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ABSTRACT: Droplet motion state monitoring is important in
microfluidic applications, such as biomedicine, drug delivery, and
metal ion extraction. Here, a nonintrusion monitoring method of
droplet motion state via liquid−solid contact electrification is
proposed, and a triboelectric droplet motion state sensor (TDMSS)
is fabricated. Droplet counting and droplet size monitoring can be
realized by signal processing and information extracting of the voltage
pulse. The experimental results show that the number of droplets
increases linearly with the increase of liquid flow, and the linearity is
0.9854. Moreover, TDMSS can stably monitor the number of droplets
in different motion states. In addition, the output pulse width is
sensitive to droplet size, and the droplet length ranges from 3 to 13.5
mm. More importantly, TDMSS can realize the function of droplet counting and size monitoring of a conductive liquid and
accurate droplet counting under different inclination angles and motion states. This work not only provides a nonintrusion
method for droplet motion state monitoring but also makes a solid step for microfluidic sensing technology based on a
triboelectric nanogenerator.
KEYWORDS: liquid−solid contact electrification, nonintrusion monitoring, droplet counting, droplet size, motion state

Droplet motion state monitoring is a great demand in
the field of droplet microfluidics application.1−3 The
current droplet state monitoring technologies are

mainly divided into intrusion monitoring and nonintrusion
monitoring. Traditional intrusion monitoring usually uses a
probe to measure the flow field in the tube, but it will cause
interference to the flow field in the tube and affect the accuracy
of the measurement.4−7 Nonintrusion monitoring can avoid
the influence of sensor components on the droplet motion
state in the pipeline. Because of its high precision and strong
intuition, it has been widely used and developed in recent
years. It is mainly divided into optical sensing and electronic
sensing. However, these two methods have the problems of
complex equipment, high cost, and external power supply,
which limit the application of nonintrusion monitoring sensors
in complex environments.8−11 Therefore, it is of great
significance to propose a nonintrusion and self-powered
monitoring method for droplet state monitoring in the tube.
The triboelectric nanogenerator (TENG) based on the

coupling of contact electrification and electrostatic induction
was invented by Prof. Wang and his team.12 Due to its simple
working mechanism and fabrication process, low cost, and
efficient energy conversion, the TENG has been developed for
micro/nano power sources,13,14 self-powered sensing,15−17

blue energy,18−20 and high-voltage power sources.21,22

Among them, the liquid−solid triboelectric nanogenerator
has received extensive attention, and it has been used for
motion sensors,23,24 chemical sensors,25−27 microfluidic
actuators,28,29 corrosion protection,30,31 level gauges,32−34

and so on.35,36 For instance, Zhao et al. developed prototypes
of a drainage bottle droplet sensor and a smart intravenous
injection monitor based on the superhydrophobic liquid−solid
contact TENG.37 Ping et al. designed a triboelectric nano-
generator to collect raindrop energy in an agricultural
environment, which realized the self-power supply of a
greenhouse.38 Thus, the self-powered sensing based on the
liquid−solid contact electrification is feasible and stable.
In this paper, a nonintrusion monitoring method of droplet

motion state is proposed. Based on liquid−solid contact
electrification, a triboelectric droplet motion state sensor
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(TDMSS) is fabricated. The TDMSS consists of a T-junction,
a PTFE tube, and three copper electrodes. Special electrode
arrangement of the TDMSS can effectively shield the signal
interference caused by the contact between droplets and the
PTFE tube. The experimental results show that the system can
stably realize droplet counting because of the good linear
relationship between the number of voltage pulses and liquid
flow rate. Moreover, TDMSS shows the advantage of stable
counting under different liquid mediums, inclination angles,
and droplet motion states. In addition, droplets with a length
of 3.0 to 13.5 mm can be successfully monitored by TDMSS,
and the actual length of droplets has good linearity with the

time they pass through the electrode. This work has broad
application fields in the future, such as biomedical detection,
pipeline transportation monitoring, and hydrometallurgy.

RESULTS AND DISCUSSION

Structure Design and Working Principle of the
TDMSS. As illustrated in Figure 1a, the TDMSS is mainly
assembled with a droplet formation part and a sensing unit.
The droplet formation part is composed of a T-junction and a
PTFE tube. The sensing part of the TDMSS is mainly
monitored by the effective sensing region (E2). The electrodes
(E1 and E3) distributed on both sides of E2 are grounded to

Figure 1. Structure of the droplet motion state triboelectric sensor (TDMSS) and simulation diagram of the flow field in the tube: (a)
structure of the TDMSS, (b) schematic diagram of the testing setup, (c) flow field simulation of droplet generation in the tube.

