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Abstract

Respiratory muscle training can improve respiratory function by strengthening

muscle mass, which is of great help to populations with respiratory system dis-

eases and athletes. Existing respiratory muscle training methods rely on resis-

tance that hinders breathing, and the resistance cannot be adjusted

automatically. However, the detection of the user's current muscle fatigue state

and precise adjustment of resistance during respiratory muscle training are

crucial to training efficiency. Here, we have developed a hybrid sensor that

combines a triboelectric nanogenerator and a piezoelectric nanogenerator. This

hybrid sensor can simultaneously collect both high-frequency and low-

frequency signals generated by the Karman vortex street effect with low hyster-

esis. When the airway height is 30 mm, the sensor size is

52 μm � 40 mm � 17 mm, the output performance of the sensor is optimal,

and the minimum response amplitude for the sensor is approximately 3 mm.

Under normal breathing conditions, the output peak voltage is 7 V, the current

is 100 μA, the charge transfer amount generated by one movement is 55 nC,

the response time is 0.16 s, and the sensitivity is 0.07 V/m�s�1. With the help of

the principal component analysis algorithm, features related to the fatigue state

of muscles were extracted from the collected signals, and the accuracy rate can

reach 94.4%. Subsequently, the stepper motor will rotate to adjust the
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resistance appropriately. We fused the hybrid sensor, machine learning, con-

trol circuits, and stepper motors and fabricated a resistance self-adaptation pro-

gram. Our findings inspire researchers in the field of rehabilitation and sports

training to evaluate training status and improve training efficiency.
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1 | INTRODUCTION

Respiration is the process of gas exchange between the
organism and the external environment that helps us
take in oxygen, metabolize waste, and is one of our vital
signs. Respiration is the basis of pulmonary ventilation,
which in turn involves inhalation and exhalation. In
order to achieve inhalation and exhalation, we use a
series of muscles such as the diaphragm, intercostal mus-
cles, rectus abdominis, and others to help the lungs fill
and contract to maximize the inhalation and exhalation
of gases.1 During inspiration, contraction of the dia-
phragm causes the diaphragm dome to descend and the
thoracic cavity volume to expand to assist inspiration.
During expiration, relaxation of the septum muscle
causes the diaphragm dome to rise and return to its origi-
nal position, while the rectus abdominis muscle con-
tracts, and the thoracic cavity volume decreases to assist
expiration.2 These muscles which are used for respiratory
are collectively known as “respiratory muscles” Just like
other skeletal muscles in our body, the “respiratory mus-
cles” can be enhanced physiologically (muscle cross-
sectional area3), reflected in the increase of respiratory
muscle strength4 and endurance,5 that allows for easier
and more effective ventilation and function effectively
without fatigue during longer periods of physical activity.
Another enhancement is respiratory patterns, that
improve body posture while enhancing pulmonary venti-
lation efficiency, improving function and efficiency. As
respiration is very closely related to athletic performance,
respiratory muscle training can even improve athletic
performance to some extent and even reduce the compli-
cations of some diseases,6–8 it is helpful for people who
have weakened respiratory function9/suffer from certain
respiratory diseases9,10 or athletes, and so forth.11

Currently, respiratory muscle training is performed
using resistance training, which increases the resistance
that the respiratory muscle groups have to overcome dur-
ing inhalation or exhalation, and is divided into inspira-
tory and expiratory muscle training.12 Respiratory muscle
training is usually preceded by testing the user's maximal

