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ABSTRACT: Liquid and gas ﬂow sensors are important
components of the micro total analysis systems (μTAS) for
modern analytical sciences. In this paper, we proposed a selfpowered triboelectric microﬂuidic sensor (TMS) by utilizing
the signals produced from the droplet/bubble via the
capillary and the triboelectriﬁcation eﬀects on the liquid/
solid interface for real-time liquid and gas ﬂow detection. By
alternating capillary with diﬀerent diameters, the sensor’s
detecting range and sensitivity can be adjusted. Both the
relationship between the droplet/bubble and capillary size,
and the output signal of the sensor are systematically studied.
By demonstrating the monitoring of the transfusion process
for a patient and the gas ﬂow produced from an injector, it
shows that TMS has a great potential in building a selfpowered micro total analysis system.
KEYWORDS: microﬂuidic sensor, triboelectric, self-powered system
vibration,25,26 wind speed,17,27 location,28,29 heart beating,30 and
so forth from various mechanical sources.31 Recently, on the
basis of the triboelectriﬁcation and electrostatic induction
between liquid and solid interface,32,33 a self-powered triboelectric nanosensor for microﬂuidic has been reported to detect
the liquid ﬂow rate. Through the ﬂuidic channel design, it was
used to directly characterize the chemistry synthesis.34
Nevertheless, the liquid ﬂow rate of the proposed nanosensor
can be merely characterized once when the liquid ﬂows through
the detector, which cannot be used for real time monitoring
and ﬂow volume measurement. Moreover, gas ﬂow is also a
critical aspect that needs to be monitored in industrial and
environmental applications.
Herein, utilizing the electric signal produced from the
droplet/bubble via the capillary and the triboelectriﬁcation on
the liquid/solid interface, a self-powered triboelectric microﬂuidic sensor (TMS) based on the TENG working in a singleelectrode was successfully developed to detect both water and
air ﬂow. Through calculating the interval time between two
signals and accumulating the signal number in a certain interval
time, the ﬂow rate and the ﬂow volume can be obtained,

