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ABSTRACT

The present paper studies the development of the design of electronic skin by
introducing bidirectional direct current triboelectric nanogenerator (BDC-TENG) to
work as self-powered sensor. The feedback signal generated from the BDC-TENG
due to the sliding of polytetrafluoroethylene (PTFE) on polyamide (PA) is tested. It is
aimed that BDC-TENG generates electric current from the sliding of PTFE on PA,
where the polarity depends on the motion direction. The generated DC current works
as feedback signal to control the sliding of the object surface on e-skin.

It was observed that the proposed DC-TENG generated bidirectional voltage of signal
depends on the sliding direction. When the thickness of PU sponge substrate
increased, voltage slightly increased due to the soft contact between PTFE and PA
provided by PU foam layer that increased the contact area. Besides, as the load
increased, voltage increased. Copper electrodes displayed higher voltage than
aluminium ones, where the voltage increased with increasing the width and length of
the electrode due to the increase of the contact area of electrode that collects ESC
from both the sliding surfaces. In addition, when PA was replaced by PMMA strings,
voltage increased up to maximum then decreased with the increase of the electrode
width, while voltage slightly increased as electrode length increased. The sliding of
PTFE directly on the PU foam significantly increased the voltage. During sliding, DC-
TENG generates direct current in two directions.
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INTRODUCTION

TENG can be used to covert the sliding of different dielectrics on each other into
electric current. That performance can be utilized in the design of e-skin by
transferring the sliding of objects on e-skin into electric current to be applied as
feedback signal to control the grasping of objects. The traditional triboelectric
nanogenerator (TENG) was developed by adding extra charge-collecting electrode
(CCE) on the opposite end of the friction surface (FC), [1, 2]. The modified TENG
gave bidirectional and double-channel output.

The objective of the direct current triboelectric nanogenerator (DC-TENG) is to be
used in the electronic skin. It was found that the DC-TENG can do that subject, [3 —
7]. During sliding, the friction surface induced electrostatic field because of the
increase of the ESC density that generates direct current.

In the design of e-skin, it is essential to generate electric current to work as feedback
signal during sliding on the surface of the objects to be handled, [8]. Design of e-skin
was developed by capacitive, resistive sensors, triboelectrification and electrostatic
induction, [9 - 20]. In addition to that, e-skin was developed to detect finger touch,
[21, 22]. A gripper mechanism was modified to secure safe objects grasp through the
control of the sliding to adapt the gripping force. The feedback signal of the previously
mentioned gripper depended on the triboelectrification making use of the ESC double
layers generated at the two sliding surfaces, [23]. It was concluded that voltage
measured can be applied as feedback signal, [33]. The proposed e-skin included coil
of carbon fibers on aluminium film as the electrode in PMMA core. The counterface
was kapton film.

Recently, it was proposed to design e-skin consisted of latex as outer layer to
guarantee safe grasping of the objects, [34]. It was found that the highest voltage
values were observed for PTFE and Kapton as friction surface. To increase the
voltage in the external circuit, two charge collecting electrodes were used. It was
proposed to apply the DC-TENG to generate DC current to be applied in e-skin.

The present work develops an e-skin based on BDC-TENG to induce direct current
as feedback signal.

EXPERIMENTAL

The TENG, proposed in the present work to generate the feedback signal, consisted
of two dielectrics, the first was PTFE of 25 um thickness adhered to wooden block
representing the sliding surface. Copper film of 20 um thickness was used as output
electrodes adhered to the both sides of the wooden block to collect ESC generated
from sliding of PTFE on the other dielectric. The other sliding surface was polyamide
(PA) of 20 pum thickness adhered to the polyurethane (PU) foam, followed by 0.5 mm
PMMA sheet as substrate of 30 mm length and 20 mm width. The PU thickness was
2,5, 8and 10 mm adhered to the PMMA sheet to provide soft contact layer to increase
the contact area between the two sliding surfaces. Then the whole proposed
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construction was wrapped by latex, as external layer due to the relative high friction
values when sliding with other surfaces. The details of the proposed TENG are shown
in Fig. 1. Load was applied by weights up to 10.25 N. The sliding distance was 20 mm.
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Fig. 1 Details of the DC-TENG proposed to be inserted in the e-skin.
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Fig. 2 Generation of ESC on the sliding surfaces.
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Fig. 3 Generation of the bidirectional direct current according to the sliding
direction.
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RESULTS AND DISCUSSION

