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High-Accuracy Liquid Flow Monitoring via Triboelectric
Nanogenerator Combined with Bionic Design and
Common-Mode Interference Suppression

Siyang He, Zheng Yang, Jianlong Wang, Xinxian Wang, Jiacheng Zhang, Xin Guo,
Hengyu Li, Tinghai Cheng,* Zhong Lin Wang,* and Xiaojun Cheng*

In the development of smart cities, accurate liquid flow monitoring is
essential for the efficient operation of water supply systems. Current flow
sensors often face limitations in sensitivity and environmental adaptability,
affecting measurement accuracy, and restricting their application in smart city
infrastructure. To address these challenges, this study proposes a
high-accuracy flow monitoring method. Specifically, by combining the bionic
design with advanced signal processing techniques, the sensitivity and
anti-interference ability are improved, respectively, to enhance the
measurement accuracy. Based on this method, a self-powered flow sensor
(SPFS) is developed using noncontact triboelectric nanogenerators
(NC-TENGs) as the sensing unit. The SPFS achieves a sensitivity of 2.07 Hz
L−1 min−1 and improves the signal-to-noise ratio by more than 13 times over
the initial sensing signal. In addition, an intelligent system is developed to
accurately measure water resources. The maximum flow rate error rate is less
than 0.97% compared to commercial flow sensors. The SPFS demonstrates
higher sensitivity and accuracy compared to the existing TENG flow sensors.
This study addresses the limitations of existing flow sensors and pioneers a
novel solution for enhanced water resource management in smart cities.

1. Introduction

In the process of smart city construction, urban pipe network
flow monitoring ensures the efficient operation of the water sup-
ply system.[1–3] Liquid flow monitoring plays an important role
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in saving water resources,[4] prevent-
ing water pollution,[5] and water-related
disasters.[6] As a core component of the
water supply system, intelligent flow sen-
sors eliminate errors in manual readings
and enable accurate monitoring and trans-
mission of data to optimize water supply
service.[7,8] Intelligent flow sensors have
been widely researched. According to dif-
ferent monitoring principles, flow sensors
are mainly divided into electromagnetic,
ultrasonic, turbine, and differential pres-
sure types.[9] Despite significant advances
in intelligent monitoring technology,[10]

intelligent flow sensors still face consid-
erable challenges, including sensitivity,
response time, reliability, and limitation
by environmental factors.[11] For example,
sensor sensitivity is limited due to fluid
flow characteristics;[12] Slow response
speed makes it difficult to accurately detect
changes in flow rate,[13] resulting in lagging
flow rate readings; Changes in installation
location,[14] environment, temperature,

and pressure can all affect sensing accuracy, requiring additional
calibration and compensation measures.[15–17] Moreover, electro-
magnetic flow sensors are unable to measure liquids with low
conductivity and have high installation costs.[9] Vortex flow sen-
sors are susceptible to interference from pipeline vibrations,
which can affect measurement accuracy.[18] Differential pressure
flow sensors have high-pressure losses.[19] Thus, to meet the
strict management of water resources in smart cities and achieve
stable and accurate measurement of water resources, it is imper-
ative to develop a new flow sensing technology that combines
highly accurate, fast response, and low cost.

It is well known that Wang’s team first invented triboelectric
nanogenerators (TENGs) as early as 2012.[20–22] The TENGs have
unique advantages in high-entropy energy harvesting[23–25] and
intelligent sensing[26,27] due to a broad selection of materials,[28]

low cost,[29] and fast response.[30] TENG intelligent sensing
technology has been widely used in many fields, including
wearable devices,[31] industrial monitoring,[32] environmental
monitoring,[33–35] and biomedicine.[36] Particularly in urban
pipeline flow monitoring, the flow sensor technology based
on the TENG principle has been rapidly developed.[37–39] Com-
pared with traditional flow sensors, TENG flow sensors have the
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advantages of simple structure, easy installation, and no need
for external power supply.[40] The current TENG flow sensors are
structurally designed based on traditional water wheels, and their
research focuses mainly on self-powered, miniaturization, and
function enrichment,[39,41,42] neglecting that durability and sens-
ing accuracy are important indicators of sensor performance.
The TENG is subjected to frequent friction and prolonged wear
during operation, which can seriously affect reliability and life-
time. Researchers have proposed a novel noncontact TENG (NC-
TENG) that operates in a noncontact state with two triboelectric
electric materials, drastically reducing friction and wear. There-
fore, the NC-TENG has unique advantages in terms of sensor re-
liability and lifetime.[43,44] However, due to the noncontact char-
acteristics, NC-TENG utilizes the principle of electrostatic induc-
tion to generate a limited amount of charge transfer. As a result,
the output voltage is relatively small and susceptible to interfer-
ence from the environment and signals from electronic devices,
leading to the weak anti-interference capability of the NC-TENG
when used as a sensor, which reduces the sensing accuracy.[45,46]

This paradoxical problem becomes an important obstacle to im-
proving sensing accuracy without sacrificing durability. There-
fore, it is necessary to explore a method based on NC-TENG to
improve the accuracy of flow monitoring.

