior
switching cycles showed broadly comparable temperature-dependent storage- and loss-modulus profiles,
supporting retention of the characteristic bulk viscoelastic response under the tested preconditioning
histories. In a representative recovery test, high-temperature erasing followed by thermomechanical
reprogramming restored the attenuated GF states to values close to their initial levels, supporting post-
cycling erasability and reprogrammability of the programmed GF states under the tested protocol. At the
array level, local binary GF states were integrated into series, parallel, and 3 x 3 configurations to generate
discrete effective-GF outputs. The measured array-level trends were rationalized using a finite-strain circuit
model based on fitted unit-level GF values, measured initial resistances, and exact series/parallel circuit
relations. The resulting low-, intermediate-, and high-effective-GF states provide selectable output windows
under nominally matched mechanical-input protocols. Together, these results establish GF as a thermally
switchable and electrically combinable material-state gain variable for programmable flexible sensor arrays.
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