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ABSTRACT: Wearable electronic sensors that can perform real-
time, continuous, and high-fidelity monitoring of diverse
biophysical signals from the human body are burgeoning and
exhibit great potential to transform traditional clinical healthcare.
However, such emerging devices often suffer from strict require-
ments of special precursor materials and sophisticated fabrication
procedures. Here, we present a new paradigm of a self-powered,
skin-attachable, and multifunctional sensing platform that can be
fully created just at home with daily necessities. Its operating
mechanism is based on mechanical/thermal regulation of the
potential difference output of a primary electrochemical cell. This proposed sensing platform is totally self-powered and can be
conformally attached to the skin for continuous monitoring of both mechanical and thermal stimulations. A wide spectrum of vital
physiological signs of the human body, including body temperature, heart/pulse rate, respiratory rate, coughing, and body motions,
can be continuously monitored and analyzed with this home-made sensing platform. This study demonstrates that the lab-conducted
professional and expensive scientific research can also be accomplished at home, opening up new opportunities for home-centered
healthcare in low-resource environments. Moreover, this work can serve as a handy and cost-efficient prototype for classroom
education and clinical training purposes.
KEYWORDS: home-made sensor, mechanical sensor, thermal sensor, sensing platform, vital sign monitoring

Natural physiological processes of the human body yield a
wide spectrum of vital signs (e.g., body temperature,

cardiac rhythms, breathing, body motion, etc.). Continuous
monitoring of these vital signs allows us to acquire valuable
insights into our health status,1−4 promote the early warning and
prevention of diseases (e.g., the early symptoms of COVID-19
infections are known as fever (98%), cough (65%), and
shortness of breath (55%)5−7), and define personalized
treatment protocols that minimize morbidity and promote
rehabilitation.8−10 Compared to the cumbersome, sophisticated,
and expensive equipment used in the hospital, the emerging
classes of body-integrated electronic sensors offer unique
capabilities for accessing and evaluating these vital sign signals
at home, making clinical healthcare more precise, safe,
convenient, and efficient. Such home-centered health monitor-
ing and diagnosis can be critically important, especially during
the outbreak of an epidemic (e.g., COVID-19) when the medical
resources in hospitals are limited or exhausted. Therefore,
developing affordable and accessible platforms that enable
home-centered healthcare and diagnosis is of tremendous
significance.

Commercially available wearable electronics that measure
physiological signals have been developed. Examples include
Apple Watch, iRhythm, VitalConnect, Sibel Health, and so on.
Nevertheless, the flexibility and adaptability of these stand-
ardized products for monitoring a diverse range of vital signs are

limited. Additionally, the affordability and accessibility of these
nascent products cannot be guaranteed especially in an
emergency (e.g., outbreak of serious epidemic). On the other
hand, remarkable progress in wearable sensors has been
achieved in academic research. However, by far, the vast
majority of lab-created wearable sensors necessitates profes-
sional lab equipment and special precursor materials. For
example, the well-established fabrication procedures of wearable
sensors usually involve spin-coating, photolithography, wet/dry
etching, and vacuum deposition.11−15 These procedures require
harsh laboratory conditions and are energy- and time-
consuming. The mostly used precursor materials for fabricating
wearable sensors (e.g., metal nanomaterials, carbon nanoma-
terials, semiconducting polymers, and novel 2D nanomaterials)
often suffer from high cost, limited disposability, and unproven
bio-safety.16−20 Long-term contact with such nanomaterials may
cause skin allergy, irritation, infection, or even cancer, posing a
threat to human health. In addition, most of the commercialized
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sensors and lab-created sensors are power-hungry during
continuous operation. The power consumption could reach as
high as tens of mW per single device,21 which greatly restricts
their long-term usage and widespread deployment. Motivated
by these challenges, an appealing idea arises: can we substitute
all of the precursor materials of the state-of-the-art wearable
sensors with household necessities and develop a home-
fabrication methodology for a powerful sensing platform that
enables us to monitor diverse vital signs continuously, which,
however, has never been explored so far?

