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Comparative Investigation of Triboelectric Energy Harvesting
Modes: A Simulation Study

Triboelektrik Enerji Hasat Modlarimin Karsilastirmali Incelenmesi: Bir
Simiilasyon Calismasi
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Abstract

This study prg ents a e analysis focused on simulating the operational modes of a triboelectric nanogenerator
(TENG) u od method. Simulation modelling was performed using a demo version of the Comsol Multiphysics
software? ere conducted under both open circuit and short circuit conditions. The study provides the voltages
acrg € electrodes under open circuit conditions and the transferred electrical charges under short circuit

their respective graphs. The study examines the four main operating modes of a TENG—Vertical
Con joh Mode, Lateral Sliding Mode, Single-Electrode Mode, and Freestanding Mode—simulated under specific
 These results hold significant importance in the design stage of a Triboelectric Nanogenerator (TENG), as
mode necessitates a specific interface circuit to harvest energy efficiently.

Ozet

Bu ¢alisma, simiilasyon tabanli yontem kullanilarak bir triboelektrik nanojeneratoriin (TENG) ¢alisma modlarinin simiile
edilmesine odaklanan karsilastirmali bir analiz sunmaktadir. Simiilasyon modellemesi Comsol Multiphysics yaziliminin demo
versiyonu kullanilarak yapildi. Simiilasyonlar hem acik devre hem de kisa devre kosullarinda gerceklestirilmistir. Calisma,
agik devre kosullart altinda elektrotlarin yiizeyindeki voltajlari ve kisa devre kosullar: altinda aktarilan elektrik yiiklerini ilgili
grafikleriyle birlikte saglar. Caligma, belirli parametre setleri altinda simiile edilen bir TENG'in dért ana ¢alisma modunu
(Dikey Kontak Ayirma Modu, Yanal Kayma Modu, Tek Elektrot Modu ve Bagimsiz Mod) inceliyor. Bu sonuglar, Triboelektrik
Nanojeneratoriin (TENG) tasarim asamasinda biiyiik énem tasiyor ¢iinkii her ¢alisma modu, enerjiyi verimli bir sekilde
toplamak igin ézel bir arayiiz devresi gerektiriyor.
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1. INTRODUCTION
It is expected that the human population will
reach 8.6 billion by 2030, with 61% of the
population living in cities [1, 2]. This means that
the energy demand of human civilization will be
on the rise across all scales, spanning from
nanowatts to gigawatts, driven by growing
population and advancements in technology and
industry. There is a correlation between energy
demand and CO2 emissions. Due to the energy
demand of the population, the annual CO2
emission rate is increasing by 2% [3]. Global
warming and climate change are the biggest
problems threatening humanity. To address this
alternative and clean
should be

implemented across all scales, not only at a Verygy

problem, energy

technologies developed and

large scale but also at the smallest scales, with

a short time frame.

Thanks to advancements in integrated cir@uit (I

sparked

increased intere device

technologies

efficacy of energy harvesters’

a multitude of variables,

encompassing the energy conversion mechanism,
constituent materials, operational modes, and

physical dimensions of the device [6].

The design of an efficient harvester necessitates

meticulous consideration of all pertinent

parameters influencing its  functionality.

Frequently, the optimal values for these

parameters must be discerned during the design
phase, as the fabrication stage typically lacks the
requisite conditions for their optimization. This
investigation delves into the meticulous analysis
of specific parameters crucial to the performance
of a triboelectric energy harvester across four
main working operational modes, employing the
softwage for

Comsol Multiphysics

comprehensive analysis.

y generation intended to power ultra-low

power devices, characterized by the connection
and separation continuously of two dissimilar
materials [7]. The mathematical background of
this phenomenon can be explained by Maxwell's
equations, which can be found in more detail in
[8, 9].

The triboelectric effect has been known for over
2000 years [10], and nowadays, this effect has
been utilized not only for energy harvesting but
also in sensing applications [11]. The first TENG
was proposed in 2012 [12]. While the effect can
be readily employed in various applications, this
phenomenon exhibits a complex nature attributed
to the following reasons [10]: (1) Even on a
surface with high charge density, the charge
density can only reach 1 electron unit per ~105
surface atoms. This implies that irrespective of
the degree of surface charging, the resulting

charge per surface atom remains relatively low,



thus Ieadlng to a notably modest Charglng rate (2) a) Lateral Sliding Mode b) Vertical Contact-Separation Mode
Fundamental questions such as determining

