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Strain-insensitiveMXene-basedwearable
temperature patch with integrated
thermoelectric cooling for continuous
infant thermal monitoring and in-situ
treatment
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Feng Xu4 & Yao Yao1

Continuous and accurate nighttime monitoring of infants’ body temperature is crucial for early fever
detection and timely interventions, directly impacting their health. However, existing wearable
temperature sensors are often sensitive to body movement-induced strain, causing inaccurate
readings, and lack integrated active temperature regulation. Here, we developed a strain-insensitive
wearable temperature patch that integrates a flexible MXene-based thermal sensor with a
thermoelectric cooling module for continuous monitoring and in-situ cooling treatment. The thermal
sensor employs an alternating laminated architecture with interfacial interlocking, incorporating PVA/
CNF/MXene/Fe(II) composites, achieving a high strain insensitivity with a gauge factor of 0.5 and high
thermosensitivity with a sensitivity of 1.78% °C−1, a resolution of 0.5 °C, and a rapid response time of
7 s within a 20–70 °C range. Upon fever detection, the cooling module can lower skin temperature by
2 °C. This wearable system provides a practical solution for infant thermal management, potentially
enhancing health outcomes.

Ensuring the safety and well-being of infants during nighttime is of
paramount importance, as it directly impacts their overall health and
development1–3. Sudden health issues such as fevers can arise quickly,
requiring immediate attention to prevent complications4–7. Con-
tinuous monitoring of an infant’s body temperature is crucial for early
detection and timely intervention. However, conventional thermo-
meters only provide single-point measurements and cannot offer
continuous, real-time monitoring, leaving parents and caregivers
vulnerable to missing potentially dangerous shifts in body
temperature8,9. Therefore, this limitation highlights the need for more
effective and continuous methods to monitor and regulate an infant’s
body temperature, especially during sleep when they are less likely to
show noticeable signs of distress.

Recent advances inwearable temperature sensors have explored various
thermosensitive materials, including nanomaterials (e.g., graphene10–14, car-
bon nanotubes15–18, and silver nanowires19), organic conductive materials
(e.g., PEDOT:PSS20,21 and polyaniline22,23), metallic materials (e.g., silver24,25,
platinum26–28, and gold28), MXene nanosheets29–31, and other composite
materials32–39. These materials have been employed to construct intrinsically
stretchable conductive networks with enhanced precision and thermo-
sensitivity. Among them, MXene nanosheets have attracted significant
attention due to their excellent conductivity, mechanical strength, and
processability40. Incorporating MXene into flexible substrates like polyvinyl
alcohol (PVA) and reinforcing with cellulose nanofibers (CNF) can enhance
mechanical flexibility and durability. However, one significant challenge in
wearable temperature sensors is strain sensitivity, where mechanical
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deformation can lead to resistance changes and negatively affect the accuracy
of temperature readings41. This is particularly problematic in applications
where movement is inevitable, such as infant care.

Various strategies have been employed to mitigate strain sensitivity,
such as designing interlocking layered structures that lock the relative
positions of layers and minimize the impact of motion interference on
resistance values41,42. This approach enhances mechanical stability and
improves temperature response accuracy. Despite these advancements,
integrating active thermal regulation into wearable devices remains chal-
lenging for managing elevated body temperatures, such as those resulting
from fever43,44. Solid-state cooling technologies, particularly thermoelectric
cooling, offer promising solutions for localized fever treatment due to their
simplicity, reliability, and potential for miniaturization45–51. The thermo-
electric cooling can provide localized cooling without the need for com-
pressors or refrigerants, making it suitable for wearable applications.

In our study, we designed a wearable device that integrates a flexible,
strain-insensitive temperature sensor with a thermoelectric coolingmodule
for infant care during nighttime. Our temperature sensor utilizes an alter-
nating laminated architecture with interfacial interlocking, incorporating
MXene nanosheetswithin a PVA/CNF compositematrix. The introduction
of Fe(II) ions serves as a crosslinking agent, enhancing structural integrity
without sacrificing flexibility. This design effectively minimizes strain
interference, achieving a high strain insensitivity with a gauge factor of 0.5.
The thermoelectric coolingmodule provides in-situ cooling treatmentwhen
a fever is detected, actively regulating the infant’s body temperature. Our
integrated device operates within a temperature range of 20–70 °C, exhi-
biting a sensitivity of 1.78% °C−1, a resolution of 0.5 °C, and a rapid response
time of 7 s. The thermoelectric cooling module can lower skin temperature
by 0.5 to 2 °C, achieving a maximum cooling efficiency of 1 °C per hour.
Through finite element analysis (FEA) and experimental validation, we
confirmed that our design effectively disperses stress and prevents contact
between adjacent layers, reducing resistance changes due to mechanical
strain. This advancementnot only addresses the immediate needs of parents
and caregivers by providing continuousmonitoring and active temperature
regulation but also contributes to the broader field of wearable biomedical
devices. Our novel solution holds significant potential for improving infant
healthcare and could be extended to other applications requiring precise
temperature monitoring and regulation in dynamic environments.

Results
A laminated strain-insensitive temperature patch is fabricated
using an interfacial interlocking mechanism
To address the need for continuous temperaturemonitoring and automatic
cooling in infant night care, we developed a strain-insensitive temperature
patch that enables real-time thermal monitoring, fever alerts, and in-situ
cooling treatment when the forehead temperature exceeds 38 °C (Fig. 1a).
The design and construction of the device consist of fourmain components:
a thermal sensor, a cooling module, a flexible printed circuit board (FPCB),
and an encapsulating layer (Fig. 1b).

The cooling module works through the Peltier effect, where thermal
energy is captured or released at the connection of two different semi-
conductor materials when an electric charge flows through (Fig. 1c). Upon
detecting a fever, the cooling module activates to provide immediate cooling
treatment, ensuring the comfort of the sick infant (Fig. 1d). For precise
temperature detection, we designed the thermal sensor module with an
interlocking structure (Fig. 1e). It comprises alternating layers of polyvinyl
alcohol (PVA), cellulose nanofibers (CNF), MXene nanosheets, and iron(II)
ions (Fe(II)), forming a composite (PCMF) thermosensitive layer. MXene
nanosheets respond resistively to temperature variations, while PVA con-
tributes elasticity, assuring the mechanical integrity of the sensor. The coor-
dination bonds formed between the carboxyl groups of Fe(II) and the
nanocellulose reinforce the polymer network interactions, ensuring accurate
temperature measurements while maintaining strain insensitivity.