In this work, we introduce an innovative method for liquid
flow monitoring by optimizing the design of the bionic water
wheel structure and signal processing module to improve the ac-
curacy of liquid flow monitoring. The inspiration for the bionic
airfoil comes from the streamlined body of whales, which can re-
duce water pressure loss and increase its driving torque to ensure
high velocity and stable operation in pipeline fluids, thereby im-
proving sensing sensitivity. Meanwhile, an NC-TENG is used as
a sensing unit to improve durability. To solve the problem that
the NC-TENGs are susceptible to environmental interference,
a common-mode interference suppression circuit (CMISC) was
designed. The signal-to-noise ratio (SNR) of the sensing signals
processed by the CMISC is significantly improved. Subsequently,
a self-powered flow sensor (SPFS) was developed. The static char-
acteristics of the SPFS, including linearity, sensitivity, repeatabil-
ity, and durability, were analyzed in depth using a test system
built to simulate a real environment. Impressively, the sensitiv-
ity is 2.07 Hz L−1 min−1. Finally, the intelligent flow monitoring
and valve controlling system was developed to achieve accurate
measurement and management of water resources. Compared
to a commercial flow sensor, the SPFS exhibits a maximum flow
rate error rate of less than 0.97% under different flow conditions,
and the volume error does not exceed 0.51%. The above experi-
mental results show that the sensitivity and accuracy of SPFS are
much higher than those of the previously reported TENG flow
sensors, which proves that the technology has outstanding ad-
vantages. This study will significantly advance the development
of the TENG sensing technology in the field of intelligent water
management.

2. Results and Discussion

2.1. Method for High-Accuracy Liquid Flow Monitoring

Flow monitoring is crucial for the precise management of wa-
ter resources in smart cities, as it can monitor the operation of

water supply pipelines in real time, optimize water resource allo-
cation, and ensure the sustainable operation of urban pipelines,
as shown in Figure 1a. In the field of liquid flow monitoring,
traditional mechanical flow sensors dominate. Mechanical flow
sensors use a traditional water wheel structure as the fluid drive
component and process the output signal through the micropro-
cessor (MCU). However, the combined factors of the limited ro-
tational efficiency of conventional water wheels and the suscep-
tibility of the sensing signal to external electromagnetic interfer-
ence have led to a significant reduction in the accuracy of flow
measurements.

To address this issue, a high-accuracy flow monitoring method
combining structural optimization and circuit design is pro-
posed, as shown in Figure 1b. This method consists of two parts:
bionic design and signal processing technology. The bionic de-
sign not only reduces the obstruction of water flow to the water
wheel but also provides greater driving torque to increase the ro-
tational speed. This indicates an acceleration in the charge trans-
fer speed of the sensing unit and an improvement in the sensitiv-
ity of the sensor. Meanwhile, a universal circuit based on signal
processing technology is designed to effectively suppress exter-
nal interference to the sensing unit and ensure sensing accuracy.
Subsequently, the SPFS was designed, and the sensing perfor-
mance of the SPFS was thoroughly studied to evaluate its per-
formance. Finally, an intelligent monitoring system was devel-
oped to ensure precise remote monitoring of flow changes within
pipelines.

To verify the anti-interference ability of CMISC for NC-TENG,
the original signals before and after CMISC processing were
compared, as shown in Figure 1c. The signal processed by
CMISC can effectively eliminate interference and avoid signal
distortion. Moreover, sensitivity and accuracy are key factors in
evaluating the quality of sensors. To demonstrate the excellent
sensing capability of SPFS, we compared it with TENG flow sen-
sors. As shown in Figure 1d,e, the sensitivity and accuracy of
SPFS are 2.07 Hz L−1 min−1 and 0.97%, respectively.[35,37–39,47,48]

These findings confirm that SPFS has excellent anti-interference
ability and accuracy, attributed to its innovative high-accuracy
flow monitoring method.

