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Abstract Flexible sensors have garnered significant interest for applications in wearable electronics and aerospace monitoring. However,
achieving highly sensitive and stable multi-parameter sensing on a single platform remains a key challenge due to material integration
complexity and signal decoupling. In this study, we present a flexible ion-electronic wireless pressure-temperature sensor (IEPTS) capable
of simultaneously detecting pressure and temperature with high performance. The sensor features a broad pressure sensing range (0—
150 kPa) and high sensitivity (931.46 kPa~!), enabled by a carbon nanotube-based ionic network that forms an ion-electron co-conduction
pathway. It also provides accurate temperature sensing over a wide range (10°C-94°C) with excellent linearity (up to 99.8%). By
integrating two materials with opposite temperature coefficients of resistance, thermal interference in pressure signals is reduced by
a factor of four. The IEPTS can be conformally attached to the human throat to detect subtle glottal movements and temperature
variations, enabling accurate speech recognition with 92.98% accuracy. Furthermore, it demonstrates robust dynamic performance in
wind tunnel experiments, effectively tracking variations in airflow and temperature at different angles of attack. This dual-mode flexible
sensor offers a promising platform for advanced applications in voice interaction, physiological monitoring, and intelligent aerospace
systems.
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1 Introduction

Flexible sensors, due to their excellent mechanical compliance and adaptability to various application scenarios,
have become a key component of next-generation intelligent sensing technologies. They have been widely applied in
areas such as human health monitoring [1-4] and aerospace engineering [5,6]. In the context of health monitoring,
flexible sensors enable real-time detection of body temperature fluctuations [7, 8], laryngeal muscle movements
during speech [9,10], tactile pressure variations, and strain caused by joint motion, offering great potential for the
development of wearable medical devices. In aerospace applications, these sensors can dynamically monitor the
surface temperature and pressure of aircraft during flight, providing valuable data for improving structural design
and enhancing flight safety.

However, complex environments often involve the coupling of multiple physical fields, particularly the interplay
between thermal and mechanical stimuli, which poses significant challenges for conventional single-parameter sensors
to accurately distinguish true mechanical signals [11-15]. Moreover, current sensors often suffer from issues such
as complicated wiring, low integration, insufficient sensitivity, and limited adaptability across domains. Therefore,
there is an urgent need to develop a flexible sensing system capable of multimodal detection and robust operation in
complex environments to enable precise monitoring of dynamic, multi-parameter signals. In real-world applications,
mechanical deformation rarely occurs in isolation but is often coupled with environmental temperature variations.
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For instance, during flight, changes in altitude and speed lead to substantial temperature fluctuations on the aircraft
fuselage. Similarly, during human activities, muscle tissues experience dynamic mechanical loads and undergo
changes in body temperature.

Under such complex conditions, thermomechanical coupling effects intertwine across spatial and temporal scales,
posing significant challenges for accurate signal acquisition and decoupling. Thermal responses within the sensitive
materials used in the sensor may cause temperature-induced resistance drift, which interferes with the identifica-
tion of true mechanical signals and reduces pressure sensing accuracy. Consequently, it is imperative to develop
a dual-mode sensor system with high sensitivity [16-18], strong thermal stability, and effective temperature inter-
ference decoupling, which is especially suitable for maintaining long-term stable operation in harsh and dynamic
environments [19-21].

In this study, we propose a flexible hybrid ion-electronic wireless pressure-temperature sensor (IEPTS), capable
of high-sensitivity detection of both pressure and temperature signals. The sensor operates in a pressure range of
0-150 kPa, utilizing a carbon nanotube-based ionic network that enables synergistic ion-electron dual transport
with a sensitivity of up to 931.46 kPa~!. For temperature detection, it operates in the range of 10°C-94°C with a
linearity of 99.8%. Furthermore, by integrating two engineered materials with opposite temperature coefficients of
resistance, the influence of temperature on the pressure signal is significantly suppressed, reducing thermal drift by
up to fourfold compared to uncompensated structures. The flexible dual-mode sensor can be conformally attached
to the throat region to accurately detect subtle stresses and surface temperature variations in the glottis area,
enabling feature extraction and high-precision classification of speech signals. Additionally, the sensor exhibits
excellent dynamic response in wind tunnel tests, reliably capturing wind speed and temperature variations under
different angles of attack. This work provides a new technical route and foundational support for the application
of flexible electronics in voice interaction, physiological signal monitoring, and aerospace testing.