Here, we systematically present the design concept, materials
selection, operation mechanism, device structure, and fabrica-
tion method of a novel class of home-made and self-powered
sensing platforms that enable us to monitor diverse vital signs
continuously. The core working mechanism of this sensing
platform is based on the stimulation-regulated variations in
potential difference output of an electrochemical cell with an
aluminum electrode, a graphite carbon electrode, and a sodium
chloride (NaCl)-containing electrolyte. Through careful
materials research, component tuning, and structural engineer-
ing, the externally applied mechanical stimulation (i.e., pressure,

force) and thermal stimulation (i.e., temperature) can be
successfully encoded into the potential difference output of this
sensing platform. Such a home-made sensing platform exhibits a
number of distinguished characteristics, such as both mechano-
transduction and thermotransduction capabilities, good signal
compatibility, totally self-powered signal output, simplified
operation/measurement, high cost-efficiency and energy-
efficiency, good disposability and bio-safety, as well as superior
customerization flexibility. Based on this proposed sensing
platform, a wide spectrum of physiological vital signs, including
body temperature, heart/pulse rate, respiratory rate, coughing,
and diverse body motions, can be monitored continuously and
analyzed in real time. This totally home-conducted design,
fabrication, and utilization of wearable healthcare devices open
up new opportunities for the broad adoption and extensive
application of body-integrated smart electronics, with significant
potential for societal benefits.

■ RESULTS AND DISCUSSION
Design of a Home-Made and Self-Powered Sensing

Platform. To create a multifunctional sensing platform with

Figure 1. Design of the home-made sensing platform. (a) Pictures showing the selected daily commodities for preparing the proposed sensing
platform. (b) Schematic illustrating that a potential difference can be created between the Al electrode and graphite electrode when they are in contact
with a NaCl electrolyte. (c) Illustration showing the Al/electrolyte and graphite/electrolyte interfaces. (d) Relevance between the internal impedance
and the potential difference output measured between the two electrodes. (e and f) Structural layouts and photographs of the potentiometric
mechanical sensors and thermal sensors. (g) Diagram depicting that a sensor signal variation can be triggered by an externally applied mechanical or
thermal stimulation. (h) Conceptual illustrations showing that diverse vital signs, such as heart/pulse rate, respiration rate, body temperature, and
coughing, can be continuously monitored with the proposed home-made sensing platform.
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household necessities, rational materials selection, component
optimization, and structural engineering are crucial. Here, we
choose aluminum (Al) foil and pencil traces (i.e., conductive
graphite carbon) drawn on office copy papers as the two
electrode materials (Figure 1a). Then, student glue (i.e.,
polyvinyl alcohol solution as the polymer matrix), glycerin
(Gly) skin lotion (as the humectants and sensor performance
regulator), and table salt (i.e., NaCl as the ion source) are
carefully selected to prepare the electrolyte. Microstructures are
created on the electrolyte surface via a sandpaper molding
strategy for fabricating the mechanical sensors. All of these
precursor materials are easily available with low cost (Tables S1
and S2), and the whole fabrication procedure can be
accomplished just at home.

The working mechanism of this proposed sensing platform
relies on a potentiometric sensing scheme. Specifically, an
electric potential difference (≈900 mV) can be developed
between the Al and graphite electrodes when they are in good
contact with the NaCl-containing electrolyte (Figure 1b, see
Figure S1 for detailed discussion). This is due to the fact that
metallic Al is highly active and tends to dissociate into Al ions in
a chloride environment, leaving abundant negative charges on
the Al electrode surface (Figure 1c). For the chemically inert
graphite electrode, there could be two possible reactions
happening: oxygen reduction and/or hydrogen evolution.22,23

These electrochemical reactions make this class of devices
behave like a primary electrochemical cell. Interestingly, the
potential difference output of such devices relies heavily on the
internal impedance between the two electrodes, as presented in
Figure 1d. This impedance-dependent potential difference
output phenomenon makes it possible to encode external
mechanical or thermal stimulations into the signal variation of
the devices, resulting in a potentiometric mechanotransduction
or thermotransduction mechanism.

