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ABSTRACT We report a self-powered, single-electrode-based triboelectric
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sensor (SE-TES) array for detecting object motion inside of a plastic tube. This
innovative, cost-effective, simple-designed SE-TES consists of thin-film-based
ring-shaped Cu electrodes and a polytetrafluoroethylene (PTFE) tube. On the

basis of the coupling effect between triboelectrification and electrostatic

induction, the sensor generates electric output signals in response to
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mechanical motion of an object (such as a ball) passing through the

electrodes. An array of Cu electrodes linearly aligned along the tube enables

2
Time (s)

the detection of location and speed of the moving steel ball inside. The signal-
to-noise ratio of this fabricated device reached 5.3 x 10°. Furthermore, we demonstrated real-time monitoring and mapping of the motion characteristics
of the steel ball inside the tube by using a seven-unit array of electrode channels arranged along the tube. Triggered by the output current signal, LED bulbs
were utilized as real-time indicators of the position of a rolling ball. In addition, the SE-TES also shows the capability of detecting blockage in a water pipe.
This work demonstrates potentially widespread applications of the triboelectric sensor in a self-powered tracking system, blockage detection, flow control,
and logistics monitoring.
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eveloping a tracking and locating
D system is important for applications

in transportation, logistics control,
and flow monitoring.'™* Determining the
location of an object by electronic means
rather than direct video imaging is a funda-
mental demand in mobile computing and
the Internet of Things.> ® The importance
and promise of location-aware applications
have led to the design and implementation
of systems for optimizing detection modes,
especially computational capabilities and
sensing range.” Over the years, major re-
search efforts have been based on detec-
tion mechanisms including optical, thermal,
and magnetic.'®~'? Nevertheless, a com-
mon limitation is that most of these sensors
require an external power source,'>'* which
poses challenges to longevity and mobility
of the sensor. Recently, a class of self-
powered sensors based on triboelectric na-
nogenerators (TENGs) was introduced.’® 22
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By harvesting the mechanical energy from
its working environment, the TENG-based
sensors are able to work independently
without an external power source. On the
basis of a coupling effect between triboe-
lectrification and electrostatic induction, they
have been utilized for detecting catechin,
mercury ions, change of a magnetic field,
and spatial displacement?*~?” However, few
works have been done using the TENG for a
self-powered real-time tracking system.

In this paper, we present a self-powered,
single-electrode-based triboelectric sensor
(SE-TES) that is based on rolling electrifica-
tion and electrostatic induction. When a
triboelectrically charged steel ball rolls
along a polytetrafluoroethylene (PTFE) tube
wrapped with ring-shaped Cu electrodes, it
induces alternating flows of electrons be-
tween the Cu electrodes and the ground.
The single-electrode-based structure re-
quires no electric contact with the sensed
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Figure 1. Single-electrode-based triboelectric sensor (SE-TES). (a) Schematic diagram of the fabricated SE-TES. Inset: Photo of
the real device, sketch, and SEM image of the PTFE surface with etched nanowire structure at a tilted view of 30°. (b) Working
mechanism of SE-TES. (c) Schematic of the model for simulation. (d) Finite-element simulation of the potential distribution in
the SE-TES under different positions of the steel ball inside the tube. (e) Calculated electrical potential on the Cu electrode as a
function of the position of the steel ball. (f) Calculated charge quantity on the Cu electrode as a function of the position of the

steel ball.

object and allows outer Cu electrodes to cover any
part of the PTFE tube, which considerably simplifies
the structure and fabrication process. The working
principle of the SE-TES was systematically investi-
gated by experimental results and finite-element
simulations. When the steel ball rolls across a Cu
electrode, peak values of the open-circuit voltage
and short-circuit current measured between the
electrode and the ground reach 60 V and 0.4 uA,
respectively. The moving speed of the steel ball can
be obtained by an array of linear Cu electrodes
along the PTFE tube. Furthermore, we demon-
strated an application of the SE-TES by using seven
electrode channels as a self-powered tracking sys-
tem in real-time monitoring and mapping of the
location of a rolling ball. The motion characteristics
of the object, such as location and speed, can be
obtained by analysis on the time-dependent elec-
tronic data. In addition, LED bulbs were utilized as
direct tracking indicators for immediately showing
the position of the object. Moreover, the SE-TES was
able to identify the position of blockage in a tube
filled with water. Therefore, this work explicitly
presents the practicability of the SE-TES for poten-
tial applications in tracking systems, blockage de-
tection, transportation monitoring, and health
care.
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RESULTS AND DISCUSSION

