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ABSTRACT

The present work discusses the effect of magnetic field on the voltage output of a
triboelectric nanogenerator (TENG) based on triboelectrification and magnetic field.
One of the major factors influencing the performance of the TENG is the position of
the permanent magnets relative to the triboelectrified area. In the present study,
experiments were carried out to investigate the proper places of the permanent
magnets relative to the tested area. The voltage difference between the surfaces of
polytetrafluoroethylene (PTFE) and rabbit fur was measured after contact-
separation and sliding.

When the magnets were placed on the top of the PTFE film, the strength of magnetic
field is concentrated above the PTFE film, while the presence of the steel sheet under
PTFE film reduced the magnetic field strength because steel shield attracts and
redirects the field lines out of the sliding area. It was found that the increase of
magnetic fields caused significant voltage increase. Besides, voltage displayed lower
values by contact-separation than that measured for sliding. When the magnets were
placed under the PTFE film, voltage decreased for contact and separation. The best
results were observed for placing magnets above and under PTFE film, where higher
voltage values were measured. Finally, replacing the steel sheet by PMMA generated
significant voltage increase. Based on that observation, it is recommended to apply
nonmagnetic materials in the design of hybrid electromagnetic triboelectric
nanogenerator.
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INTRODUCTION

The triboelectric effect occurs when two surfaces come into contact with one another,
where charges can be transferred from one surface to the other, [1 - 5]. The intensity
and sign of the charges transferred is determined by the triboelectric series, that
ranks materials according to their likelihood of obtaining a positive charge upon
contact with another material, [6 - 8]. Despite its old history, the exact mechanism by
which the process of triboelectrification is still unknown, with ion transfer being a
likely explanation, [9].

The triboelectric effect can be a blessing or a curse. It can cause fires, [10, 11], or
damage electronics, [12, 13]. In those cases, it can be reduced by multiple methods,
such as blending two materials opposite to each other in the triboelectric series in one
surface, [14 - 16]. However, it can be used to defend against viruses, [17 - 20], and it
can be used to make multiple devices, such as the Van de Graff generator, [21], and
the triboelectric nanogenerator (TENG), [22 - 24]. TENGs use a combination of
triboelectrification and electrostatic induction to induce a voltage between two
terminals, a terminal can be a dielectric connected to an electrode, just an electrode,
or an electric ground. TENGs can be used in multiple ways, as energy harvesters, [25
- 28], or as self-powered sensors, [29 - 32].

Electromagnetic induction is one of the oldest ways of converting mechanical energy
into electrical energy, other than its well-known applications, it has been used to make
hybrid electromagnetic-TENGs, [33 - 39]. This would allow for the creation of devices
with higher efficiency than either TENGs or electromagnetic generators.

The present work investigates the effect of magnetic lines distribution on the voltage

output of a hybrid electromagnetic triboelectric nanogenerator (TENG) made from
a PTFE and a rabbit fur because they are both opposite to each other in the
triboelectric series. The proposed TENG can harvest mechanical energy by
combining contact electrification and electrostatic induction.

EXPERIMENTAL

The test specimens consisted of wooden cube of 40 x 40 x 40 mm? coated by aluminium
film (Al) of 0.25 mm thickness. Then rabbit fur was adhered to the Al film
representing the first dielectric surface. The tested counterface was in form of PTFE
film adhered to steel sheet of 0.3 mm thickness (second terminal) representing the
second dielectric surface. The voltage difference was measured between the steel
surface and Al film. Further experiments were carried out to investigate the effect of
replacing the steel sheet by polymethyl methacrylate (PMMA) sheet of 0.3 mm
thickness coated by Al film (second terminal) to avoid the shielding effect of the steel.
The load was applied by the weight of the wooden block (0.5 N). The test procedure
consisted of contact-separation and sliding. In contact-separation, the load is applied
for 5 seconds followed by the measurement of the voltage. The sliding distance was
100 mm. The magnetic field was supplied by permanent magnets that produce their
own persistent magnetic strength. They are made of ferromagnetic materials, such as
iron and nickel, that have been magnetized, and they have both a north and a south
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pole. The intensity of the magnetic field was 20, 60, 100 mG. The details of the test
specimens and the test rig are shown in Fig. 1. The experiments were repeated five
times to measure the voltage difference.
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Fig. 1 Arrangement of test procedure.

RESULTS AND DISCUSSION

When the magnets were placed on the top of the PTFE film, the magnetic field
distribution is illustrated in Fig. 2. The intensity of the lines of magnetic field is
concentrated above the PTFE film. Due to the presence of the steel sheet under PTFE
film as ferromagnetic steel that has high magnetic permeability and can easily absorb
and redirect magnetic fields, the effect of magnetic field under steel sheet decreased.
It is known that steel shield attracts, channels the field lines and reduces the magnetic
field strength. Steel is ferromagnetic and can be used to redirect shields.