inspiratory pressure (MIP) and maximal expiratory pres-
sure (MEP) using a measuring device and determining
the training load in terms of the percentage index of MIP
and MEP.13 In the process of the MIP and MEP test, max-
imum strength contraction and relaxation of respiratory
muscles may cause hyperventilation, which is not
friendly to elders. In addition, MIP and MEP have more
correlation with individual differences, health status, and
physical activity habits, which leads to a larger range of
differences in MIP and MEP among the elderly.14 There-
fore, MIP and MEP should be measured and interpreted
with more caution. There are several commercially avail-
able respiratory resistance trainers on the market, but
some of them still have disadvantages in portability,
usability, adjustable.15 These problems affect the effec-
tiveness and efficiency of respiratory muscle training. To
improve effectiveness and efficiency, the physical signal
of respiration, flow, needs to be quantified.16 Current
respiratory sensors include both flow sensors (which
quantify airflow through the mouth17 and nose18) and
strain sensors (which quantify the rise and fall of the
chest,19 abdomen20 and other part as a result of respira-
tion).21 The former is relatively direct and the latter is rel-
atively indirect. For respiratory flow monitoring, many
people use triboelectric sensors to achieve self-powered
operation while monitoring respiratory frequency and
depth. Self-powered sensors can eliminate dependence
on external power sources, which is beneficial for further
reducing the size of the device. Swinging respiratory sen-
sors22 often adopt a single-electrode model; the two fric-
tion layers will repeatedly contact and separate through
the vortex generated by breathing that achieving moni-
toring of respiratory flow rate. Liu17 reported a floating
rotary freestanding TENG, where the friction layers are
respectively placed on the stator and rotor. When the air-
flow passes through, the rotor rotates and generates
triboelectrical signals due to electrostatic induction.
Strain sensors such as polyvinylidene difluoride (PVDF)
can also be used to monitor respiratory rate and depth.
PVDF piezoelectric material for sensing respiratory air-
flow is placed on the mask to improve user wear
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comfort.18 It can be hybridized with triboelectric sensors
to improve the output of the sensor to improve the output
of the sensor, Zou20 designed a hybrid sensor inspired by
shark gills for wearable respiratory monitoring, which is
stretchable due to the flexible substrate and shark gill
structure. Sensors with a turbine structure are representa-
tive flow sensors and are commonly used for spirometry,
but they have the disadvantage of hysteresis due to the
rotational inertia of the turbine.23 Therefore, the develop-
ment of a respiratory muscle trainer that accurately
quantifies respiratory status, automatically adjusts resis-
tance, and is portable is critical.

In order to solve the hysteresis of the vortex fan flow-
meter, using the Karman vortex street effect,24 we
designed a hybrid sensor, which fixes two pieces of
polyvinylidene difluoride (PVDF) symmetrically on the
support structure. When the airflow passes, both sensors
start to work, and when the airflow stops, both
sensors stop working immediately; this effect solves the
hysteresis problem of respiratory sensing. In addition, the
sensing array has the advantages of collecting rich, accu-
rate, and stable information. The individual hybrid sen-
sors are fabricated based on the properties of triboelectric
nanogenerators (TENG)25,26 and piezoelectric
nanogenerators (PENG).27 As a self-powered sensor,28

TENG has attracted much attention due to its advantages
of high sensitivity,21 high responsiveness,28 and low
cost.29 Unlike TENG, PENG has a stronger ability to per-
ceive deformation and is more suitable for sensing low-
frequency signals.30 Hybrid sensors based on TENG and
PENG have the ability to sense high-frequency signals
versus low-frequency signals at the same time, enriching
the respiratory information sensed. It is capable of recog-
nizing different respiratory frequencies, depths, and dura-
tions. The sensor array makes it possible to always have a
piece of the sensor as a control sensor while respiration,
enabling more accurate dual-channel sensing. The hybrid
sensor shows good durability and remains stable after
5000 airflow cycles.

We fused a hybrid sensor, machine learning
(ML),31,32 control circuits, stepper motors, and fabricated
a Resistance Self-Adaption Program (RSP). This program
automatically matches the user with the current appro-
priate resistance, making our respiratory muscle trainer
intelligent. We have recruited a group of volunteers to
collect data on the respiratory signals at different resis-
tances. After completing the data collection, ML algo-
rithms were used to build a library of data models to
classify and quantify the respiratory signals for assessing
the user's perception and determine the resistance match,
with a final ML recognition rate of 94.4%. When the user
uses the RSP for respiratory training, the main-control
chip will analyze and judge the data obtained from the
respiratory sensing array, if the RSP determines that

the current user's ability matches the gear level, the step-
per motor will not rotate. If the RSP determines and
sends a resistance adjustment command (clockwise or
anticlockwise) to the stepper motor, the stepper motor
will rotate to adjust the resistance until the RSP deter-
mines that the current user's ability matches the gear
level. In addition, the system can also evaluate the user's
respiratory function to determine the effectiveness of
long-term training. In brief, the intelligent respiratory
muscle trainer based on the sensing array and RSP has
the function of combining evaluation and training regu-
lation and shows a good trend and future application
prospect in respiratory muscle training and respiratory
function improvement.

