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Abstract
Real-time physiological information monitoring can predict and prevent disease, or improve
treatment by early diagnosis. A comprehensive and continuous monitoring of human health
requires highly integrated wearable and comfortable sensing devices. To address this need, we
propose a low-cost electronic fabric-enabled multifunctional flexible sensing integration
platform that includes a flexible pressure sensor for monitoring postural pressure, a humidity
sensor for monitoring the humidity of the skin surface, and a flexible temperature sensor for
visualizing the ambient temperature around the human body. Thanks to the unique rough
surface texture, hierarchical structure, and robust electromechanical features of the
MXene-modified nonwoven fabrics, the flexible pressure sensor can achieve a monitoring
sensitivity of 1529.1 kPa� 1 and a pressure range of 150 kPa, which meets the demand for
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human pressure detection. In addition, the unique porous structure of the fabric and the stacked
multilayer structure of MXene enable the humidity sensor to exhibit extremely high monitoring
sensitivity, even through clothing, and still be able to detect the humidity on the skin surface.
Temperature sensors based on screen-printed thermochromic liquid crystals enable visual
monitoring in the range of 0 � C–65 � C. Through further integration with flexible printed circuit
board circuits, we demonstrate a proof-of-concept device that enables real-time monitoring of
human physiological information such as physical pressure, humidity, and ambient temperature
environment, suggesting that the device provides an excellent platform for the development of
commercially viable wearable healthcare monitors.

Supplementary material for this article is available online

Keywords: wearable sensor, non-invasive physiological monitoring, MXene (Ti3C2Tx),
thermochromic liquid crystals (TLCs), integrated sensor patch

1. Introduction

There is an increasing demand for real-time monitoring tech-
nologies of physiological information due to accelerated
global aging and growing awareness of disease prevention
[1–4]. Wearable and flexible sensors have attracted attention
due to their lightweight, non-invasive, and real-time monit-
oring of physiological information [5–15]. Wearable sensors
capable of measuring various physiological parameters such
as body pressure [16–23], humidity [24, 25], and temperature
[26–28] have been extensively reported [12–14]. However,
most of the research on flexible sensors only focuses on
enabling the monitoring of a single physiological parameter,
which does not allow the comprehensive tracking of multi-
physiological information to provide a comprehensive health
assessment. Therefore, it is important to develop integrated
sensors that can achieve the monitoring of multiple physiolo-
gical signals [29–32]. For example, Gao et al proposed a wear-
able, flexible, integrated sensor array capable of simultan-
eously and selectively screening a set of biomarkers in sweat
[33], Sempionatto et al successfully achieved the monitor-
ing of physical pressure and sweat chemical signals by integ-
rating a miniature ultrasonic sensor with an electrochemical
sensor [34], and Oh et al introduced a flexible sensor system
that can be adhered to the skin to monitor skin moisture and
local temperature simultaneously [35], which has significant
advantages in pressure ulcer prevention and wound healing
monitoring.

In addition, most of the current research on flexible sensors
focuses only on the sensing front-end, while the back-end data
acquisition and transmission rely on bulky, expensive, and
wired devices [29, 36]. Therefore, there is an urgent need for
an all-in-one integrated platform of sensors and circuitry that
can be attached to the human body (on-body) to enable non-
invasive, wireless, and real-time measurement of various para-
meters over long periods. To this end, Lin et al have achieved
integrated ultrasound sensing front-end and back-end circuit
integration through laser etching transfer technology, which
can greatly improve the comfort of wear and the robustness
of information acquisition [37]. Our previous study also pro-
posed a fully integrated laryngeal adaptive patch that tracks

laryngeal muscle movements and electrophysiological signals
[38], which provides valuable data for assessing the postoper-
ative recovery of laryngeal cancer patients. Therefore, an all-
in-one integrated system is a consistent demand for wearable
electronics research and engineering applications, as well as
a technical challenge to build practical medical devices and
move towards industrialization.

