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Abstract: Accurate, synchronous monitoring of respiratory and cutaneous temperature and humidity is essential for assessing 

pulmonary function and exercise-induced metabolic status. However, miniaturized flexible sensors often suffer from tempera-

ture-humidity crosstalk, which degrades measurement reliability. Here, we present a flexible temperature-humidity sensor that 

achieves crosstalk decoupling through hybrid integration of thermoelectric temperature sensing and capacitive humidity sensing, 

combined with algorithmic compensation. A three-dimensional interconnected copper-constantan thin-film thermocouple is fab-

ricated on a polyimide substrate for temperature measurement. On the same substrate, a capacitive humidity sensor is constructed 

using laser-induced graphene interdigital electrodes and a graphene oxide sensing layer. Leveraging the intrinsic immunity be-

tween ionic and electronic conduction mechanisms, together with compensation algorithms, real-time decoupled sensing is 

achieved. The device exhibited an average humidity sensitivity of 31 pF/%RH and a temperature sensitivity of 29.88 µV/°C, with 

fast response and recovery. A flexible printed circuit-based acquisition module with wireless transmission is further developed for 

wearable operation. Demonstrations in respiration monitoring and exercise metabolic assessment scenarios confirm the reliable 

capture of temperature-humidity dynamics, highlighting the potential of the proposed sensor for wearable healthcare applications. 

 

Key words: flexible sensors; temperature-humidity monitoring; crosstalk decoupling; epidermal electronics; physiological mon-

itoring 

 

 

1  Introduction 

 

Wearable physiological monitoring devices hold 

substantial promise for personalized health manage-

ment and early disease prediction (Gao et al., 2016; 

Kim et al., 2019; Bandodkar et al., 2019). Synchro-

nous monitoring of respiratory and cutaneous mi-

croenvironmental temperature and humidity provides 

critical physiological insights (Yin et al., 2024; Zhou 

et al., 2024; Baker et al., 2020). Minute fluctuations in 

respiratory temperature provide useful information 

for respiratory monitoring, while epidermal temper-

ature-humidity dynamics reflect thermoregulatory 

capacity and metabolic status (Yin et al., 2024; Nyein 

et al., 2021). Concurrent assessment of respiratory 

patterns and cutaneous thermal-humoral variations 

therefore enables effective discrimination of exercise 

states and early detection of disease risk (Yin et al., 

2024; Zhou et al., 2024; Baker et al., 2020). Beyond 

multimodal signal acquisition, learning-based ap-

proaches have also been introduced into soft wearable 

systems to suppress signal artifacts, extract complex 

physiological information, and improve us-

er-independent adaptation, further highlighting the 

importance of reliable multimodal sensing as the 

basis for intelligent physiological monitoring (Kim et 
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al., 2020; Kim et al., 2023; Kim et al., 2026; Park et 

al., 2026). 

Contemporary flexible humidity sensors mainly 

rely on piezoresistive, capacitive, and triboelectric 

transduction mechanisms (Kuzubasoglu, 2022). 

Among them, capacitive sensors offer superior line-

arity, high sensitivity, and low power consumption, 

making them particularly suitable for continuous 

respiratory monitoring (Yin et al., 2024). In recent 

years, laser-induced graphene (LIG) technology has 

emerged as a cost-effective and patternable approach 

for constructing flexible capacitive sensors (Zhu et 

al., 2020; Fei et al., 2023; Lan et al., 2020). Its direct 

laser patterning ability and tunable porous structure 

have enabled diverse device configurations, including 

mechanically robust freestanding electrodes, biode-

gradable sensing platforms, and flexible sensing and 

energy devices (Le et al., 2022; Jung et al., 2022; Choi 

et al., 2026; Choi and Ko, 2026). Porous LIG elec-

trodes can be directly fabricated on polyimide (PI) 

substrates by laser scribing, and integration with 

graphene oxide (GO) sensing layers enables 

high-sensitivity humidity detection, with sensitivities 

reaching several thousand pF/%RH (Zhu et al., 2020; 

Fei et al., 2023; Lan et al., 2020). This response 

originates from dielectric constant modulation caused 

by water intercalation within GO layers and from 

changes in ionic conductivity due to proton hopping 

mediated by hydrophilic functional groups (Bi et al., 

2013; Ghosh et al., 2015). However, the humidity 

response of GO is intrinsically coupled with temper-

ature (Wu et al., 2019). Elevated temperatures accel-

erate proton mobility and disturb adsorption equilib-

rium, producing thermal drift in humidity signals (Wu 

et al., 2019). Conversely, humidity variations also 

interfere with conventional flexible resistive temper-

ature sensors, especially those sensors using car-

bon-based nanomaterials as temperature-sensitive 

materials (Rohilla et al., 2025). These devices rely on 

interfacial charge transport and are highly sensitive to 

water adsorption, electrochemical effects , and sub-

strate swelling, resulting in severe signal coupling 

that degrades the accuracy of temperature measure-

ments under humidity fluctuating environments. 

Strategies for mitigating crosstalk in soft mul-

timodal sensors span multiple levels, including 

sensing-element-level interference suppression, 

structural or array-level isolation, spatiotemporal 

separation, and algorithm- or data-driven signal 

compensation (Yuan et al., 2026; Wu et al., 2026; Mu 

et al., 2024). Spatial isolation can partially reduce 

interference. For example, tri-modal sensing of tem-

perature, humidity, and pressure based on 

three-dimensional vertical lamination has achieved 

cross-sensitivity below 0.6% (Mu et al., 2024). 

However, such approaches may increase device 

thickness and compromise wearing comfort, while 

thermal-conduction-induced drift can persist during 

long-term operation (Wu et al., 2026). This limitation 

becomes particularly relevant for long-term wearable 

physiological monitoring, in which temperature and 

humidity fluctuate simultaneously (Shen et al., 2024). 

