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ABSTRACT: Fluidic flow monitoring of a non-full pipe is of great
significance in the field of energy measurement and pipeline
transportation. In this work, a monitoring method based on
triboelectric nanogenerators for non-full pipe fluidic flow of large
pipelines is proposed. Specifically, a triboelectric non-full pipe flow
sensor (TNPFS) is fabricated, which can monitor the flow velocity
and the liquid level simultaneously, and then the flow can be obtained
by conversion. For flow velocity monitoring, the flexible blades slide
between electrodes, generating periodic electrical signals. Interest-
ingly, the frequencies of the voltage and flow velocities show a good
linear relationship. For liquid level monitoring, according to the
principle of liquid−solid contact electrification, a variable area
interdigital electrode with a stable signal distributed on a
polytetrafluoroethylene tube is designed. The experiments demon-
strate that the peak number and trend of the voltage derivative curve are related to the liquid level. Finally, a real-time flow-
monitoring system is established to effectively monitor the flow from 94 to 264 L/min. Compared with the actual measured flow, the
error rate is under 1.95%. In addition to this, the TNPFS also has good responsiveness in sewage. This work provides a novel
method for fluidic flow monitoring, especially the non-full pipe flow of large pipelines.
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■ INTRODUCTION

Non-full pipe flow exists in many pipelines, especially in large
diameter pipelines, like waste liquid treatment, sewage
discharge, and energy transportation.1,2 Therefore, it is of
great scientific significance to monitor the fluidic flow
parameters, such as flow velocity, liquid level, flow, and so
on.3 At present, fluidic flow-monitoring technologies mainly
include electromagnetic, mechanical, ultrasonic, and so on.4

However, these monitoring methods generally have some
problems, such as low measurement accuracy of pressure flow
sensors, poor anti-interference ability of ultrasonic flow
sensors, and high cost of electromagnetic flow sensors.5−9

Therefore, it is necessary to propose a novel method for the
non-full pipe fluidic flow monitoring of large pipelines.
Wang’s group first proposed triboelectric nanogenerators

(TENGs) based on the coupling of the triboelectrification
effect and electrostatic induction in 2012.10−14 The TENGs
can effectively obtain energy from nature, such as ocean,
vibration, and wind.15,16 They can not only collect energy
more efficiently in a low-frequency environment17−19 but also
have the advantages of no external energy supply and low
cost.20 In addition, TENGs can also be used as a self-powered
sensor.21−26 They have been widely applied, such as driving

state sensing,27−29 liquid level sensing,30−33 flow sensing,33−37

chemical sensing,38,39 flow rate sensing,40−45 pressure sens-
ing,46−48 and so on.49−52 Among them, flow sensors have been
widely developed. For example, Wang’s group designed a
water-fluid-driven rotating TENG (WR-TENG) for pipeline
flow monitoring. In addition, it can also be used for rust
removal and scale prevention.53 Chen’s group designed a
triboelectric microfluidic sensor (TMS), which can monitor
not only gas flow but also liquid flow.54 However, to date, the
monitoring of large pipeline fluidic flow based on TENGs,
especially non-full pipe flow, has not been reported.
In this work, a monitoring method based on TENGs for

non-full pipe fluidic flow of large pipelines is proposed, and a
triboelectric non-full pipe flow sensor (TNPFS) is fabricated,
which can monitor the flow velocity, liquid level, and flow
simultaneously. The TNPFS consists of an acrylic cylinder, a

Received: October 24, 2021
Accepted: December 28, 2021

Research Articlewww.acsami.org

© XXXX American Chemical Society
A

https://doi.org/10.1021/acsami.1c20509
ACS Appl. Mater. Interfaces XXXX, XXX, XXX−XXX

D
ow

nl
oa

de
d 

vi
a 

G
E

O
R

G
IA

 I
N

ST
 O

F 
T

E
C

H
N

O
L

O
G

Y
 o

n 
Ja

nu
ar

y 
11

, 2
02

2 
at

 1
5:

