Nano Energy 111 (2023) 108419

7%

nérgy

Contents lists available at ScienceDirect

Nano Energy

FI. SEVIER

 materialstoday

journal homepage: www.elsevier.com/locate/nanoen

Full paper ' :.)

Check for

Smart liquid-piston based triboelectric nanogenerator sensor for real-time [
monitoring of fluid status™

Taotao Zhan ™', Haiyang Zou 61 Hengfei Zhang °, Peng He*, Zhanlei Liu 4, Junshuai Chen?,
Maogang He“, Ying Zhang® , Zhong Lin Wang

@ Key Laboratory of Thermo-Fluid Science and Engineering, Ministry of Education, Xi’an Jiaotong University, Xi’an 710049, China
Y College of Materials Science and Engineering, Sichuan University, Chengdu 610065, China

€ School of Materials Science and Engineering, Georgia Institute of Technology, Atlanta 30332, USA

4 School of Electrical Engineering, Xi’an Jiaotong University, Xi’an 710049, China

€ Beijing Institute of Nanoenergy and Nanosystems, Chinese Academy of Sciences, Beijing 101400, China

ARTICLE INFO ABSTRACT

Keywords:

Liquid-Solid triboelectric nanogenerator
Liquid piston

Fluid status sensor

Electrode arrays arrangement

It is highly desirable to measure fluid pressure and its pulsations through portable, handheld instruments and test
kits, which allow a rapid, low-cost, and reliable quantification about liquid status, especially for cheaper, faster,
and smarter point-of-care testing (POCT). Here, we proposed a portable self-powered smart fluid pressure sensor
based on a liquid piston triboelectric nanogenerator (LP-TENG). By analyzing the characteristic signals due to the
triboelectrification effect, electrostatic induction, and theory of the ideal gas equation, the developed sensor is
able to determine the fluid’s pressure and flowing status quantitatively (e.g., moving direction, flow rate,
blockages, pipe bursts, leakage, etc.). Here, a simply fabricated device has the highest accuracy of 0.4 kPa with a
pressure range from 0 kPa to 30 kPa, which is superior to most commercial sensors. Furthermore, the electric
performance can reach a resolution ratio of 10 mmHg, which is adequate to accurately identify the blood
pressure (BP) level. Consequently, the self-powered LP-TENG is capable of real-time monitoring the fluid status,
which can fit the need for diagnosing and detecting the BP level as a reliable POCT device in healthcare products,
as well as other broad potential applications in manufacturing, transportation, and civil service.

1. Introduction sensors with low-cost and multi-functions are always required in terms

of progression and monitoring evaluation that produces rapid and reli-

With increasing urbanization, sensors, as vital components for
monitoring and control of the environment and individual states, have
been used in the architectures of industrial automation, intelligent
manufacturing, Internet of Things (IoT), and health devices [1-4]. Fluid
pressure sensors are essential to track the working, operating, or health
conditions for real-time monitoring in fluid lines. Especially for the
biosensors in smart analytical diagnostic tools, they have been widely
investigated with the potential of point of care testing (POCT) needed for
personalized health care/management. Compared to a competent sys-
tem of laboratory diagnostics, affordable portable self-powered pressure

able results. The existing flow sensors include two groups of contact and
non-contact sensors. The liquid directly contacts the sensor’s moving
part (i.e., a small latch in vortex flow sensors, and propellers in me-
chanical flow sensors). The most popular non-contact fluid sensor is the
ultrasonic flow sensor, which sends pulses of high-frequency sound
across the flowing liquid medium, and measures the time difference
between the emission and receiver to determine the flow rate. These
costly instruments are complex and difficult to handle due to their size
or weight. Most of the existing pressure sensors like the electronic or
mercury sphygmomanometers are difficult to recycle. The integrated
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circuit of sensors for monitoring multi-parameters of fluid status re-
quires complex systems to power, send and receive signals, and analyze
data.

