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Influence of materials properties on the performance of triboelectric nanogenerators

harvesting systems

by Carlos Miguel CALLATY Garcia

Triboelectric nanogenerators (TENGs) are an appealing energy harvester due to their
environmental friendliness, low cost, and low maintenance in the face of the world’s
worsening climatic crisis. With diverse operating modes, such as contact-separation, slid-
ing, single electrode, and freestanding, these devices convert mechanical into electrical
energy and they can supply energy to various devices, such as in maritime and medicine
applications.

In this work, the focus was on studying the contact-separation mode using numeri-
cal simulations and experimentally to better understand the optimisation of TENGs. In
the numerical simulations, parameters such as TENG's area, triboelectric material thick-
ness, and relative permittivity were varied and compared with an existing model, while
in the experimental setup, the behaviour of TENGs in the 20 - 105 °C temperature was
measured and analysed. For both studies, contact-separation TENGs are modelled as a
double-plate capacitor where one material is fixed and the other comes into contact with it
periodically, generating electrostatic charges. To evaluate TENGs’ performance with the
varying parameters, the open circuit voltage, short circuit current, optimum resistance,
and maximum power output are used.

The numerical simulation results show that when the area (thickness) rises, the short
circuit current increases (decreases) and the open circuit voltage increases (decreases).
Furthermore, with an increase in area (thickness), the optimal resistance decreased (in-
creased) and the power increased (decreased). Most of these results match the com-

pared theoretical model and reasons were given for the difference observed for the open
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circuit voltage. In the relative permittivity study, a comparison was made between a
nanoparticle-doped material and one with the equivalent relative permittivity, in which
they agreed with each other on the open circuit voltage and short circuit voltage, as pre-
dicted by the models. However, only those parameters match, and a charge correction to
the surface material’s with equivalent relative permittivity was made to better understand
the relationship between relative permittivity and surface charge.

The performed temperature study used PDMS of various thicknesses and nanoparticle-
doped PDMS with its own developed manufacturing process against copper and alu-
minium samples. As the temperature increased, a drop in the performance of the open
circuit voltage and short circuit current was typically observed.

This work gave a better understanding of how TENG’s performance is affected by
varying its properties and temperature. For future work, increasing the working range of
the setup while further researching and mitigating sample deterioration, improving the
manufacturing process of PDMS nanoparticle-doped samples, and better understanding
the unexpected tendencies of the open circuit voltage are the next steps following of this

work.
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Influéncia das propriedades dos materiais no desempenho de sistemas de

nanogeneradores triboeléctricos

por Carlos Miguel CALLATY Garcia

Nanogeradores triboelétricos (TENGs) sdo coletores de energia que estdo a desper-
tar interesse devido a serem uma tecnologia limpa de baixo custo e baixa manutengdo
com o proposito de substituir energia vinda de combustiveis fésseis face a crise climdtica
que estd cada vez pior. Os TENGs tém varios tipos de operagdo que sdo os seguintes:
contacto-separagdo, deslizamento, elétrodo tinico e o de camada de movimento livre. To-
dos estes modos convertem energia mecanica em elétrica que podem ser usados em vérias
aplica¢des (maritimas e medicina).

Neste trabalho usou-se 0 modo contacto-separagdo em simula¢des numéricas e numa
experiéncia laboratorial para compreender melhor como otimizar os TENGs. Nas simula-
¢Oes numéricas variou-se os seguintes parametros do TENG: area, espessura dum mate-
rial triboelétrico e a permitividade relativa. Os resultados destas simula¢des foram com-
parados com o modelo existente para 0 modo de contacto-separa¢do. Na experiéncia
laboratorial estudou-se como o desempenho do TENG ¢ afetado com aumento da tempe-
ratura que vai desde 20 até 105 °C. Em ambos os estudos, o TENG de contacto-separagdo é
modelado como um condensador de placas paralelas, onde um material estd fixo e o outro
desloca-se, entrando em contacto periodicamente com o material fixo, produzindo cargas
eletrostaticas. Os pardmetros usados para avaliar o desempenho do TENG foram: tensdo
de circuito aberto, corrente de curto-circuito, resisténcia 6tima e a poténcia maxima.

Com os resultados das simulagées numéricas verifica-se que com o aumento da drea
(espessura), a corrente de curto-circuito aumenta (diminui) e a tensdo de circuito aberto

aumenta (diminui). A resisténcia 6tima diminui (aumenta) e a poténcia maxima aumenta
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(diminui) com o aumento da drea (espessura). A maioria destes resultados estdo de acordo
com modelo tedrico e foram encontradas razdes para a diferenca dos resultados na tensao
de circuito aberto e 0 modelo tedrico. No estudo da permitividade relativa foi feita uma
comparagdo entre um material dopado com nanoparticulas e outro sem as particulas, mas
com um valor de permitividade relativa equivalente. Ambos os casos da comparagio
estdo de acordo nos resultados da tensdo de circuito aberto e da corrente de curto-circuito
e foi feita uma correcdo de carga que relacionava a densidade de superficie de carga com
a permitividade equivalente para compreender melhor a relagdo entre ambas.

No estudo da variacdo da temperatura usou-se amostras de PDMS com varios va-
lores de espessura e uma amostra de PDMS dopada com nanoparticulas, feita com um
método de fabrico desenvolvido no decorrer deste trabalho. Estas eram as amostras fixas,
enquanto as amostras que faziam o contacto eram de aluminio ou cobre. Neste estudo
verificou-se que com o aumento da temperatura, a tensdo de circuito aberto e a corrente
de curto-circuito diminufam.

Este trabalho ajudou em ter uma melhor percecdo de como os TENGs sdo afetados
pela variacdo das suas propriedades e temperatura. Como trabalho futuro, os seguintes
pontos serdo os passos seguintes deste trabalho: aumentar a temperatura de execugdo da
experiéncia e encontrar maneiras e compreender melhor o que faz diminuir a deterioragado
dos materiais com a temperatura, melhorar o processo de dopagem de materiais com
nanoparticulas e explorar mais as tendéncias inesperadas da tensdo de circuito aberto

paraa dreaea espessura.
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Chapter 1

Introduction

The triboelectric nanogenerator (TENG) is a promising environmentally friendly en-
ergy harvester being developed that is able to convert mechanical energy to electrical
energy [1]. The demand for environmentally friendly energy harvesters has been gigan-
tic over the years because of extreme weather events, such as the recent extreme water
drought throughout Europe in 2022 [2], the increase in global temperature by 1.5°C post
pre-industrial era [3] and high emissions of CO, and other gases, which is still rising [4].
All of these factors contribute to the worsening global climate crisis, and to minimise the
growth of this crisis, the investment in developing energy harvesters capable of replacing
energy coming from fossil fuels has increased in recent years, aiming to reduce emissions
and salvage the Earth from a possible worse future [3].

The main objective of this thesis is to better understand how one can enhance TENG
performance. The thesis is divided in two parts. In the first part, we perform a numerical
study using COMSOL on how the area, thickness and relative permittivity of the TENG
materials influence the corresponding outputs. In the second part, an experimental setup
is used to investigate the influence of temperature on the TENGs for a variety of materials
(such as PDMS and SrTiO; doped PDMS).

After a brief overview of energy harvesters in this chapter, chapter 2 is dedicated to
the triboelectric effect, the triboelectric nanogenerators, materials and properties that af-
fect the performance of the TENG. In chapter 3, it is explained the numerical procedures
used for the simulations on COMSOL and the experimental procedures for the physical
experiment with temperature. The following chapters present the results of the numerical

simulations and the physical experiment.
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We begin with a quick overview of the main energy harvesters currently available in

order to situate TENGs in the energy harvesting field.

1.1 Energy harvesting

Energy harvesting consists in capturing and converting the energy coming from the
environment to electrical energy. The importance of this method to obtain energy is as-
tonishing. An example of the utility of energy harvesters are devices in remote or hard
to reach areas. An energy harvester like a solar panel can be used instead of a battery
to power sensors or actuators, reducing the need of maintenance and contributing to a
reduction in pollution by battery waist [5, 6]. Energy harvesting systems allow to extend

the life time of devices, being also low cost and environmental friendly [6].