To evaluate the mechanical performance of the interlocking structure,
we performfinite element analysis (FEA), which reveals that the interlocked

layers alleviate stress concentration under strain (Fig. 1f). This design leads
to energy dissipation and deformation suppression (Supplementary Movie
1). At low strain levels, the lack of contact between layers prevents the
formation of new conductive paths, enhancing temperature measurement
accuracy. At high strain levels, new conductive paths form, reducing
resistance and maintaining measurement accuracy.

Our results indicate that the strain-insensitive temperature patch
effectively combines continuous thermal monitoring with in-situ cooling
treatment, providing a practical solution for infant night care.

The PVA/CNF/MXene/Fe(II) composite enhances mechanical
stability and electrical conductivity
To assemble the laminated structure, we stacked individual layers and
sprayed a 1M FeCl₂ solution between each adjacent layer to create inter-
facial bridging. We applied a compression process at 20MPa for 20min to
strengthen the interfacial interactions among MXene, CNF, and Fe(II) and
to minimize interlayer voids. The resulting CNF/PVA/MXene/Fe(II)
composite film, depicted in Fig. 2a, exhibits a rough surface morphology
with small protrusions (Fig. 2b), which facilitate interfacial bridging. Col-
orized SEM images (Fig. 2c and Supplementary Fig. 3) and AFM images
(Supplementary Fig. 4) confirm the dense, tightly integrated lamellar
structure of the composites.

We selected Fe(II) for its unique ability to form coordination
bonding with the functional groups (–F, –O–, –OH) on MXene
nanosheets, effectively balancing bonding strength andmaterial stability
without oxidizing MXene, unlike trivalent ions like Fe(III)52. By dis-
rupting electrostatic repulsion, Fe(II) facilitates the assembly of a stable
3D MXene hydrogel, making it an optimal choice for our composite.
MXene nanosheets, with abundant functional groups (–F, –O–, –OH),
extensive surface area, exceptional mechanical strength, and excellent
conductivity, are key to chemosensitivity and mechanical flexibility. To
enhance conductivity and thermosensitivity, we uniformly distributed
MXenewithin the PVA andCNFmatrix (Fig. 2d and Supplementary Fig.
5), enabling efficient electron transport and precise temperature detec-
tion. TEM observations (Fig. 2e) revealed MXene’s lamellar structure
with elements C,O, Ti, and F (Supplementary Fig. 6), alongwith wrinkles
and curvature indicating mechanical flexibility. The 0.25 nm lattice
fringe corresponds to the Ti3C2Tx (006) plane. While MXene offers
excellent mechanical and conductive properties, PVA enhances overall
mechanical performance and interface compatibility. However, hydro-
gen bonds and van der Waals forces alone may be insufficient for stable
interfacial bridges between PVA and MXene layers, potentially com-
promising strain insensitivity. To address this, we introduced coordi-
nation interactions between metal ions and functional groups, such as
the carboxyl groups (–COOH) of CNF and Fe(II), to strengthen inter-
facial bridges. CNF, with high aspect ratios and abundant functional
groups (–OH, –COOH), further reinforces these bonds. Additionally,
hydroxyl groups (–OH) on PVA molecules form hydrogen bonds with
CNF and MXene, promoting dispersion and stabilization. Electrostatic
interactions facilitated by these groups enhanceMXene dispersion in the
PVA matrix. Therefore, the strategic combination of PVA, CNF, and
MXene synergistically enhances film-forming properties, mechanical
strength, and electrical conductivity in the composite material.

To verify these synergistic effects, we conduct a series of characteriza-
tions. FTIR spectroscopy (Fig. 2f) revealed a diminished peak at 1608 cm−1

and a new peak at 1720 cm−1, indicating metal complexation between
–COOH and Fe(II). The XPS full-spectrum map (Supplementary Fig. 7) of
CNF/MXene andMXene composites confirms the presence of C, O, Ti, and
Fe elements, consistentwithEDSmapping.High-resolutionXPS spectra ofO
1s andF1s (Supplementary Fig. 7) shownewpeaks for Fe–OandFe–Fbonds
at 531.7 eVand685.28 eV inMXene/Fe(II), suggestingFe(II) interactionwith
MXene’sOandFgroups, aligningwithprevious reports53. Ti 2pandC1sXPS
spectra (Fig. 2g, h) of MXene and MXene/CNF show positive shifts in
C–Ti–OH (455.98 to 456.08 eV), C–Ti–O (456.98 to 457.08 eV), C–O
(285.48 to 285.68 eV), and Ti–O (456.98 to 457.08 eV) bonds, reflecting
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numerous hydrogen bonds between MXene and CNF. The XPS analyses
highlight synergistic effects, including hydrogen bonding, coordination
bonding, and ionic bonding amongCNF,MXene, and Fe(II), contributing to
strong interfacial bridging in the composite (Fig. 2i). Furthermore, the
Thermogravimetric-Differential Scanning Calorimetry (TG-DSC) experi-
mental results further verify the strong interfacial bridging effect (Supple-
mentary Fig. 8). The TG-DSC results reveal that the incorporation of Fe(II)
reduces the totalmass loss by9.4%(from57.37%to47.95%) and increases the
residual content to52%, indicating enhanced thermal stabilitydue toFe2+ and
carboxyl coordination. The small endothermic peak near 300 °C is attributed
to the breaking of Fe-O coordination bonds, which is consistent with the
FTIR data showing a shift of the -COOH vibration peak (1608 cm−1).

To further explore the strain insensitivity and conductivity of the
composite, we performed strain sensitivity tests. We observed that
increasing the number of layers decreases strain sensitivity (Fig. 2j). Under
increasing compressive stress, the film thickness decreases, leading to an
initial gradual decline in resistance, followed by a sharp rise (Fig. 2k and
Supplementary Figs. 9 and 10). Under tensile strain, the cross-sectional area
decreases, resulting in tighter interlayer contact, but no obvious cracks on
either the surface or the cross-section of the film under strains up to 50% are
observed (Supplementary Fig. 11). This behavior is attributed to the inter-
locking and collaborative effects among CNF, PVA, MXene, and Fe(II)
within the layered film structure. When external pressure is applied, the
adjacent layers are forced closer together, creating new electron flow paths.