which surface will acquire a positive charge and

which will become negatively charged upon

+++++++

contact remain challenging to answer

¢) Freestanding Triboelectric-Layer Mode d) Single-Electrode Mode

definitively. Additionally, exceptions, such as

those observed in cyclic triboelectric series from
different theories, appear to be mutually
exclusive. Various factors can influence the same
triboelectric process, thereby complicating the

comprehensive analysis by isolating each

. . is dperational
dominant parameter for modelling the

. . S —_ ilar materials
triboelectric effect. Considering these intricate

aspects of the triboelectric effect, numerous °
. i direction,of is lateral. The main
experiments have been undertaken. While these

findings are commendable, their significance is

self-powered sensors,
significantly diminished due to the absence of. P

. . . ne interfaces, energy harvestin
more robust theoretical deductions to interpret tfie 4 g

echanical vibrations, and Internet of
#gs (10T) devices [19].

phenomena observed in the triboelectric progess.

Vertical Contact-Separation (VCS) Mode: This
mode refers to a specific operational principle
and  mathematical where two dissimilar materials are brought into

compounds the di contact and then separated vertically. This

Nevertheless, the movement creates a cyclic process of contact and

valuable for separation, which generates a triboelectric effect,

applicatig leading to the generation of electricity. This mode
is characterized by its ability to efficiently harvest
mechanical energy from vertical motions,
enabling the conversion of mechanical energy
into electrical energy in various applications,
such as energy harvesting from human motion,

vibrations, or other mechanical sources [17].

Freestanding Triboelectric-Layer (FTL) Mode: In
this operation mode, a configuration involves
symmetric electrodes positioned beneath a

dielectric film, where the width of the electrodes



and the gaps between them are comparable to the
dimensions of the moving object. As the object
approaches and moves away from the electrodes,
an asymmetric distribution of electric charges
occurs on the material's surface, leading to the
flow of electrons between the electrodes and the
mitigation of local potential differences. This
process generates an alternating current (AC)
output due to the oscillation of electrons.
Importantly, since there is no direct friction or
contact between the moving object and the top
dielectric layer of the electrodes, free rotation
becomes feasible without mechanical contact,
thereby minimizing abrasion of the dielectric
layer. This innovative approach significantly
enhances the durability and prolongs the service
life of TENGs operating in rotation mode.
Consequently, the harvesting of energy fro
human locomotion, automobiles, and gthe
moving objects becomes both feasigle a

convenient [20].

dissimilar mate freely. To harness

mechani

ergy this mode, a single-

utilized, with the bottom

rqureled. As the top object approaches
rom the bottom film, the local
electrical field distribution changes, prompting
electron flow between the ground and the bottom
electrode to match the potential change. This
energy harvesting strategy has been applied in
both contact-sliding and contact-separation
modes [18].

TENGs are very useful tools to harvest energy
from mechanical movements and vibrations like
piezoelectric energy harvesters. While the power
density of TENGs varies between 0.1 and 100,
piezoelectric nanogenerators (PNGs) have a
power density ranging from 0.001 to 30 [21].
Variation of electrical power output of a
(TENG), the
holds j

Triboelectric Nano Generator

selection of materials
importance. In this conteg,
triboelectric series prg nte

utilized [21,22].
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3. SIMULATIONS FOR TENG The Surface electric potential distribution of the
STRUCTURES

All simulations were performed for open circuit

TENG operated in LS mode under the parameter

set given in Table 2 is shown in Figure 3.
voltage and short circuit current conditions.

Surface electric potential (V)

Efficient energy harvesting can be achieved by mot; o ' ' ' ] 4 59107
. . . L "x10°
using external sophisticated interface circuit. 1501 . XB
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0
circuit), the structure depicted in Figure 2 is 50} . 3
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face electric potential

distribution across the
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open circuit condition is given with
Figure 2: LS model used for simulation. L and the transferred charge amount to the
In these simulations, the bottom electro d Jodes has been provided in Figure 5 for the

bottom triboelectric material are fixed, while t ort circuit condition. Under the short circuit

top electrode and top triboelectri re condition, boundary conditions were redefined as

shifted by 1mm for Selected follows: the top of the electrodes was grounded,

parameters are listed for sj and the transferred charge amount was calculated

in the simulation.

Table 2: Model fPar LS mode
modelling. 6500k ' ' ' ' ]
6000 .
Thickness of electro 0.1mm _ ggggi 1
=
= 45001 .
[
Imm B 4000 i
£ 3500f .
100mm 2 ;ggg: ]
& 2000} J
1mm - 1500} —
1000} .
. o . . . 500 .
Relative germittivity of negative triboelectric 2 of; . ] . . R
material (o) 0 20 40 60 80 100
Sliding (mm)
Relative permittivity of positive triboelectric 4
material (2) Figure 4: Electric potential of electrodes for open
- ] ] circuit condition in LS mode simulation.
Initial surface charge density of negative - 7e-6
triboelectric material C/m?2

Initial surface charge density of positive 7e-6 C/m?
triboelectric material

With of the system 100mm
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Figure 5: Transferred electric charge to the
electrodes under short circuit conditions.

