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Integrated wearable smart sensor system

for real-time multi-parameter
respiration health monitoring

Yingzhe Li,"# Chaoran Liu,'?&%* Haiyang Zou,”’# Lufeng Che,* Peng Sun," Jiaming Yan,’
Wenzhu Liu,* Zhenlong Xu," Weihuang Yang,' Linxi Dong,'* Libo Zhao,>* Xucong Wang,'

Gaofeng Wang,' and Zhong Lin Wang®®*

SUMMARY

Monitoring respiration is vital for personal diagnosis of chronic
diseases. However, the existing respiratory sensors have severe lim-
itations, such as single function, finite detection parameters, and lack
of smart signal analysis. Here, we present an integrated wearable
and low-cost smart respiratory monitoring sensor (RMS) system
with artificial intelligence (Al)-assisted diagnosis of respiratory
abnormality by detecting multi-parameters of human respiration.
Coupling with intelligent analysis and data mining algorithms
embedded in a phone app, the lighter system of 7.3 g can acquire
real-time self-calibrated parameters, including breathing frequency,
apnea hypopnea index (AHI), vital capacity (VC), peak expiratory
flow (PEF), and other respiratory indexes with an accuracy
>95.21%. The data can be wirelessly transferred to the user’s data
cloud terminal. The RMS system enables comprehensive multi-phys-
iological parameters analysis for auxiliary diagnosing and classifying
diseases, including sleep apnea, rhinitis, and chronic lung diseases,
as well as rehabilitation of COVID-19, and exhibits advantages of
portable healthcare.

INTRODUCTION

Recently, respiratory diseases (sleep apnea, rhinitis, expiratory dyspnea, etc.) are
steadily increasing due to air pollution, aging society, and unhealthy living habits.
Real-time monitoring of human respiration is essential for the prevention, early diag-
nosis, treatment, and rehabilitation of respiratory diseases. Today's existing com-
mercial monitoring instruments in hospitals or laboratories have deficiencies of
the complicated operation, bulky size, and high cost, which are inconvenient for
routine real-time monitoring at home."” Especially, the coronavirus disease 2019
(COVID-19) pandemic urgently requires a portable respiratory monitor system for
smart tracking of the survivor's health status.

The self-powered respiratory monitor sensor enabled by triboelectric nanogenerator
(TENG) has attracted broad attention due to its high sensitivity, portability, and
flexibility.3'4 Extensive research focused on sensor materials,” ™ structures,” "> and
manufacturing processes'“'® to enhance the sensitivity, human suitability, and wear-
ability.”®"” Nevertheless, the current respiratory sensor based on TENG has still
many deficiencies, such as limited detection parameters of breathing, single function
of detection, and poor anti-interference.'® In addition, it still lacks an integrated smart
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system with signal processing, data transmitting, data analysis, and data storage, which
is significant for real-time monitoring, remote control, multi-parameter sensing, infor-

mation extraction, and auxiliary medical diagnosis.'"°

Herein, we propose a self-powered and wearable RMS system based on TENG to
interactively monitor human breath. The top triboelectric film (flutter layer) moves
up and down due to the breathing air flow, which induces related electrical respira-
tion signals. The flexible respiratory sensor achieves a sensitivity of 0.719 V/(m/s)
under the airflow speed range from 0 to 7 m/s, which well fits the airflow speed of
breathing. More importantly, the respiratory sensor attached under the nose can
simultaneously capture various parameters of the human breathing (e.g., respiration
depth, frequency, respiratory interval time, apnea hypopnea index [AHI], vital capac-
ity [VC], and peak expiratory flow [PEF]). With the integrated system of signal pro-
cessing, wireless transmission module, user terminal with data calibration and
analysis, the smart system achieves the multi-functions of respiratory signal wireless
transmission, real-time display, information extraction, and health status diagnosis.
Particularly, the respiration signal can be accurately detected under different human
breathing states and ambient factors upon the various environmental conditions
(humidity of 25%-75% and temperature of 23-55°C). This work provides a long-
term effective solution for monitoring human respiratory diseases and portable
intelligent auxiliary telemedicine.