Fig. 1 | Schematic of the strain-insensitive temperature patch for infant night care
on thermal monitoring and in-situ cooling treatment. a Applications of the
wearable patch for body temperaturemonitoring, fever alarming, and in-situ cooling
treatment. b The designed commercial product and its construction. cWorking
principle of the thermoelectric refrigeration system. d Infrared images of the hot and

cold sides of the cooling module. e Schematic overview of the strain-insensitive
thermal sensor via a laminated strategy and spraying Fe(II) for the bonding of the
adjacent layers, as well as the interfacial bridging structure. f Finite element analysis
of the strain-insensitive mechanism.
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Conversely, more layers increase tensile strength, as the interlocking and
presence of multiple layers enable the redistribution of stress within the
structure, reducing the impact of localized strains. In practical applications,
the thermal sensor thickness is influenced by both the number of layers and
compression stress. A greater number of layers increases thickness, leading
to higher strain insensitivity but lower elasticity. Excessive compression
stress can cause damage, reducing temperature sensitivity, while insufficient
compression stress hinders crosslinking. Therefore, balancing these factors
is essential for optimal sensor performance.

The relationship between pressure, film thickness, intrinsic resistance,
and strain insensitivity depends on the interactionmechanisms between the
material components. As the film thickness decreases under excessive
pressure, the conductive pathways may be disrupted or reorganized,
increasing intrinsic resistance. Considering these factors, we chose 8
structural layers to achieve a skin-like stiffness (~0.25MPa) and maintain
temperature measurement stability during a 20MPa compressive load,
allowing the temperature-sensing layer to conform to human skin. Our
results indicate that the strong interfacial bridging facilitated by Fe(II)

Fig. 2 | Architecture characterization of the sensing material. a Digital images of
the PVA/CNF/MXene/Fe(II) composites (PCMF). b The surface morphology and
c colorized cross-section SEM imagewith clearmulti-layers architecture.dTEMand
EDS images of PVA/CNF/MXene composites (PCM) and e single-layer MXene.
f FTIR spectra of CNF, CNF-Fe(II). g Ti 2p and h C 1s XPS spectra of CNF/MXene

and MXene composites. i Illustration of interfacial bridging based on synergistic
effects between PVA, CNF, MXene, and Fe(II). j ΔR/R0 versus strain for different
layers stacking. k Resistance and thickness of PCMF as functions of the compressive
stress for the laminated strategy.
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coordination and the synergistic interactions among CNF, PVA, and
MXene enhance the strain-insensitive temperature sensing capabilities of
the composite patch.

The laminated MXene-based flexible thermal sensor exhibits
high thermosensitivity and rapid response suitable for human
body temperature monitoring
To develop a flexible thermal sensor suitable for continuous body tem-
perature monitoring, we constructed a device composed of three primary
components: the thermal sensor element, PDMS encapsulation, and copper
wires (Fig. 3a). The PDMS encapsulation protects theMXenematerial from
environmental instability and prevents dust accumulation, thereby
enhancing the sensor’s durability. Copper wires serve as conduits for elec-
trical connections between the sensor and the measurement or control
system, enabling seamless data transmission. To achieve high thermo-
sensitivity, we designed the thermosensitive mechanism of the alternating
laminated composites based on their unique layered structure and the
interactions between these layers (Fig. 3b). MXene nanosheets, functioning
as the thermosensitivematerial, are uniformly dispersedwithin the polymer
matrix, forming a highly conductive network. At elevated temperatures, the
conductivity ofMXene increasesdue to the activationof additional electrons
from the valence state to the conduction state.

To evaluate the thermal responsiveness of the flexible sensor, we
measured changes in electrical resistance (ΔR/R₀) as a function of tem-
perature variation.We observe that the resistance of the sensor consistently
decreases in a nonlinear manner within the thermal condition spanning
from20 °Cup to 70 °C (Fig. 3c), including a range suitable for humanhealth
monitoring. This behavior confirms the negative temperature coefficient
(NTC) characteristic of MXene, underscoring its efficacy as a thermo-
sensitivematerial. To quantify the thermosensitive performance,we employ
the temperature coefficient of resistance (TCR):

TCR ¼ ðR2 � R1Þ=ðR1 ×ΔTÞ ð1Þ

where R2 and R1 represent the resistance at higher and lower temperatures,
respectively, and ΔT denotes the temperature difference between the two
measurements. A higher TCR indicates greater thermosensitivity. We find
that the TCR exhibits a nonlinear variation, dramatically increasing from
0.2% °C−1 to 4.8% °C−1 across the temperature range of 20–70 °C (Fig. 3d).
The average TCR of 1.78% °C−1 greatly surpasses literature values for
temperature-sensitive patches. To assess the sensor’s stability anddurability,
we performed cyclic heating and cooling tests between 20 °C and 70 °C.We
observed consistent thermal responses with overlapping curves and
negligible hysteresis (Fig. 3e). We further verified the sensor’s performance

Fig. 3 | Thermosensitive performances of the temperature module. a Flexible
thermal sensor. b Thermal sensing mechanism. c Negative resistance response to
gradient temperature. d Heating and cooling cycles (20–70 °C). e Non-linear
dependence of ΔR/R0 versus temperature. Dynamic heating-cooling cycles of the

thermal sensor in f wide temperature range (25–45 °C, with temperature loading
rates of 8 °C/min, 6 °C/min, 4 °C/min) and g temperature resolution 0.5 °C.
h Response time to temperature variation from 37 °C to 38 °C.
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under different temperature cycles with varying loading rates (±4 °Cmin−1,
±6 °Cmin−1, ±8 °Cmin−1, as shown in Fig. 3f) and temperature ranges
(25–35 °C, 25–45 °C, 25–50 °C in Supplementary Fig. 12). We found that
the sensor withstands a maximum loading rate of 8 °C/min and 20
alternating cycles without noticeable signal fluctuation, maintaining a TCR
of 1.35–2.2% °C−1. These results indicate that the sensor performs well
under demanding conditions.

To evaluate the sensor’s responsiveness within the human body
temperature range, we test its temperature resolution and response time.
We observed that the sensor achieves a desirable temperature resolution
of 0.5 °C (Fig. 3g), enabling precise monitoring. The resistance change is
0.75%, which is comparable to the resistance change under 5% strain, and
at this strain, it does not significantly affect the accuracy of temperature
measurement. Furthermore, we found that the sensor demonstrates an
exceptional instantaneous response time of approximately 7 seconds
when subjected to a temperature change from 37 °C to 38 °C (Fig. 3h),
reinforcing its potential for real-time applications. Considering that the
temperature coefficient of resistance (TCR) is 2% °C−1 within the range of
30–40 °C, if no resistance change compensation is applied, the allowable
resistance variation for a 1 °C accuracy loss is 2%. The resistance change
reaches approximately 2% by the fourth day, indicating that the sensor
can maintain its performance stability for at least 4 days (Supplementary
Fig. 13). The observed variation in resistance, which exceeds 10% after
approximately eight days, indicates potential limitations in the long-term
stability of the material. The PDMS encapsulation layer permits the
permeation of oxygen, thereby facilitating the oxidation of Fe(II) to
Fe(III), which increases the resistance of the MXene layer. The primary
mechanism responsible for the long-term instability is the electrolytic
reaction of FeCl₂ within the polymer matrix. With an average TCR of
1.78% °C−1, a 6% resistance increase from 16% strain could mimic a
3.4 °C temperature rise. However, under real-world infant monitoring
during physiologically stable conditions with strain <5%, resistance
changes remain minimal (<0.75%), keeping temperature error below
0.5 °C. For large strain applications, our 16-layer composite reduces 16%
strain effects to a 0.46% resistance change (GF = 0.08), optimally bal-
ancing comfort, strain insensitivity, and thermal accuracy for
pediatric care.