System-level developments have further incorporated 

local signal processing and highly integrated 

stretchable platforms to enhance multimodal infor-

mation processing and autonomous operation (Liu et 

al., 2024; Ren et al., 2025). Algorithmic compensa-

tion can correct signal drift to some extent; however, 

bidirectional coupling between temperature and hu-

midity often necessitates relatively complex com-

pensation models with limited generalizability (Jia et 

al., 2025), posing a major challenge to high-precision 

multimodal sensing in miniaturized and highly inte-

grated flexible devices. Therefore, reducing intrinsic 

coupling between sensing channels prior to algo-

rithmic correction is particularly desirable, as it can 

simplify subsequent signal decoupling while pre-

serving compact device integration for wearable 

physiological monitoring (Yang et al., 2022; Wu et 

al., 2026). 

 To address these challenges, this work proposes 

a hybrid integration strategy that combines thermoe-

lectric temperature sensing and capacitive humidity 

sensing on a single PI substrate. Temperature sensing 

is based on the Seebeck effect of a copper-constantan 

thermocouple, in which a temperature difference 

between the hot and cold junctions generates a ther-

moelectric voltage. Humidity sensing relies on proton 

transport within the GO interlayers, where adsorbed 

water molecules form hydrogen-bonded networks 

that facilitate ionic conduction, leading to measurable 

variations in capacitance. Owing to these distinct 

transduction mechanisms, temperature variations 

influence the capacitance of the humidity sensor, 

whereas humidity exerts a negligible effect on the 

thermocouple output. This unidirectional and pre-

Une
dit

ed



J Zhejiang Univ-Sci A   in press  | 3 

dictable crosstalk provides a favorable basis for ac-

curate signal decoupling. Building on this hybrid 

sensing architecture, a simple second-order polyno-

mial regression model is developed to compensate for 

the temperature-induced drift in the humidity re-

sponse. Consequently, the integrated bimodal sensor 

enables accurate and effectively decoupled tempera-

ture and humidity measurements, achieving a tem-

perature sensitivity of 29.88 µV/°C and a humidity 

sensitivity of 31 pF/%RH. Furthermore, when inte-

grated with a custom-designed flexible printed circuit 

(FPC)-based signal readout and acquisition system 

with wireless data transmission, the platform demon-

strates practical capabilities for wearable monitoring 

of respiration, coughing, and dorsal-hand sweating.  

 

 

2  Materials and methods 

2.1  Materials 

The GO dispersion with an initial concentration 

of 5 mg/mL (Xianfeng Nano, China) was diluted with 

deionized water to a working concentration of 4.5 

mg/mL. Customized FPC substrates (JLCPCB, Chi-

na) consisting of 110 µm thick copper-clad films were 

used for the fabrication of the integrated flexible 

sensor. A constantan target with a purity of 99.99% 

(Nanjing Mingchang New Materials, China) was used 

for deposition of the negative thermocouple elec-

trodes. All aqueous solutions were prepared using 

deionized water. 

2.2  Fabrication of the flexible sensor 

As shown in Fig. S1, LIG interdigital electrodes 

(IDEs) were initially fabricated on the FPC substrate 

using a 355 nm UV laser (SINO-GALVO 

WE-UV-10W, China) with a focal length of 22.5 cm, 

pulse width of 10 µs, scanning speed of 15 mm/s, and 

frequency of 24 kHz. The resulting IDEs comprised 

nine finger pairs, each with a finger length of 1.5 mm, 

finger width of approximately 200 µm, and in-

ter-finger spacing of approximately 150 µm. Sub-

sequently, oxygen plasma treatment was applied to 

the exposed IDE region to enhance hydrophilicity 

and remove contaminants. A 5 µL GO dispersion 

with a concentration of 4.5 mg/mL was drop-cast 

onto the IDEs and annealed at 60 °C for 30 min. For 

the thermocouple junction, a 400 nm thick constantan 

film was deposited on the opposite side of the FPC 

substrate by magnetron sputtering and electrically 

connected to copper vias, forming three-dimensional 

(3D) interconnected copper-constantan thermocou-

ple junctions. Finally, the constantan layer was en-

capsulated with insulating ink, while the LIG IDEs 

remained exposed for humidity sensing. 

2.3  Material characterization and sensor test 

The microstructural morphologies of the LIG 

IDEs and the GO thin film were characterized by 

scanning electron microscopy (Zeiss Sigma 360, 

Germany). Raman spectroscopy (Zhongyan Huanke 

DEEP-INRS-II, China) was employed to investigate 

the molecular structure of these materials. X-ray 

photoelectron spectroscopy (Thermo Scientific 

K-Alpha, USA) was used to analyze the surface el-

emental composition and chemical states. 

The temperature-sensing characteristics were 

measured in a temperature-controlled water bath, and 

the transient response was evaluated using instanta-

neous laser irradiation-induced heating. Humidi-

ty-sensing performance was assessed in a homemade 

temperature-humidity chamber (see Fig. S2). Two air 

pumps directed gas flows through desiccant and hu-

midifier bottles, respectively, and the combined 

stream entered a mixing chamber. The chamber 

temperature was regulated using flexible PI heating 

films, while a commercial reference tempera-

ture-humidity sensor was placed adjacent to the pro-

posed flexible sensor to enable accurate calibration 

and performance. 