2.2. Design and CFD Simulation Analysis of Bionic Water Wheel

Distinguishing itself from traditional water wheels, the design
inspiration for the bionic airfoil comes from the heads of whales,
whose evolved shape allows them to swim more efficiently in
the deep sea. By optimizing the design of traditional airfoils
based on the shape of whale heads, water pressure loss can be
significantly reduced while increasing driving torque, ensuring
high-speed and stable operation in pipeline fluids, thereby im-
proving the sensitivity of sensors, as shown in Figure 2a. The
bionic water wheel is based on the lift-type water wheel, and its
cross-section airfoil design is optimized by combining the idea of
bionic. The specific manufacturing process is shown in Figure S1
(Supporting Information). To clarify the operating mechanism of
the bionic water wheel, the bionic water wheel was discussed and
analyzed in detail through computational fluid dynamics (CFD)
simulation. When water impacts the bionic airfoil, the surface
of the airfoil generates positive and negative pressures, and its
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Figure 1. Implementation process of high-accuracy flow monitoring method. a) Intelligent pipeline liquid flow monitoring for smart cities. b) Schematic
diagram of the liquid flow monitoring accuracy improvement method. c) Comparison of sensing signals before and after common-mode interference
suppression circuit treatment. d,e) Comparison of the sensitivity and error rate of the SPFS with other reports on flow monitoring.

pressure distribution is shown in Figure 2b. Due to the pressure
difference indicated by the airfoil, the bionic airfoil can gener-
ate lift perpendicular to the direction of the water flow, thereby
driving the water wheel to rotate, as shown in Figure 2c. In addi-
tion, it is critical to consider pressure loss when designing a flow

sensor. Pressure loss represents the pressure difference before
and after the flow sensor, which is the minimum pressure differ-
ence to ensure the normal operation of the flow sensor. An ideal
flow sensor should have a low-pressure loss to minimize energy
consumption and maintain system efficiency. Higher pressure
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Figure 2. Design and simulation analysis of bionic airfoil. a) The design source of the bionic airfoil. b) Pressure distribution diagram of bionic airfoil.
c) Force analysis diagram of the bionic airfoil. d) Comparison of pressure losses between lift-type water wheel based on bionic airfoil and traditional
resistance-type water wheel. e) The rotation speed of different airfoils at a flow rate of 61 L min−1. f) Pressure distribution of different airfoil flow states.

losses place a greater burden on the pumping equipment and in-
crease its wear and maintenance requirements. The simulation
analysis of the pressure loss of the bionic water wheel and the tra-
ditional water wheel shows that the bionic water wheel has lower
pressure loss, as shown in Figure 2d.

The rotation speed of the water wheel is also an essential pa-
rameter for structural optimization. The rotation speed of the wa-

ter wheel is positively correlated with the sensitivity of the sensor,
and higher sensitivity means that the sensor can more accurately
monitor flow rate changes. To assess the performance of the wa-
ter wheel designed with a bionic airfoil, simulations and analyses
were conducted on three conventional NACA airfoils (airfoils de-
veloped by the National Advisory Committee for Aeronautics) in
comparison to the bionic airfoil at a flow rate of 61 L min−1. From
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the data in Figure 2e, it can be proved that the bionic airfoil has
a faster rotation speed than other NACA airfoils. And the bionic
airfoil water wheel has a shorter response time when subjected
to current impacts, which is superior to other NACA airfoils, as
shown in Figure S2 (Supporting Information). Subsequently, the
CFD method was used to simulate and analyze the flow field dis-
tribution between the bionic airfoil and the traditional NACA air-
foil. Figure 2f; and Figure S3 (Supporting Information) display
the pressure distribution and vortex contours for the four airfoils
at varying rotation angles 𝜃, with the flow direction oriented from
bottom to top. The results indicate that the bionic airfoil induces
rapid rotation around the center of the water wheel upon fluid
contact, corroborated by Movie S1 (Supporting Information). On
the upstream side, the bionic airfoils, in comparison to the other
NACA airfoils, generate a substantial leading-edge vortex with
superior adsorption capacity. As shown in the pressure diagram
(Figure 2f), this dramatically reduces the pressure on the lead-
ing edge. It increases the overall clockwise torque of the water
wheel, pushing the wheel to rotate faster, thereby increasing the
sensitivity of the sensing unit.

