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Flexible thermoelectric materials play an important role in smart wearables, such as wearable power gen-
eration, self-powered sensing, and personal thermal management. However, with the rapid development
of Internet of Things (IoT) and artificial intelligence (AI), higher standards for comfort, multifunctionality,
and sustainable operation of wearable electronics have been proposed, and it remains challenging to
meet all the requirements of currently reported thermoelectric devices. Herein, we present a multifunc-
tional, wearable, and wireless sensing system based on a thermoelectric knitted fabric with over
600mm�s�1 air permeability and a stretchability of 120%. The device coupled with a wireless transmission
system realizes self-powered monitoring of human respiration through an mobile phone application
(APP). Furthermore, an integrated thermoelectric system was designed to combine photothermal conver-
sion and passive radiative cooling, enabling the characteristics of being powered by solar-driven in-plane
temperature differences and monitoring outdoor sunlight intensity through the APP. Additionally, we
decoupled the complex signals of resistance and thermal voltage during deformation under solar irradia-
tion based on the anisotropy of the knitted fabrics to enable the device to monitor and optimize the out-
door physical activity of the athlete via the APP. This novel thermoelectric fabric-based wearable and
wireless sensing platform has promising applications in next-generation smart textiles.

� 2023 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Smart wearable devices have entered a new era. Through the pro-
cessing of materials and the integration of devices, people can wear
these devices anytime and anywhere, and these devices can accu-
rately monitor multiple indicators of the human body in real time
[1–4]. Among these indicators, the human physiological monitoring
system shows great potential because it can help people monitor
daily indicators such as breathing rate [5], skin temperature [6],
human movement [7], rehabilitation exercise [8], and outdoor solar
flux [9]. Therefore, the number of electronic devices is increasing,
which in turn has increased the demand for intelligent terminals
powered by traditional electrical energy systems. Wired charging
systems are typically power sources whose bulky appearance, short
lifespan, and potential toxicity hinder further development in smart
wearables. Therefore, developing a new energy-harvesting technol-
ogy that is easily accessible, efficient, and portable [10–15]. The
human body and external environment generate a large amount of
waste heat at all times, including body temperature, breathing tem-
perature, sunlight, and so forth [16–18]. Thermoelectric materials
can directly convert the temperature difference between the human
body and external environment into electrical energy continuously,
which is a good choice for wearable devices [19–24].

However, several challenges exist in the preparation and appli-
cation of self-powered devices based on thermoelectric materials
[25–31]. On the one hand, with the rapid increase in the integra-
tion of wearable devices, sensors with only a single temperature
or strain sensing performance can no longer meet the needs of
daily use [32,33]. For example, people are inevitably exposed to
direct sunlight during outdoor activities. Therefore, it is reasonable
to design a sunlight-based sensing system that can monitor human
activity or help the body recognize the intensity of light to prevent
eering,
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sunburn. It has been reported that sunlight is the most abundant
outdoor resource, and if it is developed as the power source for
thermoelectric-based self-powered devices, it is a breakthrough
for wearable devices [34]. However, improving the wearability of
thermoelectric materials to satisfy the comfort of daily human
wear is still a major challenge [35,36]. Typically, flexible thermo-
electric materials are made by blending a non-conductive elas-
tomer with a thermoelectric material or by printing the
thermoelectric material on a flexible substrate; this gives the
material some flexibility but limits breathability, which prevents
the transport of moisture from the skin to the outside, all of which
lead to a poor wearing experience [37–41].

In addition, wireless configuration is another important
advantage of sensor systems. Wireless sensing systems can elim-
inate the problem of built-in wire failure, are more portable, and
are easy to install; therefore, they have been widely used in all
aspects of human life [42–44]. However, multifunctional wear-
able wireless sensing systems based on thermoelectric materials
have rarely been reported. Currently, the signals generated by
thermoelectric-based sensors require a cable connection to a
computer or multimeter for display and access, which hinders
the integration of the entire system with everyday electronic
devices.

