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A Wearable Self-Powered Multi-Parameter Respiration

Sensor
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and Zhou Li*

Respiratory disease can be early warned by many respiratory parameters
such as intensity, rhythm, temperature, and breath molecules like acetone. It
requires a complex process to measure these respiratory parameters simul-
taneously in clinical practice. Therefore, it is a hot topic to design portable
devices especially wearable electronics to monitor respiratory conditions
continually in daily life. Here, a flexible self-powered multi-parameter respira-
tion sensor based on poly(vinylidene fluoride) (PVDF) thin film and flexible
interdigital electrodes that is bonding with sodium-doped zinc oxide nano-
flowers is demonstrated , which can detect airflow, temperature, and acetone
during breathing. The respiration sensor may provide some reference ways
for the fabrication of miniaturized respiratory disease monitoring devices.

1. Introduction

Respiration, as an uninterrupted and vital biomechanical
behavior that continues throughout human life, contains a
wealth of physiological information. A respiratory analysis is a
rapid, non-invasive, painless, low-cost, and convenient method
of early disease diagnosis and real-time physiological moni-
toring.! For example, assessing diaphragmatic movements
during breathing can identify abnormal apnoea, asthma, car-
diac arrest, and lung cancer, among other human diseases, at
an early stage.[”l Besides, exhaled gases are a mixture of up to

1800 different chemicals, including carbon
dioxide, nitrogen, oxygen, water vapor, and
volatile organic components (VOCs).B
The composition and concentration of
exhaled breath can be used as biomarkers,
providing a wealth of biochemical and
physiological information in disease diag-
nosis and early intervention.! Nowadays,
scientists have found that some VOCs are
strongly correlated with certain diseases,
which include: ammonia as a biomarker
for kidney disease, ethanol can be seen as
an indicator of cirrhosis, methane breath
testing can identify small intestinal bacte-
rial overgrowth (SIBO), and acetone con-
centration be considered an important
indicator of the diabetic disease.!

Common respiration sensors include physical signal collec-
tion devices such as strain gauge sensors, temperature sen-
sors and flow sensors, and molecular signal acquisition devices
such as quartz crystal microbalances, gas chromatography,
and chemoreceptive sensors, etc.’! These sensors have rela-
tively reliable performance in respiratory signal detection, but
most rely on external power sources, which are large and rigid,
hindering their potential for widespread use in biomedical
devices.””] To realize the daily monitoring of the biomedical
signals related to respiratory diseases in real time, researchers
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have designed some wearable devices such as smart masks®
and sensors attached around the chest.’) These devices may
continuously measure vital parameters, thus helpful in tracking
the progression of respiratory diseases. However, wearable
multiplexed sensor systems are currently formed from some
relatively independent elements, still subject to the volume and
life of a battery, and need to develop miniaturization and inte-
gration in the future. A possible way to overcome the battery
challenge is to harvest energy from the body and its surround-
ings, including biomechanical, solar, thermal, and biochemical
energy, so that the device can operate in a self-powered way.l"!
In recent years, researchers have developed quite a few self-
powered respiratory sensing systems, the electrical signals they
output are closely related to the respiratory parameters.! For
example, piezoelectric nanogenerators (PENGs) can be used to
collect mechanical signals from thoracic/abdominal heaving
and respiratory airflow, the combination of gas-sensitive mate-
rials with TENGs for VOCs signal acquisition, and pyroelectric
nanogenerators (PyNGs) to collect respiratory temperature sig-
nals.”l These self-powered respiration sensors are free from
dependence on external power sources, but most of them still
have defects like collecting relatively single respiratory signals.
Here, we designed a flexible self-powered multi-parameter
respiration sensor (SMRS) for respiratory monitoring based
on the combination of poly(vinylidene fluoride) (PVDF) thin
film and gas-sensitive material. This sensing system can be
easily combined with respiratory-related wearable devices such
as face masks, where the respiratory airflow drives the PENG
while temperature changes drive the PyNG to produce a cor-
responding output signal and detect the acetone concentration
in the exhaled gas (Figure 1a). The piezoelectricity of the PVDF
that makes up the PENG converts the mechanical energy gen-
erated during exhalation and inhalation into electrical energy
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and outputs signals corresponding to different breathing pat-
terns. At the same time, the pyroelectric effect of PVDF allows
the output of signals corresponding to temperature changes. In
combination with gas-sensitive material such as sodium-doped
zinc oxinde (Na:ZnO) nanoflowers (NFs), the device can mon-
itor acetone concentrations in exhaled breath, providing a new
idea for the early diagnosis of diseases such as diabetes.

