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ABSTRACT: A planar spiral-like electrodes (PSE) based triboelectric
generator has been designed for harvesting rotary mechanical energy to
translate into electricity. The performance of the PSE-triboelectric
generator with different cycles of spiral-like electrode strip at different
rotating speeds is investigated, which demonstrates the open-circuit voltage
and short-circuit current of 470 V and 9.0 μA at rotating speed of 500 r/min
with three cycles. In addition, a novel coaxially integrated multilayered PSE-
triboelectric generator is built, which can enhance the output of the power
effectively. The short-circuit current, the open-circuit voltage, and output
power reach to 41.55 μA, 500 V, and 11.73 mW, respectively, at rotating
speed of 700 r/min. The output power of the multilayered PSE-triboelectric
generator can drive 200 LEDs connected in antiparallel and charge a 110 μF
commercial capacitor to 6 V in 23 s. Besides, due to the spiral-like electrode
structure, the PSE-generator can work simultaneously in the modes of triboelectricity and electromagnetic induced electricity by
sticking a small magnet on the rotating disk. The electromagnetic induced output power reaches to 21 μW at a loading resistance
of 2 Ω at a rotating rate of 200 r/min. The spiral-like electrode structure not only broadens the electrode structure design but
also adds a new function to the electrode.

KEYWORDS: planar spiral-like electrode, triboelectric nanogenerator, electromagnetic generator, multilayered,
rotary mechanical energy

1. INTRODUCTION

Due to worldwide ever-increasing energy consumption and
environmental pollution, green energy and sustainable develop-
ment have aroused public concern.1,2 Harvesting energy from
our surroundings is a good choice to meet the energy needs
without causing unexpected environmental issues.3−7 Among
various energy sources, mechanical energy is universally
available and environmental friendly. Nanogenerators as
invented in 2006 can be a very effective and applicable
technology8−10 and it can convert environment mechanical
energy into electricity based on piezoelectric effect,11,12

triboelectric effect,13−16 and polyelectric effect,17−19 respec-
tively. The triboelectric nanogenerator (TENG) has been
regarded as an effective method for harvesting all kinds of
mechanical energy, such as wind power,20 wave energy,21 and
walking energy22 due to its high efficiency, simple fabrication,
low cost, and good flexibility. It is well-known that the
electromagnetic generator (EMG) based on the electro-
magnetic induction is one of the most important means for
power generation.23 Therefore, the hybrid of TENG and EMG
can improve the conversion efficiency of nanogenerators.24−28

There are two basic working modes of TENG with distinct
characteristics, contact mode and sliding mode. Compared with

the contact mode based on repeated vertical contact and
separation between two materials with different triboelectric
polarities, sliding mode depending on the relative displacement
between two contact surfaces of different triboelectric polarities
is more suitable for electrode structure improvement to
enhance conversion efficiency and realize multifunction.29,30

Very recently, the checker-like interdigital electrodes based
TENG has been designed which has advantage of harvesting
plane sliding energy in all directions.31 The novel cylindric
spiral interdigital-electrode design endows the generator with
dual-function for harvesting rotational energy and translational
motion energy, and meanwhile, have dual-function as a sensor
for detecting rotating speed and momentum of moving
object.32 Therefore, patterned electrodes are important for
the realization of multifunction and electronic device
integration.
Here, novel planar spiral-like electrodes (PSE) generator is

designed and fabricated to harvest rotary mechanical energy.
The short-circuit current (Isc) and the open-circuit voltage
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(Voc) of the PSE-triboelectric generator with three cycles of the
spiral-like electrode strips are 9.0 μA and 470 V, respectively, at
the rotating speed of 500 r/min, and the maximum power is
3.46 mW at rotating speed of 700 r/min. Furthermore, in order
to efficiently utilize the input rotary energy, multilayered PSEs
and PTFE strips are integrated on the disks, which are driven
by coaxially transmission rotation motion. The short-circuit
current of the multilayered integrated PSE-triboelectric
generator tremendously increases to 41.55 μA for the six-
layered PSE-triboelectric generator while the open-circuit
voltage is maintained around 500 V at rotating speed of 700
r/min. The maximum power of the multilayered PSE-
triboelectric generator is 11.73 mW, which is used as a direct
power source to light two hundreds of light-emitting diodes
(LEDs) connected in antiparallel and is also used to charge a
110 μF commercial capacitor to 6.0 V in 23 s. Due to the spiral-
like electrode structure, the electromagnetic induced electricity
can also be generated by sticking a small magnet on the rotating
disk, which is different from the other hybrid generators that
two independent electrode systems must be needed. The
electromagnetic induced short-circuit current, open-circuit
voltage, and maximum power of the generator are measured.
This work presents a novel electrode structure which
demonstrates the double functions of the spiral-like electrodes
for triboelectricity and electromagnetic induced electricity. It
indicates that the electrode design is important for the
realization of multifunction and application in some special
situations for electronic device integration.

