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1 Introduction

ABSTRACT

In recent years, triboelectric nanogenerators have attracted much attention because
of their unique potential in self-powered nanosensors and nanosystems. In this
paper, we report a cylindrical spiral triboelectric nanogenerator (S-TENG), which
not only can produce high electric output to power display devices, but also can
be used as a self-powered displacement sensor integrated on a measurement
ruler. At a sliding speed of 2.5 m/s, S-TENG can generate a short-circuit current
(Isc) of 30 pA and an open-circuit voltage (Voc) of 40 V. As the power source,
we fabricate a transparent and flexible hand-driven S-TENG. Furthermore, we
demonstrate a self-powered S-TENG-based measuring tapeline that can accurately
measure and display the pulled-out distance without the need for an extra battery.
The results obtained indicate that TENG-based devices have good potential for
application in self-powered measurement systems.

propose a self-powered system that harvests energy
from ambient environment. To date, many self-powered

Portability, which enables a more convenient and
simple lifestyle, has attracted increasing attention
[1, 2]. Portable devices such as mobile phones, digital
cameras, MP3/MP4 players, navigation systems, and
E-books play a vital part in our contemporary society
because they can fulfill a variety of functions that
meet our daily needs. However, an obvious problem
is that those conventional devices usually rely on
batteries that need to be recharged or replaced
because of their limited lifetime. Therefore, to reduce
the dependence on external power sources that hinder
the further development of portable devices, we
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devices based on solar cells [3], piezoelectrics [4-6],
pyroelectrics [7-9], and electromagnetics [10, 11], have
been fabricated, and several forms of energies have
been transformed into electricity.

Recently, a triboelectric nanogenerator (TENG), that
focuses on the universally existing mechanical motion,
has been demonstrated as a promising way to directly
convert ambient mechanical energy into electricity
[12-15]. Previous studies have shown that slight
movements can be easily transformed into significant
electrical signals using TENG technology, which pro-
vides an excellent way for self-powered displacement
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sensors [16-18]. At the same time, the constant motion
will generate a high electric output that can also meet
the needs of electricity for portable devices. Con-
sequently, we can choose appropriate materials,
structures, and designs to achieve a high output for
self-powered sensors and electronics. In previous
studies, several novel structures such as grid con-
figurations, tube structure, and flexible design have
been fabricated to realize sensor functions [19-21].

In this study, we designed a cylindrical spiral
triboelectric nanogenerator (5-TENG) to realize a high
space utilization and self-powered tapeline display.
Based on the vertical contact-separation mode, the
S-TENG can deliver an open-circuit voltage (Voc) of ~
40V and a short-circuit current density (Jsc) of
~2.5 mA/m?at an acceleration of 25 m/s”>. We prepared
a flexible and transparent S-TENG with a Voc of
~250 V and transferred charge quantity (AQ) of 2.5 uC,
which can simultaneously light up about 100 commercial
light-emitting diode (LED) bulbs. Furthermore, we
fabricated a self-powered measuring tapeline based
on the S-TENG structure and its output Voc has a
nearly linear relationship with the sliding displacement,
which can simultaneously realize the self-powered
measurement and display.

2 Experimental section
2.1 Fabrication of the S-TENG

The fabrication of the S-TENG started from Kapton
films (0.1-mm thickness) that were cleaned with alcohol,
acetone, and deionized water in sequence, then heated
in an oven at 60 °C to evaporate the water. Next, we
deposited a layer of 100-nm copper on one side of the
Kapton film. Then, we cut commercial Al films, PET
films, and Kapton films into the same size (15 mm x
180 mm). Those films were then stacked layer-by-layer,
curled up, and heated in the oven at 70 °C to maintain
their spiral structure, with Kapton and Al layers serving
as the friction area, as shown in Fig. 1(a). The S-TENG
was driven by a linear motor (Linmot E1100), while
the transferred charge and Vo were measured by an
electrometer (Keithley, 6514). We measured the short-
circuit current of the S-TENG using a Stanford low-
noise current preamplifier (Model SR570).
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Figure 1 Working mechanism of the S-TENG. (a) Schematic of
the basic structure of the S-TENG. (b) Description of the TENG’s
working mechanism.

2.2 Fabrication of the hand-driven S-TENG

We cut the commercial polyethylene terephthalate
(PET) films into the size of 100 mm x 180 mm, after
which we placed two parallel TENGs at the top and
bottom of the PET film. Each TENG has the same
contact area of 15 mm x 180 mm.