In order to achieve multifunctionality and portability of the
wearable product, we report a wireless sensing system based on
thermoelectric fabrics (Fig. 1). N- and p-type thermoelectric fabrics
were prepared by solution dip-coating method with excellent
stretchability, breathability and durability to be used as the basic
unit of the sensing system. The device composed of n- and p-
type thermoelectric fabrics can be integrated with a wireless sens-
ing module to monitor human breathing in real time via an appli-
cation (APP) on a cell phone. In addition, a solar-flux monitoring
device based on the photothermal effect and passive radiative
cooling was fabricated by electrospinning a polyethylene oxide
(PEO) nanofiber film directly onto one end of the device. The device
enables round-the-clock solar flux monitoring with an app on the
phone and solar-driven power harvesting. Furthermore, based on
the structure of the stretching anisotropy of knitted fabrics, we
decoupled the interference of resistance when the fabric was
stretched and realized real-time monitoring of human joint move-
ment in an outdoor sunlight environment. Overall, our wireless
sensing system based on the fabric-based thermoelectrics offers a
novel and effective strategy for developing next-generation wear-
able devices.
Fig. 1. Schematic and applications of the
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2. Materials and methods

2.1. Materials

Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate)
(PEDOT:PSS) (1.3 wt% dispersion in H2O; conductive grade) was
purchased from Sigma-Aldrich Shanghai Trading Co., Ltd. (China).
The carbon nanotube (CNT) dispersion (dispersed in water,
single-walled, diameter of 1–2 nm) was purchased from Chengdu
Organic Chemicals Co., Ltd., Chinese Academy of Sciences (China).
Polyethylene oxide (PEO) (average Mv �5 000 000; powder) and
oleamine were obtained from Shanghai Aladdin Biochemical Tech-
nology Co., Ltd. (China). Commercially available cotton-knitted fab-
rics were also developed. Dimethyl sulfoxide (DMSO) and absolute
ethanol (99.5%) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (China). All chemicals and materials were used as received
without further purification.

2.2. Preparation of original thermoelectric fabric

Typically, the CNT dispersion was mixed with deionized water
at a ratio of 1:1 using a cell crusher. The cotton-knitted fabrics with
the same size were soaked in the homogeneous mixed dispersion
for 1 h and dry at 40 �C. This procedure was repeated thrice. The
obtained fabrics were then stirred violently in 80 �C deionized
water to remove the residual organic matter and dry at 40 �C. This
operation was repeated three times to obtain the original thermo-
electric fabrics.

2.3. Preparation of p-type thermoelectric fabric

Firstly, 260 lL dimethyl sulfoxide (DMSO) was added into 5 mL
of pristine PEDOT:PSS dispersion solution with ultrasonic disper-
sion for 1 h. Then thermoelectric fabrics were soaked in the
obtained solution for 12 h, then dry in a vacuum at 40 �C. This
operation was repeated three times to obtain p-type thermoelec-
tric fabrics.

2.4. Preparation of n-type thermoelectric fabric

The original thermoelectric fabric exhibited typical p-type ther-
moelectric performance. To prepare the n-type thermoelectric fab-
rics, oleamine doping was performed according to previous reports
[49]. Briefly, oleamine (2.5 mL) was mixed with of 23.0 mL and
proposed wireless sensing system.
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stirred vigorously for 2 h. The original thermoelectric fabrics were
soaked in the mixed solution for 20 min and then dried to obtain
the n-type thermoelectric fabrics.

2.5. Fabrication of thermoelectric device and solar flux monitoring
device

Thermoelectric device for energy harvesting and sensing
tests was composed of four p-type thermoelectric fabrics (1.5 cm
� 0.5 cm) and four n-type thermoelectric fabrics (1.5 cm � 0.5 c
m). Copper wires were used to connect the two types of fabrics,
allowing the formation of one pair of p and n. Silver glue was added
to reduce the contact resistance. The solar flux monitoring device
was obtained by direct electrospinning of a PEO nanofiber film at
one end of the prepared device. Written informed consent was
obtained from all the participants.

