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The development of direct current triboelectric nanogenerators (DC-TENGs) is of great significance to powering
the electronic devices with low consumption. Thus, a bidirectional direct current triboelectric nanogenerator
with the mechanical rectifier (BD-TENG) is proposed in this article, which can convert alternating current (AC)
generated in the forward and reversed directions into direct current (DC) output without a bridge rectifier. The
BD-TENG is comprised of the mechanical structure component, the triboelectric power-generation unit, and the
mechanical rectifier. With the operation of the mechanical structure component, AC output generated by the
triboelectric power-generation unit is converted into direct current output with the assistance of the mechanical
rectifier. The fluorinated ethylene propylene (FEP) films are fabricated into the micro arch structure in the
triboelectric power-generation unit, which can harvest the energy in the forward and reversed directions and
reduce the friction and wear between materials. And its optimum width is determined through a series of ex-
periments. In addition, the mechanical rectifier is constitutive of the rolling electric brushes and the commutator,
which has the advantages of simple structure and low wear. Finally, the BD-TENG can illumine 210 light-
emitting diodes (LEDs) and power a commercial calculator directly due to the DC output.

1. Introduction coupling of tribo-electrification and electrostatic induction is invented

by professor Wang and his research group for the first time [11-17],

With the increasing demand for energy in recent years, fossil energy
has been affecting the normal operation of the social economy, and even
has an influence on the security and stability of some countries. In
particular, the rapid development of the electronic devices with low
consumption puts forward higher requirements for power-generating
devices, such as miniaturized integratebility, functionality and so on
[1-5]. However, in terms of micro/small devices, the current main-
stream method is to power it through batteries, which generate a series
of pollutions and are harmful to the environment. Therefore, developing
renewable energy and promoting the utilization of renewable energy
have become the inevitable choice to solve the current energy crisis
[6-10].

Since 2012, the triboelectric nanogenerators (TENGs) based on the

which realize the conversion of mechanical energy extensively existing
in the environment into electrical energy output. TENGs show a good
application prospect in the fields of micro/nano power sources,
self-powered sensing, ocean blue energy, and high-voltage power sour-
ces and have great scientific research significance in energy sustainable
development and environmental protection [18-22]. However, the
conventional TENGs have the characteristics of alternating current (AC)
output due to the periodic charge transfer between two electrodes. There
is no doubt that TENGs connected with a bridge rectifier and power
management module at the end of the circuit can meet the actual elec-
tricity demand, which not only increases the complexity of the circuit
but also results in additional power dissipation. Therefore, the direct
current triboelectric nanogenerators (DC-TENGs) are of great
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significance to the development of self-powered systems.

So far, there are mainly several approaches to converting AC into
direct current (DC). At present, the most common method is to realize
DC output by bridge rectifiers, which are extensively applied in self-
powered sensing system resulting from the characteristic of stable
output. However, the power dissipation brought by bridge rectifiers has
an effect on the output performance of TENG. To effectively solve the
above problems, electric brushes are applied to the field of TENG
[23-25], which has the advantages of simple structure and stable
operation. However, the discharge phenomenon and the wear-and-tear
are still the main existing problem at present. In addition, some other
forms of realizing DC output such as air breakdown [26-30], phase
coupling [31-35], schottky diode [36-42] and so forth become mature
gradually after several years of unremitting development, which greatly
promote the development of DC-TENGs. All in all, the research hotspots
of DC-TENGs mainly focus on the reduction of friction and wear between
tribo-negative materials and electrode, as well as the power consump-
tion caused by power management module and so on [43-45].