Herein, this study presents an integrated sensor patch for
wireless monitoring of a range of physiological parameters
on the skin, including pressure, temperature, and humidity.
The innovative use of nonwoven fabric (NWF) recycled from
surgical mask waste as a flexible substrate provides an envir-
onmentally friendly and economically viable solution for the
development of flexible electronic devices. The unique sur-
face texture and layered structure of MXene-coated NWF
(MXene/NWF) enable the fabrication of flexible pressure
sensors with a wide sensing range of up to 150 kPa and an
excellent sensitivity of 1 529.1 kPa� 1. The humidity sensor
also exhibits sensitivity to humidity (R2 > 0.99) monitor-
ing. The temperature sensor uses thermochromic liquid crys-
tals (TLCs), has a wide temperature monitoring range (0 � C–
65 � C), is simple to operate, and does not require complex
components. The integration of the multimode sensor with
a flexible printed circuit board (FPCB) validates a prototype
device capable of monitoring vital signs in real-time, provid-
ing a foundational platform for the commercialization of wear-
able healthcare technology.

2. Results and discussions

2.1. Device design

NWF exhibits excellent mechanical properties, good breath-
ability, and a complex microstructure. These characteristics
make them ideal materials for constructing wearable flexible
sensors [39]. This study describes a flexible sensor made of
surgical mask NWF (figures 1(a) and S1) that can be integ-
rated into clothing for monitoring body pressure, humidity,
and temperature in confined environments such as compres-
sion stockings, and for wheelchair-bound or bedridden indi-
viduals (figure 1(b)). The collected temperature, humidity,
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2.2. Device characterization

To monitor the mechanical pressure force, the use of a pres-
sure sensor is essential, with the choice of sensitive mater-
ial playing a critical role in determining the sensor’s per-
formance. In this study, the electrosensitive layer of the pres-
sure sensor was prepared by dipping plasma-treated cleaned
NWF into MXene solution, which ensured the formation of
a homogeneous electrically conductive coating (figure S5).
TheMXene materials possess desirable characteristics such as
typical two-dimensional layered structure, large specific sur-
face area, and excellent electrical conductivity, making it an
optimal candidate, which was already demonstrated as previ-
ously shown [20] and figure S6. The NWF possesses unique
texture structure and smooth surface with fiber diameter of
10 µm–30 µm (figures 2(a) and S7). The energy dispersive
spectroscopy mapping has confirmed that MXene was evenly
distributed on theNWF surface, providing a detailed elemental
analysis (figure S8).

In the executed uniaxial tensile tests (deformation rate:
10 mm min� 1), MXene/NWF exhibited markedly superior
mechanical properties when contrasted with the uncoated
NWF. This superiority was evidenced by a significant increase
in Young’s modulus to 5.43 MPa, an augmented tensile
fracture strength of 4.59 MPa, and an enhanced ultimate
strain limit reaching 101.18%. Furthermore, the durability
of MXene/NWF was rigorously affirmed through bending
tests, encompassing 4000 cycles at a bending angle of 180
degrees. It was observed that the change in electrical resistance
post-testing was minimal, with a deviation of less than 0.05
(figures 2(b) and S9). To elucidate the underlying mechan-
isms attributive to the observed enhancements in mechanical
properties, x-ray Photoelectron Spectroscopywas employed to
analyze the surface chemical bonding with the MXene/NWF.
The analysis identified the presence of C-Ti chemical bonds,
indicative of interfacial interactions between the MXene layer
and the NWF. These interactions are posited to facilitate an
improvement in the bond strength between the MXene coat-
ing and the fibers, culminating in the augmented mechanical
performance observed (figure S10).

The pressure sensor consists of a polyethylene terephthal-
ate (PET) substrate, a dielectric layer (MXene/NWF), interdi-
gital electrodes (figure S11(a)), a spacer, and a dome-shaped
structure (which enhances force sensing) (figure S11(b)), and
is sealed with a PET film and a 3 M double-sided tape
(figure 2(c)). The sensing mechanism of the sensor is depicted
in figure 2(d). The resistance primarily comprises the inner res-
istance of the sensitive material (Rin) and the contact resistance
between each electrode (Rcn). When an external pressure is
applied, two phases can be devided for the response. For lower
pressures (0 kPa–15 kPa), the primary effect is the reduction
in contact resistance (Rcn) between the MXene/NWF sensit-
ive layer and the electrodes. As the applied pressure increases
(15 kPa–150 kPa), the MXene/NWF are tightly compressed,
forming high-conductivity pathways (figure S12), leading to
reduction in Rin. This results in a further increase in cur-
rent, thereby enhancing the sensitivity. Figure 2(e) illustrates

the detailed sensitivity variation of the pressure sensor. The
sensitivity is 400 kPa� 1 for pressures below 15 kPa and
1 529.1 kPa� 1 for pressures between 15 kPa–150 kPa. This
indicates that the sensor is suitable formonitoring daily activit-
ies and that it has a high sensitivity to subtle pressure changes.
The sensor’s ability to respond quickly to pressure changes
(25 ms response time and 30 ms relaxation time) and main-
tain stable performance below 40 kPa demonstrates its effect-
iveness in detecting low-pressure body signals (figures 2(f)
and (g)). Furthermore, pressure sensors were fabricated using
pre-cleaned NWFs, and their performance was evaluated. The
results demonstrated comparable performance for both, indic-
ating the potential for recycled mask NWFs to be utilized in
sensor fabrication (figure S13).