Under these circumstances, the triboelectric nanogenerator (TENG)
with the advantages of self-powered capacity, lightweight, online
detection, and extremely high sensitivity, is becoming an attractive
alternative for sensor manufacturing [5-9]. Moreover, regarding the
connection between human beings and the environment, several
self-powered sensors based on liquid-solid TENG have been proposed
[10-14], to determine the physicochemical properties of the fluid me-
dium such as pressure [15,16], temperature [17], humidity [18], and
chemical composition [19,20]. Among liquid-solid TENGs, tube-based
TENG (TB-TENG) has attracted great interest from researchers [15,
21-25]. According to the type of liquid volume, there are tube-based
TENGs with the liquid of infinite volume (IV-TB-TENG) and that with
the liquid of finite volume (FV-TB-TENG) to meet various application
requirements. For the IV-TB-TENG, typically, a ring-type or an inter-
twined electrode arranged outside the tube and a grounded reference
electrode are normally adopted [15,22]. Besides, a remote electrode or
an adjacent electrode is regarded as a reference electrode, and several
electrodes are used to detect the volume of the internal liquid [21,25,
26]. As for the FV-TB-TENG, the electrode doublet is normally used to
determine the liquid movement in U-tube TENG with the charge transfer
between the reference electrode and the sensing electrode [23,24,27,
28]. As a concluding point, compared with FV-TB-TENG, the
IV-TB-TENG using the liquid with infinite volume is normally larger, of
which the portability is less competitive. Besides, for the IV-TB-TENG,
because of the residual liquid on the inside tube wall after the liquid
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column crosses the electrodes, the electrical signal would be not easy to
repeat. Although diverse structures and designs are proposed for
sensing, it is still challenging to determine the fluid flow status (flow
rate, direction, pressure, etc.) by a single simple device.

In this work, a liquid-piston based triboelectric nanogenerator (LP-
TENG) using the FV-TB-TENG design for fluid flow monitoring is pro-
posed. The LP-TENG is simply composed of a tube, a liquid column,
electrodes, and an air reservoir. The liquid column is considered to be a
piston in the tube attached to the air reservoir, and movement-related
electrical signals due to the triboelectric effect can be obtained from
electrode arrays with a single channel detector based on the triboelectric
effect, the electrostatic induction effect, and the theory of the ideal gas
equation. The fabricated LP-TENG has been demonstrated to measure
human blood pressure, which has superior performance than other
commercial products. Furthermore, by designing various electrode ar-
rays and a developed computer program, the smart sensor is able to
identify the flowing rate, direction, and pressure change as demon-
strated. Consequently, the LP-TENG has the potential to act as a stable
and reliable pressure sensor for other applications, such as health
monitoring and diagnosis, manufacturing, and transportation.

2. Results and discussion
2.1. Concept design and working principle of LP-TENG
The real-time monitoring of fluid flow status is essential for daily life

and industry. Flow sensors are commonly used in heating, ventilation
and air conditioning (HVAC) systems, medical devices, chemical
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Fig. 1. Structural design of the proposed LP-TENG. (a) Schematic drawing of the LP-TENG with four pressure sources of press, reaction, heat, and flow. The liquid
column is crossing electrodes under the elevated pressure, and it is generating electrical output. (b) Tilted view photograph of LP-TENG with the image of the
scanning electron microscope (SEM) of the inner surface of a PTFE tube, after ultrasonically cleaned in ethanol for 8 mins, and then left in the drying oven at 40 °C

for 30 mins.
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factories, and septic systems for detecting leaks, blockages, pipe bursts,
and changes in liquid concentration due to damage, contamination, or
pollution. Fig. S1 depicts four application scenarios including hospital,
factory, vehicle, and pipeline. The schematic drawing of the LP-TENG
with four pressure sources of press, reaction, heat, and flow is illus-
trated in Fig. 1. As has been shown, the LP-TENG is mainly composed of
the air reservoir and the FV-TB-TENG which consists of a polytetra-
fluoroethylene (PTFE) tube, the liquid column, and multiple Cu elec-
trodes. Here, a commercial PTFE tube and the deionized water liquid
column serve as a friction pair of TENG. The polydimethylsiloxane
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(PDMS) structure layer is used to be a structural foundation. It should be
noted that the metal chamber, considered a gas reservoir, is made of
titanium alloy manufactured by a 3D printer. In addition, the heat-
shrink fluorinated ethylene propylene (FEP) tube connector is used to
connect the metal chamber to the PTFE tube. The silicone or steel tube
connector is connected to the PTFE tube with the pressure source, and
the inner area of the PTFE tube between the liquid column and the metal
chamber is filled with air. Before starting the measurement, the PTFE
tube is disconnected to the gas reservoir, and then the liquid column is
injected into the PTFE tube. After that, the PTFE tube can be connected

Fig. 2. Charge transfer mechanism and the working

PTFE principle of the tube-based TENG of LP-TENG with the
- -> | Copper liquid column crossing the electrode doublet. (a) Defi-
) Water nition of the tube-based TENG with five divided areas.