19
:0

4 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Siyang+He"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zheng+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiaosong+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zitang+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yushan+Sun"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tinghai+Cheng"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhong+Lin+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsami.1c20509&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20509?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20509?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20509?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20509?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.1c20509?fig=abs1&ref=pdf
www.acsami.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsami.1c20509?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://www.acsami.org?ref=pdf
https://www.acsami.org?ref=pdf


water wheel structure, and sensing units. First, the relationship
between flow velocity and electrical output at several specific
liquid levels are investigated. According to the good linear
relationship between characteristic frequency and different
flow velocities, the frequency can be used as an index to
monitor flow velocity. Second, the influence of several different
electrode distributions on the stability of liquid level
monitoring are experimentally investigated. Comparing with
other electrode distributions, a variable area interdigital
electrode with good stability is selected to monitor the liquid
level. Finally, a flow-monitoring system with real-time interface
display of fluidic flow parameters is established, which can

effectively monitor the flow from 94 to 264 L/min. In addition
to this, it is verified that the TNPFS also has good
responsiveness in sewage. Therefore, this work promotes the
development of TENGs in the field of fluidic flow monitoring
in large pipelines.

■ RESULTS AND DISCUSSION

Structure Design and Working Principle of the
TNPFS. The overall structure of the TNPFS (Figure 1a)
consists of a water wheel rotating structure, a transparent
acrylic cylinder, a liquid level-sensing unit, and a flow velocity-
sensing unit. The flow velocity-sensing unit adopts the flexible

Figure 1. Structure design of the TNPFS: (a) schematic diagram of the TNPFS fabricated for flow monitoring; (b) detailed schematic diagram of
the water wheel structure with the TNPFS; and (c−e) physical photos of the TNPFS and the sensing units.

Figure 2. Flow-monitoring principle of the TNPFS: (a) working principle of the flow velocity-sensing unit; (b) simulation results of COMSOL
potential distribution of blades at different electrode positions; and (c) working principle of liquid level monitoring.
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contact paddle structure to reduce the wear,55,56 and the liquid
level-sensing unit adopts the way of liquid−solid contact
electrification, which can effectively reduce the wear.32,46,57

The structural design of the sensing units has good durability
and maintainability. The liquid level-sensing unit is connected
to the flow channel of the acrylic cylinder through an L-type
acrylic connector (Figure S1, Supporting Information). The
liquid level in a polytetrafluoroethylene (PTFE) tube is
consistent with that in the acrylic cylinder and flows through
the electrode parts of the liquid level-sensing unit during flow
increase/decrease, and the water wheel structure is axially
positioned through the bearing seat and fixed on the sidewall
of the acrylic cylinder. Figure 1b indicates the details of the
water wheel structure. One side of the shaft is connected with
the rotor of the flow velocity-sensing unit, and the water wheel
under the driving of water drives the rotor to slide between the
copper electrodes of the stator. Figure 1c−e illustrates
photographs of the TNPFS, including its overall structure
and sensing units.
Figure 2 illustrates the triboelectric conversion mechanism

of the TNPFS. To better explain the working principle of the
flow velocity-sensing unit, it is described step by step as shown
in Figure 2a. In the initial state, when the flexible blades
overlap with copper-2 [Figure 2a (i)], they receive negative
induced charges by triboelectrification, and the copper
electrodes become positively charged. Then, when the flexible
blades slide toward copper-1, the electrostatic balance is
broken and a potential difference occurs between the
electrodes [Figure 2a (ii)]. The flexible blades continue to
slide until they overlap with copper-1 [Figure 2a (iii)]. Due to
the change in potential difference, negative charges are
transferred between electrodes to achieve an electrostatic
balance. Finally, when the rotor continues to rotate, the
negative charges on copper-1 are transferred to copper-2
through an external circuit [Figure 2a (iv)]. The above is the
complete cycle of the power generation of the flow velocity-
sensing unit. To verify the principle of the flow velocity-sensing
unit, the finite element simulation of fluorinated ethylene
propylene (FEP) blades at different positions is carried out
(Figure 2b). The potential distribution is consistent with the
principle analysis.