2.6. Characterizations

The surface morphology and CNT state of the fabrics were char-
acterized using field-emission (FE)-scanning electron microscopy
(SEM) (Hitachi SU-8010; Hitachi, Ltd., Japan). The strain perfor-
mance of the fabrics was tested using a universal material testing
machine (25ST; Tinius Olsen Testing Machine Shanghai Co., Ltd.,
China). The air permeabilities of the fabrics were measured using
a YG461G automatic air permeability measuring instrument.
Absorption spectra were measured using an ultraviolet–visible-n
ear-infrared (UV–Vis-NIR) spectrometer equipped with an inte-
grating sphere (Shimadzu UV-3600; Shimadzu Corporation, Japan).
The infrared (IR) (Nicolet 6700; Thermo Electron Corporation, USA)
spectra were collected from 500 to 3500 cm�1. Standard Air Mass
(AM) 1.5G spectrum irradiation was performed using a solar simu-
lator (CEL-FZ-A; Beijing Ceaulight Technology Co., Ltd., China). The
thermal images of the samples were obtained using an IR camera
(226; FOTRIC Intelligent Technology (Shanghai) Co., Ltd., China).
The electrical conductivities and Seebeck coefficients of the ther-
moelectric fabrics were measured using a custom-built platform.
Briefly, we placed a long composite film with dimensions of
20 mm � 5 mm on two Peltier elements for precise measurement.
One of the Peltier elements was used for heating and the other was
used for cooling to create a temperature difference. Temperature
was monitored using an IR camera. The two probes were in direct
contact with the silver glue at both ends of the composite film at a
distance of 10 mm. A multimeter (Keithley 2400, USA) is used to
measure the output voltage. The sensing signals of all devices were
collected using a Keithley 2400 multimeter.
3. Results and discussions

3.1. Fabrication of breathable and stretchable thermoelectric fabrics

Fig. 2(a) illustrates the preparation of the breathable and
stretchable thermoelectric fabrics. CNT were chosen as the base
thermoelectric material because they have been reported to have
excellent thermoelectric properties and can be easily modified to
the p- or n-type using dopants. Cotton-knitted fabrics were chosen
as substrates because of their good flexibility, stretchability, and
breathability. Typically, the initial thermoelectric fabric is obtained
by soaking a cotton-knitted fabric with a uniform shape in the
obtained CNT dispersion. The obtained fabrics were extremely flex-
ible and stretchable and could be sheared into any shape (Fig. S1 in
Appendix A). The samples were placed on a self-built test platform
to evaluate their thermoelectric properties (Fig. S2 in Appendix A).
As shown in Fig. 2(a), the pristine CNT fabric possesses a positive
Seebeck coefficient due to oxygen impurities, suggesting hole-
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like majority carriers [45–47]. Oleamine is reported to be a good
n-dopant for converting CNT-based thermoelectrics to n-type
materials that exhibit air stability [48,49]. The diameter of the pure
CNT in Fig. S3(a) is smaller than the coating of oleamine on the CNT
in Fig. S3(b) in Appendix A. Insulating oleamine led to a slight
decrease in the conductivity of the fabric, but the Seebeck coeffi-
cient was compensated (Fig. 2(b)). In contrast, p-doping of the fab-
ric resulted in a significant increase in the electrical conductivity of
the fabric, which is similar to previous studies on CNT/PEDOT:PSS
composites [50,51]. Comparing the CNT distribution patterns of the
original fabric and the p-type fabric in Fig. S3(a) and (c) in
Appendix A, it can be observed that the faintly visible fiber net-
work produced by the PEDOT:PSS coating after the impregnation
process indicates that PEDOT:PSS is well distributed on the fiber
surface. At room temperature (T0 = 24 �C), the temperature differ-
ence (DT) between the two ends of all the fabrics showed a good
linear relationship with their output thermal voltage (Fig. S4(a)
in Appendix A). In addition, the air stability of the n-type thermo-
electric fabrics was measured to demonstrate the effectiveness of
our doping strategy (Fig. S4(b)). Owing to the unique structure of
knitted fabrics, they exhibit excellent air permeability [52]. As
shown in Fig. 2(c), the air permeability of the doped fabric is
slightly lower than that of the original cotton fabric, which can
be attributed to the fact that the dopant reduces the pores between
the fibers to a certain extent, while the pores between the yarns are
retained because of the structure of the knitted fabric; thus, good
air permeability is maintained. The yarn of the fabric was prepared
using cotton fiber for good moisture absorption. As shown in
Fig. S4(c) in Appendix A, the water drops on the fabric quickly
wet the fabric, indicating that the thermoelectric fabric has good
moisture absorption and can meet the body and external environ-
ment of water vapor exchange. Scanning electron microscopy
(SEM) images of the two types of fabrics and single yarn are shown
in Fig. S5 in Appendix A for additional explanation. Additionally,
the mechanical properties of the fabric were tested to explore its
potential use in wearable devices. As shown in Fig. 2(d), the strain
values along the Y-direction for both the n- and p-type fabrics
exceeded 130%, whereas the strain along the X-direction exceeded
190%, which is close to the values for cotton-knitted fabrics (Fig. S6
in Appendix A). It is worth noting that the direction along the coil is
defined as the Y-direction. This indicates that the preparation pro-
cess did not degrade the mechanical properties of the fabric.