2. EXPERIMENTAL SECTION
2.1. Fabrication of Single PSE Generator. (I). Fabrication of

Immobile Electrode Part.

(1) A piece of commercial aluminum foil with width, length, and
thickness of 150 mm, 150 mm, and 100 μm was pasted on a
polyethylene terephthalate (PET) film with width, length, and
thickness of 150 mm, 150 mm, and 0.065 mm, respectively.

(2) The aluminum foil was cut into the designed spiral-like
electrode strips in two for electrode-1 and electrode-2 with 1, 2,
and 3 cycles for G1#, G2#, and G3# generators respectively by

a laser cutter (SDM50). These three generators have the same
working period as is shown in Video 1.

(3) The spiral-like aluminum foil electrodes were stuck to a
transparent acrylic disk (diameter: 100 mm) and the PET film
was turned to the upper surface with a sandwiched structure of
acrylic disk/electrodes/PET. The two spiral-like Al strips
connected through the external circuit acting as the electrodes
of the TENG part, while two Cu wires were connected to the
both ends of a single spiral-like Al strip as the electrodes of the
EMG part.

(II). Fabrication of the Rotational Part. The spiral-like PTFE strip
with 1, 2, and 3 cycles was cut to match the electrode strip and then
was stuck to another acrylic disk with diameter of 95 mm, which was
fixed on a rotation axes driven by an electrical motor. Besides, a
permanent magnet with radius of 20 mm and height of 5 mm was fixed
on the margin of the disk.

2.2. Fabrication of an Integrated PSE-Triboelectric Gen-
erator. The multilayered PSE-triboelectric generator is mainly
composed of two groups: rotors and stators. The electrode disk was
covered by spiral-like electrodes on both sides with the structure of
PET/electrodes/acrylic disk/electrodes/PET. The PTFE disk was
covered by PTFE strips on both sides with structure of PTFE/acrylic
disk/PTFE. Four electrode disks with bigger holes in the center were
set as stators and three PTFE disks with smaller holes in the center
were set as rotors, which are fixed on a rotation axes by matching the
size of the holes in the center. The diameter of stators is larger than
that of rotators so as to fix them easily. Then the integrated PSE-
triboelectric generator was obtained by stacking four stators and three
rotors in an alternating sequence with the axes going through the
center-holes of them.

2.3. Characterization of PSE-Triboelectric Generator. The
output performance of PSE-triboelectric generator was measured using
a Stanford low-noise current preamplifier (model SR570) and a Data
Acquisition Card (NI PCI-6259). In this measurement, the electrode
part was fixed on a stationary support, and an electrical motor
(51K40RA-D1500) with a digital display speed controller was
employed to produce a rotating motion with different speeds on the
movable PTFE part.

3. RESULTS AND DISCUSSION
As is shown in Figure 1a, the basic structure of the PSE-
triboelectric generator consists of the free-standing rotational

Figure 1. Structure of the PSE-triboelectric nanogenerator. (a) The stationary part of aluminum electrodes with PET film (1). The rotational part of
a PTFE tribo-charged layer (2). The whole structure of the assemble PSE-triboelectric nanogenerator (3). (b) A digital photograph of the two parts
of PSE-triboelectric nanogenerator. (c) The PSE-triboelectric nanogenerators with one (G1#), two (G2#), and three (G2#) of electrode cycles.
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part of tribocharged layer and the immobile part of metal
electrodes. The immobile disk of metal electrodes has two
spiral-like electrode strips (Figure 1a1) and the rotational disk
of tribocharged layer has one PTFE spiral-like strip (Figure
1a2). Figure 1a3 displays the whole structure of the PSE-
triboelectric generator. A digital photograph of the PSE-
triboelectric generator is shown in Figure 1b, which illustrates
two spiral-like electrodes and one PTFE spiral-like strip on two
acrylic disks, respectively. In order to study the influence of the
electrode structure on output current, three PSE-triboelectric
generators have been fabricated, which consist of different
cycles of the spiral-like electrodes and the PTFE spiral-like strip
named as G1#, G2# and G3#, respectively, as is shown in
Figure 1c.
The working mechanism of the PSE-triboelectric generator is

