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Abstract

Respiration is a critical physiological process of the body and plays an essential role in maintaining human health. Wearable
piezoelectric nanofiber-based respiratory monitoring has attracted much attention due to its self-power, high linearity, non-
invasiveness, and convenience. However, the limited sensitivity of conventional piezoelectric nanofibers makes it difficult to
meet medical and daily respiratory monitoring requirements due to their low electromechanical conversion efficiency. Here,
we present a universally applicable, highly sensitive piezoelectric nanofiber characterized by a coaxial composite structure
of polyvinylidene fluoride (PVDF) and carbon nanotube (CNT), which is denoted as PS-CC. Based on elucidating the
enhancement mechanism from the percolation effect, PS-CC exhibits excellent sensing performance with a high sensitivity
of 3.7 V/N and a fast response time of 20 ms for electromechanical conversion. As a proof-of-concept, the nanofiber mem-
brane is seamlessly integrated into a facial mask, facilitating accurate recognition of respiratory states. With the assistance
of a one-dimensional convolutional neural network (CNN), a PS-CC-based smart mask can recognize respiratory tracts and
multiple breathing patterns with a classification accuracy of up to 97.8%. Notably, this work provides an effective strategy
for monitoring respiratory diseases and offers widespread utility for daily health monitoring and clinical applications.
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1 Introduction

Respiration is an essential physiological behavior through-
out the complete human life and encapsulates a great deal
of physiological information about health and potential dis-
eases in clinical medicine [1-6]. Gaining proactive insight
and analyzing this physiological information can help to
prevent malignant diseases [7—11]. For example, obstruc-
tive apnea syndrome (OAS) and lung dysfunction (LD)
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can be detected and prevented by respiratory statuses, such
as abnormal breath volume and duration [12—18]. Conse-
quently, effective and precise monitoring of daily physi-
ological respiratory has emerged as necessary for disease
prevention, exerting a profound impact on the overall health
and safety of individuals.

At present, conventional medical monitoring equipment,
such as sleep apnea monitoring equipment, modern imag-
ing, and other treatments, can provide an effective diagnosis
for OAS, LD, and other related diseases, but the bulky size,
high price, and unsatisfactory convenience of these devices
limit their use in broader medical situations, thus highlighting
the need to overcome these significant limitations [19-21].
Personalized monitoring based on self-powered sensors is
gradually emerging due to its unique advantages [22-28],
transforming the traditional treatment-centered paradigm into
one of personalized preventive-based health monitoring. Cur-
rently, wearable electronic devices for respiratory monitoring
based on various principles, such as piezoelectric [29-31],
piezoresistive [32—-34], and triboelectric effect [35-37] have
been widely developed. Notably, respiratory monitoring
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technologies based on piezoelectric nanofibers are preferred
due to their compelling advantages, such as flexibility, good
linearity, low cost, lightweight, and good breathability [16].
To obtain piezoelectric materials with superior performance
for precise monitoring, numerous methodologies have been
exhaustively investigated, among which the doping of either
conductive or nonconductive nanoparticles has been proven to
be effective in enhancing the electrical output of piezoelectric
polymers [38—43]. For example, Yang et al. [44, 45] success-
fully achieved the enhancement of piezoelectric output by inte-
grating MXene into polyvinylidene fluoride (PVDF), leverag-
ing the interfacial polarization effect and nanolimited domain
effect. Concurrently, Feng et al. [46] constructed a cavitation
layer by introducing ZnO particles into electrospun PVDF
nanofibers, and the dj; coefficient of the nanofibers was dra-
matically increased due to the profound impact of cavitation,
which effectively improved the energy conversion efficiency
of ultrasound. However, despite these novel and effective
processes for enhancing the performance of traditional piezo-
electric polymers, challenges persist, including the propensity
for dopant agglomeration and the resulting inhomogeneity in
sensing performance. These issues pose obstacles to achiev-
ing high-precision respiratory monitoring using piezoelectric
polymers [47-49]. Therefore, forming a large-scale uniform
piezoelectric polymer functional layer to realize highly sen-
sitive sensing in wearable respiratory monitoring remains a
major challenge.