2. Results and Discussion

The 3D constitutional diagram of the SMRS can be seen in
Figure 1b, in which the PVDF with silver electrodes mainly
works as the piezoelectric part and pyroelectric part. Further-
more, the gold interdigital electrodes covered with gas-sensitive
materials can realize the acetone concentration detection of
human exhaled gas. The whole structure and each component
are in good flexibility (Figure 1c,d), which means the SMRS can
be integrated with human breath collectors such as medical
masks conveniently, thus harvesting corresponding respiratory
signals.

2.1. Working Mechanism and Performance of Piezoelectric Part
of SMRS

Due to the piezoelectric effect, and lightweight, little size, supe-
rior flexibility of the PVDF thin film, it can be easily driven by
bending or twisting.¥l Human inhalation and exhalation would
cause a change in the airflow, and this change could drive the
SMRS based on PENG to collect respiratory-related signals.
The working mechanism of the PVDF-based PENG is shown
in Figure 2a. In the crystal structure of PVDF, there is a balance
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Figure 1. Schematic illustrations of the multi-parameter respiration monitoring system. a) Diagram of the working process of the respiration moni-
toring system collecting mechanical signals, temperature signals, and molecular signals. b) 3D constitutional diagram. c) Photograph of the SMRS.

d) Photograph of flexible interdigital electrodes on PET film.
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Figure 2. Working mechanism and output performance of the PENG based on the PVDF film. a) Principles of the PVDF-based PENG in the bending/
releasing mode. b) Schematic diagram of the gas valve on the face mask. c) Schematic diagram of the PENG combined with the gas valve. d) Output
voltage of respiratory mechanics signals collected by different shapes of PENG. e) Respiratory mechanics signals collected by PENG in different

breathing modes.

between positive and negative charges, which remain neutral
on the virtual polar axis.'"! When subjected to mechanical
stress or vibration, this equilibrium within the crystal structure
would be disrupted, resulting in an irregular arrangement of
the dipoles and the generation of charges. Within the mate-
rial, mechanical stress (stretching or compression) causes the
charge balance to be disturbed and deforms the internal struc-
ture of the crystal. As a result, the positive and negative charges
are separated because of the disruption of molecular neutrality,
resulting in a corresponding surface charge density. When an
external load is connected via electrodes, free charge transfer is
induced in the external circuit.

To maximize the efficiency of mechanical signal collection, it
is necessary to understand the mode in which PVDF converts
the mechanical energy contained in the respiratory airflow into
electrical output. We made a sample of PENG to evaluate the
output characteristics, with a size of 2.0 cm x 0.8 cm x 0.01 cm.
Then, we used a linear motor to drive the reference sample
without contacts-separation, and recorded its output
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performance (Figures S1 and S2, Supporting Information). The
results showed the open-circuit voltage (Voc) was =2 V, while
the short circuit current (Isc) was =4 nA. We have developed a
force-electric coupling model of the sample of PENG and sim-
ulated the electrical potential distribution before and after the
deformation using the multi-physics field simulation software
COMSOL (Figure S3, Supporting Information). It can be found
that when the PENG is driven by breathing to undergo periodic
deformation, the magnitude of the electrical potential generated
by each part is positively correlated with the degree of deforma-
tion. Based on the results of the COMSOL simulation of the
PENG potential distribution, we can speculate that the best col-
lection of respiratory mechanics signals can be made when the
PENG is fixed at the point where the maximum strain occurs in
the respiratory drive component.