2 Results and discussion

2.1 System design and integration

As illustrated in Figure 1(a), the IEPTS is a machine learning-enhanced, wireless, dual-mode sensing system capable
of simultaneously capturing mechanical and thermal stimuli. The IEPTS features a vertically integrated architecture
comprising two distinct sensing layers. The upper layer consists of a resistive pressure sensor based on interdigitated
electrodes embedded within a hybrid sensing film, while the lower layer incorporates a temperature sensor fabricated
with Ag electrodes for accurate thermal signal detection. The pressure-sensing mechanism is schematically shown
in Figure 1(b). To achieve ultrahigh sensitivity (931.46 kPa~!), the sensing layer integrates multi-walled carbon
nanotubes (MWCNTS) and an ionic liquid, forming an ion-electron hybrid conduction network. Prior to mechanical
loading, ions in the liquid are electrostatically adsorbed onto the MWCNTSs surface. Upon compression, the ionic
liquid redistributes and induces the formation of electrical double layers (EDLs) at the upper and lower interfaces,
significantly enhancing charge transport and decreasing the pressure sensor’s resistance.

To address the inherent temperature susceptibility of ion-electronic sensors, we introduced a composite thermal
compensation strategy by embedding two materials with opposite temperature coefficients, namely positive tem-
perature coefficient (PTC) and negative temperature coefficient (NTC), into the sensing matrix (Figure 1(c)). This
approach effectively suppresses thermal drift within the 10°C-94°C range, reducing signal fluctuation by a factor
of 4 compared to uncompensated configurations. Figure 1(d) illustrates the signal acquisition framework of the
IEPTS, with a low-power ESP32 microcontroller at its core, enabling real-time wireless transmission of pressure
and temperature signals (diagrams of the acquisition system are shown in Figures S1-S3) [22]. Thanks to its dual-
mode sensing capability, the IEPTS shows great potential in wearable human-machine interfaces and aerospace
monitoring applications. As shown in Figure 1(e), the IEPTS can be stably attached to the human neck to capture
subtle pressures from the trachea and surrounding muscles as well as skin temperature, while also accurately detect-
ing airflow-induced pressure and temperature changes on the surface of an aircraft in a wind tunnel environment.
The IEPTS photograph in Figure 1(f) demonstrates excellent flexibility and conformability, suitable for complex
dynamic conditions.

2.2 DMaterials analysis and sensor fabrication

The performance of flexible resistive pressure sensors is closely related to the porosity, specific surface area, and
charge transport characteristics of the pressure-sensitive material. In this study, a hybrid sensing matrix was
formulated by incorporating MWCNTs and an ionic liquid into a thermoplastic polyurethane (TPU) solution,
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Figure 1 (Color online) (a) System composition of IEPTS; (b) the pressure sensing principle; (¢) composition of the sensitive layer material
and principle of temperature compensation; (d) the principle block diagram of signal acquisition; (e) application scenarios of IEPTS; (f) the
physical map of IEPTS.

yielding a three-dimensional (3D) ion-electron conductive network with uniformly distributed flake Ag powder
embedded within the porous structure (Figures S4-S6). As shown in the scanning electron microscopy (SEM)
images in Figure 2(a), the sensing layer exhibits a well-defined porous morphology. Elemental mapping via energy-
dispersive X-ray spectroscopy (EDS) further confirms the homogeneous distribution of five elements—C, O, N, S,
and Ag—across the sensing layer (Figure 2(b); specific content is referenced in Figure S7). Mechanistically, the
incorporation of Ag, a material with a PTC of resistance, counteracts the negative temperature coefficient effects of
both MWCNTSs and the ionic liquid, thereby stabilizing the electrical conductivity under varying thermal conditions.