2.3. Electrical Output of the Sensing Unit

The sensing unit is based on the NC-TENG principle and adopts
a bearing structure to precisely control the gap between the elec-
trode and the bearing ball, thereby increasing the durability of
the sensing unit without limiting the high speed of the bearing
rotation. The overlapping electron cloud model of NC-TENG is
shown in Figure S4a (Supporting Information), revealing the pro-
cess of charge electron transitions in NC-TENG. As the bearing
balls rotate rapidly, electrons are transferred between the elec-
trodes, resulting in a stable sine wave signal. The detailed analy-
sis of the working principle is shown in Figure S4b (Supporting
Information). The sensing signal is analyzed to achieve accurate
sensing of the pipe flow. To better explain the working mecha-
nism of the sensing unit, we simulated its potential field using
COMSOL software, and the simulated charge transfer process is
consistent with the demonstrated working principle, as shown in
Figure S5 (Supporting Information).

To optimize the parameters of the sensing unit, a test system
with a rotating motor as the excitation source was built. This sys-
tem tests the effects of various factors on the sensing unit perfor-
mance, including the distance between electrodes and the bear-
ing cage, the materials, torque, linearity, and humidity, as illus-
trated in Figure 3a. Initially, the optimal distance between the
electrode and the bearing cage was investigated, with distances
ranging from 0 to 2 mm. The open-circuit voltage VOC (Figure 3b)
and short-circuit current ISC (Figure 3c) were tested at various
rotation speeds. The results indicated that the best output per-
formance was achieved at a 0.5 mm distance between the elec-
trode and the bearing cage. This is because the cage inside the
bearing can rock up and down due to high-speed rotation, and
when the distance between the bearing balls and the electrodes
is too close, it causes contact between the cage and the electrodes.
This not only causes friction and wear on the electrodes, which
affects the sensing life but also impacts the rotation of the bear-
ing itself. Following this, we investigated the impact of different
ball and cage materials (ZrO2/polytetrafluoroethylene (PTFE),

ZrO2/polyetheretherketone (PEEK), glass/polypropylene (PP),
Si3N4/PTFE, and glass/nylon) on output performance (Figures
S6 and S7, Supporting Information), with the peak ordering of
open-circuit voltage and short-circuit current at various rotation
speeds shown in Figure 3d,e. Although the amplitude of output
performance is not directly monitored, improving output perfor-
mance can achieve a higher SNR, thereby reducing the impact
of noise on signal processing in actual sensing processes. In ad-
dition, ball bearings made of the ZrO2/PTFE material combina-
tion have better stability. Therefore, we will conduct further in-
depth experimental research on this type of bearing. Adding a
layer of FFEP film on the surface of the copper electrode can ef-
fectively improve the moisture resistance of the sensing unit and
also enhance the output performance.[49] This is because dou-
ble dielectric layers can store more charges, thereby improving
output performance. For this purpose, we investigated the effect
of FEP films with different thicknesses on output performance,
as shown in Figure S8 (Supporting Information). When the film
thickness is 30 μm, its output performance is the best. This is be-
cause an increase in the thickness of the dielectric layer leads to a
longer charge transfer path, which increases the loss and dissipa-
tion of charges and reduces output power, as shown in Figure S9
(Supporting Information). Compared to the output performance
before applying FEP film, the open-circuit voltage is increased by
33%, and the short-circuit current is increased by 29% at 50 rpm,
which makes the sensing signal easier to recognize, as shown in
Figure 3f.

Further, a torque sensor was used to explore whether the ad-
dition of the sensing unit electrodes had any effect on bearing
at different rotation speeds, as shown in Figure 3g. The torque
of the bearings increased as the rotation speed increased. The
torques are almost equal, indicating that adding the sensing unit
electrode does not affect the bearing rotation. Meanwhile, to test
its sensing characteristics, the output frequency of the sensing
unit was tested at different excitation frequencies. The rotating
motor frequency, measured by the torque sensor, is used as the
input frequency, and the output frequency of the sensing unit
is extracted using the fast Fourier transform (FFT). The results
show that the input frequency of the sensing unit has an excel-
lent linear relationship with the output frequency at different ro-
tation speeds, with a correlation coefficient of ≈1, as shown in
Figure 3h. Additionally, the sensing unit typically operates in a
humid environment in practical applications. The experimental
test system was placed in a constant temperature and humidity
chamber to test the effect of ambient humidity on the sensing
unit. The change in transfer charge of the sensing unit was tested
by setting the temperature at 30 °C and controlling the change in
relative humidity. The results show that the transfer charge de-
cay rate is less than 1% at relative humidity levels from 20% to
90%, as shown in Figure 3i. This indicates that using a bearing-
type NC-TENG as a sensing unit has good moisture resistance.
The above experimental tests ensure the accuracy and reliability
of the sensor monitoring.