In summary, our flexible thermal sensor exhibits superior thermo-
sensitivity (1.35–2.2% °C−1), reliable operation across a wide temperature
range (20–70 °C), stability during alternating temperature cycles (20 cycles),
rapid response time (~7 s), and high-temperature resolution (0.5 °C). These
features are attributed to the incorporation of thermosensitive MXene
nanosheets and the innovative laminated design, which collectively out-
perform conventional systems using nanoparticles or nanofillers such as
carbon nanotubes (CNTs), graphene, silver (Ag) wires, and Platinum
(Supplementary Fig. 14 and Supplementary Table 1). The results indicate
that our sensor holds significant potential for human body temperature
monitoring in wearable biomedical devices.

Laminated structure and interlocking mechanism enable strain-
insensitive thermal sensing
While our previous studies confirm the accuracy and reliability of the
flexible thermal sensor in static conditions, achieving precise thermosensing
in dynamic environments requires addressing strain sensitivity. To this end,
we investigated how the sensor’s innovative design, featuring alternating
laminated layers and interfacial interlocking, contributes to strain-
insensitive thermal sensing.

To assess the strain-insensitive characteristics of the sensor, we per-
formed both experimental and theoretical analyses. Experimentally, the
surface topography of the composites was obtained using confocal laser
scanning microscopy (CLSM). The analysis revealed that the surface of
primitive polyvinyl alcohol (PVA) is smooth (Fig. 4a). In contrast, the PVA/
CNF, PVA/CNF/MXene, and PVA/CNF/MXene/Fe(II) composites exhibit
significant protrusions and increased roughness values ranging from 1.7 to
4.7. These roughmicrostructures enhance surface contact and exposemore

hydrophilic groups (–OH, –COOH), leading to stronger interfacial bonds
driven by the collaborative effects among PVA, CNF, MXene, and Fe(II).
The results indicate that the laminated structure contributes to strain
insensitivity under dynamic conditions.

Theoretically, we investigated the strain insensitivity characteristics of
the tough surface and alternating laminated architecture using FEA (Fig.
4b)41,42. We simulated the stress–strain evolution under sensing layer
deformations ranging from7% to 31.1%.Weobserved that significant stress
distribution occurs beneath the interlocking regions of adjacent layers, as
indicated by brightly colored areas in the simulation results. These regions
provide numerous pathways for stress transfer, amplified by enlarged
contact areas. Furthermore, its strain-resistance performance is notable,
with a gauge factor of 0.5within the 0–30%strain range (SupplementaryFig.
15). This value is substantially lower than that of homogeneous composites
(GF > 0.7). Themechanism relies on dynamic chemical interactions among
components. Fe(II) ions serve as hooks, establishing strong coordination
bonds between CNF and MXene, while PVA chains form a stretchy
hydrogen-bonded network. These interactions distribute external stress like
a car’s shock absorber, preventing localized stress buildup that leads to
cracking. The highest principal stress at the interlocking interfaces induces
for sliding and bending at the interfaces, rather than cracking, resulting in
in-plane stress dispersion near the contact elements (Supplementary
Fig. 16). The results indicate that the combination of strong interfacial
interlocking and rough textured surfaces suppresses deformation and
minimizes interfacial interactions, thereby enabling strain-insensitive
thermosensation.

To further evaluate strain insensitivity, we integrated classical
mechanics with experimental validation. Using classical lamination theory
(CLT), we modelled interlayer stress distribution in the laminate structure,
where rigid MXene/PVA (“bricks”) and flexible CNF/Fe(II) (“mortar”)
layers enable uniform stress propagation. The interlocking architecture
enhances interfacial contact area for optimized load transfer, preventing
early interface failure. CLT shows that increasing layers improves stress
transfer efficiency, reducing strain sensitivity (Fig. 2k). Micromechanical
analysis via the rule of mixtures calculates the laminate’s effective elastic
modulus, confirming that a higher ratio of rigid MXene/PVA layers lowers
the gauge factor (GF), aligning with reduced strain sensitivity (Fig. 2j). FEA
simulations (Fig. 4b) validate stress concentration in interlocking regions,
facilitating stress dissipation through micro-sliding/bending rather than
cracking. Experimentally, under infant movements (strain <5%), resistance
change remains <0.75%, leading to a 0.5 °C temperature error (Fig. 3g). The
laminate structure decreases mechanical noise, ensuring resistance varia-
tions primarily reflect thermal signals.

To validate the numerical simulation results, we conducted experi-
mental comparisons. We observed that the laminated structure with effi-
cient interfacial locking exhibits superior strain-insensitive thermosensing
capabilities compared to structures lacking this feature (Fig. 4c). This
enhanced performance is attributed to the PVA/CNF/MXene/Fe(II) com-
posite’s ability to effectively absorb stress in a vertical stress field, thereby
limiting deformation and reducing strain sensitivity, as illustrated in Fig. 4d.
To assess the mechanical robustness of the composites, we performed
puncture resistance tests. We found that the PVA/CNF/MXene/Fe(II) and
PVA/CNF/Fe(II) composites exhibit significantly greater puncture resis-
tance than the PVA/CNF and PVA/CNF/MXene counterparts (Fig. 4e).
This indicates that the inclusion of Fe(II) enhancesmechanical strength.We
also evaluate the temperature response of both punctured and non-
punctured flexible thermal sensors and observe similar responses (ΔR/
R₀ ~ –50%, ΔT ~ 20 °C), highlighting negligible hysteresis (Fig. 4f). This
suggests that the sensormaintains its thermosensingperformance evenafter
mechanical damage.Furthermore,we conducted cyclic fatigue testingunder
30% strain, while the material retained 92% of its electrical stability after
approximately 8,000 cycles (Supplementary Fig. 17), indicating excellent
durability. The loading–unloading curves exhibit larger hysteresis and
residual strains for composites with Fe(II) (Fig. 4g,h), suggesting enhanced
energy dissipation mechanisms due to the presence of Fe(II). Cross-
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sectional SEM images confirm the robust profiles resulting from the lami-
nated structure and effective interfacial bridging.

