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Triboelectric nano- We report self-powered velocity and trajectory tracking sensor (VTTS) array for detecting
generator (TENG); object motion, velocity, acceleration and trajectory based on single-electrode triboelectric
Self-powered; nanogenerator. The VTTS was fabricated by a cost-effective and simple-designed grid, which

Trajectory tracking obtained the electric signals by the charge transition between the electrodes and the ground

;?:éf)sr-; according to the electrostatic induction of objects. A self-powered VTTS arrays (9 x 9 pixels)
Resoll;tion with low-node mode was prepared and realized the real-time tracking of position, velocity,

acceleration and trajectory for a moving object by visual observation. Using the simply
electrode weave technique, a high-resolution VTTS with 41 x 41 pixels on an active size of
1 x 1 cm? was obtained and it only needs the 41+41=82 output ports. The device can detect a
tiny displacement and trajectory for the high resolution of 250 pm. This work may provide a
innovate design for preparing VTTS with ultrahigh pixels and low-cost.

© 2014 Elsevier Ltd. All rights reserved.

Introduction

A fast development of mobile electronics desperately needs
the development of miniaturized power sources [1-3]. Even
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operation of mobile electronics [4-6]. The device with self-
powered system provides an independent, sustainable,
maintenance-free operation and has a promising application
in wireless sensor network [7,8], such as enzyme-based
biosensors [9], condition monitoring system [10], or robot
system [11]. Displacement tracking sensor is frequently used
in today's smart phone and human tracking systems. How-
ever, a general design for this type of sensors is based on
capacitive [12], optical [13,14], or magnetic [15], effects; a
common characteristic of all these sensors is that they do
need an external power source.

Recently, nanogenerators (NGs) [16-19] relying on the
piezoelectric and triboelectric effects have been developed
that convert mechanical energy in our living environment
into electricity for powering gas sensor [20], liquid sensor
[21], temperature sensor [22], skin sensor [23], speed
sensor [24], and so on. The triboelecric nanogenerators
(TENGs) offer not only a practical solution for self-powered
devices [25,26], but also active sensors. For example, the
detection of object motion inside of an one-dimensional (1-D)
tube and in limited directions of a plane had been successfully
realized based on single-electrode TENG [27,28]. ATENG array
(7 x 7 cm?) with the 8 x 7 pixels showed a real-time tracking
of the movement location [29].

In this work, a 2-D velocity and trajectory tracking sensor
(VTTS) was fabricated by an ingenious electrode design
based on an array of single-electrode TENGs [28,30]. The
constructed active matrix of VTTS, combined with light-
emitting diodes (LEDs), can achieve a self-powered, real-
time position and trajectory tracking in 2-D plane. A device
(1 x 1 cm?) with pixels of 41 x 41 pixels was prepared and
demonstrated exhibited high sensitivity. This work may
provide a novel design for preparing self-powered VTTS
with ultrahigh resolution.
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Design and analysis

Theoretical analysis and working mechanism

When an object moves on a 2-D plane, it can be regarded as
a plane rectangular coordinate system and whatever it
locates in, as characterized by corresponding coordinates,
(x, y). Conversely, provided that we had detected the
coordinates of the object in real time, its velocity and
trajectory was able to be obtained by X-Y data at the
corresponding time. By further simplification, firstly the
calculation of position and speed in 1-D direction were
analyzed by the current signals at different x coordinates.
Based on the single-electrode TENG, the working principle
of the 1-D VTTS for location tracking is shown in Figure 1.
The metal (Al) strips were fixed in parallel and each of the
strips serves as an electrode of the single-electrode TENG
and was connected to the output port. The width of PTFE
(object), metal electrode and the spacing between the two
electrodes are w, [ and d, respectively. Each of the
electrodes corresponds to the fixed location x;, Xz, X3, ....
In the original position, the negative charges will be distri-
buted on the surface of PTFE as a result of triboelectrification
after a contact with Al. When the PTFE slides outward and
approaches the electrode, the positive charges will flow from
ground to the electrode and produced a negative current pulse
(Figure 1(a)). Subsequently, it slides away from another edge
of the electrode and a positive current peak will be generated.
Therefore, the current signals indicate the location (x), from
which we can know when and where the object moves to in
1-D direction, this is because that the object is electrostatically
charged due to triboelectrification. Figure 1(b) displays the
measured current change at different time when PTFE moves
through different location (here, w=[(=10 mm, d=20 mm).
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(a) and (d) are schematic diagrams of electricity-generation process in the 1-D direction for different types of electrode