2 | RESULTS AND DISCUSSION

2.1 | Material and structure

As the Figure 1A shows, the overall structure of the intel-
ligent respiratory muscle trainermainly includes the sens-
ing part, resistance part, circuit, and control part. The
sensing part mainly consists of Polyethylene terephthal-
ate (PET) cover plates, polylactic acid (PLA) frame, a
polytetrafluoroethylene (PTFE) film, and two PVDF
films. Seal the upper and lower ends of the support with
PET cover plates to form air ducts that allow airflow to
pass. The PENG sensor uses soft piezoelectric material
PVDF as the functional material and is fixed in the sup-
port of PLA printing. The surface of PVDF is coated with
a layer of Ag as the electrode, which tends to have a posi-
tive triboelectric sequence and is prone to losing elec-
trons. PTFE is a material that tends to have a negative
triboelectric sequence and is easy to obtain electrons. In
order to enhance the triboelectric effect generated by
PVDF during oscillation, PTFE tape is attached to the
inner side of the PET cover plate above. This way, when
PVDF undergoes oscillation due to airflow, the Ag on the
surface of PVDF can produce a good triboelectric effect
with the PTFE film. As shown in the bottom right corner
of Figure 1A, the sensor will present four working states
with respiration, namely inhalation state, breath holding
state, exhalation state, and breath holding state.

The resistance part is composed of a commercial
respiratory muscle damping part, which is specifically a
one-way valve supported by springs. When the suction
force is sufficient to overcome the spring force, the valve
opens, and when the suction force gradually weakens,
the valve closes. The fixed structure of the rotating spring
can adjust the length of the compressed spring, and the
resistance that needs to be overcome is also adjusted
accordingly. By the one-way valve resistance system we
used, the users could overcome resistance during
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inhalation and not during exhalation. This can enable
the relevant muscle groups that assist in inhalation to
achieve resistance exercises. Subsequently, we
implemented an adaptive resistance function using
machine learning-based judgment methods. Figure 1B
shows the optical photo of a hybrid nanogenerator sen-
sor. Figure 1C shows an example of a user exercising with

our intelligent respiratory muscle trainer. When the
human respiratory, the relevant muscle group will con-
tract or relax; Figure 1D shows this situation. Specifically,
when a person inspires, the intercostal muscle contracts,
the diaphragm muscle contracts and descends, and the
chest cavity expands; when a person expires, the intercos-
tal muscle relaxes, the diaphragm muscle relaxes and

FIGURE 1 The overview of resistance adaptive respiratory trainer. (A) Schematic diagram of the sensor part and supporting part of the

intelligent respiratory trainer. (B) The optical photo of the hybrid nanogenerator sensor. (C) Application of the respiratory muscle training

device in human body demonstration. (D) Schematic diagram of intercostal and diaphragmatic muscle movements during exhalation/

inhalation. (E) The working status of RSP under labor-saving condition, moderate condition, and strenuous condition. (F) The voltage signal

of a respiratory cycle. (G) The design concept of the intelligent respiratory trainer.
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ascends, and the chest cavity shrinks. As Figure 1E
shows, the specific situation is as follows: when used in a
gear level that is judged to be moderate (i.e., with good
training effect), the stepper motor will not rotate, the
spring length will not change, and the resistance will not
change in any way. When the user's signal is judged to be
labor-saving, the stepper motor will rotate to shorten the
spring, and the resistance will increase accordingly.
When the user's signal is judged to be strenuous, the step-
per motor will rotate to extend the spring, and the resis-
tance will decrease accordingly.