2.4  Design of the FPC-based sensor readout and 

acquisition system 

To enable real-time signal acquisition of the 

sensor, a portable FPC-based monitoring system was 

developed. The core of the system consists of an 

AD5941 impedance analysis chip, an HX711 voltage 

acquisition chip, and an ESP32 Bluetooth microcon-

troller. AD5941 generates a high-frequency AC ex-

citation to measure the complex capacitance between 

LIG interdigital electrodes for humidity sensing. The 

HX711 24-bit ADC acquires the thermocouple volt-

age, while AD5941 additionally monitors a 

cold-junction PT1000 resistor for cold-end compen-

sation of the thermocouple. A high-speed multiplex-

ing scheme enables quasi-synchronous acquisition of 
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temperature and humidity signals. A decoupling 

compensation algorithm is embedded in the ESP32 

firmware, dynamically correcting humidity capaci-

tance measurements using real-time temperature 

values obtained by the thermocouple. The processed 

data are wirelessly transmitted via Bluetooth. The 

circuit is powered by a rechargeable lithium-ion bat-

tery with a capacity of 1100 mAh and a 

 nominal voltage of 3.7 V. 

 

 

3  Results and discussion 

3.1 Design of the integrated bi-modal flexible 

temperature and humidity sensor system 

To suppress crosstalk between temperature and 

humidity signals, an integrated flexible tempera-

ture-humidity sensor based on a vertically stacked 

heterogeneous architecture was developed, together 

with a data acquisition FPC (Fig. 1a). The sensor 

conformably attaches to the dorsal hand for physio-

logical monitoring, while the flexible printed circuit is 

secured around the wrist, ensuring system compact-

ness and wearing comfort. The integrated bimodal 

sensor adopts a five-layer vertical stacking structure 

(Fig. 1b). The top layer is a patterned solder mask that 

exposes only the humidity-sensitive region. The 

second layer consists of a GO humidity-sensitive film 

deposited on LIG IDEs. 

 
Fig. 1 Structure and sensing mechanisms of the integrated flexible sensor. (a) Photograph of the integrated bi-modal 

flexible sensor attached to the dorsal hand, with the FPC-based data acquisition system worn on the wrist. (b) Schematic of 

the five-layer vertically stacked architecture of the flexible sensor. (c) Temperature-sensing principle based on the Seebeck 

effect of a copper-constantan thermocouple. (d) Humidity-sensing principle based on the Grotthuss proton-hopping 

mechanism in GO. (e1-e3) Optical micrographs showing the T-type thermocouple junction, LIG interdigital electrodes, 

and GO-coated surface morphology. (f1-f3) Photographs demonstrating device flexibility and integration with the FPCB 

acquisition platform 
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The third layer comprises the LIG interdigital 

electrodes and copper interconnects, where copper 

traces are electrically connected to the constantan 

layer through vias. The fourth layer is the PI sub-

strate, which serves as the supporting and isolation 

layer. The fifth layer is the constantan film, where 

copper-constantan thermocouple junctions are 

formed, and the bottommost layer is a full-coverage 

solder mask providing electrical insulation and me-

chanical protection. 

The transduction mechanism of bimodal sens-

ing relies on fundamentally different ionic and elec-

tronic conduction processes. The tempera-

ture-sensing unit is based on the Seebeck effect in 

copper-constantan thin-film thermocouples (Fig. 1c), 

whereas the humidity-sensing unit operates through 

Grotthuss proton hopping within GO interlayers (Fig. 

1d). This hybrid integration intrinsically suppresses 

crosstalk at the mechanism level. The thermocouple 

junction adopts a three-dimensional interconnected 

structure (Figs. 1e1 and 1e2). As shown in Fig. 1e3, 

the LIG IDEs feature a nine-pair finger configuration 

and are uniformly coated with the GO film. Both the 

data acquisition FPC and the bimodal sensor exhibit 

excellent mechanical flexibility for wearable appli-

cations, as demonstrated in Fig. 1f. 

3.2  Characterizations of the sensor materials 

To elucidate the capacitive response mechanism 

of the humidity sensor at the microscopic level, 

comprehensive characterizations of the humidi-

ty-sensing materials were performed. Cross-sectional 

optical micrographs (Fig. 2a) confirm that, in this 

vertical heterostructure, multiple LIG layers are in-

duced in an expanded state, forming 3D electrodes to 

substantially increase the effective capacitive re-

sponse area. The GO film maintains intimate contact 

with the LIG without discernible gaps, ensuring 

signal stability. As shown in Fig. 2b, the UV la-

ser-scribed LIG electrodes exhibit a 

three-dimensional porous structure, which provides 

abundant 3D transport channels for water-molecule 

adsorption. In contrast, the GO film exhibits a rela-

tively smooth morphology with numerous interlayer 

voids, facilitating water infiltration. 

Raman spectroscopy further elucidates the 

crystallographic characteristics of the materials (Fig. 

2c). Both LIG and GO exhibit prominent D and G 

peaks at approximately 1350 and 1580 cm⁻¹, respec-

tively. LIG additionally shows a distinct 2D peak at 

~2700 cm⁻¹ (𝐼2D/𝐼G ≈  0.27) , characteristic of 

graphitic structures, whereas GO presents an attenu-

ated 2D band (𝐼2D/𝐼G ≈  0.14), consistent with its 

oxidized structure. The LIG/GO composite exhibits a 

ratio of 0.26, close to that of LIG. High-resolution C 

1s deconvolution from X-ray photoelectron spec-

troscopy of GO (Fig. 2d) reveals substantial amounts 

of hydrophilic functional groups, including C-O(H), 

C=O, and COOH. 

3.3  Sensor performance tests 

As shown in Fig. 3a, the thermocouple-based 

temperature sensor was tested over a temperature 

difference ranging from 0 to 27 °C. Linear fitting 

yields a correlation coefficient of R² = 0.997, with a 

sensitivity of approximately 29.88 µV/°C. To inves-

tigate the sample-to-sample variation of the temper-

ature sensor, three sensors from the same batch were 

tested under identical conditions, and the inter-sensor 

variation in sensitivity was evaluated based on their 

calibration results (Fig. 3b). The temperature sensi-

tivity was determined to be 30.71 ± 0.66 µV/°C, with 

the error bars representing the standard deviation 

(SD). The hot junction was rapidly heated by pulsed 

laser irradiation to evaluate the response and recov-

ery times of the temperature sensor, showing a re-

sponse time of approximately 5.38 s and a recovery 

time of approximately 5.39 s, as presented in Fig. 3c. 