Light energy Electromagnetic energy Thermal energy Kinetic energy

rj""‘:';',r“;n'
7 LS L

. . Piezoelectric,
Photovoltaic, RF energy Thermoelectric, Electromagnetic,
etc. harvesting, etc. Pyroelectric, etc. Triboelectric

Electrostatic, etc.

Energy Harvesting Technologies

FIGURE 1.1: Main types of energy and harvesting technologies that can supply energy.
(Adapted from Ref. [7].)

There are many ways to harvest energy from environmental sources, such as electro-
magnetic, thermal or mechanical energy (Fig. 1.1). Each of them is a vast world on its own
with a lot of research. Here, a very brief overview of various technologies is provided to
offer an idea of the current status of energy harvesting devices.

Harvesting light energy coming from the sun is accomplished with photovoltaic pan-
els by converting electromagnetic energy to electrical energy [5]. Photovoltaic panels are
widely used around the world and the installation of this technology, in terms of power, is
increasing year by year [8]. There are various types of solar cells, all in the pursuit to max-

imise the energy efficiency while being low cost. Despite mono-crystal and poly-crystal
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silicon solar cells being cheaper and the most widely used solar cells due to the optimi-
sation process along the years, there are other solar cells that are more efficient. Some of
them are still being developed in laboratories.

The perovskite solar cells are an example. The efficiency of these cells obtained in
laboratory was around 22.1%, which is comparable with the efficiency of the mono-crystal
and poly-crystal silicon cells. Despite the fact that there are still issues with perovskite
solar cells, it is a promising technology because new methods of boosting their efficiency
are being discovered and there is a chance for commercialization in the future [9].

The broadcasting and communications industries use radio waves frequently, so, it
is being thought about how to effectively convert radio wave frequencies to electrical
energy. The power of these emitted waves is in the 0.2 nW/cm? to 1 pW/cm? range
[10]. Despite being a modest amount, the emitted power can increase as communication
and broadcasting technologies advance. Radio frequency (RF) waves are continuously
emitted by the respective sources, which means that the energy captured is roughly con-
stant throughout the day. The fact that RF energy is not much affected by temperature or
weather is another significant benefit, which justifies the usage of RF waves in broadcast-
ing [10, 11]. There are many types of sources that release RF waves. Some of them are FM
(87.5 MHz to 108 MHz), TV broadcasting (41 MHz to 250 MHz and 470 MHz to 950 MHz)
and WiFi (2.45 GHz to 5 GHz) [11]. Research was done to determine how to harvest these
waves and how harvesting efficiency varies with distance. The main conclusions were
that the obtained power can differ substantially between RF harvesters prototypes and
frequencies. Between 2 and 10 Km the power drops 1 or even 2 order of magnitudes, with
the peak of power being around the pW. Although further research is still needed, it has
the potential to provide energy to gadgets with low energy usage [10, 11].

To harvest thermal energy, thermoelectric and pyroelectrics generators are two areas
of interest. Thermoelectric generators aim to use the wasted heat by a source linked to
automobiles, aerospace, marine industry, for example, to produce energy. The simplicity,
low maintenance and low cost are the advantages of these devices [12]. The usage of these
devices at low temperatures is possible as coolers, since studies have proven a higher ef-
ficiency at lower temperatures than at room temperature [13]. The concept of operation
of the thermoelectric relies on spatial thermal gradients and convert heat flows into elec-
trical energy. Nowadays, a thermoelectric generator can produce between pW and mW

[14].
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The pyroelectrics generators also convert heat into electrical energy. However, they
use fluctuations on the temperature over time that can be seen as a temporal, rather than
the spatial, gradient. This is useful for micro generators and thermal sensors smaller than
the spatial gradient. An example of an application is the use of a pyroelectric nanogenera-
tors to power a self-respiratory system. This is done by using the gradients of temperature
between the environment and human body temperatures as source of energy production
[15].

To harvest kinetic energy, there are solutions, such as piezoelectric generators, electro-
magnetic and triboelectric.

Piezoelectric generators convert mechanical into electrical energy by bending, squeez-
ing or stretching the piezoelectric material [5, 11, 16]. Applications for piezoelectric gen-
erator are varied, including sensors that are self powered by environmental vibrations or
from human motion for health monitoring. A more specific application, despite still being
developed, is monitoring human organs [5, 17].

Electromagnetic generators produce energy by the relative movement of a coil and a
magnet. An electromotive force results from a variation of magnetic flux induced from a
magnetic coil and a source of magnetic source that is a permanent magnet [6, 11].

Finally, there is also the TENG that it will be discussed in detail in the next chapter.



Chapter 2

Triboelectric nanogenerators

Understanding the triboelectric effect and the charge transfer mechanisms that make

the TENG function is crucial before describing how the TENG works.

2.1 The triboelectric effect

The triboelectric effect, which has been known to exist for hundreds of years, occurs
when two materials come into contact or rub against one another, creating electrostatic
charges. In more detail, when two different surfaces come into contact, a chemical bond
is formed between some regions of the two surfaces [1], causing charges on the surfaces
to transfer to the other one in order to equalise the electrochemical potential between
the surfaces [1]. These charges can be electrons, ions or pieces of nano-sized material.
When the surfaces are separated, charge equilibrium is broken. Thus, there is going to
be negative charges accumulated on one surface and positive charges on the other. This
creates a potential difference between the surfaces, resulting in electrostatic energy [1, 18,
19]. The electrical conductivity of a material has an influence on how long it can hold
charges on a surface. The more electrically insulating the material is, the longer it can
hold the charge that it accumulates [1]. Triboelectric effect can be bothersome for safety
reasons. For example, in aircraft, electrostatic charge accumulates because of air friction,
interfering with the radio frequencies used in communication with the aircraft. However,
the triboelectric effect can also be provoked on purpose to harvest energy by using a

TENG [1, 18].
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2.1.1 Charge mechanism transfer of the triboelectric effect

As was previously mentioned, the triboelectric effect is made possible by three differ-
ent kinds of charge holders (electrons, ions and nano-material). We will now revised each

of these possibilities.

2.1.1.1 Electron charge transfer

Electrons are the main charge transfer particles in solid-solid contact electrification. It
is possible to determine the work function on the surface of the material, indicating the
energy needed to remove one electron by photoemission spectroscopy [20, 21].

When two surfaces come into contact, electron-hole pairs form near the Fermi surface,
promoting the flow of electrons from the lowest work function surface to the highest work
function to reach an equilibrium state. When both surfaces are separated, electrons flow
in the reverse direction through tunnelling effect due to a gap appearing between the
materials to reach an equilibrium with the material and electrode. This equilibrium is
harder to reach because, as the distance between materials increases, the electron transfer
through tunnelling exponentially diminishes. From experiments made with the metal-
dielectric triboelectric pairs, the surface charge density ¢, and the work function can be

related to each other using the Poisson equation [19, 20]:

0= e (CDM/\_CDI> , (2.1)

where @) is the electrostatic potential for the metal, and ®; is electrostatic potential for
the dielectric, ¢ is the dielectric constant of the material, A is the penetration depth, and «

is the leading factor with a value of 1.77 x 1013 for the pair metal-dielectric [20].

2.1.1.2 Ion charge transfer

Ion transfer is also an important charge transfer mechanism in the triboelectric effect.
On a triboelectric material surface, there are strongly and loosely bonded ions. Weaker
bond ions can then be transferred when contact occurs with another material’s surface,
so that charge of the same sign as the strong bond ions can be accumulated in the newly
transferred surface [19, 20].

Studies have proven that humidity has an influence on the charge density variation

when a sample is in a controlled environment [19]. The amount of humidity or water
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vapour can act as a donor or acceptor to motivate the charge density variation by supply-
ing ions to the surfaces of the materials, even if the materials used cannot contribute with

mobile ions [19].

2.1.1.3 Charge transfer with nano-material

The strain of rubbing and pressing two materials together causes small portions of the
materials to adhere to the opposite surface. The energy barrier for particle transference
shrinks as the amount of strain applied increases, allowing nanosized particles to pass
through from one material to the other [20].

There are two parameters to take into account as this transfer wears both materials
down. These parameters are the chemical wear and the physical load stress that can be

seen in the next equation [20]:

AU, AV,
[ =Tp x exp <— KB”;Cf) X exp <UNKBT“Ct), (2.2)

where the AV, is the effective activation volume, and oy is the normal load stress and the

adhesive force to the other material. I' is the wear rate of the material, k is the Boltzmann
constant, T is the temperature, Iy is the effective attempt frequency, and the AU, is the
internal free energy of activation by chemical processes [20].