(b) Transferred charge. (c) Potential field. (d-e) Typical
experimental transferred charges and open-circuit
voltages (Voc) with the liquid column moving for-
ward and backward by three times. The number rep-
resents the liquid column fully enters the corresponding
area from left to right and then from right to left.

Voltage (V)

4 1 1 1
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to the gas reservoir by using the FEP tube connector. In Fig. 1a, when the
LP-TENG is connected to a pressure source, the liquid column, as a liquid
piston, would move forward or backward into the metal chamber until
there is no pressure differential between the pressure of the pressure
source and that of air inside the air reservoir and the PTFE tube. Hence,
the pressure of a pressure source can be determined according to the
triboelectrification between the liquid column and the inner wall of a
PTFE tube and the electrostatic induction between the PTFE tube and Cu
electrodes. The tilted view photograph of the LP-TENG with the image of
the scanning electron microscope (SEM) of the inner surface of a PTFE
tube is shown in Fig. 1b.

The charge transfer mechanism and the working principle of the FV-
TB-TENG of LP-TENG are illustrated in Fig. 2. The definition of the FV-
TB-TENG components is shown in Fig. 2a. Under a certain pressure
difference, the liquid column would have a specific displacement in the
PTFE tube to enter or leave the electrode-covered region. Fig. 2b shows
the transferred charges of the FV-TB-TENG with the liquid column at
different positions. The whole system is equivalent to a series of two
capacitors. One is from the contribution of an outer electrode, the air,
and water, and the other is attributed to the PTFE dielectric. When the
liquid column is not in the area of Cu electrodes, there is no potential
difference between the two electrodes as no electrostatic induction
happens in the electrode areas, and it has no voltage output. When the
liquid column moves forward to position I, the internal wall of the PTFE
tube is triboelectrically negatively charged due to the relative motion.

To maintain static electricity conservation, the positive charges in
the first electrode would move to the second electrode and generates the
current. When the liquid column continues to move forward to position
II, the charge in the electrodes will be redistributed, and a current
opposite will be generated at this time. If the liquid column continues to
flow forward to position III, the positive charges in the second electrode
will move to the first electrode. Furthermore, when the droplet moves
forward to position IV, the charges in the electrodes will be reset, and the
current that is opposite to that of state III will be generated at this time.
To qualitatively verify the above inference, the potential field of the FV-
TB-TENG was simulated by COMSOL. Fig. 2¢ illustrates the potential
field of the FV-TB-TENG when the liquid column is at a different posi-
tion. The variation of the potential field with different liquid column
movements is analogical to that of the transferred charge. Here, under
open-circuit conditions, the positive charges induced by water will not
move to the other electrode, and the potential of the electrode covering
the liquid column will be significantly higher than that of the other
electrode. Finally, the liquid column displacement sensing can be real-
ized by arranging electrodes on the outer wall of a PTFE tube. Fig. 2d
and e depict typical experimental transferred charges and open-circuit
voltages (Voc) when the liquid column is moving forward and back-
ward by three times. The number represents the liquid column fully
entering the corresponding area from left to right and then from right to
left shown in Fig. 2a.

2.2. Theoretical modeling of LP-TENG

A theoretical model of thermodynamics is constructed to further
explain the mechanism of pressure sensing by LP-TENG. The relation-
ship between the displacement of the liquid column and the pressure of
air is governed by the equation of state for air. Here, the ideal gas
equation of state is employed in the modeling process. According to the
law of conservation of mass, the pressure of the inside air in a gas
reservoir can be represented by, p = poVo/(Vy +xS), where p indicates
the pressure of air when the liquid piston is moving, pg is the pressure of
inside air when the liquid piston is under the initial situation, Vj is the
volume of inside air when the liquid piston is under the initial situation,
x is the displacement of the inside air, and S is the area of the inside area
of the PTFE tube. If p is higher than po, the liquid piston will move
forward to the gas reservoir, and the positive charges from the first
electrode will move to the second electrode. Besides, if p is lower than p,
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the liquid piston will move backward to the metal chamber, and the
positive charges from the second electrode would move to the first
electrode. Finally, the pressure of a pressure source and that of air inside
the air reservoir and the PTFE tube would reach equilibrium.