To assess the stability of the temperature sensor un-

der cyclic heating, laser irradiation with 2.5 s 

switching intervals was applied (Fig. 3d), and the 

device exhibited highly consistent output under re-

peated cyclic laser heating. To evaluate its mechan-

ical robustness, we tested the sensing performance 

under five bending radii of 10, 15, 20, 25, and 30 

mm. Compared with the unbent baseline, the ther-

moelectric voltage changes of the sensor under a 

temperature variation of 10 °C remained stable at 

approximately 0.31 mV across the different bending 

conditions. This value is only slightly lower than the 

response of 0.32 mV measured in the unbent state, 

corresponding to a relative error of approximately 

3.1%, as shown in Fig. 3e. To evaluate the long-term 

stability of the sensor, the temperature responses 

were continuously monitored over a period of seven 

days. As shown in Fig. 3f, the temperature output 
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remained stable throughout the entire testing period, 

with mean responses of 0.169 ± 0.016, 0.432 ± 0.005, 

0.800 ± 0.005, and 1.168 ± 0.010 mV at temperature 

differences (ΔT) of 2, 10, 20, and 28 °C, respectively. 

 
Fig. 2 Microstructural and compositional characterization of the sensing materials. (a) Cross-sectional optical micrograph 

showing intimate contact between LIG IDEs and GO film. (b) SEM images of the LIG IDE and GO film surfaces. (c) 

Raman spectra of LIG, GO, and LIG/GO composite materials. (d) High-resolution C 1s XPS spectrum of the GO film 

 

Performance characterization of the 

LIG/GO-based flexible humidity sensor was con-

ducted in sealed environments with varying humidity 

levels. The sensitivity of the humidity sensor de-

pends on multiple parameters. First, the influence of 

different GO concentrations on the sensitivity and 

dynamic response of the sensor was evaluated at a 

fixed frequency of 1 kHz, as shown in Fig. 3g. Sub-

sequently, at the optimized GO concentration of 4.5 

mg/mL, the sensor’s response characteristics were 

investigated at different test frequencies (Fig. 3h). 

The experimental results demonstrate that, with a GO 

concentration of 4.5 mg/mL and an operating fre-

quency of 1 kHz, the sensor exhibits optimal overall 

performance in terms of sensitivity and linearity, 

achieving a sensitivity of 31 pF/%RH. To evaluate 

the sample-to-sample variation of the humidity sen-

sor, three sensors from the same batch were tested 

under identical conditions (Fig. 3i). The humidity 

sensitivity was determined to be 31.00 ± 2.73 

pF/%RH, with the error bars representing the stand-

ard deviation (SD). The coefficient of variation of the 

humidity sensitivity was approximately 8.8%, com-

pared with approximately 2.1% for the temperature 

sensitivity, indicating relatively larger sam-

ple-to-sample variation in the humidity channel. For 

the temperature sensors, some sample-to-sample 

variation was also observed in the absolute thermo-

Une
dit

ed



J Zhejiang Univ-Sci A   in press  | 7 

electric output of the temperature sensors at low 

temperature differences. For example, at a tempera-

ture difference of 2 °C, the voltage outputs of the 

three sensors were 76.1, 73.98, and 97.63 µV, re-

spectively. In contrast, a larger sample-to-sample 

variation was observed in the absolute baseline ca-

pacitance of the humidity sensors. At 20% RH, for 

example, the capacitances of the three sensors were 

22.9, 7.8, and 8.1 pF, respectively. The measured 

absolute capacitance contains contributions from 

both the sensing element and parasitic capacitance 

associated with the external electrical connections 

and measurement configuration. Variations in these 

parasitic contributions may introduce offsets in the 

absolute capacitance, whereas the humidity sensitiv-

ity is determined from the capacitance change with 

RH under a fixed measurement configuration. Con-

sequently, the humidity sensitivity exhibited sub-

stantially smaller sample-to-sample variation than 

the absolute baseline capacitance. The hysteresis of 

the optimized humidity sensor was also evaluated. 

As shown in Fig. 3j, during 20-90% RH humidity 

cycling, the maximum hysteresis is 4.7% RH, indi-

cating low humidity hysteresis. The humidity sensor 

also demonstrates good consistency over six con-

secutive response cycles in the high-humidity regime 

(>60% RH), as shown in Fig. 3k. In the low-humidity 

regime (<40% RH), relatively larger fluctuations are 

observed because the reduced capacitive baseline 

results in a lower signal-to-noise ratio and greater 

susceptibility to noise. The baseline drift and cy-

cle-to-cycle variation may also arise from incomplete 

desorption of residual interlayer water, slow 

re-equilibration of hydrophilic functional groups, 

and slight charge trapping. In addition, the maximum 

hysteresis of 4.7% RH over the 20-90% RH range is 

primarily attributed to the asymmetric intercalation 

and de-intercalation of water molecules within the 

GO interlayers. Fig. 3l displays the dynamic response 

from 58.2% RH to 90% RH, with a response time of 

approximately 39.83 s and a recovery time of ap-

proximately 17.85 s. It should also be noted that the 

response/recovery time (39.83/17.85 s) and maxi-

mum hysteresis (4.7% RH) reported in Figs. 3l and 3j 

were obtained using a representative sensor. The 

reported R² values were calculated from calibration 

data obtained at distinct temperature or rela-

tive-humidity levels, rather than from repeated 

measurements at a single condition. For humidity 

sensing, at a temperature of 23.4 °C and a relative 

humidity of 67.6%, the sensor capacitance exhibited 

a maximum variation of ±5.43 pF under bending, 

corresponding to approximately 3.3% of the baseline 

capacitance of 162.89 pF, as shown in Fig. 3m. These 

results demonstrate that both the temperature and 

humidity sensing functions remain stable under 

moderate bending deformation, confirming the 

suitability of the sensor for conformal wearable ap-

plications. To evaluate the long-term stability of the 

humidity sensor. Its capacitive response was moni-

tored over a period of seven days. As shown in Fig. 