A fabricated SE-TES is composed of a PTFE tube and
Cu electrodes, as displayed in Figure 1a. The thin-film-
based Cu electrodes are wrapped around the PTFE
tube to form a linear array, as shown in the inset of
Figure 1a. Here, PTFE and steel were selected as the
contact materials for generating triboelectric charges
due to their large difference in electron affinity.?® As
the triboelectrically charged steel ball rolls along the
PTFE tube, electrons are induced to flow between the
electrodes and the ground, resulting in a measurable
alternating current. According to the scanning electron
microscopy (SEM) image in Figure 1a, polymer nano-
wires are uniformly distributed on the inner surface of
the PTFE tube, which have an average length of 310 nm
and diameters ranging from 80 to 140 nm. The dry-
etched nanowires on the PTFE surface increase the
effective contacting area with the steel ball, enhancing
the triboelectric charge density in the friction process.
Figure 1b illustrates the working principle of the SE-
TES. At the original position depicted in Figure 1b-I, due
to the large difference in triboelectric polarity, PTFE
attracts electrons from the steel ball, leaving net
negative charges on the PTFE surface and an equal
amount of positive charges on the steel ball. The
generated negative triboelectric charges distribute
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Figure 2. Electrical measurement results of SE-TES with one electrode. (a) Short-circuit current and (b) enlarged view of a cycle
highlighted in (a). (c) Open-circuit voltage. (d) Rectified current by a full-wave diode bridge. (e) Accumulative induced charges
on S-TES enabled by a diode bridge. Note: The Cu electrodes were connected with positive probe of an electrometer, leaving

the negative probe grounded.

evenly on the PTFE tube and remain for an extended
period of time owing to the insulating property of
the polymer material.>® These negative triboelectric
charges on the PTFE tube induce positive charges on
the Cu electrode from the ground as induced charges.
Once the steel ball approaches the Cu electrode, the
positive triboelectric charges on the steel ball will drive
electrons to flow from the ground to the Cu electrode,
for screening the electric field from the charged ball,
as shown in Figure 1b-ILWhen the ball is aligned with
the electrode, the negative charges reach the max-
imum quantity on the Cu electrode, as sketched in
Figure 1b-lll. As the steel ball starts to move away from
the Cu electrode, the induced electrons will flow back
to the ground, leaving fewer negative charges on the
Cu electrode, as shown in Figure 1b-IV. Finally the
device will return to its original state in Figure 1b-l as
the ball is far from the electrode. Consequently, as the
ball passes through, an alternating flow of electrons
occurs between the electrode and the ground, which is
the electric signal for indicating the approaching and
leaving of the ball to/from the electrode.

To attain a more quantitative understanding of the
proposed signal-generating process of the SE-TES, the
electric potential distribution and charge transfer pro-
cess for the device are investigated through numerical
calculation using COMSOL. Figure 1c illustrates the
proposed model for simulation. Figure 1d exhibits
the simulation results of the electric potential distribu-
tion in the SE-TES when the ball is at five different
distances away from the electrode. When the elec-
trodes are fully aligned, the electric potential on the
PTFE tube reaches a maximum. The electric potential is
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found to decrease dramatically as the distance be-
tween the steel ball and the electrode gets larger
(Supporting Information, Figure S1). The calculated
electric potential as a function of the distance is plotted
in Figure 1e, in which the electric potential increases
and then decreases with a peak value at the aligned
position. Figure 1f shows the calculated charge quan-
tity on the Cu electrode at different distances, which
is in accordance with the aforementioned working
process in Figure 1b.

To characterize the performance of the SE-TES in
sensing moving objects, the electric output from one
electrode as the steal ball rolls back and forth was
systematically measured. Shown in Figure 2a, the
short-circuit current exhibits peaks in alternating direc-
tions. An enlarged view in Figure 2b displays an entire
cycle of the current and corresponding positions of the
moving ball. Moving toward the Cu electrode produces
a negative current peak, while departing causes a
positive one, as illustrated by insets in Figure 2b. The
interval between negative peak and positive peak
corresponds to a status where the ball is rolling at
the electrode-covered part of the tube, which brings
about measurement error in location. The discrepancy
between the diameter of the steel balls and the width
of electrodes directly affects the interval and thus
contributes to the accuracy of the position measure-
ment. In order to obtain a fine accuracy, consistence
between electrode width and ball diameter is highly
demanded. The open-circuit voltage, as shown in
Figure 2¢, switches between zero and the maximum
value of 60 V as the ball repeatedly passes through the
electrode. The experimental results are fully consistent
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Figure 3. Electrical measurement results of SE-TES with multiple grating electrodes. (a) Output current and corresponding
measured speed of SE-TES with three grating electrodes. Inset: Schematic of the SE-TES structure. (b) Output current and
corresponding measured speed of SE-TES with four grating electrodes. Inset: Schematic of the SE-TES structure. (c) Output
current and corresponding measured speed of SE-TES with five grating electrodes. Inset: Schematic of the SE-TES structure.