The overall IEPTS design and fabrication process are illustrated in Figure 2(c). Initially, the substrate pattern
was defined via laser cutting using a 355 nm UV laser (YLCF65U, Wuhan Yuanlu Co., Ltd.), with the engraving
process repeated 10 times at a pulse frequency of 60 kHz, a pulse interval of 5 us, and a scanning speed of
1000 mm-s~!. The patterned substrate was then subjected to plasma treatment using a plasma cleaner (PDC-
36G, Hefei Kejing Material Technology Co., Ltd.) for 1 min to activate surface functional groups and enhance
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Figure 2 (Color online) (a) Surface SEM of sensitive material (scale: 10 and 2 pm); (b) EDS element distribution on the surface of the
sensitive layer material; (c¢) the preparation flow chart of IEPTS.

interfacial adhesion. Subsequently, interdigitated electrodes, pressure-sensitive, and temperature-sensitive patterns
were fabricated through a screen-printing technique (150 mesh) followed by thermal curing at 90°C for 3 min. For
the pressure sensor, the printed electrode pattern was integrated with the pressure-sensitive layer using conductive
ink. In the temperature sensor, Ag was employed as the thermo-responsive material and patterned via screen
printing. Finally, the top encapsulating layer was laminated to complete the device assembly.

2.3 Mechanism of the sensor

As shown in Figure 3(a), the IEPTS pressure sensing unit exhibits a multi-stage sensitivity response over the
pressure range of 0-150 kPa. The pressure sensitivity S is defined as

Al/I,

N

where Iy denotes the initial current, Al is the variation in the sensing signal, and AP is the applied pressure.
In the first stage (0-12.5 kPa), the pressure sensor demonstrates the highest sensitivity (931.46 kPa—1), which is
mainly attributed to the progressive increase in contact between MWCNTs and flake silver particles. This enhanced
contact area leads to a significant change in contact resistance (AR) [23], establishing highly efficient conductive
pathways and resulting in a rapid rise in current (Figure 3(b)).

In the second stage (12.5-60 kPa), the previously formed electronic conductive channels approach saturation,
causing a reduction in the rate of current increase. At this point, the ionic liquid incorporated in the composite
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Figure 3 (Color online) (a) The pressure sensing range and sensitivity of the IEPTS; (b) internal mechanism diagrams of the sensor at
different stages; (¢) comparison of pressure sensor sensitivity with and without ionic liquid; (d) performance comparison between the linear-type
temperature sensor and the temperature sensor presented in this work.

begins to contribute to the overall conductivity. Under the electric field generated between the upper and lower
electrodes, ions undergo directional migration, resulting in an additional resistance contribution from ion movement
(ARionic) [24], which allows the pressure sensor to maintain relatively high sensitivity in this range. In the third
stage (60-150 kPa), ion polarization gradually becomes dominant. A large number of ions accumulate at the
electrode-electrolyte interface, forming polarized regions that hinder further ion migration in the central zone. This
leads to restricted ionic conduction pathways, a slowed sensor response, and a significant reduction in sensitivity.
In this stage, the total resistance change arises from two components: contact resistance (AR) and additional
resistance caused by ion polarization (AR;), the latter representing an increase in equivalent impedance due to ion
trapping and charge screening effects. In Figure 3(c¢), we conducted a comparative experiment with and without
the incorporation of ionic liquid. The results indicate a significant enhancement in sensor sensitivity across the
entire pressure sensing range when ionic liquid is introduced. Specifically, the pressure sensor without ionic liquid
exhibits a sensitivity of merely 0.15 kPa~! within the pressure range of 30 to 150 kPa. This finding underscores
the crucial role of ionic liquid in augmenting electrical conductivity, as described earlier in the text. Furthermore,
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Figure 3(d) presents the actual optical image of the temperature sensor. Its distinctive serpentine design renders
the sensor data more linear compared to that of conventional linear temperature sensors.