arrangements: individually grounded, and commonly grounded. (b) and (c) are the relationship among the movement, time and
measured current signal of the sliders with different sizes in comparison to the width of the electrode, and the expected output

signal shape.
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For w=(, we assumed that the PTFE slides from x; to x, at the the location x4 is

moment of t; and t,. When the slider (PTFE) is just contacting

and off the electrode, the corresponding locations and times vy = X=X | 1)

are xq1, X1 and ty1, ty2. So the slider's speed v; when passing
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(a) Schematic shows the sliders with different sizes moving across 1-D electrode arrays. (b), (c) and (d) are the location

change versus time for different sizes of sliders according to the measured data. The inset of (b)(1) and (d) are one of the measured

current-time relations corresponding to red curves.
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similarly, the v, after sliding across x; is

_xp—xn |
tp—t Aty

V2

@)

The average velocity v and acceleration a when the
object moves from x; to x, are

Xp—X1 _ Xp1—X11 _ Xp—Xip _ [+d

V= = = = — 3
t—ty t21 —ty {2 — 1t At )

V2 —V1
Ay —x = t,—t (4)

If wis unequal to [, there will be an interval between the
two inverse current peaks when PTFE passed by the
electrode (Figure 1(c)). Here, the formulas of vy, v,, Vv
and a are also applicable.

When the arrays of metal strips are connected linearly, it
becomes a general single-electrode-based TENG and forms a
joint output port (Figure 1(d)). If w={(, it will generate
alternant current peaks as long as the PTFE sliding along the
surface of electrodes one after another. Likewise, there has
an interval between the two inverse current peaks when
w # [. Therefore the current signals are similar to the curves
shown in Figure 1(b) and (c). Both of the two structures
(Figure 1(a) and (d)) are critical for designing and preparing
the two-dimensional (2-D) VTTS.

1-D VTTS

The 1-D structure of VTTS with different situations is
schematically illustrated in Figure 2(a). All of the electrode
strips have the same size ((=10mm) and are arranged
uniformly with equal spacing. Every electrode corresponds
to an output port and a location coordinate, x4, X, X3, and
so on. Eight different widths of objects (PTFE) were
analyzed when it slides across the electrode strips. The
measured location changes at different time when the slider
moves are shown in Figure 2(b). The red curves drawn by
the measured data in the graph represent the current pulse
or peak signal and also shows its direction, as well as the
time of duration. The sliding was assumed to be uniform
motion. For w<!( (for example, w=8 mm), a negative
current peak appears when PTFE approaches the first
electrode x;. Then, the current pulse signal disappears
when the slider is in the middle of the electrode and it
generates a positive current pulse a moment later (At;)
from x; for sliding outward. This condition was depicted by
red curves with reversed peak direction in Figure 2(b)
(1) and it represent the same shape at the corresponding
time. The inset of Figure 2(b)(1) is the measured current-
time curve when the slider moves through a strip. After
that, the current signal will disappear again for the time of
At, and then the repetitive signals will be generated from
the subsequent electrode. The speed during the PTFE sliding
through the electrode x; is:
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If w=d, the relationship between time and position can be
more easily recognized (Figure 2(b)(2)). All of the current
pulses are continuously in the time axis (At;=At,=0). On the
contrary, we concluded that the sliders have the same width
with the electrode & spacing according to such graphs without
calculation. If d<w<2d, the At,;>0 but At,<0 (Figure 2(b)
(3)). Egs. (5) and (6) are also suitable for this condition. For
other conditions, such as (4) w=2d, (5) 2d<w<3d, (6) w=3d,
(7) 3d<w<4d, (8) w=4d, even w=12d are depicted in
Figure 2(b)(4), Figure 2(c) and (d), respectively. The above-
mentioned formulas are suitable for all situations. If w=2nd (n
is an integer), the width of w could be clearly revealed by t-x
relationships: w=2(x;—x) (Figure 2(d)).

However, usually the slider has a non-uniform motion.
The average velocity and acceleration can still be calcu-
lated by Egs. (1)-(4). The instantaneous velocity is approxi-
mated to be the average velocity during the sliding across
one electrode. Hereby, the sensor with arrayed electrodes
and corresponding output ports will record the object's
speed (including average velocity, instantaneous velocity
and acceleration) and location in 1-D direction.