In Eq. (2.2), the exponential on the left is related to chemical wear due to rubbing and
the one on the right is related to normal load stress. These two parameters provide the
tribological contribution to the material removal process and the first one, the chemical

wear is negligible for contact-separation triboelectric effect [20].

2.2 Triboelectric nanogenerators

Triboelectric nanogenerators (TENGs) are a recent technology compared to the tribo-
electric effect that is known for more than a thousand years. They were first conceived in

2012 by the group Z. L. Wang [18].

2.2.1 Operations modes

There are four operation modes for TENGs (Fig. 2.1): contact-separation, sliding, sin-
gle electrode, and free standing modes. The contact-separation mode is the focus of this

work and it will be discussed in detail next.
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FIGURE 2.1: The four types of TENGs. The single electrode mode is in the contact-

separation mode version, and the freestanding triboelectric layer mode is in the sliding

mode version. The triboelectric materials are represented in light blue and light yellow,
and the electrodes in orange.

The sliding mode TENG consists of one material sliding against a fixed material, vary-
ing the quantity of surface in contact throughout the work cycle. By operating this way,
charges circulate between electrodes by asymmetry of charge between the parts of the
materials that are in contact and the parts that are not in contact, producing a current
to compensate for that charge difference, leading toward electrostatic equilibrium. This
TENG has a disadvantage compared to the contact-separation mode TENG because of the
increased material wear [1, 22].

The single electrode TENG, also known as SETENG, is a simpler version of the contact-
separation and sliding mode TENGs. The difference between the previous modes is that
only one electrode exists that is fixed and connected to the ground, meaning there is only
one triboelectric material that moves. This type is useful for cases where the electrode
needs to be fixed and the material on the other side needs more freedom to accommodate
the irregularities of the contact more easily to minimise the loss from energy harvested.
The SETENG can be conceived in the contact-separation or in the sliding mode [1, 22, 23].

Both the sliding and single electrode TENGs, can have a metal-dielectric or a dielectric-
dielectric configuration.

The freestanding-triboelectric layer mode, like the single electrode, can be conceived
to operate in the contact-separation or in sliding modes. This type of TENG, as the name
implies, has a layer with movement freedom. In the contact-separation mode version,
there is a layer in the middle of two materials and it is this layer that moves between these

two materials. The top and bottom electrodes and materials are fixed in position. In the
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freestanding-triboelectric layer sliding mode, the electrodes are fixed and the triboelectric
material slides laterally between both electrodes. The freestanding sliding mode has less
wear, less heat production from friction and a higher energy efficiency than the sliding

mode, making it more viable for applications [22, 24].

2.21.1 The contact-separation mode TENG

To explain the process behind the contact-separation mode TENG, Fig. 2.2 represents
the complete cycle of this TENG. The TENG device is composed by two triboelectric ma-
terials (usually dielectrics) with opposite charge tendencies and two electrodes. One tri-
boelectric material is fixed, while the other moves back and forth. At the beginning of
the process [Fig. 2.2(a)], with the dielectrics separated, no charge is present on their sur-
face, remaining in equilibrium with the electrode [25, 26]. When coming into contact,
a charge transfer process occurs between the triboelectric materials to bring their Fermi
levels of both dielectrics to the same energy [Fig. 2.2(b)]. This will cause one material to
have a negative surface charge and the opposite material to have an equal positive value.
Consequently, the electrodes are forced to have a neutral charge to respect the charge
equilibrium of the dielectrics [25, 26].

When both surfaces are separated, the charges remain on the triboelectric materials,
meaning that the electrodes need to have the opposite value of charge to achieve elec-
trostatic equilibrium [Figs. 2.2(c),(d)]. If the triboelectric material has a positive surface

charge density, the electrode must match the same value but with the opposite amount
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FIGURE 2.2: The working principle of the contact mode TENG dielectric-dielectric type.
The triboelectric materials are represented by light blue and light yellow colors and the
electrodes by an orange color.
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and vice-versa. This is made possible by electrons flowing from the electrode of the neg-
ative triboelectric material to the other electrode, leaving one electrode positively and the
other negatively charged [25, 26].

During the approximation motion between triboelectric materials, the charges on both
surfaces induce movement of free electrons through an external circuit [Fig. 2.2(e)]. This
occurs due to electrostatic induction because of the electrical potential difference, with the
charges in the electrodes moving towards a charge equilibrium [25, 26].

Contrary to the dielectric-dielectric case, explained previously [Fig. 2.3(a)], in the
metal-dielectric case, one of the electrodes acts as an electrode and also as the contact
material, meaning it is in equilibrium with itself when the metal and dielectric are further
apart and with the dielectric when they are in contact [Fig. 2.3(b)] [25, 26].

Thus, in the contact-separation cycle, the voltage and the current through the external
circuit will display a minimum and a maximum value. The minimum corresponds to the
contact phase of the cycle, while the maximum corresponds to the separation from the

material in contact (Fig. 2.4).

(b)
(@) Q

Electrode 1 Sc-Q
+ Dielectric 1 :: d; Electrode 1
+0 3 Il+
Vv Air X(t) Air

-0

-0

Dielectric 2

Dielectric 2

Electrode 2

+Q

Electrode 2

+Q

FIGURE 2.3: The scheme of the contact mode TENG with the two variants: (a) is the
dielectric-dielectric and (b) the metal-dielectric types. In the materials, the surface charge
density is ¢, while in the electrodes, the charge is represented by Q or So — Q in the
metal-dielectric case for one of the electrodes. S is the area of the triboelectric material.

(Adapted from Ref. [27].)
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FIGURE 2.4: Simulated and measured peaks of current or voltage as a function of time
for the contact-separation TENG.

To arrive at the equations explaining in depth the mechanisms behind the contact-
separation mode TENG, Fig. 2.2 allows one to derive the V-Q-x relation through electro-
dynamics. Let us consider the model developed by Niu et al.[27], which sees the contact-
separation mode TENG as a double-plate capacitor, implying that the area of electrodes
and dielectrics is much larger than the thicknesses of both dielectrics and the distance
between them. This assumption leads to two facts. One is that the charges in the elec-
trode will be distributed in a uniform way and the other is that the electric field will be
perpendicular to the electrodes and insulators [27].

So, with the Gauss theorem, the electrical field inside each material will have the ex-
pression:

Q

E=— 2.
Seoe,” (2.3)

with Q being the charge in the electrodes, S the area of the TENG, and ¢, the relative

permittivity of the dielectric. Between the dielectric, the electric field is:

E=—5 """/ (2.4)

with o being the surface charge density and ¢ the time variable. To achieve the voltage
between the two electrodes, it is necessary to know the distance between the materials (x),

and thickness of the materials (d;, d2) and the corresponding electrical field (E;, Ey, Ejy):
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V = E1dq + Exdy + E i x. (2.5)

Substituting Egs. (2.3) and (2.4) in Eq. (2.5) gives:

v=-2 <do +x(t>) NLALON 26)

~ Seo €0
where x(t) is the distance between triboelectric materials that vary over time, dy = }; 57"’_
in which d; is the thickness of the material and ¢,, the relative permittivity of the material.
The extent of the sum in dy depends on how many dielectrics exist on the TENG. If it is
a dielectric-dielectric case, dy has two components, while in the metal-dielectric case, dy
only has one component. So for the dielectric-dielectric case, Eq. (2.6) can be written as
[27]:

Q [(dy  dy ox(t)

V=—=——+—+x(t) | + , 2.7
Seg (er] €, ()> €0 2.7)

and the V-Q-x relation has been obtained. With the metal-dielectric case, the maximum

capacitance can be calculated when both materials touch [25]:

£0€,S

2.8)

Cmax = d ’
dielectric

where djeioctric 1S the thickness of the dielectric. To arrive at the dielectric-dielectric case,

two capacitors in series can be considered to obtain the maximum capacitance.