Figure 2c introduces the basic working principle of the liquid
level-sensing unit. The liquid level-sensing unit is composed of
a PTFE tube and a variable area interdigital electrode. Before
water enters the PTFE tube, since PTFE easily gain electrons
compared to copper, the copper electrodes will generate
negative and positive charges with the same density,
respectively. In this state, it is in an electrostatic balance.
First, when water flows into the PTFE tube, it breaks the
electrostatic balance and makes the water near the tube
positively charged. Due to the potential difference, electrons
are transferred from the small electrode to the large electrodes
[Figure 2c (i)]. Second, with the increase of the liquid level,
when water flows through the large electrode part of the
interdigital electrode, the potential difference will drive
electrons from the large electrode to the small electrodes
[Figure 2c (ii)]. When the liquid level continues to rise, as
shown in Figure 2c (iii, iv), the electron transfer will repeat the
previous process. Similarly, when the liquid level decreases, the
electrons flow direction is opposite to that when the liquid
level increases. To better describe the working mechanism of
liquid level monitoring, the potential distribution on the PTFE
tube under different liquid levels is simulated by COMSOL
Multiphysics software, which is illustrated in Figure S3.

Performance of the TNPFS. To describe the character-
istics of the flow velocity-sensing unit, its electrical output at
different liquid levels in the experimental system is
investigated. As shown in Figure 3a, the experimental system
connects the TNPFS with the inlet and outlet water pipes
through flanges. The water pump is located at the water outlet
to supply water to the water inlet. The flow velocity is adjusted
by the water pump, and the liquid level is controlled by
adjusting the height of the replaceable plugboard, and the
collected electrical signals are transmitted to the PC for
display. Figure 3b−e shows the relationship curve between
open-circuit voltage frequency and different flow velocities in
the range of the liquid level 40−100 mm with per step
increasing by 20 mm, and the open-circuit voltage, short-circuit
current, and transferred charges in this range are also measured
(Figure S4). For the measured voltage, the corresponding
characteristic frequency can be calculated by fast Fourier
transform (FFT).58 Due to the limitation of pump power, the

Figure 3. Performance of the TNPFS for flow velocity monitoring: (a) schematic diagram of the non-full pipe flow-monitoring system; (b−e)
frequency variation at different flow velocities when the liquid level is h = 40−100 mm; and (f) relationship between velocities and frequencies at
different liquid levels.
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measurement range of flow velocity is limited, but the linearity
of characteristic frequency and flow velocity has a good
relationship. Therefore, it is shown that the TNPFS can
express the flow velocity by the frequency of the voltage.
Figure 3f illustrates a summary of flow velocities and
characteristic frequencies at different liquid levels. Interest-
ingly, the frequency increases with the increase of the liquid
level at the same flow velocity. This is mainly because the
higher the liquid level, the more the wheel teeth are impacted
by water. Therefore, the greater the force on the water wheel,
which causes the increase in the rotation speed of the water
wheel. The theoretical derivation of the force on the water
wheel is given in eq S10−S17 of the Supporting Information.
To investigate the performance of TNPFS liquid level

monitoring, the electrical outputs of electrodes with different
distributions at several specific liquid levels are measured,
respectively, as shown in Figure 4, and their specific parameters
are introduced in the Experimental Section. The variation of
the liquid level in the tube is regulated by the water pump. Due
to the different open-circuit voltage slopes that result when
water flows through different electrode areas or electrode gaps,
when the liquid level is increased or decreased, the curve of the
derivative of the voltage to time (dVOC/dt) generates positive
peaks or negative valleys, which correspond to the distribution
of the electrodes significantly. Therefore, the dVOC/dt signals
can be used to identify the liquid level. As shown in Figure 4a−
c and Figure S6, it is obvious that the liquid level-monitoring
method using interdigital electrodes with a variable area has
high stability and great advantages as an index to identify the
liquid level, and the open-circuit voltage corresponding to the
different distributions of electrode modes at different liquid
levels is shown in Figure S5.