2.4. Advantages of the CMISC in Suppressing External
Interference

Due to NC-TENGs’ unique noncontact characteristics, the dura-
bility of the NC-TENGs is far superior to that of traditional contact
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Figure 3. Output performance of the sensing unit. a) Experimental testing system. b) Open-circuit voltage and c) short-circuit current of the sensing
unit at different rotation speeds with different gaps. d) Open-circuit voltage and e) short-circuit current of the sensing unit at different rotation speeds
with different bearing materials. f) Comparison of before and after performance of the sensing unit after applying FEP film. g) Comparison of friction
torque results between the sensing unit and original rolling bearing. h) Linear fitting curve of input and output frequencies. i) Measurement of transfer
charges under different relative humidity conditions.

TENGs. However, the NC-TENGs transfer charge mainly by the
principle of electrostatic induction, which results in much lower
electrical performance than that of contact TENGs, and it is more
susceptible to disturbances caused by external environmental fac-
tors. As we all know, when the TENG sensing signal is affected
by an external electromagnetic field or power supply, there will be
noise interfering with the routine detection of the sensing signal.
Here, this TENG sensing signal is made the A-phase signal. If a
sensing signal (B-phase signal) of the same size and opposite di-
rection as the A-phase sensing signal is added, the B-phase signal
is also subjected to noise interference of the same size and direc-
tion (common-mode interference). Subsequently, by subtracting
the B-phase signal from the A-phase signal, the magnitude of the
signal amplitude can be enlarged and the common mode inter-
ference can be effectively suppressed, thus improving the SNR.
The new sensing signal is obtained by subtracting the A-phase
signal from the B-phase signal, enlarging the signal amplitude

size and effectively suppressing the common mode interference,
thus improving the SNR. Here, a differential operation genera-
tor is used to subtract the two-phase sensing signals, but due to
the mismatch of its input impedance, the sensing signals may
be distorted, making it impossible to subtract the two-phase sig-
nals. Therefore, it is necessary to match the impedance of the
two-phase sensing signals to ensure that the differential oper-
ational amplifier can detect the two-phase sensing signals. The
operational amplifier subtracts the two-phase sensing signals to
obtain the processed sensing signal. These common mode inter-
ferences cancel each other out at the output of the circuit

Vo+ = V1+ − V2+ (1)

Here, V1+ is the A-phase sensing signal, V2+ is the B-phase
sensing signal, and Vo+ is the signal processed by CMISC. The
detailed workflow of CMISC is shown in Figure S10 (Supporting
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Figure 4. Improving sensing unit immunity using CMISC. a) Common-mode interference suppression circuit flowchart and circuit diagram. b) Com-
parison of the original and signal after CMSIC processing at different frequencies. c) Comparison of the spectrograms of the original signal with the
processed signal at a rotation speed of 50 rpm. d) Comparison of the SNR of the original and processed signals.

Information). Therefore, even if noise exists on the original sig-
nals, the CMISC can effectively suppress noise interference and
improve signal accuracy and stability. The specific operation pro-
cess is shown in Figure 4a. First, a pair of electrodes are designed
with a 180° phase difference to ensure that the two-phase sensing
signals have the same amplitude and opposite directions. Then
match the impedance of the two-phase sensing signals. When
the two-phase sensing signals are subjected to common mode in-

terference, use CMISC to subtract the two-phase signals. Noise
signals with the same magnitude and direction are suppressed,
while sensing signals with the same magnitude and opposite di-
rection are amplified.

To verify the feasibility of this strategy, we compared the
original signal with the CMISC-processed signal under random
external interference, and the amplified data are displayed in
Figure 4b. The results show that the sensing signal processed
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by CMISC can effectively suppress noise interference, as shown
in Movie S2 (Supporting Information). Furthermore, the spec-
trogram of the signal was obtained by FFT analysis of the signal.
Comparing the frequency spectra of the sensing signals before
and after CMISC processing (as shown in Figure 4c), it can be
seen that the amplitude of the secondary frequency noise after
processing is significantly reduced, indicating that the noise level
has been significantly suppressed. The SNR is an important in-
dicator for measuring signal quality, and its value represents the
clarity and detectability of the signal. Therefore, we measure the
anti-interference ability of CMISC using the SNR, the magnitude
of SNR can be expressed as the following equation

SNR = 20log10

(Usignal

Unoise

)
(2)

where Usignal is the amplitude of the signal and Unoise is the am-
plitude of the noise. Subsequently, comparing the SNR of the sig-
nals before and after processing at different rotation speeds, it is
found that the SNR is improved by a maximum of more than
13 times, as shown in Figure 4d. The above experiment confirms
that CMISC is not limited by the operating frequency band. With-
out affecting the authenticity and integrity of the signal, the SNR
of NC-TENG can be effectively improved in different frequency
bands and amplitudes, thereby maintaining the sensing accuracy
of NC-TENG and enhancing its ability to resist environmental in-
terference.