Here, we innovatively prepared coaxial PVDF/carbon nano-
tube nanofibers with large-scale homogeneous dispersion of
CNT nanoparticles by coaxial electrospinning to achieve high
sensitivity and fast response time for respiratory monitoring.
PVDF/CNT nanofiber membranes with adjustable CNT con-
centrations were prepared by coaxial electrospinning, and the
effects of the CNT content on their output performance were
systematically investigated. The piezoelectric sensors prepared
from coaxial composite PVDF/CNT have a high sensitivity
of up to 3.7 V/N and a fast response time of 20 ms, demon-
strating excellent performance that is comparable to that of
reported sensors. On this basis, a PS-CC-based smart mask
was constructed for respiratory classification and respiratory
tract monitoring, in which the recognition accuracy can reach
up to 97.8% with the assistance of a one-dimensional convo-
lutional neural network algorithm. This fabrication strategy is
proposed to provide insight into future respiratory monitoring
and intelligent devices.
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2 Results and Discussion

2.1 Overall Schematic of Coaxial Nanofibers
Applied to Respiratory Monitoring

Figure 1a schematically depicts the three main states of the
respiratory tract, including the unobstructed state (US,),
the middle state (MS,), and the obstructed state (OS;)
[50]. These different respiratory states have different res-
piratory rhythms and gas volumes, so different respiratory
states require different durations to obtain sufficient oxy-
gen (Fig. 1b). In US,, due to the unobstructed structure,
the volume of inhaled air reaches its maximum point in a
short time. Conversely, both the gas volume of inhaled air
and the duration of inspiration in OS; followed an opposite
trend to that of US,, while MS, was between US; and OS;.
With US, defined as the baseline for normal physiological
respiration, the gas volume showed a decreasing trend in
US,, MS,, and OS; at the same time. Similarly, under the
equalizing gas volume among the three states, the duration
of respiration gradually increased. These intricate dynam-
ics are visually depicted in Fig. 1c. Due to the complex-
ity of the signals, a high-accuracy on-mask piezoelectric
sensor (PS-CC) with a coaxial composite structure is pro-
posed for respiratory monitoring (Fig. 1d). The PS-CC is
composed of a PVDF/CNT coaxial nanofiber membrane,
Ag electrode, and protective layer polyurethane (PU) med-
ical tape (Fig. S1, Supporting Information). To establish a
mask respiratory monitoring platform, respiratory biome-
chanics were first validated based on finite element simula-
tion. COMSOL simulation (Fig. S2, Supporting Informa-
tion) was performed to determine the pressures exerted
under normal, middle, and deep respiration conditions.
The results show the nonuniform and position-dependent
nature of the pressure distribution in the mask. Moreover,
the vibration of the mask was measured in real-time by a
laser vibrometer. When the mask does not vibrate, there
is no electrical signal output; when the body breathes, it
vibrates and generates the electrical signal (Fig. le, f and
Movie S1, Supporting Information). The resulting vibra-
tion amplitude is mainly concentrated in the areas of the
mouth and nose, which is consistent with the finite ele-
ment simulation. Based on these results, the PS-CC was
installed in the positions of the mask corresponding to the
mouth and nose (Fig. S3, Supporting Information).

This deliberate positioning maximizes the pressure
propagation derived from the respiratory process, thus
collecting the respiratory signal of the human physiologi-
cal state more accurately. Furthermore, the developed PS-
CC-based smart mask combined with machine learning
algorithms enables the acquisition of storage and display
of monitoring results at a computer terminal, forming
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Fig. 1 Overall concept of respiratory monitoring. a Schematic illus-
tration of the respiratory system of the human body, including three
different respiratory tracts, US;, MS,, and OS;. b Schematic illus-
tration of the inhalation and exhalation states of US,;, MS,, and OS;
during a cycle. ¢ Comparison of volume and time between US|,
MS,, and OS;. d Schematic showing the structure of the PS-CC. e

an adaptive respiratory monitoring system, as shown in
Fig. 1g. This innovation is positioned to establish a frame-
work for the eventual realization of an integrated, intel-
ligent, and user-friendly respiratory monitoring paradigm.