Figure 2. Working mechanism and basic performance test of the TDMSS: (a) schematic diagram of the working mechanism of the TDMSS,
(b) COMSOL simulation of the potential distribution of droplets at four different positions in the TDMSS, (c−e) basic performance test of
the TDMSS, including (c) open-circuit voltage, (d) short-circuit current, and (e) transfer charge.
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shield the signal interference caused by the contact between
the droplets and the PTFE tube. The electrode arrangement
optimizes the traditional single-electrode mode. When the
droplet contacts the tube, liquid−solid contact electrification
makes electrons flow on the PTFE surface and flow into the
ground along the grounding electrodes. Therefore, the
electrode arrangement can shield the additional charge
generated by the contact between the PTFE tube and droplets.
Figure 1b shows a schematic diagram of a complete droplet
motion state monitoring platform. The air provided by the
pneumatic system plays two roles in the system. One is to
shear the liquid to generate droplets. The other is to drive
droplets to flow in the tube as one of the driving forces, and
the gas almost does not provide additional charges for the
droplet. When droplets pass through E2, corresponding
electrical signals will be generated and monitored through an
electrometer and a data acquisition card. Finally, the droplet
information is displayed on the computer.
According to the actual size and working conditions of the

TDMSS, the flow field of droplets generated in the PTFE tube
is numerically simulated (Figure 1c). The discrete and
independent droplets are produced by the combined action
of the shear force of air on water and the extrusion force on the
inner wall of the tube. By adjusting the gas flow of the
pneumatic system and the liquid flow of the syringe pump,
respectively, droplets with different generation frequencies and
sizes can be generated (Note S1, Supporting Information).
Figure 2 shows the working mechanism of the TDMSS, the

numerical simulation of the potential distribution of droplets in
the pipeline, and its basic performance curve. Figure 2a shows
the contact process between droplets and PTFE caused by

contact electrification, which is helpful to better understand the
main performance curve shown in Figure 2c. A PTFE tube is
used as a solid friction layer due to its high electronegativity,
while liquid is selected as another friction material.
When the droplets enter the PTFE tube, the triboelectric

effect will cause the droplets to produce a net positive charge,
and the surface of the PTFE tube has an evenly distributed net
negative charge. At this time, a positive charge is distributed on
the E2 surface. When the droplet and E1 completely overlap
[Figure 2a(i)], the charge generated by the contact between
the droplet and the tube flows into the ground along the wire
due to the grounding of E1 and E3. Therefore, it is in static
equilibrium at this position. When the overlapping area
between the droplet and E2 gradually increases [Figure
2a(ii)], the surface charge begins to separate, and the
electrostatic balance between the droplet and E1 is broken.
The resulting voltage value gradually increases. And the Earth
supplies positive charges to E2. If the charge in the direction
from the electrode into the Earth is positive, the short-circuit
current direction is opposite of the positive direction, so a
negative peak current is displayed. Next, when the droplet
moves to a position completely coincident with E2 [Figure
2a(iii)], it is in a second electrostatic equilibrium state without
electron transfer. The open-circuit voltage reaches the
maximum and the short-circuit current is 0. Finally, when
the droplet leaves E2 [Figure 2a(iv)], the potential difference is
generated again, and the voltage decreases with the decrease of
the overlapping area between the droplet and E2. At this time,
the positive charge on E2 flows into the Earth, which is
consistent with the positive direction, so the short-circuit
current is positive. E2 and the PTFE tube realize electrostatic