2.5. Testing of the SPFS Static Characteristics

To verify the effectiveness of the sensing accuracy improvement
method in practical environments. Here, a SPFS was designed
based on this method. The specific structure of the SPFS is
shown in Figure 5a. A photograph of the SPFS device proto-
type is shown in Figure S11 (Supporting Information). The wa-
ter flows through the bionic water wheel, which drives its high-
speed rotation, and this drives the synchronous rotation of trans-
mission magnet-I through transmission magnet-II, which effec-
tively avoids the influence of water on the sensing unit. The work-
ing principle of the magnetic transmission is explained in Figure
S12 (Supporting Information). In exploring the static character-
istics of the SPFS, a testing system was built to simulate the ac-
tual working environment of the sensor, and the equipment list
is shown in Table S1 (Supporting Information). The system in-
cluded a pump, a booster pump, and a commercial flow sensor.
In this case, the pump provides the flow rate, which is controlled
by adjusting the power to change the flow rate. While the booster
pump changes the pipe pressure, a commercial flow sensor is
mounted at the front of the pipe to calibrate the SPFS. First, to
verify the simulation results, water wheels of different airfoils
were tested in the prototype. The sensing units equipped with
these different water wheels were tested several times at a flow
rate of 61 L min−1, and by extracting the sensing unit eigen-
frequencies, it was elaborated that the results of their tests fol-
lowed the same trend as the simulation analysis. The calculation
results show that using the bionic airfoil increases the rotation
speed by about 11% compared with the traditional NACA air-
foils, as shown in Figure 5b. Furthermore, to confirm the lin-
ear relationship between the SPFS sensor signal frequency and

the flow rate, eigenfrequencies were extracted and analyzed at
different flow rates. As the flow rate changed, the frequency var-
ied from 8.5 to 98.0 Hz. The linear fitting of the characteristic
frequency and flow rate shows a good linear correlation with a
correlation coefficient of 0.995, as shown in Figure 5c. The sensi-
tivity was calculated at 2.07 Hz L−1 min−1. When the SPFS senses
flow rate from small to large or from large to small, the output
curves typically do not coincide. There is a difference between the
characteristic frequencies extracted from the forward and reverse
strokes for the same flow rate. The difference after subtraction is
ΔH. This phenomenon is called sensor hysteresis, as shown in
Figure 5d[38]

𝛾H = ±
ΔHmax

2YFS
× 100% (3)

where 𝛾H is the hysteresis error, and YFS is the theoretical full-
scale output value, the maximum hysteresis error of the SPFS is
0.5%. Next, the frequency variation of SPFS at different flow rates
was measured for six consecutive times, as shown in Figure 5e.
The results showed that the maximum deviation ΔYmax occurred
at a flow rate of 49 L min−1, and the maximum repeatability error
YR was calculated to be 1.88% as shown in Figure 5f. To evaluate
the response time of the SPFS, the change in water flow rate from
0 to 69 L min−1 was analyzed using a short-time Fourier trans-
form (STFT). The results indicate that the sensor took only 1.12 s
to reach a steady state from startup, confirming the SPFS system
is capable of sensing changes in water flow quickly (Figure S13,
Supporting Information). Further, to evaluate the durability of the
SPFS in-depth, a continuous operation test of up to 18 h was con-
ducted, with a cumulative operation of more than 6×106 times.
The output signal remains virtually unchanged throughout the
process, which validates the excellent durability of the SPFS as
shown in Figure 5g. Overall, the SPFS demonstrates excellent
performance in key indicators such as linearity, sensitivity, and
repeatability.