illustrated in Figure 2a−e. Although the structure is different

from the sliding TENGs previously reported,31 the working
principle is similar. When the PTFE disk turns a circle, the
transfer of electrons between the electrodes will complete one
cycle. Figure 2a shows the initial state in one cycle, where the
aluminum electrode-1 is fully overlapped by the PTFE
sandwiched with the PET film. The electrons will be injected
from PET to the PTFE film leaving negative charges on the
PTFE film and positive charges on the PET film due to the
triboelectric effect. Meanwhile, positive and negative charges
appear on the electrode-1 and electrode-2, respectively, by the
electrostatic induction. When the PTFE strip moves from the
state of fully overlapped electrode-1 to the state of overlapped
electrode-2, the electrons transfer from electrode-2 to
electrode-1 by the induced potential difference across the two
electrodes, producing a current flowing from electrode-1 to
electrode-2 through the external circuit, as is shown in Figure
2b. The charge transfer will continue until it reaches the state in
Figure 2c. Then the PTFE strip will inversely move from
electrode-2 to electrode-1. Similarly, the electrons will drive
from electrode-1 to electrode-2, resulting in an output current
from electrode-2 to electrode-1 (Figure 2d) until the PTFE
strip fully overlaps the electrode-1 (Figure 2e). Thus, a
complete cycle of electricity generation has been accomplished.
To study the cycle number of the spiral-like strip and rotating

speed, the output performance of three PSE-triboelectric
generators (G1#, G2#, and G3#) is measured at different
rotating speeds, as is shown in Figure 3. The rotating speed can
be controlled by an electrical motor with a digital display speed
controller. In order to keep the PSE-triboelectric generators
immovable, the electrode disks are fixed on a stationary support
in the experiment. Figure 3a1−3 exhibit a short-circuit current,
the open circuit voltage, and the transferred charge density in
half a cycle of the G1# at rotating speed of 100, 200, 300, 400,
and 500 r/min, respectively. As is shown in Figure 3a1−2, the
output current of the G1# increases with an increase in the
rotating speed, and the maximum output current reaches to 6.2
μA at a rotating speed of 500 r/min. The Voc in this work is

Figure 2. Schematic illustrations of the charge distributions and
electricity generation process when the PSE-triboelectric nano-
generator rotates a full cyclic (a−e).

Figure 3. Output of the PSE-triboelectric nanogenerator with the thin PET film (0.065 mm). The output short current, open-circuit voltage and
charge transfer in half cycle of G1# (a), G2# (b), and G3#(c) with different rotating speeds from 100 to 500 r/min.
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measured under the external load resistance of 100 MΩ. The
output voltage increases with an increase in rotating speed from
100 to 400 r/min and tends to be a constant after the rotating
speed reaches to 400 r/min. The charge transfer quantity of the
G1# in half a cycle at the different rotating speeds is a constant
of about 270 nC, as is shown in Figure 3a3. Compared with the
G1#, the output current and voltage of the G2# and G3# have
similar change versus rotating speed (Figure 3b1−b2 and c1−
c2). Figure 3a1−c1 and a2−c2 reveal clearly that the magnitude
of the output current and voltage for these three generators are
in the sequence G3# > G2# > G1# at the same rotating speed,
which demonstrates the output current and output voltage
increase with the cycle number of the spiral-like strip. The
maximum output current and voltage for the G3# are 9.0 μA
and 470 V, respectively. The charge transfer quantity for the
G2# and G3# is 320 nC and 330 nC, respectively (Figure
3b3,c3). The output current of triboelectric generator with
different numbers of cycle of the spiral-like electrode and at
different rotating speeds are shown in Figure S1 a1. By
increasing the cycle number of the spiral-like electrode at the
same rotating speeds (100−500 r/min), the output current can
be enhanced at the fixed rotating speed respectively as is shown
in Figure S1 a2. As we all know, the capacitance (C) of the

triboelectric generator is related to the structure of electrodes,
including electrode area (S) and the gap between the two
spiral-like electrodes (d). Since the S becomes larger with an
increase in the cycle number of the spiral-like electrode and the
d has little change, the C will increase. On the other hand, as
the capacitance is determined by eq 1

