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1 Introduction

ABSTRACT

Harvesting mechanical energy from our surroundings to acquire a steady and
high power output has attracted intensive interest due to the fast development
of portable electronics. In this work, the disk-structured triboelectric nanogenerator
(TENG) was prepared based on the mature printed circuit board (PCB) technology
and the composite structure for effectively improving the utilization in space. A
narrow grating of 1° was designed to produce high output. Operated at a rotation
rate of 1,000 rpm, the TENG produces a high output power density of 267 mW/cm?
(total power output of 25.7 W) at a matched load of 0.93 MQ. After introducing
a transformer, the output power can be managed so that it can be directly used
to charge a battery for a smart phone. With the PCB production technology,
fabrication of high performance TENG at low cost and large-scale becomes
feasible.

means for harvesting all kinds of mechanical energy,
such as wind power [13], wave energy [14], and

With improvements in microelectronics technology,
portable electronics are indispensable in our daily life,
which brings increasing demands on power supply
[1-4]. At the same time, more and more feature-rich
electronics require large increases in power con-
sumption [5]. To meet the energy needs for portable
electronics and sensor networks, harvesting mechanical
energy from our surroundings is becoming a powerful
approach [6-9]. Recently, the triboelectric nanogenerator
(TENG) [10-12] has been demonstrated as an effective
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walking energy [15], and is likely to be a parallel
technology as important as traditional generators for
power generation on a large scale [16, 17]. In different
kinds of TENG, the contact mode [17-19] and the
sliding mode [20-22] represent the two basic types of
TENGs. The sliding mode, designed with micro-sized
grating structure, offers a unique and straightforward
solution in harvesting energy from the relative sliding
between two surfaces [23, 24]. For example, a planar-
structured TENG [25], composed of radial-arrayed
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gratings with a central angle of 3°, generated a high
output power of 1.5W (corresponding to the power
density of 19 mW/cm? at a rotation speed of 3,000 rpm)
and theoretical calculations revealed that narrower
gratings will be more effective for high output [26].
In this work, industrial printed circuit board (PCB)
technology [27-29] was introduced to prepare a TENG
with a composite disk structure. Two central angles
of 3° and 1° for the gratings were integrated on a disk
TENG to improve the space utilization and output
power of the device. By means of PCB technology,
TENGs can be manufactured in large quantities with
high yield and lifetime. Operating at a rotation speed
of 1,000 rpm, the TENG generates a short-circuit current
(Isc) of ~5.3mA and an output power of 25.7 W at a
matched load of ~0.93 MQ. Through a transformer, an
open-circuit voltage (Voc) of 5V and a maximum Isc
of 45 mA were obtained. This work not only realizes a
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high power output, but also paves the way for the
large-scale production and application of TENGs.

2 Experimental section

Two pieces of PCB based disks were fitted coaxially.
One disk is a rotor and the other is a stator. The
surface of PCB based disk has a copper pattern
grating embedded into the PCB base material and the
detailed structure is shown in Figs. 1(a) and (b). A
pair of adjacent electrodes forms the two electrodes
as the output for every TENG [25]. The base materials
of PCB are stiff glass epoxy for the stator and flexible
polytetrafluoroethylene for the rotor. Each disk has
two groups of annular-arranged copper gratings to
form two TENGs—the inner TENG A and the outer
TENG B. The center angles (A8) of every grating or
electrode for the TENG B and TENG A are 3° and 1°,

(b) olytetrafluoroethylene

opper, gratings

Figure 1 Schematic diagram of the TENG with a composite-disk structure: The inner TENG (a) and the outer TENG (b). The center
angles of the TENG A and TENG B are 3° and 1°, respectively. (c) A sketch illustrating the electricity-generation process of the TENG
in a cycle. (1) The positive triboelectric charges are generated on the top gratings and the bottom electrodes generate the inductive

charges. (2) The relative motion lead to charge flow from one bottom electrode to the other because of electrostatic induction. (3) Charge

flow reaches a balance at half cycle. (4) Charges flow reversely when the relative motion occurs again.