2.3. Electrical characterization of LP-TENG

The influences of the inner diameter of the tube, D, the electrode
length, W, the distance between electrodes, H, the length of the liquid
column, Lj;q, and the velocity of the liquid column, u, on the electrical
output of the FV-TB-TENG of LP-TENG have been systematically
investigated, as illustrated in Fig. 3. Fig. 3a depicts a stepping motor-
driven experimental system with a PTFE tube connecting to the envi-
ronment for characterizing the output of the FV-TB-TENG. The motor
drives the plunger rod of the syringe to simulate the pressure difference,
and then to drive the movement of the liquid column, and its outputs
under various conditions can be determined. Fig. 3b and Supplementary
Video S1 show the Voc over the time when the liquid column is crossing
the positive electrode and the negative electrode. When the liquid col-
umn is crossing the electrode doublet, the V¢ first increasesup to 1.4 V,
and then decreases sharply to — 1.7 V when it goes to the negative
electrode. The open-circuit voltage and the transferred charge with
different velocities of the liquid column are offered in Fig. 3c. With the u
grows from 4.8 mm-s ! to 240 mm-s_*, the open-circuit voltage differ-
ence between the maximum voltage and the minimum voltage, Voc, p,
increases from around 0.4-2.9 V with a high signal-to-noise ratio. The
Voc, p increases slowly with increasing velocity when the u is larger than
40 mm-s~!, which means the surface charges due to the triboelectric
effect between the liquid column and the PTFE tube reaches a saturation
point. Fig. S2 shows the open-circuit voltage differences with different
liquid columns’ velocities. Fig. 3d depicts the variations in the Voc, p and
the transferred charge Qp with different inner diameters of the PTFE
tube. As can be seen, both the V¢, p and Qp increase significantly as the
inner diameter of tube D varies from 1.5 mm to 3.0 mm. The impact of D
on the output becomes less important when it goes above 3 mm. Fig. 3e
shows the variations in the Voc, p when the electrode length, W, and the
length of the liquid column, Ly;q, both change from 1 mm to 7 mm at the
distance between electrodes, H, of 4 mm. With increasing Lj;q, the Voc, p
would first increase and then decrease, which means the FV-TB-TENG
would reach maximum electrical output when the length of the liquid
column equals that of the electrode. Fig. 3f shows the variations in the
Voc, p when the distance between electrodes, H, and the length of the
liquid column, Ly, both change from 1 mm to 7 mm at the electrode
length, W, of 4 mm. With increasing Lj;q and decreasing H, the Voc, p
would increase. To sum up, it is readily apparent that with the smaller
electrode spacing, the longer electrode length, and the longer liquid
column length, the V¢ of the FV-TB-TENG would be larger. As can be
seen, when the Lj;q increase from 2 mm to 3 mm, the Voc, p will increase
from around 1-2 V with a huge variation, and the D only has a little
influence on the Voc, p. With the comprehensive consideration of the
electrical performances, the resolution of LP-TENG, and the size of the
fabricated devices, the PTFE tube with the inner diameter of 2 mm was
adopted, and the electrode length, W, and the length of the liquid col-
umn, Ly, and the distance between electrodes, H, were all taken as
3 mm.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108419.

2.4. Characteristic signals of FV-TB-TENG based on electrode array
structures

The output performance of FV-TB-TENG with different electrode
array structures is investigated to explore the multi-functions of FV-TB-
TENG. Here we mark the electrodes connected to the positive side of the
electrical meter as “positive”, and the negative side as “negative”. Fig. 4
shows the open-circuit voltages of the FV-TB-TENG with positive-
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Fig. 3. Parameter optimization and electrical performances for the tube-based TENG of LP-TENG with the liquid volume crossing the electrode doublet. (a) A
stepping motor-driven experimental system for determining the output performance of the tube-based TENG. (b) Variations in the Voc with the liquid column
crossing the electrode doublet. (c) The open-circuit voltages and the transferred charges with different velocities of the liquid column. (d) Variations in the open-
circuit voltage difference between the maximum voltage and the minimum voltage (Voc, p) and the transferred charge with different inner diameters of PTFE
tube, D. (e) Variations in the Vo, p when the electrode length, W, and the length of the liquid column, Lj;q, change from 1 mm to 7 mm with the distance between
electrodes, H, of 4 mm. (f) Variations in the Vo, p when the distance between electrodes, H, and the length of the liquid column, Lj;q, change from 1 mm to 7 mm
with the electrode length, W, of 4 mm. With the comprehensive consideration of the electrical performances and the resolution of LP-TENG, the PTFE tube with the
inner diameter of 2 mm was adopted, and the electrode length, W, and the length of the liquid column, Ly, and the distance between electrodes, H, were taken

as 3 mm.