The PENG needs to be combined with a breath collection
device to achieve the function of breath monitoring. Consid-
ering that masks have become a common tool and necessity
in daily life, we chose the mask as the carrier for the PENG.
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The gas valve of the mask is the part where the breathing air-
flow is concentrated (Figure 2b), so we integrated the PENG
at the gas valve for respiratory parameters collection. The
flexible gasket inside the valve is driven outwards by the air-
flow during exhalation, facilitating the exhalation process for
the wearer, and retracts inwards during inhalation, closing
the valve and blocking the entry of airborne dust or viruses,
etc. The process causes a cyclical deformation of the PENG
(Figure 2c). Combined with COMSOL simulation results, we
designed three different PENG shapes for specific situations
(Figure S4, Supporting Information). Using Kapton double-
sided tape and aluminum adhesive tape, the PENG with spe-
cific shapes got fixed to the inner surface of the gasket and
connected to the external circuit, respectively. We recorded
the results of respiratory mechanics signal acquisition for dif-
ferent shapes of PENG consisting of 28 um of PVDF, under
the same conditions. The voltage outputs corresponding to
the respiratory mechanics signals recorded by the oscilloscope
are shown in Figure 2d. The tests were completed at a normal
respiratory rate (1620 breaths per minute). The PENGs cor-
responding to shapes 1, 2, and 3 produced peak output voltage
signals of =-0.8, —0.4, and —0.1 V respectively when the subject
inhaled, and peak output voltage signals of =1.7 V, 0.8 V and
0.4 V respectively when exhaling. The measurement results
show that of the three shapes we have chosen, the PENG
corresponding to shape 1 and shape 2, can produce a larger
voltage output signal and the details of the output waveform
corresponding to the breathing process got better retained.
We also used three different thicknesses of PVDF (28, 52, and
110 um) to prepare these two shapes of PENG and to test their
output voltage signals (Figure S5, Supporting Information).
The peak PENG output voltage of 28 um in shape 1is =1.7 V,
much higher than the output of 52 and 110 pm. The output of
the sample with 28 um in shape 2 is also significantly higher
than the other thicknesses. After comprehensive considera-
tion, we determined the shape 1 PENG prepared with 28 pm
PVDF as the mechanical signal-detecting part of the multi-
parameter respiratory sensor.

Respiratory rate and patterns are important indicators for
detecting health problems in the body as they provide infor-
mation on how the cardiopulmonary system works.>] The
normal breathing rate for an adult at rest is 12-18 breaths per
minute.') Abnormal breathing rates, such as slow breathing
(abnormally slow) and rapid breathing (abnormally rapid),
are warning signs of various underlying illnesses and psycho-
logical stress.l”] To verify the ability of the SMRS sensor to
measure human breathing characteristics, we recorded five
breathing patterns in real-time using a 28 um shape 1 PENG,
including sleep breathing, deep breathing, normal breathing,
rapid breathing, and coughing (Figure 2e). It can be seen that
the intervals between the peaks and amplitudes of the electrical
signals generated differ for the different breathing behaviors.
Deep breathing has the longest interval, while ragged breathing
has the shortest interval. The reason is that the interval and
amplitude are proportional to the period and the intensity of
each breath, respectively. The magnitude of the positive output
amplitude corresponds to the intensity of the exhalation, while
the magnitude of the negative output amplitude corresponds to
the intensity of the inhalation. It thus enables the respiratory
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sensor to distinguish between different breathing patterns
without an external power supply.