M

icro total analysis system (μTAS) or lab on a chip
(LOC) has been developed and investigated for
more than 20 years, and now it has become a wellknown analysis platform for biological, chemical, cellular, and
nucleic acid analyses.1,2 As one of the analytical components,
microﬂuidic sensors are widely used to build μTAS in many
industrial and commercial situations for monitoring and
controlling mass-ﬂow, ﬂow velocity and ﬂow volume.3−7
Conventional technologies are used to measure the ﬂuidic
and gas ﬂow in μTAS via the microparticle image velocimetry
system8 and thermally actuated mechanism.9 However, the
complex analysis equipment that include microscope, CCD
camera, circulating system with high energy consumption
largely limits their applications.10 Although, new devices based
on acoustic,11 thermal electric,12 electromagnetic,13 and
electrostatic eﬀects14 have been developed and proposed for
miniaturization and diﬀerent applications, they are not quite
suitable as sensors in μTAS for practical situations due to their
relative high cost and complicated working mechanisms.
In recent years, many kinds of triboelectric nanogenerators
(TENG) based on the conjunction of triboelectriﬁcation and
electrostatic eﬀects have been developed and demonstrated for
various energy related applications.15−24 Because of its simple
structure and facile fabrication craft, TENG can be easily
miniaturized to act as a mechanical sensor for detecting
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important that a suitable hydrophobic/hydrophilic surface of
tribo-layer is necessary for the bubbles going through the tube
and the output stability of Gas-TMS (Supporting Information
S1). If the contact interface is completely hydrophilic, the
generated tribo-charges will be screened by the adsorbed water
between the tribo-layer and the air bubble, causing a small or
none output signal. On the contrary, if the contact interface is
superhydrophobic, the adsorption between gas and internal
surface leads to the diﬃcult transmission of air bubbles through
the tube. Inset 2 and 3 show the contact angle and the surface
SEM image of the PTFE modiﬁed tribo-layer. The detailed
fabrication process is presented in the Methods section.
The output signal generation mechanism of TMS is based on
the coupling of triboelectriﬁcation and electrostatic induction.15,37,38 In order to clearly illustrate the working mechanism,
the charge distribution under short-circuit condition (schematic
diagram) and the potential distribution under open-circuit
condition (simulation) of both Liquid and Gas TMS in three
states of a common cycle are displayed in Figure 2. It is known
that, after interacting with water, PTFE surface could retain a
layer of negative bound charges that do not dissipate in a long
time.32,36 In the case of Liquid-TMS, before a droplet contacts
the PTFE layer, the overlapped electrode is positively charged
under short-circuit condition due to the electrostatic induction
eﬀect, and will establish a negative potential diﬀerence to the
ground as shown in Figure 2a I. Later, when a water droplet
falls down to contact the negatively charged PTFE layer, the
negative charges on the PTFE will attract positive ions from the
droplet to form an electric double layer (EDL) that must screen
the electrostatic induction of negatively charged PTFE to the
overlapped electrode, therefore, electrons will ﬂow from the
ground to the Cu electrode under short-circuit condition to
reach a new electric equilibrium (Figure 2a II). Under opencircuit condition, due to the screen eﬀect, there would be no
potential diﬀerence between the Cu electrode and ground, as
shown in Figure 2a II. Lastly, when the droplet leaves the PTFE
layer, the screen eﬀect will disappear and the overlapped
electrode will be reinduced by positive charges under shortcircuit condition and re-establish a negative potential diﬀerence
between electrode and ground, as depicted in Figure 2a III.
Once the following droplets are contacting the PTFE layer
periodically, intermittent output signals will be obtained. In the
case of Gas-TMS, the ﬁlled water forms a stable EDL on the
water-PTFE interface to screen the electrostatic induction to
the overlapped electrode until the air bubbles break down the
screen eﬀect. Typically, when an air bubble is rising to contact
the PTFE layer, the formed EDL will be broken and the
negative charge on the PTFE surface will induce the overlapped
electrode to be positively charged, where the negative potential
diﬀerence between the Cu electrode and ground drives
electrons to ﬂow from the electrode to the ground to reach
an electric equilibrium. Later, when the air bubble leaves the
PTFE layer, the EDL will be reformed, where the electrons ﬂow
from the ground to the electrode to neutralize the positive
charges on the electrode. Figure 2b I, II, III illustrate the charge
distribution and potential distribution of Gas-TMS in three
states of a cycle.
On the basis of the above working mechanism, this TMS can
monitor the number and frequency of the droplet/bubble.
Besides, the capillary that produces regular droplet/bubble
plays a critical role in TMS, and the eﬀect parameters (such as
the diameter, the material of the capillary, the liquid species,
etc.) need to be systematically studied. In this part, steel

respectively. The detecting range and sensitivity of the sensor
can be adjusted by employing capillary with diﬀerent diameters.
To study the properties of TMS, the voltage and current output
mechanism of the sensor were illustrated, and the relationship
between the droplet volume and the diameter of capillary was
both experimentally measured and theoretically calculated.
Finally, TMS was proposed to be a real-time monitor for both
the patient’s infusion process in actual medical situation and the
gas ﬂow of the industrial production. Results show that TMS
has a big potential in building a self-powered micro total
analysis system.

RESULTS AND DISCUSSION
The self-powered triboelectric microﬂuidic sensor (TMS)
works on utilizing triboelectric nanogenerator working in a
single electrode to detect the frequency and the number of
droplet/bubble passing through the electriode. Figure 1a and b

Figure 1. Structural schematic diagram of the sensor. (a) Structure
of the liquid ﬂow rate sensor, the inset 1 shows the photograph of
the sensor fabricated on a medical infusion tube, the inset 2 shows
the surface SEM image of PTFE layer (scale bar: 5 μm), the inset 3
shows the contact angle which indicates the hydrophobic property
of the PTFE surface. (b) Structure of the gas ﬂow rate sensor, the
inset 1 shows the photograph of the sensor fabricated on a PE tube,
the inset 2 shows the surface SEM image of PTFE layer (scale bar:
3 μm), the inset 3 shows the contact angle of the air bubble on the
PTFE surface.