Herein, a bidirectional direct current triboelectric nanogenerator
with the mechanical rectifier (BD-TENG) is proposed, which realizes the
flow of current and charge in the sole direction. The BD-TENG is
constitutive of the mechanical structure component, the triboelectric
power-generation unit, and the mechanical rectifier. The mechanical
structure part including a rotor and a stator is applied as a support for
other components. The triboelectric power-generation unit is comprised
of electrodes uniformly distributed in the inner wall of barrel and the
fluorinated ethylene propylene (FEP) films fabricated into the micro
arch structure, which can not only harvesting the mechanical energy in
the forward and reversed directions but also reduce friction and wear
between materials. The mechanical rectifier consists of electric brushes
and the commutator. Electric brushes are designed to the rolling struc-
ture, which can reduce the wear between the electrode brushes and the
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commutator, and play the role of conduction and commutation of cur-
rent. The position of commutator corresponds to that of electrodes,
which switches the direction of the current. In addition, finite element
analysis (FEA) of BD-TENG is performed by using COMSOL Multiphysics
5.5a software and the output performance is measured at different
speeds (1 Hz represents 60 rpm). In practical applications, the developed
BD-TENG can power a calculator with the assistance of a capacitor and
directly illumine 210 light-emitting diodes (LEDs) without a bridge
rectifier. Therefore, the BD-TENG will significantly promote the devel-
opment of DC-TENGs in the self-powered systems.

2. Results and discussion
2.1. Structure design and operating principle

The overall structural design of fabricated BD-TENG is depicted in
Fig. 1, which is constitutive of the mechanical structure component, the
triboelectric power-generation unit, and the mechanical rectifier (see
Fig. la). As shown in Fig. 1b, triboelectric power-generation units
consist of copper electrodes and the arch fluorinated ethylene propylene
(FEP) (see Fig. S1a), which can harvest the energy in the forward and
reversed directions, and effectively reduce the friction and wear be-
tween materials. The mechanical rectifier is composed of the rolling
electric brushes (see Figs. S1b) and a commutator, which can convert the
alternating current (AC) generated by the triboelectric power-
generation unit into direct current (DC) output, as shown in Fig. 1c.

The photographs of fabricated BD-TENG are shown in Fig. 1d. A
barrel and a shaft are embedded in the barrel bracket as a rotor, which
rotates under the external excitation through the shaft. And coppers are
respectively distributed in the inner wall of the barrel as the electrodes
and the outer wall as a commutator as shown in Fig. le. Fig. 1f describes
that the base with brush holder is regarded as the stator and the arch FEP

(©)
\
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Fig. 1. Structure design drawings of the BD-TENG. (a) Schematic diagram of the overall assembly. (b-c) Partial enlarged photograph of triboelectric power-
generation units and the mechanical rectifier. (d-f) Photo of the fabricated BD-TENG, rotor, and stator.
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films are uniformly distributed in it. In addition, the mechanical model
of electric brush is established and analyzed (see Fig. S2). According to
the theoretical calculation, the working frequency adopted in the ex-
periments meets the requirements of theoretical results.

The operating principle of the BD-TENG is shown in Fig. 2a. In the
initial state the barrel remains stationary, and the FEP films fixed on the
stator are fully contacted with copper-1 which are in the middle posi-
tion. The electronegativity of copper material is inferior than that of FEP
films according to the triboelectric sequence, and it is easier to lose
electrons. Based on the principle of tribo-electrification, the surface of
copper-1 and FEP films will obtain charge with different properties,
respectively [Fig. 2a(i)]. When the barrel with the coppers starts to slide
relatively with the FEP films, the copper-1 gradually slides separating
from the FEP films and the FEP films begin to gradually contact the
copper-2 [Fig. 2a(ii)]. Meanwhile, the electric brush at the left and the
right contact copper-2 and copper-1, respectively. The copper-1 will
obtain a higher potential due to the transferred charge. Driven by po-
tential difference, the current will flow from copper-2 to copper-1. With
the continuous rotation of the barrel with the coppers, the copper-2 will
be fully contact with the FEP films [Fig. 2a(iii)]. The contact state and
position of the electric brushes and the coppers are in the original state
again, and the transferred charge will reach the maximum value at this
time. When the barrel with the coppers continues to rotate, the copper-2
gradually separates from the FEP films arranged on the stator. The
copper-1 and the FEP films start to slide contact again gradually [Fig. 2a
(iv)]. At this time, the electric brush at the left and the right respectively
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contact copper-1 and copper-2 to complete commutation, realizing DC
output. Therefore, it can be seen from the above process that the electric
brushes contact with copper-1 and copper-2 alternately, keeping the
current direction unchanged.