3n, the humidity sensor exhibited stable responses 

over the seven-day period, with mean capacitance 

values of 44.43 ± 1.72 pF at 33% RH, 69.57 ± 5.57 

pF at 40% RH, 441.66 ± 30.52 pF at 62% RH, and 

1915.75 ± 89.08 pF at 80% RH. 
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Fig. 3 Performance evaluation of the temperature and humidity sensing units. (a) Calibration curve and linear fit of the 

thermoelectric voltage (ΔV) versus temperature difference (ΔT) for a representative copper-constantan thermocouple. (b) 

Sample-to-sample reproducibility of the temperature sensor, showing the mean thermoelectric response and standard 
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deviation obtained from three independently fabricated sensors (n = 3). (c) Transient response and recovery characteris-

tics of the temperature sensor under pulsed laser heating. (d) Cyclic response of the temperature sensor under ten con-

secutive laser-heating cycles with a 2.5 s interval. (e) Thermoelectric voltage stability of the temperature sensor under 

different bending radii at ΔT = 10 °C. (f) Long-term voltage-response stability of the temperature sensor over a 7-day 

period under different temperature differences. (g) Capacitive response of the humidity sensor prepared with different 

GO concentrations at 1 kHz. (h) Capacitive response of the humidity sensor at different operating frequencies using the 

optimized GO concentration of 4.5 mg/mL. (i) Sample-to-sample reproducibility of the capacitance response to relative 

humidity obtained from three independently fabricated humidity sensors (n  = 3). (j) Adsorption-desorption hysteresis of 

the humidity sensor over 20%-90% RH. (k) Capacitance response of the humidity sensor during repeated multilevel rel-

ative-humidity cycling. (l) Dynamic response and recovery of the humidity sensor to a step change from 58.2% RH to 90% 

RH. (m) Capacitive output stability of the humidity sensor under different bending radii at 23.4 °C and 67.6% RH. (n) 

Long-term capacitive-response stability of the humidity sensor over a 7-day period at 33%, 40%, 62%, and 80% RH 

 

3.4  Crosstalk decoupling of the integrated 

bi-modal flexible sensor 

To achieve crosstalk decoupling in the inte-

grated bi-modal flexible sensor, a strategy combining 

intrinsic crosstalk suppression and algorithmic 

compensation was employed. Intrinsic crosstalk 

suppression is realized by the hybrid integration of 

thermoelectric temperature sensing with capacitive 

humidity sensing. For algorithmic compensation, the 

temperature sensor was first calibrated under 30% 

RH and 100% RH environments (Fig. 4a). The re-

sults show that humidity exerts no significant influ-

ence on temperature calibration. The integrated 

bi-modal flexible sensor was then placed in an en-

vironment with a constant hot-to-cold temperature 

difference of 13 °C, and the voltage of the thermo-

couple was recorded in 10% RH increments from 

20% RH to 90% RH (Fig. 4b). No discernible drift 

was observed. The negligible susceptibility of the 

temperature channel to humidity can be attributed to 

two factors. First, the Seebeck transduction mecha-

nism of the copper-constantan thermocouple dictates 

that the generated thermoelectric voltage is deter-

mined primarily by the temperature difference be-

tween the hot and cold junctions and the intrinsic 

thermoelectric properties of the metallic conductors, 

which are largely insensitive to water adsorption 

under the tested conditions. Second, the thermocou-

ple layer is encapsulated with insulating ink, thereby 

limiting direct moisture exposure of the copper and 

constantan electrodes. Consequently, the negligible 

humidity-induced variation in the temperature signal 

observed in Figs. 4a-b indicates that crosstalk from 

the humidity channel to the temperature channel is 

intrinsically suppressed. Subsequently, the influence 

of temperature on humidity sensing was evaluated by 

applying five temperature levels with 5 °C incre-

ments. The results reveal that temperature induces a 

noticeable, positively correlated drift in the capaci-

tance of the humidity sensor (Fig. 4c), indicating a 

non-negligible unidirectional crosstalk effect of 

temperature on humidity sensing in the integrated 

flexible sensor. Fig. 4d presents the humidity re-

sponse characteristics at multiple temperatures. 

Quantitatively, when the relative humidity was var-

ied from 20% to 90% RH at a fixed hot-to-cold 

junction temperature difference of 13 °C, the ther-

mocouple output exhibited a maximum humidi-

ty-induced variation of 20.74 μV, corresponding to 

an equivalent temperature variation of approximately 

0.69 °C (Fig. 4b). In contrast, when the temperature 

was increased from 30 to 50 °C at a fixed relative 

humidity of 90% RH, the capacitance of the humidity 

sensor changed by 373.24 pF, corresponding to an 

equivalent humidity error of approximately 3.5% RH 

(Figs. 4c-d). Therefore, prior to algorithmic com-

pensation, the raw integrated sensor exhibits reduced 

and strongly asymmetric crosstalk rather than com-

plete decoupling, because humidity-induced inter-

ference in the temperature channel is intrinsically 

suppressed, whereas residual temperature-induced 

interference remains in the humidity channel. To 

decouple this crosstalk, a polynomial regres-

sion-based compensation algorithm was introduced: 

 

lnC = β₀ +  β₁·φ + β₂·T + β₃·φ² + β₄·φ·T + β₅·T² 

 

where C denotes the measured capacitance, φ rep-

resents relative humidity (RH), T indicates temper-

ature, and βi are coefficients determined through 

least-squares fitting. The quadratic terms capture the 

nonlinear curvature observed in Fig. 4d, while the 
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cross-term accounts for the crosstalk effect, wherein 

temperature sensitivity varies with humidity level. 