2.2 Structural and Component Characterization
of the Coaxial Nanofibers

To demonstrate the construction of the developed PVDF/
CNT coaxial nanofiber fabricated through modified coax-
ial electrospinning (Fig. S4, Supporting Information), the
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Schematic of laser vibration measurement for the mask. The test dis-
tance was 1.5 m and the mask had a lattice profile of 5x20. f Voltage
schematic illustration of the real-time detection of mask vibrations. g
Schematic illustration of the machine learning-assisted adaptive res-
piratory monitoring

Classification

surface morphology and size of the PVDF/CNT coaxial
nanofibers were analyzed. Figure 2a shows that the pro-
duced PVDF/CNT coaxial nanofibers have a straight con-
figuration without any nodular formations and the majority
of the nanofibers range in diameter from 0.1 to 0.3 pm
(Fig. S5, Supporting Information), indicating good homo-
geneity. The doped CNTs are short multiwalled carbon
nanotubes with 20-30 nm outer diameters, as shown in
Fig. 2b. Furthermore, the TEM image captures the coaxial
structure of the PVDF shell and the CNT core (Fig. 2¢). To
intuitively analyze the phase structure composition of the
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Fig.2 Material characterization and mechanism analysis. a SEM
image of the PVDF/CNT nanofiber. Scale bar: 3 pm. b SEM image
of CNT. Scale bar: 1 pm. ¢ TEM image of the PVDF/CNT nanofiber.
Scale bar: 200 nm. d Raman spectra of the PVDF/CNT nanofiber
membrane, pristine PVDF, and CNT. e DSC of PVDF/CNT

coaxial nanofibers, Raman spectroscopy was performed on
the PVDF/CNT coaxial nanofibers, PVDF nanofibers, and
pure CNTs, as shown in Fig. 2d. From the Raman spectra,
three characteristic peaks of CNT emerge at 1340 cm™! (D
peak), 1576 cm™! (G peak), and 2689 cm™! (2D peak), and
the main characteristic peaks of PVDF are at 794, 1430,
and 2977 cm™!, aligning with the established CNT and
PVDF peaks, respectively. Moreover, all the peaks of the
developed PVDF/CNT have the major characteristic peaks
of the PVDF nanofiber and pure CNT, proving the success-
ful construction of the PVDF/CNT coaxial nanofibers. In
principle, the content of the conductive filler intuitively
affects the performance of PVDF [43]. To determine the
optimal CNT content and decouple the influence of CNT
on the piezoelectric phase of PVDF, it is necessary to
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nanofiber membranes with different CNT contents. f FTIR of PVDF/
CNT nanofiber membranes with different CNT contents. g Crystal-
linity of the matrix and the proportion of the f-phase in the above
samples vary with the CNT content. h Schematic of composites near
the percolation effect

quantitatively calculate the crystallinity and p-phase con-
tent of PVDF with different CNT contents. To this end,
differential scanning calorimetry (DSC) (Fig. 2e) and Fou-
rier transform infrared (FTIR) spectroscopy (Fig. 2f) were
performed. The degree of crystallinity can be calculated
by Eq. (1) [44]:

Hm
o. = m x 100% €))]
where o, is the degree of crystallinity in the sample, AH,,
is the melting enthalpy of the test sample, @ is the weight
fraction of CNT and AH,, is the standard melting enthalpy
of the pure PVDF crystal with a value of 103.4 J g~!. Fur-
thermore, the -phase content in the sample can be obtained
by Eq. (2) [39, 40]:
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where F(p) is the content of the B-phase. A; and A, are the
intensities of the characteristic peaks of the f-phase at 840
cm™! and the a-phase at 763 cm™, respectively.

The results presented in Fig. 2g show that both the crys-
tallinity and -phase content gradually increase with increas-
ing CNT content up to 0.5%. When this content exceeds
0.5%, both characteristics show a gradual decreasing trend.
To illustrate this phenomenon, the percolation effect is intro-
duced into the system [44]. With the gradual increase in
the CNT concentration, more interfaces are formed inside
the PVDF membrane, which is conducive to the enhance-
ment of piezoelectricity. When the content exceeds a certain
threshold, the aggregation of conductive particles forms con-
ductive pathways inside the nanofibers, which reduces the

piezoelectric output. A corresponding schematic and simula-
tion diagrams are shown in Fig. 2h and Fig. S6 (Supporting
Information). Therefore, CNT coaxial nanofibers with 0.5%
CNT were chosen as the experimental condition to obtain
the optimal performance.