Owing to its low cost, good processability, and high integrata-
bility, the fabric can be easily fabricated into large-area flexible
thermoelectric devices. A flexible thermoelectric device composed
of eight parallelly connected legs was fabricated using n-type fab-
rics as n-type legs, while p-type fabrics were used as p-type legs, as
shown in Fig. 2(e). The internal resistance of the device was mea-
sured to be 980X. In principle, the output voltage (U) of a thermo-
electric device can be defined as U = E � I�Rin, where E is the open-
circuit voltage of the device, Rin is the internal resistance of the
device, and I is the output current of the device. Therefore, the out-
put current of the device is inversely proportional to the output
voltage at a certain temperature difference. By connecting the
device in series with an external load resistor, the output
current � voltage curves are plotted for different temperature gra-
dients (Fig. 2(f)). The current and voltage are inversely propor-
tional, and the output voltage increases with the temperature
difference. The output power (P) is calculated using the following
expression: P = E2Rload/(Rload + Rin)2, where Rload is the load
resistance. When Rin and Rload are well matched (Rin = Rload), the
maximum output power (Pmax) of the device is obtained. As shown
in Figs. 2(f) and (g), when the load resistance (Rload) is 980 X, the
maximum output voltage and output power of the device can be
obtained under different DT. Then, the device was worn directly
on the wrist to assess its practical relevance as a wearable genera-



Fig. 2. (a) The fabrication process of p- and n-type thermoelectric fabrics. (b) Electrical conductivity, Seebeck coefficient, and power factor of the original thermoelectric
fabrics, p- and n-type thermoelectric fabrics. (c) Air permeability of cotton fabrics, p- and n-type thermoelectric fabrics under different pressure. (d) Stress–strain curves of
p- and n-type thermoelectric fabrics in different directions. (e) Schematic diagram of a thermoelectric device composed of four p-type thermoelectric fabrics
(1.5 cm � 0.5 cm) and four n-type thermoelectric fabrics (1.5 cm � 0.5 cm) connected in series. (f) The relationship between the output voltage and output power versus the
current of the device under different temperature differences. (g) The generated power of the device is a function of load resistance.
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tor. As shown in Fig. S7(a) in Appendix A, one end of the device was
in direct contact with the skin, and the other end was sewn to the
fabric away from the skin to obtain a sufficient temperature differ-
ence. Fig. S7(b) shows that the temperature difference between the
cold and hot ends of the device is approximately 3 K, and the
device can produce a continuous output thermal voltage of
1.17 mV (Fig. S7(c)). These results reveal that our thermoelectric
fabrics can be applied in the field of wearable energy harvesting.