3.2.Vertical
Simulations

Contact-Separation (VCS)

For these simulations, the parameters listed in
Table 3 were utilized. The same structure
depicted in Figure 1 was employed, albeit at a
different scale to reduce computational costs of
simulation. ®

Table3: Model
modelling.

parameters for VCS

Thickness of electrodes

Thickness of triboelectric materials

Length of the system

Amount of vertical slidin,

Relative permittivigly off negative t ectric 2
material (g)
ive triboelectric 4
e density of negative - 7e-6
C/m?

Initial ce charge density of positive 7e-6 C/m?
triboelectfic material
With of the system 5mm

The surface electric potential distribution of the
TENG operated in VCS mode at the end of the

simulation is shown in Figure 6.
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Figure 6: Surface elecyﬂ ent
in VCS mode.
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Figure 7: Electric potential of electrodes for open
circuit condition in VCS mode simulation.

Transferred electrical charge on the short circuit
condition to the electrodes has been given with
Figure 8.
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Figure 8: Transferred electric charge to the
electrodes.



3.3.Freestanding Triboelectric-Layer (FTL)
Simulations

In this stage, a configuration for FTL mode

simulations given with Figure 9 is used.

-
Debre | e |

Electrode Electrode Electrode

Electrode

voc

Figure 9: FTL mode model for simulations.

Parameter set has been used which is given by
Table 4 in the simulations.

Table 4: Model Parameters for FTL mode
modelling.

Thickness of electrodes 0.01mm
Thickness of triboelectric materials 0.1mm ‘.
Length of the electrodes and dielctrics 50 mm
Amount of vertical sliding 1g#im
Relative permittivity of dielectric ()

Number of units 2

Surface charge density of dielem C/m?

Distances between electro » 1mm
With of the system 1 5mm
7
e

0.0005mm

Gap between dielectr

otential distribution of the
n FTL mode at the end of the

shown in Figure 10.
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Figure 11: Electric potential of electrodes for
open circuit condition in FTL mode simulation.

Another important case is the short circuit
condition in FTL mode simulation. The charge
transferred to the electrodes has been given by
Figure 12 in short circuit condition in FTL mode

simulation.
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Figure 12: Transferred electric charge to the
electrodes under short circuit conditions in FTL
mode simulation.
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3.4.Single - Electrode (SE) Simulations
The final operating mode in TENG structures is 2000 - 1
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simulations are conducted using the parameter se 400

2200 B

SE mode. For these simulations, a model depicted

in Figure 1 (d) is utilized. A grounded metal and A

Electric potential (V)

a dielectric are employed in the simulations. Tbe.

200 B

provided in Table 5.

o I I I ]
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Table 5: Model Parameters for S ode Distance (m)
modelling. Figure 14: Electric potential of the top on the
] ‘ : dielectric for SE mode simulation.
Thickness of electrode 1imm
Thickness of triboelectric m rials% \ imm . . i .
A ) Other condition in SE mode modelling is the

Length of the system 5 mm short circuit condition and amount of the

Amount of vertical Imm transferred electrical charges to the grounded
2 electrode has been shown in Figure 15.
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Figure 15: Transferred charge to the grounded
electrode.



4.CONCLUSION

In this paper, four principles operation or working
modes of a TENG have been investigated. Each
mode has some advantages and disadvantages.
Although TENGs have opportunities to supply
energy for ultra-low power devices, some TENG
structures need sophisticated interface circuits to
harvest energy efficiently.

TENGs that work in the LS (Linear Sliding)
mode have the capacity to produce energy even at
lower speeds. Output voltage and current are
relatively smoother and more stable in the LS
mode compared to other modes, as depicted in
Figures 4 and 5. However, this mode may not be
suitable for higher speeds due to friction between

materials.

In the VCS (Vertical Contact-Separation) mO(b,.
the maximum values of output voltage and
current are restricted due to the nature @t thi
mode. TENGs operating in this m can

generate relatively stable outp

current, as depicted in Figur

However, this mode is particularly suitable for
high speeds. Additionally, the FTL mode enables
the detection of very small movements, despite its

more complex structure.

SE mode has very simple structure, but it has

lowest energy output. In some cases, the SE mode

may experience output fluctuations. This can
result in instability and inefficiency in energy

conversion.
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