Figure 3. Performance of droplet counting monitoring under different flow rates: (a) flowchart of the droplet state monitoring program, (b)
signal processing of the program includes (i) original data of open-circuit voltage, (ii) data extraction, and (iii) program processing, (c)
voltage under different flow rates in the same time, (d) fitting diagram of voltage pulse number and flow rate.
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balance again when the droplet completely leaves E2. The
transfer charge curve is consistent with the open-circuit voltage
curve. Therefore, the droplet completes a complete perform-
ance curve cycle.
To more intuitively understand the working mechanism of

the TDMSS, COMSOL Multiphysics 5.5 is used to simulate
the potential distribution of droplets at four positions in the
PTFE tube (Figure 2b). The simulation results are consistent
with the above analysis, which proves the feasibility of the
principle. Figure 2c−e show the basic output performance of
the three droplets monitored by the TDMSS, including open-
circuit voltage (Figure 2c), short-circuit current (Figure 2d),
and transfer charge (Figure 2e). It can be seen that the
performance test curve of the TDMSS is consistent with the
above principle analysis results, which verifies the feasibility of
the TDMSS principle.
Performance of the TDMSS. The flowchart of signal

processing by the droplet motion state monitoring program is

shown in Figure 3a. The program is processed and analyzed in
MATLAB. By judging the difference between the original
signal and the threshold value, the trend of the triboelectric
signal is analyzed. When the original signal is less than the
threshold, the program determines that the voltage amplitude
of the signal is 0. On the contrary, the voltage amplitude is the
threshold at this time. Figure 3b shows the process of
processing data with the program. First, part of the signal
[Figure 3b(ii)] is extracted from the original signal [Figure
3b(i)], and a threshold value is set in the program. When the
signal rises or falls in the threshold value, an edge jump occurs,
from which a square wave signal is obtained [Figure 3b(iii)].
The pulse number and pulse width can be directly determined
by the signal processed by the program. According to the basic
output voltage value, 0.5 V as the program threshold for
subsequent experiments was selected.
To verify the droplet counting performance of the sensor,

the output voltage processed by the program at different flow

Figure 4. Performance of droplet counting monitoring under different liquid mediums: (a) tap water, (b) 0.9% KCl(aq), (c) 0.9% NaCl(aq),
(d) 0.9% CaCl2(aq).

Figure 5. Performance of droplet counting monitoring under different motion states: (a) open-circuit voltage of droplets at different flows in
uniform motion, (b) linear relationship between flow rates and the number of pulses in uniform motion, (c) output voltage in uniform
motion, (d) output voltage in uniformly accelerated motion, (e) output voltage in uniformly decelerated motion, (f) number of pulses in
different motion states.
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rates in equal time is shown in Figure 3c. The original signal
measured is shown in Figure S1a. The flow measurement range
is 2 to 22 mL/min, and the flow rate increases by 4 mL/min in
each step. The experimental results indicate that the pulse
number is proportional to the flow rate. Accordingly, the
frequency of droplet generation is directly proportional to the
flow rate. Besides, Figure 3d shows that there is a good linear
relationship between the number of output voltage pulses and
the liquid flow rate of the syringe pump, and the linearity is
0.9854. This shows that the droplet counting function of the
TDMSS has good stability.
As one of the application fields of the TDMSS is

biomedicine, the concentration of stroke-physiological saline
solution is taken as a reference. Some common conductive
liquids are selected for the droplet counting performance test,
such as 0.9% KCl(aq), 0.9% NaCl(aq), and 0.9% CaCl2(aq).
Figure 4 shows the droplet counting performance of different
liquid mediums. The original data of the voltage are shown in
Figure S1(b)−(e). The experimental results show that the
counting performance of the TDMSS is not affected by the
change of liquid medium, and the number of droplets
produced by different mediums can still be stably monitored.
In addition, there are some differences in the number of
droplets per liquid. This is because different liquids have
different physical properties such as density, viscosity, and
surface tension, which may affect the formation of droplets.
According to the number of droplets monitored by TDMSS, it
shows a good linear relationship between liquid flow rate and
the number of pulses, and their linearities are 0.9934, 0.9935,
0.9883, and 0.9952, respectively. This proves that the
conductive liquid can also be applied to the droplet counting
of the TDMSS.
Figure 5 shows the monitoring of droplet counting in 3 mL

of DI water in different motion states. Figure 5a shows the

voltage performance of droplets produced at different flow
rates in uniform motion, and the original signal obtained from
the experiment is shown in Figure S2. The number of droplets
produced by 3 mL of DI water decreases with the increase of
flow rate. This is because the droplet size is inversely
proportional to the liquid flow when the gas flow is constant.
Moreover, the flow rate of DI water has a good linear
relationship with the output pulse number, and the linearity is
0.9517 (Figure 5b).
According to the droplet formation mechanism, the