2.3 Regions of operation of the TENG

The TENG harvests energy from an external source and delivers it into a load resis-
tance. Since the TENG can be modelled as a parallel plate capacitor, the equivalent circuit
as a whole is similar to the RC circuit (Fig. 2.5). Modifying Eq. (2.7) to substitute with
V = RI gives:

d
Rd—? = _S%o <d0 + x(t)> + m::gt). (2.9)

The load resistance, thus influences the values of the generated voltage, current, and

power, with three possible regions emerging (Fig. 2.6).
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..............................................
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FIGURE 2.5: Representation of a TENG and how it can be modelled into a circuit.
(Adapted from Ref. [22].)

The first region in Fig. 2.6 represents the results when the resistance is very low. It is a
short-circuit case, meaning that the voltage is zero and the short-circuit current (Isc) is de-

termined by differentiating over time the short circuit charge transfer between electrodes:

Sox(t)
= — . 2.10
Qsc = 77 0 (2.10)
Differentiating over time Eq. (2.10) gives:
SO’U(t)do (2.11)

Ieqc = ———2—.

5T (do +x(1))?
The third region represents the case when the resistance is very high and there is no
charge transfer between the electrodes, leading to Q being zero [27]. Applying the previ-

ous statement to Eq. (2.7) gives the open circuit voltage (Voc):

__\\ v

7 Voltage
—— Current
Power

P
Load Resistance ()

FIGURE 2.6: Conceptual graph showing the voltage, current, and power together on one
graph to represent the expected outcome for a contact mode TENG. This graph can be
divided into three sections.
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ox(t

Voc = (t) (2.12)
€0

Region two is the transition region where the voltage increases and the current de-
creases. At the crossing point between the voltage and current, the peak of the power
output occurs. The power peak resistance is called the optimum resistance that can be

approximated to [27]:

(dO + xmax)2

Ropt ~ Svey

(2.13)

Besides these three regions, there is an effect called the transient state that depends on
the external resistance connected to the TENG [28]. This effect affects the response of the
charge circulation, introducing a delay. The transient state is always present in all of the
TENG modes and occurs when the maximum distance and the contact are made because
in the previous phases of the cycle of the TENG, charge is flowing slowly, delaying the
equilibrium of charge in the following phase [28, 29].

Let us consider a complete contact-separation cycle in this case. Under a low resis-
tance, the voltage and current peaks occur at the same time of the contact. However, with
increasing load resistance, the peaks occur with a delay that increases with the resistance
until the open circuit case is reached, where the charge in the electrodes is zero, mean-
ing that the voltage is described by the V¢ equation [Eq. (2.12)]. This implies that the
maximum occurs at the maximum distance between materials [29].

This effect is more noticeable at higher resistances, way past the peak of power, and

also affects how fast the decay of the voltage and current occurs after a peak [28, 29].

2.4 Materials and charge tendency

The materials used to generate the triboelectric effect can, depending on their charge
tendency, turn their surface electrically positive or negative, with the charge transfer
mechanisms mentioned previously. To maximise the triboelectric effect, in the dielectric-
dielectric case, the ideal is to have two materials that have a strong opposite charge ten-
dency to maximise the charge difference between surfaces. In Fig. 2.7, the charge ten-
dency of selected materials is represented, with some materials present in this work, such

as nylon, polytetrafluoroethylene (PTFE), and polydimethylsiloxane (PDMS).
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FIGURE 2.7: Charge tendency of selected materials. The blue arrow represents the
positive charge tendency and the red arrow represents the negative charge tendency.
(Adapted from Ref. [30].)

In terms of charge tendency, nylon has one of the strongest tendencies to become pos-
itively charged, while PTFE has the opposite tendency. PDMS has a tendency to become
negative, but it is not as strong as PTFE. However, PDMS is an interesting material be-
cause it is easy to manufacture, cheap, flexible, non-toxic, and easy to control its air pore
size and dope with nanoparticles to enhance its performance [31, 32]. Hence, it is widely
used. Despite the order of materials listed here being true for most cases, there are some
exceptions.

One of them is the cyclic triboelectric series that an example is given in Fig. 2.8. Each
material inside the cycle can become negatively or positively charged towards specific
materials that a cycle is formed with a set of materials. For example, silk is positively
charged towards paper that is negatively charged. However, silk becomes negatively

charged towards Zinc that is positively charged [20].
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FIGURE 2.8: Cyclic triboelectric series example. (Image taken from Ref. [20].)
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Another mechanism case is the use of two identical materials in TENGs. This should
not be possible at first glance, but there are materials that make it possible to perform
this reproducibly [20]. In this case, asymmetric contact leads to a non-equilibrium of
charges in the surfaces and the probability to occur charge transfer is proportional to the
charge surface density difference. Thus, if different areas of the same material come into
contact, a charging process can occur. Hence, the areas and roughness of the surfaces of

the materials are important for this effect [20].

2.5 Electrical permittivity and polarisation

A material is composed of atoms and molecules that can be polar or nonpolar. If this
material is placed in an electric field, each molecule will have a dipole moment (p = Qd,
where Q is the charge and d the distance between charges) that will point toward the
direction of the electric field, concluding that the material has a polarisation. The sum
of the dipole moments in a unit volume is the definition of polarisation. To relate the

polarisation to the relative permittivity, the displacement field is defined by [33, 34]:

D = ¢E + P, (2.14)

where P is the polarisation and E the electrical field. Knowing that the polarisation can be

defined by [33]:

P = ¢gx.E, (2.15)
where x. is the electrical susceptibility that can be related to the relative permittivity by
[34]:

€
& =—=1+x,, (2.16)
€0

where ¢ is the electrical permittivity of the material. Using Eq. (2.16) on Eq. (2.15), one

obtains:

P =¢(e, —1)E. (2.17)
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One thus concludes that the polarisation is directly proportional to the electrical field
and that increasing the polarisation increases the relative permittivity and vice-versa. The

surface charge density can be related to the relative permittivity [35]:

o= % = gp¢,E. (2.18)

In conclusion, the surface charge density, the polarisation, the electrical field, and the
relative permittivity are all related to each other. This is important for the TENG perfor-

mance because it will have an indirect impact on the final result.

2.6 Bulk methods for TENG performance improvement

There are other alternatives to improve TENG performance besides varying the area,
thickness, maximum distance, speed of the moving layer or load stress directly. These
alternatives include changing the surface of the material chemically, ion injection, dipole
moment control or surface morphology control [26, 36]. Here we will focus on bulk meth-
ods that change the triboelectric material bulk constitution by controlling the size of air
pores inside or by doping with nano or microparticles. Both bulk methods can be com-
bined together for further optimisation.

A common aspect that both methods alter is the effective relative permittivity (e;,,,)
of the material. This parameter not only takes into consideration the main material but
also the other components altered or added to the material, such as the size of the pore or

nanoparticles. The equation for this parameter is [25]:

Ery = €r,fa + €r, f, (2.19)

where ¢,, and ¢,, are the relative permittivities of the main material and nanoparticles or
air pores, and f, and f, are the fractions of concentration of the main material and air
pores or nanoparticles.

The main point here is to understand the physics of the doping of nanoparticles and
the control of air pores. What are the reasons for the improvement in performance with
nanoparticles or with air pore size control? Is there a limit in the concentration where the

performance starts to decrease and why?
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Combining both air pore control and adding nanoparticles can yield the best results
at the optimal concentration of both parameters. We will see how each method increases

the performance of the material.

2.6.1 Controlling the size of the air pore

Controlling the size of the air pores can be seen as an increase in the concentration
of air inside the material. At first glance, it decreases the effective relative permittivity,
which, according to the V-Q-x relation presented in Eq. (2.7), translates into an increase
in the generated voltage. However, in terms of the TENG as a capacitor, in theory, with a
constant thickness, the overall performance of the TENG should be lower. That is not the
case because the increase in air pores turns the PDMS more compressible when it collides
with another material [25]. This leads to the thickness of the compressed PDMS decreas-
ing, and the increase in the size of the pores will help to increase the contact surface area
with the opposing material due to the ease of compressing, which aids the adjustment to
the opposing material [25]. The increase in contact area also increases the charge transfer
between materials [25]. Decreasing the thickness and increasing the area, raises the over-
all performance of the contact-separation TENG, since the maximum capacity increases,
completely outweighing the decrease in the relative permittivity.