2.2. Working Mechanism and Performance of Pyroelectric
Part of SMRS

The pyroelectric effect refers to the phenomenon that tempera-
ture fluctuation with time changes produces corresponding
electrical signals.’® Some symmetrical dielectric materials
can show this characteristic under the action of temperature.
The working mechanism of the pyroelectric part of the SMRS
is shown in Figure 3a. The properties of PyNG depend on the
pyroelectric properties of poled PVDF films that polarize along
the vertical direction of the membrane, which generates nega-
tive and positive charges on the upper and lower electrodes of
the membrane, respectively. When the outside temperature
changes from low to high, the dipole oscillates over a wide
range of diffusion angles due to increased thermal motion.
Then the polarization density of the PVDF film is reduced,
resulting in a decrease of induced charges in the electrode. If
connected a load between the bottom to the top electrodes, the
electrons will be driven by the potential difference caused by
the induced charges. However, the decrease in temperature
increases the dipole moment in the PVDF film, which leads to
an increase in polarization density and a reverse current in the
external circuit.

Since the PVDF film used in the experiment is thin, which
can be regarded as a uniform pyroelectric material, its tem-
perature T is uniform at any time, and the surface charge and
voltage of the pyroelectric output current generated by it can be
determined by the following equation:}

T
I=pA—- (1
Q= [1dt= paaT B
V = ptAT /e )

where I is the pyroelectric current of the PVDF film, p is the
pyroelectric coefficient (=30 uC m™2 K), A is the variable tem-
perature area of the PVDF, dT/dt is the rate of temperature
change, Q is the pyroelectric charge, T, and T; represent the
temperature at which the PVDF is heated up to and cooled
down to respectively, and AT is the temperature range. V is the
potential difference between the electrodes on both sides of the
pyroelectric film, t is the film thickness, and is the dielectric
constant of the PVDF film.

After understanding the principle of pyroelectricity in PVDF,
the output of its pyroelectricity was tested under realistic condi-
tions. The response of PVDF to temperature changes at rest was
first tested using a standard rectangular sample prepared from
28 um thickness of PVDF. A temperature-controlled heat source
was periodically brought close to the sample at a room tempera-
ture of 20 °C (294 K), stabilized for 3 s and then moved away and
cooled in the air for 7 s. Considering the temperature range in
which people live in practical situations, we tested the temperature
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Figure 3. Working mechanism and electrical outputs of the PyNG based on the PVDF film. a) Schematic diagram of the PyNG. b) Static temperature
response test results. c) Static pyroelectric response versus temperature fitting curve. d) Dynamic force-thermal response signals (the static line raised
2 V). e) Dynamic force-thermal response signal of the PyNG driven by airflow. f) Dynamic force-thermal response versus temperature fitting curve of

PyNG driven by airflow.

difference between the heat source temperature (299-334 K) and
the room temperature at 5, 10, 15, 20, 25, 30, 35, and 40 K. The
pyroelectric output voltage signals of the PVDF films were tested.
The results are shown in Figure 3b and show that the pyroelectric
output of the PVDF film increases with increasing temperature
difference at the same room temperature (294 K), which is con-
sistent with the findings of the simulation analysis.

In the test results, the positive and negative voltage outputs
correspond to the proximity and departure of the heat source,
respectively, with a larger temperature difference corresponding
to a larger absolute value of the pyroelectric output voltage. At
a temperature difference of 40 K, the PVDF film produces an
output voltage that is =10 times larger than at a temperature
difference of 5 K. As can be seen from the waveform magni-
fication in Figure 3b, both the positive and negative voltage
outputs at the same temperature difference exhibit significant
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waveforms over the temperature range of the static tempera-
ture response test. In the temperature range of 5-40 K, the dif-
ference in temperature between one side of the PVDF film and
the other side of the heat source is large, resulting in the largest
potential difference. Three seconds later when both sides of
the PVDF are heated to the same temperature, the tempera-
ture difference disappears and the potential difference becomes
0. When the heat source leaves, the temperature difference
between the two sides of the PVDF film is reversed, resulting
in the opposite voltage output. It can be seen that within the
experimentally set temperature range (299-334 K), the posi-
tive and negative pyroelectric output voltage waveforms are the
same, indicating that the PVDF film is sufficiently heated when
the heat source is close, and the temperature change rate of the
PVDF film surface is closer to that when it is heated in the pro-
cess of returning to room temperature after leaving.
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To explore the variation rule of the output electric signal of
the temperature-sensitive unit corresponding to the tempera-
ture of the heat source, we used the average peak value of the
output voltage at different heat source temperatures to fit the
temperature. As shown in Figure 3c, the linear correlation coef-
ficient R? of the output voltage-temperature fitting curve was
0.9926, indicating that the same initial temperature (294 K),
within the temperature variation range of static temperature
response test (299-334 K), the pyroelectric output voltage of
PVDF film has a good linear relationship with temperature,
which is consistent with Equation 3, indicating that the tem-
perature sensitive unit has good application potential in self-
powered temperature sensing.