In practical applications, the thickness of PDMS encapsulation sig-
nificantly impacts the strain-insensitivity behavior of the sensor. As the
encapsulation thickness increases from 0.6mm to 1.4 mm, both axial and
vertical strain decrease (10.2% and 15.5%, respectively) due to enhanced
mechanical damping (Supplementary Fig. 18). This leads to a reduction in
the piezoresistive response, with an 18% decrease in resistance variation for
the thicker encapsulation (1.4mm) compared to the thinner one (0.6mm).
While thicker encapsulations reduce strain effects and improve sensor
stability, they introduce a temperature gradient due to the insulating
properties of PDMS, which can affect temperature measurements by
increasing thermal resistance. To balance these factors, a 400 μm thick
PDMS encapsulation is used in this study. A 2mm thick PDMS block
(2 cm × 2 cm) is also added between the thermal sensor and FPCB to
maintain consistency in mechanical properties and ensure the combined
thickness matches that of the thermoelectric cooler. Additionally, under
typical infant forehead movements (strain <5%), the resistance change is
<0.75%. This corresponds to a temperature error of 0.5 °C, which is within
the sensor’s resolution (Fig. 3g). Under typical infant forehead movements
(<5% strain), the resistance change is <0.75%, equivalent to a 0.5 °C tem-
perature error (within the sensor’s resolution).

These results indicate that the laminated structure and interlocking
mechanism significantly enhance the strain-insensitive thermal sensing

capabilities of the sensor, making it suitable for dynamic wearable
applications.

Optimizing electrical parameters enhances the cooling perfor-
mance of the thermoelectric module for in-situ temperature
regulation
To enable active regulation of abnormal body temperatures, we integrated
the flexible thermal sensor with a thermoelectric coolingmodule, creating a
comprehensive closed-loop system for managing body temperature. To
evaluate the performance of the cooling module, we designed an experi-
mental setup (Fig. 5a) that includes a heater to simulate heat generation, a
voltage source to power the thermoelectric cooler, a thermocouple ther-
mometer for real-time temperature measurement, and a PDMS film to
simulate human skin’s heat transfer properties. The thermoelectric cooling
module consists of two different semiconductor materials, electrically
connected in series and thermally in parallel, generating a temperature
difference for efficient coolingorheating (Fig. 5b). Bycontrolling the current
flow, we can actively cool or heat specific areas (Fig. 5c).

To investigate the effect of the coolingmodule’s electrical resistance on
the cold-side temperature and coefficient of performance (COP),we studied
its performance under various thermal resistive conditions (Supplementary
Fig. 19). We observed that, in both low and high thermal resistance sce-
narios, coolingmodules with higher electrical conductivity achieve superior
cooling effects, attaining lower cold-side temperatures (Fig. 5d, e). The

Fig. 4 | Strain-insensitive thermal sensor via laminated structure and interlocked
effect. a Confocal laser scanning microscope (CLSM) images reveal the surface
roughness of the interfacial bridging. b Finite element analysis of stress distribution
of laminated architecture at varying deformation ratios (7.0%, 13.1%, 19.5%, 25.1%,
31.1%). Strain-insensitive (c) test and (d)mechanism. ePuncture test for PVA/CNF/

MXene/Fe(II) composites (PCMF), PVA/CNF/MXene composites (PCM), PVA/
CNF/CNF composites (PCF) and PVA/CNF composites (PC). f Thermosensitivity
maintenance of thermal sensor with strain-insensitivity after being punctured.
Cyclic loading and unloading curves for PCMF (g) and PCM (h). Insets show cross-
sectional SEM images after 50 cycles.
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results indicate that enhanced electrical conductivity facilitates better cur-
rent flow, thereby boosting cooling performance. However, we also found
that increasing the voltage improves the cooling temperature difference but
raises the current, which can generate additional heat due to self-resistance.
This self-heating effect may cause the cold-side temperature to rise above
ambient levels if not properly managed (Supplementary Fig. 20). Addi-
tionally, the thickness of the packaging results in a lower cooling rate, and
the more time required to reach the stabilized temperature increases
(Supplementary Fig. 21). Therefore, effective heat dissipation on the heat
source side is crucial formaintaining cooling efficiency on the heat sink side
(Supplementary Fig. 22). As shown in Fig. 5f, increasing the voltage initially
lowers the cold-side temperature but can later cause it to rise due to heat
transfer fromtheheat source side.Despite this, the cooling response remains
effective, maintaining the final temperature below the initial skin
temperature.

To understand the effect of applied voltage frequency on the ther-
moelectric cooling module, we investigated its cooling performance at dif-
ferent frequencies (0.05 Hz, 0.1 Hz, 0.2 Hz). We observed that higher
frequencies generally result in better cooling effects (Fig. 5g), and cyclic
stability is demonstrated due to thermal inertia and response time (Fig. 5h).
At lower frequencies, such as 0.05Hz with a 20-s “on” and “off” cycle, the
module has a longer “on”phase, allowing for a greater transient temperature
difference. During the “off” phase, more heat transfers from the thermal

source side to the heat dissipation side, resulting in a smaller final stable
temperature. In contrast, at higher frequencies like 0.2 Hz, the module has
less “on” time, leading to a lower temperature difference but a lower final
stable temperature, 3 °C below ambient. This sacrifices a larger temperature
difference for a lower stable temperature. We found that at very high fre-
quencies, the module may not fully respond to each voltage cycle, limiting
the maximum cooling potential. As frequency increases, the on-off periods
shorten, restricting heat transfer from the thermal source side to the heat
dissipation side. Consequently, the cold-side temperature drops below the
initial ambient temperature. The results indicate that selecting an optimal
frequency that balances cooling efficiency and temperature differentials,
considering thermal characteristics, is crucial.

