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ABSTRACT
The present work proposes five types of DC TENG based on electrostatic breakdown
to generate direct current to be applied in small electronic appliances.

Triboelectric nanogenerator (TENG) is a technology that combines electrostatic
induction and triboelectrification to harvest energy. The output of the TENG is an
alternating current (AC) that needs a rectifier to obtain a direct current (DC).
Recently, direct current triboelectric nanogenerator DC TENG has been developed
based on the combination of triboelectrification and electrostatic breakdown. The
present work proposes five types of DC TENG to generate direct current to be applied
in small electronics.

It was revealed that the voltage harvested by the DC-TENG resulted from the
triboelectrification and electrostatic breakdown and generated direct current passed
through the electrodes and Al surface. It was observed that voltage displayed
maximum values at a certain value of the contact area of the electrodes. When Cu
electrodes were replaced by Al ones, voltage showed higher voltage at the controlled
length of the electrodes. Besides, the oily sliding of Cu on PTFE displayed a drastic
voltage decrease, while the oily sliding of Cu on Kapton increased the voltage. Water-
wet sliding of Al on PTFE showed higher voltage values than the dry one. While, Al
sliding on PMMA at water conditions presented a remarkable voltage increase,
especially for the connected two electrodes.
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INTRODUCTION

The technology of harvesting mechanical energy and converting it into electrical one
is called energy harvesting. Triboelectric nanogenerator (TENG) can harvest
mechanical energy by contact/separation mechanism and sliding of two material
surfaces on each other. Combining contact electrification and electrostatic induction
produces electrical current.

Direct current triboelectric nanogenerator, (DC-TENG), can generate electric
current during sliding. That behavior facilitates its application on the surface of the
electronic skin (e-skin), [1 - 6]. Sliding of DC-TENG increased the ESC magnitude
on the friction surface and induced an electrostatic field acting in the gap between the
friction surface and electrode. It was proposed to insert two charge-collecting
electrodes at the rear and front of the friction electrode to increase the output voltage.
The DC-TENG was recommended to be applied in the design of e-skin.

It was found that the conventional TENG generally produced alternating current
(AC), which needs electrical circuits to rectify its output. The application of the TENG
limits the harvested energy. The requirements increased to apply direct-current
TENGs, [7 - 13]. It was revealed that the semiconductor-based DC TENG can produce
high density DC output, [8 - 15]. However, normal load and sliding frequency
enhanced the triboelectric output. It was revealed that polyurethanes (PU) and
ethylenetetrafluoroethylene (ETFE) present significant output for DC-TENG, [16]. It
was developed by solving the factors influencing its performance such as friction
coefficient, surface charge density, leakage current, and breakdown charge density,
[17, 19], by liquid lubrication, [20] and material selection, [21 - 25], where surface
charge (ESC) increased. Generation of feedback electric signal due to sliding on the
object surface is essential in the design of e-skin, [26 - 30]. Besides, TENG performed
by triboelectrification and electrostatic induction were utilized, [31 - 40].

The present work proposes five types of DC TENG based on electrostatic breakdown
to generate direct current to be applied in small electronic appliances.

EXPERIMENTAL

The proposed five types of the DC TENG are illustrated, and their performance is
discussed in the present work. The proposed first DC TENG is shown in Fig. 1, a.
PTFE film 20 um thickness was adhered to a PMMA cube of 30 x 30 x 30 mm3. The
second friction surface was a PMMA sheet of 3.0 mm thickness. On the front and
rear edges, two copper (Cu) films of 20 um thickness were connected to the Cu film
representing the charge collecting electrode (CCE). The distribution of the Cu film
on the PTFE surface is illustrated in Fig. 1, b. The second proposed TENG consisted
of the two friction surfaces one slide on the other. The slider surface was coated by
PTFE film adhered to a PMMA cube, where two electrodes of aluminum (Al) film of
25 pum thickness representing the output terminals of the TENG are installed on both
sides of the slider to collect ESC, Fig. 2, a. The length of the Al electrode ranged
between 4 and 24 mm while the width was 10 mm. Figure 2, b shows the 3D schematic
diagram of the second TENG.



The third proposed DC TENG contained Cu film of 20 um thickness adhered on one
surface of the PMMA cube of 30 x 30 x 30 mm?3 to represent the sliding electrode on
the dielectric friction surface. Then Cu film of 20 um thickness, 20 mm width, and 30
mm length was adhered on one surface of the PMMA cube representing the second
electrode. The dielectric friction surface was PTFE film of 20 um thickness adhered
on the acrylic substrate, Fig. 3. The fourth proposed TENG had the same construction
as the third one except that the dielectric friction surface (PTFE) was replaced by
Kapton film of 25 um thickness, Fig. 4. The fifth TENG is shown in Fig. 5, where the
Cu film was replaced by the aluminum film (Al) of 80 um thickness. The dielectric
friction surface was PTFE and PMMA. Load values were ranging between 0.25 and
10.25 N. The sliding distance was 100 mm. Experiments were carried out at dry and
lubricated sliding conditions. The lubricant was paraffin oil and water.
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Fig. 1, b Distribution of the electrodes in the sliding surface of PTFE film.
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Fig. 2, b 3D Diagram of the second TENG.
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Fig. 3 Arrangement of the third proposed TENG.
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Fig. 5, b Arrangement of the fifth proposed TENG of connected electrodes.