The structural layout of the mechanical sensing device is
shown in Figure 1e. A microstructured electrolyte with relatively
high Gly content is placed on top of the Al and graphite
electrodes. Applying a force/pressure will significantly regulate
the interfacial impedance between the electrolyte and each of
the two electrodes (Figure S2). The structural layout of the
thermal sensing device is shown in Figure 1f. A thin electrolyte
film with relatively low Gly content is attached on top of the two
electrodes. The intrinsic impedance of this thin electrolyte film
can be efficiently modulated by temperature variation (Figure
S3). Leveraging these operating mechanisms and device
configurations, a potential difference variation could be
triggered by an externally applied mechanical or thermal
stimulation (Figure 1g), which enables us to monitor a wide
range of physiological vital signs, such as body temperature,

Figure 2. Fabrication of home-made skin-attachable sensors. (a) Schematic showing the creation of microstructure on the glue/Gly/NaCl electrolyte
surface via a sandpaper molding strategy. (b−e) Photograph, optical microscopy images, cross-sectional image, and surface profile of the glue/Gly/
NaCl electrolyte. (f) Picture showing the desired conductivity of the pencil-drawn patterns. (g) Microscopy image showing the interconnected
graphite networks in the pencil traces. (h, i) Influence of the drawing cycle and trace width on the resistance of the pencil traces. (j) Illustration
depicting the structural layouts of the potentiometric mechanical sensors and thermal sensors. (k−m) Pictures showing that a home-made sensor
attached to planar skin, stretched skin, and squeezed skin, respectively.
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heart/pulse rate, respiratory rate, coughing, and body motions
(Figure 1h).
Fabrication of a Home-Made Sensing Platform. The

preparation process of the microstructured electrolyte is
illustrated in Figure 2a. Glue/Gly/NaCl aqueous solutions are
cast onto commercial sandpapers with rough surfaces. After
drying the solution and peeling off the composites, semi-
transparent glue/Gly/NaCl electrolyte films with uniform
microstructures are fabricated (Figure 2b). The microstructure
morphologies are presented in Figures 2c,d and S4. Spinosum
surfaces with a random height distribution are observed, which
stem from the templating effect of the sandpaper molds. The
cross-sectional image and surface profile of the microstructured
electrolyte (Figure 2e) also verify the rugged surface
morphology. Such a microstructured surface of the electrolyte
enables us to efficiently and continuously regulate the
electrolyte/electrode interfacial impedance, thus achieving an
effective and smooth mechanotransduction process.

An Al foil (≈20 μm) is cut into a defined geometry to serve as
the Al electrode. To prepare the conductive graphite electrode, a
student pencil (#2 HB) is used to draw continuous traces on an

office copy paper for specific cycles (Figure S5), followed by
cutting the pencil traces into defined geometry. The drawn
pencil traces have good conductivity and can be used to light up
an LED bulb (Figure 2f). From the microscopy image (Figure
2g), it is observed that graphite materials are successfully
transferred from the pencil lead to the rough and porous paper
substrate. The electrical resistance of the graphite traces declines
significantly during the first two drawing cycles and reaches a
relatively low level (11 ± 2 kΩ/□) after the third drawing cycle
(Figure 2h). The electrical resistance of the graphite traces also
decreases when increasing the trace width (Figure 2i). The
enhanced conductivity of the pencil traces with increased
drawing cycle can be attributed to the improved density of the
conductive graphite networks (Figure S6). For the fabrication of
the proposed sensing platform, graphite traces with ≈1 mm
width and 3 drawing cycles have the desired conductance and
are employed for the following study unless otherwise specified.

The structural layouts of the mechanical and thermal sensing
devices are illustrated in Figure 2j. Both of these two types of
sensing devices are fabricated on a commercial skin-safe double-
sided adhesive tape. For the mechanical sensing devices, two