Integrated wearable system provides continuous temperature
monitoring and effective in-situ cooling for infant care
To create a comprehensive system for temperature perception and in-situ
cooling, we integrated the flexible thermal sensor with the thermoelectric
cooling module. We developed a wearable device capable of monitoring
different body parts such as the mouth, forehead, armpit, chest, and wrist
(Fig. 6a and SupplementaryMovie 2). The device consists of key layers, each
with a specific role. TheFlexible Substrate Layers protect the internal circuits
and sensors from dust and contamination. The FPCB Layer handles elec-
trical connections and signal transmission. The Thermal Sensor Layer

Fig. 5 | In-situ cooling treatment of the thermoelectric cooling module.
a Schematic of an experimental setup to simulate fever for accessing performance of
the thermoelectric cooling module. b Schematic representation of thermoelectric
cooling mechanism. c Infrared thermal imaging diagram of thermoelectric module
for personal in-situ cooling treatment. d The final stabilization temperature of the
cold side in thermoelectric modules and e temperature difference between two sides

(with resistors resistance of the thermoelectric coolingmodule = of 1.7Ω, 2.4Ω, and
6.0Ω) under different voltages while both cold and hot sides exposed to the sur-
rounding air. Cooling effects at different f voltages (0.1 V, 0.5 V, 1 V, 2 V, on skin)
and g frequencies (0.05 Hz, 0.1 Hz, 0.2 Hz at 1 V). h The stabilization and repeat-
ability of cooling effect.
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monitors temperature, tracking body temperature to ensure safe operation.
The Cooling Module Layer prevents overheating, maintaining optimal
temperatures for stability. Lastly, the Skin Layer simulates human skin. This
system detects temperature deviations, helping identify potential health
issues like fever or infections.

We constructed the wearable system to facilitate dynamic and con-
tinuous temperature monitoring through the flexible thermal sensor. The
sensor transmits data in real-time toamobile applicationviaBluetooth,with
a display resolution of 0.05 °C.When the temperature of the targeted region
exceeds the normal human body range, the microcontroller unit (MCU)

activates the thermoelectric cooling module to regulate the temperature
(Fig. 6b). This closed-loop system ensures efficient and timely temperature
management, enhancing both health monitoring and comfort.

We designed the control circuit board with four key components, as
illustrated in Fig. 6c and Supplementary Fig. 23. The first component is the
temperature sensor interface, which supports multiple sensor connections,
although only one is used in our experiment. The second component is the
temperature processing and control unit,whichprocesses temperature data,
performs calculations, and makes decisions based on variations of relative
resistance with temperature (Fig. 6d). The third component is the

Fig. 6 | Assessments of the smart temperature patch in both static and dynamic
scenarios for personal thermoregulation. a An overview of body temperature
monitoring. b Schematic diagram of the functional modulus of the smart tem-
perature patch. c FPCB of the smart temperature patch for signal transmission and
procession. d The relationship between resistance and temperature. e Real-time

temperature detection during relaxing and running. f Infant’s temperature detection
in the morning and evening. g Real-time and accurate temperature detection with
stability across different parts of body. h Personal thermoregulation test, including
fever detection and in-situ cooling treatment.
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thermoelectric cooling module, positioned underneath the control circuit
board, providing localized cooling therapy upon activation by the MCU.
The fourth component is the power supply management system, featuring
circuitry for lithium battery operation, regulating and distributing power to
the system components. The thermal sensor and thermoelectric cooler are
mounted underneath the FPCB, each occupying approximately half of the
available space. The thickness of the temperature sensor is carefullymatched
with the thickness of the thermoelectric module to maintain uniformity.
This design ensures that the device does not interfere with wearability,
providing comfort during use without causing any noticeable discomfort
(Supplementary Fig. 24).

We test the system’s capability to provide continuous and precise
temperature monitoring under dynamic conditions. We observed that the
device functions effectively during physical activities such as running (Fig.
6e), during early morning and eveningmonitoring of children (Fig. 6f), and
when measuring temperature on different body parts (Fig. 6g). Upon
detecting abnormalities, thermoelectric cooling technology is activated for
targeted cooling.

To demonstrate the module’s capability for localized cooling, we
conducted a simulated experiment (Fig. 6h). We used a PDMS film
representing skin, which we heated to mimic prolonged fever, raising the
temperature from 36.8 °C to 38 °C and maintaining it at this level for
approximately 2min.We then activated the thermoelectric coolingmodule,
which rapidly decreased the PDMS film temperature to 31.2 °C before it
slowly increased and stabilized at 37.0 °C. We observed that the module
effectively reduces the temperature, indicating its potential for fever
reduction or temperature management applications. The results indicate
that the integrated wearable system provides continuous temperature
monitoring and effective in-situ cooling, making it a promising tool for
infant care and other biomedical applications requiring precise temperature
control.

The potential applications of this wearable system are vast. In addition
to infant care, it could be beneficial in sports, as demonstrated in Fig. 6e,
where the device effectively monitors body temperature during physical
activities like running, helping athletes manage their temperature during
exercise and prevent heat-related illnesses. Furthermore, the system could
be used for burning treatments by providing targeted cooling to affected
areas, offering a non-invasive method to mitigate pain and limit tissue
damage8,27,46. These applications underscore the system’s versatility,
extending its use beyond just healthmonitoring to areas like sports andburn
management.

Discussion
In this study, we have developed a novel wearable device that integrates a
strain-insensitive thermal sensor with a thermoelectric cooling module,
aiming to enhance infant care through continuous temperaturemonitoring
and in-situ cooling treatment. Wearable temperature sensors often face
challenges related to strain sensitivity caused by body movements, which
can lead to inaccurate readings and unreliable monitoring41,42,53,54. Over-
coming this limitation is crucial for ensuring precise and continuous health
monitoring in dynamic environments. To address this issue, we engineered
a thermal sensor employing an alternating laminated architecture with
interfacial interlocking. This design effectively minimizes strain-induced
resistance changes by dispersing stress and preventing layer slippage,
achieving a remarkable strain insensitivity with a gauge factor of 0.5. The
interlocking mechanism ensures that mechanical deformations do not
significantly affect the electrical conductivity, thereby maintaining the
accuracy of temperature measurements even under motion55–58. The
incorporation of MXene nanosheets, known for their high electrical con-
ductivity and mechanical flexibility, further enhances the sensor’s
performance59,60. By integrating MXene with PVA and CNF, and introdu-
cing Fe(II) ions as crosslinking agents, we established strong interfacial
interactions through hydrogen bonding and coordination bonds. This
synergistic combination contributes to the sensor’s high thermosensitivity
and mechanical robustness. Recent studies have explored various strategies

to achieve strain-insensitive sensing. For instance, a crack-based sensor was
developed to minimize strain effects42, while serpentine structures was uti-
lized to accommodate mechanical deformations61. Compared to these
approaches, our laminated interlocking design offers a simpler fabrication
process and better integration with flexible substrates, making it more
suitable for practical applications in wearable devices.