The COMSOL Multiphysics 5.5a software is employed to clarify the
electric potential distributions of BD-TENG to verify the feasibility of the
operation principle. Simulation conditions of model are almost consis-
tent with the conventional environment, whose ambient temperature is
293.15 K and the atmosphere pressure is 1 atm. The potential distri-
butions of different positions of coppers and FEP films with a width of
17 mm are analyzed above three situations as shown in Fig. 2b. All
materials utilized in the experiment are simulated, whose inherent
properties are maintained. The surface charge density of electrodes and
FEP films are assumed as the positive charge and the corresponding
negative charge, respectively. In addition, the surface charge density is
calculated by Equation (S9). Fig. 2b(i) describes the potential distribu-
tion of BD-TENG generated by electrostatic induction due to materials
contact, the potential difference reaching the maximum value at this
time. And then, when the electrodes are gradually sliding separating
from the FEP films, the potential difference gradually decreases as
shown in Fig. 2b(ii). Fig. 2b(iii) shows that the potential difference
gradually increases to the maximum again. Hence, the simulation results
prove the feasibility of the BD-TENG in theory.

In order to keep the electric brushes in contact with the commutator
during the operation of the rotor and realize the accurate commutation
of current, the two electric brushes are installed at a certain angle. The
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Fig. 2. Schematic diagram showing the operation principle of BD-TENG. (a) Schematic diagram showing the charge distribution and current direction of BD-TENG
within a full cycle. (b) The simulation is employed to clarify the electric potential distributions of BD-TENG at three positions by COMSOL software.
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installation angle is an odd multiple of the sum of the single copper
width and the single copper interval width and thereby, the electric
brushes are installed at a fixed angle (9 = 150°) to maintain the sym-
metry of the electric brushes. Due to the elastic force of the spring, the
electric brushes are completely contact with the commutator in the
outer wall of barrel which is more conducive to the derivation of current.
For the relationship between electric brushes and FEP films, the two
electric brushes should respectively contact different coppers to realize
DC output at this time when dislocation occurs in the area of arch FEP
films and coppers.

2.2. Output performance

The width of FEP films (B;) and the interval width between the
coppers are studied to investigate the feasibility of the whole prototype
and verify the influence of different widths of FEP films on output per-
formance. Fig. 3b describes the short-circuit current generated under the
action of different widths FEP films and coppers, which can be seen that
the discharge phenomenon is generated when the width of FEP films are
25 mm and 20 mm, respectively. A plan view of the relationship among
the width of the FEP films, the coppers, and the spacing between the
coppers is shown in Fig. 3a. The position of coppers is aligned to the left
with the FEP films, and the electric brush-A and the electric brush-B are
located at the ends of copper-1 and copper-2, respectively. Taking the
left movement as an example, condition 1 is in the initial position when
the barrel with the coppers remains stationary. The width of the coppers,
the coppers interval width and the width of the FEP films are [, d, and I-d,
respectively. When the width of FEP films is 25 mm which is consistent
with the width of coppers, the discharge phenomenon will occur in the
area between the copper-1 and the FEP films. However, the electric
brush-A and the electric brush-B do not respectively turn on the copper-2

(@)
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and copper-1 to complete commutation time resulting in the accumu-
lation of charge, so the discharge phenomenon will appear. When the
BD-TENG is in condition 2, it is an intermediate condition with no
current flowing. When the coppers keep moving to the left by a distance
of d and the width of FEP films is 20 mm, the electric brush-A and
electric brush-B turn on the copper-2 and copper-1 respectively under
the condition 3. And at the next moment, the area will have certain
dislocation between coppers and FEP films, the DC output is realized
under the action of the electric brushes. Because the flexible material of
FEP films will deform, the contact area becomes larger when copper rubs
against FEP films. So, it can be seen from Fig. 3b that there will still be
the tip discharge when the width of FEP films is 20 mm. When the width
of the FEP films exceeds 17 mm, the output performance of the BD-TENG
remains almost unchanged and the discharge phenomenon occurs,
which will cause damage to the low consumption devices and thereby,
FEP films with the width of 17 mm is selected as the experimental op-
timum parameter.