show the structural design of the microliquid ﬂow sensor and
microgas ﬂow sensor, respectively. Typically, polyethylene (PE)
tube is used as the substrate. Then, polytetraﬂuoroethylene
(PTFE) is employed as the tribo-layer to modify the internal
surface of the PE tube due to its hydrophobic and electret
properties (charge can be retained for hundreds years).32,33,35,36
Finally, the copper layer is deposited on the outside surface of
the PE tube as a single electrode of TENG. In the case of liquid
ﬂow sensor (Figure 1a), droplets are detached from the tip of
capillary passing through TENG area so as to produce output
signal. A zoomed-in view in Figure 1a shows the cross section
schematic diagram of Liquid-TMS. A photograph of the LiquidTMS fabricated on a infusion tube is depicted in the inset 1. It
is important that the superhydrophobic surface of tribo-layer is
needed to prevent water residual, which aﬀects the output
signal of TMS. Inset 2 and 3 illustrate the contact angle and the
surface SEM image of the PTFE modiﬁed tribo-layer. In
addition, in the case of gas ﬂow sensor (Figure 1b), bubbles
grow on the tip of capillary going through the TMS area so that
voltage signal is induced. A zoomed-in view in Figure 1b is the
cross section schematic diagram of Gas-TMS. And the
photograph of the Gas-TMS is depicted in inset 1. It is
B
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Figure 2. Working mechanism of the ﬂow sensor. (a) Charge distribution schematic diagram (upper) under short circuit condition and the
potential distribution (lower) under open circuit condition of the liquid ﬂow sensor in a period cycle. (b) Charge distribution schematic
diagram (upper) under short circuit condition and the potential distribution (lower) under open circuit condition of the gas ﬂow sensor in a
period cycle.

droplet is broken, the droplet falls from the tip. Besides, the
formation of such drops is strongly dependent on the surface or
interfacial tension. According to Drop Volume mode, the part
of the drop volume Vf falling from the capillary tip is given by

capillaries with diﬀerent diameters (Supporting Information
S2) are utilized to investigate the relationship between the
volume of the droplet/bubble and the capillary diameter. In the
case of water drop, Figure 3a presents three instantaneous
pictures of water drops (the initial forming, before dropping,
and just dropping state) formed on the tip of capillaries with
0.5, 0.8, and 1.0 mm diameters captured by high speed camera
(Supporting Information S3), which reveals that the width of
the droplet increases with the increase in the diameter of
capillary. Moreover, by measuring the mass of hundreds
droplets, the average volume of each water drop can be
calculated as

Vdrop =

M
ρ·N

Vf (ρl − ρg )g = 2πσRφ

(2)

where ρl and ρg are the densities of the water and air phases,
respectively; g is the gravitational constant; σ is the surface
tension of water (σ = 7.28 × 10−2 N/m); R is the radius of the
capillary, and φ is the empirical drop correction factor
introduced by Harkins and Brown.44 Because the density of
water is much greater than the air, the ρg can be negligible.
Therefore, eq 2 can be expressed in dimensionless form

(1)

where M, N, and ρ are the total mass of the hundreds droplets,
the droplets number, and the density of the water, respectively.
The experimental results of Vdrop for various capillaries are
plotted in Figure 3b (symbols), it shows that the volume of
each droplet increases almost linearly with the increase in the
diameter of capillaries. Theoretically, Drop Volume/Weight
mode39 is chosen from various droplet forming modes (such as
Wilhelmy Plate/Du Nouy Ring mode,40,41 Maximum Bubble
Pressure mode,42 and Oscillating Jet mode43) due to its easy
operation and relatively accurate calculation. When the volume
of the growing drop exceeds its maximum possible value,
namely, the balance of forces acting vertically direction on the

Vf = cRφ

(3)

where c = 2πσ/ρlg. The value of the correction factor φ
depends on R/V1/3
f , so the correction factor φ is described by
⎛ R ⎞
⎛ R ⎞2
φ = 1.007 − 1.479⎜⎜ 1/3 ⎟⎟ + 1.829⎜⎜ 1/3 ⎟⎟
⎝ Vf ⎠
⎝ Vf ⎠
R
< 0.3
Vf1/3
C

(4)
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Figure 3. Relationship between the volume of the water droplet, air bubble and the diameter of the capillary. (a) Photographs show three
states of the water droplets when using 0.5, 0.8, 1.0 mm capillaries. (b) Relationship between the volume of the liquid droplet and the
diameter of the capillary both in experimental test and theoretical calculation. (c) Photographs show three states of the air bubble when using
0.5, 0.8, 1.0 mm capillaries. (d) Relationship between the volume of the air bubble and the diameter of the capillary both in experimental
measurement and theoretical calculation.