negative + negative-positive (PN+NP), negative-positive + positive-
negative (NP-+PN), positive-negative-positive <+ negative-positive-
negative (PNP+NPN) electrode arrays by a forward movement (FM) or a
backward movement (BM). For these electrode arrays, if the liquid
column goes back to its original position by BM, a similar signal series
would be obtained compared with that of FM. For the PN+NP electrode
array, as shown in Fig. 4a, the maximum V, are 1.65 V and 2.20 V, and
the minimum V. are — 2.07 V and — 2.26 V for FM and BM, respec-
tively. The absolute value of maximum V,. and that of minimum V, are
close. However, for the NP+PN electrode array, as shown in Fig. 4b, the
maximum V. are 2.68 V and 3.43 V, and the minimum V. are — 0.84 V
and — 0.81V for FM and BM, respectively. The absolute value of

maximum V. is much higher than that of minimum V,.. As a combi-
nation of PN+NP and NP-+PN electrode arrays, the PNP+NPN electrode
array, as shown in Fig. 4c, the maximum V. of P3 (1.75 V or 1.58 V) is
much higher than that of P1 or P2 (0.78 V or 0.97 V), and the minimum
Voe of N1 (—=1.07 V or —0.78 V) is much smaller than that of N2 or N3
(—0.29 V or —0.19 V). As can be seen in Fig. 4, if only multiple PN+NP
or NP+PN electrode arrays were used, it is difficult to determine the
direction the liquid column movement. However, with multiple
PNP+NPN electrode arrays, if the liquid column moves by a FM, the
minimum V. comes first and then the maximum V. comes. If the liquid
column moves by a BM, the maximum V,. comes first and then the
minimum V. comes. As can be seen, the V. signal of the FV-TB-TENG
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Fig. 4. Triboelectric performance of the tube-based TENG of LP-TENG with different electrode arrays when the liquid column is in a forward movement (FM) or a
backward movement (BM). (a) The positive-negative + negative-positive (PN+NP) electrode array. (b) negative-positive + positive-negative (NP+PN) electrode
array. (c) The positive-negative-positive + negative-positive-negative (PNP+NPN) electrode array.

using the PNP-+NPN electrode array is very stable and there is no zero-
point shift, which means the PNP+NPN electrode array can be used to
determine the direction and the displacement of the liquid column
movement simultaneously. Fig. S3 depicts the open-circuit voltages of
FV-TB-TENG when the liquid column crosses the PTFE tube with the
positive-negative + positive-negative (PN+PN) electrode array. The

experiments with the PN+PN, PN+NP, NP+PN, and PNP+NPN elec-
trode arrays are demonstrated in Supplementary Video S2. Therefore,
we could design various electrode array structures for detecting multi-
parameters of the fluid status, e.g., flowing direction, pressure, flow-
ing rate, etc. Fig. S4 depicts the typical and ideal voltages of the LP-
TENG with the positive-negative (PN), the negative-positive (NP), the
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positive-negative-positive (PNP), and the negative-positive-negative
(NPN) electrode array.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108419.

3. Applications

Some further demonstrations of its practical applications are illus-
trated in Fig. 5. The pressure sensing characteristics of LP-TENG
employing a PNP+NPN electrode array are presented and analyzed in
Fig. 5a-e. Fig. 5a provides a schematic representation of the testing setup
for the LP-TENG pressure sensing. The center position of the middle
electrode of electrode arrays is determined based on the corresponding
pressure. A stepping motor is adopted to provide the pressure source by
directing the movement of the syringe plunger, and a commercial
manometer is used as a reference detector for comparison. The rela-
tionship between the displacement of the liquid column and the deter-
mined pressure of LP-TENG is shown in Fig. 5b. As a result, the
displacement of the liquid column will rise from 0 mm to 454 mm with a
pressure range from 0 kPa to 30 kPa. Hence, the relationship between
the displacement of the liquid column and measured pressure is
compatible with the ideal gas state equation with a deviation of
+ 0.26 kPa. Software for obtaining and analyzing the characteristic
signals is developed. Fig. 5c illustrates the V¢, square-modulated (SM)
voltage, peak-modulated (PM) voltage, latest peak-modulated (LPM)
voltage, movement direction (MD), and the determined pressure of LP-
TENG when the liquid column is crossing the PNP-+NPN electrode array
with the forward and then backward movement. The algorithm of LP-
TENG for determining the moving direction and the moving displace-
ment of the water column as a pressure sensor is shown in Fig. S5.

