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Triboelectric Nanogenerators as a Self-Powered Motion

Tracking System

Mengxiao Chen, Xiaoyi Li, Long Lin, Weiming Du, Xun Han, Jing Zhu,

Caofeng Pan,* and Zhong Lin Wang*

Motion tracking is a key area of sensor systems for security, transportation,
and high-tech industry. In this work, a self-powered motion tracking system
is developed to monitor moving speed, direction, acceleration, starting and
ending positions, and even the moving path of a moving object. Such a
system is based on a set of triboelectric nanogenerators (TENGs) that are
composed of two friction layers with opposite triboelectric polarities (Kapton
and Aluminum) and operates in the sliding mode. Velocities of a moving
object are monitored from —0.1 m s™" to +0.1 m s~ at a step of 0.01 m s™,
and accelerations from —0.1 m s to +0.1 m s~2 at a step of 0.02 m s2.
Furthermore, an 8 x 8 two-dimensional coordinates system with 16 groups
of TENGs is created, and the moving path of an object is obtained. This
study opens up a new area of TENGs as active sensors with great potential in
self-powered systems, positioning detecting, motion tracking, environmental

and infrastructure monitoring, and security.

1. Introduction

Movement tracking system plays an important role in the
modern society,!! such as navigation, aviation, aerospace and
defense technology. In the daily life, GPS,? speed measuring
radar, Bl and wireless locator,l which are based on gyroscope,
Doppler effect,l®l emission and reception of laser”) or other sig-
nals, are widely used for motion tracking at the large scale. In
the meantime, intensive efforts have been made during the last
two decades towards the design and development of micro-/
nanotechnology for the motion tracking at a small scale. How-
ever, powering of these systems still relies on traditional tech-
nologies such as batteries. It is highly desirable for motion
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tracking micro/nanodevices to be self-pow-
ered® without using a battery in special
circumstances of restricted access.l”) Com-
pared to other energy sources like solar
energy, !9 chemical energy,'!l water flow
and nuclear energy, mechanical energy is
one of the most common source of energy
in our living environment, especially
in a moving system, thus it is the best
power source for a self-powered motion
tracking device. Diverse approaches have
been developed to scavenge mechanical
energy based on piezoelectrics,®1? electro-
statics,!'¥l and electromagnetics," and so
on. Recently, triboelectric nanogenerator
(TENG) has been demonstrated as an
effective way to convert mechanical energy
into electricity’” Alternatively, TENG
can serve as an active sensor for sensing
mechanical vibration/triggering  using
the electric output by itself without a driving power source.!'®!
TENGs have been previously demonstrated as a speed sensor of
a vehiclel'®d and angular speed sensor.['”]

In this paper, we present a novel self-powered motion
tracking system based on TENGs, which are composed of
two friction layers with opposite triboelectric polarities!®!
(Kapton and Aluminum) and work based on a sliding mode.
This tracking system is self-powered and can work without any
external power, and it can simultaneously monitor the moving
speed, direction, acceleration, starting and ending positions,
and even the moving path. Furthermore, we create an 8 x 8 two-
dimensional coordinates system with 16 groups of TENGs, and
obtain the moving path of an object. This study will open up a
new application area of TENGs as active sensors for position
detecting, motion tracking, environmental and infrastructure
monitoring, and even home security.

2. Results and Discussion

Figure 1 shows the principle and basic structure of a self-
powered motion tracking system that is based on a set of
sliding mode TENGs.'”] Each TENG has two parts that can
slide smoothly with one against the other in contact. One is
on the fixed substrate (i.e., road), and the other one is located
on the moving object such as an automobile. Thus, sig-
nals are generated when the car passes the fixed part of the
TENGs (Figure 1a). PMMA was used as a substrate material
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Figure 1. The principle and basic design of a self-powered motion tracking system based
on sliding-mode TENGs. a) The principle of a self-powered motion tracking system. Signals
are generated when the car passes the TENGs. b) Schematic diagram showing the structural
design of the device composing of four TENGs. Each TENG has two parts: one is the fixed sub-
strate (i.e., road), Kapton/PMMA in different sizes coated with copper electrode; and the other
one is aluminum covered PMMA located on the moving object like a car. c) A digital image of
the as-fabricated device. d) SEM image of the Kapton surface with etched nanowire structure

at the tilted view of 30°, the inset is a magnified SEM image.