Voltage generated from contact-separation and sliding when magnets are placed on
the top of the PTFE film is shown in Fig. 3. It is seen that voltage difference generated
from by contact-separation displayed lower values than that recorded for sliding. The
highest voltage values recorded at 160 mG field strength for contact-separation and
sliding were 1050 and 1280 mV respectively. In addition, the increase of magnetic
fields caused significant voltage increase. This performance may be atributed to the
double layer of ESC generated on the contact surfaces that induced an extra electric
field on the sliding surfaces leading to the voltage increase. The movement of ESC
generated from contact-separation and sliding generates a magnetic field that induces
an electric current. Magnetic fields are often represented in field lines, where their
density indicates the strength of the field. The higher dense the lines, the stronger the
field.

Wooden Block

Fig. 2 Distribution of the magnetic field when the magnets are placed on the top of
the PTFE film.
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It is seen that, as the magnetic flux density increased, the output voltage of the device
increased. It can also be noticed that when the magnets were placed under the PTFE
film, Fig. 4, the output voltage drastically decreased in case of contact and separation
compared to the condition of the magnets being above the PTFE film, Fig. 5. As for
sliding, voltage recorded relatively higher values than that observed in Fig. 3. It seems
that in the case of sliding, the number of magnetic field lines cut by the movement of
rabbit fur increased. In spite of the decrease of the magnetic flux density by the effect
of the shielding action of the steel sheet above the PTFE film, the voltage generated
from sliding recorded higher values up to 1480 mV at 160 mG compared to that
measured when the magnets were above the PTFE film. That may be attributed to
the closer distance of the sliding object from the magnetic field lines.
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Fig. 3 Voltage generated from contact-separation and sliding when magnets are
placed on the top of the PTFE film.
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Fig. 4 Distribution of the magnetic field when the magnets are placed under the
PTFE film.
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When the magnets were placed above and under PTFE film, Fig. 6, higher values of
voltage were measured, Fig. 7. This behavior can be explained on the bases that the
magnets generated more uniform and complex field shape that would allow for the
rabbit fur electrode to cut more field lines. However, the voltage generated via contact
and separation was much lower than that observed for sliding. That performance can
be attributed to the fact that the moving electric charge generated on the rabbit fur
caused the generation of extra magnetic field. Then the magnetic field induced electric
charge movement and produced an extra electric current.
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Fig. 5 Voltage generated from contact-separation and sliding when magnets are
placed under the PTFE film.

Fig. 6 Distribution of the magnetic field when the magnets are placed above and
under the PTFE film,
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Fig. 7 Voltage generated from contact-separation and sliding when magnets are
placed above and under the PTFE film.
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Fig. 8 Voltage generated from contact-separation and sliding when magnets are
placed under the PTFE film, where the steel sheet was replaced by PMMA sheet.



The results of experiments carried out to investigate the effect of replacing the steel
sheet by PMMA sheet on voltage generated from contact-separation and sliding when
magnets are placed above and under the PTFE film are shown in Fig. 8. It is known
that magnetic shielding does not block a magnetic field but it can redirect the lines of
flux during traveling from north pole to south pole of the magnet. The presence of
PMMA sheet allows the lines of magnetic field to flow from one pole of the magnet to
the other with the same intensity, while steel sheet reduces the ambient field strength.
The generated voltage represented relatively higher values than observed for that
shielded by steel sheet. When the field strength was 240 mG, the values of generated
voltage were 2550 and 3230 mV for contact-separation and sliding respectively. Based
on that observation, it is recommended to use nonmagnetic materials as substrates in
the design of hybrid electromagnetic triboelectric nanogenerator.

CONCLUSIONS

1. The increase of magnetic fields caused significant voltage increase.

2. When magnets were placed on the top of the PTFE film, voltage difference
displayed lower values by contact-separation than that recorded for sliding.

3. When the magnets were placed under the PTFE film, voltage drastically decreased
for contact-separation compared to the condition of the magnets being above the
PTFE film, while at sliding, voltage recorded relatively higher values.

4. Placing magnets above and under PTFE film, higher values of voltage were
measured.

5. Replacing the steel sheet by PMMA generated remarkable voltage increase
compared to that observed for steel sheet. Therefore, it is recommended to apply
nonmagnetic materials in the parts of hybrid electromagnetic triboelectric
nanogenerator.
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