Meanwhile, the dynamic mechanical-temperature response
characteristics of the SMRS are also important, as well as
the static temperature response characteristics. Therefore, we
use an infrared torch (940 nm,5 W) as the heat source, in
the use of linear motor drive standard sample of cyclic defor-
mation occurred at the same time, the infrared flashlight is far
away from the sample again, record the process of compound
voltage output signal. Figure 3d shows the static and dynamic
electrical output signal that PVDF standard samples produced
with a constant temperature heat source (infrared flashlight)
moving toward and away from it. It can be observed that in
the dynamic process, PVDF generates a relatively stable piezo-
electric output signal without temperature change, with a peak
value of =2 V, which is consistent with the test results above.
When the heat source is close to the output voltage increases,
after leaving the recovery, with a response time of =500 ms
(Figure S6, Supporting Information). By raising the tempera-
ture response signal in the static process by 2V, it can be seen
that the temperature response signal in the dynamic process is
consistent with that in the static process. We also test the output
voltage with a small step of the temperature of 0.9 °C (=374—
38.3 °C), and fit the baseline from the outputs of it (Figure S7,
Supporting Information). The results illustrate that there are
consistent alteration trends between the outputs of the PVDF
device and the continuous temperature change. To measure
the stability of the PVDF film under normal temperature and
relatively higher humidity, we tested the outputs at 37 °C under
50% relative humidity at different points of time of 1, 5, 10, 20,
30, 40, 50 min and 1 h. The results in Figure S8 (Supporting
Information) indicate that PVDF has good dynamic mechan-
ical-temperature response performance and stability.

Then, we tested the dynamic mechanical-thermal response
performance under airflow drive combined with temperature
change (Figure S9, Supporting Information ). Combining the
temperature range in real-life situations, we tested the dynamic
mechanical-temperature response of the PVDF-based flex-
ible multimodal respiration sensor driven by airflow in the
temperature range 29-50 °C (Figure 3e). It can be seen that
the temperature around the device increases from 29 to 50 °C
within 600 s. As the temperature increases, the output voltage
of the breath sensor gradually increases. In this case, the mag-
nitude of the electrical signal generated by the different thick-
nesses of PVDF varied, but the trend with temperature was
more consistent. To determine the trend of the output signal,
we extracted the peak values of the V¢ of different thicknesses
of the SMRS (Figure S10, Supporting Information). It is clear
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from the graph that the peak values of the V¢ of the PVDF
follow the trend of temperature change, rising rapidly before
leveling off.

We fitted the average peak value of the output voltage to
the temperature at different temperatures, and the results are
shown in Figure 3f. The fitted output voltage peak-temperature
curves are slightly different for different thicknesses, but all
have a large linear correlation coefficient (R? > 0.95), indicating
that the airflow-driven flexible multimodal respiration sensor
has a good linear relationship between the peak values of the
Voc and temperature for temperature variations (29-50 °C).
This result is consistent with the pyroelectric output results and
corresponding equations under static conditions, indicating
that the respiratory sensor is capable of outputting a dynamic
mechanical-temperature response with good temperature
signal detection under airflow conditions.