due to its suitable strength, light weight, easy processing, and
low cost. For the upper layer located on the moving object, a
layer of aluminum thin foil was covered onto the PMMA sub-
strate, playing dual roles of an electrode and a sliding surface.
The four lower layers located on the road were Kapton films
of different sizes deposited with Cu electrode (Figure 1c). The
detailed fabrication process is discussed in the Experimental
Section. To enhance the triboelectrification?” and increase the
effective contact area between the two parts, aligned Kapton
nanorod structures could be etched on the Kapton surface by
a top-down approach through inductive coupled plasma (ICP)
reactive ion etching. A 30 degree-tilted view SEM image of the
Kapton NRs is shown in Figure 1d, and a higher magnifica-
tion SEM image is presented as an insert. It is obvious that the
Kapton NRs are uniformly distributed on the Kapton surface
with an average diameter of 150 nm and an average length of
600 nm, respectively.

The working principle of the TENGs and the motion
tracking system are shown in Figure 2. For simplicity, four
TENGs with different sizes are illustrated as an example, and
the +x axis is set from TENGI to TENG4. The TENGs are
based on the sliding mode triboelectrification. At the original
state, the Al and the Kapton films were pre-triboelectrified by
sliding with each other. Then the Kapton film was negatively
charged, while the copper electrode was positively charged,
since Kapton is easier to gain electrons than Al according to
the triboelectric series.?!l With the upper moving object (Al
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film, the blue one) approaching Kapton sur-
face from right-hand side along the +x axis,
as shown in Figure 2al, electrons flow from
the Al electrode to the Cu electrode through
the external circuit to neutralize the posi-
tive triboelectric charges in the Cu electrode,
because the Cu electrode beneath the Kapton
film has a higher potential than the Al elec-
trode. As a result, a positive signal (noted as
I,) is generated during this process, which is
shown in the insert of Figure 2al. The flow of
electrons lasts until the two friction surfaces
are fully overlapped, and an electrostatic
equilibrium is reached (Figure 2all). Then
the moving object keeps sliding to the left
and getting off the Kapton surface, thus the
former electrostatic equilibrium is broken
(Figure 2alll). Electrons flow back from the
Cu electrode to the Al electrode through
the external circuit, generating a negative
signal during this process as inserted in
Figure 2alll. Finally, when these two films
fully separated with each other again, there
is no current flow in the external circuit, and
the triboelectric charge distribution returns
to the original status (Figure 2alV). This is
a full cycle of the signal generation process.
When the upper Al film keeps moving and
passing the Kapton films of the other three
TENGs, another three current signal peaks
(noted as I, I3, I) are generated as presented
in Figure 2aV-VII. The electron transfer pro-
cess is similar to the above process described in Figure 2al to
Figure 2alV. Notably, the absolute output signal value is in pro-
portion to the friction area (here is size of the Kapton films),
thus we can find I;>I,>;>1, obviously.

For the movement tracking, by measuring the time interval
(At) between two adjacent peaks, we can get the speed of the
moving Al film as v = Ad/At, where Ad is the center-to-center
distance between two adjacent TENGs. Acceleration can also
be obtained from these measured instantaneous speed values
through the v— curve. Furthermore, by checking the signal of
the output current, we can distinguish whether the moving
object moves towards +x direction or —x direction since the
output current signal is in proportion to the changing rate of
the friction area, relying on which, the movement path of the
object can be tracked.

A finite element simulation was carried out to illustrate
the electrostatic potential difference when the moving object
passed through the first TENG from the right side. The Kapton
and aluminum films are closely contact with each other. Fric-
tion area here is 5 mm x 80 mm. The Kapton and aluminum
are initially assigned with a charge density of —25 pC m=2 and
25 pC m2, respectively, which is the same as the measured
value (Figure 2c). The electric potential difference between the
two layers at a consecutive sliding displacement of 5 mm can
reach 500 V as shown in Figure 2c.

Systematical studies were carried out to explore the speed
monitoring using TENG. When the moving object passes

moving object
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Figure 2. Working mechanism of the TENGs and the motion tracking system. a) The sketches that illustrate a detailed step by step signal generation
processes when the moving object passes through the tracking system. (b-c) Finite element simulation of the potential difference between the two
electrodes at two different positions: b) 0 mm (the original state) and c) 5 mm (the overlapping position).