The measured output performance of the BD-TENG in the forward
and reversed directions is shown in Fig. 4. Under the different fre-
quencies, the open-circuit voltage basically remains unchanged, whose
open-circuit voltage can reach a maximum of about 480 V as is shown in
Fig. 4a. As the working frequency increases, the short-circuit current
value also gradually increases, and the short-circuit current value can
reach 12 pA at the working frequency of 3 Hz as is depicted in Fig. 4b.
Because the charge is in a cumulative condition, Fig. 4c shows linear
charging curves in the different speeds, in which it can be seen that with
the increase of rotation speed, the time taken to transfer the charge
becomes gradually shorten. And when the maximum working frequency
is 3 Hz, the time taken to transfer the charge to 15 pC is about 2 s.
Fig. 4a—c stipulates that the BD-TENG rotates forward. Similarly,
Fig. 4d-f refers to the reversed rotation. From Fig. 4d-f, it can be seen
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Fig. 3. Relationship diagram between FEP films and electrodes of BD-TENG. (a) The derived diagram of operation principle between FEP films and electrodes. (b)
Schematic showing the output performance of BD-TENG with FEP films of different widths (B;) and electrodes of identical widths at the working frequency of 1 Hz.
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Fig. 4. The output performance of BD-TENG at different rotation speeds in the forward direction (a—c) and in the reversed rotation (d-f), respectively.

that the output performance of reversed direction is basically in accor-
dance with that of forward direction.

2.3. Demonstration

In order to better describe the application capability of the BD-TENG,
the current generated by the BD-TENG is DC under the action of electric
brushes without a bridge rectifier. Fig. 5a depicts a physical diagram and
an equivalent circuit diagram of a 1.0 puF capacitor charged by the BD-
TENG, which can be seen that a 1.0 pF capacitor can be directly
charged without a bridge rectifier. Fig. 5b shows the curve of charging a
1.0 pF capacitor at different frequencies. As the working frequency

increases, the shorter the time it takes, the higher the efficiency it is.
When the working frequency of external excitation is 3 Hz, the com-
mercial capacitor can be charged to 10 V in about 2 s. Fig. 5c is the
relation curve between short-circuit current and power of BD-TENG
under different load resistances. The output power can be calculated
by the load current and the load impedance of the external circuit. Ac-
cording to the experimental data, a conclusion can be reached that when
the external load impedance is 100 MQ, the maximum output power of
0.96 W/m? can be obtained at the working frequency of 3 Hz.

In addition, the platform based on the BD-TENG is established to
prove that the BD-TENG can harvesting mechanical energy in both di-
rections, and lighting experiments are conducted in the forward and
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Fig. 5. Electrical measurements of BD-TENG under the excitation of the motor. (a) Photo showing the BD-TENG charges a 1.0 pF capacitor without a bridge rectifier.
(b) The charging time required is measured for a 1.0 pF capacitor from 0 V to 10 V at different speeds. (c) Relationship curve between load current and output power
at the working frequency of 3 Hz. (d) Photograph of the platform based on the BD-TENG for harvesting mechanical energy in both directions. (e) Equivalent circuit
diagram of the “FORWARD” and “REVERSED” LEDs. (f) Photograph of the “FORWARD” and “REVERSED” LEDs driven by the BD-TENG.
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reversed directions as is depicted in Fig. 5d. Fig. 5e shows the equivalent
circuit under this experiment, which is connected in parallel after two
rows of LEDs are connected in series. And the positive and negative poles
of the LEDs in the upper row are opposite to those in the lower row.
From Fig. 5f and Movie S1, “FORWARD” and “REVERSED” LEDs can be
lit steadily without a bridge rectifier in the forward and reversed di-
rections, respectively.

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105408.

In order to prove that the BD-TENG can be employed as a reliable
power supply in practical applications, the BD-TENG is applied to illu-
mine light-emitting diodes (LEDs) in series and power a commercial
calculator under the simulated wind environment of approximately 7
m/s by a blower. Fig. 6a and b shows the experimental measurement
platform and equivalent circuit diagram of BD-TENG harvesting wind
energy to power LEDs. A blower is used to simulate the real wind
environment and drive the wind scoop to rotate. Fig. 6¢ and Movie S2
show that BD-TENG can light 210 LEDs in series under the wind blowing
condition without a bridge rectifier. As is depicted in Fig. 6, the exper-
imental platform based on the BD-TENG is established to harvest the
wind energy, which realize the stable DC output to power a commercial
calculator with the assistance of a 100 pF capacitor. The experimental
results show that the calculator can be powered stably (see Fig. 6e), and
the voltage curves of the capacitor are plotted in Fig. 6f. The BD-TENG
can directly charge the voltage of capacitor to 1.5 V in 28 s without a
bridge rectifier and then, the calculator starts to work steadily (Movie
S3).