Active temperature regulation in wearable devices presents a sig-
nificant advancement in personalized healthcare, allowing not only mon-
itoring but also immediate intervention62. By integrating a thermoelectric
cooling module into our wearable device, we provide a means for in-situ
cooling treatment upon fever detection. This module effectively lowers skin
temperature by up to 2 °C, with a cooling rate of 1 °C per hour and a
coefficient of performance up to 0.6, ensuring timely interventions and
enhancing infant comfort. The thermoelectric cooling module operates
based on the Peltier effect, enabling precise control of the cooling process
without moving parts or refrigerants45. This integration allows for rapid
temperature reduction on the skin surface, enhancing comfort and poten-
tially preventing febrile seizures in infants63. Previous research has investi-
gated various cooling methods in wearable systems. For example, a flexible
thermoelectric generator was developed for body heat harvesting64, and a
wearable microfluidic system was developed for sweat-based cooling65. Our
approach distinguishes itself by focusing on active cooling rather than
passive heat management, providing immediate and controllable tem-
perature regulation.

The combination of strain-insensitive sensing and active cooling
addresses critical needs in infant care. Infants are particularly vulnerable
to rapid temperature changes, and timely intervention is essential for
their health66. Our device enables caregivers to continuously monitor an
infant’s temperature with high accuracy and respond promptly to fevers
by activating the cooling module. This technology has the potential to
reduce the burden on caregivers by providing an automated system that
alerts and initiates cooling without constant supervision. Moreover, the
data collected can offer valuable insights into an infant’s health patterns,
aiding in early diagnosis and treatment. Beyond infant care, the princi-
ples and design of our wearable device can be extended to other bio-
medical applications requiring precise temperature monitoring and
regulation. For instance, managing hyperthermia in athletes67, mon-
itoring wound healing processes68,69, or even temperature-sensitive drug
delivery systems70.

While our study presents significant advancements, there are limita-
tions and challenges that need to be addressed in future research. (1) Scal-
ability and manufacturing: scaling up the production of the laminated
interlocking sensor with consistent quality could present challenges.
Advancedmanufacturing techniques, suchas roll-to-roll processing,maybe
explored to enhance scalability71. (2) Long-term stability and biocompat-
ibility: the long-term stability of MXene materials in physiological condi-
tions needs thorough investigation. Encapsulation strategies and
biocompatibility assessments are essential to ensure safety for prolonged
skin contact72. (3) Power efficiency: the thermoelectric cooling module
requires a power source, which may limit the device’s portability and usage
time. Developing energy-efficient components or integrating energy-
harvesting technologies could mitigate this issue73–75. (4) Miniaturization
and intelligence: Integrating an advanced SoC chip, reducing component
density to enhance portability and lightness, and a large languagemodel for
health guidance76. (5) Regulatory and clinical translation: Navigating reg-
ulatory pathways and conducting clinical trials will be necessary steps
toward commercializing this technology. Collaboration with healthcare
professionals can facilitate this process77.

Our study introduces a novel wearable device that combines strain-
insensitive temperature sensing with active thermoelectric cooling, offering
a comprehensive solution for infant care. The innovative design addresses
key challenges in wearable biomedical devices, and the integration of active
cooling represents a significant advancement in personalized healthcare.
Future work will focus on optimizing the device for real-world applications
and exploring its potential across various biomedical fields.
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Methods
Preparation of materials
The single-layer Ti3C2Tx (MXene) solution (20mg/ml) was obtained from
XinxiTechnologyCompany.Cellulosenanofibril suspensions (CNF, 1.34%,
a length ranging from 400–1000 nm, and a diameter of 5–10 nm) were
purchased from Tianjin Mujingling Biotechnology Company. Poly(vinyl
alcohol) (PVA, Mw= 205,000 gmol−1 and a degree of hydrolysis of
87.0–89.0%), sodium hydroxide (NaOH), and iron (II) chloride tetra-
hydrate (FeCl2·4H2O) were acquired from Xi’an Haotian Glass Instrument
Company. Polydimethylsiloxane (PDMS) was also included from Xi’an
Haotian, with a weight ratio of 1:10, as used throughout the manuscript.

Fabrication of thermal sensor with multi-layer interlocking
architecture
The detailed fabrication process is as follows (Supplementary Fig. 1): PVA
powder (0.23 g) and CNF suspensions (0.2 g) were dissolved in deionized
water (2.85 g) at 90 °C using magnetic mixing (800 rpm, 2 h) for a homo-
geneous mixture (3.0 g). After the mixture reached room temperature,
MXene (3ml) was added to the above mixture, an ultrasound was per-
formed for 1 h under an argon environment, and then centrifuged the
mixture to remove residual bubbles. Next, PVA/CNF/MXene composite
(PCM) films were fabricated by using a blade coating machine
(50mmmin−1), followed by a drying process for 24 h at 30 °C. The dried
composite films were soaked in a highly concentrated alkaline hydroxide
(6M, 1 L) for 25min to enhance PVA crystallinity (Supplementary Fig. 2),
and then washed with deionized water. After drying, Fe(II) solution (1M)
was sprayed to obtain PVA/CNF/MXene/Fe composite (PCMF) film. The
resulting multilayered PCMF was formed through compression by using a
Bose fatigue testing machine (20MPa, 20min) and subsequently encap-
sulated by using a plastic sealing film.

Architecture characterizations
Scanning electron microscopy (SEM) observation and energy dispersive
spectroscopy (EDS) were conducted by a field emission scanning electron
microscope (Verios G4, FEI). Transmission electron microscopy (TEM)
photographs were captured using a FEI Talos F200X TEM to observe the
cross-linked components.Morphological observationswere performed by a
light microscope (BX43, Olympus). Laser confocal microscopy (LEXT
OLS4000, Olympus) was used to observe the composites’ average surface
roughness and 3D profile. XRD diffraction images were measured on a D8
DISCOVERA25 equipped with Co radiation to examine the crystallinity of
sodium hydroxide. X-ray photoelectron spectroscopy (XPS, ESCALAB
250XI, Thermo Scientific) was used to evaluate interfacial cross-linking.
Fourier transform infrared spectroscopy (FTIR, Tensor II, Bruker) was
conducted at room temperature over a range of 400–4000 cm−1. The atomic
forcemicroscope (AFM) (BrukerMultimode 8)was used to observe surface
roughness. The thermogravimetric-differential scanning calorimetry (TG-
DSC) (STA 449 F3 Jupiter) was used for thermal property analysis of the
thermal sensor.