The voltage signal is transferred to the square-modulated voltage
using a high threshold voltage of 3.0 V and a low threshold voltage of
— 1.0 V. If the V, is lower than — 1.0 V, the square-modulated voltage
equals — 1 V. If the V. is higher than 3.0 V, the square-modulated
voltage equals 1 V. If the voltage is between — 1.0 V and 3.0 V, the
square-modulated voltage equals O V. As a result, the sign of entering the
negative electrode of the PNP electrode array and that of entering the
positive electrode of the NPN electrode array can be obtained. More-
over, to obtain the position of the liquid column more precisely, the
square-modulated voltage is transferred to the peak-modulated voltage.
If the square-modulated voltage is changed from 0 V to — 1 V, the peak-
modulated voltage equals — 1 V. If the square-modulated voltage is
changed from OV to 1V, the peak-modulated voltage equals 1 V.
Otherwise, the peak-modulated voltage equals O V. Hence, the exact
time of the liquid column crossing the positive electrode of the NPN
electrode array and that of the liquid column crossing the negative
electrode of the PNP electrode array can be obtained. Furthermore, in
order to determine the movement direction of the liquid column, the
peak-modulated voltage is transferred to the latest peak-modulated
voltage. If the peak-modulated voltage changes from OV to 1V or
from 0 V to — 1V, the latest peak-modulated voltage equals the newest
peak-modulated voltage. Otherwise, the latest peak-modulated voltage
with an initial value of 0 V equals its previous value. First, the latest
peak-modulated voltage changes from 0V to — 1 V when the liquid
column crosses the negative electrode of the NPN electrode array by FM.
Then, the latest peak-modulated voltage changes from —1 V to 1V
when the liquid column crosses the positive electrode of the PNP elec-
trode array by FM. Afterward, the latest peak-modulated voltage re-
mains at 1 V when the liquid column crosses the positive electrode of the
PNP electrode array for the second time by BM. Finally, the latest peak-
modulated voltage changes from 1 V to — 1 V when the liquid column
crosses the negative electrode of the NPN electrodes for the second time
by BM. Moreover, the movement direction for the liquid column can be
determined from the latest peak-modulated voltages. If the peak-
modulated voltage changes from OV to 1 V or from O V to — 1 V, and
the peak-modulated voltage equals the latest peak-modulated voltage,
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the movement direction of the liquid column changes. Otherwise, the
movement direction of the liquid column does not change.

Fig. 5d depicts the comparison of the accuracy and the maximum
pressure between LP-TENG with the PN+PN electrode array and several
commercial products and literature results. By using the PN+PN elec-
trode array with all the electrode length, the length of the liquid column,
and the distance between electrodes taken as 3 mm, the length of elec-
trode combined with the space between two electrodes is 6 mm. Because
every positive and negative electrode can provide pressure signal, the
accuracy of LP-TENG can be estimated as 6/454 x 30 kPa = 0.4 kPa.
Hence, the LP-TENG is confirmed to be commercially competitive with a
maximum pressure of 30 kPa. In the previous work from Sang et al. [15],
the detected minimum pressure difference of a tube-based triboelectric
nanogenerator was 0.49 kPa. Fig. S6 depicts physical images of the
testing setup for the LP-TENG pressure sensing. The initial value is
0 kPa, and the pressure difference between the middle electrode of the
PNP electrodes and that of the NPN electrodes is 5kPa. If the
peak-modulated voltage changes from 0 to 1 V or — 1V, the pressure
measured by the LP-TENG equals the last pressure plus the product of
normalized movement direction and 5 kPa. Otherwise, the pressure does
not change. Fig. S4a shows the first time the liquid column has crossed
the negative electrode of NPN electrodes with the pressure increasing
from 0.0 kPa to 5.0 kPa by FM. Fig. S4b displays the first time the liquid
column has crossed the positive electrode of PNP electrodes with the
pressure increasing from 5.0 kPa to 10.0 kPa by FM. Fig. S4c depicts the
second time the liquid column has crossed the positive electrode of PNP
electrodes with the pressure decreasing from 10.0 kPa to 5.0 kPa by BM.
Fig. S4d presents the second time the liquid column has crossed the
negative electrode of NPN electrodes with the pressure decreasing from
5.0 kPa to 0.0 kPa by BM. The experiment is demonstrated in Supple-
mentary Video S3.

Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108419.

Fig. 5e displays the schematic drawing and experimental results of
the FV-TB-TENG of LP-TENG using four NPN electrode arrays for blood
pressure (BP) sensing. The NPN electrode array can be regarded as a
modified NP+PN electrode array, which combines two positive elec-
trodes into a single positive electrode with a smaller size, higher reso-
lution, and remaining amplified positive voltage. Here, the manometer
is replaced by a mercury sphygmomanometer is used as the testing setup
for BP monitoring. The NPN electrodes are respectively placed at the
positions corresponding to the pressures of (120, 130, 140, and 160)
mmHg. In Fig. Se, the positive V, is 1-3 times larger than the negative
Voc. With the threshold voltage of 0.75 V, the V,. can be modulated to
square signals and peak signals like Fig. 5c. By accounting for the
number of the peak signal, the BP can be obtained. With the known
direction of the liquid column, the pressure is increasing when the liquid
column moves forward by adding the number of the peak signal, and the
pressure will be decreasing when the liquid column moves backward by
subtracting the number of the peak signal. Concerning the systolic/
diastolic blood pressure category, the NPN electrodes are respectively
placed at the positions corresponding to the pressures of (80, 110, 120,
130, 140, and 160) mmHg. The experiment is demonstrated in Supple-
mentary Video S4. The photograph of the LP-TENG using six NPN
electrode arrays for BP detecting with a stepping motor or a cuff airbag is
shown in Fig. 5f. Compared with the testing setup in Fig. 5a, the
manometer has been replaced by a mercury sphygmomanometer. The
BP test system here consists of a T-branch pipe, the LP-TENG, a mercury
sphygmomanometer, the electrometer system, and a stepper motor or a
cuff airbag. The stepper motor and the cuff airbag are used to simulate
the BP pressure source by controlling the movement of the syringe
plunger and the air pressure in the airbag, respectively. The T-branch
pipe connects the syringe, the LP-TENG, and the mercury sphygmoma-
nometer which is regarded as a reference detector of BP. The resolution
ratio of LP-TENG for BP monitoring is higher than 10 mmHg, which can
distinguish the BP level from the systolic blood pressure category.


http://doi:10.1016/j.nanoen.2023.108419
http://doi:10.1016/j.nanoen.2023.108419

T. Zhan et al.
a . l;."""""""'.
H isplacement '
1 it T
e e — @
1 1
| OkPa 2kPa 4kPa ‘e 30kPa !
_________________________ 1
Syringe
Linear motor T- Branch
LP-TENG

—
Manometer

Cc
[ [ |
P1 N1 P2 N2 P3 N3 +
| | |
S 4r | upper threshold l 1F
S PP =
g2r <o u
8 07 = o
S ' Lowerthreshold ! “Ar N e .
1F 1
= 0 l n Qgol
3,0 | ] =
_1 i L 1 1 1 1
1| Sl
sol | | 2
g 0 e 5}
3
a4l I | % 0
00 05 10 25 30 35 % 00 05 10 25 30 35
Time (s) Time (s)
e
| |
N1 P1 l\l2"'N4 P4 hl4 +

—> Forward Backward <—

Pressure (m

Time (s)

b
~500+ Idea Gas EOS {08
@ Experimental Data T
r ©
§400 loa §
$ 300+ =
5 100 s
§ 200 + i
2100} 1-04 g
O of 1-0.8
0 5 10 15 20 25 30
Pressure (kPa)
. |
PI1 N1 P2 N2 +
[ )
| |
= 40r
& (electronic) ', (mercurial)
= 301 *
o LP-TENG
=]
@ 201
o
S 10F
% ns 27,
[23] *
= 0oF¢
2 1 L 1 " 1
0.0 0.2 04 06
f Accuracy (kPa)