⎛ R ⎞2
⎛ R ⎞
φ = 0.9054 + 0.4293⎜⎜ 1/3 ⎟⎟ − 0.7249⎜⎜ 1/3 ⎟⎟
⎝ Vf ⎠
⎝ Vf ⎠
R
0.3 < 1/3 < 1.2
Vf

illustrated in Supporting Information S5. The gravity force (FG)
is

FG = ρg VBg

where the bubble density and volume are ρg and VB =
(the bubble is assumed to be spherical), respectively. The
surface tension force (FS) is45

(5)

According to eq 3−5, we have calculated the drop volume Vf, as
shown in Figure 3b (solid lines), and proved the proportional
relationship between the volume of droplet and the diameter of
capillary.
On the other hand, pictures of air bubbles formed at the tip
of 0.5, 0.8, 1.0 mm capillaries, captured by high-speed camera
(Supporting Information S4), are depicted in Figure 3c, which
reveals that the width of the bubble has the same variation
trend as that of the droplet (Figure 3a). In the same way, by
measuring the time when hundreds bubbles are produced from
microinjection pump, the average volume of each air bubble
can be calculated as
Vbubble =

vtd
n

(7)
4 3
πr
3

Fs =

2πR2σ
r

(8)

where R and σ are the radius of capillary and surface tension of
water. Finally, the buoyancy force (FB) is46
FB = ρl VBg

(9)

In the above force analysis, an important scale for the bubble
volume is its radius r, by which gravity, buoyancy and surface
tension are in balance. The bubble volume is described by
VB =

(6)

2πσR
(ρl − ρg )g

(10)

with ρl ≫ ρg, eq 10 becomes

where v, t, d, and n are the propel speed of the pump, the total
time, the inner diameter of the injector, and the air bubble
number, respectively.
The experimental measuring results of Vbubble for various
capillaries are plotted in Figure 3d (symbols), which indicates
that the volume of each air bubble linearly increases with the
increase in diameter of capillaries. The size of the bubble is
determined by the balance of forces applied on the bubble. The
forces in the rise (vertical) direction acting on a bubble are

VB =

2πσR
ρl g

(11)

According to eq 11, we have calculated the bubble volume
VB, as shown in Figure 3d (solid lines), it proves the
proportional relationship between the volume of bubble and
the diameter of capillary. From the above discussion, it reveals
that liquid and gas ﬂow can be determined by monitoring the
D
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Figure 4. Electrical measurement of the Liquid-TMS. (a) Output voltage signal of liquid ﬂow rate sensor, and the inset shows frequency of
signals. (b) Dependence of the signal average period time/frequency on liquid ﬂow rate measured at 1.0 mm capillary. (c) Output of
frequency of TMS with diﬀerent capillaries under a certain ﬂow (∼30 μL/s) and maximum detecting range of TMS with diﬀerent capillaries.
(d) 3D graph shows the output frequency of TMS with various capillaries under diﬀerent external ﬂow rate.

droplets and bubbles. Moreover, by employing diﬀerent
capillaries, the characteristics of TMS can be adjusted.
To measure the electrical output performance of the TMS, a
microinjection pump is employed to provide a continuously
stable ﬂuidic ﬂow. In the case of Liquid-TMS, the output
voltage signal of TMS (capillary diameter, 1.5 mm; ﬂow rate,
∼47 μL/s) is presented in Figure 4a (the current signal is
shown in Supporting Information S6a). It is worth to note that,
the hydrophilic tribo-layer will aﬀect the output signal of the
sensor due to the residual water (the output voltage signal is
shown in Supporting Information S7). In addition, the ion
concentration of the solution will also aﬀect the output of the
sensor as shown in Supporting Information S8. From the
voltage signal, the output frequency (1.52 Hz) can be calculated
by the interval time between two signal peaks. In the following
discussion, signal frequency (fs) is used as the sensing factor. In
order to systematically demonstrate the performance of TMS,
the fs value of Liquid-TMS with 1.0 mm capillary under
diﬀerent external water ﬂow (from ∼3 μL/s to ∼95 μL/s) is
measured (the voltage output curve is represented in
Supporting Information S9) and plotted in Figure 4b, showing
the proportional relationship between fs and ﬂow rate for a
certain Liquid-TMS, and proving that the device is highly
suitable to be used as a ﬂow rate sensor (The other
measurement of Liquid-TMS with diﬀerent sizes of capillary
is shown in Supporting Information S10). In addition, by
accumulating the signal peak numbers, the ﬂux can be obtained,
too. It is worth noting that Liquid-TMS with a smaller capillary