To further investigate the influence of the variable area
interdigital electrodes on the output performance of liquid
level monitoring, the dVOC/dt signals of interdigital copper
electrodes with area ratios of 1:3, 1:1, and 3:1 at different
liquid levels are measured experimentally, as shown in Figure 5.
The experimental results demonstrate that the larger the area
ratio of interdigital electrodes, the more obvious the relation-
ship between the pulse numbers of the dVOC/dt curve and the

Figure 4. Derivative of open-circuit voltage to time (dVOC/dt) curves of three liquid level-monitoring methods under different liquid levels: (a)
electrodes proposed by Zhang et al;32 (b) ordinary interdigital electrodes; and (c) variable area interdigital electrodes at different liquid levels,
respectively.

Figure 5. Electrical signals of dVOC/dt at different liquid levels: (a−c)
interdigital electrodes with different area ratios and (d) relationship
between the liquid level of the variable area interdigital electrodes and
electric pulse numbers.
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electrodes (Figure 5a−c). When the area ratio of interdigital
electrodes is 3:1, the number of pulses is positively correlated
with the change of the liquid level (Figure 5d). This is mainly
because the fluctuation of water in the large electrodes has
little effect on the electrical signal, and the larger the difference
of the areas, the larger the electron transfer difference, so it will
make the peak more obvious. However, if the interdigital
electrode area ratio is too large, the measurement accuracy will
be disturbed.
Therefore, to improve the stability of TNPFS liquid level

monitoring, the influence of the blank areas of the PTFE tube
on the electrical output of liquid level monitoring is
investigated. Three kinds of interdigital electrodes with
different blank areas are designed. Figure S7 illustrates
dVOC/dt signals with copper electrode widths of 3, 5, and 7
mm at different liquid levels, respectively. It is found that the
larger the area of copper electrodes covered with a PTFE tube
between a pair of electrodes, the smaller the influence of water
fluctuation interference on the signal. Therefore, using variable
area interdigital electrodes to monitor the liquid level has good
stability.

■ DEMONSTRATION

Figure 6 demonstrates the applications of the TNPFS in flow
monitoring. To monitor the flow of the TNPFS under random
flow, the function of flow monitoring is realized by
programming in LabVIEW software. The program interface
and flowchart are shown in Figure 6a and Figure S8
(Supporting Information), which displays the relevant
information of instantaneous flow and introduces the
operation process of the program. Additionally, a demon-
stration video of flow monitoring is provided in Supporting
Video S1 (Supporting Information). The open-circuit voltage
of the flow velocity-sensing unit is measured in real-time by the
flow velocity-monitoring program, and the frequency of the
open-circuit voltage is calculated by FFT. The correlation
coefficient ki between different flow velocities and frequencies
is identified according to the net pulse number N, and the flow
velocity is calculated. Meanwhile, the liquid level-monitoring
program differentiates the voltage signal of the collected liquid
level-sensing unit and outputs the filtered dVOC/dt signal.
When the flow increases, the water flows through the electrode

part. Due to the change in the open-circuit voltage, the dVOC/
dt signal curve will produce a positive pulse. When the flow
decreases, a negative pulse will be generated. The program
identifies the liquid level by analyzing the number of positive
and negative pulses, and the flow qV can be determined as
follows:

q
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where a is the coefficient between the N and h, D is the
diameter of the TNPFS, and f i is the frequency of the open-
circuit voltage calculated by FFT. The detailed derivation of
the flow formula is given in eqs S1−S8 of the Supporting
Information, and under three different flows, the detailed
comparison between the flow FT measured by the TNPFS and
the actual measured flow FA (Figure 6b) shows that the flow
value obtained from the TNPFS is very consistent with the
actual measured flow value, and the error rate e is under 1.95%.
The actual measured flow FA is obtained by measuring the
volume of water flowing from the outlet to the water tank
within a certain time.
Moreover, as a large pipeline flow sensor, the TNPFS should