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research



724 Nano Res. 2015, 8(3): 722-730

respectively. The effective radii of the two TENGs are:
Tar = 25 mm, 74 = 6 mm, 1z = 62 mm, rz; = 28 mm
(Fig. 1(b)). A layer of Kapton (20 um) was treated
by Ar/O, plasma surface treatment equipment and
attached on the surface of the rotor as an electrification
material to improve the triboelectrification.

The manufacturing process is accomplished using
the established PCB production technology. During
electrical measurement, the TENG was operated by
a rotation motor. The transformer is a commercial
product.

3 Result and discussion
3.1 Working principle

For the composite disk TENG, the electricity generation
process is illustrated in Fig. 1(c). When the top metal
grating slides along the surface of Kapton, triboelectric
charges will be generated and accumulated on the
surface of the two frictional materials (the top metal
grating and the middle Kapton layer) [30]. Here, the
charge density on the top metal gratings is twice as
high as that on Kapton according to charge con-
servation. At the initial position, the left electrode,
which is fully overlapping with a top metal grating,
has negative charges and another adjacent electrode
develops the same quantity of positive charges by
electrostatic induction (Fig. 1(c1)). Next, after a relative
sliding between the top metal grating and Kapton,
the positive charges will flow from the right electrode
to the left electrode and then reach another static
balance (Figs. 1(c2) and 1(c3)). If the two electrodes
are not shorted, there will be an electrode potential
difference between the two electrodes forming an
open-circuit voltage. When the top metal gratings go
on sliding and become near the next electrode, the
charge flow will be reversed, thereby generating a
current in opposite direction. Therefore, the nano-
generator creates an alternating current (AC) output
during the continuous relative rotation.
Based on previous work [25], the peak V¢ is
determined by d and o,
V. = 4d-o, 1)

ocC
6‘0 gr

where d is the thickness of Kapton, o, is the

triboelectric charge density on the surface of Kapton,
g, is the vacuum dielectric constant and &, is its
relative dielectric constant.

For the geometry shown in Fig. 1(c), the charge
density on the Kapton film is —o,, and is +2 5, on the
top electrode if we ignore the edge effect. At a time ¢,
the total amount of charge transfer between the two
electrodes (Q) is

Q:N~0'0-(r22—r12)-a)t 2)

where N is the number of the gratings, is the angular
speed (rad/s) of the disk, and r; and r, are the effective
radiuses of each TENG. The detailed derivation of the
formulae is presented in the Electronic Supplementary
Material (ESM). So the short-circuit current (Isc) is

dQ—O' -N-

sC :E_ 0

(7 -r)-w=2nfNoy (i} -17) )

where f is the rotational frequency of the disk. So
the frequency of the alternating electric field for the

deviceis f'
180 n  3n
"=N-f=—n. ="
f f AG 60 A6

where 7 is the rotational speed (rpm) of the disk and

(4)

A@is the center angle (°) of a single electrode or metal
grating (Fig. 1(a)). In this work, Af for nanogenerators
A and B are 3° and 1°, respectively. Therefore,
theoretically the Isc is proportional to n and inversely
proportional to Aé.

3.2 Device fabrication by PCB technology

Before preparing composite-disk TENG using PCB
technology, schematic capture is a necessary step for
automatic production of PCB. An electronic design
automation software (Protel99se) was used and the
schematic diagram is shown in Fig. S2 (in the ESM).
The main subsequent steps in the manufacturing
process [31] are illustrated in detail in Fig. 2 and involve:
(a) Preparing the laminate: For the base material of
the laminate panels, glass epoxy and flexible poly-
tetrafluoroethylene were chosen as stator and as rotor,
respectively; (b) copper coated laminate: The copper
sheet covered on the laminate was prepared by cold
rolling; (c) inter layer pattern transfer—dry film:
Sensitive dry film; (d) inter layer pattern UV exposure

'EN%IEI}SS%I'}EE?S @ Springer | www.editorialmanager.com/nare/default.asp
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(f)

Figure 2 The large-scale preparation process of TENG based on
PCB technology. (a) Preparing the laminate. (b) Copper coated
laminate. (c) Inter layer pattern transferring—dry film. (d) Inter
layer pattern UV exposure by phototooling. (¢) Inter layer pattern
developing. (f) Copper etching. (g) Inter layer strip. (h) Depositing
polymer film—Kapton. (i) Cutting board. (j) Device forming. The
inset of (j) is a micrograph of the device (scale, 2 mm). The
process (h) is omitted during preparing the rotor.