3.2. Wireless temperature sensing via thermoelectric fabrics

The thermoelectric effect of the fabric allows it to perform
temperature-sensing tests in self-powered mode at room temper-
ature. It is well known that the minimum resolution temperature
and discrimination between different temperatures of a tempera-
ture sensor are important metrics for evaluating its sensing perfor-
mance [53]. Therefore, we performed a corresponding
characterization using a p-type fabric as an example. We demon-
strate its ability to detect a minimum temperature of 0.27 K
4

(Fig. S8(a) in Appendix A). The ends of the sample were subjected
to a small initial temperature difference, and the output thermal
voltage was recorded in real time until the voltage started to
change. The voltage at this point is the minimum output voltage,
and then the temperature calculated at this point based on the
functional relationship between the Seebeck coefficient and tem-
perature (DT = DV/S) is defined as the minimum detection temper-
ature.. The output thermal voltage corresponding to the
temperature difference from 0 to 1 K for the n- and p-type fabrics
is shown in Fig. S8(b) in Appendix A to illustrate the accuracy of the
overall device. The ability to discriminate between the different
temperature differences is shown in Fig. S8(c) in Appendix A. The
cycling performance of a sensor is also an important metric. As
shown in Fig. S8(d) in Appendix A, the device maintained stable
sensing characteristics after 100 temperature-sensing cycles.
Based on these characteristics, we integrated a flexible thermoelec-
tric device consisting of eight parallel connected legs into a daily
mask to monitor human breathing conditions. As shown in Fig. 3
(a), one end of the device was directly exposed to air, and the other



X. He, J. Cai, M. Liu et al. Engineering xxx (xxxx) xxx
end was used for the inner measurement of the mouthpiece near
the nose. The end exposed to air is always maintained at room
temperature, whereas the temperature at the other end depends
on the alternate inhalation and exhalation of the nose. As shown
in the IR diagram, when we exhaled, the temperature measured
inside the mouthpiece increased rapidly, the temperature differ-
ence from the ambient temperature increased rapidly, and the out-
put thermal voltage of the device increased. When inhaled, airflow
with ambient temperature entered the inside of the mouthpiece;
the temperature at both ends of the device was at room tempera-
ture, and the output voltage rapidly decreased. Details of the ther-
mal voltages generated by exhalation and inhalation are shown in
Figs. S8(e) and (f) in Appendix A. As shown in Fig. 3(b), the thermal
voltage generated by the device showed a regular rise and fall
when breathing normally, dropped rapidly, and stabilized when
Fig. 3. (a) Physical diagram of the smart mask and the infrared images of exhalation and
with one end directly exposed to the air and one end close to the nose. (b) The smart ma
inhaling. (c) Schematic diagram of the smart mask for respiratory monitoring. (d) Schem
diagram of circuit principle of the wireless sensing system. (f) Real-time monitoring da
curve on a mobile phone APP. (g) The APP shows that the curve is regular when breathing
of smart gloves with high temperature warning capability. (i) Schematic and operation
monitoring data was displayed on a mobile phone APP. ADC: analog to digital converte
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breathing stopped. However, all the test data and results were
obtained by plugging the device into a multimeter, which is not
in line with the portability advocated for smart wearable devices.