has a larger output frequency under a certain external water
ﬂow (namely a higher sensitivity). However, TMS with a larger
capillary can get a wider detecting range, because a smaller
capillary is easier to form nondistinguishable water droplets
with the increase in ﬂow rate, which cannot be detected by
TMS. Actually, the detecting range may be aﬀected by the tilt
angle of the sensor. Therefore, the theoretical analysis and
experimental measurement were conducted to explore the
relationship between the detecting range and tilt angle, shown
in Supporting Information S11 and 12. Figure 4c represents the
output frequency under external water ﬂow rate of ∼30 μL/s
and the maximum detecting ﬂow rate of TMS with various
capillaries (0.5, 0.8, 1.0, 1.3, 1.5, 1.8, 2.5 mm). The results prove
that the sensitivity and detecting range can be adjusted by
choosing diﬀerent capillaries. 3D graph in Figure 4d depicts a
comprehensive characteristic of each Liquid-TMS.
In the case of Gas-TMS, the measured voltage signal
(capillary: 1.0 mm, ﬂow rate: ∼ 30 μL/s) is depicted in Figure
5a (the current signal is shown in Supporting Information S6b),
from which the signal frequency (fs) can be calculated. Here,
both the voltage and current output of Gas-TMS are severalfolds smaller than that of Liquid-TMS, because Liquid-TMS
works in the continuously friction between water droplet and
PTFE layer and a relatively larger contact area. In order to
systematically illustrate the performance of Gas-TMS, the fs
value of a TMS with 3.0 mm capillary under diﬀerent external
air ﬂow (from ∼7 μL/s to ∼280 μL/s) is measured (the voltage
output curve is represented in Supporting Information S13)
E
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Figure 5. Electrical measurement of the Gas-TMS. (a) Output voltage signal of gas ﬂow rate sensor, and the inset shows frequency of signals.
(b) Dependence of the signal average period time/frequency on gas ﬂow rate measured at 3.0 mm capillary. (c) Output of frequency of TMS
with diﬀerent capillaries under a certain ﬂow (∼60 μL/s) and maximum detecting range of TMS with diﬀerent capillaries. (d) 3D graph shows
the output frequency of TMS with various capillaries under diﬀerent external ﬂow rate.

be potentially used in infusion set to give an accurate
monitoring. Besides, the device can also be possibly used as a
detector to drive an alarm work if there is no output signal due
to lack of medicine liquid or backﬂow of blood. Therefore,
precise control to the infusion ﬂow can be achieved through
this simple and feasible method.
Second, the Gas-TMS can be used to detect gas ﬂow in
industrial applications. The device is vertically ﬁxed on an
acrylic frame with a tilting angle of 30° away from the
horizontal position. When the injector is driven by the pump,
the well-formed air bubbles attach to or detach from the surface
of PTFE in the tube and then produce the pulse of voltage. At
the same time, the collected data is transferred to a computer to
realize real-time display by the data capture device (Figure 6c).
A zoomed-in view in Figure 6c is the photography of device.
Pulses of voltage are produced, as shown in Figure 6d. When
the production speed of bubbles varies from 7.06 to 58.9 μL/s,
diﬀerent frequencies of output signals are obtained (from 0.2 to
1.65 Hz). According to the number of peaks of output signals,
the ﬂux in a certain time and velocity of air bubbles can be
obtained. Therefore, we believe that this device has great
potential in the detection of air ﬂow. This concept will not only
be limited to the air detection system, but also has the potential
to be applied in other gas detection system.