Figure 3. Performance of home-made sensors. (a) Continuous signal variation of a mechanical sensor when gradually applying a force on the device.
(b) Response behaviors of mechanical sensors fabricated with different glue/Gly/NaCl electrolytes. Glue/Gly/NaCl-X% means that the weight ratio
of Gly to the solid content of glue is X%. (c) Response and recovery speeds of the mechanical sensors. (d) Responses of mechanical sensors to a force
variation of varying frequency. (e) Repeatability and reproducibility of mechanical sensors in a cyclic test over 1000 cycles. (f) Performance of thermal
sensors fabricated with different glue/Gly/NaCl electrolytes. Glue/Gly/NaCl-X% means that the weight ratio of Gly to the solid content of glue is X%.
(g, h) Response behaviors of the thermal sensors (at room temperature, ≈24 °C) to a warm finger (≈31 °C) touch and a cold ice (≈0 °C) touch
repeatedly.
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spacers are placed between the substrate and the micro-
structured electrolyte to normalize the initial device output into
zero. For the thermal sensing devices, an H-shaped thin
electrolyte film of relatively low Gly content is bridged across
the two electrodes. This narrow and thin electrolyte bridge
enables us to thermally regulate the internal impedance between
the two electrodes efficiently. The assembly and photographs of
the final sensors are presented in Figure S7. These proposed
sensing devices can be adhered to the skin firmly, even when
stretching or squeezing the skin (Figure 2k−m), which is
attributed to the intrinsic adhesive property of the tape
substrate.
Performance of Home-Made Mechanical/Thermal

Sensors. The performance of the home-made mechanical and
thermal sensors is shown in Figure 3. When gradually applying
an external force on the mechanical sensors, the sensor signal
output exhibits a continuous and smooth upswing and reaches a
steady state (up to ≈900 mV) gradually (Figure 3a), indicating
the desirable capability of the sensors in continuous monitoring
of mechanical stimulations (Movie S1). The signal output of our
proposed sensors is totally self-generated and does not rely on an
external power supply, featuring ultralow power consumption.

The response behaviors of the mechanical sensors can be
readily regulated via tuning the Gly content in the glue/Gly/
NaCl electrolyte. As presented in Figure 3b, mechanical sensors
with the electrolyte of a higher Gly content exhibit higher
sensitivity and a higher signal output. This is due to the fact that
Gly acts as a humectant and can increase the water content and
ionic conductivity of the electrolyte.24 Sensors with the glue/
Gly/NaCl-32% electrolyte show the highest sensitivity and thus
are selected for the following study unless otherwise specified.
The effect of the microstructure of the electrolyte on the sensor
performance is shown in Figure S8. These home-made
mechanical sensors exhibit rapid response and recovery
behaviors to the application and release of mechanical

stimulation (Figure 3c), with the response and recovery speeds
measured to be ≈35 and ≈40 ms, respectively. Benefiting from
the high response/recovery rates, these mechanical sensors are
also qualified to monitor dynamic mechanical stimulations of
frequency from 0.1 to 1.6 Hz (Figure 3d). Such a detectable
frequency range can cover most of the mechanical variations
generated by diverse human physiological activities. Moreover,
the sensing behavior of the mechanical sensors remains highly
stable in a cyclic test over 1000 cycles, revealing good
reproducibility and reliability of our home-made sensors (Figure
3e).

The response behaviors of the home-made thermal sensors
are shown in Figure 3f and Movie S2. The sensor signal output
increases with temperature because the intrinsic impedance of
the glue/Gly/NaCl electrolyte decreases with temperature
significantly (Figure S3). It is noticed that thermal sensors
with the electrolyte of a higher Gly content exhibit higher
sensitivity and a lower temperature detection range. This is
because the electrolyte with a higher Gly content has lower
intrinsic impedance, which facilitates the output of the potential
difference established between the two electrodes (Figure 1d).
Thus, we can easily tune the sensing behaviors of the thermal
sensors to achieve a desirable sensor sensitivity or temperature
detection range. With these home-made thermal sensors, we can
continuously monitor the temperature variations ranging from
≈20 to ≈50 °C, which can fully cover the relevant physiological
temperatures and enables monitoring most of the human
physiological activities. The response behaviors of the thermal
sensors to a warm object (≈31 °C) touch and a cold object (≈0
°C) touch are shown in Figure 3g,h. Upon the application of a
warm stimulation to the device, the sensor signal output exhibits
a gradual increase (Figure 3g). In contrast, when applying a cold
stimulation to the device, the sensor signal output exhibits a
gradual decrease (Figure 3h). After removing the warm or cold
objects from the devices, the sensor signals go back to the initial