by phototooling; (e) inter layer pattern developing:
Unexposed film was wiped off to form the desired
pattern by a developing solution; (f) copper etching:
Using ferric chloride solution to etch away redundant
copper; (g) inter layer strip: Removing the film on the
copper pattern and subsequent automated optical
inspection; (h) depositing the polymer film—Kapton:
Attaching a layer of Kapton with high electronegativity
as the tribo-layer; (i) cutting board: Cutting the whole
panel with an integrated device pattern into a
single device; (j) device forming. The inset of (j) is the
micrograph of a fabricated device.

Using PCB technology, the narrowest gratings or
intervals (between gratings) are less than 10 microns,
which is beneficial for enhancing the output current.
Moreover, the high yield, low cost and long life will
bring the TENG closer to large-scale application.

3.3 Output performance

To test the performance of the TENG, the electrical

outputs were first measured at a rotation rate of
600 rpm. For the outer nanogenerator B, the frequency
f' is 1.8 Hz according to Eq. (4). As shown in Fig. 3(a),
the shape of V¢ is similar to the superposition of
triangular waves and square waves. The peak voltage
of the device is about 500 V, which is similar to the
theoretical analysis and previous work [25, 32].
Encouragingly, at such low rotation rate, the I is
beyond 3.5mA, which is the first time that the
continuous current supply has reached several
milliamperes at this speed for a rotary TENG. The
charge transfer test shows that the total quantity of
transferred charge at every half cycle is 0.72 uC,
similar to the integral of the current at a half cycle.
The high tribo-charge density is responsible for the
high output of the device. At different load resistance,
the output current takes on a downswing (Fig. 3(d)).
The matched load for the TENG B at a speed of
600 rpm is ~1.1 MQ, generating an average power
of 6.5W, which corresponds to a power density of
67.6 mW/cm?.

3.4 Tunable output and power management

As a current source, the TENG has high Voc and low
Isc because of its high impedance compared to
traditional electromagnetic nanogenerator [16]. In
addition, the output current is proportional to the
frequency f' of charge transport between the two
electrodes according to Egs. (3) and (4). Consequently,
frequency f' changes from 0.3 to 3 kHz, corresponding
to a rotation rates of 100 and 1,000 rpm, respectively,
were applied to the TENG for tuning the output
performance. With increase of frequency, the V¢ for
TENG B remains fairly steady at a peak value of
~500 V (Fig. 4(a)) because the output voltage only
depends on the material and device structure and is
independent of the rotation rate according to Eq. (1).
Then the measured current rises nearly linearly with
the frequency for decreasing time in a cycle (Eq. (3)),
and a 5.3 mA Isc output at the rotation rate of 1,000 rpm
was achieved (Fig. 4(b)). Compared with TENG B,
the TENG A also has a V¢ of ~280 V and a maximum
Isc of ~0.15 mA at a rate of 1,000 rpm (Fig. S2, in the
ESM). This extra output for TENG A will increase the
utilization of space and this composite structure

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 3 Measured open-circuit voltage (a), short-circuit current (b) and output charge (c) for the outer TENG at a rotation rate of
600 rpm or frequency of 1,800 Hz. (d) Output current and average power at different load resistances.

provides an efficient approach to acquire higher output
per unit space for the disk TENG.

In order to acquire the maximum output power, the
measured matched impedances and output powers at
different frequencies are shown in Fig. 4(c). Increasing
the frequency, from 600 Hz to 3 kHz, promotes an
increase in the output power from 1.3 to 25.7 W
(corresponding to a power density of 13.5 and
267 mW/cm?, respectively) and brings a decrease of
the matched load from 1.18 to 0.93 MQ.