However, increasing in the size of the pore beyond the optimum value can lead to an
even lower effective relative permittivity and the contact area starts not to be consistent
because the pores are large enough for the PDMS to have consistency in covering the
whole area of the opposing material [25]. The tendencies explained previously can be

observed in Fig. 2.9(b).
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FIGURE 2.9: (a) V¢ of PDMS samples as a function of the concentration of nanoparticles.
(b) Concentration of air with pore size control. The results for the Isc and charge transfer
have a similar tendency. (Taken from Ref. [25].)
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Methods that can lead to the formation and control of air pores inside PDMS use
deionised water [37], NaCl [25, 38], or sugar [39, 40]. If NaCl and sugar are used, the
quantity and grain size are important to vary the pore size [25, 38, 40]. Either of them is
mixed with the PDMS and are removed after the curing by submersing the films into a
stirred water bath and dried. If deionised water is used instead, only the dried up process

is needed [37].

2.6.2 Nanoparticle doping

Doping with nanoparticles causes an increase in the internal polarisation that increases
the effective relative permittivity, leading to a rise in the surface charge density and im-
proving the charge induction on the electrode [41]. According to the double parallel
plate capacitor modelled by the Gauss law, if one medium increases the effective rela-
tive permittivity, the total capacitance of the TENG rises [25]. The ideal situation is to
use nanoparticles with the highest possible relative permittivity to maximise the effective
relative permittivity of triboelectric material for the maximum possible enhancement to
be achieved.

However, the available literature [25, 41, 42] shows that the results have a peak of
performance and increasing the concentration of nanoparticles past that value leads to a
drop in the performance of the TENG [Fig. 2.9(a)]. The reasons will be listed below.

Firstly, there is a limit to the concentration of nanoparticles that, once exceeded, will
result in the surface of the triboelectric material being overfilled with nanoparticles, reduc-
ing the contact area and the surface charge density transferred, outweighing the effective
relative permittivity increase [25].

The previous effect is also affected by nanoparticles size. Smaller nanoparticles lead
to the performance peak being increased and also enables the surface to have a higher
quantity of nanoparticles before the contact area starts to decrease [25].

The third reason is related with the agglomeration of nanoparticles as the dispersion
is not perfect [25].

Furthermore, the agglomerations of nanoparticles can cause current leakages between
both electrodes, reducing the triboelectric effect [41]. Beyond the performance peak of the
TENG, the increase in concentration of the nanoparticles leads to an increased agglomer-

ation of nanoparticles, increasing the leakage current.
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There are interesting nanoparticles to use, such as SrTiOs; [25], BaTiO3 [37, 43] and
CaCu3TigOq (CCTO) [41, 44]. Since PDMS has a high viscosity, a mixer is needed to dis-
perse nanoparticles [37], or alternatively, a solvent could be used to disperse nanoparticles

by using magnetic steering.

2.7 Environmental factors

Environmental factors, such as temperature, humidity, acidity, contact force, and air
pressure, have an impact on the TENG’s performance. The effect of temperature on
TENGs will be described in detail in this section, while the effects of humidity, contact

force and air pressure on the TENG performance will be briefly discussed.

2.7.1 Temperature

The effect of temperature on TENG can be researched with both samples at the same
temperature or at different temperatures. Studies in the latter case search for the ideal
temperature gradient between both samples while maintaining one sample at a stable
temperature with a cooling device to maximise the performance. The increase of the tem-
perature gradient makes the hotter sample have a larger tendency to release electrons,
becoming more positive, while the cooler sample will have to neutralise with the oppos-
ing charge when they touch, becoming more negative [45, 46]. This boosts the charge
transfer between samples. Hence, the Voc and Isc increase. A surface state model was
developed to explain the behaviour of the charges on the materials at different tempera-
tures [45]. Optimal gradient temperatures between samples were of around 145 K, with
one sample at room temperature [46].

When both materials are at the same temperature and the temperature increases, there
is typically a decrease in performance. The reason for this is the thermionic effect. Due to
the increase in temperature, electrons become more energised and are able to overcome
the work function and be released from the material, leading to a larger emission of elec-
trons and also a lower charge storage capacity on the material [47-49]. This motivates
an increase in the backward mechanism of charge transfer, which is affected by thermal
fluctuations in the environment [50, 51]. For a better understanding, let us consider nylon
and PTFE. Nylon has a strong tendency to turn positive, and PTFE has a strong tendency

to turn negative. The obvious charge transfer (forward) is that nylon releases electrons for
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PTFE to capture them when contact occurs [50-52]. However, with the increase in tem-
perature, the release of electrons increases and motivates the rise of the backward charge
transfer from PTFE to nylon, which competes with the forward charge transfer, leading to
a decrease in Vo and Ig¢ of the TENG [47, 51, 52].

The occurrences in the charge transfer process as temperature rises are explained by
two models. The first is the surface state model that can be applied to metal-dielectric
cases and some dielectric-dielectric cases [47-49]. The second model is the cloud well

potential that covers materials with a crystal structure that is not well defined [47, 48, 53].
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FIGURE 2.10: Illustrations of the surface state model for metal-dielectric case before con-

tact (a),(d), during contact (b),(e) and after contact (c),(f) for the cases where the metal

has a positive charge tendency and the dielectric a negative charge tendency ((a)-(c)) and
the opposite case ((d)-(f)). (Adapted from Ref. [48].)

In Fig. 2.10, the surface state model for the metal-dielectric case is displayed. For
the electrons to pass from one material to the other, the work function must be overcome
[49]. There are two cases. One is when the metal has a higher Fermi energy (Ef) than
the neutral energy state of the dielectric (E,), meaning that the metal will become positive
and the dielectric negative. The other case is the opposite. Starting with the first one, from
Figs. 2.10(a)-(c), the metal will donate electrons to the dielectric before and during contact,
raising E, above the Fermi energy of the metal. This increases the work function by the
difference between E 7 and E,, to receive new electrons [47, 49]. When both materials are

separating and distancing from each other, [Fig. 2.10(c)] and with increasing temperature,
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due to the electrons” having high energy, it increases the number of electrons that escape
from the dielectric, because it is easier for them to overcome the work function in a higher
temperature environment by thermionic emission [47, 48]. Some of the escaped electrons
may be recaptured by the metal because of the positive charge its the surface. In the case
where the metal becomes negative and the dielectric becomes positive [Figs. 2.10(d)-(f)], it
is Ey, that decreases compared to Ef and, when both materials are separated [Fig. 2.10(f)],

the metal releases electrons by thermionic emission [47-49].
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FIGURE 2.11: Illustrations of the cloud well potential for the contact electrification effect
before (a), during (b) and after contact (c). (Adapted from Ref. [48].)

The cloud well potential model, present in Fig. 2.11, is described with the materials
being atoms in a potential well with an electronic cloud and what happens during the
contact-separation of the materials [47, 48]. In Fig. 2.11(a), the atom on the left possesses
electrons in higher energy levels than the atom on the right, indicating that these electrons
have more energy but are unable to overcome the potential well.

The potential barrier between atoms is only lowered when both materials come into
contact, causing the electronic clouds to overlap and allow electrons from the atom on the
left to depart to the atom on the right to lower energy states [Fig. 2.11(b)] [48, 53]. When
both materials are further apart, the potential barrier rises to the previous state and some

electrons on the right atom escape due to thermionic emission to the atom on the left or
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are simply emitted into the air [Fig. 2.11(c)]. As the thermionic emission increases with
the temperature, so does the emission of electrons [48, 53].

The temperature dependence of the mechanical properties and relative permittivity of
materials also affect the performance of the dielectric [51]. Decreasing the relative permit-
tivity will decrease the storage capacity of the material to retain charge, leading to a drop
in performance [34, 51]. Studies are being conducted to strengthen the mechanical proper-
ties of materials, such as PDMS and PTFE due to the high degradation of their mechanical
properties at higher temperatures [54-56].

2.7.2 Humidity

The TENG performance is influenced by air humidity, with electron transfer serving as
the main charge transfer mechanism in the solid-to-solid TENG [21]. There are two mech-
anisms that humidity affects in the TENG. One is the reduction in charge transfer during
the contact electrification of the materials. This occurs because a conductive layer forms
on top of the material’s surface upon the absorption of water molecules, lowering the ma-
terial’s surface charge density and reducing TENG performance [57, 58]. In Ref. [58], an
experiment was conducted showing that the increase in humidity leads to a charge trans-
fer decrease. The other process involves a very thin water layer, no thicker than 2 nm [58],
which improves ion transfer across materials and boosts TENG performance [57].