RESULTS

Working mechanism of RMS

Based on human respiration characteristics, we developed a self-powered flexible
respiratory monitor sensor enabled by TENG (Figure 1B and Video 57), which consists
of a polydimethylsiloxane (PDMS) frame, a Kapton-Al flutter layer, a Cu-polytetra-
fluoroethylene (PTFE) triboelectric underlying layer, and a fixed copper tube, shown
as Fig. S5. The mechanism of the sensor relies on the contact-separation mode
TENG.”"** The two triboelectric layers contact or separate driven by the respiration
flow, which should meet the requirement of flutter critical velocity Urand film intrinsic
parameters, including stiffness E, length L, and triboelectric layer gap D (Equation 1
and Note 51). To drive the flutter layer, the normal human respiration flow range (1.2-
9 m/s)”® should be greater than the critical velocity. Thus, we developed a size-opti-
mized respiratory sensor with a minimum flow rate of 0.5 m/s (Figure S1).

ED? .
Us ~ A4 E (Equation 1)

a

The sensor working process has three main situations: initial state, inhale and exhale
states (Figure S5C). In the initial state, the flutter layer naturally droops and slightly
contacts with the underlying film of the sensor with charge transfer between two
triboelectric layers.”* Accompanying the exhaling, the flutter layer separates from
the underlying layer and moves up, which leads to a potential difference between
the two electrodes. Simultaneously, it generates a current flowed from the top elec-
trode to the bottom electrode through the external load circuit.?> 2% Inversely, the
flutter layer closes to and contacts the underlying layer gradually during the inhaling
process, which generates a reverse current. Thus, periodic current signals generate
by a continuous breathing process.

Structure design and optimum
Generally, to optimize the output performance, some vital structural parameters are
systematically investigated and modulated (Figure 2), such as triboelectric area, gap
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Figure 1. Structure and mechanism of the respiratory monitoring sensor system (RMSS)
(A) Schematic of multi-terminal interconnected Al respiration monitoring system.
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(B) RMS working model diagram, image (scale bar, 5 mm), and scanning electron microscopy image of the PTFE surface (scale bar, 200 nm).

(C) Diagram of working process of intelligent respiratory sensing system.

height, transverse offset angle, flexible cylindrical structure, and stability of struc-
ture. Evidently, the peak output voltage rises continuously by enlarging the tribo-
electric area, which increases the transfer charges (Figure 2A). Also, the height of
gap between top and bottom triboelectric layer is crucial for inlet flow and effective
triboelectric area. A lower gap height will enlarge the triboelectric area but limit the
airinlet flow due to gravity. For a higher gap height, it raises the vibration frequency
of the flutter layer and lowers the triboelectric area and critical air flow speed as well
(Figure S1). To obtain the optimum, we experimentally investigated the height
varying from 0.4 to 1.5 cm at an average respiratory air velocity of 4.0 m/s to improve
the RMS output performance. Figure 2B presents the sensor has a maximum output
with the gap height of 1.2 cm due to the optimal contact area and movement under
the gravity and airflow.

A rotatable supporting rod to link the flutter layer was designed, which can enhance
the output performance by increasing the vibration strength (Figure 2C).*” % The
transverse offset angle a (between human expiratory direction and attached sensor)
and specific structural designs on the current output are systematically studied.
Simultaneously, the output current has an enormous descent of more than 93.3%
(from 133 to 7.6 nA) when the angle is set to be from 20° to 70°. While the angles
vary from 0° to 20°, the output current has a lesser decline of 6.7% (from 142 to
133 nA). Therefore, the RMS has a widely transverse offset angle range from 0° to
20° to ensure the stability of output performance, which is conducive to shielding
the interferential air flow (angle from 20° to 70°) from the surroundings to some
extent (Figure 2D).