2-D VTTS

Based on the design of 1-D VTTS, the 2-D structure of the
sensor was constructed, as schematically illustrated in
Figure 3. Firstly, the n numbers of metal strips were fixed
equidistantly as x column and it corresponds to n numbers of
output ports, X;, X, ...X,. Another m rows of electrodes then
were vertically arranged as the output ports of y. Since the
outputs from each cross-point should be independent, the
intersection of electrodes x and y must be electrically
insulated but other sections of electrodes should be in the
same plane for intimately contact with the slider. Therefore,
two types of structural design were introduced: low-node 2-D
structure (Figure 3(a) and (b)) and crossed-node 2-D structure
(Figure 3(c) and (d)). When the target object slides from A to D
at an angle of @, its movement can be resolved to the two
vectors: x and y. Based on the analysis in Section 2.2, the final
average velocity v, instantaneous velocity v and acceleration
a could be obtained by resultant vector:

V=\/Vi-V 7)
V=\/Vi-V} ®)
a=,/at-a; 9

moreover, the moving direction is

Vy ay
0= arctgv—X = arctga—x (10)
if the object moves along x or y direction (A—C or A—D), the
current signals from x and y output ports can be acquired
based on the principle from Figure 1(a) and (c), respectively.
Such 2-D grid design forms an active matrix sensor with high
pixel resolution.
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Figure 3 Schematic drawing of 2-D VTTS. (a) Top-view of 2-D structure sensor with low node; (b) the 3-D structure of sensor with
low node; the inset is the 3-D structure of a node. There is an insulation layer between the top and bottom Al stripes so that they are
not in direct contact. (c) Top-view of 2-D structure sensor with crossed node; and (d) the 3-D structure of sensor with crossed node.

Result and discussion

Self-powered and real-time VTTS

To demonstrate practical applications, a 9 x 9-pixel VTTS
array low node was fabricated and schematically shown in
Figure 4(a). Nine Al strips with a width of 6 mm were
paralleled attached on acrylic glass (20 cm x 20 cm) as the
different x output ports and an external load of 10 MQ is
connected between each electrode and the ground. The
spacing (d) between the two electrodes is 14 mm. Similarly,
another 9 rows of Al strips (20 cm x 0.6 cm) were vertically
fixed on the substrate as y output ports. The nodes of
electrode were below the surface and electrically insulated
with each other (Supporting information, Figure “Appendix
A”). Optical graph of the device is shown in Figure 4(b).
A layer of PTFE film (13 mm x 13 mm) was treated by
plasma surface treatment to form nanoscale structures for
improving the surface areas and attached on the surface of
target object (Figure 4(c)). When the object slides across
one of electrodes, the open-circuit voltage, as shown in
Figure 4(d), reaches the value of 70V and the maximum
short-current peak is beyond 6 pA (Figure 4(f)). So a row of
LEDs are easily lighted up (Figure 4(e)), which affords a
real-time vision image to tracking the movement of the
object (Supporting information, video). In addition, the
average velocity is calculated to be 2.8 cm/s using Eq.
(5). When the object moves along a 2-D trajectory (Figure 4
(a)), such as sliding from A to B (“S” curve), the trajectory
data are recorded by current signal from each output ports.

Figure 4(g) and (h) demonstrates the position change versus
time, and any instantaneous velocity and acceleration could
be calculated by the two curves. For example, the velocity,
acceleration and angle at the position B are 22.5cm/s,
0.2 cm/s?, and 137°, respectively. Finally, moving trajectory
in 2-D direction is displayed in the curves of x-y coordinates.
Thus, a distinct “S” trajectory is shown in Figure 4(i). For
achieving a direct observation, the fabricated VTTS can be
used as a power source to light up commercial LEDs for
real-time trajectory of movement and the intersection of
the two rows of LEDs is the location. The photograph in
Figure 4(j) clearly reveals the moving curve by tracking the
intersection of lighted LEDs. Therefore, the VTTS, as a self-
power sensor, can effectively track the movement.

Supplementary material related to this article can be
found online at http://dx.doi.org/10.1016/j.nanoen.2014.
07.025.

VTTS with fine pixels

To obtain the VTTS with high resolution but low cost, the
2-D structure with low node is difficult to be prepared
except expensive micromachining. This problem can be
solved by another design of VTTS with crossed node, which
was mentioned in Section 2.3. The device was fabricated by
simple weave technique using finer and insulated metal
wires (Supporting information, Figure “Appendix A”).
A basic design-knitting structure VTTS is sketched in
Figure 5(a). Here, 41 x output ports and 41 y output ports
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Figure 4 (a) Schematic diagram of 2-D VTTS with low node. The trajectory of the object is from A to B. (b) Optical image of the

fabricated sensor. (c) SEM image of PTFE surface. (d) Open-circuit voltage of single output port. (e) Photograph of the LEDs array.
(f) The current pulse signal from x output ports versus time. (g) The current pulse signal from y output ports versus time. (h) The
current pulse signal from both x and y. (i) Output current of single output port. (j) A real-time location tracking photograph using
LED bulbs as sensing indicators. The cross point of from x direction and y direction is the real-time position of object.
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(a) Schematic diagrams of 2-D VTTS with crossed node and the trajectory of object. (b) Photo graph of VTTS with 41 x 41

pixels in size of 1 cm x 1 cm. (c) Output current of single output port. (d) The measured 3-D trajectory curves for the object.