The circuit consists of a main-control chip (Raspberry
Pi PICO), a stepper motor, a stepper motor driver board,
button switches, and two lithium batteries. When the
user is training, the main-control chip is responsible for
receiving the generated respiratory signal from the sen-
sor. These signals are processed by the main-control chip;
it will send instructions to the stepper motor to adjust the
resistance. Through the self-adaptive resistance function
of the RSP, users can receive better training results. The
four states corresponding to the electrical signals during
the respiratory cycle are shown in Figure 1F. Signifi-
cantly, the two sensors generate corresponding high-
frequency signals in periods II and IV, respectively. These
high-frequency signals are generated due to the Karman
vortex street generated by exhalation or inhalation. The
response time shows the retardation of the sensor
(Figure S1). In addition, we envision uploading training
data to the cloud for users to analyze and develop exer-
cise plans. Figure 1G shows the design concept of our
manufactured intelligent respiratory muscle trainer.

2.2 | Characterization and optimization

When a fluid bypasses certain objects under certain condi-
tions, such as flow velocity, object size, and fluid proper-
ties, the two sides of the object will periodically shed
double row line vortices with opposite rotation directions
and regular arrangements; this phenomenon is called the
Karman vortex street effect.33 Inspired by the effect, we
designed and fabricated this sensor array. Figure 2 shows
the characterization of the sensor. PVDF is a material with
a piezoelectric effect, which has the characteristics of light-
weight, flexibility, and can be easily bent. PVDF films
were selected as the oscillating layer for the Karman vor-
tex street, and the airflow generated by respiration bends
the PVDF to generate piezoelectric polarization charges,34

which generate piezoelectric signals. Due to the triboelec-
tric effect,35 the surface of the PVDF film and PTFE film
have opposite polarity triboelectric charges. The vortex
causes the PVDF film to separate from the repeated con-
tact with the PTFE film and generates triboelectric

induced charges on the electrodes at the PVDF film,
which generates triboelectric signals. In this way, the tri-
boelectric and piezoelectric signals were combined. The
advantage of hybrid is that it can simultaneously collect
piezoelectric signals and triboelectric electrical signals gen-
erated by the airflow. Due to our symmetrical placement,
two PVDF films can generate periodic oscillations due to
the vortex generated during exhalation or inhalation,
respectively. Therefore, our sensor can collect hybrid sig-
nals during the respiratory process.

To verify the working principle of the sensor, the
finite element analysis shows structural deformation of
the sensor under vortex K�arm�an conditions; the tested
voltage output also reflects the structural deformation of
the sensor under a respiratory cycle (Figure S2). As
Figure 2A–C shows, the voltage, current, and charge of a
single sensor were characterized, with a peak voltage of
7 V and a peak current of 100 μA. Its single charge trans-
fer amount is 55 nC.

Environmental noise is a factor that constrains the per-
formance of sensors and objectively affects the signal-
to-noise ratio.36 As environmental noise is usually unchang-
ing, the signal-to-noise ratio can be improved by increasing
the output of the sensor.37 Therefore, it is necessary to find
the most suitable size to optimize the output of the sensor.
There have three factors affect output: the thickness, length
of the PVDF, and the cross-sectional height of the flow
channel. As the Figure 2D shows, when the thickness of
PVDF film is 52 μm, the signal output is highest. The out-
put of different PVDF films lengths was measured in the
same cross-sectional height of the flow channel and results
showed that there was close in the output of PVDF films
within the length range of 40, 38, 36 mm (Figure 2E). To
confirm whether the cross-sectional height of the flow
channel affects the voltage output, voltage output of sensor
was tested under five different cross-sectional heights
(10 mm, 20 mm, 30 mm, 40 mm, and 50 mm). As
Figure 2F shows, the cross-sectional height has little effect
on the output of PVDF, so 3 mm cross section height was
selected as a solution. Finally, PVDF film size of
52 μm � 40 mm � 17 mm was selected, and the sensor's
channel height was set to 3 mm. The sensor made with this
parameter has the optimal signal output and signal-to-noise
ratio that was used for subsequent characterization testing.
Figure S3 shows that the minimum response amplitude for
the sensor is approximately 3 mm. Figure 2G shows the
quadratic equation relationships of sensor peak voltage out-
put and wind speed. When the wind speed is between
0 and 5 m s–1, the sensitivity of sensor is 0.07 V/m�s�1,
while the wind speed is between 5 and 15 m s–1, the sensi-
tivity of sensor is �1.87 V/m�s�1.

