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ABSTRACT

The present work aims to develop the efficiency of bidirectional direct current
triboelectric nanogenerator (BDC-TENG). Different materials such as aluminium
(Al), polyamide (PA) and Kapton films adhered to polymethyl methacrylate (PMMA)
cube as moving friction surfaces were tested. They were sliding on the stationary
PMMA, poly propylene (PP) and silicon rubber (SR) in order to harvest the generated
voltage to be applied as feedback signal of the self-powered sensor used in the
electronic skin (e-skin).

It was found that among the tested materials used as moving and stationary friction
surfaces, Al sliding on SR recorded the highest voltage. Besides, Kapton slid on
PMMA showed significant voltage increase with increasing the intensity of the
magnetic field when permanent magnets were inserted under the stationary surface.
Further voltage increase was observed when the magnets were wrapped by copper
coil. In contradiction to that, sliding of Al on PP generated relatively lower values.
Further voltage increase observed when the magnets were wrapped by copper coil. It
can be concluded that the proposed BDC-TENG can be applied as a self-powered
sensor in the application of the e-skin design due to the function of the proposed BDC-
TENG that generated bidirectional voltage, where the flow of the direct current in
the external circuit in two directions during sliding.

KEYWORDS
Triboelectric nanogenerator, polymers, feedback signal, sensor, electronic skin,
permanent magnet.

INTRODUCTION

The development of the double-channel bidirectional direct current triboelectric
nanogenerator (BDC-TENG) is essential to enhance the performance of the system of
the electronic skin (e-skin). BDC-TENG was proposed using polymers like
polymethyl methacrylate (PMMA) and polyamide (PA) textiles and strings as well as
metallic ones like aluminium (Al) and copper (Cu) films as friction surfaces sliding
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on polytetrafluoroethylene (PTFE) film to generate the feedback signal to operate the
e-skin. Besides, the thickness of the friction surfaces was investigated, [1, 2].

The effect of the induction of the magnetic field on ESC generated by the proposed
TENG was investigated, [3 - 10]. It was found that the moving electrode that cut
perpendicularly the highest number of the magnetic field lines produced the highest
ESC. In addition to that, the direction of sliding showed significant effect on ESC.
The performance of the TENG based on triboelectrification and induction made by
magnetic field depends on the strength and the place of the permanent magnets
relative to the contact area. The insertion of the steel sheets between the permanent
magnets and the contact area can distribute the lines of magnetic field, because the
steel sheets can redirect the magnetic field lines of the magnet and provided extra
magnetic field, where that effect depends on the sheet thickness.

The drawbacks of triboelectrification are destruction of electronics and fires, [11 -
15]. In order to reduce that effect, it was found that, the sliding materials should be
blended by others of different charges, [16 - 18]. In hospital and medical field,
triboelectrification can be applied to repel viruses, [19 - 23], and develop the
performance of TENG, [24 - 26]. Triboelectrification supported by electrostatic
induction could enhance the efficiency of TENG in energy harvesters, [27 - 30],
sensors, [31 - 33], as well as electromagnetic TENG, [35 - 38].

In the present work, different materials such as Al, PA and Kapton films as moving
friction surfaces sliding on the stationary ones of PMMA, PP and SR in order to get
the highest voltage output were tested.

EXPERIMENTAL

The proposed BDC-TENG consisted of the moving surfaces that consisted of PMMA
cube of 20 x 20 x 20 mm? coated Al, PA and Kapton films of 25 pum thickness. The
stationary surfaces were PMMA, PP and SR. Two charge-collecting electrodes made
of copper sheet were adhered to the two sides of the moving PMMA cube, Fig. 1.
Permanent magnets of 120 and 240 mG field intensity were inserted under the
stationary sheets, Fig. 2. The permanent magnets were wrapped by copper coil of 0.2
mm diameter and 25 turns to strengthen their induction, Fig. 3. An Arduino-Uno was
used to measure the generated ESC in mV during sliding on the two sliding surfaces
in two directions. The average of the voltage peaks during the test run measured by
the electrodes was determined.

The load values were 0.3, 2.3, 4.3, 6.3, 8.3 and 10.5 N. The sliding distance was 10 mm.
The function of the BDC-TENG is to generate double signal voltage depending on the
sliding direction. The movement of the friction surface to the right makes electrode |
to collect ESC from the stationary friction one, Fig. 1, and electrode 11 collects ESC
in different signal when the movement turns to the left direction.
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Fig. 2 Arrangement of the tested TENG provided by permanent magnet.
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Fig. 3 Arrangement of the magnets wrapped by copper coil.