Cell Reports Physical Science 4, 101191, January 18, 2023 3




Cell Regorts .
¢? CelPress Physical Science
OPEN ACCESS Article

A B 3.0
D =50 um
2.4]8=1.0cm?
S 5
& o181
< =
g L ,
> 12} Ht
1t D = 50 pum e
H=6mm 06l
0 i i i i i 1 i
0.4 0.8 1.2 1.6 0.4 0.8 1.2 1.6
c Size (cm? D Height (cm)
( e P—Fixed sturct
() M- - ixed sturcture
3l Re— : - —@—Rotatable structure
150 t
S z
> =
£ £100
o =
> 3
O 50}
3 [ —Fixed sturcture
Rotatable structure ot
0 2 4 6 8 10 80
Time(s)
E F
300
6 | —4\— PMMA substrate
—@—PDMS substrate "
_ : 150}
= 4f <
S -
g = 9
o2t < ) E
> Linear Fit: 2
RZ=0.986 150}
ol v=0.7197+ 0.064 - -4 R |
0 2 4 6 8 0.0 20.0 = 432.0k  432.0k
Flow Rate (m/s) Time(s)

Figure 2. Basic performance and characterization with different structural parameters of RMS
(A) Voltage response of RMS (D = 50 um, H = 6 mm) under different areas. Inset: Voltage response
difference between the noise and specific air flow signal (around 2.2 m/s). Error bars indicate 1 SD.
(B) Output response (D = 50 um, § = 1.0 cm?) at different gap heights, and error bars show 1 SD.
(C) Voltage response of different electrode structure.

(D) Voltage output response driven by airflow in different transverse offset angle.

(E) The output voltage of RMS and voltage sensitivity fitting curve in different materials of substrate
(including rigid polymethyl methacrylate [PMMA] substrate and flexible polydimethylsiloxane
[PDMS] substrate).

(F) Device stability test after 5 days.

Figure 2E indicates that the measured output voltage has excellent linearity, a good
load capacity, and a superior sensitivity of 0.72 V/(m/s) under the human respiration
flow speed of 1.2 to 9.0 m/s.?3 Also, the as-fabricated RMS has an incisive critical
velocity of 0.5 m/s (Figure S1C). A flexible substrate was applied, which can well
fit human skin, thus enabling the RMS to accurately detect the exhale flow speed,
frequency, and depth of respiration. Finally, working stability and long-term
reliability tests were conducted to confirm the sustainability of the RMS. As shown
in Figure 2F, the output current is linear, with varying the flow speed from 0 to
9 m/s. Even after 5 days, the RMS still has scarcely any attenuation of the current.
We added a long-term (60 min) breathing test, as shown in Figure S10.
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Figure 3. The wireless processing smart system of RMS and its breath test characteristics

(A) The output voltage, current, and power response of the RMS as external resistance changes.

(B) Circuit and block diagrams of the respiratory monitoring system and its wireless transmission sensor network (BLE radio). The user interface enables
BLE connections to the device and activates a general-purpose input/output (GPIO) pin to obtain and transfer signals from sensor. MCU controls digital
signal processing on the ADC-sampled data and wirelessly transmits the data over the BLE radio to a user interface.

(C) Bar chart and accuracy curve of VC values measured by commercial equipment and RMS among 20 different age and gender testers.

(D) Male and (E) female expiratory current curve tested by RMS, professional respiratory equipment test diagram, and the real-time expiratory current
integral curve of RMS was compared with the real-time vital capacity test curve of professional respiratory equipment. The breathing voltage curve of
(F) normal breathing, (G) shallow breathing, (H) rapid breathing, and (I) deep breathing.

Characteristics of the respiratory detection system

Signal processing circuit system is vital for RMS signal sampling, conversion, and
portable display to smart monitor human respiratory symptoms. Herein, we developed
a smart, tiny, real-time wireless transmission circuit system with a weight of 7.3 g and a
size of 3.04 x 4.51 x 0.5 cm®. To fit the input resistance range of analog-to-digital
conversion unit (ADC), voltage follower circuits were designed to reduce the RMS
impedance from the MQ to KQ magnitude by its feedback mechanism (Figure 3A).
The voltage regulator circuit can convert RMS signal amplitude into the ADC scope.
Principally, the central processing unit (CPU) performs the digital RMS signal filtering
and analyzing, and then sends the data to the phone app by the Bluetooth (BLE) module
(Figure 3Band Note 52). Attributing to the phone app algorithms and friendly userinter-
face, the RMS system app achieves the artificial intelligence (Al) functions such as signal
calibration, digital noise filtering, core indexes extraction, emergency alert, disease
classification, and data cloud transmission (Figure 59).