Supplementary data related to this article can be found at https
://doi.org/10.1016/j.nanoen.2020.105408.

3. Conclusions

In summary, the prototype BD-TENG is proposed to realize the
convertion of mechanical energy in the environment into direct current
(DC) output without a bridge rectifier. Thus, the problem of power
dissipation caused by the power management module which is compli-
cated and complex can be effectively solved, and the high output per-
formance is obtained. The flexible fluorinated ethylene propylene (FEP)
films are fabricated into the micro arch structure, which can reduce
friction and wear between materials and harvest energy in the forward

(b)
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and reversed directions, whose output performance is almost identical in
both conditions. In addition, arch FEP films with the optimum width are
selected through the experiments. And rolling electric brushes are
applied to the field of triboelectric nanogenerators (TENGs) to convert
alternating current (AC) into DC output, which reduced the wear be-
tween electrode brushes and the commutator. A series of experiments
have been conducted and the experimental results show that the BD-
TENG can produce the open-circuit voltage of 480 V and short-circuit
current 12 pA and the time taken to transfer the charge to 15 pC is
about 2 s at the working frequency of 3 Hz. And the power density of
about 0.96 W/m? is obtained at an identical working frequency. In
addition, the BD-TENG can charge a 1.0 pF commercial capacitor to 10 V
in 2 s and illumine 210 light-emitting diodes (LEDs) without a bridge
rectifier. In practical applications, it can also power a calculator steadily
at a wind speed of approximately 7 m/s. It is believed that the BD-TENG
will have a good application prospect in the fields of micro/nano power
sources.

4. Experimental section
4.1. Fabrication of the BD-TENG

The BD-TENG is comprised of a stainless steel shaft, a shaft bracket,
electrodes, flexible thin films, a commutator, bearings (SC6700zz, NSK,
Japan), a barrel, a barrel bracket, two electric brushes, two brush
holders and a base. A barrel with dimensions of 105 mm (external
diameter) x 99 mm (inner diameter) x 110 mm (length) and bearings
are obtained by commercial means. Electrodes distributed in the inner
wall of barrel is fabricated by the copper whose sizes are 90 mm (length)
x 99 mm (diameter). In addition, the copper with a length of 40 mm in
the external diameter is applied to the commutator. The different width
of flexible thin films distributed in the outer wall of stator are made of
fluorinated ethylene propylene (FEP) whose sizes are 90 mm (length) x
100 pm (thickness). A shaft bracket, a barrel bracket, two brush holders
and a base are fabricated by a 3D printer with polylactic acid (PLA)
material, and the stainless steel shaft is machined by the lathes.

4.2. Electrical measurement

A two-phase hybrid stepper motor (J-5718HBS401, Longshun,
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Fig. 6. Demonstration of BD-TENG as a practical power source under the simulated wind environment. (a-b) Experimental measurement platform and equivalent
circuit diagram of BD-TENG harvesting wind energy to power LEDs. (¢) The BD-TENG can directly light up 210 LEDs in series. (d-e) Schematic diagram showing the
experimental system and enlargement display of calculator energy supply. (f) Energy supply curve of BD-TENG.
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China) is applied as the experimental power output equipment, which is
connected to the BD-TENG with the assistance of a rigid coupling. Then,
a programmable electrometer (6514, Keithley, USA) and a data acqui-
sition system (PCI-6259, National Instruments, USA) are utilized for
collecting the output signal of BD-TENG, which is processed and stored
by a programmed LabVIEW software and a computer (ThinkCentre
M8500t-N00O, Lenovo, China), respectively. The scanning electron mi-
croscope images are taken by scanning electron microscopy (SU8020,
HITACHI, Japan).
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