Accordingly, we further integrated the device with a wireless
circuit to construct a wireless respiratory detection system with
bluetooth transmission, which is expected to be used for respira-
tory disease warning and respiratory arrest alarm (Figs. 3(c) and
(d)). The operational principle of the wireless sensing system is
described as follows: The voltage signal generated by the thermo-
electric effect inside the sensor is collected by an analog-to-digital
converter and sent to an operational amplifier. The signal is then
analyzed by a microcontroller unit, which extracts the waveform,
frequency, and period generated by the breath and sends the data
in real-time to a mobile terminal via bluetooth. Notably, the sen-
sor’s signal is generated without any external power, by relying
inhalation while wearing the mask. The device was integrated into the daily mask
sk could detect the respiration by the change of thermal voltage when exhaling and
atic image of the working principle of the wireless sensing system. (e) Schematic

ta of human breathing are monitored by wireless sensing systems and display the
and disappears into a straight line when stopping breathing. (h) Schematic diagram
al schematics of smart gloves with temperature detection capabilities. Real-time

r; MCU: microcontroller unit; OP AMP: operational amplifier.
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only on the thermal voltage generated by its thermoelectric effect
(Fig. 3(e)). As shown in Figs. 3(f) and (g), when the user is breathing
normally, such as the time period from 0 to 60 s, the APP interface
displays a regular curve change, which corresponds to the breath-
ing activity of the human body. However, when the wearer stops
breathing (i.e., the 60–70 s time period), the curve disappears,
which implies that the user appears abnormal. A smart glove
was also designed based on this system for temperature recogni-
tion and high-temperature detection (Fig. 3(h)). The sensor is inte-
grated as shown in Fig. 3(i). When it does not touch the object,
there is no temperature difference between the two ends of the
sensor, and thus, no voltage signal is generated on the app. How-
ever, when it touches a hot object, the voltage curve on the app will
rise rapidly. Thus, it can be used to monitor the touch temperature
of the glove to ensure the safety of the user. In summary, our
designed wireless sensing system based on thermoelectric fabric
shows great potential in daily human safety protection such as
breathing monitoring and high temperature warning.

3.3. Wireless solar-flux monitoring system based on solar-driven
thermoelectric fabrics

In daily outdoor activities, the human body is often exposed to
sunlight. Body temperature comfort will have an impact on the
human body, and the high intensity of light can even harm the
human skin. If we can monitor the intensity of sunlight in real time
during the day and choose suitable clothes to resist the sunlight
Fig. 4. (a) Schematic diagram of daytime solar flux monitoring system based on thermoel
thermoelectric fabric, n-type thermoelectric fabric, and PEO nanofiber film in the wavele
by devices under different sun fluxes. (d, e) Real-time voltage and corresponding solar flu
device for solar flux monitoring. (g) Real-time monitoring data of solar flux was monito
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intensity, damage can be minimized. Sunlight has also been
reported as a potential energy source for wearable devices and is
widely used in various portable devices [54,55]. Based on this,
we designed a wearable system based on a thermoelectric fabric
to convert light into thermal voltage for real-time monitoring of
solar flux during the day (Fig. 4(a)). One end of the device was cov-
ered with a PEO nanofiber film with a radiative cooling effect via
direct electrostatic spinning (Fig. S9(a) in Appendix A), whereas
the original device exhibited an excellent photothermal effect
owing to the presence of CNT (Fig. S9(b) in Appendix A). The solar
energy absorption capacities of the p- and n-type thermoelectric
fabrics and PEO nanofiber films were tested and calculated. As
shown in Fig. 4(b), the average absorption of both types of thermo-
electric fabric was calculated to be higher than 90%, indicating that
only 10% of the light was reflected or transmitted from the fabrics.
This excellent solar energy harvesting capacity can be attributed to
the superior thermal conversion efficiency of the CNT [56]. In con-
trast, the average absorption of the PEO nanofiber films was < 20%.
PEO nanofiber films have been reported to achieve selective mid-IR
radiation emission and effective sunlight reflection; thus, these
films have excellent all-day radiative cooling properties [57].
SEM images of the PEO nanofiber films were also obtained to
demonstrate the microscopic morphology of the fibers (Fig. S9(c)
in Appendix A). To visualize the temperature change on both sides
of the device under illumination and the generated output thermal
voltage, the temperature response curves of the device under one-
sun irradiation with time are shown in Fig. S10 in Appendix A. The
ectric fabrics and its working principle diagram. (b) The absorption spectra of p-type
ngth range from 300 to 2500 nm. (c) Temperature difference and voltage generated
x of the device in an outdoor environment during the day. (f) Physical image of the
red by wireless sensing systems and displayed the curve on a mobile phone APP.
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heating rate of the thermoelectric fabric was significantly higher
than that of the PEO nanofiber film, and both reached a stable value
after 150 s, producing a constant temperature difference of approx-
imately 30 K (Fig. S11 in Appendix A).