Figure 4.Heart/pulse rate monitoring with home-made mechanical sensors. (a) Photograph showing a flexible mechanical sensor attached to the wrist
of the subject. (b and c) Continuously recorded pulse signals with the home-made mechanical sensors, from which the heart rate and pulse rate can be
calculated. (d) Continuously recorded pulse signals with motion artifacts. The signal intensity varies due to the motion artifacts, while the pulse peaks
can still be clearly recognized. (e) Continuously measured heart/pulse rate of a subject for 10 min when the subject is kept at rest (green squares) and
when the subject takes 6 min of exercise and then have a rest (red circles).
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level gradually. Interestingly, these home-made thermal sensors
have ultrahigh sensitivity and enable us to detect a warm object
(Movie S3, Figure S9) or a cold object (Movie S4, Figure S9) in
a non-contact sensing style, which can greatly broaden the
application range of these thermal sensors in other emerging
fields.

A comprehensive comparison of the proposed home-made
sensors with other reported sensors in terms of fabrication
procedure, necessity of power supply, detectable stimuli, and
basic sensor performance is provided in Table S3. In addition,
the response stability and durability of the sensors were also
investigated and are discussed in Figure S10.
Heart/Pulse Rate Monitoring with Mechanical Sen-

sors. Heart/pulse rate is a critical sign that reflects the dynamic
cardiovascular status depending on the emotional state, physical
activity, and health status.25,26 Here, the feasibility of using our
home-made mechanical sensors for continuous heart/pulse rate
tracking is evaluated. As shown in Figure 4a, a flexible
mechanical sensor is attached to the wrist of a healthy subject
(male, 30 years old) to monitor the arterial blood pressure
variations in real time. From the recorded arterial pressure
waveforms (Figure 4b,c, Movie S5), the heart/pulse rate of this
subject can be calculated (≈90 beats/min on average) and
analyzed continuously. High-quality pulse signals (i.e., signals of
high intensity) can be acquired when the sensor is intimately
attached to the radial artery of the subject (Figure 4d). Motion
artifacts can decrease the intimacy between the sensor and the
radial artery and thus reduce the signal amplitude (i.e., weak
signal in Figure 4d), which, however, does not affect the
acquisition and calculation of the heart/pulse rate of the subject.
The validation of pulse monitoring reliability of the home-made
sensors was also conducted by using a commercial medical setup
(Figure S11).

In addition, we monitor the pulse waveforms of a subject
continuously for 10 min in two situations: (1) the subject is kept

at rest (Figure S12a) and (2) the subject first takes some exercise
and then stops exercising (Figure S12b). As presented in Figure
4e, when the subject is kept at rest, the calculated heart/pulse
rate from pulse waveforms remains nearly constant with ≈79
beats/min on average. In contrast, when the subject takes 6 min
of exercise, the heart/pulse rate ramps up to 118 beats/min.
After the subject stops exercise, the calculated heart/pulse rate
exhibits a downtrend and recovers gradually. These results verify
that the home-made sensors are qualified for continuous heart/
pulse rate tracking.
Body Temperature Monitoring with Thermal Sensors.

Precise and continuous monitoring of body temperature is
crucial to understand the metabolic and pathological status.27−29

Here, we demonstrate that our proposed home-made thermal
sensors are qualified for continuously monitoring the body
temperature at diverse positions, as illustrated in Figure 5a.
Typically, when the sensors are attached to the human body, the
signal output of the thermal sensors shows an immediate
upswing and then reaches a steady state (Figure 5b). Upon
removal from the human body, the sensor signal reverts to its
initial value gradually. Through careful calibration of the thermal
sensors (Figure 5c), the sensor signal outputs (in mV) at the
steady state (i.e., on-skin phase) can be successfully converted
into temperature values (in °C) with high accuracy (R2 = 0.999),
allowing us to monitor the body temperature continuously.