The results of VC measurement on 20 volunteers mark that RMS achieved high
accuracy (average accuracy >96%, containing errors generated by human operation

Cell Reports Physical Science 4, 101191, January 18, 2023 5
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Table 1. Core parameters in diverse breathing states obtained from RMS

Different state Frequency (bpm) Time (s) Amplitude (V) Q,; (nC) Ve (ML)
Normal 16 1.8 39 16.8 504.6
Rapid 28 1.2 6.7 203 610.2
Shallow 16 13 1.1 12 3354
Deep 16 2.0 4.9 25.2 756.6

and experimental noise) in individuals of various ages and genders (Figure 3C).
Prominently, we find that the expiratory volume (V,,) is preferably consistent with
accumulative charge (Q) by real-time integrating of the current signal, which has
an approximate corresponding relation as follows:

V,, o« 30.0Q+2.23%Q (Equation 2)

Thus, RMS is capable of detecting human VC based on consistency, which also has po-
tential application for diagnosing chronic obstructive pulmonary disease (COPD) based
onVC (Figures 3D, 3E, S3, and S4). Moreover, current-assisted voltage analysis of RMS is
essential for respiratory parameter extraction, signal calibration, and disease classifica-
tion. The respiratory states including normal, shallow, rapid, and deep breathing can be
well distinguished by differences in respiratory frequency, amplitude, time, integral cur-
rent (Qsi), and expiratory volume of single respiration (Vse), as shown in Figures 3F-3I.
Particularly, current-assisted analysis can vastly improve the accuracy of the above pa-
rameters (Figure S2). As shown in Table 1, the frequency, time, and amplitude obtained
by voltage analysis are similar between normal and deep breathing, and the Vse
obtained by analysis of current becomes the key judgment element. Hence, RMS can
detect multi-respiratory parameters in a single device.

Calibration mechanism of respiratory monitoring system

A calibration system for RMS is designed to prevent respiratory detecting results
from the influence of ambient temperature and humidity.’*** We modeled regres-
sion fitting functions of ambient temperature and humidity by the K-Nearest
Neighbor (KNN) algorithm based on the test data under the conditions of temper-
ature (25.0°C-55.0°C) and relative humidity (25%—75%) (Figure Sé). After machine
learning training, the optimized functions acted as compensating factors to calibrate
sensor signal, as shown in Figures 4A and 4B.

Through the KNN algorithm, the smart calibration unit can compensate the voltage
amplitude loss due to the high humidity and temperature (by comparing the
measured signals before and after calibration, Video S1), and recover the output sig-
nals to eliminate interference from other environmental factors. The monitoring
signals are only dependent on human breathing behaviors. The calibration results
indicated that expiratory flow speed was adjusted from 2.48 m/s to 3.03 m/s, closing
to the standard anemometer result of 3.1 m/s, which improved the accuracy from
80.0% to 97.7% (Figure 4C). Compared with the commercial standard anemograph,
the signals after calibration measured by the RMS system showed high repeatability
and accuracy under complex circumstances (e.g., diverse humidity, temperature,
exercise status) (Video S1).

To fit more complex conditions, the frequency-domain analysis showed that the
normal respiratory frequency range is lower than the noise frequency (>10 Hz) under
human various exercise states, as shown in Figure S1B. Thus, we developed a me-
chanical calibration method by introducing a low-pass filter and a notch filter to
calibrate the respiration signal under various exercise states and improve the alarm
threshold appropriately. Contemporary, the mechanical calibration component

[} Cell Reports Physical Science 4, 101191, January 18, 2023
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Figure 4. RMS calibration system and its basic application

(A and B)The output voltage response corresponding to different air flow velocities under different temperature (A) and (B) humidity conditions, and
based on the data to calibrate temperature of the sensor.

(C) Respiratory system display before and after humidity calibration.

(D) Breath curve before mechanical calibration.

(E) Breath curve after mechanical calibration.

(F) Respiratory curve before and after mechanical calibration.

(G) RMS drives LED.

(H) Demonstration of RMS as an air flow switch to control audio equipment.

(I) Demonstration of a respiratory monitoring and abnormal alarm system.

embedded in the phone app can remarkably exclude the noise wave interference
and false alarming by setting a suitable rational amplitude threshold and frequency
range (Figures 4D-4F and Video S2). Therefore, the constructed calibration mecha-
nism can overcome the obstacles of environmental change and human interference,
and thereby effectively extract abnormal respiratory signals caused by diseases
(Figure S12).