The model achieves high fitting accuracy with R² = 

0.994, and the detailed fitting coefficients and de-

coupling schematic diagrams are provided in Sup-

plementary Table S1 and Fig. S3. 

 

 
Fig. 4 Crosstalk evaluation and decoupling via a second-order polynomial model. (a) Calibration of the temperature sen-

sor under environments with distinct relative humidity levels of 30% and 100%. (b) Response of the temperature sensor to 

a constant hot-to-cold junction temperature difference of 13 °C as the relative humidity increases from 20% to 90%. (c) 

Responses of the humidity sensor at specific relative humidity levels as the temperature increases from 30 °C to 50 °C. (d) 

Raw experimental dataset used to establish the second-order polynomial regression model. (e) Comparison between the 

compensated humidity measurement results and the ideal reference line. (f) Dynamic decoupling performance under a 

simultaneous wide-range temperature-humidity transition from 44.6 °C/98% RH to 27.2 °C/43% RH, compared with a 

commercial reference sensor. (g) Mean absolute errors of humidity measurements at different temperatures after algo-

rithmic compensation 

 

Fig. 4e illustrates the compensation results after 

crosstalk decoupling. Using the derived compensa-

tion formula, humidity values at various tempera-

tures were calculated, and the compensated data 

closely aligned with the ideal reference line, vali-

dating the effectiveness of the decoupling algorithm. 

To further evaluate the decoupled sensing perfor-

mance under simultaneous and wide-range temper-

ature-humidity variations, a temperature-humidity 

shock experiment was conducted by rapidly chang-

ing the environment from 44.6 °C/98% RH to 

27.2 °C/43% RH, corresponding to concurrent 

changes of more than 17 °C and 50% RH. As shown 

in Fig. 4f, the recovered temperature and humidity 

signals closely tracked the environmental transition 

and stabilized at the new equilibrium values without 

evident residual crosstalk-induced distortion. At the 

equilibrium plateaus before and after the transition, 
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the recovered signals showed good agreement with 

those measured by a commercial reference sensor, 

with mean absolute errors of 1.85% RH for humidity 

and 0.32 °C for temperature. These results demon-

strate that the proposed second-order compensation 

method remains effective under simultaneous, 

wide-range variations in both temperature and hu-

midity. Fig. 4g presents the error statistics between 

the calibrated data and the reference humidity, 

demonstrating that the mean error at each tempera-

ture remains below 2% RH, with a global error of 

1.38% RH. It should be noted that the second-order 

polynomial model was established using calibration 

data acquired over the ranges of 30-50 °C and 

20-90% RH (Fig. 4c-d) and is primarily intended for 

wearable physiological and skin-microclimate mon-

itoring under the indoor and exercise-related condi-

tions investigated in this work. Although the simul-

taneous temperature-humidity step test demonstrates 

effective compensation during a limited excursion 

beyond the calibration domain (Fig. 4f), the model 

has not been systematically validated under arbitrary 

out-of-range conditions. Therefore, additional cali-

bration and validation would be required before ex-

tending its use to substantially different environ-

mental conditions.  

3.5  Application demonstrations for wearable 

physiological monitoring 

To evaluate the practical utility of the integrated 

bimodal flexible sensor system for wearable physi-

ological monitoring, a flexible printed circuit 

(FPC)-based data acquisition platform was devel-

oped. The system consists of a flexible tempera-

ture-humidity bimodal sensor integrated with an 

ESP32-C3 low-power data acquisition module. The 

overall hardware architecture is shown in Fig. 5a. 

The acquisition module uses an RT9193 LDO regu-

lator to provide a stable 3.3 V power supply. An 

AD5941 impedance measurement chip is used to 

acquire the capacitance signal from the humidity 

sensor. It also reads the PT1000 platinum resistance 

thermometer as the cold-junction compensation 

sensor for the thermocouple. An HX711 

high-precision ADC is used to acquire the thermo-

couple voltage signal. A detailed circuit design can 

be found in Fig. S4. The raw signals are processed in 

real time using an embedded second-order polyno-

mial regression algorithm for temperature-humidity 

crosstalk decoupling. Owing to its excellent me-

chanical flexibility, the system can be integrated onto 

the inner surface of commercial masks for respiratory 

monitoring (Figs. 5b-c). It can also be configured as a 

wrist-worn device with the sensor attached to the 

dorsal hand. 

The cough detection capability of the system 

was first evaluated, as shown in Fig. 5d. Two types of 

cough events were deliberately generated in separate 

time intervals. The first type consisted of single 

coughs repeated five times with an interval of ap-

proximately 30 s. The second type comprised three 

consecutive coughs, with each group separated by an 

interval of approximately 20 s. As shown in Fig. 5d, a 

single cough event produces a distinct unimodal 

spike in both the temperature and humidity channels, 

whereas three consecutive coughs at intervals of 

approximately 0.5 s generate three corresponding 

sub-peaks. These results confirm that the system can 

accurately detect cough events and resolve the un-

derlying physiological details. Quantitatively, the 

temperature-humidity integral area ratio (η) was 

introduced as a physiological descriptor. Single 

coughs exhibit an integral area ratio of 0.74 ± 0.16, 

while three consecutive coughs show a ratio of 0.65 ± 

0.10. This scale invariance suggests that η is an in-

trinsic physiological parameter of alveolar exhala-

tion, demonstrating significantly greater robustness 

than conventional metrics based solely on the fre-

quency and intensity of unimodal temperature or 

humidity signals. Even when unimodal waveforms 

merge into a single envelope due to high-frequency 

consecutive coughs, the bimodal sensor system can 

still accurately extract physiological information 

through cross-validation. Respiratory responses un-

der different physiological states are presented in 

Fig. 5e. In the resting state, the temperature and hu-

midity signals are highly synchronized (correlation 

coefficient > 0.95), exhibiting stable waveforms with 

a respiratory rate (RR) of approximately 10.6 bpm. 