2.3. The Characterization and Performance of Acetone
Sensing Part of SMRS

We prepared sodium-doped zinc oxide (Na:ZnO) nanoflowers
(NFs) by a simple solution synthesis method at a low tempera-
ture of 40 °C as acetone gas-sensitive materials (Figure 4a).>2’]
Then, to be easily integrated with other units, we chose flexible
PET IDEs with a line width and line pitch of 100 and 50 um
respectively, and coated Na:ZnO NFs on the surface (Figure S11,
Supporting Information). The surface morphology was
observed using field emission scanning electron microscopy
(SEM), as shown in Figure 4b. The Na:ZnO particles combined
with the surface of the IDEs are composed of nanosheet clus-
ters with a flower-like structure, and the particle size is =2.7 um
as can be seen from the magnified view. The morphology of
Na:ZnO NFs shows that it has a large specific surface area and
may achieve higher sensitivity as a gas sensor. Figure S12 (Sup-
porting Information) shows the EDS mapping results for dif-
ferent elements, demonstrating that the Na element has been
doped into the ZnO material during the preparation process to
form the Na:ZnO NFs. To further determine the crystal struc-
ture of the Na:ZnO NFs and to characterize whether the Na
doping affects their crystal structure, the samples were ana-
lyzed by XRD. As shown in Figure 4c, all the diffraction peaks
correspond well to the hexagonal fibrillated ZnO structure
(JCPDS No. 36-1451) and the lattice constants a = b = 3.253 A
and ¢ = 5.211 A. These demonstrate that the Na:ZnO NFs are
highly crystalline and that the effect of Na doping on the crystal
structure is negligible.

We used a commercial gas-sensitive analysis system to eval-
uate the acetone sensing ability of the prepared gas-sensitive
elements (Figure S13, Supporting Information). The response
of the Na:ZnO NFs sensor to acetone gas concentrations from
1 to 200 ppm at room temperature during UV irradiation
is shown in Figure 4d, with the magnification showing the
response time corresponding to a 2 ppm acetone gas concen-
tration. It can be seen that the response of the Na:ZnO NFs
sensor is positively correlated with the acetone concentration.
The sensor also exhibited a more pronounced gas response at
1 ppm, as well as fast response and recovery characteristics,
with response and recovery times of 20 and 23 s respectively at

© 2023 Wiley-VCH GmbH

85U8017 SUOWILIOD BAIIEID) 3|cedldde aus Aq peuenob are ssjoiie YO 8sn JO Sa|nJ Joj Ariq18UlIUO AB|IA UO (SUORIPUOD-pUe-SLLBY/LICO" A3 1M ARl 1o [UO//SdNY) SUORIPUOD Pue SWB | 8U 88S *[£202/T0/0E] Lo AReiqiTauliuo A8|1m ‘O uonminsul Builleg-sed Aq SEST0ZZ0Z IWPe/Z00T OT/I0P/W00" A3 1M ARe.d 1 puljuo//Sdny Wwouy pepeo|umoq ‘0 ‘X60.S9E2



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS
TECHNOLOGIES

www.advancedsciencenews.com

(a)

www.advmattechnol.de

(b)

Zn(CH,C00),2H,0 Na;CeHs0;.2H,0  Na;CeHs0;.2H,0
-
50°C
Diwater Stir =% Stir for 30 min | = Turbid liquid
Centrifuge ‘ Wash
Anneal ‘
Na:ZnO dispersed in
Interdigital isopropyl alcohol
electrode sl s
Spin Ultrasonic
/ i + Isopropyl =~
= alcohol Na:ZnO white
c : o > powder
c 5 d e).wo ;
() 2 ZnO PDF#36-1451 (A)‘ 51| 20s 200 ppm (e) : ppm
- & 141 ] 1084
= = o
E; ‘g) 1.34 nc:b 1.06 4
£ D 12 @ 1.041
g 2 2
£ Q 111 8 1.021
£ ) o
&) 1.04 & 1.004
- 0 %0 1000 B0 % oo oo
Time (S) Time (S)