The device can generate an output thermal voltage of about
9.5 mV (Fig. S12(a) in Appendix A), and the IR image of the device
under one-sun irradiation is shown in Fig. S12(b) in Appendix A.
This indicates a direct commutation relationship between the solar
Fig. 5. (a) Schematic diagram of the thermoelectric fabric stretched in different direction
stretches in the X-direction to show better electrical stability. (c) GF of the thermoelectr
change of DT at each end of the device when the wrist is bent under sunlight. (e) Real-tim
displayed the curve on a mobile phone APP. (f) Simulation analysis of heat transfer befor
voltage distribution before and after bending of the device under sunlight.

7

flux and the thermal voltage generated by the device. To validate
the superiority of the device, the device without the PEO nanofiber
film and that with paper were placed under one sun for compari-
son. As can be seen in Fig. S13 in Appendix A, the output thermal
voltage of our device is much higher than that of the two compar-
ison samples. This proves that our devices can establish stable and
large in-plane temperature differences in the presence of sunlight.
In addition, the cyclic repeatability of the device for solar flux is
s. (b) Resistance response of the thermoelectric fabric in different directions. Fabric
ic fabric in different directions under different strains. (d) Schematic diagram of the
e monitoring data of wrist bending was monitored by wireless sensing systems and
e and after bending of the device under sunlight. (g) Simulation analysis of thermal
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also demonstrated, as shown in Fig. S14 in Appendix A, and the test
results of the integrated wireless sensing system are also shown in
the mobile APP (Fig. S15 in Appendix A).

Further, the solar flux from 0.1 to 1 kW�m�2 corresponds to the
thermal voltage generated by the device as shown in Fig. 4(c) to
support the application prospects of the device for solar flux mon-
itoring. The device was placed outdoors and exposed to direct sun-
light to evaluate its practical significance in solar flux monitoring.
Figs. 4(d) and (e) show the real-time solar fluxes and the corre-
sponding open-circuit voltages generated at different time points
during the day. Interestingly, this result corresponds to the daily
variation in solar light; for example, light is the strongest between
12:00 and 1:00 pm. A device with integrated wireless circuitry was
worn directly on the arm to monitor solar flux in real time in an
outdoor environment (Fig. 4(f)). When the user stands in the sun,
the mobile APP demonstrates a thermal voltage of about 0.8 mV,
which corresponds to a solar flux of approximately 0.8 kW�m�2

(Fig. 4(g)). The above results show that the wireless solar flux mon-
itoring system has practical implications for daytime solar flux
monitoring and solar-driven thermoelectric energy harvesting
and is expected to be used for early warning and real-time report-
ing of extreme weather.
3.4. Outdoor wireless human motion monitoring system based on the
strain anisotropy thermoelectric knitted fabrics

With the excellent stretchability of thermoelectric fabrics and
an energy supply design based on the photothermal effect and
radiation cooling, they are expected to be used for the self-
powered monitoring of human motion under outdoor solar illumi-
nation. The previously reported sensing mechanism of strain sen-
sors based on self-powered thermoelectric materials is a change
in the output thermal voltage caused by a change in the internal
circuit during stretching [41,58]. However, under outdoor condi-
tions, the stimulation source of the device not only comes from
the thermal voltage reduction caused by human movement but
also has to consider the irregular temperature difference caused
by sunlight, and the two signals interfere with each other, making
it difficult to properly monitor human motions.