Water may also change the triboelectric series. For example, in Ref. [57], in zero or
very low humidity, aluminium has a tendency to turn positive, while polyethylene tends
towards the negative value of surface charge density. However, when the humidity is

high, both aluminium and polyethylene start to capture electrons.

2.7.3 Air pressure

The variation of air pressure is important for the performance of TENGs. Experiments
performed from high vacuum (10! Pa) to above ambient atmospheric pressure (10° Pa)
[59], showed that the performance of the TENG drops largely between 102 Pa and 10°
Pa, depending on the composition of the atmosphere (air, Oy, or N3) [59, 60]. Above
ambient pressure, studies state an increase in the performance of the TENG [Fig. 2.12(a)]
[58, 61, 62].

The drop in performance occurs because of electrostatic breakdown that is dependent

of the atmospheric composition. As the surface charge density decreases abruptly when
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FIGURE 2.12: (a) Surface charge density as a function of atmospheric pressure. (b) Force
exerted in a contact-separation mode TENG as a function of the voltage and ratio of real
and nominal area. (Image adapted from Refs. [59, 63].)

breakdown occurs, this affects the other parameters that define the performance of the
TENG. When the voltage reaches the breakdown voltage, the electric field is high enough
that electrons are sent through the air from one material to the other, colliding with gas
particles more frequently. This originates an ionisation collision that causes a chain of
collisions, with the kinetic energy of the ionised electrons being superior to the ionisation
energy of the gas in the atmosphere [59, 61]. However, when increasing the pressure past
the electrostatic breakdown pressure, the performance of the TENG starts to increase due
to an improvement in the surface charge density, although the increase does not reach
the values prior to the breakdown. The reason behind this is that, as the pressure rises,
the mean free path of electrons shortens, diminishing the effects of the electrostatic break-

down [59, 61].

2.7.4 Contact force

In the contact-separation mode TENG, the force exerted by the moving sample needs
to be maximised to extract more performance from the TENG. Niu’s model [27] predicts
that the charge is uniformly distributed throughout the material (nominal area), not tak-
ing into account the surface roughness. However, in reality, the surface roughness alters
the charge distribution, making some zones more concentrated than others [63, 64]. Tak-
ing into account the surface roughness, the triboelectric materials, when coming into con-
tact, deformation occurs, maximising the ratio between the real area in contact and the
nominal area of the material, increasing the real contact area as the contact force increase
[63, 64]. The increase in the ratio of the real and nominal area then increases the electrical

field [64], the charges present on the surface of the materials, improving the performance
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of the TENG [63]. The ideal case is to have such a strong force that the ratio between the
areas is one. The generated voltage and current increases linearly with the applied force,

while the ratio of the real area and the nominal area is smaller than one and saturates at

values close to one [Fig. 2.12(b)] [23, 63].

2.8 TENG's applications

Despite this work not being focused on a TENG application, it is important to have
a very brief overview of some potential interesting applications. In medicine, TENGs
still have a long way to reach the market because of their reliability in performance and
their reaction to the contact of the human body to parameters such as temperature, sweat,
and wear of the material. Interesting prototypes were conceived mainly using PDMS
and PTFE due to their high flexibility and non-toxicity. One interesting prototype used,
present in Fig. 2.13(a), was a PDMS device inserted on the wrist [32]. This device mea-
sured the pulse with such precision that it could distinguish between a healthy pulse and
a pregnant pulse. For further reading on the applications of the TENG in medicine, Ref.
[32] presents a related state of art.

Another of the main applications is harvesting the energy of motion of the human
being. For example, implementing the TENG on shoes [Fig. 2.13(b)] [65]. This device
does not solely rely on a TENG but also on a piezoelectric nanogenerator and an electro-
magnetic generator to solve the limitation on the current TENG outputs. This shows that
TENGs can work with other nanogenerators [65].

TENGs can also be applied to harvest the energy of ocean waves. Navigation float-
ing buoys typically use a photovoltaic panel (PV) to produce energy stored in a battery
to power their sensors and the light they use to signal their presence. Because of the
oscillations caused by ocean waves, floating buoys cannot always maintain the same ori-
entation and are highly dependent on the weather and panel inclination. Thus, the PV is
not always in the optimal orientation and the weather can be cloudy sometimes, reduc-
ing the energy produced. There are types of floating buoys to study weather conditions
and water salinity, where they only rely on a battery to work and it needs to be replaced
periodically [30].

The TENG can address all types of floating buoys by being able to always produce
energy from the waves’ oscillations without needing much maintenance. Since the TENG

is implemented inside the floating buoy;, it can endure the harsh conditions of the sea and
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FIGURE 2.13: (a) PDMS device to measure the current on a person’s wrist. (b) A shoe with

a TENG, a piezoelectric nanogenerator, and an electromagnetic nanogenerator combined

to generate energy through walking. (c) A floating buoy with a multilayered contact
mode TENG. (Images adapted from Refs. [30, 32, 65].)

resist corrosion. Despite the ocean waves having abroad set of amplitude and frequency
(below 5 Hz), TENGs are still able to produce energy in an efficient manner. In Fig. 2.13(c),

a multilayered contact mode TENG used to produce energy is applied to a floating buoy
[30].



Chapter 3

Numerical and experimental

procedures

This chapter is divided into two parts. First, we will present the basis of simulating
TENGs in COMSOL and the important considerations that were taken due to simulation
time constrains and solution convergence. In the second part, the experimental com-
ponent of this thesis is discussed, in which the output properties (voltage, current, and
power) of TENGs were measured as a function of temperature using a specially devel-

oped setup.

3.1 Simulating TENG properties using COMSOL

Various properties of the contact mode TENG can be simulated with the help of COM-
SOL using a finite element method. To model a TENG in COMSOL, the two triboelectric
materials and the two electrodes can be seen as an AC voltage source and a capacitor with
variable capacitance with charges +Q and —Q in the electrodes (Fig. 2.5). The voltage and

current are measured while passing through an external load resistance.

3.1.1 Important remarks

Regarding our COMSOL simulations, several considerations must be first stated. The
first is that the simulations were performed in two dimensions due to time constraints.
Thus, the system consisted of a rectangular or square boundary to set the surroundings
of the TENG as air, and the TENG was built with two copper electrodes and one insulat-

ing layer on each. For most simulations, the bottom triboelectric layer is nylon, while the

27
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top one is PTFE. The only exception is the study of the effect of the relative permittivity
of the triboelectric layers on the corresponding output properties, where the top material
is nylon and the bottom material is PDMS. With the aid of the moving mesh module, the
top electrode and material can be moved closer or further apart from the bottom electrode
and material. COMSOL has a list of values for most of the parameters of materials, in-
cluding the relative permittivity for nylon, PTFE, and PDMS. However, it does not have
the relative permittivity of copper since it is a conductor. Nevertheless, it needs this value
to perform the simulation, and a value of 1 x 10!% was used. Connected to each electrode
is a load resistance with a defined value.

Even if the simulation is in two dimensions, COMSOL still performs calculations in
three dimensions. A parameter called out-of-plane thickness in the electrostatic module
must be defined and, to be consistent with the size of the sample, the value defined was
the same as the length of the sample to have a square shape. COMSOL makes the assump-
tion that the voltage value will remain constant throughout the third dimension of a 2D
simulation. An important remark that was taken into account was that if the out-of-plane
thickness is smaller than 1 pm, the simulations would take too long to simulate.

The top triboelectric material performs a linear movement with a velocity (v) defined:

D= 2(xmaxT_ xmin), (31)

where x,,,, and x,,;, are the maximum and minimum distance between materials that
represent the distance covered and T is the duration of a TENG's cycle, which only half
is necessary for the distance covered. A small (but not zero) minimum distance had to
be defined due to the blocks’ inability to come into contact in COMSOL. The function
defined to execute the linear movement in Fig. 3.1(a) has a smoothing factor, rounding
the function when the velocity sign changes. This is important because abrupt changes
in the velocity sign can cause the calculations of the simulation to diverge and return a
singularity error. The cost is that, the larger the smoothing factor, the further from the
minimum distance one will be in the simulator [Fig. 3.1(b)]. So, if a 100 nm minimum
distance is defined, this is valid only for a smoothing factor of 0. A study was conducted,
prior to all the studies, to evaluate the optimal value of the smoothing factor since it has
an impact on the results. A value of 0.019 was then fixed for all simulations, with the
minimum distance being 21.38 pm. The smoothing factor also decreased the maximum

distance between materials from 3 to 2.9786 mm. The base values set for the simulations
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FIGURE 3.1: (a) Motion of the top electrode and PTFE with smoothing edges in the re-
gions of velocity sign changes. The x axis represents the time and the y axis represents
the distance of the PTFE surface towards the initial position in the y direction, at a dis-
tance of 3 mm from the nylon surface. (b) Zoom in the velocity sign change region with
different smoothing factors.

are present in Table 3.1.