RESULTS AND DISCUSSION

The design of the proposed DC TENG depends on generating DC current from the
sliding of the tested materials on each other. The voltage generated from the first DC
TENG at dry sliding measured between charge collecting electrodes | and 11 is shown
in Fig. 6. It is seen that voltage slightly increased up to maximum and then slightly
decreased with increasing the relative contact area of the electrode. As the applied
load increased, the voltage increased due to increasing the contact area. The highest
voltage values were measured when the relative contact area was 50 % of the area of
PTFE, where the highest value (850 mV) was observed at 10.25 N. Sliding of DC
TENG after rinsing the sliding surface by paraffin oil showed the same trend
observed for dry sliding, Fig. 7. It is known that using lubricant on the friction surface
facilitates the sliding and decrease wear.
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Fig. 6 Voltage generated from the first DC TENG at dry sliding.

1000
® 025NE 225N & 425N

800
< 600
g A~ B
5
> 400

200

0

0.2 0.3 0.4 0.5 0.6 0.7

Relative Contact Area of Electrode, mm?

Fig. 7 Voltage generated from the first DC TENG at oil sliding.

The second proposed DC TENG displayed a relatively higher voltage generated at
dry sliding, Fig. 8, when the Cu electrodes were replaced by Al ones. Voltage
increased up to maximum and then decreased with the increase of the length of the
electrodes, where the highest values were observed at the length of an electrode of 12



— 16 mm and 10 mm width. The highest recorded voltage was 1100 mV at 10.25 N
load.
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Fig. 8 Voltage generated from the second DC TENG at dry sliding.

The third proposed DC TENG at dry sliding, Fig. 9, showed slight voltage increase
with increasing the length of the electrodes. Compared to the output of the first DC
TENG, it is observed that the voltage output displayed by the third TENG was lower
than that measured for the first TENG. At oily sliding, the voltage drastically
decreased, Fig. 10. It seems that the voltage decrease was due to the separation of the
two sliding surfaces (Cu/PTFE) that limited the generation of ESC, where the highest
voltage value did not exceed 350 mV.

The voltage generated from the fourth DC TENG at dry and oily sliding versus the
length of the electrodes for Cu sliding on Kapton is illustrated in Figs. 11, 12. At dry
sliding, Fig. 11, the voltage showed a drastic decrease compared to sliding on PTFE.
In contradiction to that, oily sliding, Fig. 12, represented relatively higher values than
that shown in dry sliding.
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Fig. 9 Voltage generated from the third DC TENG at dry sliding.
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Fig. 10 Voltage generated from the third DC TENG at oily sliding.
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Dry Fig. 11 Voltage generated from the fourth DC TENG at dry sliding.
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Fig. 12 Voltage generated from the fourth DC TENG at oily sliding.
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Fig. 13 Voltage generated from the fifth DC TENG for Al sliding on PTFE.
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Fig. 14 Voltage generated from the fifth DC TENG for Al sliding on PMMA.



The voltage difference harvested by the fifth DC-TENG is illustrated in Fig. 13, where
the Al film slides on PTFE film at dry and water wet conditions. The measurements
were performed also when the two electrodes were connected. The highest voltage
value was observed at dry sliding and 10.25 N load. Besides, connecting the two
electrodes did not enhance the voltage. Generally, water wet sliding displayed
relatively higher voltage values than dry sliding. It seems that the water film on the
sliding surface enhanced the output performance of the DC TENG and conducted the
ESC to the electrodes. The effect of lubricating the sliding surface with water is clearly
shown when PTFE film was replaced by PMMA, Fig. 14, where a remarkable voltage
increase was observed in the condition of water wet sliding. Besides, connecting the
two electrodes displayed the highest voltage (1035 mV) at the highest load (10.25 N).
The voltage harvested by the DC-TENG resulted from the triboelectrification and
electrostatic breakdown, where direct current passed through the electrodes and Al
surface due to the electrostatic field. The gap between the electrodes and PMMA was
ionized and consequently direct current flew in the external circuit. While the Al
surface slides forward, the ESC is transmitted from PMMA to the electrode. Once
the Al surface moved forward the electrostatic field induced a negative charge on the
surface of PTFE and positive charge on Al surface. In condition of sliding of Al
surface on PMMA would induce negative charge on Al surface and positive charge
on PMMA surface. The movement of Al surface forward generated ESC continuously
resulting in a continuous DC output. The size of the DC-TENG can be compacted to
be applicable as a self-powered sensor in electronics.

CONCLUSIONS

1. The present work proposes five types of DC TENG to generate DC current from
the sliding of the tested materials.

2. Voltage slightly increased up to maximum then slightly decreased with increasing
the relative contact area of the electrode.

3. Increasing the applied load increased voltage due to the increase of the contact area.
4. Replacing the Cu electrodes by Al ones displayed relatively higher voltage at a
certain length of the electrodes.

5. Oily sliding of Cu on PTFE drastically decreased the voltage.

6. At dry sliding of Cu on Kapton, the voltage drastically decreased compared to
sliding on PTFE. While oily sliding showed relatively higher values than that
observed in dry sliding.

7. Water wet sliding of Al on PTFE showed higher voltage values than dry sliding.
Sliding at dry and water wet conditions

8. Significant voltage increase was measured for Al sliding on PMMA at water wet
conditions. Besides, connecting the two electrodes showed the highest voltage at 10.25
N load.
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