2.4 Performance characterization of pressure-temperature sensor

To comprehensively evaluate the multifunctional performance of the IEPTS, we systematically characterized its
sensitivity, linearity, dynamic response, and thermal sensing behavior (the test setup is shown in Figure S8).
Dynamic testing (Figure 4(a)) reveals rapid response times of 28 ms (rising) and 30 ms (falling), demonstrating
excellent transient performance. As illustrated in Figure 4(b), comparative tests at fixed ionic liquid volume revealed
that optimal sensitivity is achieved when 0.7 g of MWCNTs is incorporated into 1 mL of ionic liquid. Owing to
the synergistically enhanced ion-electron conductive network in the sensing layer, the pressure sensor achieves a
minimum detectable pressure as low as 15 Pa (Figure 4(c)). Figure 4(d) presents a performance comparison between
the IEPTS and previously reported studies [25-33], demonstrating its clear superiority.

To assess signal stability under dynamic loads, we subjected the sensor to periodic pressures of identical amplitude
(30 kPa) but varying frequencies (0.07, 0.13, 0.19, and 0.25 Hz). As shown in Figure 4(e), wavelet-transformed
output signals distinctly reveal frequency components, with a low signal fluctuation of ~0.54% in the initial state.
A comparison of pressure sensing performance with state-of-the-art devices (Figure 4(f)) highlights the superior
sensitivity of our sensor. Moreover, under 30 kPa of pressure, the IEPTS maintained excellent stability over 7000
loading/unloading cycles. To quantitatively evaluate the cyclic stability of the IEPTS, we analyzed the per-cycle
peak amplitudes during 7000 loading/unloading cycles at 30 kPa. The coefficient of variation was determined to
be 3.1%, confirming minimal relative fluctuation. In addition, the baseline drift between the first and last 50 cycles
was only 0.87%, indicating negligible long-term degradation. These results demonstrate the excellent reliability of
the IEPTS under repeated mechanical loading.

For the temperature sensing module, silver electrodes were patterned via screen printing. As shown in Figure 4(g),
the sensor exhibits exceptional linearity (R? = 0.998) across the temperature range of 10°C-94°C (Figure S9).
Dynamic thermal response was also fast, with rise and fall times of 0.37 and 1.92 s, respectively (Figure 4(h)).
Notably, the IEPTS can resolve subtle temperature variations as small as 0.5°C (Figure 4(i)), which is significant
for precise body temperature monitoring. High signal reproducibility under repeated thermal cycling was also
confirmed (Figure 4(j)), and long-term operation at three distinct temperatures over 1 h demonstrated stable signal
output with minimal drift (Figure 4(k); temperature sensing application is shown in Figure S10).

Due to the integrated architecture of the pressure and temperature sensing units, we further evaluated the cross-
talk immunity of the system. As shown in Figure 4(l), the temperature sensor’s response to mechanical loading
is minimal: under the maximum pressure of 150 kPa, pressure-induced signal changes account for only ~10% of
the thermal signal response, underscoring the excellent decoupling capability and multi-functional applicability of
the IEPTS. The detailed properties of various temperature-sensitive materials, including their temperature range,
linearity, and response/recovery times, are summarized in the appendix (Table S1) [34-43].

2.5 Application of IEPTS in human speech recognition

Some hospitalized patients may experience slurred speech or even complete vocal impairment due to sore throat or
postoperative recovery. However, during vocalization, the contraction and relaxation of laryngeal muscles still induce
subtle pressure fluctuations on the skin surface [17,44-46]. To address the communication needs of such patients, we
attached the flexible, wearable pressure sensor (IEPTS) to the human throat to capture real-time pressure signals
generated by laryngeal muscle activity and convert them into electrical signals for speech recognition. To enable
efficient recognition, we constructed a random forest model, allowing detailed learning of weak signal features [47].
Multiple time-domain and frequency-domain features were extracted from the raw throat pressure signals and used
to train and validate the model on a standardized dataset (Figure 5(a)). The model achieved recognition accuracies
of 92.98% for six common bedside commands and 100% for seven alphabet letters (Figure 5(b)), demonstrating
excellent performance.