TENGs, the self-powered motion tracking system will generate
corresponding signal peaks. Figure 3a—c are the recorded
output signals of voltage, charge quantity, and current when the
moving object passed through the four TENGs (from TENGI to
TENG4 and then back to TENG1) with a speed value of 0.1 m/s
(Figure 3a). We can obtain the moving speed by any of these
three signals. Here, we take the current signal in Figure 3c as
an example to extract the speed of the moving object. Speed
is the rate at which the displacement of a body changes with
time. The center-to-center distance between each two adja-
cent TENGs is Ad = 15 mm. Assuming that the speed of the
moving object was constant during this process, we were able
to calculate the instant speed by measuring the time interval
of At, then the moving speed v = Ad/At. For the one shown
in Figure 3c, when the moving object passed through the four
TENGsS, the time interval measured can be extracted from the
recorded signal as At; = 0.1542 s, At, = 0.1523 s, At; = 0.1488
s and At, = 0.1505 s. Thus, v; = Ad/At; = 15/0.1542 mm s‘l
0.097 m s}, v, = Ad/At, = 15/0.1523 mm s = 0.099 m s~
U3 =Ad/At; =15/0.1488 mm s7' =0.101 m s}, and v, = Ad/At4 =
15/0.1505 mm s! = 0.100 m s~L. Then, we can get the average
measured speed for the moving object as: v = (V;+V,+V3+0y)/
4=0.099ms

The moving direction is another key element/parameter of a
moving object, which can be distinguished by the self-powered
motion tracking system as well. Here the speed is regarded as
positive when the moving object slides along the +x direction,
while the speed is noted as negative when the car slides along
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the —x direction. It is previously reported that the output cur-
rent signal of a TENG is in proportion to the changing rate of
the friction area.’>>d In this work, the friction area of the four
TENGs decreases in order, thus the output signal of the four
TENGs is I;>I,>I3>],. For the pink area (left part) of Figures
3a—c, we can conclude that the moving direction is TENG1 to
TENG4, since the four signal peaks (any of the current, the
voltage, or the charge quantity) decrease in sequence. That is to
say, the moving direction is +x direction. While for the yellow
area (right part) of Figures 3a—c, we can conclude that the
moving direction is reversed, that is, —x direction.

Furthermore, we systematically investigated the response
of the self-powered motion tracking system at various moving
speeds and directions of the moving object, from —1.0 m/s
to 1.0 m/s, with a step of 0.01 m/s. More results are given in
Figure S1, Section A in Supporting Information (SI). Figure 3d
shows the comparison of the measured speed and actual speed
of the moving object. The black points represent the measured
moving speeds, and the red line is the actual moving speeds.
It is obvious that the measured moving speed and the actual
speed fit very well. If the actual moving speed is vy, the average
measured speed is v, we define the speed relative error as:
E; = (v — wy)/vo. The corresponding actual speed, measured
speed, variance of the speed and relative error of each speed
are summarized in Table S1, Section A, SI. It can be found
that the variance of measured speeds is around 1078, and most
of the errors between the measured and the actual speeds are
around 1-2%.
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Figure 3. The self-powered motion tracking system serves as a speed sensor. a—c) The output signals of voltage (a), charge quantity (b), and current
(c), when the moving object passed through the four TENGs (from TENG1 to TENG 4 and then back to TENG1) with a speed value of 0.1 m s™". The
insert in (a) shows that the object moved from TENG1 to TENG4 at the left part (the pink area), and it moved towards TENG1 at the right part (the
yellow area). The speed of the motion could be calculate by measuring the time interval At, and then v = Ad/At. (d) The comparison of the measured