The epidermal temperature at various body positions of a
healthy subject (male, 30 years old) is evaluated with the home-
made thermal sensors (Figure S13). The body temperature
measured at the palm, hand back, arm, forehead, neck, chest,
back, armpit, and foot is 34.9, 34.8, 34.7, 35.9, 35.3, 36.5, 36.3,
37.1, and 33.7 °C, respectively (Figure 5d), which is consistent
with that reported in the literature.30 Similar temperature values
are also measured with a commercial thermometer, revealing the
desirable accuracy and reliability of our home-made thermal
sensors. Furthermore, we investigate the body temperature

Figure 5. Body temperature monitoring with home-made thermal sensors. (a) Illustration showing the different body positions where the home-made
thermal sensors are attached to evaluate the body temperature. (b) Sensor signal variation when a thermal sensor is attached to the body and then
removed from the body. (c) Calibration curve of the thermal sensor, which allows us to convert the sensor output to body temperature. (d) Body
temperature measured at different body positions with a commercial thermometer and our home-made thermal sensor. (e) Body temperature
measured at different body positions before and after the subject takes 6 min of exercise.
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variation of the subject before and after exercise. As presented in
Figure 5e, the temperature measured at most body positions
shows a decrease after exercise, except for the temperature
measured at the palm (shows an increase instead) and the foot
(keeps almost unchanged). The decrease in body temperature
after exercise can be attributed to the thermal dissipation caused
by perspiration and water evaporation, which is commonly
reported in the literature.31 The slight temperature rise
measured at the palm or the temperature invariance measured
at the foot might be due to the good thermal insulation (i.e.,
holding the hand or wearing shoes) or a lack of sweat glands at
these positions. These results reveal that the body temperature
of diverse positions can be continuously and precisely
monitored with our home-made thermal sensors.
Respiration Monitoring with Thermal Sensors. Con-

tinuous respiration monitoring is particularly important for the
vulnerable population, such as infants, the elderly, and patients
with pulmonary diseases (e.g., COVID-19, chronic obstructive
pulmonary disease, etc.).32,33 Here, we explore the feasibility of
using our home-made highly sensitive thermal sensors for
continuous respiration monitoring. As shown in Figure 6a, a
thermal sensor is attached in front of the nasal cavity to capture
small-temperature variations induced by the inhalation and
exhalation processes. As illustrated in Figure 6b and shown in
Figure 6c, during the inhalation process, the thermal sensor is
cooled down by the inhaled air of ambient temperature, and the
sensor signal shows a downswing accordingly. On the contrary,
in the exhalation process, the thermal sensor is warmed up by the
exhaled warm air from the lung, and the sensor signal exhibits an

upswing accordingly. As a demonstration, we record the
respiration signal of a healthy subject (male, 30 years old) for
5 min (Figure 6d), from which the respiratory rate (≈17
breaths/min) can be easily extracted. To examine the capability
of the sensors for detecting/monitoring abnormal respiration
situations, the subject is asked to undergo a sequence of different
breath situations, including normal breath, stop breath, deep
breath, and rapid breath, respectively. As shown in Figure 6e, the
whole process can be clearly detected and continuously
recorded with our home-made thermal sensors. Specifically,
when the subject stops breathing, the sensor signal does not vary
obviously and keeps nearly invariable (at a relatively high level).
When the subject takes deep breath, the inhalation and
exhalation processes are remarkably enhanced in terms of
both duration and magnitude. When the subject performs rapid
breath, the sensor signal exhibits quick variations and maintains
at a relatively low level. In addition to attaching a sensor directly
onto the skin near the nasal cavity, the thermal sensor can also be
attached to a medical mask for respiration monitoring (Figures
S14 and S15), which is more convenient for application.
Respiration and Coughing Monitoring with Mechan-

ical Sensors. In addition to using the home-made thermal
sensors for respiration monitoring, we can also use the home-
made mechanical sensors for respiration monitoring by tracking
the expansion and contraction of the chest. As depicted in Figure
7a, along with the breathing rhythm, the chest cavity expands in
the inspiration process and contracts in the expiration process.
Tracking the periodic movement of the chest cavity with
mechanical sensors allows us to monitor the respiration