Nano Energy 111 (2023) 108419

Fig. 5. Pressure sensing characteristics of LP-
TENG using different electrode arrays. (a)
Schematic representation of the testing setup for
pressure sensing. (b) Relationship between the
displacement of the liquid column and the
determined pressure of LP-TENG. (c¢) The Vo,
square-modulated (SM)  voltage, peak-
modulated (PM) voltage, latest peak-
modulated (LPM) voltage, Movement direction
(MD), and the determined pressure of LP-TENG
when the liquid column is crossing the
PNP-+NPN electrode array with the forward and
then backward movement. (d) Comparison of
the accuracy and the maximum pressure be-
tween LP-TENG using the PN+PN electrode
array and several commercial products or liter-
ature results. (e) Schematic drawing and exper-
imental results of LP-TENG using two NPN
electrode arrays for blood pressure (BP) sensing.
(f) Photograph of the LP-TENG using six NPN
electrode arrays for BP detection with a stepping
motor or a cuff airbag. (g) Schematic drawing of
the LP-TENG with different electrode arrays for
determining the pressure leakage, the liquid
level, the flow rate, and the filling pressure.
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Hence, the ability of BP monitoring for the level of systolic blood pres-
sure category by LBP-TENG has been verified. The LP-TENG for BP
monitoring is found to have the advantages of simple structure, easy
expansibility, market competitiveness, low cost, and practical recovery.
Besides, the schematic drawing of the LP-TENG with different electrode
arrays for determining the pressure leakage, the liquid level, flow rate,
and the filling pressure is shown in Fig. 5g. As a pressure sensor, the LP-
TENG has a broad range of applications such as hydrogen production,
civil service, industry, and transportation. For the liquid level alarming,
when the liquid level reaches the warning line, the enhanced positive
voltage detected by the LP-TENG with a NP+PN electrode array will also
reach the alarm value. To detect the flow rate, based on the working
principle of the orifice plate flow meter, the LP-TENG with PNP+NPN
electrode arrays can be used to measure the pressure difference of the
flowing fluid. For the filling pressure detection, the LP-TENG with
NP-+PN electrode arrays is able to measure the pressure of a fuel tank. If
there is a pressure-leakage, the LP-TENG with a PN electrode array will
show positive and then negative voltages, and the negative voltage will
last for a long time to catch and hold people’s attention.
Supplementary material related to this article can be found online at
doi:10.1016/j.nanoen.2023.108419.

4. Conclusions

A LP-TENG with different electrode array structures has been
demonstrated for self-powered fluid pressure sensing. The LP-TENG
simply consists of a PTFE tube, a water droplet as a piston, copper
electrodes, and a 3D printed air reservoir. When the LP-TENG is con-
nected to a pressure source, the water droplet would move forward or
backward to the air reservoir until the pressure of the pressure source
and that of the air inside achieves equilibrium.

With a single channel detector, using the PN+PN electrode array, the
accuracy of LP-TENG can reach around 0.4 kPa with a maximum pres-
sure of 30 kPa. When the PNP+NPN electrode array is employed, the
resolution ratio of the LP-TENG for BP pressure sensing is 10 mmHg,
which is able to distinguish the BP level in the blood pressure category.
Furthermore, with the developed computer software, it can easily
determine the direction and the displacement of movement for the
liquid column for real-time monitoring of the liquid flow status. Not only
applied for liquid flow sensing, the flow sensor is also suitable for use
with gases as well. Besides, the smart LP-TENG used as a pressure sensor
has a broad range of potential applications, such as the one-off medical
apparatus, hydrogen production, civil service, industry, and
transportation.

5. Experimental section
5.1. Materials

The deionized water was purchased from Aladdin, and it was used
without further purification. Transparent PTFE tubes (inner diame-
ter = 2 mm, outer diameter = 2.4 mm) were bought from Oupli Com-
pany, China. Conductive copper tapes with a thickness of 60 um were
purchased from Yucheng Metal Material Company, China. The gas
reservoir is made from titanium alloy by the 3D printer of Huashu
FS271M with a deposition thickness of 0.03 mm.

5.2. Fabrication of device

Firstly, the PTFE tube was ultrasonically cleaned in ethanol for
8 mins, and then it was left in the drying oven at 40 °C for 30 mins.
Secondly, the conductive copper tape was bonded to the outer wall of
the PTFE tube as the external electrode. The volume of the gas reservoir
is 4000 mm® with an inner diameter of 35.6 mm, an outer diameter of
37.6 mm, a height of 4.0 mm, and a thickness of 1.0 mm.
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5.3. Characterization of the TENG

The electrical output performance of the tube-based TENG including
the open-circuit voltage and the transferred charge were measured by an
electrometer (Keithley 6514). A field-emission scanning electron mi-
croscopy (SU 3500) from the Instrument Analysis Center of Xi’an Jiao-
tong University was used to visualize the surface morphology of the
PTFE tube’s inner face. The software platform was constructed based on
the LabView 2019, which is capable of realizing real-time data acqui-
sition control and analysis.
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