3. Application of the Intelligent Monitoring System

To accurately control the water resources in the urban pipe net-
work and respond to the development trend of intelligent water
management, the distributed layout of the urban pipe network
is taken as the basis and the flow rate data as the core. An in-
telligent flow monitoring and pipe valve controlling system was
developed with Internet of Things (IoT) technology. The system
helps monitor the volume of different users and areas remotely
and in real time to improve the water supply method. The intel-
ligent flow monitoring system workflow is shown in Figure 6a.
When water flows through the SPFS, the sensing unit generates a
sinusoidal signal, converted into a square wave by a signal conver-
sion circuit. After receiving sensing signals, the microcontroller
unit (MCU) further processes these signals through FFT, extracts
characteristic frequencies, and transmits them to the computer
via wireless communication technology. The photographs of the
circuit are shown in Figure S14 (Supporting Information). An
intelligent monitoring interface developed in LabVIEW analyzes
these characteristic frequencies to determine the real-time flow
rate of pipes, volume, and single working time. The flowchart

Adv. Funct. Mater. 2025, 35, 2415534 © 2024 Wiley-VCH GmbH2415534 (8 of 15)
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Figure 5. Sensing characteristics of the SPFS. a) The structure and components of the SPFS. i) Structural explosion diagram of the SPFS. ii) Structural
explosion diagram of the SPFS sensing unit. b) Linear fit curve of frequency to flow rate. b) Comparison of sensing unit frequencies under different
airfoils at a flow rate of 61 L min−1. c) Linear fit curve of frequency to flow rate. d) Hysteresis of the SPFS. e) Repeatability of the SPFS. f) Repeatability
error and maximum deviation. g) The durability testing.

of the software system is shown in Figure S15 (Supporting In-
formation). To demonstrate the accuracy of the SPFS flow rate
measured by the system, the flow rate was controlled by adjust-
ing the pump power, and the flow rate error rates of the SPFS
and commercial flow sensors were compared. The low error rate
of flow sensors means that accurate and reliable data can be pro-
vided, which is critical for applications that require precise water
control. As illustrated in Figure 6b, the flow rate values moni-
tored by the SPFS closely match those displayed on a commer-
cial flow sensor. To further investigate the variation in the error

rate of the SPFS at different flow rates, the error rate of the SPFS
and a commercial flow sensor was calculated when the flow rate
varied within the range of 22–70 L min−1, and the maximum er-
ror rate was less than 0.97%, as shown in Figure 6c; and Movie
S3 (Supporting Information). Additionally, to verify the error in
volume, the difference in volume measured by the SPFS and a
commercial flow sensor was compared under both constant and
variable flow conditions (Figure S16, Supporting Information),
and the maximum error in volume was determined to be no
more than 0.51%, as shown in Figure 6d. The results from the

Adv. Funct. Mater. 2025, 35, 2415534 © 2024 Wiley-VCH GmbH2415534 (9 of 15)
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Figure 6. Application demonstration of the SPFS. a) Flow chart of flow monitoring and intelligent valve control system. b) Comparison of commercial
flow sensors and SPFS display indications. c) Comparison of a commercial flow sensor and the SPFS at different flow rates. d) Comparison of volume
error rates of a commercial flow sensor and the SPFS. e) Photograph of the intelligent valve control system. f) Display of the interface of the smart valve
controlling system in operation.

demonstration show that the SPFS has significant advantages in
terms of accuracy and reliability.

In addition, the system also has an intelligent valve func-
tion, which works as a relay connected to the MCU to control
the switching of the solenoid valve through the preset single
water use time (automatic mode) on the smart monitoring in-
terface, as shown in Figure 6e. As depicted in Figure 6f; and
Movie S4 (Supporting Information), the system begins timing
the water usage once water passes through the SPFS, and it

closes the solenoid valve if the preset time is exceeded. Con-
currently, the intelligent monitoring interface (Figure 6f(i)) will
show the warning light will turn red to indicate that the pipeline
is completely shut down. The demonstration has confirmed the
extensive role of the SPFS in water supply management, in-
telligent irrigation, industrial transport, and leakage monitor-
ing. For instance, in urban water supply networks, setting a
time threshold to reduce water supply outside peak usage peri-
ods can decrease network pressure and extend its lifespan. In

Adv. Funct. Mater. 2025, 35, 2415534 © 2024 Wiley-VCH GmbH2415534 (10 of 15)

 16163028, 2025, 8, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/adfm

.202415534 by C
as-B

eijing Institution O
f, W

iley O
nline L

ibrary on [19/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.afm-journal.de


www.advancedsciencenews.com www.afm-journal.de

intelligent irrigation, precise control over irrigation timing al-
lows for the adjustment of water usage based on crop needs
and soil moisture, reducing evaporation, and waste. The princi-
ple of leakage monitoring is to set a threshold well beyond the
normal duration of water use. When this threshold is exceeded
it may indicate a continuing loss of water without actual use,
thus enabling the system to effectively prevent water wastage
without monitoring. With the development of IoT technology,
intelligent monitoring systems based on the SPFS are being
distributed and deployed in urban pipelines for more accurate
and extensive monitoring. This system is becoming an essen-
tial component of urban infrastructure management, markedly
enhancing urban water management efficiency and intelligence
and offering innovative, practical solutions for global water
management.