With this base values defined, one parameter was varied at a time for a given list of

load resistances.

] Parameter \ value ‘
Velocity 5.999 m/s
Period 1x10°%s
Number of periods (cycles) 3
Time per step 1x10°°s
Surface charge density of nylon 6 x 10~* C/m?
Surface charge density of PTFE —6x 107* C/m?
Relative permittivity of nylon 4
Relative permittivity of PTFE 2
Relative permittivity of PDMS 2.75
Width of the border 0.1m
Height of the border 0.1m
Height/thickness of nylon/PTFE/electrodes of cooper 1x10~*m
Width of nylon/PTFE/electrodes of cooper 1x1073 m.
Maximum distance between nylon and PTFE surfaces 3x10°m
Minimum distance between materials (without smoothing factor) 1x107 m
Minimum distance between materials (with smoothing factor) 21x10°m
Smoothing factor 0.019

TABLE 3.1: List of parameters and the defined base value of each one. The value of the
out-of-plane thickness is the same of the width of the materials, giving a TENG area of

1x 107% m?.
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3.1.2 The TENG assembled and simulated in COMSOL in detail

To present an example how the program was conceived, a study varying the charge
densities of the materials was used. The base values in Table 3.1 were used with the charge
density of the materials varying during the study. The modules in COMSOL required are
the electrostatic, electrical circuit, and moving mesh.

To start, the geometry and materials modules are used to make the TENG and its
border. This is achieved by using a rectangle and defining the position, width and height
of each one (Fig. 3.2). It is important to unite the geometries for COMSOL to treat them as
a whole and set interior boundaries between materials. In fact, when COMSOL constructs
the mesh and remakes it to perform the movement of the top tribopair, it will take into
consideration the boundaries of each geometry. The topic about the mesh and moving
the materials will be explain further ahead. After each geometry is built, each area has
a number attributed to it, and the materials can be associated with each area using the
numbers. In each material, it is important to give, if necessary, the remaining data that the
numerical simulation needs. In this case, the relative permittivity of copper was provided,
as explained previously.

The next step is to configure the electrostatic module. Firstly, the out-of-plane thick-
ness is provided and then the terminals and surface charge density are associated with
the respective sides of each rectangle of the materials and electrodes. The creation of the

terminals is important to create the electrical circuit by selecting the option ”Circuit” in
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FIGURE 3.2: TENG built with the geometry module in COMSOL with a rectangular bor-
der and r1=3 mm.
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the terminal types. The two terminals were located between each electrode and the corre-
sponding triboelectric material. Since they are closer together, COMSOL reckons that they
are touching and there is only one border line separating the electrode from the material.
The surface charge density was defined with a fixed value throughout the simulation at
the surface of nylon and PTFE, respectively. This fixed value assumes that the surface of
the triboelectric materials is already saturated with charge. This is not the case in a real
experiment, because the surface of the material is rough and the charge in the materials
is not saturated at the beginning and the charge distribution can concentrate in specific
areas.

The electrical circuit module part enables the connection between the terminals and
the resistance. Defining the ground as the sides of the air border to simulate the ground
in the infinite is important to solve problems with errors that can occur with COMSOL.
Except for the ground, which only requires one node, each component must have two
nodes defined. To implement the terminals, an "External I vs U” for each terminal must
be created with one node connected to the ground and the other node to resistance.

To set the top electrode and PTFE to move with time, the module “moving mesh” is
used alongside the “mesh” module. There are three steps to make the movement possible.
The first step is to create a mesh for the whole TENG. Defining the size of the mesh is to
define the maximum size of the mesh segments because COMSOL can make smaller sizes
of mesh segments in regions around the materials or when the materials are closing in on
each other. The histogram in Fig. 3.3 shows that the quality of most mesh segments is
superior to 0.7 and the minimum element quality was 0.6. The “finer” mesh size was the
best choice considering simulation time and results because a smaller mesh would yield
similar results while taking more time to finish. Nevertheless, if the majority of the values
of the segments of the mesh were below 0.4 a finer mesh would be required.

The second step is to select movement area of the top materials. This is achieved
using the "Prescribed deformation” and then selecting the boundaries of the top electrode
and PTFE using the “Prescribed mesh displacement”. Both are essential for the correct
movement of the materials. The function used for the movement is present in Fig. 3.1(a)
and the function should be represented, such as ” function(t[1/s])” in the y direction. The
reason for the function representation ¢[1/s] is that COMSOL recognises t as a parameter
of time, and the function only accepts a non-dimensional parameters. The previous two

steps will deform the surrounding area of the top electrode and PTFE in each time step to
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Triangles: 1432
Edge elements: 140
Vertex elements: 16

Domain element statistics
Number of elements: 1432
Minimum element quality: 0.6067
Average element quality:  0.8753
Element area ratio: 0.1041

Mesh area: 1.71E7 ym?

Element Quality Histogram

L

FIGURE 3.3: (Left) the TENG with a finer mesh applied, and (right) the mesh quality.

simulate a movement with an error. The deformation of the mesh occurs only in the area
that has air because the mesh inside the objects that have borders, such as the electrodes,
nylon, and PTFE, will not be altered [66]. The last step is to enable the surrounding air fill
the gap left behind by the top electrode and the PTFE. This is achieved by applying the
”free deformation” option to the air region.

With the contact-separation mode TENG prepared, it remains only to set the condi-
tions of the simulations in the study section. The module selected is the time-dependent
study, in which the convergence can be adjusted. The relative tolerance is one of the most
crucial variables because, although a higher value increases the likelihood of the solution
converging, a lower value decreases computation error. In these numerical simulations,
the value used was 0.16, but the value could be increased to a maximum of 0.24 if needed
to help with the convergence of the solution. Comparing this value with lower values of
relative tolerance, the error was not significant, although more “noise” could be seen if a
zoom towards the peaks was done.

Other parameters that help convergence are included inside the time-dependent solver
in the fully coupled section. This program used a direct solver and, in the method and
termination section, the non linear method chosen was the “automatic Newton”, due its
ability to deal better with highly non-linear cases. This increased the chance of conver-
gence of the simulation, at the expense of using more computational resources, making
it slower compared with the “constant Newton” method that is selected by default [67].

Below the non-linear method, there is the number of iterations that can be increased from
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FIGURE 3.4: (a) An example of the voltage result produced by the TENG on COMSOL as
a function of time. (b) Power output as a function of the surface charge density absolute
value (positive for nylon and negative for PTFE).

4 to 25 and the tolerance decreased from 1 to 0.1. This increases the solution convergence,
despite increasing the numerical simulation execution time.

To finish the time-dependent solver part, the creation of an automatic remeshing is
needed to instruct the program to form a new mesh from the last step when the solver
stopped when the previous mesh was formed beyond the limit parameter “distortion”.
The values used were between 1.3 and 1.6 and the higher the value, the more it allowed
the mesh to distort. Varying this parameter between these values helped the convergence
of the solution.

Lastly, the list for values of the surface charge density and the load resistance must
be introduced in the parametric sweep. For the load resistance, 8 values were used that
ranged from 1 MQ) to 1.2 GQ). These are the load resistance values used to study the
transition region. The value used for the Isc was 100 Q2 and for the Vpc was 100 TC).
For the surface charge density, the values used ranged from 1 x 1077 to 1 x 1072 C m 2,
increasing one order of magnitude in between.

This gives a total of 60 simulations.