When PTFE film moved to the right, electrode I collected the positive ESC from PA
surface, Fig. 3, a. While the movement of PTFE to the left caused that electrode 11
collected the positive ESC, Fig. 3, b. The addition of the second electrode, a
bidirectional output could be obtained according to the sliding direction. The function
of the proposed TENG is to generate double simultaneous ESC, where the current
direction is tunable by adjusting the PTFE sliding direction.
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Fig. 4 Voltage difference between the two electrodes versus thickness of sponge.
Length 18 mm, 5 mm width of electrode.
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The relationship between the generated voltage and the thickness of the sponge is
illustrated in Fig. 4. Voltage slightly increased with increasing sponge thickness.
Besides, as the load increased, voltage increased. The length and width of electrode
were 18 mm, 5 mm respectively. The effect of the type of materials of electrodes on
the generated voltage is shown in Fig. 5, where the two copper electrodes (Cu/Cu)
displayed relatively higher voltage than that measured for copper and aluminium
electrodes (Al/Cu). The length and width of the electrodes were 18 and 4 mm
respectively. The highest voltage values were 1590 and 1344 mV for Cu/Cu and Cu/Al
electrodes respectively at 18 N load. That behavior recommends to use copper
electrodes. Figure 6 shows the voltage difference between the two electrodes versus
width of the two electrodes of 18 mm length. As the electrode width increased voltage
increased. It seems that the increase of the area of electrode that collects ESC from
both of PTFE and PA surfaces was responsible for increase of the voltage. The highest
voltage value reached 800 mV at 10 mm sponge thickness and 10.25 N load.

2000

®Al Cu ECucCu

1600

[EEN

N

o

o
o'l

800

Voltage, mV

400

0
0O 2 4 6 8 10 12 14 16 18 20
Load, N

Fig. 5 Voltage difference between the two electrodes I (Cu) and 11 (Al).

The outer surface of the e-skin was latex of 0.06 mm thickness. Latex was selected
because of its relatively higher value of friction coefficient. It is well known that the
friction coefficient () between latex and PMMA sheet should be high to facilitate the
sliding of PTFE on the PA, [1]. Application of latex enhanced the secure grasp of the
objects. The easy sliding of PTFE on PA can be developed by using suitable lubricant
that will be discussed in the future research.

Voltage difference between the two electrodes versus length of electrode of 9 mm
width during sliding is shown in Fig. 7. It is clearly noticed that voltage significantly
increased with increasing the length of electrode due to the increase of the contact
area between the electrode and the sliding surface. The highest voltage value
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increased from 610 to 800 mV as the electrode length increased from 4 to 18 mm
respectively.
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Fig. 6 Voltage difference between the two electrodes versus width of electrode.
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Fig. 7 Voltage difference between the two electrodes versus length of electrode.

139



When PA surface was replaced by PMMA strings of 2 mm diameter, voltage
difference versus width of electrode increased up to maximum then decreased with
increasing electrode width, Fig. 8. The highest voltage values were observed at 6 mm
electrode width. The increase might be from the increase of the contact area between
electrode and sliding surface, while the decrease could be from the decrease of the
area of both PTFE and PMMA subjected to friction. The relationship between voltage
and length of electrode is shown in Fig. 9. The electrode width was 8 mm. Voltage
difference showed slight increase as electrode length increased, where the values
showed relatively lower values than that observed for PA surface. The highest voltage
value reached 620 mV at 18 mm electrode length and 10.25 N load.
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Fig. 8 Voltage difference between the two electrodes versus width of electrode.

Figure 10 illustrates the relation between voltage and electrode width when PA
surface was backed by 10 mm thick PU foam, where the electrode length was 18 mm.
It is clearly seen that the voltage showed the same trend observed in Fig. 8 for PMMA
strings. The voltage values were much higher than that displayed by PMMA surface.
It seems that soft contact between PTFE and PA provided by PU foam layer increased
the contact area and consequently voltage increased. The optimal electrode width was
ranging between 5 and 6 mm for 18 mm electrode length.

The sliding pf PTFE on the surface of PU foam showed significant voltage increase,
Fig. 11. The highest voltage value was 1080 mV for 9 mm electrode width and 10.25
N load. It is noticed that replacing PA surface by foamy PU substrate showed
increased voltage with increasing electrode width to 9 mm. That behavior was
pronounced for the relatively higher loads.
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Fig. 9 Voltage difference between the two electrodes versus length of electrode.

1200

® 025N B 225N & 425N
1000 ||A 625N X 825N 0O 10.25N

800

600

Voltage, mV

)

400

200

o 1 2 3 4 5 6 7 8 9 10
Width of Electrode, mm

Fig. 10 Voltage difference between the two electrodes versus width of electrode in
the presence of PU foam of 10 mm thickness.
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Fig. 11 Voltage difference between the two electrodes versus width of electrode.

The proposed DC-TENG generated bidirectional voltage difference. During sliding,
direct current flew in the external circuit in two directions. The sign of ESC depended
on the direction of the motion. Consequently, the application of the proposed DC-
TENG can be applicable in e-skin design. It is favorable to develop modern methods
to control the compactness, performance and stability to be used as a self-powered
sensor in the design of the e-skin. It is necessary to carry out further research to
enhance the performance by using lubricant between the two sliding surfaces of the
proposed TENG

CONCLUSIONS

1. The proposed DC-TENG generated bidirectional voltage according to the sliding
direction.

2. Increasing sponge thickness slightly increased voltage, while as the load increased,
voltage increased.

3. Copper electrodes showed higher voltage output than aluminium electrodes.

4. Voltage increased as the width and length of the electrode increased.

5. Replacing PA by PMMA strings showed an increase in voltage difference up to
maximum then slightly decreased with increasing electrode width. Voltage slightly
increased as electrode length increased.

6. As the thickness of PU foam increased, voltage slightly increased.

7. The direct sliding of PTFE on the PU foam increased the voltage.
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