Knitted fabrics with a unique structure that exhibited aniso-
tropy in resistance changes when stretched along different direc-
tions were selected to solve this problem (Fig. 5(a)). First, the
change in the resistance of the thermoelectric fabric when
stretched along different directions was analyzed. It is worth not-
ing that the self-powered strain sensors mentioned below are all
made from p-type fabrics. As shown in Fig. 5(b), the resistance
exhibited a negative response when the fabric was stretched along
the Y-direction, whereas the change in resistance along the
X-direction was not significant. A simple strain–resistance model
was designed to understand the relationship between structural
deformation and relative resistance changes during fabric stretch-
ing. Fig. S16 in Appendix A shows that the fabric model undergoes
two stages of change when stretched along either the X- or
Y-direction, first microscopically as a contraction of the yarn struc-
ture and then macroscopically as a contact of adjacent coils. When
stretched along the Y-direction, there were more adjacent contact
points, resulting in a significant negative resistance response. How-
ever, when stretched along the X-direction, the resistance
remained relatively stable even when the strain reached 50%. More
intuitive strain-insensitive properties are shown in Fig. 5(c) for the
gauge factor (GF). SEM images of the fabric before and after
stretching along the X- and Y-directions are shown in Fig. S17 in
Appendix A for additional illustration. In addition, the change in
resistance over 100 strain cycles was tested to determine the dura-
bility of the fabric (Fig. S18 in Appendix A).
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Therefore, the X-direction of the fabric was chosen as the tensile
direction, and one end of the fabric was electrospun with PEO
nanofiber films to fabricate a strain sensor that could be mounted
on wrist for human motion detection (Fig. S19 in Appendix A). Cor-
responding to the strain-insensitive property of the fabrics, the
resistance of the sensor remains stable when bending. The device
was tested by mounting on wrist and subsequently bending the
wrist in an outdoor solar environment. In the initial state, the
device generated a thermal voltage of approximately 0.4 mV
(Fig. S20 in Appendix A), which corresponded to the Seebeck coef-
ficient of the device, and the thermal voltage decreased upon bend-
ing (Fig. S21 in Appendix A). It was previously concluded that the
internal circuitry of the device is not affected by the strain defor-
mation; thus, the source of stimulation is the reduced temperature
difference between the two ends of the device, and this reduced
temperature difference is caused by insufficient illumination due
to bending (Fig. 5(d)). Further, the sensor was integrated into the
wireless transmission system and was used to monitor the training
metrics of the athletes in an outdoor environment, such as record-
ing basketball players’ dribble counts. The data and graphs shown
in the APP were consistent with the results of the previous tests
(Fig. 5(e)). In addition, the heat transfer mechanism and thermal
voltage dispersion of the device before and after bending under
sunlight were simulated and analyzed to corroborate the conclu-
sions (Figs. 5(f) and (g)). The simulation results show that the tem-
perature of the hot end after bending is significantly lower than
that before bending and results in thermal voltage drop, which is
consistent with our test results and indicates the advanced nature
of our structural design.
4. Conclusions

In summary, an original multifunctional wearable wireless
sensing system based on a thermoelectric knit fabric was proposed.
The thermoelectric fabric exhibited a good air permeability of over
600 mm�s�1 at 100 Pa, over 120% strain, and a precise temperature
recognition of 0.27 K. A wireless Bluetooth module was integrated
with a fabric-based thermoelectric device to successfully monitor
human respiration using a mobile phone APP. Moreover, the wire-
less sensing system was expanded to detect outdoor sunlight
intensity, predict extreme weather, and monitor motion in real
time under outdoor sunlight conditions to improve sports perfor-
mance by constructing a solar-driven in-plane thermoelectric
device that combines photothermal conversion and passive radia-
tive cooling effects. The sensing platform reported herein provides
a novel idea for the development of multifunctional wearable
electronics.
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