The gas exhaled by the human body is accompa-
nied by a certain humidity that has a huge impact on
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triboelectricity. In order to address the impact of
humidity on sensors, we adopted a strategy of reducing
the humidity of exhaled gas and designed and
manufactured an air dryer (Figure S4). This air dryer
uses absorbent resin as a desiccant to reduce the
humidity of exhaled moist gas after passing through
it. Moreover, the stability of the hybrid sensor was
tested under dry conditions under 5000 cycles within
10,000 s. The cycle test wind speed is 7 m s–1, which is
close to the wind speed of human-exhaled air. As
shown in Figure 2H, the stable voltage signal indicates
that the sensor has long-term durability. The effective-
ness of our strategy to reduce exhaled gas humidity

was also verified in the subsequent stage of collecting
human respiratory signals.

The Karman vortex street effect leads to repeated con-
tact and separation between PVDF vibration and PET.
Due to the potential difference between the surfaces of
the two materials, repeated contact and separation cause
the transfer of surface charges, resulting in a triboelectric
contact electrification phenomenon. PTFE film was
applied to the cover plate to enhance the triboelectricity
generated by contact separation. PTFE is a material that
is easy to obtain electrons. The surface of the PVDF film
is coated with a layer of silver electrode, which is a mate-
rial that is prone to losing electrons. When PTFE rubs

FIGURE 2 The characterization of the sensor. (A) The voltage signal diagram of three respiratory cycles of the sensor. (B) The current

signal diagram of three respiratory cycles of the sensor. (C) The charge signal diagram of three respiratory cycles of the sensor. (D) The peak

voltage of the sensor under different PVDF film thickness conditions. (E) The peak voltage of the sensor under different channel height

conditions. (F) The peak voltage of the sensor under different PVDF film length conditions. (G) The relationship of the sensor peak voltage

output and wind speed. (H) The voltage signal diagram of 5000 times airflow cycles of the sensor.
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against Ag, an electrical signal can be generated. When
the airflow passes through the device, under the Karman
vortex street effect, two PVDF films will experience peri-
odic swings. With the periodic swing of the PVDF film,
PTFE will repeatedly contact and separate from the
PVDF film, resulting in friction between PTFE and Ag,
leading to regular triboelectric signals. Meanwhile, due to
PVDF being a piezoelectric material, when it undergoes
deformation under external forces, it will generate a pie-
zoelectric signal output. Figure 3A–C compares the volt-
age signal outputs of pure triboelectric, pure
piezoelectric, and hybrid sensors under the same struc-
tural size. We present their respective frequency domain
diagrams obtained through Fourier transform. As shown
in the figure, the triboelectric sensor mainly collects
wide-frequency signals during respiration, while the

piezoelectric structure mainly collects low-frequency sig-
nals during respiration. The combination of triboelectric
and piezoelectric signals expands the frequency domain
range of hybrid sensors, reflecting their advantages in
information perception during respiration. Figure 3D
shows the circuit design of the resistance adaptive respi-
ratory muscle trainer. Figure 3E shows the optical photo
of electronic components for the respiratory muscle
trainer.

2.3 | Signal processing and model
establishment

The respiratory signal is affected by various conditions
and will produce various waveforms. Among them,

FIGURE 3 The comparison of pure triboelectric sensor, pure piezoelectric sensor, hybrid sensor, and circuit design of resistance self-

adaptive respiratory muscle trainer. (A) Voltage signal diagram and frequency diagram of a pure triboelectric sensor. (B) Voltage signal

diagram and frequency diagram of a pure piezoelectric sensor. (C) Voltage signal diagram and frequency diagram of a hybrid sensor.