also have a good response in sewage. The flow velocity-sensing
unit and the liquid are two independent spaces and they will
not interfere with each other. Therefore, the performance of
liquid level monitoring in sewage is investigated systematically.
The voltage output characteristics and dVOC/dt signals of the
TNPFS liquid level-sensing unit in clean water and sewage are
measured, respectively. As shown in Figure 6c, the voltage
pulse signal still corresponds to the liquid level. Therefore, the
performance of flow monitoring will not be affected by sewage,
and the TNPFS can be used as a stable flow-monitoring
method. Meanwhile, the durability of the TNPFS is tested. It is
proved that the output voltage peak remains almost unchanged
after working for 4 h (Figure S9, Supporting Information).
However, the TNPFS also faces some challenges, such as in the
environment with a large amount of sediment. It has broad
development and application prospects in the fields of energy
exploitation, sewage discharge, pipeline transportation, and

Figure 6. Application of the TNPFS: (a) display of actual flow and the program interface of the flow-monitoring system; (b) comparison between
the triboelectric flow sensor and the actual measured flow; (c) performance comparison of liquid level monitoring in clean water and sewage; and
(d) application prospect of the TNPFS in the future.
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measurement science (Figure 6d). For example, in measure-
ment science, since the performance of the sensor is not
affected by the medium, it has the potential to transport strong
acid and strong alkali solutions in future research; in the field
of sewage measurement, it has the potential to detect sewage
concentration; in the field of energy exploitation, the state of
liquid energy can be monitored and even the flow of some
solid particles; and in the field of pipeline transportation, the
flow switch can be remotely controlled according to the flow to
realize the reasonable distribution of flow. This work provides
a new alternative means for intelligent flow monitoring.

■ CONCLUSIONS
In summary, a monitoring method for fluidic flow of non-full
pipes is proposed and analyzed. Based on this, a triboelectric
flow sensor is manufactured to monitor the fluidic flow in large
pipelines. When the flow changes, the sensing unit of the
TNPFS generates corresponding electrical signals, respectively.
For the flow velocity-sensing unit, the voltage frequency has a
good linear relationship with the flow velocity, which proves
the feasibility of flow velocity monitoring. The liquid level-
sensing unit of the TNPFS uses liquid−solid contact
electrification, and a variable area interdigital electrode is
designed, which has good stability compared with other
methods of electrode distribution. Finally, from the demon-
stration experiment, the real-time flow monitoring is
established, which can effectively monitor the flow from 94
to 264 L/min. In addition, the sensor also has a good response
in sewage. This work provides a novel alternative means for
fluidic flow monitoring and further promotes the development
and application of TENGs in the field of fluid engineering.

■ EXPERIMENTAL SECTION
Fabrication of the TNPFS. The outer cylinder (inner diameter

200 mm, outer diameter 220 mm, thickness 10 mm, and length 90
mm) is made of acrylic material. The water wheel (220 mm diameter
and width 105 mm) is connected to the bearing block fixed on the
outer cylinder by a stainless-steel shaft (diameter 8 mm and length
290 mm). One end of the stainless-steel shaft is connected with a flow
velocity-sensing unit, which is composed of a rotor with five FEP
blades (length 50 mm and width 20 mm) and 12 electrodes (length
50 mm and width 13 mm) circumferential uniformly distributed on
the inner wall of the side cylinder. Different liquid level-sensing units
for the liquid level comparison experiment: main and other electrodes
with a width of 4 mm (Figure 4a); the width of the ordinary
interdigital electrode 4 mm (Figure 4b); interdigital electrodes with
widths of 4 and 12 mm in turn (Figure 4c) are investigated,
respectively, uniformly distributed along the same PTFE tube
(diameter 10 mm and thickness 1 mm). Finally, the acrylic cylinder
is placed on the support frame to form the TNPFS.
Measurement of the TNPFS. First, the electrical signal of the

TNPFS is transmitted to an electrometer (Keithley Model 6514).
Second, the electrical output signal is collected and processed through
a data acquisition system (NI-USB-6356, National Instruments) and
LabVIEW software on a computer.
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