To further evaluate the discriminative power of IEPTS in speech recognition tasks, we conducted clustering
analyses to examine the intrinsic separability and structural characteristics of different phonation samples. Pressure
signals corresponding to seven alphabet letters (A-G) and four commonly used phrases (e.g., “hello”, “position
change”) were first processed through feature extraction and dimensionality reduction. Subsequently, clustering
was visualized using t-distributed stochastic neighbor embedding (t-SNE) and the K-means algorithm (Figure 5(c)).
The results demonstrated that both methods effectively separated the vocal samples into distinct clusters in the
two-dimensional feature space, achieving silhouette coefficients of 0.6103 and 0.5879, respectively. These findings
highlight the clear class boundaries present in the feature representations of throat pressure signals, confirming the
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Figure 4 (Color online) (a) Response time of the pressure sensor; (b) sensitive material concentration comparison in the pressure sensor;
(c) limit of detection (LOD) of the pressure sensor; (d) comparison of pressure sensor performance with reported literature; (e) pressure sensor
testing at different frequencies; (f) long-term cyclic testing of the pressure sensor; (g) temperature sensor range testing; (h) response time
of temperature sensor; (i) minimum resolution of temperature sensor; (j) sectional testing of temperature sensor; (k) long-term testing of
temperature sensor; (1) comparison of temperature and pressure responses.
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Figure 5 (Color online) (a) Speech recognition model based on random forest; (b) confusion matrix of letter and command pronunciation
accuracy; (c) clustering analysis combining t-SNE and K-means; (d) comparison of speech test signals between male and female volunteers;
(e) comparison of throat behavior under different activity states; (f) repeatability testing of the temperature sensor in fever-range temperatures.

strong discriminative capacity of IEPTS for accurate speech recognition. Notably, the high sensitivity of IEPTS
also enables it to capture a wide range of physiological pulse signals. The same clustering approach was applied to
pulse data, revealing distinct patterns and class separation as well (Figures S11-S13), further validating the broad
applicability and robust pattern recognition capabilities of IEPTS across diverse biosignal domains.

To evaluate the applicability of IEPTS across individuals of different sexes, the sensor was conformally attached
to the laryngeal region of one male and one female volunteer. Both participants were instructed to repeatedly
articulate four specific phrases— “uncomfortable”, “B”, “hello”, and “change position”—three times each. Dy-
namic time warping (DTW) was employed to align and compare the collected voice waveforms, where the minimum
DTW distance reflects the degree of shape similarity between two time-series signals, with smaller values indicat-
ing greater waveform similarity. The resulting minimum DTW distances ranged from 27.03 (“gasping”) to 44.88
(“uncomfortable”), with most values falling below 36 (e.g., “B”: 35.93; “hello”: 31.90; “change position”: 33.80;
Figure 5(d)), demonstrating the sensor’s stable and gender-independent recognition capability. In addition, we
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Figure 6 (Color online) (a) Schematic diagram of indoor wind tunnel testing device; (b) signal testing of IEPTS at 0-12 m/s under positive
and negative angles of attack; (c) wind speed variation test at 10° angle of attack; (d) 10°C-90°C temperature test for pressure sensors;
(e) 0-12 m/s temperature signal test at positive and negative angle of attack; (f) comparison of temperature and pressure signals of the pressure
sensor.

assessed the IEPTS’s capability to detect non-verbal laryngeal activities such as swallowing and mild coughing.
As shown in Figure 5(e), the minimum DTW distances for these actions were 37.78 (swallowing) and 35.34 (light
coughing), which are considered relatively low in the context of physiological signal analysis. These results indicate
that the acquired waveforms were both stable and representative. Collectively, these findings confirm that IEPTS
is suitable not only for cross-gender speech recognition but also for identifying non-phonatory behaviors such as
dysphagia and cough frequency, offering a reliable wearable solution for throat health monitoring.