Furthermore, the protruding structure utilized in the flex-
ible pressure sensor is capable of effectively fitting the com-
plex contours of the body surface, thereby enhancing the
sensor’s adaptability (figure 2(h)). As shown in figure S14,
4000 repeated compression-release cycle tests were conduc-
ted at a pressure of 75 kPa, and the sensor demonstrated min-
imal drift or fluctuation throughout the cycle test. To demon-
strate the ability of the pressure sensor to resist temperature
and humidity disturbances, performance tests were carried out
at different humidity and temperatures, and the results showed
that the pressure sensor sensitivity varied very little at tem-
peratures of 25 � C, 35 � C, 45 � C and 55 � C, and that the
sensor output was essentially the same for relative humid-
ity between 60% RH–90% RH. The results emphasize the
sensor’s robustness and reliability for precise applications in
fluctuating environmental conditions.

The application of MXene/NWF as a moisture-sensitive
layer is consistent with the previously described pressure
sensor. Previous studies have demonstrated that MXene is bio-
logically safe and exhibits good antimicrobial activity when
used as a topical dressing [40]. The biological safety of
MXene/NWF for use as a moisture-sensitive layer has also
been demonstrated. To form the serpentine curved contour of
the sensor, we employed ultraviolet laser cutting with specific
and parameters (figure S16). The working mechanism of the
humidity sensor is demonstrated in figures 3(a) and S17, where
the sensitive layer’s surface interacts with water molecules in
the air. The MXene modification on the surface of the NWF
mask introduces a large number of hydrophilic groups, such
as hydroxyl groups, which enhances the hydrophilicity of the
sensitive layer. As the surface humidity increases, the inter-
layer distance of the MXene increases, leading to an increase
in interdigital resistance (R12 and R23) [41]. As illustrated in
figure S18, the testing procedure reveals a linear relationship
between the resistance change of the humidity sensor and the
increase in surface humidity (R2 > 0.99) (figure 3(b)), with a
response/relaxation time of 15/50 s (figure S19). A compar-
ison of these results with those presented in table S1 indic-
ates that the humidity sensor exhibits a fast response capability
[25, 42–46]. Figure S20 shows the response/relaxation curves
over 10 cycles, which demonstrate the excellent stability of the
humidity sensor. These results confirmed the excellent per-
formance of our prepared sensor and highlighted its ability
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Figure 2. Characterizations of the flexible pressure sensor. (a) Illustration and scanning electron microscope (SEM) images of the NWF. (b)
Stress–strain curves of the MXene/NWF and raw NWF under uniaxial tension and bending. (c) Configuration structure of the pressure
sensor. (d) Schematic illustration of the working mechanism of the pressure sensor. (e) Current variation versus the pressure change of the
pressure sensor. (f) Fast response of the pressure sensor. (g) Current variation of the pressure sensor under various pressure. (h) Different
orientations force was detected by the pressure sensor.

to detect humidity signals accurately and reliably, making it
highly effective in the detection of even very subtle changes in
humidity.

Moreover, to assess the sensor’s capability to isolate humid-
ity measurements from temperature and pressure influences,
we detailed and analysed its response to alterations in these
variables. Under diverse conditions of pressure and humid-
ity, as depicted in figure S21(a), it was observed that the