However, the large matched impedance is
unfavorable for directly powering typical electronic
devices. To improve the applicability, a commercial
transformer was used in the output port of TENG to
lower the output voltage. When the frequency is
below ~2.1 KHz, with a Voc of ~5 V the output current
reaches 45 mA, which is 15 times that of the original
output current (Figs. 4(d) and 4(e)). In the same way,
as shown in Fig. 4(f), the matched load decreases
with increasing frequency. Compared with the direct
output of the TENG, the load is decreased by nearly

TSINGHUA
UNIVERSITY PRESS

three orders of magnitude, from megaohms to
kiloohms, which is equivalent to the impedance of an
electromagnetic generator. The reduced load can
apparently be ascribed to the impedance conversion
of the transformer. When the device worked at
frequencies exceeding 1.8 kHz, all of the output para-
meters decrease quickly because of the rapid increase
in losses, including copper and core losses. Via a
transformer, the maximum output power for a load
of 1,100 Q and at a rotation rate of 600 rpm is ~2.2 W,
which is practicable for powering typical appliances.
The low conversion efficiency of the transformer pro-
bably results from the unmatched voltage, waveform
or power from TENG. If the power management
circuit was optimized, it should be possible to realize
output powers of several hundreds of milliwatts.

3.5 Application

The mature processing technique and high output
performance suggest the TENG should be applicable
for electronic devices. Figure 5(a) is a photograph of a

@ Springer | www.editorialmanager.com/nare/default.asp
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Figure 4 Output comparison of TENGs without and with power being managed by a commercial transformer. (a) and (d) Open-circuit
voltage, (b) and (e) short-circuit current, and (c) and (f) load match and output power at different frequencies.

TENG based on PCB technology. When it is operated
by a motor at a speed of 600 rpm, several green LEDs
were lit up and the luminous intensity of a single
green LED is beyond 1,000 mcd, which is equal to
several candles and is sufficient to light a room. The
AC signal generated directly from TENG can also
power some luminescent devices, such as electro-
luminescent paper, and the brightness is beyond
40 cd/m?, which is near its nominal brightness.

Harvesting mechanical energy to power potable
electronics is one of our interests. Smart phones,
which are indispensable in today’s society, have a
great need for energy. The high-power TENG makes
it possible to serve as a charging source for smart
phone batteries. Figure 5(e) shows a typical charging
curve of a lithium ion battery (720 mAh) charged by
the TENG using a transformer and a rectifier bridge.
In the initial stage, it is set in a constant-current (CC)

www.theNanoResearch.com | www.Springer.com/journal/12274 | Nano Research
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Figure 5 (a) Photograph of the TENG based on PCB.
(b) Photograph of green LEDs powered by TENG at a rotation
rate of 600 rpm. The luminous intensity of the single green LED
is beyond 1,000 mcd. (c) and (d) Electroluminescent paper driven
directly by TENG. The brightness exceeds 40 cd/m?. (¢) The
voltage and current change of a lithium ion battery (720 mAh)
charged by TENG after power management using a transformer.
(f) Photograph of a working cell phone powered by the charged
lithium ion battery.

charging mode. After about 40 h charging, the electric
quantity of the battery increases from ~60% to ~95%.
Figure 5(f) shows the working state of a smart phone
powered by a charged lithium ion battery. The results
reveal that our TENG is progressing towards use in
portable electronic devices with high power. Although
the charging time is still long, one must realize the
volume of a cell phone battery. In case of emergency,
it is very feasible to use our TENG to directly charge
a cell phone so that it can make a short call.

4 Conclusion

Our work reveals that the PCB technology is a feasible
and high-efficiency approach to prepare TENGs with

Nano Res. 2015, 8(3): 722-730

high output power. By means of the advanced PCB
technique, a composite disk-structure TENG with
narrow gratings of 1° and 3° for the center angle was
fabricated. When operated by a motor, the TENG
produces an open-circuit voltage of ~500 V and a
short-circuit current of 5.3 mA at a rotation rate of
1,000 rpm. At a matched resistance of 0.93MQ, a
maximum output power density of 267 mW/cm? was
reached. Via the transformer, an open-circuit voltage
of 5V and an optimal short-circuit current of 45 mA
were obtained (at speed of 600 rpm), which can be
directly used to charge a lithium ion battery for a cell
phone. This clearly demonstrates the outstanding
potential of TENG for use in portable electronics.
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