Based on these properties, a sensitive control system by RMS with high robustness
can be set up, which enables operation of the status of sound equipment and other
applications (Figure 4H and Video S3). The RMS system can monitor human
abnormal breathing and trigger the alarm, as shown in Figure 41 and Video S4.

Auxiliary diseases monitor and rehabilitation

Equipped with the accurate, multi-parameter, and highly robust system, the self-
powered RMS can auxiliary monitor respiratory diseases such as sleep apnea
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Figure 5. Applications of the RMS system for smart monitoring and adjuvant diagnosis
(A) The comparison of commercial instruments and RMS output respiratory waveform curve.
(B) Demonstration of diverse parameters in respiratory monitoring system.

(C) Respiratory monitoring system monitors simulated rhinitis symptoms in real time.

(D) The respiratory monitoring system monitors simulated symptoms of sleep apnea syndrome in real time.

(E) Emergency call function display.

(F) The respiratory monitoring system displays the signal to a remote terminal via cloud transmission.

hypopnea syndrome (OSAHS), rhinitis, asthma symptoms, and COPD through the
comprehensive analysis and classification of various parameters related to their
specific symptoms and breathing behaviors. Compared with commercial belt-type
device, the RMS system has advantages such as reliable detection, high waveform
consistency, multi-parameters, and smaller total volume (RMS system of
6.885 cm®, commercial device of 153.0 cm®) (Figures 5A and 57).

Given the superiority, we explored the applications of the RMS system for diag-
nosing and detecting abnormal breathing health status. There are symptoms such
as cough, nasal obstruction, polypnea, dyspnea, and respiratory arrest for some res-
piratory diseases, which would cause irregular breathing behaviors. These can be
monitored in real time through sensing respiration depth, frequency (RR), respiratory
interval time (RIT), expiratory flow speed, and peak (PEF) (Table S1). PEF refers to the
highest instantaneous expiratory flow rate, diurnal variation rate implies the change
rate of PEF at different times a day, which indicates the severity of the diseases such
as asthma and lung injury. Figure 5B shows detected signals from an adult respira-
tion by the RMS system after temperature and humidity calibration, RR ~17 b/m,
PEF ~4.25 m/s, RIT ~2.38 s, etc. Through the measurement under different circum-
stances, the PEF values of the same individual are stable after calibration. The
average deviation is 3.32% through comparison with commercial equipment (tests
on different days), which signifies RMS extracts these parameters fleetly and
precisely (Video S1).
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In addition, we explored some applications of Al-assisted disease diagnosis. COPD
has an ultrahigh fatality rate of nearly 90% in low- and middle-income countries ac-
cording to the latest statistics from the World Health Organization.* The decrement
rate of vital capacity (VC) is the specificity and core index for indicating the severity of
COPD.?* Qur RMS system can extract the human real-time VC by integrating the
sensor current signal (i.e., transferred charges Q). An example is shown in Figure 3H,
the final VC of a male and female are 4,748 mL (Q = 155.62 nC) and 2,910 mL
(Q=97.92 nC), respectively, with the testing precision of 98.76% and 96.78% based
on the mean absolute percentage error (MAPE) method (Figure S1D). We obtained
the average relative deviation of 97.77% (94.57%-98.92%) between RMS and a com-
mercial instrument by employing 20 volunteers with diverse genders, ages, and
physical states (Table S2 and Figure 54). Given the advantages of real-time data
collection and analysis, wireless transmission, and low-cost, the RMS system is
suitable for the primary diagnosis of COPD.

Rhinitis is a high recurrent and remediless disease with a 73% symptom of nasal
congestion.”” Subjective clinical assessments of the severity of rhinitis can be
evaluated by the PEF and duration of nasal congestion symptoms.*® A volunteer
simulated the respiratory characteristics of rhinitis symptoms in the left nose. The
monitoring results show the normal respiration on the right side and nasal
congestion on the left nostril beginning at 4 s with a PEF descent, which demon-
strates the non-interference between the right and left RMSs. Therefore, the RMS
system can achieve an auxiliary diagnosis of nasal congestion diseases (Figure 5C
and Video S5).