During exercise, the RR increases to 22.1 bpm. Un-

der this condition, the humidity channel exhibits 

signal clipping due to limitations in dynamic ad-

sorption-desorption processes. In contrast, the fast 

response of the temperature channel compensates for 

this lag, with its rising slope approximately doubling 

relative to the resting state, thereby preventing mis-
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interpretation as hypoventilation. It should be noted 

that the response time of 39.83 s, measured under a 

relatively large humidity step from 58.2% to 90% RH 

(Fig. 3l), represents the time required for the sensor 

to approach its steady-state response and should not 

be interpreted as the minimum temporal resolution 

for detecting respiratory events. During respiration, 

transient variations in local humidity can induce 

detectable capacitance changes well before complete 

adsorption equilibrium is established, thereby ena-

bling the humidity channel to track periodic breath-

ing cycles. The humidity signals in the physiological 

demonstrations were acquired directly without addi-

tional temporal filtering. At higher respiratory rates, 

however, the limited adsorption-desorption kinetics 

of the GO sensing layer may attenuate the signal 

amplitude and distort the waveform, although indi-

vidual respiratory cycles remain distinguishable. 

Under such conditions, the humidity response is 

interpreted together with the faster temperature 

channel, allowing the two sensing modalities to 

provide complementary dynamic information for 

respiratory monitoring. During deep breathing, the 

waveforms display pronounced morphological het-

erogeneity. Specifically, the humidity signal shows a 

1-2 s plateau, while the temperature signal exhibits a 

sharp, mountain-like peak, reflecting the physiolog-

ical reduction in airflow rate toward the end of ex-

halation. 

Finally, the sensor was mounted on the dorsal 

hand to monitor epidermal temperature and humidity 

during exercise, enabling capture of the full ther-

moregulatory process (Fig. 5f). At the onset of exer-

cise (123 s), both skin temperature and humidity 

decreased slightly by approximately 0.5 °C and 1% 

RH, respectively, which is due to convective cooling. 

After 201 s of sustained activity (i.e., at 324 s), the 

increase in core body temperature triggered sweat-

ing, leading to a rapid rise in epidermal humidity 

accompanied by a decrease in temperature. Exercise 

ceased at 450 s, at which point the temperature had 

decreased by 1.2 °C (to 30.2 °C), while humidity had 

increased by 26% (to 83.3% RH) relative to baseline. 

Following a brief 10 s decline, humidity continued to 

increase for an additional 50 s due to a “delayed 

sweating” effect. During this period, epidermal 

temperature exhibited a dynamic trend, initially in-

creasing (from 29.9 °C to 30.9 °C) and subsequently 

decreasing (to 29.4 °C). This behavior reflects the 

dynamic competition between the cessation of con-

vective cooling and the ongoing evaporative cooling 

of sweat. Eventually, as the sweat evaporated, both 

signals gradually returned to their baseline levels. To 

demonstrate a representative application that specif-

ically benefits from decoupled temperature-humidity 

sensing, we added a textile-integrated skin-garment 

microclimate test, as shown in Fig. 6a. In this ex-

periment, the bimodal sensor was attached to the skin 

beneath one to three layers of fabric, and the tem-

perature and humidity at the skin-garment interface 

were simultaneously monitored. Three representative 

fabrics were investigated: 100% polyester, 100% 

cotton, and a 50/50 polyester-cotton blend. The re-

sults show that the interfacial relative humidity gen-

erally increased with the number of fabric layers and 

was also strongly affected by the fabric composition. 

Specifically, polyester produced the highest humidity 

levels of 55.2-63.0% RH (see Fig. 6b), followed by 

the polyester-cotton blend at 51.8-57.3% RH (see 

Fig. 6c), whereas cotton exhibited the lowest hu-

midity levels of 49.7-55.1% RH (see Fig. 6d). 

Meanwhile, the interfacial temperature increased 

only slightly (see Fig. 6b-d). This behavior can be 

attributed to the combined effects of heat dissipation, 

perspiration, moisture absorption, and fabric 

breathability. As the number of fabric layers in-

creases, heat and moisture dissipation to the sur-

rounding environment becomes more restricted, 

leading to greater moisture accumulation at the 

skin-garment interface. In addition, compared with 

cotton, polyester has lower moisture absorbency and 

generally poorer moisture-management capability, 

resulting in greater humidity accumulation with in-

creasing synthetic fiber content. These results high-

light the importance of simultaneously resolving 

temperature and humidity. Without decoupled bi-

modal measurements, the observed microclimate 

variations could not be reliably distinguished be-

tween thermal accumulation and moisture-related 

effects associated with fabric hygroscopicity and 

breathability. 