2.3 Fabrication of the self-powered measuring
tapeline

We fabricated the S-TENG into a tapeline and a liquid
crystal display (LCD) screen was connected to an exter-
nal circuit to show the pulled-out displacement without
any extra power sources. Then, we applied the grating-
structured Kapton films to the tapeline, and a Cu
cylindrical roller was fixed at the edge of the tapeline.
The close contact between the grating-structured
Kapton and Cu roller results in corresponding current
output signals, which was also measured using a Stand-
ford low-noise current preamplifier (Model SR570).

3 Result and discussion

The structure of the S-TENG is depicted in Fig. 1(a).
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The planar TENG consists mainly of four layers:
Kapton (friction material), Cu (electrode), PET (insu-
lator), and Al (friction and electrode), and it was then
curled up and heated in the oven at 70 °C to maintain
its spiral structure. We chose Kapton and Al as friction
materials because of their high electrification during
contact. The working principle of the S-TENG is
demonstrated in Fig. 1(b). In the original position, we
assume that the Kapton and aluminum film are in
full contact with each other. Because Kapton is more
triboelectrically negative than Al, it is easy to have
negative charges on the surface, while Al will have
an equal amount of positive charges on the surface.
Therefore, there is no charge flowing in the external
circuit because of the electrostatic equilibrium. When
the Al film is separated from the Kapton film, an
electric potential drop is generated and drives the
positive charge flow from the top Al electrode to the
bottom Cu electrode. This produces a transient current
in the external circuit. Once the Al film is fully
separated from the Kapton film, all of the positive
charges are transferred to the Cu electrode, with
another electrostatic equilibrium being reached. Sub-
sequently, when the Al film moves back, the positive
charge flow is reversed, generating another external-
circuit current in the opposite direction. Therefore,
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a periodic alternating current (AC) output can be
produced during the cyclic motion of the device.

According to the mechanism of the in-plane struc-
tured TENG [22, 23], the theoretical short-circuit current
(Isc) of a conductor-to-dielectric contact-separation
mode for the sliding-mode TENG is given by

_AQ  owAx _

I
SCAt At

owv 1

where ¢ is a constant value representing the transferred
charge density, Ax is the pulled-out displacement,
v is the velocity of TENG during the cyclic motion,
and w is the width of the Kapton film. Here, Eq. (1)
approximately matches S-TENG. As a result, the
current output is proportional to the speed of the
pulled-out displacement.

We measured the output performance of S-TENG
using a linear motor (Linmot, E1100). At a symmetric
acceleration of 25 m/s* and a maximum speed of 2 m/s,
Voc and Isc can reach 30 V and 15 pA (Figs. 2(a) and
2(b), respectively). The relationship between the output
current/voltage with the velocity and acceleration is
shown in Figs. 2(c) and 2(d), respectively. We find that
Voc remains mostly unchanged, and as the velocity
increases, Isc approximately linearly, and is nearly in
accordance with Eq. (1). However, the linearity is not
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Figure 2 Measurement of the TENG’s output. (a) Open-circuit voltage (Voc). (b) Short-circuit current (/s¢). (¢) The relationship between
the output current/voltage and the velocity. (d) The relationship between the output current/voltage and the acceleration. (e) The relationship

between the output current and the number of laps. (f) The relationship between the voltages and displacement.
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very good because of the uneven distribution of the
triboelectric charge density (o) on the curved surface
and non-full contact between the Al and Kapton films
during the circular motion. Similarly, Ve remains
almost the same, while Isc increases slowly with
increasing acceleration. Figure 2(e) illustrates a linear
relationship between the output current and the circle
number. Theoretically, a larger circle number results
in a greater contact area, thus leading to a larger current
output, which is close to theoretical speculation. Besides,
we also investigated the relationship between Voc and
the pulled-out displacement, as shown in Fig. 2(f),
the measured output voltage increases with different
displacement (20, 30, 40, 50, and 60 mm), which largely
conforms to exponential growth.