speed and actual speed of the moving object from —0.1 m s™' t0 0.1 m s™

Figure 4 illustrates that the self-powered motion tracking
system serves as an acceleration sensor. Acceleration is the rate
at which the velocity of a body changes with time: a= ?: .Asa
result, a large number of velocities at different intervals of time
or the v—t curve is required to get the instantaneous acceleration
value. For simplicity, we take uniformly accelerated rectilinear
motion (its v-t curve is a straight line) as an example for demon-
stration how to obtain the acceleration information by the self-
powered movement tracking system. In such case, the accelera-
tion over a period of time is the change in velocity divided by the
duration of the period a = % , which can also be read out as the
slope of the v— curve. According to the output current signals in
Figure 4a, we can get the absolute value of the speed the same
method used in Figure 3: v; = Ad/At; = 15/0.3539 mm s! =
0.042 m s7! Av, = Ad/At, = 15/0.2288 mm s! = 0.066 m/s
and v; = Ad/At; = 15/0.1775 mm s~ = 0.084 m s~.. The cor-
responding v-t curve is presented in Figure 4b, in which the
red points represent the measured moving speeds, and the
black line is the fitting line. It is obviously that the data linear
fits very well and we can get the acceleration by calculating the
slope of the v—t curve, which is about 0.0856 m s72, quite close
to the actual acceleration 0.08 m s~2 with an error of 7%. And
the acceleration direction can be distinguished by the slope of
fitting line. In Figure 4c,d, the measured acceleration for this
group of signals is —0.085 m s72, compared with actual accel-
eration —0.08 m s2. Furthermore, we systematically investi-
gated the response of the self-powered motion tracking system

step by 0.01 m's
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1, showing a very good consistence with each other.

at various moving accelerations, from —1.0 m s to 1.0 m s72,

with a step of 0.02 m s™2. More results are given in Figure S2,
Section B in Supporting Information (SI). Figure 4e shows the
comparison of the measured acceleration and actual accelera-
tion of the moving object. The black points represent the meas-
ured accelerations, and the red line is the actual accelerations.
If the actual acceleration is a, the average measured accelera-
tion is a, we define the relative deviation of the acceleration as:
E, = (a — ag)/ao. The corresponding actual acceleration, meas-
ured acceleration, variance of the acceleration and relative error
of each acceleration are summarized in Table S2, Section B, SI.
It can be found that the variance of measured accelerations is
around 107%, and most of the errors between the measured and
the actual accelerations range from 1% to 10%.

Last but the most important, the location and moving path
are two most important but difficult parameters for tracking an
object besides speed, acceleration, and direction. We need to
know the accurate coordinates of the starting position (x;,y;),
ending point (x,,y,) and the path of the moving object in a
2-dimensional system. As aforementioned, the output signal
of a TENG is in proportion to the changing rate of the friction
area. So if an object passes through two TENGs with different
friction areas, the TENGs will give two different output signals:
the larger one can be treated as signal “1”, while the smaller
signal can be treated as “0”. Thus, four TENGs could work as
a 4-bits binary code generator. Inspired by this, we introduce
the binary system to build a 2-dimensional (x,y) coordinates, as

Adv. Funct. Mater. 2014, 24, 5059-5066
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the y-axis, all the numbers on x-axis are odd
and all the numbers on y-axis are even, as
shown in Figure 5a.

Figures 5b,c and 5d,e are two examples
that demonstrate how to monitor the moving
path when the object moves along the x-axis
and the y-axis, respectively. In Figure 5Db,
when the object passes the two units, it gen-
erates two groups of signals. Each group of
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first unit are two low level signals and two
high level signals in sequence, marked as
“0011” in the binary system, which stands for
“3” in the decimal system. The signal gener-
ated by the second unit is “0101” in the binary
system, which means “5” in the decimal
system. As a result, we can conclude that the
moving path of this object is along the x-axis,
from (1,0) to (5,0). Details of the analysis on
how to determine the moving path of the
object can be found in the Figure S5 Section
D, SI. Similarly, in Figures 5d-5e, when the
object moved along the two units along the
y-axis, two groups of signals were generated
as “0100” and “0110” in the binary system,
which were corresponding to “4” and “6” in
the decimal system. Thus we can also con-
clude that the moving path of this object is
along the y-axis, from (0,2) to (0,6).