σ
= =

Δ
C

Q

V
S

V
elel elel

oc (1)

where Δσelel is the density of the transferred charge on one
electrode in a half period and the VOC is related to the area of
the electrode S

σ
=

Δ
V

S
Coc

SC
(2)

which increases with the increase in the cycle number of the
spiral electrode. According to the Ohm law, the current is
proportional to the output voltage at a constant of the internal
resistance of the generator, and the output current is also
affected by the cycle number of the spiral electrode.
The influence of thickness of PET film sandwiched between

electrode disk and PTFE disk has been investigated by

Figure 4. Output current, voltage and the power for the G1# (a), G2# (b), and G3# (c) with the thin PET film (0.065 mm) versus different external
resistances at rotating speed of 700 r/min.

Figure 5. Short current (a, b) and open-circuit voltage (c) of the multilayered PSE-triboelectric nanogenerator with one, two, three, four, five and six
of G2# unit. The plots of the short current, open-circuit voltage and output power of the multilayered PSE-triboelectric nanogenerator with six G2#
units (d). The inset shows the schematic structure of the multilayered PSE-triboelectric nanogenerator.
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changing the thickness from 0.065 mm to 0.09 mm for the
G1#-G3# and the results are shown in Figure S2 and Table S1,
from which we can see that the PET thickness does not affect
the change trend of output performance of these triboelectric
generators under different rotating speeds, but decreases the
outputs by increasing the thickness. As the induced charges
decrease with an increase in the vertical distance between PTEF
and Al electrodes, the output performance with thinner PET
film can be enhanced.33

The output performance of the PSE-triboelectric generators
versus the external load is shown in Figure 4. Normally, the
output current decreases with an increase in load resistance,
while the output voltage displays an opposite trend. In this
experiment, all the PSE-triboelectric generators work at the
rotating speed of 700 r/min. As are exhibited in Figure 4a−c,
the maximum output voltage and current of the G1#, G2#, and
G3# are 434 V and 6.35 μA, 450 V and 8.0 μA, and 475 V and
10.8 μA, respectively, indicating that the output performance of
these PSE-triboelectric generators increases with the cycle
number of the spiral-like strip. The maximum output power of
the G1#, G2#, and G3# is 1.3, 2.08, and 3.46 mW under the
external load resistance of 50 MΩ.
To further improve the output power, we make an integrated

PSE-triboelectric generator as is shown in the inset of Figure
5a. The rectified current of the integrated PSE-triboelectric
generator with different numbers of G2# unit at the rotating
speed of 700 r/min is shown in Figure 5a, from which we can
observe that the short-circuit current increases from 10.05 to
41.55 μA with the number of G2# unit from one to six. Figure
5b exhibits that the short-circuit current increases linearly with
the number of single G2# unit. The open-circuit voltage of the

integrated PSE-triboelectric generator is almost maintained at
500 V, which is independent of the number of G2# unit due to
the fact that integrated G2# units are connected in parallel
(Figure 5c). In addition, the peak output power, current and
voltage as a function of load resistance for the integrated PSE-
triboelectric generator is also measured. Figure 5d shows the
maximum output power is 11.73 mW under the load resistance
of 10 MΩ.
The integrated PSE-triboelectric generator can be applied to

light 200 LEDs connected in antiparallel due to its high output
power, as is shown in Figure 6a and Video 2 (Supporting
Information). As a power supply, an electronic device often
needs a constant current and relatively low bias, the high output
voltage and alternating pulse current cannot directly be utilized
to power it in most cases. To obtain a stable the output power,
we store the output power in a commercial capacitor (110 μF).
The charging voltage−time plot is shown in Figure 6b, from
which we can see that the capacitor is charged to 6 V within 23
s by the intergraded PSE-triboelectric generator.
To exhibit the extraordinary advantages of the novel planar

spiral-like electrodes compared with fan shape electrodes, a
permanent magnet is fixed on the edge of the acrylic disk to
harvest rotation energy by electromagnetic induced electricity
in the same time as is shown in Figure 7a. Two Cu wires are
connected to the ends of a single spiral-like Al strip to collect
the output current. The spiral electrode structure can be used
as coils to collect electromagnetic inducted electricity, which is
quite different from the other hybrid generators that they
employ additional Cu coils to collect electromagnetic induced
electricity.

Figure 6. (a) Digital photographs of the multilayered PSE-triboelectric nanogenerator light up 200 LEDs connected in antiparallel. (b) The time-
voltage curve in the charging process for a 110 μF commercial capacitor.