with the above theoretical analysis and numerical
simulations. Enabled by a full-wave diode bridge, the
ac electric output can be rectified to a pulsed direct
current, as displayed in Figure 2d. With the diode
bridge, the total accumulative induced charges, inde-
pendent of moving direction, can be added up. Ac-
cording to Figure 2e, every step represents passing of
the ball one time, generating average induced charges
of 23.5 nC. To investigate the dependence of the
electric output on the size of steel balls, the output
performance of steel balls with diverse diameters was
measured for the tracking sensor. As displayed in
Figure S2, at a constant moving velocity of steel balls,
the electric output shows a linear relationship with the
diameter of steel balls. The amount of transferred
charges (AQ) is proportional to the diameter of the
steel ball. On the basis of this linear relationship, the
electric output for other size steel balls can be assumed

SU ET AL.

preliminarily, leading to the prediction of detection
limit.

If an array of Cu electrodes is applied along the PTFE
tube with a certain interval in between, they can
provide statistical information about the motion char-
acteristics of a moving object. Cu electrodes with width
of 2 cm for each are evenly distributed along the PTFE
tube with a uniform interval and are connected in
parallel to a positive probe of an electrometer. With the
PTFE tube having a tilt angle of 15° to the horizontal
plane (Supporting Information, Figure S3), the mea-
sured currents from devices having different numbers
of electrodes are shown in Figure 3a—c, which corre-
spond to reducing intervals of 8, 4.7, and 3 cm, respec-
tively. The total counts of ac peaks are in accordance
with the number of electrodes on the PTFE tube
(Supporting Information, Figure S4). Analysis on
Figure 3 provides twofold information. First, the
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Figure 4. Output current of SE-TES with five electrodes at tilt angles of (a) 5°, (b) 15°, (c) 30°, (d) 45°, and (e) 60°. (f) Plots of
speed of a steel ball as a function of distance under different tilt angles.

position of the ball can be identified because it has a
one-to-one correspondence with the current signal, as
discussed above. Second, by determining the time
interval between two adjacent negative peaks, we
can obtain the average moving velocity of the ball
between two electrodes:

Va = 7 (1

where V, is the average speed, S is the spacing
between the two electrodes, and t is the time interval
between two adjacent negative peaks. As the average
speed is regarded as the instantaneous speed at the
middle of the spacing, a plot of speed as a function of
moving distance is expressed in Figure 3. Second, it is
noteworthy that denser electrodes not only provide
more positional information but also make the calcu-
lated average speed more closely approximated to the
instantaneous speed. The amplitude of the output
peaks gradually increases as the ball rolls through the

SU ET AL.

tube. This is because the ball experiences an acceler-
ated motion, which shortens the time of charge trans-
fer and thus enhances the current.

To investigate the sensitivity and reliability of the
SE-TES, we measured the current of the SE-TES at
different tilting angles of the tube, as exhibited in
Figure 4 (Supporting Information, Figure S5). With
rising tilting angles, the steel ball rolls at higher accel-
erations, resulting in a monotonic growing trend of the
current amplitude, as illustrated in Figure S4. As shown
in Figure 4f, the measured average speed of the ball
rises with an increasing slope when the tube is tilted at
a higher angle, which reaches 0.91 and 1.43 m/s for
the same traveling distance at different tilt angles of
15° and 60°, respectively.

To demonstrate potential applications of the SE-TES
for a self-powered tracking system, we fabricated
seven Cu electrodes along the PTFE tube of 150 cm
in length for detecting and mapping the location of
a moving object in real time (Figure 5a). The circuit
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Figure 5. Self-powered SE-TES-based tracking system. (a) Optical image of the fabricated SE-TES tracking system. (b) Circuit
diagram of the tracking system. Measured output current and real-time location mapping when the steel ball arrives at the (c)
first, (d) third, and (e) fifth electrode. (f) Detection of the steel ball rolling in an unblocked water pipe. (g) Detection of a steel
ball rolling in a blocked water pipe, where the blockage is located between the second and third electrode.

diagram of the system is shown in Figure 5b, in which
an external load of 10 MQ is connected between each
electrode and the ground. The output currents from
the seven channels were recorded and immediately
displayed by indicators on a monitor. After being
released at the higher end of the tube, the steel ball
rolled inside the tube to its lower end and passed
through the electrodes in sequence. When the steel
ball arrived at the first electrode, a corresponding
alternating current peak of 0.1 uA in amplitude
was measured, as displayed in Figure 5c. The signal
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triggered the first locating light and progress bar,
indicating that the ball had just passed the first elec-
trode. Figure 5d and ¢ show the current signals and the
digital mapping results when the ball passes the third
and the seventh electrodes, respectively (Supporting
Information, Figure S6). Therefore, the positional
information of the rolling ball can be immediately
exhibited and directly perceived (see Supporting
Information, Movie 1) without visual inspection of the
ball. The tracking system can be further simplified by
using LED bulbs as sensing indicators. With each
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electrode individually connected to an LED bulb, the
positional information of the ball can be directly
visualized by LEDs that light up as the ball passes by
(see Supporting Information, Movie 2).