sensor maintained a relatively stable sensitivity across pres-
sures of 5 kPa, 10 kPa, 50 kPa, 100 kPa, and 140 kPa.
Additionally, as shown in figure S21(b), the sensor exhib-
ited minimal relative resistance changes (less than 0.05) in
a temperature range from 20 � C–60 � C without any applied
pressure. Comprehensive testing for temperature, pressure,
and stability confirmed the sensor’s consistent performance
in humidity detection under varied conditions. Experimental
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Figure 3. Characterizations of the humidity sensor. (a) Schematic illustration of the fabrication and sensing mechanism of the humidity
sensor. (b) Resistance variation versus the relative humidity change of the sensing materials. (c) Resistance change of the humidity sensor
under different humidity conditions. (d) The practical applications of the humidity sensor for respiration monitoring.
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Figure 4. Characterizations of the temperature sensor. (a) Schematic of temperature sensor preparation. (b) Schematic of temperature
sensing mechanism. (c) SEM image of fabric substrate surface of temperature sensor. (d) Principle of the temperature sensor color change
process and corresponding optical image. (e) Optical image of the temperature sensor mounted onto the back of the hand. (f) Thermal
images of the sensor mounted onto the skin on the back of the hand and the clothing on the chest. (g) At high temperature (65 � C), the
porous structure of the fabric ensures effective dissipation of heat.

tests, including scenarios with different proximity distances
and varying humidity levels (for instance, using a dry or wet
finger/palm), highlighted the sensor’s excellent humidity sens-
ing capabilities (figure 3(c)). By using a textile fabric to simu-
late clothing, the sensor still maintains a good response, indic-
ating its excellent adaptability. When the sensor was moun-
ted on a mask for respiratory monitoring, the sensor effect-
ively captured the respiratory frequency and intensity, and the
short-time Fourier transform and spectrogram correlated the
respiratory waveforms with the actual frequency, validating its
effectiveness for accurate respiratory tracking (figure 3(d)).

TLCs change color with temperature variations, thereby
enabling the visual assessment of temperature without the
necessity for the use of additional external components. This
technology is particularly advantageous for vulnerable pop-
ulations who are unable to monitor their body temperat-
ure or sense heat exposure independently. As illustrated in
figure 4(a), TLCs consist of microcapsules containing a dye, a
color developer, and a solvent. Within the solvent’s crystal-
lization temperature range, the dye and the color developer
remain bonded, displaying a visible color. As the temper-
ature rises, the solvent begins to melt, causing the dye and
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the color developer to separate, which leads to the color fad-
ing or disappearing entirely. This provides a visual indica-
tion of temperature changes. By adjusting the temperature
control agent to regulate the solvent’s solidification temper-
ature, it is possible to create inks that change color at dif-
ferent temperature intervals [47]. In this study, we achieved
non-invasive and visual temperature sensing by depositing
TLCs onto NWF using a screen-printing method, as shown
in figure 4(b). The SEM images reveal the NWF with depos-
ited ink (figures 4(c) and S22). The color-changing microcap-
sules, ranging in particle size from 2–7 µm, can be observed
protruding from the fibers surface. Our temperature sensor is
made using nine different thermochromic inks that are sens-
itive to specific temperatures (5 � C, 10 � C, 15 � C, 18 � C,
22 � C, 25 � C, 32 � C, 37 � C, and 65 � C). These temperature-
sensitive inks display different initial colors when below their
designated color-changing temperatures. Each temperature
zone (hot, comfort, cold) is equipped with three different
temperature-sensitive inks, allowing for precise temperature
detection within cold (below 15 � C), comfort (18 � C–25 � C),
and hot (above 31 � C) ranges, providing an accurate indication
of temperature changes [48] (figures 4(d) and S23). The sensor
has high sensitivity and accuracy, and is capable of detecting
and visualizing temperature gradients. Notably, the sensor is
reusable, the color resets at 0 � C, and it detects temperature
changes quickly, as evidenced by a 10 s color change when
applied to human skin at 26 � C (figures 4(e) and S24). In addi-
tion, its thin, breathable design efficiently dissipates heat and
ensures that it does not interfere with the body’s thermoregu-
lation (figures 4(f) and (g)).

2.3. Application

Our developed device innovatively monitors tissue and joint
pressure, humidity, and temperature under various conditions,
including sleep, offering continuous, reliable bodily condi-
tion data to facilitate early problem detection and enhance
health monitoring. The system, which incorporates a sensor
and a backend circuitry, enables the real-time observation
and recording of data. The sensor, positioned beneath a
human hand (figure 5(a)), is capable of accurately measuring
pressure and humidity over extended periods, with the data
being transmitted to cloud and mobile platforms (figure 5(b)).
Humidity monitoring tests at the arm (figure 5(c)) revealed
initial sweat-induced humidity spikes, quickly stabilizing as
the subject rested, demonstrating the sensor’s effectiveness in
small, enclosed environments like joint and tissue spaces dur-
ing sleep. The sensor’s surface shows a water contact angle
of 37.5� , indicating strong hydrophilicity, which aids mois-
ture transfer to the sensor’s responsive layer, optimizing it for
humidity sensing (figure S25).