Also, OSAHS has become a common sleep disorder. The primary medical diag-
nosis method of polysomnography (PSG) is complex, incompatible, and high
cost. The severity score of OSAHS can be divided into mild (5 < AHI<15), moder-
ate (15 < AHI<30), and severe OSAH (AHI >30) based on the medical AHI ranges
(/hour). The criteria of AHI increments is once a sleep apnea time (i.e., RIT) more
than 10 s.”*° The developed phone app can extract the human AHI from the res-
piratory signal. Figure 5B shows the normal respiratory status with AHI = 0 during
waking. In contrast, the phone app triggers an alarm when the volunteer simulated
the OSAHS symptom has AHI = 12. And from the real-time breathing signals (Fig-
ure 5D), it shows that the volunteer has a respiratory apnea time of more than é s
starting from 9 s. The hypoventilation time sustains 4 s at 15 s with the signal am-
plitudes descending from the average voltage of 1.8 V to 0.6 V. We also devel-
oped an alarming siren to awake the patient or neighbors if the AHI is above
the normal range (Figure 5D and Video Sé). These results demonstrate the feasi-
bility and accuracy of the RMS system to monitor and detect the behaviors of
OSAHS.

Noteworthily, the outbreak of COVID-19 tore across the globe due to its high infec-
tion rate. Most patients have a larger average respiratory rate and time than the
normal range (12-20 bpm), even 40.3% of them accompanying dyspnea and short-
ness of breath.”'"? While after recovery, there are also lung injury and some other
chronic diseases (PICS), which requires long-term surveillance of patients recovered
from COVID-19.%¢*** |n a study among 100 asymptomatic cases, 60% had delayed
symptoms and most of their family members had positive COVID-19 test results as
well as showed signs of respiratory issues.*”*® Hence, early detection and timely
treatment are essential. With the monitoring of the RMS system, the real-time respi-
ratory rate and time can be detected precisely. Furthermore, we developed an
emergency call (E-Call) function in the phone app for patients to ask for medical
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help as shown in Figure 5E (120 is a common emergency telephone number in
China). And for recovery monitoring, the core indexes including VC, RR, PEF, and
RIT in real time can be applied to evaluate lung health status. These parameters
can be transmitted and uploaded to the specified terminal and relevant medical in-
stitutions timely by the RMS system, which is competent for COVID-19 monitoring
and long-term rehabilitation surveillance (Figure 5F). We have established mathe-
matical relationships among current (l), charge (Q), and VC, as well as between
voltage and PEF (Table S3).

Given the above experiment results, the RMS system has the superiority of multiple
physiological parameters detection, home health monitoring, smart early-stage
medical diagnosis, and auxiliary telemedicine, which provides a novel approach
for health monitoring of wireless sensor network (WSN) and the Wise Information
Technology of med (WITMED) (Figure S8).

DISCUSSION

In conclusion, we have successfully developed a flexible, fast multi-parameter
extracting from single detection and low-cost RMS based on TENG to accurately
and smart analyze breath status. Furthermore, the relevant real-time wireless appli-
cation platform is proposed for Al-assisted classification and detection of various
physiological respiratory diseases.

Our highly robust RMS system can distinguish disease-induced respiratory abnor-
mality from signal changes caused by interference based on the developed self-cali-
bration mechanisms. The system has the potential applications even in sophisticated
situations including interference from human normal activities and variation of envi-
ronment temperature and humidity.

For clinical applications, the RMS platform is superior to the existing respiratory sen-
sors in multi-parameter extraction, comprehensively evaluating physical conditions
and high diagnostic accuracy. Especially, our approach provides accurate PEF and
VC due to structural advantage, which could aid in Al recognition and therapy of
various chronic respiratory diseases such as OSAHS, COPD, rhinitis, and the rehabil-
itation of COVID-19. At the same time, the device is configured to intelligent multi-
terminal alarm and activates an emergency call system to avoid the risks of acute
disease. Additional potential lies in the sustaining cloud transmission to boost
telemedicine and prevent the spread of disease. Superior compatibility and multi-
functionality enable the RMS system to combine with other facilities to provide an
integrated human physiological health monitoring platform for accurate auxiliary
diagnosis of diverse diseases.