Figure 7. (a) Device structure of the PSE-electromagnetic generator. (b) Enlarged view of the current curves.
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As we all know, for the electromagnetic induction, the
induced electromotive force is determined by

ϕ= = · ⃗ ⃗
+ ⃗ ⃗⎛

⎝⎜
⎞
⎠⎟E n

t
n B

S
t

S
B
t

d
d

d
d

d
d (3)

where n is the number of windings, and dϕ/dt is the change
rate of magnetic flux in each winding. B is the magnetic flux
density, and S is the area circled by winding.34 For the PSE-
electromagnetic generator, the winding is a single spiral-like
electrode strip (coil) and S is the area circled by a coil, which is
a constant. Thus, the electricity generation is related to the
change rate of magnetic flux density. When the acrylic disk
begins rotating, the spatial distribution of the magnetic field
introduced by the magnet fixed on the disk is changed.
Therefore, the magnetic flux in the coil is altered and leads to
the generation of an electromagnetic induction current. When
the PSE-electromagnetic generator rotates a cycle, a current
pulse is generated as depicted in Figure 7b.
Figure 8 shows the output performance of the PSE-

electromagnetic generator with one cycle of the spiral-like
electrode strip when it works independently. The correspond-
ing Isc and Voc are about 0.25 mA and 0.32 mV at a rotating rate
of 200 r/min in Figure 8a,b, respectively. As is depicted in
Figure 8c, the output current of the PSE-electromagnetic
generator decreases with an increase in the loading resistance,
but the voltage increases, and the maximum output power is
about 20.64 μW at the loading resistance of 2 Ω. The short-
circuit current also increases linearly with an increase in the
rotating speed as the change rate of magnetic flux increases
accordingly, as is shown in Figure 8d. At a rotating speed of 450
r/min, the short-circuit current for the PSE-electromagnetic
generator reaches 0.47 mA.
According to the results in Figures 4 and 8c, the generator

working in triboelectric mode with high internal resistance (50
MΩ) can be used as a current source, while the generator

working in electromagnetic mode with low internal resistance
(2 Ω) can be used as a voltage source, respectively.
In order to further find out whether there is interference

between the triboelectric and electromagnetic modes, a
comparison is given in Figure S4. The output current of the
PSE-generator working in the triboelectric mode without a
magnet is about 5.8 μA, which is almost the same as that with
the sticking of a magnet. It demonstrates that the output of
triboelectricity is not affected by the electromagnetic inducted
electricity. Moreover, the output performance of the two mode
generators connected in series and parallel were measured. The
output current of the two mode generators connected in series
is the same as the PSE-generator working in triboelectric mode
due to its high resistance (current source). On the other hand,
the two mode generators cannot be connected in parallel which
will result in a short circuit.

4. CONCLUSIONS

In summary, we have demonstrated a novel planar spiral-like
electrode structure that is capable of effectively harvesting the
rotational mechanical energy. The PSE-generator can work
simultaneously in triboelectricity and electromagnetic induced
electricity modes due to the spiral-like electrode structure. The
maximum open-circuit voltage and short-circuit current are 470
V and 9.0 μA at rotating speed of 500 r/min for the PSE-
triboelectric generator with three cycles of the spiral-like
electrode strip. The coaxially integrated multilayered spiral-like
PSE-triboelectric generator can enhance the output of the
power effectively. The short-circuit current, an open-circuit
voltage, and the output power reach 41.55 μA, 500 V, and 11.73
mW, respectively, at a rotating speed of 700 r/min by the six
layer electrode (two cycles) integration. The output power of
the multilayered PSE-triboelectric generator can drive 200
LEDs connected in antiparallel or charge a 110 μF commercial
capacitor to 6 V in 23 s. Meanwhile, for the PSE-electro-

Figure 8. Output performance of the PSE-electromagnetic generator. The short current (a) and the open-circuit voltage (b) at a rotating speed of
200 r/min. The output current, the voltage, and the power with different external resistance (c). The output short current with different rotating
speeds from 150 to 450 r/min (d).
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magnetic generator, the maximum current, voltage, and power
in a single electrode strip are about 0.25 mA, 0.32 mV, and
20.64 μW, respectively. This work presents a novel electrode
structure which demonstrates dual function of the spiral-like
electrodes for triboelectricity and electromagnetic induced
electricity.
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