(D) Circuit diagram of the respiratory muscle trainer. (E) The optical photo of electronic components for the respiratory muscle trainer.
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factors that have a greater impact on respiration signals
include individual differences, respiration resistance, and
the user's physiological state. The muscles that assist in
inhaling/exhaling may experience fatigue due to changes
in resistance and duration of inhalation/exhalation, and
fatigue is usually only subjectively felt by the human
body, making it difficult for others to observe.38 More-
over, due to differences in individual subjective tolerance
for fatigue, the accuracy of subjective judgment of fatigue
will decrease. There are two types of muscle fiber in skel-
etal muscle, type I muscle fibers and type II muscle
fibers. Type I muscle fibers are mainly aerobic metabo-
lism with low output power and fatigue resistance, while
type II muscle fibers are mainly anaerobic metabolism
with high output power and are prone to fatigue.39,40

When conducting resistance training for respiratory mus-
cles, type II muscle fibers need to be recruited. When
type II muscle fibers are fatigued, the power output of
muscle will significantly decrease, the muscle contraction

speed will slow down, and the muscle contraction will be
uncoordinated, manifested in a decrease in inspiratory/
expiratory volume and an increase in respiratory instabil-
ity. Our hybrid sensor can collect rich information, which
can directly perceive the depth, rate, and signal frequency
of respiratory. These information can be analyzed to
determine the current fatigue state of respiratory mus-
cles. Figure 4A shows a schematic diagram of respiratory-
related muscle groups undergoing resistance training
using our intelligent respiratory muscle trainer.
Figure 4B–H and Movies S1-2 show that our sensors can
well record data signals such as the depth, speed, and
fatigue status of respiration. Calculating better analysis
results requires recording more respiratory data, increas-
ing the sampling rate, and increasing the recording time
of the signal. The variation characteristics of signals in
different individuals or resistance states can be collected.
However, these large amounts of across-individual data
exacerbate the difficulty of manual analysis. Therefore, it

FIGURE 4 The application of intelligent respiratory muscle trainer. The sensor can show respiratory depth, respiratory frequency, and

fatigue level. (A) Schematic diagram of respiratory muscle training and related muscle groups. (B–E) Voltage signal diagram of shallow

respiratory, deep respiratory, slow respiratory, and fast respiratory. (F–H) Voltage signal diagram of labor-saving, moderate, and strenuous

states, respectively.
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is necessary to use machine learning methods to reduce
the burden of human data processing.

In order to distinguish and judge the respiratory data
of fatigue principal component analysis (PCA) was used
to process and analyze respiratory data. PCA is the most
widely used data dimensionality reduction algorithm.
The principle of PCA is to map n-dimensional features

onto k-dimensional features, which are brand new
orthogonal features also known as principal compo-
nents.29,41 The data were collected from 125 consecutive
breaths (Figure 5A,B). As the times of respiratory
increases, fatigue gradually appears. To distinguish the
respiratory signals of fatigue, the dimensionality of 12 fea-
tures was reduced, which are Standard Deviation (STD),

FIGURE 5 2-D PCA of 12-D date diagram of resistance inhalation and no resistance exhalation and its characteristic contribution rate.

(A) 2-D PCA of 12-D date diagram of 125 times no resistance exhalation, each spot represents a sample, and the pentagram represents a

cluster center. (B) 2-D PCA of 12-D date diagram of 125 times resistance inhalation. (C) The different features contribution of 125 times no

resistance exhalation. (D) The different features contribution of 125 times resistance inhalation. (E) Flow diagram of machine learning for

RSP of intelligent respiratory muscle trainer.
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Entropy (Ent), Autocorrelation Coefficient (AC), Zero
Cross Rate (ZCR), Power, Root Mean Square (RMS),
Sum, Peak to Peak Value (PPV), Peak Valley Interval
(PVI), Kurtosis (KUR), Skewness (SKE), Mean Power
Frequency (MPF) and finally obtained the contribution
of different features. Resistance was only set in the inha-
lation channel, while the exhalation channel has almost
no resistance. So, the fatigue in the inhalation stage will
come earlier. As shown in Figure 5C, for exhalation, the
entropy value is a feature that is more effective in
distinguishing fatigue from non-fatigue, and fatigue
appears after 110 exhalations. For inhalation, power is a
characteristic used to distinguish between fatigue and
non-fatigue (Figure 5D), and fatigue appeared during the
50th inhalation. Finally, the level of respiratory muscle
fatigue was graded through these features. Figure 5E pre-
sents a flowchart showing machine learning for RSP of
the intelligent respiratory muscle trainer. Initially, the
raw data of respiratory were collected. After the data
slice, filtering process, feature extraction and selection,
the 12-dimensional features were reduced to
2-dimensional features. Then the machine learning
model was established between the feature matrices. The
respiratory situations can be distinguished by features
into strenuous, normal, labor-saving; subsequently, the
spring will shorten, remain unchanged, or extend.
The resistance self-adaptation program achieved as above
(Movie S3).