Our study examined pressure distribution across the palm,
elbow, shoulder, and calf in various postures (figure 6(a)),
finding the elbow bears the highest pressure when lying flat,
while legs and shoulders support most weight on the left side,
reducing pressure on opposite sides to nearly zero. Humidity
levels were higher at the hands and elbows compared to

shoulders and legs in a prone position, equalizing across all
areas when lying on the right side (figure 6(b)). Additionally,
to demonstrate the practical application of detecting temper-
ature changes, the patch was placed on the back of the hand.
Initially, the color block on the patch appeared red at a nor-
mal body temperature of 35.9 � C (indicated by the blue arrow
in figures 6(c-i)). At a fever state of 38.2 � C, the color block
turned white (indicated by the blue arrow in figure 6(c-ii)).
When the sample was placed on the surface of clothing, the
patch exhibited a change in color at room temperature (25 � C)
(indicated by the blue arrow in figure 6(c-iii)). However, when
tested at a temperature of 5 � C, the color block on the patch
became dark (indicated by the blue arrow in figure 6(c-iv)).
The results demonstrate that the patch is capable of detect-
ing abnormal body and ambient temperatures, rendering it an
appropriate instrument for monitoring vulnerable populations,
such as the elderly and children. If these individuals experi-
ence fluctuations in temperature, the patch can provide timely
visual alerts, thereby reducing the risk of further harm.

3. Conclusion

In summary, we have used a low-cost breathable fabric e-
textile as a substrate for the fabrication of integrated flex-
ible sensors for multi-parameter monitoring of body pressure-
humidity-temperature. This provides an efficient and com-
prehensive solution for practical applications such as health
monitoring and environmental sensing (table S2). Due to the
unique physical porous structure and excellent electromech-
anical coupling properties of the e-textile, the prepared sensor
exhibits highly sensitive detection characteristics. The pres-
sure sensor can achieve a sensitivity of up to 1529.1 kPa� 1

(150 kPa). The serpentine structure of the humidity sensor can
avoid mechanical bending crosstalk and achieve high humid-
ity sensitivity. The temperature sensor can cover the range of
daily use and enable temperature visualisation and observa-
tion. Additionally, the NWF substrate can be flexibly laser-
machined into arbitrary structures, increasing the scalability of
the application range. Furthermore, long-term real-time mon-
itoring of multi-feature information of the human body can
be achieved and demonstrated by monitoring pressure, peri-
pheral temperature, and humidity when the human body is
lying down by integrating and constructing a wireless inform-
ation sensing platform with the back-end flexible FPCB cir-
cuits. The design concept and processing method of this study
provide an innovative paradigm for the construction of low-
cost wearable sensors in the future.

4. Experiment section

4.1. Preparation of the pressure sensor

To create a uniform MXene suspension, 0.05 g of Ti3C2Tx
nanosheets were dispersed in 10 ml deionized water [19].
NWF pieces (200 µm, 10 mm × 10 mm) were then soaked
in anhydrous ethanol and deionized water, ultrasonically
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cleaned, and dried. Oxygen plasma was used to thoroughly
clean the NWF, which were subsequently immersed in a pre-
pared MXene solution (5 mg ml� 1) for 1 min, removed, and
dried at 50 � C for 1 h. Figures S26(a)–(f) illustrate themorpho-
logy of the original NWF and the samples coated 0–5 times.
As the number of coatings increased, the sheet resistance
decreased from 5.2 Ω cm� 2 to 0.9 Ω cm� 2 (figure S26(g)).
However, when the number of coatings reached 4, the Ti3C2Tx
nanosheets exhibited significant aggregation. The highest
sensitivity for the pressure and humidity sensors was observed
at three coatings (figures S26(h) and (i)). Additionally, we
varied the spacer layer dimensions (6 mm, 6.5 mm, 7 mm)
and performed sensitivity tests on MXene/NWF with three

dip-coating cycles. The results indicated that when the spacer
size was 6.5 mm and the MXene/NWF sensitive layer under-
went three dip-coating cycles, the sensor exhibited optimal
performance (as shown in figure S27). Furthermore, pres-
sure sensors were fabricated using both pre-cleaned and ori-
ginal NWFs, and their performance was evaluated. The results
demonstrated comparable performance for both, indicating the
potential for recycled mask NWFs to be utilized in sensor fab-
rication). 3 M double-sided adhesive layer (250 µm, Shenzhen
Jiaobisheng Technology Co., Ltd) integrated the PET cover
sheet (25 µm) with the PET substrate featuring interdigital
electrodes (100 µm). Hemispherical protrusion was attached
to the upper side of the PET cover.
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4.2. Preparation of the humidity sensor