Figure 6. Respiration monitoring with home-made thermal sensors. (a) Schematic showing a home-made thermal sensor attached in front of the nasal
cavity to record the temperature variation caused by respiration. (b) Illustration depicting the signal variation of the thermal sensor during respiration
and the possible influential factors to the sensor signal output. (c) Typical sensor signal output during respiration (the room temperature is ≈24 °C).
(d) Continuously recorded respiration signal for 5 min, from which an average respiration rate (≈17 times/min) can be calculated. (e) Continuously
recorded sensor signal in various respiration situations, including normal breath, ceased breath, deep breath, and rapid breath, respectively.
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continuously. As illustrated in Figure 7b, a mechanical sensor is
fixed to the chest with an elastic belt. During the inhalation
process, the chest cavity expands and the pressure applied on the
mechanical sensor increases, resulting in an upswing of the
sensor signal (Figure 7c). In contrast, during the exhalation
process, the chest cavity shrinks and the pressure applied on the
sensor decreases, leading to a downswing of the sensor signal.
Additionally, a diversity of respiration situations, including
normal breath, stop breath, deep breath, and rapid breath, can be
monitored and analyzed using this method (Figure 7d). The
comparison of respiration monitoring with the home-made
mechanical sensors and thermal sensors is presented in Table
S4. Also, we compared the respiration monitoring capability and
advantages of our sensors with other reported flexible sensors
(Table S5).

Moreover, the coughing process of the subject can be detected
and tracked in the meantime of respiration monitoring. As
verified in Figure 7e, the normal breath process gives rise to a
periodic variation in the sensor signal output. Nevertheless,
during the coughing process, the sensor signal experiences an
abrupt drop, which stems from the quick contraction of the chest
cavity. A stronger and longer coughing process leads to signal
drops of higher magnitude and longer duration. Multiple
consecutive coughs can also be detected in real time. In addition,
we can attach a sensor to the throat of the subject to monitor the

coughing process (Figure 7f). The coughing process causes
strong vibrations of the throat, which can be tracked for
monitoring coughing. As presented in Figure 7g, the sensor
signal exhibits abrupt increases during the coughing process,
which can be attributed to the compression of the sensor by the
throat vibrations. The coughing magnitude and duration can
also be reflected in the recorded sensor signal.

In addition to developing a home-made and self-powered
sensing platform for the monitoring of diverse vital signs, we
contribute a custom-designed circuit board that can be used to
collect data from the home-made sensors. Based on the custom-
designed circuit, a variety of physiological activities can be
detected and monitored in real time, which is fully discussed in
Figures S16 and S17.

■ CONCLUSIONS
In summary, the study presented here demonstrates that
wearable electronic sensors that are usually fabricated in the
lab via sophisticated and expensive procedures can also be
created just using daily necessities and home settings. The
proposed home-made sensing platform is totally self-powered,
skin-attachable, and highly sensitive to both thermal and
mechanical stimulations. The thermal and mechanical sensing
modalities have good signal compatibility (i.e., only potential
difference output) and thus feature a greatly simplified

Figure 7.Respiration and coughing monitoring with home-made mechanical sensors. (a and b) Illustrations showing that the respiration process leads
to variations in chest volume. Thus, a mechanical sensor can be fixed on the chest to monitor the respiration process. (c) Typical sensor signal output
during respiration. (d) Continuously recorded sensor signal during different respiration situations. (e) Continuously recorded sensor signal during
various coughing situations. (f and g) Picture and recorded sensor signal when a mechanical sensor is attached to the throat of the subject to monitor
the coughing process.
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operation/measurement. Experimental results show that the
home-made sensing platform is well qualified for the precise and
continuous monitoring of a wide spectrum of physiological vital
signs, such as body temperature, heart/pulse rate, respiratory
rate, coughing, and diverse body motions. Compared to the lab-
built, expensive, and complicated sensing devices, this proposed
home-made sensing platform shows comparable or even
superior performance but offers significant advantages in terms
of affordability, accessibility, disposability, and energy-efficiency,
exhibiting promising applications in home-centered healthcare
in low-resource environments. Moreover, this home-made,
multifunctional, and powerful sensing platform can serve as a
prototype and paradigm for classroom education and clinical
training purposes.
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