Finally, we present a systematical tracking
of an object, including the moving speed, the
moving direction, and the path by the self-
powered motion tracking system in one step,
as shown in Figure 5f. There are 3 moving
processes, which are marked as zone (I),
zone (II) and zone (III). According to the
three sets of signals “1010”, “0100”, and

dadvd T1Tind

“1100”, we can conclude the moving path of
this object is (5,2) — (3,2) —(3,4) —(1.4), as
shown in Figure 5a by the green line. The
speed during each process can be calculated
with the same method in Figure 3, and they
are v; = 0.010 m s™', v; = 0.016 m s}, and
vy = 0.009 m s71. The overall moving infor-
mation of this object is: the object started at
(5,2), and moved to (3,2) along the —x axis
with a velocity of —=0.010 m s7%; then it turned
right, moved from (3,2) to (3,4) along the +y-
axis with a velocity of +0.016 m s7%; lastly, it
turned left, moved from (3,4) to (1,4) along
the —x axis with a velocity of —=0.009 m s7.

The self-powered motion tracking system offers a few unique
advantages for motion tracking. First, this device can work as
an active sensor for tracking motion using the electric output
generated by itself without an external power source, since the
tracking system is built on TENGs that can convert mechanical
energy into electricity. For example, when earthquake happens,

0.00 0.10

2
aa (mss”)

-0.10 -0.05 0.05

Figure 4. The acceleration monitoring of a moving object by the self-powered motion tracking
system. a) The current output signals when the object passed through the four TENGs (from
TENGT to TENG4) in a uniformly accelerated rectilinear motion with an acceleration of
+0.08 m s72. b) Linear fitting of measured speeds which are extracted from Figure 4a with
the same method in Figure 3, and the slope of the fitting curve is the measured acceleration.
c) The output signals of current when the object passed through the four TENGs (from TENG4
to TENG1) in a uniformly accelerated rectilinear motion with an acceleration of —0.08 m s=2.
d) Linear fitting of measured speed, and the slope of the fitting curve is the measured accelera-
tion. e) The comparison of the measured and actual accelerations.

shown in Figure 5a. Units composing a group of TENGs with
two kinds of different friction area are used. Take a 4-bits unit
as an example, “0001” in the binary system stands for “1” in
the decimal system, while “0010” in the binary system is “2”
in the decimal system. Based on such 4-bits binary system, we
create an 8 x 8 2D coordinates system with 16 sets of TENGs.
To distinguish whether the object moving along the x-axis or

Adv. Funct. Mater. 2014, 24, 5059-5066 © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim wileyonlinelibrary.com 5063
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Figure 5. A novel design for the 2-dimension location and moving path monitoring. a) A 2D 8 X 8 (x,y) coordinates created by 16 groups of TENGs.
There are two kinds of TENGs here, a longer one giving a high level signal meaning “1” in the binary system, while a shorter TENG giving a low level
signal standing for “0” in the binary system. Thus, each group of TENGs is a 4-bits binary system, which stands for 0 to 15 in the decimal system.
Furthermore, all the numbers on x-axis are odd and all the numbers on y-axis are even. A photograph showing part of such system is presented as
the insert. b,c) A digital photograph and the corresponding output signals indicate an object passed through (1,0) to (5,0) along the x-axis at a speed
of +0.04 m s7'. d,e) A digital photograph and the corresponding output signals indicate an object passed through (0,2) to (0,6) along the y-axis at a
speed of +0.08 m s7'. f) A systematical tracking of an object, including the moving speed, direction, and the path by the self-powered motion tracking
system: the object started at (5,2), and moved to (3,2) along the —x axis with a velocity of =0.010 m s7'; then it turned right, moved from (3,2) to (3,4)
along the +y-axis with a velocity of +0.016 m s7'; lastly, it turned left, moved from (3,4) to (1,4) along the —x axis with a velocity of —=0.009 m s'. The
final path is (5,2) — (3,2) —(3,4) —(1,4), which is highlighted with green lines in the Figure 5a.

wileyonlinelibrary.com © 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Funct. Mater. 2014, 24, 5059-5066



el
Mot oS
www.MaterialsViews.com

the power supply is usually off. Most electric appliances could
not work under this circumstance, however, the proposed
TENG based device could work as usual with its self-powered
operations. Second, current traffic monitoring technologies are
mainly based on optical ways depending on visibility, such as
CCDs and so on. However, the traditional CCD could not get
specific information on the road when the weather is bad, such
as fog, haze, rain, snow and other harsh low visible day. But our
TENG based motion tracking device can work very well, since
the signal measured is electric signal. Third, although only a
4-bits binary system (8 pixels x 8 pixels) was demonstrated in
this work to illustrate the motion path tracking in two dimen-
sions, we can extend this system by increasing the number
of bits in each unit; for example, we can get a system with
16 384 pixels by using an 8-bits binary system. Third, this
motion tracking system can only monitor the moving parallel
to the x- or y-axis at the current stage; more efforts are required
to upgrade this system to track the moving in any direction.