2.3 Piezoelectric Properties of Coaxial Nanofibers

To further verify the electrical output performance and meet
the daily needs of respiratory monitoring, we tested the elec-
tromechanical performance of the PS-CC, based on servo
motors (X represents the amount of CNT with values of 0,
0.1, 0.5, 1.0, 2.0, and 3.0%, as shown in Fig. 3a). Under a
constant pressure of 0.5 N, the voltage outputs of PS-CC,,
PS-CC, ;, PS-CC, 5, PS-CC, ,, PS-CC,, and PS-CC;
clearly increase and then decrease. When the CNT content
exceeds 0.5%, it exhibits the highest voltage output of 1.8 V
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Fig.3 Electrical performance of the designed PS-CC, 5. a Schematic
diagram showing the measurement of the PS-CC under the pressing
model. b Voltage output of PS-CC with different CNT contents under
the same pressure. ¢ Voltage output of PS-CC,, 5 with different forces
ranging from 0.1 to 0.5 N. d Sensitivity of PS-CC 5. e The voltage

response of PS-CC, 5 under the same force at various frequencies. f
Response time of PS-CCj 5. g Characteristic comparisons of the sen-
sitivity and response time between this work and the recorded res-
piratory sensor. h Durability test of the sensor after more than 5000
cycles with no signs of fatigue

@ Springer



Advanced Fiber Materials

(Fig. 3b). This trend is consistent with the previous mecha-
nism analysis (Fig. 2h), further proving that PS-CC, 5 has
the best performance in the experimental view. Therefore,
the PS-CC, s-design serves as the foundation for subse-
quent experiments. In respiratory monitoring, an accurate
and rapid response is essential for those key physiological
signals, including respiratory sensitivity (RS), respiratory
frequency (RF), and response time (RT). To further inves-
tigate the RS of PS-CC s, different forces were applied to
PS-CCy 5, and the corresponding results are presented in
Fig. 3c. With increasing force from 0.1 to 0.5 N, the voltage
output increased from 0.45 to 1.95 V. It is proposed that the
dipole deflection of the nanofibers increases with increasing
force, resulting in a higher voltage output. The RS of the
PS-CC is defined by Eq. (3):

AV
RS =22
S=F 3)

where AV is the voltage difference and AF is the force dif-
ference. Based on Formula (3), the RS was calculated to be
3.7 V/N (Fig. 3d), indicating favorable sensitivity.

Figure 3e, f presents the RF and RT of PS-CC 5 at dif-
ferent frequencies (0.5, 1, and 2 Hz) under the same pres-
sure conditions. The results show that PS-CC,, 5 responds
accurately to stimuli of different frequencies and has a rapid
response (20 ms), demonstrating its favorable performance.
By comparing RS [31, 51, 52], and RT [16, 53-55] with
other developed respiratory sensors, the PS-CC,, s-proposed
in this work has clear advantages (Fig. 3g). Furthermore, it
maintains excellent electrical stability even after 5000 cycles
(Fig. 3h), indicating the long service life and high stability
of PS-CC, 5. Therefore, PS-CC,, 5 is characterized by its high
sensitivity, short RT, and robustness, making it suitable for
precise and long-term respiratory monitoring.