Given the need for comprehensive health parameter monitoring in clinical settings, we further evaluated the
temperature-sensing performance of IEPTS. Dry-heat controlled tests were conducted from 36°C to 42°C in 1.5°C
increments (Figure 5(f)). The output voltage exhibited a strong linear correlation with temperature (R? = 0.998),
and signal consistency was maintained over repeated cycles, with drift remaining below 2%. Taken together, these
results demonstrate that IEPTS not only facilitates speech recognition, offering an assistive communication channel
for patients with speech impairments, but also enables simultaneous monitoring of swallowing, coughing, and body
temperature. With its excellent multifunctional capabilities, IEPTS provides a novel, non-invasive solution for
intelligent patient sensing in hospital environments.
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2.6 IEPTS for wind tunnel wing pressure monitoring

Both the wing surface and the human throat are typical curved surfaces. Among them, the monitoring of wind
pressure and temperature on the wing surface plays a critical role in evaluating the flight state of an aircraft.
Therefore, in this study, the IEPTS was mounted on the wing surface to conduct performance tests under simulated
flight conditions in a controlled wind tunnel environment. Figure 6(a) presents the actual installation position of
the IEPTS in the wind tunnel along with a photograph of the testing device. As shown in Figure 6(b), tests were
carried out under various angles of attack ranging from —30° to +30° (the installation schematic under positive
and negative angles of attack is provided in Figure S14), with wind speeds ranging from 0 to 12 m/s. The results
indicate that the sensor exhibited distinct signal responses under different angles of attack. Notably, at —10°, the
pressure fluctuation was the most prominent. We extracted the rising edge of the pressure signal for analysis, and
as illustrated in Figure 6(c), the IEPTS successfully detected subtle fluctuations corresponding to a wind speed
change of just 2 m/s, demonstrating its high sensitivity to dynamic pressure variations.

To assess the influence of temperature on the pressure sensing unit, we tested the IEPTS under a wide tem-
perature range of 10°C-90°C, with the results shown in Figure 6(d). Additionally, using the temperature sensing
component of IEPTS, temperature measurements were conducted under different angles of attack (with a step size
of 3 m/s in wind speed). The maximum observed temperature deviation was approximately 1.28°C. Finally, a
comparative analysis was performed to evaluate the influence of pressure and temperature on the output signal
of the pressure sensing unit. Under a 30° angle of attack, the difference in signal response between the pressure
and temperature effects exceeded a factor of 15, indicating that the pressure sensing unit was largely immune to
temperature interference under the test conditions (Figure 6(f)). This confirms the IEPTS’s excellent environmental
stability and reliability for practical applications.

3 Conclusion

In conclusion, we have developed a flexible IEPTS that successfully integrates high-sensitivity pressure detection
and accurate temperature sensing within a single platform. The unique carbon nanotube-based ionic network
enables a broad pressure range and outstanding sensitivity, while the dual-material design effectively minimizes
thermal interference, ensuring signal reliability. Demonstrated through practical applications such as subtle throat
movement detection for speech recognition and dynamic airflow monitoring in aerospace conditions, the IEPTS
exhibits excellent stability, linearity, and robustness. This multifunctional sensor platform holds significant potential
for advancing wearable electronics, physiological monitoring, and intelligent aerospace systems, paving the way for
more integrated and reliable multi-parameter sensing technologies. In future work, we will consider enhancing the
adaptability and generalization ability of the random forest algorithm to improve its optimization performance and
recognition accuracy. Additionally, we will explore the application of this algorithm in complex systems to further
broaden the IEPTS’s applicability in other fields and increase its practical value.
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