Evaluation of mechanical properties and thermal sensitivity
Uniaxial tensile and fatigue cycle tests were performed on the multi-layer
thermal sensor by using an INSTRON 3344 material mechanics testing
machine. The resistance change of the thermal sensor was simultaneously
measured by a Keithley 2450 digital source meter. Stress relaxation tests
were conductedby using aBOSEElectroforce 3330 fatigue testerwith 150N
loading. Temperature loadingwas achievedby aRapid variable temperature
experiment box (TAR-63L). Real-time temperature detection was recorded
by using a multichannel thermometer (K-type thermocouple, YET-610)
and an infrared (IR) camera (ST9450).

Finite element analysis
Strain-insensitivity: Finite element analysis (FEA) was conducted by using
ABAQUS/CAE. In the simulation, a PVA/CNF/MXene/Fe(II) composite
(PCMF) with cross-linking architecture between layers was modeled as a

linear elastic material. The basic material properties assigned to the model
were Young’s modulus (E) = 360 kPa, Poisson’s ratio (v) = 0.3, and density
(ρ) = 1.35. The bottom surface of PCMF was set as a fixed boundary con-
dition, while the top surface was subjected to displacement loading. The
displacement loading in the z-direction was set to 50% of the thickness
(0.6mm). To vividly visualize the strain insensitivity, an interlayer inter-
connection architecture model was developed by using the CINEMA 4D
R25 software. The interface between adjacent layers was created by
expanding from a plane to a volume and introducing random noise to all
planes. In order to ensure that themodel can be imported intoABAQUS for
calculation, the model needs to be repaired by using Geomagic Design X
software. After repairing, it is then imported into HyperMesh for meshing,
and finally imported into ABAQUS for FEA.

Effect of cover case thickness: The PDMS has an elastic modulus of
800 kPa, with dimensions of 4 cm× 2 cm and thicknesses of 0.6 mm,
1.0mm, and 1.4 mm. The thermal sensor has dimensions of
3.5 cm× 1.5 cm × 0.3mm and an elastic modulus of 360 kPa. The interface
between the thermal sensor and PDMS is bonded. The applied tensile dis-
placement is 1 cm.

Strain-insensitivity assessment
Thepuncture strength testswere performedbyusing aZwell/Roell universal
material tester equippedwith a samplefixing station thathada roundholeof
30mmdiameter in the center. A steel needle with a 450 µm radius was used
for puncturing the sensor. The descending steel needle was loaded at a
50mmmin−1 rate to obtain the maximum loading force. Tensile tests were
conducted by using a Bose Electroforce 3330 fatiguemachine. Vertical force
was applied to a square sample holder to fix the thermal sensor, and resis-
tance change wasmeasured by using a Keithley 2450 digital sourcemeter to
evaluate strain insensitivity:

GF ¼ ΔR=R0

ϵ
ð2Þ

In the above equation,ΔR is the resistance change,R0 is the initial resistance,
ϵ is tensile strain, and gauge factor (GF) is strain sensitivity. A lower value of
GF corresponds to a higher degree of strain insensitivity.

Thermoelectric cooling module
The thermoelectric cooling modules used in this study were fabricated
utilizing commercial p-type and n-type bismuth telluride. Three different
sizes were available: 20mm× 20mm× 2.2mm, 23mm× 23mm×
2.1mm, and 25mm× 25mm× 2.0mm, each containing 49, 71, and 127
legs, respectively. These thermoelectric cooling modules were purchased
from Guangzhou Mustache Electronics Technology Co. The resistance of
the thermoelectric cooling modules varied, with values of 1.7, 2.4, and 6
ohms, respectively. For effective heat dissipation and absorption, both the
heat sink and heat source sides of the thermoelectric cooling modules were
made of copper. To simulate human fever cooling, a PDMS filmwas placed
between the heater (DRB-3/3D) and the thermoelectric coolingmodule. All
temperature measurements in the study were obtained by using a K-type
thermocouple (YET-610). Cooling treatment was applied by supplying a
current or voltage to the thermoelectric cooling modules with a Keithley
2450 digital source meter.

Wireless electronic integrated system
Awireless electronic integrated system included a PCMF sensingmodule, a
thermoelectric cooling module, and a flexible printed circuit board (FPCB)
(Supplementary Fig. 23). FPCB consisted of three essential components: (1)
a lithium battery (0.8 × 0.8 × 0.6 mm3) acting as the power supply for the
system; (2) a Bluetoothmodule (HC-04) enabling wireless communication;
(3) the circuit system incorporates the STM32F103C8T6, a 32-bit micro-
controller (MCU) that acts as the central control unit. This MCU is
equippedwith digital input/output ports, 12-bit analog-to-digital converters
(ADCs), and 12-bit digital-to-analog converters (DACs). The ST-Link/V3
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embedded debugger and programmer facilitate the device’s programming.
The thermoelectric cooling module (23mm× 23mm× 2.1mm, 2.4 ohms)
is utilized for in-situ cooling treatment.Avoltagedividerwasused toconvert
the resistance values of the temperature sensor into voltage signals, and a
filter circuit could be used to remove circuit noise and electromagnetic
interference.

Temperature resolution:

1%×ΔT ×RZ

ΔR
¼ 1%× 20 × 200k

80 k
¼ 0:5�C ð3Þ

4R ¼ Rmax � Rmin ¼ 240 kΩ� 160 kΩ ¼ 80 kΩ

4T ¼ 45�C� 25�C ¼ 20 �C

RZ ¼ Rmax�Rmin
2 ¼ 240 kΩþ160 kΩ

2 ¼ 200 kΩ

ð4Þ

Display resolution:

4096 × Rmax
R0
zþRmax

� Rmin
R0
zþRmin

� �

¼ 4096 × 240k
200kþ240k � 160k

200kþ160k

� �
¼ 414

ΔT=414 ¼ 20�C=414 ¼ 0:05�C

ð5Þ

In the above equation, Rmax is 240 kΩ at the temperature of 25�C for the
flexible thermal sensor, Rmin is 160 kΩ at temperature of 45�C for the
flexible thermal sensor, and themeasurement error of the instrument is 1%.
R’z represents the matching resistor in the circuit.

Wearability application
Participants: 5 adult volunteers (18–65 years) and 2 infants (0–24 months)
with parental consent. The study was approved by the Medical and
Laboratory Animal Ethics Committee of Northwestern Polytechnical
University. The data were obtained with the informed consent of all parti-
cipants. Adults wear the device for 8 h (simulating nighttime use). Infants
wear the device during naps and sleep, with caregivers recording observa-
tions of fussiness, skin redness, or attempts to remove the device. Data
transmission and storage are based on the BLE4.0 protocol.

Data availability
The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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