2.4 Demonstration of Coaxial Nanofibers
for Respiratory Monitoring Applications

Based on the excellent sensing performance, an intelligent
respiratory monitoring platform with a PS-CC, s-based
smart mask (PSM) was developed and the characteristics
of respiratory gas volume were analyzed to classify res-
piratory status (US;, MS,, and OS;). The detection sche-
matic and physical diagram of the PSM (as worn by the
tester) are shown in Fig. 4a and Fig. S7. When the body
engages in the respiratory cycle, inhalation gas is trans-
mitted to the PSM and expands inward, which generates
corresponding electrical signals (Fig. 4b). Conversely,
the PSM expands outward and produces opposing signals
(Fig. 4c). The processes and results are shown in Fig. 4d.
The integral of this curve over time can represent the res-
piratory air volume to some extent, such as pink for the
inhaled air volume and purple for the exhaled air volume.
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Different respiratory patterns have corresponding air vol-
umes, so US;, MS, and OS; are respectively correlated
with slow, normal, and deep breathing. The inhalation and
exhalation processes of human body were simultaneously
measured by PSM and a commercial electronic spirometer
(Fig. S8, Supporting Information). Figure 4e shows the
relationship between the time and voltage of inhalation
tested by the PSM under three respiratory states: slow,
normal, and deep. The statistical results show that the
respiratory pattern changes from slow to normal and to
deep, and the air volume gradually increases (Fig. 4f).
Moreover, the FVC (the maximum volume of air that can
be exhaled as soon as possible after inhalation) curves of
the volume of exhaled air over time were measured by a
commercial electronic spirometer [56]. From the statisti-
cal results in Fig. 4g—h, the air volume trends for differ-
ent states are in good agreement with the actual situa-
tion. This favorable performance is attributed to the high
RS of the PSM for respiratory monitoring. In addition, a
wide variety of respiratory states are characterized in daily
life. To adapt these states in daily application, the PSM
was extended to monitor various respiratory states, such
as fast, no breathing, and coughing (Fig. 4i, Fig. S9-10,
Movie S2, Supporting Information). The results show that
there are significant discrepancies in respiratory intensity
and rate in multiple respiratory styles, such as the deep
style producing higher voltage than that of the normal
style (Fig. 4j). Additionally, the respiratory rate can be
inferred from the number of peaks. The rate is 30 breaths/
min for the normal style and up to 120 breaths/min for
the fast style. These data, derived from PSM, can provide
convenient and quick respiratory references in medicine
to a certain extent. Due to the excellent performance of
PSMs, they can be further used as recognition elements
in human—machine interfaces to provide more efficient
and accurate respiratory monitoring. Many methods are
used in the sequence modeling of signals, such as recur-
rent neural networks and long- and short-term memory. In
particular, the one-dimensional convolutional neural net-
work (CNN) algorithm with multiple processing layers is
a simple and feasible method, and each layer can learn and
express more abstract and higher-level input data. The user
wears the PSM to monitor six different breathing states,
and the output signals in each state are randomly divided
into training, validation, and testing sets at a ratio of 8:1:1.
Figure 4k and Fig. S11 show the variation process of train-
ing, testing accuracy and training loss for the datasets,
indicating that the proposed model can achieve high clas-
sification accuracy and robustness. The confusion matrix
between the predicted labels and real labels in the test set
is shown in Fig. 41. After 200 training sessions, the system
could recognize different breathing states with an aver-
age prediction accuracy of 97.8%. Based on the excellent
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Fig.4 Demonstration of the PSM adaptive respiratory monitoring
system. a Schematic diagram of the mask with a PSM for respira-
tory monitoring. Schematic diagram of PSM changes during inhala-
tion (b) and exhalation (c). d An electrical signal corresponds to a
complete respiratory cycle. e Voltage signals of slow (OS;), normal
(MS,), and deep (US)) styles are recorded by the PSM. f Integral plot
of air volume for inhalation in three respiratory states. g The time-
domain volume of commercial sensors recorded the inspiratory air

volume in three respiratory states. h The maximum inspiratory air
volume. i Measurement result of different respiratory styles under the
PSM. j Photo of respiratory monitoring with PSM. k Evaluation of
the classification accuracy, training accuracy, and loss function over
200 epochs. 1 Confusion matrix for respiratory recognition. The target
class refers to the collected signal types and the output class refers to
the results recognized with the assistance of machine learning
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electromechanical conversion performance of PSMs, the
developed PSM has significant potential in future smart
medicine, human health, and respiratory monitoring.

3 Conclusion

In conclusion, we present a smart mask that incorporates
a highly sensitive coaxial piezoelectric nanofiber mem-
brane based on PVDF/CNT for respiratory monitoring. The
nanofiber composite was fabricated by a coaxial electro-
spinning process that formed a uniform dispersion of CNT
conductive particles. Due to the percolation effect, the per-
formance of PSM is optimized at a CNT concentration of
0.5%, resulting in a high sensitivity of 3.7 V/N and a fast
response time of 20 ms. Moreover, respiratory monitoring
reaches a remarkably high accuracy of up to 97.8% for res-
piratory classification and successfully realizes respiratory
monitoring due to the synergistic integration of the PSM and
a CNN algorithm. This research provides a basis for future
respiratory monitoring and shows promising prospects in the
fields of artificial intelligence medical treatment and wear-
able electronics.