When we combine this S-TENG with the large area
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of the transparent and flexible PET film, we can fabri-
cate a hand-driven curly TENG, as shown in Figs. 3(a)
and 3(b). The model presented here has two parallel
TENG:s at the top and bottom PET film, and each TENG
has the same friction area of 15 mm x 180 mm. When
the TENG is driven manually, the Kapton and Al
films will have relative motion, and once the Kapton
and Al films make contact with each other, they will
glide in opposite directions and return to the initial
curved state when they are let go. Thus, an AC current
is produced by harvesting the mechanical energy
produced during the cyclic movement, and the relevant
maximum Isc, Voc and transferred charge quantity
(AQ) are 20uA, 250V, and 2.5 puC, respectively
(Figs. 3(c)-3(e)). With such excellent output per-
formance, this hand-driven TENG can simultaneously
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Figure 3 (a) The structure and (b) photograph of hand-driven S-TENG. (c¢) Short-circuit current. (d) Open-circuit voltage. (e) Transferred
charge quantity (AQ). (f) lllumination of 100 LEDs using a hand-driven S-TENG with a size of 15 mm x 180 mm.
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light up about 100 red LED bulbs (Fig. 3(f)). With a
high output, the TENG is shown to be promising for
direct use as a power source to drive continuum-
electricity-consuming personal electric devices.
Furthermore, when applying this S-TENG to the
measuring tapeline, which is a common device in our
daily life, we can obtain a self-powered and distance-
measuring tapeline without the need for an additional
extra battery. The structure of the tapeline is shown
in Fig. 4(a). We used Kapton and Al films with an
area of 15mm x 180 mm as the friction materials.
When the films are pulled out, an electric output will
be produced to power an external screen displaying
corresponding distance (Fig. 4(b)). In addition, we
systematically investigated the relationship between
the output of the self-powered tapeline and the
displacement, as shown in Fig. 4(c). It is obvious that
the output of the TENG effectively increases with the
increase of displacement. The voltage increases from
4 to 17 V when the displacement increases from 1 to
8 cm. Theoretically, the relationship between V¢ and
the displacement conforms to a linear increase because
a larger contact area can be created with a longer
displacement. Hence, when we extract the voltage
values from Fig. 4(c) and plot them in Fig. 4(d), we
observe an approximately linear relationship between
the open-circuit voltage and the pulled-out displa-
cement. However, the linearity is not very good,
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especially when the displacement increases from 2 to
4 cm. This may be due to the non-full contact and
internal resistance during the pulled-out motion.

In order to further optimize the output performance
of the tapeline when measuring the pulled-out
displacement, we introduced the grating structure to
S-TENG, as shown in Figs. 5(a) and 5(b). We divided
the Kapton film into a series of uniform stripes, and
each stripe is 5mm in width and has an interval
separation of 5 mm with each other. We placed a
small 8-mm diameter cylindrical roller covered with
Cu film at the edge of the tapeline. As a result, we
can obtain two generators in the entire tapeline. One
is made up of the Al electrode and Cu electrode,
which will supply the power to the LCD screen, and
the other one consists of the Cu electrode and Cu
pillar, giving the current signs to measure the pull-out
distance. When we pulled out the films, the Cu pillar
will make contact with the Kapton stripes one-by-one,
and we recorded corresponding current signals using
anSR570 low-noise current amplifier (Stanford Research
System). Once the Cu pillar sweeps over an entire
Kapton stripe, there will be a positive and a negative
current peak in the current graph, which represents
a moving distance of 10 mm. In this way, we can
determine the moving distance from the number
of positive or negative peaks. Further, a detailed
description of the TENG’s working mechanism is
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Figure 4 (a) The structure and (b) picture of a self-powered tapeline. (c) The relevant output voltage with different displacements. (d) The
measured relationship between the output voltages and the displacements.
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Figure 5 (a) The structure and (b) picture of self-powered grating tapeline. (c)—(e) The output current with different displacements of 6, 7,
and 9 cm, respectively. (f) The description of the TENG’s working mechanism.
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shown in Fig. 5(f). Figures 5(c)-5(e) are current signs
at different moving displacements of 6,7, and 9 cm,
respectively, and we observe that the grating-structure
tapeline can accurately measure the pulled-out distance.

4 Conclusion

In summary, we have demonstrated a new spiral-
shaped TENG structure that is based on contact-
separation electrification. By directly converting the
mechanical energy to electricity in the separating
motion, the S-TENG can generate a short-circuit current
(Isc) of 30 pA and an open-circuit voltage (Voc) of 40 V
with a maximum short-circuit current density (Jsc),
acceleration, and speed of ~2.5 mA/m? 25 m/s? and
2.5 m/s, respectively. We obtained a linear relationship
between Isc and the velocity, but V¢ increases
exponentially with displacement. We prepared a
transparent and flexible hand-driven S-TENG, and
the maximum Isc, open-circuit Voc and transferred
charge quantity (AQ) produced by this device reached
20 uA, 250V, and 2.5 uC, respectively. With such
excellent output performance, this hand-driven TENG
can instantaneously light up about 100 red LEDs bulbs.
For practical applications, we fabricated an S-TENG
combined with the measuring tapeline to form a self-
powered and distance-measuring tapeline without an
external power source. In addition, by comparing the
peak numbers in the current signs with the moving
displacement, we confirmed that the use of the grating
structures was an effective method of realizing a
self-powered distance-measuring tapeline with high
sensitivity. Thus, this new cylindrical spiral TENG
establishes a new field of self-powered devices that
may have more practical applications in the harvesting
of mechanical energy from our ambient environment.
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