EXPERIMENTAL PROCEDURES
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Fabrication of self-powered sensor

A piece of copper film with a size of 1.6 x 1.0 X 0.01 cm was cut from the copper foil
tape. Then the copper film bonds together with a PTFE film that possesses dimen-
sions of 1.6 x 1.0 X 0.03 cm. The PTFE film was rinsed with alcohol/isopropyl alcohol
and deionized water, then blow-dried with nitrogen, and inductively coupled plasma
(ICP, SI500, SENTECH Instruments Corp.) was adopted to etch the PTFE film. The Cu
foil attached to the PTFE film will be the one electrode. A metal sputtering technique
was adopted to deposit a coating of Al on the Kapton substrate to compose another
flexible conductive electrode. We select the hydrophobic materials (PTFE and
Porous Al) as the two triboelectric layers to refrain the humidity interference from
the water film or molecules. The contact angles of two triboelectric layers are
110.7 and 93.7°, respectively (Figure S11).

Fabrication of the RMS

Briefly, two polymethyl methacrylate (PMMA) films that were laser-cut into a speci-
fied shape, stuck tightly on each side of PDMS foil with inner dimensions of
1.6 x 1.0 x 0.05 cm, was designed to create the main structure for the proposed
sensor patch. PDMS was used as an elastic substrate to improve the stability of
the system and the comfort for users; it has eco-friendliness as well. The PTFE-Cu
layer is adhered to the PDMS substrate by the pressure sensitive adhesive. First,
an aluminum film was sputtered on the bottom surface of a Kapton membrane to
form a new layer renamed the Kapton-Al layer. The aluminum film was not only
the friction layer, but also one of the electrodes of the TENG. Meanwhile, the
PDMS basilar membrane was cut into a rectangle as well, as the copper pipe was
used as a part of the electrode which was fitted with a flexible cylindrical
structure for fixing the movable membrane. Finally, another Cu film was attached
to the PDMS substrate as an electrode and the PTFE film applied to the upper
surface of copper. The device has an extremely small weight 0f0.402 g. As illustrated
in Figure S5, two lead wires were connected to the two electrodes by copper
foil tape.

Characterization

The short-circuit current and open-circuit voltage were measured using a Keithley
electrometer system (Keithley 6514). A commercial humidifier (TaoTronics Ultra-
sonic Humidifiers) was used to increase the humidity in the environment in which
the sensor was located. For testing the performance of the sensor, a temperature
controller (GYTC100) was adopted. The electrical shielding box covered by
aluminum film was used to shield the ambient noise during the output electrical per-
formance test. The self-powered respiration sensor was attached to the volunteer's
skin below the nose, the human respiration behaviors lead to the electric outputs of
the device. The output electrical performance was measured to estimate the perfor-
mance of the device. Simultaneously, the host computer platform was constructed
on the basis of Qt Creator software to realize the processing, alarm, and display
of the signal.

Experimental setup

In this study, as the voltage signal is first transmitted to the main control module
and finally to the mobile phone terminal wirelessly, it is crucial for the system to
match the relevant parameters between the signal and the control module. The
hardware module, which consists of a voltage follower, a voltage lifting circuit, a
main control chip, and a wireless transmission module, was integrated into a circuit
board. In this paper, Multisim is used for preliminary design and simulation of the
circuit board. Then, Altium Designer software for the final layout design and wiring
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of the circuit board to accomplish the acquiring, processing, and wireless transmit-
ting of the corresponding voltage signal. Last, we developed the human-computer
interaction system on account of the Android system. In detail, the LM358
operational amplifier chip and the surrounding resistance and capacitance circuit
are used to achieve the impedance matching of the system. The output AC
voltage of the RMS does not conform to the signal input amplitude range of the
ADC part in a micro control unit (MCU), the TLC074 module circuit is adapted
to achieve the voltage regulation and the system filter function related with the po-
wer supply module. Wireless data transmission relies on a tiny Bluetooth module,
and the cloud platform is used for remote data collection and processing. This
study was approved by the local research ethics committee (No. 2021-IRB-041).
Informed consent was obtained from human participants of this study and all
related experiments were completed in 2021 in the period of validity of the local
research ethics committee.
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