MXene/NWF were adhered to a PET substrate (25 µm) using
3 M double-sided tape. A 355 nm UV laser (Yuanlu Co., Ltd,
Wuhan) engraved the serpentine structure with a 60 kHz pulse
frequency at 1000 mm s� 1, repeating the process 5 times.
The structure was then transferred onto the NWF base with
heat release adhesive tape (Harbin Tebo Technology Co., Ltd,
50 µm), and finally covered with a porous PET layer (25 µm)
to enhance the bond.

4.3. Preparation of the temperature sensor

To fabricate the flexible temperature sensor, screen printing
was employed, using TLCs material (Shenzhen Dongfang
Bianse Technology Co., Ltd) precisely applied onto NWF
substrates through a 300-mesh screen, followed by heating
at 50 � C for 1 h. The TLCs contain the wall material com-
posed of polyoxymethylene melamine (CAS No. 9003-08-1)
and styrene maleic anhydride monomethyl-maleate polymer
(CAS No. 31959-78-1) and the core material which consists
of photochromic violet dye (CAS No. 114747-45-4) and 4-(1-
phenylethyl)-o-xylene (Solvent, CAS No. 6196-95-8).

4.4. Assembly of the whole sensor

The device was sequentially assembled with the temperature
sensor at the base, then the humidity sensor, and finally the
pressure sensor on top. Copper electrodes enhanced with a
10 µm thick PI film for toughness, link the sensors to the flex-
ible circuit, which is encapsulated in PDMS (Dow Corning,
Sylgard 184A to B) mixed in a 10:1 weight ratio, stirred for
5 min, degassed for 10 min, and cast into a Petri dish before
curing at 50 � C for 12 h. Conductive silver paste establishes
the connection between the sensor and the copper electrodes.

4.5. Design of signal processing and transmission circuits

As illustrated in the circuit schematic (as shown in figure S28),
the signal processing unit is powered by a low-power 8-bit
processor (Atmel, ATmega328P). A power management chip,
AMS1117-3.3, is employed to facilitate the conversion of the
voltage from 3.7 V to 3.3 V. The Bluetooth module CC2640
is capable of serial communication. The integrated device is
capable of continuous operation for approximately 4–5 h on
a 40 mAh lithium battery (model: 151521, nominal voltage:
3.7 V), with the entire device weighing less than 3 g.

4.6. Structural, mechanical and electromechanical
characterization

Field emission electron microscopy (Quanta 450, 20 kV) was
used to characterize the structural and morphological inform-
ation. The mechanical properties of NWF and MXene/NWF
were tested using a mechanical testing machine (Zhi Qu,
990B) at a tensile speed of 10 mm min� 1. Each test condition
was repeated with five samples, and the average values were
taken as the final results. Pressure sensors were tested using the
mechanical testing machine for pressure control. The sensing

characteristics of the humidity sensors were evaluated using
saturated salt solutions at different humidity levels (as shown
in figure S29). Temperature sensors were controlled using
a thermostatic heating stage (JF-956D). For electromechan-
ical characterization, variable resistance and current during
the process were recorded using an electrochemical work-
station (CHI 760E), an LCR impedance analyzer (Tonghui,
TH 2827A), and an IM3536 LCR meter. The thermal image
was captured by thermal cameras (IRay Technology Co., Ltd,
China).

4.7. Experiments on human participants

Healthy volunteers were selected to participate in the exper-
iments with informed consent. The sensors were directly
attached to the volunteers’ skin at common measurement sites
such as the arm and leg, ensuring good contact between the
sensors and the skin. Measurements were conducted in a con-
trolled environment, with room temperature and humidity reg-
ulated to avoid external interference. Sensor data were col-
lected in real-time using mobile devices. All human subject
studies were approved by the Medical Ethics Committee of
Xiamen University (Protocol: XDYX202311K70), and the
volunteers gave informed consent (as shown in figure S30).
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