4. Conclusions

In summary, this work presents a method used to improve the
accuracy of liquid flow monitoring. A high-accuracy SPFS was
developed through the synergy of bionic design and signal pro-
cessing techniques. Substantial increase in sensitivity and accu-
racy compared to existing TENG flow sensors. Specifically, the
water wheel airfoils were optimized using the principle of bion-
ics, which not only reduces the pressure loss of the water wheel
but also increases its rotation speed, further enhancing the sen-
sitivity of the sensing unit. On this basis, two-phase electrodes
with specific phase differences are designed, and the two-phase
signals are subtracted by the designed CMISC. The common-
mode interference is effectively suppressed and the SNR is im-
proved by up to over 13 times. Further, the sensing performance
of the SPFS was rigorously tested in different flow ranges. The
results showed that the SPFS has excellent linearity, with a sen-
sitivity of up to 2.07 Hz L−1 min−1. It is worth mentioning that
after working continuously for 18 h, the signal of the SPFS re-
mains stable, demonstrating its excellent stability and durabil-
ity. Finally, an intelligent flow monitoring and valve controlling
system was developed based on the SPFS. The system can ac-
curately monitor and record flow rate, volume, and usage time.
The SPFS has a maximum flow rate error of less than 0.97%
compared to commercial flow sensors. The system can also re-
motely control the opening and closing of valves according to the
set time threshold, optimizing the time of water use and avoiding
the waste of water. The above research has demonstrated the po-
tential application of the SPFS in smart city water resource man-
agement, which can be widely applied in urban construction, in-
dustrial water use, resource extraction, and other fields, providing
more accurate and reliable technical support for water resource
management.

5. Experimental Section
Fabrication of the SPFS: The SPFS is mainly composed of bionic water

wheels, bearings, and sensing electrodes. The size of SPFS is 130 mm ×
69 mm × 90 mm, and the material is aluminum alloy. The bionic water
wheel is made of 3D printing technology and made of resin material. The
bearing is a ZrO2 bearing with an inner diameter of Ø35 mm × Ø55 mm ×
15 mm. The sensing electrode is made using printed circuit board (PCB)
manufacturing technology, and its base material is composed of glass fiber
and epoxy resin, with a thickness of 1.5 mm. It is covered with a 35 μm thick

copper electrode. The dielectric material pasted on the copper electrode is
a 30 μm thick FEP film. The sensing single pole is attached to the bearing
cover and placed in the bearing groove. The top transmission magnet-II
of the bionic water wheel drives the bottom transmission magnet-I of the
sensing unit to rotate, ensuring the sealing of the sensing unit. The size
of the transmission magnet is Ø22 mm × Ø8 mm × 6 mm.

Experimental Process and Measuring Equipment: To perform parameter
optimization experiments on the sensing unit, a basic performance test rig
was built using a rotary motor (J5718HBS401, China) and a torque trans-
ducer (HDT15, China). The VOC of the sensing unit was measured with
an oscilloscope (Tektronix, MDO34, USA) and a high-resistance probe
(Tektronix, P6015A, USA). ISC was collected using a programmable elec-
trometer (Keithley Model 6514, USA) and a data acquisition (DAQ) card
(NI, USB-6218), and measurement data were obtained using LabVIEW
software.

The Intelligent Flow Monitoring and Valve Controlling System: In the
application demonstration experiment, the sensing unit signal was con-
verted from sine wave to square wave by a signal conversion circuit (RN02)
and then transmitted to the MCU (STM32F103) to realize the frequency
analysis of the signals. Subsequently, the signals were sent to the com-
puter through the wireless transmission module (ATK-LORA-01) and pro-
cessed and recorded the water usage information through LabVIEW soft-
ware. The solenoid valve (2W-250-25K) was controlled by a relay (HK-DO-
R-10A-1NOC-3.3V-B-1) to realize the opening and closing of the pipeline,
and the above components together form the intelligent flow monitoring
and valve controlling system. Physical photos of the relevant modules are
shown in Figure S10 (Supporting Information).

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