and plotted in Figure 5b, indicating the proportional relationship between fs and ﬂow rate for a certain Gas-TMS (the other
measurement of Gas-TMS is shown in Supporting Information
S14). Figure 5c shows the output frequency (under external air
ﬂow rate of ∼60 μL/s) and the maximum detecting ﬂow rate of
TMS with various capillaries (1.0, 1.3, 1.5, 1.8, 2.0, 2.5, 3.0
mm). It reveals that the sensitivity and detecting range of GasTMS can also be adjusted by choosing diﬀerent capillaries. 3D
graph in Figure 5d represents a comprehensive characteristic of
each Gas-TMS.
The designed Liquid/Gas-TMS could be applied in medical
and industrial ﬁeld to realize the self-powered system, such as
monitoring infusion, detecting gas ﬂow. To demonstrate this,
ﬁrst, the Liquid-TMS is vertically ﬁxed in an infusion tube with
a tilting angle of 60° away from the horizontal position. When
the patient is treated by infusion, namely, liquid medicine
passing through TMS area, pulse of voltage is produced and
collected. At the same time, the collected data is transferred to a
computer to realize real-time display by the data capture device
(Figure 6a). A zoomed-in view in Figure 6a is the photography
of the infusion tube. Pulses of voltage are produced, as shown
in Figure 6b. When the infusion speed varies from 3.14 to 62.8
μL/s, diﬀerent output frequencies of signals are obtained (from
0.2 to 3.0 Hz), from which we can calculate the interval of each
droplet. On the other hand, the ﬂux of medicine liquid can be
calculated in a certain time by counting the number of output
peaks. This demonstration clearly indicates that the device can
F
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Figure 6. Application in self-powered system. (a) Infusion monitor using the liquid ﬂow sensor. (b) Output voltage of the infusion monitor
measured at ﬂow rate from 3.14 to 62.8 μL/s. (c) Gas detector with the gas ﬂow sensor. (d) Output voltage of the gas detector measured at air
rate from 7.06 to 58.9 μL/s.

CONCLUSION
In summary, a facile triboelectric self-powered microﬂuidic
sensor has been developed for liquid ﬂow and gas ﬂow
detection. The detecting mechanism and the output principle
for both liquid ﬂow and gas ﬂow TMS are systematically
illustrated and is discussed. Through calculating the interval
between two signals and accumulating the signals in a certain
interval, the ﬂow rate and the ﬂux can be obtained, respectively.
The volume of per droplet/bubble produced by diﬀerent
diameter capillaries is experimentally and theoretically studied.
Measurement and analysis of the output signals of TMS using
diﬀerent capillaries indicate that the output frequency has a
linear relationship with ﬂow rate. The TMS utilizing smaller
capillary can get a relatively higher sensitivity, whereas the TMS
using larger capillary can get a wider detecting range. In
addition, the TMS can be used as a real-time monitor for
patient’s infusion process in hospitals and the gas-ﬂow of the
industrial production. Results show that TMS has a big
potential in building a self-powered micro total analysis system
for commercial applications.

copper electrode was deposited on the outside surface of the
PE tube (Liquid-TMS: 1 cm away from the front part. GasTMS: 4 cm away from the front part) using physical vapor
deposition (PVD 75). And then, the copper wire was
connected to the copper layer for electric measurement.
Finally, an acrylic frame was used to ﬁx the sensor with a
certain tilt angle, and steel capillaries (diameter from 0.5 mm to
3.0 mm) with a certain height (1.5 cm) were employed to
produce water (tap water) droplets and air bubbles (PE tube
ﬁlled with tap water) with diﬀerent diameters.
Experimental Setup for Quantitative Measurement. A
JEOL JSM-7800F ﬁeld emission scanning electron microscope
(SEM) was used to measure the morphology of PTFE on PE
substrate. Both the contact angle and the formation process of
the droplet/bubble were characterized by a high-speed camera
(Phantom V7.3). Microinjection pump was used to supply a
stable liquid/gas ﬂow. A programmable electrometer (Keithley
6514) was adopted to test the output voltage signal of the
sensor. The software platform is constructed based on
LabView, which is capable of realizing real-time data acquisition
control and analysis. COMSOL MULTIPHYSICS software was
employed for potential distribution simulation.

METHODS
Fabrication of the Microﬂuidic Sensor. First, PE tube
(diameter: 9 mm, thickness: 0.1 mm) was used as the substrate
for both liquid (4 cm in length) and gas (8 cm in length) ﬂow
sensor fabrication. In order to prepare a hydrophobic tribolayer, PTFE aqueous suspension (Dupont, 60 wt %, aqueous)
was dropped through the internal surface of the PE tube, and
then cured in a vacuum oven at 80 °C for 5 h (3 cycles for the
liquid sensor and 1 cycle for the gas sensor). It is worth noting
that a superhydrophobic property and a suitable hydrophobic/
hydrophilic property play a critical role in the liquid and gas
ﬂow sensor, respectively. Second, a 4 mm width ring-like
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