4 Experimental Section
4.1 Preparation of Solutions and Materials

First, 1.84 g of PVDF (MW ~ 180,000 g/mol, Sigma Aldrich)
was dissolved in 5 mL of a mixed solution consisting of
3.25 mL of N-N-dimethylacetamide (Sigma Aldrich) and
1.75 mL of acetone (Sigma Aldrich). The mixture was
heated and stirred in a water bath at 60 °C for 2 h to form
a uniform mixture without bubbles as the shell structure.
Then, another mixture was prepared by adding different
amounts of CNT (short multiwalled, 20-30 nm outer diam-
eter, 0.5-2 pm length, >98%, Aladdin), followed by sonica-
tion for 30 min and stirring for 60 min to form the core layer.

4.2 Electrospinning Process and Fabrication
of the Sensor

The electrospinning process requires a high-voltage source,
a syringe pump, and a drum collector. Coaxial electrospin-
ning was performed using a 22/17-gauge blunt-end coaxial
stainless steel needle. The feed rates of the inner and outer
layer solutions were 0.5 and 0.4 mL/h, respectively. The
needle was connected to a high-voltage supply at 14 +1 kV,
and the PVDF/CNT nanofibers were collected using a drum
collector covered with aluminum foil at 1000 r/min. The
receiving plate was kept at a distance of 10.5+ 1 cm from
the needle, and the electrospinning time was 2 h. During
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nanofiber electrospinning, the ambient material was air at
a temperature of 25 °C and 50% humidity. Then, the mem-
brane was put into an oven for 12 h at 60 °C. Then, silver
was magnetron sputtered onto the surface of an annealed
PVDF/CNT piezoelectric membrane for 15 min and used as
an electrode, and the electrode was removed with a copper
wire and sealed on both sides with PU tape in the same way
as in previous work [39, 40].

4.3 Finite Element Analysis and Laser Vibration
Detection

Finite element analysis was employed to analyze the vibra-
tion modes of the designed membrane and the breakdown of
the conductive filler in PVDF. First, due to the complexity
of the mask network at the microscopic scale, we simplified
it into a membrane with a Young's modulus of 840 M and
a Poisson's ratio of 0.4. Then, for the breakdown simula-
tion, we used PVDF as the basis and CNT particles as the
conductive filler particles. To show the breakdown charac-
teristics more intuitively, we set the thermal conductivity of
PVDF to 0.25 W/(m-K), the electrical conductivity of CNT
t0 5.998 x 107 S/m, and the relative permittivity to 1. When
the relative conductive particle content changes, we simulate
the change rule of the breakdown characteristics. The laser
vibrometer model used was an LV-SC400, and a quick signal
analyzer was used for analysis and modeling. First, the face
of the mask was processed for positioning, the mesh was dis-
sected, and its value was set to 5 X 60. The maximal setting
of velocity in the control box of VD19 DD29 was 10 mm s~!
v~!, the maximal setting of displacement was 20 mm/V, and
the sample rate and the number of fast Fourier transform
points were set to 500 in the testing process.

4.4 Materials Characteristics and Measurement
of Electric Performance

The coaxial PVDF/CNT piezoelectric nanofiber and CNT
morphologies were studied by field emission scanning elec-
tron microscopy (FESEM, JSM-7800f). The crystal content
and phase structure of the PVDF, CNT, and composites were
determined by Raman spectroscopy (HORIBA JobinYvon
XploRA ONE, 532 nm laser), differential scanning calo-
rimetry (DSC; TGA/DSC 3+, Mettler Toledo), and FTIR
(Nicolet 5700 Spectrometer). Then, the voltage output of the
PSM was recorded by a Keithley-6514 system electrometer,
and the signal was collected and analyzed by a data acquisi-
tion card.

4.5 Deep Learning for Voice Pattern Recognition

A three-layer 1D-CNN was constructed for data feature
extraction and automatic recognition of input-collected
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respiratory signals. PSM was used to continuously collect
six respirator signals as the target class dataset, and each
signal was recorded 20 times, with a length of each dataset
of 1000; then, the data were enhanced four times. The sam-
ples of each object were randomly divided into a training
set, a validation set, and a test set at a ratio of 8:1:1. We first
trained the model with 80% of the data, then calibrated the
model with 10% of the data, and finally used the remaining
10% of the data to further test the corrected optimal model
parameters. During each training epoch, the classification
accuracy, learning rate, and loss function were evaluated
to test the deep learning results. With the assistance of the
1D-CNN algorithm, 200 training periods could achieve res-
piratory recognition, and then the classification and analysis
were carried out in terms of classification accuracy, rate, and
loss function.
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