Furthermore, in order to prove that our device could be appli-
cable to measuring real car speed and work normally in some
special weather, for example, the rain, in Supporting Informa-
tion, we provide some videos and further detail discussion to
support it. Firstly, we accommodate our device to a model car.
After the model working, we made true application on walking
monitoring, bicycle monitoring (Figure S6, Video 1, SI), “actual
car speed” monitoring (reached 31.82 km h~!, Figure S7, Video
2, SI), vehicle flow monitoring and counting (dry and wet con-
ditions, Video 3 and Video 4).

3. Conclusion

In summary, we demonstrate a novel self-powered motion
tracking system based on a set of sliding-mode TENGs, which
are composed of two friction layers with opposite triboelectric
polarities. It can monitor the moving speed, direction, accelera-
tion, starting and ending positions, and even the moving path.
We have demonstrated to monitor the velocities of a moving
object like a car varying from —0.1 m s™! to +0.1 m s~! step by
0.01 m s7!, and accelerations from —0.1 m s to +0.1 m s~2 step
by 0.02 m s72, with an error range of 0.1% to 2.25% and 1.25%
to 10%, respectively. Furthermore, we obtain the moving path
of an object with two turnings by creating an 8 x 8 2-dimen-
sional coordinates system with 16 sets of TENGs. This study
will open up a new area of TENGs with numerous advantages
as active sensors, with great potential in self-powered systems,
positioning detecting, motion tracking, environmental and
infrastructure monitoring, and home security.

4. Experimental Section

Fabrication of the Kapton Nanorods: A 140 pm thick Kapton film
was cleaned with menthol, isopropyl alcohol, and deionized water,
consecutively, and then blown dry with air. Then, the surface of the Kapton
was deposited with a 10 nm Au thin film by sputtering as the mask
for the following etching of the Kapton surface to create the nanorod
structure using the inductively coupled plasma (ICP) reactive ion
etching. Specifically, Ar and O, gases were introduced into the ICP
chamber with the flow rate of 5.0 and 55.0 sccm, respectively. One power
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source of 500 W was used to generate a large density of plasma, and the
other power of 100 W was used to accelerate the plasma ions. A field
emission scanning electron microscopy (FESEM, Hitach S5500) was
used to characterize the Kapton NRs after a one-minute ICP etching.

Fabrication of TENGs: First, two 3 mm-thickness and 5 mm-width
PMMA sheets were used as substrates. The four lower layers located on
the road are Kapton film in different lengths (80 mm, 40 mm, 20 mm,
and 10 mm) deposited with Cu electrode. The center-to- center distance
between every adjacent TENGs is 15 mm. The other part located on the
moving object is a 5 mm x 80 mm PMMA covered with Al thin film.

Fabrication of the Self-Powered Motion Tracking System: Two kinds of
the as-prepared TENGs with the friction area of 30 mm x 5 mm and
60 mm x 5 mm were used to generate low level “0” and high level
signals “1”. Four such TENGs form a unit like a 4-bits binary system.
16 units of TENGs, such as “0001”, “0010”, “0100”, create an 8 X 8
2-dimensional coordinates system. All the odd numbers (like “0001”,
“0011”, “0101”, “0111”, “1001”, “1011” “1101", “1111") are on x-axis,
while all the even numbers (like “0000”, “0010”, “0100”, “0110”, “1000”,
“1010” “1100”, “1110") are on y-axis.

Electrical Output Measurement of the Self-Powered Motion Tracking
System: In the electrical output measurement, the upper Al part of the
TENGs was bonded onto a linear motor (Linmot E1100) like a car,
and the Kapton part was secured on a fixed XYZ bearing linear stages
(Newport Corporation, M-462-XYZ). The open-circuit voltage and
transferred charge quantity was measured by Keithley 6514 electrometer,
and the short-circuit current was measured by SR570 low noise current
amplifier (Stanford Research System).

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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