were vertically interweaved forming a 41 x 41=1681 pixels
on the grid structure (1 cm x 1 cm). The distance between
the electrodes is 250 pm so the resolution of movement is
250 pm (inset of Figure 5(b)). An object (PTFE, with
nanoscale on surface) with a diameter of ~1.3 mm (effec-
tive value) was introduced to slide along “G” curve on the
surface of VTTS. The optical graph of the device is shown in
Figure 5(b) and the inset is the high magnification graph.
When the object slides across one of the electrode with the
speed of 0.4 m/s, the peak of short-current reaches ~5 nA
and the SNR (Signal to Noise Ratio) is about 50, which is
sufficient enough for a sensor.

A 3-D experimental curve recording the motion trajectory
of target object is shown in Figure 5(d), in which all of the
data were tested only by 82 output ports. The x-t and y-t
curves reveal the 2-D displacement component changing
with time while the x-y curves afford the real-time trajec-
tory of moving object. In the same way, the average
velocity, instantaneous velocity and acceleration at any
stage could be calculated. Besides, the approximate dimen-
sions of the object is about 1.3 mm, which can also be

clearly found according to the width of trajectory line
displaying in x-y coordinates form Figure 5(d) and it is
consistent with the experimental data.

Conclusion

In summary, we demonstrate a simple and novel self-powered
VTTS based on single-electrode triboelectrode nanogenera-
tors. The generation of electric signals from every channel is
based on the charge transfer between the metal strips or wires
and the ground when an electrostatically charged object slides
on the local surface of the device. Using the low-node
designing, an active matrix VTTS with the 9 x 9 pixels was
prepared to realize the real-time tracking of position, velocity,
acceleration and trajectory by visual observation. Another
high-resolution VTTS with 41 x 41 pixels and active size of
1 x 1.cm? was realized by simply electrode weave technique
and obtained a clear position, velocity and trajectory data.
This work may open up a brand-new approach to design and
prepared VTTS with ultrahigh pixels and low-cost.
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Experimental section
Surface modification of PTFE and Al

A layer of 30 pm PTFE thin film was cleaned with isopropyl
alcohol and deionized water. Subsequently, plasma surface
treatment equipment was used to prepare the nanoscale
morphology on the surface of PTFE. In the etching process,
the flow of O, and Ar are 10 and 12 sccm, respectively.
A power source of 550 W was applied to generate a large
density of plasma. For the VTTS with low node, the Al foil
with the thickness of 100 um was also cleaned with isopropyl
alcohol and deionized water, and then was etched by
sodium hydroxide solution (0.5 mol/L) in ultrasonic for
30 s for dissolving the oxide layer.

Fabrication of VTTS

For the VTTS with low node, a square-hole array
(6.5 x 6.5 mm?) was firstly processed on acrylic glass (the
thickness of 4 mm) and the distance between holes was
2 cm. Then 9 columns and 9 rows Al strips were pasted on
acrylic glass perpendicularly but also electrically insulated
to each other. Here, there is an insulation layer between the
top and bottom Al stripes so that they are not in direct
contact. Every node is just in the square hole and below the
level of strips. For VTTS with crossed node, the metal strips
were replaced by finer metal wires with insulating varnish
on its surface. Next, a 2-D metal grid was fabricated by
simple weave technique. At last, the surface of grid was
polished for wiping off the insulating varnish. The width of
single electrode and the distance between electrodes are
~80pum and ~250 um, respectively. The matched load
measured from the TENG based on single metal strip and
PTFE was about 10 MQ. So every output port was connected
by an external load of 10 MQ between each electrode and
ground.

The fabrication of LED arrays is as follows. First, ten LEDs
were tandem as a group forming a row or a column and
connected to a strip. Then nine rows and nine columns of
LEDs form 9 x 9 arrays. All the rows and columns have a
common electrode connected to the ground.

Characterization and electrical measurement

The surface morphology of PTFE and Al film were characterized
by scanning electron microscope (SEM, FEI-8020). The output
performance of the sensor was measured by a combination
of multichannel measurement system and Stanford Research
System (SR 570 low-noise current amplifiers).
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