To demonstrate the capability of the SE-TES of
detecting object motion in a pipe partially filled with
water, a PTFE tube having four electrodes was infused
with tap water at a constant flow rate of 42 mL/s
(Supporting Information, Figure S7). The water level
was about 1.2 cm, which almost occupied one-third of
the water pipe. The flow of tap water results in back-
ground noise in the electric measurement because of
electrification between PTFE and the water molecules.
The noise level is proportional to the flow rate, as
shown in Figure S7. In addition, the influence of
moisture ambient on the electric output of the
SE-TES was also tested. As depicted in Figure S8, the
output current decays slightly with increasing humid-
ity. At a humidity ranging from 33% to 100% RH, the
decrease of output current is less than 1 order of
magnitude. This proves that the SE-TES is capable of
working efficiently in a moist environment. When the
steel ball rolled through an unblocked tube, as shown
in Figure 5f, all positional indicators on the monitor
were triggered, indicating that the pipe was clear,
without blockage. However, if the tube was clogged
in a location, the rolling ball was obstructed at
the blockage site and triggered only some of the
indicators (see Supporting Information, Movie 3). Such

EXPERIMENTAL SECTION

Nanowire-Based Surface Modification of PTFE Film. Nanowires on
the surface of PTFE were formed by using inductively coupled
plasma (ICP) reactive ion etching. The PTFE film with a thickness
of 50 um was cleaned with isopropyl alcohol and deionized
water, then blown dry with nitrogen gas. In the etching process,
Au particles were deposited by using dc sputtering on the PTFE
surface as a mask. Subsequently, a mixed gas including Ar, O,,
and CF, was introduced in the ICP chamber, with a correspond-
ing flow rate of 15.0, 10.0, and 30.0 sccm, respectively. The PTFE
film was etched for 15 s to obtain a nanowire structure on the
surface. One power source of 400 W was used to yield a large
density of plasma, while another 100 W was used to accelerate
the plasma ions.

Fabrication of a SE-TES. The SE-TES consists of a PTFE tube and
thin-film-based Cu electrodes. The tube and steel balls was
purchased from McMaster. The inside and outside diameter of
the tube is 2.54 and 2.78 cm, respectively. The diameter of the
steel ballis 2.2 cm. The tube was cut along its axis into two parts
and then the etched PTFE film was wrapped on the inner wall of
the tube to form the PTFE tube. The Cu layer was deposited on
the Kapton film as the Cu electrode by physical vapor deposi-
tion . The Cu coils were wound around the PTFE tube with a
fixed interval to form grating electrodes.

Characterization and Electrical Measurement of the SE-TES. The
morphology and nanostructure of the etched PTFE film
were characterized by a Hitachi SU8010 field emission scan-
ning electron microscope operated at 5 kV. The output per-
formance of the TENG was measured using a Stanford
Research Systems apparatus. SR560 and SR570 low-noise
current amplifiers were used to record voltage and current,
respectively.

SU ET AL.

information can be used to quickly determine where a
blockage occurs without thoroughly inspecting the
entire the tube.

CONCLUSIONS

In summary, we demonstrated a novel designed
self-powered SE-TES based on rolling electrification
between a PTFE tube and a steel ball. The rolling of
steel ball along a PTFE tube leads to charge transfer
between the Cu electrode and the ground, generating
ac current peaks. By converting the mechanical motion
into electrical output signal, the SE-TES delivers an
open-circuit voltage of 60 V and a short-circuit current
of 0.4 uA on each electrode. A linear array of Cu elec-
trodes aligned along the tubing enables detection of
location and speed of the steel ball inside. Increasing
the number of electrodes gives more accurate and
detailed information of object motion. On the basis of
real-time recorded output current signals from the
seven electrode channels, the position of the object
can be displayed immediately as a mapping figure on
the screen. By connecting them with electrodes, LEDs
were utilized as real-time visible signs to indicate the
passage of an object inside the tube. Furthermore, the
SE-TES exhibits the capability of detecting blockage in
a water pipe. This work pushes forward a significant
step toward the application of triboelectric sensors in a
self-powered tracking system, flow monitoring, and
pipeline blockage detection.

Simulation Model for the SE-TES. The proposed model is based
on a steel ball with a diameter of 2.2 cm and a 2 cm wide Cu
electrode wrapped on a PTFE tube (inside diameter of 2.54 cm)
with the same dimension (10 cm X 2.78 cm x 2.78 cm), as
sketched in Figure 1c. The quantity of the triboelectric charges
on the surfaces of the steel ball and PTFE tube is assumed to be
+27.2 nC. The Cu electrode was connected to the ground.
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