0 day o
354 S, R?=0.9301

w
o
1

N
o
1

S, R?=0.9969

Response (Rg/Ra)
N
wn
1

-
o
1

-t
o

2 3 4 5
Concentration (ppm)

o
-k

7 day
031 R?=0.9894

=
e
&
~ 02..
3
[
2
3
0.1 °

[¢]

T T 3 T T

0 1 2 3 4 5

Concentration (ppm)

Figure 4. Preparation and characterization of acetone sensing unit based on Na:ZnO NFs. a) Schematic diagram of the preparation process of Na:ZnO
NFs and gas-sensitive parts. b) SEM images and c) XRD patterns of the Na:ZnO NFs. Dynamic response of the Na:ZnO NFs gas molecular sensor to
different concentrations of d) 1-200 ppm and e) 0.2-1 ppm acetone gas. f) Comparison of the response of the commercial acetone sensor (S1) and the
Na:ZnO NFs sensor (S2) to low concentrations (1-5 ppm) of acetone gas. g) Acetone response of the Na:ZnO NFs sensor after one week of placement.

2 ppm. In Table S1 (Supporting Information), we compare the
performance of some gas sensors in trace concentration of ace-
tone. To further explore the minimum detection limits of the
Na:ZnO NFs acetone sensor, we evaluated the response char-
acteristics for acetone gas concentrations below the ppm level
(Figure 4e). Here, we use the S value to evaluate the acetone
response of the Na:ZnO NFs gas sensor. The gas response (S) is
defined as S = Rg/Ra, in which the Ra and Rg are the resistance
of the Na:ZnO NFs gas sensor before and after an exposure to
acetone gas, respectively. As can be seen from the figures, the
Na:ZnO NFs sensor can detect acetone gas at concentrations
below ppm with a minimum detection limit of 0.2 ppm and an
S value of 1.03 at this concentration.

Adv. Mater. Technol. 2023, 2201535 2201535

To achieve differentiation between diabetics (exhaled acetone
concentrations above 1.8 ppm) and healthy individuals (exhaled
acetone concentrations below 0.8 ppm), gas-sensitive sensors
need not only to have a more pronounced gas response in the
low acetone concentration region, but also to have high reli-
ability. We compared the acetone gas response of a commercial
acetone sensor (S1) with that of a Na:ZnO NFs sensor (S2) in
the low concentration region (1-5 ppm) (Figure 4f). It can be
seen that the commercial acetone sensor has a higher response
when the acetone concentration is low, but its linear correla-
tion coefficient (R? = 0.9301) is significantly smaller than that
of the Na:ZnO NFs sensor (R? = 0.9969). Besides, the ability to
work stably after idle for long matters a lot to the gas sensor.

(7 of 9) © 2023 Wiley-VCH GmbH
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In Figure 4g, we can see that even though the acetone response
dropped sharply, it remains a nice linear correlation coefficient
(R? = 0.9894) with acetone concentration between 1 and 5 ppm.
Since acetone concentrations in breath are generally low, and to
perform disease diagnosis requires gas-sensitive sensors that
can have a more accurate linear correlation at low concentra-
tions. This result demonstrates that the Na:ZnO NFs sensor can
more accurately differentiate between low concentrations of ace-
tone and provides important clues for the development of res-
piratory sensor-based disease diagnosis and monitoring systems.

3. Conclusion

In conclusion, we propose a flexible multi-parameter respira-
tion monitoring system that enables continuous monitoring of
the mechanical, temperature, and molecular signals involved in
exhaled gas of humans. It is composed of two flexible modular
working parts, the first is a hybrid NG collecting mechanical
and thermal signals, while the other is an acetone gas sensor
for molecular signals monitoring. The flexible hybrid NG based
on PVDF films can be driven by the airflow and differences in
temperature during the respiratory process, thus generating
corresponding electrical signals without an external power
supply. The output waveforms of the respiration monitoring
system correspond well with various breathing patterns, which
shows promising applications for breathing pattern recognition.
Meanwhile, there is a good linear correlation between the Vg
and ambient temperature. Na:ZnO NFs have been prepared by
a simple solution synthesis method, which realized the detec-
tion of trace acetone around several ppm at room temperature
while integrating with flexible interdigital electrodes. This com-
bination of the self-powered respiratory sensor and flexible gas-
sensitive elements is not only easy to use in daily life scenarios,
but also enables the monitoring of multi-parameter respiratory
signals, which provides new ideas for future research on life
health monitoring and diagnostic systems.