 

 

Une
dit

ed



J Zhejiang Univ-Sci A   in press  | 13 

 
Fig. 5 Wearable physiological monitoring of respiration, coughing, and exercise. (a) Hardware architecture of the acqui-

sition system based on an ESP32-C3 microcontroller. (b-c) Photographs of the sensor system attached to the inner surface 

of a commercial mask. (d) Response of the bimodal sensor to cough events. (e) Synchronized temperature-humidity 

waveforms during resting, exercise, and deep-breathing conditions. (f) Sensor system attached to the dorsal hand. (g) 

Dynamic evolution of skin temperature and humidity during exercise monitored by the sensor system 
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Fig. 6 (a) Schematic illustration of the skin-garment microclimate test configuration with varying fabric layers (single, 

double, and triple layers). (b-d) Simultaneous real-time measurements of relative humidity and temperature at the 

skin-garment interface for (b) 100% polyester, (c) a 50/50 polyester-cotton blend, and (d) 100% cotton fabrics 

 

 

4  Conclusions 

 

This study presents a flexible epidermal 

integrated temperature-humidity sensor that 

suppresses signal crosstalk through the synergistic 

combination of hybrid ionic-electronic conduction 

mechanisms and a second-order compensation 

algorithm. The proposed system effectively 

addresses the crosstalk issue in multimodal flexible 

devices during complex physiological monitoring. 

The heterogeneous integration of copper-constantan 

thin-film thermocouples allows independent 

temperature measurements. Meanwhile, ultraviolet 

laser direct writing is employed to fabricate LIG 

interdigital electrodes in situ on flexible polyimide 

substrates. Combined with the abundant hydrophilic 

functional groups of GO, this design enables highly 

sensitive humidity sensing. Experimental results 

demonstrate that the integrated sensor achieves a 

humidity sensitivity of 31 pF/%RH and a 

temperature sensitivity of 29.88 µV/°C, along with 

excellent stability under dynamic cyclic operation. A 

second-order polynomial calibration algorithm 

reduces humidity measurement error to within 2% 

RH. Integrated with a self-developed FPC-based 

sensor readout system, the platform is successfully 

applied to respiratory monitoring, cough detection, 
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and exercise-induced epidermal 

temperature-humidity tracking. This synergistic 

crosstalk suppression strategy offers a viable 

pathway for the development of multimodal 

integrated sensors, with broad potential in intelligent 

healthcare, exercise monitoring, and early detection 

of respiratory diseases. 
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中文概要 

 
题 目：混合集成柔性温湿度传感器的串扰解耦与可穿戴

生理监测应用 

 

作 者：刘梦然 1, 李梓鸣 1, 戴莹莹 2, 江崇杰 2,  

黄俊文 2, 罗钲弘 2, 张金惠 2, 周伟 2, 高文迪 3, 罗

涛 2 

机 构：1 湖北工业大学机械工程学院，现代制造质量工

程湖北省重点实验室，中国武汉，430068；2 厦

门大学，智能制造学院（萨本栋微米纳米科学技

术研究院），中国厦门，361102；3 西安交通大

学第二附属医院消化内科，西安交通大学仪器科

学与技术学院，精密微纳制造技术全国重点实验

室，国家医学攻关产教融合创新平台，教育部微

纳制造与测试技术国际合作联合实验室，中国西

安，710049 

 

目 的：高度集成的小型柔性温湿度传感器易受温湿度信

号交叉串扰影响，从而降低生理监测的准确性。

本文旨在构建一种热电式温度传感器和电容式

湿度传感器集成于同一柔性基底的温湿度双模

态传感器，通过异质传感机制降低了固有串扰，

并结合算法补偿实现温湿度信号的高精度解耦，

以实现其在可穿戴生理监测领域的应用。 

创新点：1. 提出热电-电容混合集成策略，从传感机制层

面抑制温湿度测量的双向串扰。2. 建立二阶多项

式回归补偿模型，实现温湿度信号的实时在线解

耦。 

方 法：1.通过 FPC 工艺、激光诱导石墨烯和磁控溅射工

艺相结合，实现单一柔性 PI 基底上，热电偶温

度敏感单元与电容式湿度敏感单元的微型化混

合集成；2.通过不同温度和湿度条件下的串扰特

Une
dit

ed

https://doi.org/10.1016/j.bios.2020.112360
https://doi.org/10.1002/adfm.202205158
https://doi.org/10.1038/s41928-024-01250-9
https://doi.org/10.1016/j.xcrp.2024.102223
https://doi.org/10.1038/s41467-021-22109-z
https://doi.org/10.1007/s40820-026-02265-x
https://doi.org/10.1038/s41467-025-56881-z
https://doi.org/10.1021/acsanm.5c04068
https://doi.org/10.1016/j.mattod.2023.12.003
https://doi.org/10.1021/acsami.9b16336
https://doi.org/10.1002/adma.202521375
https://doi.org/10.1002/advs.202202470
https://doi.org/10.1038/s41427-023-00513-9
https://doi.org/10.1038/s43246-024-00511-6


J Zhejiang Univ-Sci A   in press  | 17 

性试验，定量分析双参数信号串扰，建立二阶多

项式回归模型补偿温度引起的湿度信号漂移；3. 

构建了基于 AD5941、HX711 和 ESP32 的柔性采

集系统，实现温湿度信号采集、热电偶冷端补偿、

串扰实时解耦和数据的蓝牙无线传输，并开展了

呼吸、咳嗽、运动过程中皮肤温湿度变化及不同

织物覆盖条件下皮肤—织物微环境的监测实验。 

结 论：1. 热电式温度传感与 LIG/GO 电容式湿度传感的

混合集成能够有效降低温湿度信号之间的固有

串扰，并形成以温度对湿度影响为主的非对称单

向串扰特性，有利于简化后续算法解耦复杂性，

提升解耦精度。2. 二阶多项式补偿模型能够有效

校正温度引起的湿度漂移，在温湿度同步变化条

件下仍可获得较高的测量准确性，实现温湿度双

模信号的高精度解耦。3. 所构建的柔性温湿度传

感系统可实现呼吸、咳嗽、运动出汗以及皮肤—

织物微环境中的温湿度动态监测，表明其在可穿

戴健康监测、运动状态评估及多模态生理感知方

面具有较好的应用潜力。 

关键词：柔性传感器；温湿度监测；串扰解耦；表皮电子；

生理监测 
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