RESULTS AND DISCUSSION

The sliding of Al film on PMMA, SR and PP induced voltage difference between the
two electrodes. Figures 4 and 5 illustrate the voltage values generated in the two
directions versus time when Al slid on SR and PMMA respectively at 3.3 N load. The
function of the proposed BDC-TENG is to generate positive and negative voltages
depending on the sliding direction. When Al surface moves to the right, electrode |
collects ESC from SR or PMMA, Fig. 1. The left movement causes electrode Il to
collect ESC in different signal.

The comparative performance of the tested materials used as stationary friction
surface is shown in Fig. 6. Generally, voltage significantly increased with the increase
of the applied load. SR represented the highest voltage followed by PP and PMMA.
That behavior can be explained on the bases of the triboelectric series that determines
the polarity of the ESC of the sliding surfaces due to the electron transfer from one
surface to the other, [40]. The materials listed in the upper part in the triboelectric
series when slides on materials located in the lower part will be positively charged
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while the lower one will be negatively charged. The magnitude of ESC depends on the
distance between the two materials. Materials generate ESC during friction with each
other, where the magnitude and polarity depend on their position in the triboelectric
series. The higher positioned ones gain positive ESC, while the lower ones gain
negative ESC. Figure 7 illustrates the triboelectric series where the materials are
ranked. Because the distance between Al and SR is longer than that between Al and
PP as well as Al and PMMA, therefore, the sliding pair AI/SR displayed the highest
voltage as measure of the generated ESC. Based on that observation, it can be
recommended that Al can be used in the moving friction surface and SR can be
applied for the stationary one to harvest the highest voltage.
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Fig. 4 Voltage generated from sliding of Al on SR versus time.
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Fig. 5 Voltage generated from sliding of Al on PMMA versus time.
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Fig. 6 Voltage generated from sliding of Al on PMMA, SR and PP.
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Fig. 7 Triboelectric series of the materials.

The moving friction surface was coated by Kapton slid on PMMA then the voltage
was measured under the influence of the permanent magnet to enhance the efficiency
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of the TENG. The results of the experiments are shown in Fig. 8. It was observed that
voltage increased with increasing the magnetic field. The highest voltage values recorded
653 mV at 240 mG. Further voltage increase was measured when the magnets were
wrapped by copper coil, Fig. 9, where the highest voltage recorded 686 mG. It seems
that the induction of the copper coil increased the electric field and consequently voltage

increased.
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Fig. 8 Voltage generated from sliding of Kapton on PMMA under the influence of
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Fig. 9 Voltage generated from sliding of Kapton on PMMA under the influence of

the permanent magnet wrapped with copper coil.
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In condition of replacing Kapton by Al and PMMA by PP, the values of voltage
generated from sliding of Al on PP under the influence of the permanent magnet is
shown in Fig. 10. The values of voltage did not exceed 230 mV at 10.3 N although the
distance between Al and PP in the triboelectric series is quite long. The insertion of
magnets under PP substrate strengthened the intensity of the ESC induced magnetic
field that increased the magnitude of the ESC, where the highest voltage value
reached 297 mV at 240 mg magnetic field intensity. When the magnets were wrapped
by copper coil, voltage increased, Fig. 11, where the highest voltage values increased
up to 318 mV due to the increase of the induction of the magnetic field.
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Fig. 10 Voltage generated from sliding of Al on PP under the influence of the
permanent magnet.
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Fig. 11 Voltage generated from sliding of Al on PP under the influence of the
permanent magnet wrapped by copper coil.
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Voltage generated from sliding of PA on PP showed reasonable values increasing
with the increase of the intensity of the magnetic field, Fig. 12. The highest values of
voltage measured at 10.3 N load were 307, 464 and 532 mV at 0, 120 and 240 mG
magnetic field intensity respectively.
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Fig. 12 Voltage generated from sliding of PA on PP.

Based on the observations in the present work, it is noticed that the proposed BDC-
TENG generated bidirectional voltage, due to the flow of the direct current in the
external circuit in two directions during sliding. That performance qualified the
proposed BDC-TENG to be applied as a self-powered sensor in e-skin design.

CONCLUSIONS

1. SR represented the highest voltage followed by PP and PMMA when Al slid on
them.

2. It can be recommended that Al can be used in the moving friction surface and SR
can be applied for the stationary one to harvest the highest voltage.

3. Kapton slid on PMMA showed significant voltage increase with increasing the
intensity of the magnetic field.

4. Wrapping the magnets by copper coil induced further voltage increase.

5. Sliding of Al on PP generated relatively lower values.

6. Inserting permanent magnets under PP substrate increased the voltage. Further
voltage increase was observed when the magnets were wrapped by copper coil.

7. Based on the observations in the present work, it is noticed that the proposed BDC-
TENG generated bidirectional voltage, due to the flow of the direct current in the
external circuit in two directions during sliding. That performance qualified the
proposed BDC-TENG to be applied as a self-powered sensor in e-skin design.
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