formation of droplets is determined by the combined action
of the shear force of air on the liquid and the extrusion force of
the inner wall of the tube against the liquid. The flow of
droplets in the tube is determined by the gas phase and liquid
phase. Therefore, when the gas phase flow rate remains
constant, the liquid flow rate accelerated or decelerated
uniformly, which will directly affect the motion state of
droplets in the tube. According to the output voltage signal of
the TDMSS, the motion state of droplets in the tube can be
qualitatively judged, such as uniform motion, uniformly
accelerated motion, and uniformly decelerated motion (Figure
5c−e). The time interval between droplets is the same (Figure
5c). That is, the motion state of droplets in the tube is uniform
motion. Figure 5d shows that the TDMSS detects that the
droplets flow through the PTFE tube in a uniformly
accelerated motion state. Similarly, the droplets moving
through the PTFE tube uniformly decelerated can still be
monitored by the TDMSS. The original data of droplets in
different motion states are shown in Figure S2. The number of
droplets uniformly accelerated and uniformly decelerated is
monitored by the TDMSS. The flow rate of uniform motion is
calculated according to the linear formula in Figure 5b and
then verified by experiments (Figure 5f). The experimental
results show that the droplet number of uniform motion is

Figure 6. Performance of the TDMSS in monitoring the number of DI water droplets under different inclination angles: (a) θ = 30°; (b) θ =
45°; (c) θ = 60°; (d) θ = 90°.
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consistent with that of the other two kinds of variable motion.
This not only verifies the accuracy of the linear formula but
also proves that the TDMSS can monitor the counting ability
under different motion states.
The above TDMSS counting performance experiments are

carried out under horizontal conditions. To test the counting
performance of the TDMSS under different angles, the
TDMSS is fixed on the inclined planes with different angles
(Figure 6a−d). The experiments of DI water with inclination
angles of 30°, 45°, 60°, and 90° at flow rates of 2 to 22 mL/
min are carried out. Experimental results show that changing
the inclination angle does not affect the counting performance
of the TDMSS. On the oblique plane from 30° to 90°, the
TDMSS can still stably monitor the number of DI water
droplets. The original data of open-circuit voltage and the
number of droplets are shown in Figure S3. When the TDMSS
is placed at a certain angle, the liquid in the tube is not only
affected by the shear force of air on the tube and the extrusion
on the inner wall but also affected by gravity. Under the
influence of gravity, the liquid may be more easily cut by air to
form droplets. Therefore, the number of droplets varies slightly
at different angles. In addition, there is a good linear
relationship between the liquid flow and the number of
voltage pulses under four angles, and the linearity is 0.9650,
09992, 0.9896, and 0.9872, respectively. At the same time, it
also proves that the TDMSS can still count normally under
different angles.
The performance of droplet size monitoring by the TDMSS

is shown in Figure 7. Keeping the gas flow rate constant and
changing the liquid flow rate produces different lengths of
droplets. DI water and common conductive liquids [tap water
and 0.9% KCl(aq)] are selected for the droplet size monitoring

experiment. Figure 7a−c show the experimental photos of
droplets in three different mediums at different sizes and the
voltage pulse signal curve generated by droplets passing
through the E2. The pulse width is defined as the time required
for the droplet to pass through E2. It can be seen from the
experimental photos that the droplets in the PTFE tube are
concave at both ends, which is determined by the physical
properties of the liquid, and the key factor is surface tension.
The surface tension of the liquid is small; that is, the tension
between the liquid and liquid molecules is less than that
between the liquid and the PTFE tube’s inner wall. Therefore,
a concave liquid surface is formed at the interface between the
liquid and the PTFE. Considering this phenomenon, the
distance between the lowest point of the concave surface at
both ends of the droplet is taken as the actual length.
Figure 7d shows the actual size of the droplets generated by

three mediums in the experiment, between 3 and 13.5 mm.
Different droplet sizes under different mediums are normal.
Due to the different physical properties of the liquid itself, the
formation of droplets may be affected. The experimental
results show that the size monitoring of DI water, tap water,
and 0.9% KCl(aq) has good linearities, which are 0.9907,
0.9920, and 0.9986, respectively. Further, two other conductive
liquids [0.9% NaCl(aq) and 0.9% CaCl2(aq)] are selected for
size monitoring experiments and also obtain good linear
relationships (Figure 7e). The TDMSS monitors the original
data of the droplet size output signal of five kinds of liquid, and
the experimental photos of 0.9% NaCl(aq) droplets and 0.9%
CaCl2(aq) droplets are shown in Figure S4. This proves that
TDMSS size monitoring is also applicable to DI water and
conductive liquids and provides a monitoring method for
pipeline transportation in industrial fields.