4. Experimental Section

Materials: PVDF film (Shenzhen Zhimeikang Technology Co., Ltd.),
Kapton tape (DuPont), face masks (9501V+, 3 M Co., Ltd., America),
flexible polyethylene terephthalate (PET) interdigitated electrodes (IDEs,
Huizhou Xinwenxiong Trading Co., Ltd.), and ultraviolet lamp beads
(Shenzhen Ruibaoguang Technology Co., Ltd.) were purchased. Sodium
hydroxide (NaOH), trisodium citrate dihydrate (Na3;CgHsO;-2H,0), zinc
acetate dihydrate (Zn(CH3;COO),-2H,0), and acetone were obtained
from Aladdin Biochemical Technology Co., Ltd.

Fabrication of Piezoelectric and Pyroelectric Parts of SMRS: After cutting
the PVDF to the desired shape, Kapton tape was applied to either side to
act as a backing or fixation. Single-sided tape was used when PVDF films
were prepared for stand-alone testing and double-sided tape was used
when combined with other devices. As the piezoelectric and pyroelectric
parts, the PVDF film was attached to a flexible gasket inside the gas
valve of the commercial mask for the respiratory signals collecting.

Fabrication of Acetone Sensing Part of SMRS: NaOH was used as a
precipitating and doping agent, and Na;CgHs0,2H,0 as a chelating
agent. 0.1 mol L7 of Zn(CH3;C00),-2H,0 and 0.24 mol L7 of
Na;CgHs0,-2H,0 were dissolved in 30 mL of deionized water and stirred
rapidly for 5 min to form a clear solution. The solution was then added
with 0.03 mol of NaOH and stirred continuously for 30 min at 50 °C in
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a water bath heated. The white precipitate was collected and washed.
Then, the white precipitate was annealed in an oven at 60 °C for 12 h to
obtain the Na:ZnO NFs. The prepared white powder was dispersed in
isopropanol. After that, flexible IDEs were fixed on the homogenizer, and
a certain amount of the dispersion was suspended and coated on the
surface and dried at 60 °C for 12 h.

Characterizations and Measurements of SMRS: Piezoelectric output
performance testing of the PENG was achieved using a linear motor
(60-R/30*120F, Teknor Linear Motors Co. Ltd., Suzhou). The open circuit
voltage (Vsc) and short circuit current (Isc) generated were recorded
using Keithley 6517B electrometer (Tektronix) and Teledyne HD 4096
oscilloscope (LeCroy). Volunteer testers wear mask with SMRS and
the mechanical signals generated by different breathing patterns were
collected and recorded using Teledyne HD 4096 oscilloscope (LeCroy).

Using FEIl field emission scanning electron microscope (Nova
NanoSEM 450) with X-ray energy spectrometer (EDS) module to
observe the microscopic morphology and the micro-regional energy
spectral composition of Na:ZnO NFs. The synthesized Na:ZnO NFs
powder samples were characterized by X-ray Diffraction (XRD) using
an Xpert3 Powder X-ray diffractometer at 20°-80°. The performance of
the acetone gas-sensitive part was measured using an intelligent gas-
sensitive analysis system (CGS-1TP, Beijing Alite Technology Co., Ltd.).

The experiments involving human subjects had been performed with
the full, informed consent of the volunteer, who was also a co-author
of the manuscript. All experiments were approved by the Committee on
Ethics of Beijing Institute of Nanoenergy and Nanosystems (A-2021006).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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