3 | CONCLUSION

In summary, we have designed a respiratory muscle
trainer based on machine learning and a hybrid
nanogenerator sensor. The hybrid nanogenerator sensor
can effectively identify the user's respiratory depth, respi-
ratory frequency, and fatigue level. The peak voltage of
the hybrid nanogenerator sensor can reach 7 V, and the
response time can be reduced to 0.16 s due to the Karman
vortex street effect. Moreover, due to the unique charac-
teristics of triboelectric nanogenerators and piezoelectric
nanogenerators, hybrid nanogenerator sensors have a
wide sensing range and can collect both high-frequency
and low-frequency signals of respiration. In order to
achieve automatic resistance adjustment that is compati-
ble with the respiratory state, we have developed a RSP
that can determine the user's respiratory state through
sensors. The data analyzed by the PCA algorithm can be
used to determine whether to send resistance adjustment
instructions to the stepper motor, thereby keeping the
resistance at an acceptable level for the user, and
the average accuracy for fatigue state recognition is
94.4%. Our respiratory muscle trainer demonstrates an

example of sensing and adaptive resistance regulation,
which is expected to be applied in respiratory muscle
training and improve training efficiency, and extended to
other similar applications, demonstrating applications in
sports training, post-patient rehabilitation, and other
scenarios.

4 | EXPERIMENTAL SECTION

We designed the shell of the respiratory muscle training
device using Rhino7 and printed it using PLA material
using a 3D printer (Raise 3D, Beijing, China). PVDE
comes from VKING Manufacturing Co., Ltd. The main-
control board used is from Raspberry Pi Ltd., responsible
for collecting signals and making resistance adjustment
judgments. Resistance adjustment is achieved through
commercial stepper motors and controllers. The power
supply uses two commercial lithium batteries. The char-
acterization process of electrical signals was carried out
using electrometer (Keithley 6517, Beijing, China) and
oscilloscope (LeCroy HDO6104, New York, USA). Using
a commercial blower to characterize the wind speed of
the device, and connecting the device to the blower
through a designed pipeline.

4.1 | Manufacturing of sensors

Cutting PET film to a size of 3 cm � 9.5 cm and a thick-
ness of 1 mm is used as the material for the upper and
lower sides, and a PTFE film with a thickness of 0.6 mm
is pasted on the inner side of a PET film. Cut two pieces
to a size of 1.7 cm � 4 cm, with a thickness of 52 μm and
wipe the four edges of each side with an alcohol swab to
avoid short circuits and conduction on both sides of the
PVDF. The cutting area is 3 mm � 10 mm; double-sided
conductive copper tape is used to stick the enameled wire
onto the silver electrode layers on both sides of the
PVDF. Design and print the supporting structure of PLA
material using Rhino7 and a 3D printer (Raise 3D, Bei-
jing, China). Use Kapton double-sided adhesive to stick
on both sides of the PLA support material for bonding
and fixing with PET film and PVDF, respectively.

4.2 | Characterization and measurement

The oscilloscope (LeCroy, HDO6104, New York, USA)
and the Nanogenerator Analyzer (T5000-18A, Beijing,
China) are used to measure the hybrid nanogenerator
sensor and store data. The Keithley 6517 electrometer is
used to measure the current and charge of the hybrid
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nanogenerator sensor. The airflow is generated by a
blower with airflow (Stanley STPT600, Jinhua, China) for
speed control. A timed disconnect device is used to con-
trol the duration of each airflow generated by the blower,
and a fan blade anemometer (UNI-T, UT363BT,
Dongguan, China) is used to monitor the airflow speed in
real time.
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