Figure 7. Performance of droplet size monitoring under different mediums: (a) experimental photos of droplets in three liquid mediums and
voltage pulse curves of droplets passing through an electrode, (b) actual sizes of droplets in the experiment, (c) linear relationships between
the length of different droplets and the time passing through the electrode.
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Demonstration of the TDMSS. The droplet motion state
monitoring system and its application prospects are shown in
Figure 8. A demonstration of droplet counting using the
TDMSS is given in Video S1 in the Supporting Information.
Figure 8a shows the TDMSS monitoring system. The

TDMSS is placed in an acrylic box to reduce the impact of the
external environment, such as air humidity and environmental
interference. The two inlets of the TDMSS are connected to
the liquid and gas input systems, respectively. The syringe
pump and throttle valve are used to accurately control the flow
rate of the liquid and gas. The original output voltage
monitored by the TDMSS is displayed through the LabVIEW
interface, and the pulses are counted in the meanwhile. Figure
8b shows that the TDMSS is used to monitor the original
output voltage and the number of droplets of the same volume
of DI water under different motion states within the flow range
of 2 to 22 mL/min. The number of droplets produced by
uniform motion, uniformly accelerated motion, and uniformly
decelerated motion are 26, respectively. It is proved that the
TDMSS monitoring system has excellent stability and
responsiveness. Figure 8c shows that the TDMSS experimental
system has broad application fields in the future, such as
biomedical detection, pipeline transportation monitoring, and
hydrometallurgy.

CONCLUSIONS

In summary, a nonintrusion monitoring method for droplet
motion state via liquid−solid contact electrification was
proposed, and a triboelectric droplet motion state sensor was
fabricated. The corresponding pulse signal was generated when
droplets passed through the PTFE tube with a special
electrode arrangement. Droplet counting and droplet size can
be monitored by processing signals and extracting information.
Experimental results show that the system can stably realize
droplet counting since the output voltage pulse number is
linearly related to the liquid input flow. TDMSS can also

realize normal counting and size monitoring under different
environmental conditions, such as liquid medium and
inclination angles. It is proved that the TDMSS has good
stability and responsiveness. In addition, the output pulse
width of TDMSS has good sensitivity to the droplet size, and
the droplet length ranges from 3.0 to 13.5 mm. The size
monitoring function is also applicable to conductive liquids.
The nonintrusion monitoring method can provide reference
and guidance for biomedicine, pipeline transportation
monitoring, and hydrometallurgy.

EXPERIMENTAL SECTION
Fabrication of the TDMSS. The triboelectric droplet motion

state sensor is composed of a shell part, a droplet generation part, and
a monitoring sensing unit. The shell is a cubic shell assembled from an
acrylic plate that is 160 mm long, 50 mm wide, and 40 mm high. The
droplet generation part consists of a T-junction and a PTFE tube. The
inner diameters of the T-junction are all 6 mm, and the PTFE tube is
5 mm in inner diameter, 6 mm in outer diameter, and 120 mm in
length. The monitoring and sensing unit of the TDMSS is mainly
composed of three copper electrodes (E1, E2, and E3). E2 is the main
electrode; E1 and E3 are distributed on both sides of E1. As shown in
Figure 1a, E1 is a copper electrode with a width of 10 mm attached 35
mm away from the outlet of the PTFE tube. The other two copper
electrodes distributed on both sides of E2 are E1 and E3, with a width
of 20 mm, respectively. Furthermore, the distances between them and
E1 are 5 mm.

Measurement of the TDMSS. An electrometer (model 6514,
Keithley) and a data acquisition card (NI USB-6211) are used to
measure the output performance of the TDMSS. To measure the
output performance of the TDMSS under different flows, the syringe
pump (PHD ULTRA, Harvard USA) is used to control the flow of
the liquid. A pressure-regulating valve (IR3020-04) and a throttle
valve (AS3002F-08, SMC Japan) are used to control the pressure and
flow of the pneumatic system. In the experiment, the pressure is
always 0.05 MPa.

Figure 8. LabVIEW interface display and application prospects of the TDMSS: (a) actual monitoring system of the TDMSS, (b) interface
display of droplet monitors under different motion states, (c) application prospects of the TDMSS in various scenarios.
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