Figure 3.4(a) shows an example of the results obtained on COMSOL for the 500 MQ
of load resistance of the contact and separation peaks. In Fig. 3.4(b), the power output
of the TENG increases linearly with the surface charge density. Since this was a case
that serves as an example, only the power is represented as a function of the surface
charge density. The current and the voltage also increase linearly with the increase of the
surface charge density. In the studies performed in this work, the graphs of the voltage,

current, and power as a function of the load resistance are relevant to observe the TENG
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performance in the transition region and in the short circuit region, while the graphs of the
voltage, current, and power as a function of the varying parameter are more appropriate
to observe the evolution of tendencies of these parameters with a certain load resistance.

This last type of graphs is always used for the Isc, maximum power output, and Vpc.

3.2 Temperature dependent TENG measurements

This section is broken down into four sections: the developed experimental setup, the
procedure to make the samples used on the experimental setup, the experience itself, and

the experience’s analysis of the results gathered.

3.2.1 The experimental setup

The experimental setup to test the triboelectric effect in the room temperature - 120 °C
temperature range consisted in a chamber with infrared lights on top and a plate of steel
where the TENG was placed (Figs. 3.5 and 3.6).

In Fig. 3.6, the linear motor LDZBL3M-200A3L is attached to a stainless steel tube that
goes inside the box. At the other end of the tube, the moving TENG sample is fastened

—

g
S

FIGURE 3.5: Temperature controlled chamber. 1-Infrared lights; 2-Thermocouple con-
trolling the chamber temperature; 3-Support of the stainless steel tube with the moving
sample; 4-Support of the fixed sample and foam.
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Linear Motor
controller

FIGURE 3.6: (a) Measurement setup and (b) scheme of the whole setup. 1-Box of resis-
tances; 2-Electrometer; 3-Power supply of the infrared lights; 4-Linear motor; 5-Picolog;
6-Arduino that operates the linear motor; 7-Power supply (SRS-150-24) for the linear mo-
tor; 8-Acrylic plate between the chamber wall and the support of the linear motor. In
(b), the black lines are electrical connections, the red lines are the two thermocouple con-
nections, the yellow lines are the TENG materials and the blue rectangle is the stainless
steel tube that connects the linear motor to the TENG’s moving sample, passing through
a opening in the chamber.

to the tube (Fig. 3.5). The stainless steel tube was chosen for this application because it
has a low thermal conductivity compared to other metals, allowing for the linear motor
to operate below the limit operation temperature specified in the datasheet (40 °C). De-
spite this, stainless steel is still a good conductor of electricity and suffers from significant
electrical losses. This issue was fixed by adding a small piece of phenolic between the
stainless steel and the sample and gluing it with epoxy. The maximum distance between
the fixed sample and the moving sample was 5 cm.

On the left side [Fig. 3.5(a)], there is the fixed sample and the foam. The foam is glued
with double-sided duct tape to the support and the sample is glued in the same way but
to the foam. The foam serves as an electrical insulator from the steel supports and also
distributes the force that the moving sample applies to the fixed sample, lessening the
damage done to both samples. The foam used was a polyurethane foam with 9 mm of
thickness that is able to withstand temperatures close to 70 °C for long periods of time
and 180 °C for short periods. Because of the better results obtained on the TENG using a
foam compared to the case without it, the use of this foam led to improved distribution of

force throughout the fixed sample.
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To control temperature on both samples, we placed thermocouples on the samples
and another one suspended in the air, near the collision region of the samples [Figs. 3.5
and 3.6(b)]. The thermocouples are connected to a picolog 6 TC-08. The linear motor
temperature cannot exceed 40 °C, so a thermocouple was also placed close to one of the
supports of the linear motor outside of the chamber during the optimisation of the setup
for measurement.

After optimisation, only the thermocouples suspended in the air and the one at the
fixed sample remained, because they affected the triboelectric results by reducing the
measured voltage by one to two orders of magnitude. The thermocouple of the fixed
sample was glued with copper duct tape to the back of the fixed sample. A thermocouple
attached to the moving sample was used on occasions to measure the temperature gradi-
ent between samples when voltage and current measurements were not being performed.

The infrared lights were used with a controller to set the temperature (Fig. 3.6) by
varying the intensity of the infrared lights.

The linear motor is mounted on top of a stainless steel support that is fixed to the
box. During the tests, the temperature of this steel support began to rise and eventually
surpassed the operating temperature of the linear motor. A 5 mm acrylic plate was affixed

between the linear motor and the box to solve this issue (Fig. 3.6).

(socket)

FIGURE 3.7: Diagram showing how the Arduino and associated components work with
the linear motor.

The linear motor setup (assembled by Patricia Soares for a different project) can be
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seen in Fig. 3.7. This setup uses an Arduino Nano to control the linear motor’s colli-
sion to adjust the movement’s velocity and direction. An H bridge (DCMOTORCON-
TRBN8982TOBO1) was used to connect the Arduino and a device power source of 24V
DC (SRS-150-24) to supply the voltage required for the linear motor to function. The
Arduino program allows to be controlled by changing the duty cycle of 8 bits. A value
between 0 and 255 (from 0% to 100% of duty cycle) can be used to set the velocity of the
linear motor, although in practice these values should be kept within the range of 100 - 190
range, because smaller values would prevent the motor from moving, and higher values
would risk damaging the engine. 140 was the preferred value for the entire experience.
With the previously specified value and a sample separation of 5 cm, the TENG runs at
a frequency of collision of (0.52 +0.03) Hz. The velocity of the linear motor was 5.2 cm/s,
fast enough to maximise the force made by the moving sample to reach the performance

saturation through the collision force.

(a) (b) /’

Cd

TENG TENG
—_— \ Electrometer —— Electrometer

FIGURE 3.8: The ammeter-voltmeter technique to measure (a) the voltage and (b) current.

In Fig. 3.8, the scheme of the circuits to acquire data from the TENG is shown. A
Keithley 6514 electrometer was used to acquire data from the TENG. The samples of the
TENG were connected in parallel with the box of resistances if voltage was to be measured
[Fig. 3.8(a)] or in series if current was to be measured [Fig. 3.8(b)]. The box of resistances
is powered by a 9 V power supply, and has 12 resistances ranging from 100 (2 to 470 MQ).
To switch between resistances, and acquire data with the electrometer, a labview program
was used. The resistance used to measure the Voc was 470 MQ) and for the Isc was 100

Q.

3.2.2 Sample preparation

During this thesis, different samples were prepared and measured, including PDMS

mixed with nanoparticles (Table 3.2). Sylgard 184 from Dow Corning was used to create
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Sample Electrode | Areasize (cm) | Thickness | Support
Copper Copper 2x6 2mm moving
Aluminium Aluminium 2x6 2mm moving
PDMS (220B) Copper 3 x4 220 pm fixed
PDMS (220C) Copper 3x4 220 pm fixed
PDMS (220A) Copper 2x6 220 pm fixed
PDMS (77A) Copper 2x6 77 pm fixed
PDMS (52A) Copper 2X6 52 pm fixed
SrTiO3 (Nano A) Copper 2x6 220 pm fixed

TABLE 3.2: List of samples used and their dimensions. The code in parenthesis are the
names attributed to the fixed samples to distinguish them.

the PDMS films, and a 1:10 ratio of curing agent and elastomer was poured into the beaker.
Both ingredients were combined by hand stirring with a spatula for two to three minutes,
until numerous little air bubbles began to form. Next, the removal of the air bubbles inside
the PDMS was done by inserting the beaker into a vacuum chamber for 30 to 60 minutes,
depending on the quantity. To deposit the PDMS on the electrode, a spin coating setup
was used with the aid of a vacuum pump to hold the sample in place. Table 3.3 shows
the thickness dependence on the spin coating angular velocity applied for 30 seconds
(according to Ref. [68]). After the samples were deposited on the copper electrodes, they

were placed in an oven at 100 °C for 35 minutes.

Spin coating velocity (rpm) | 500 | 1000 | 1500

PDMS Thickness (pum) 220 | 77 52

TABLE 3.3: Spin coating angular velocity required for the PDMS to have a specific thick-
ness [68].

For the nanoparticle-doped PDMS samples, we chose Strontium Titanate (SrTiO3)
nanoparticles from Sigma Aldrich with a diameter smaller than 2 pm and relative per-
mittivity of 300 [25]. Since there was no established method for creating these samples,
existing methods were modified and optimised [43]. Toluene was utilised as the solvent
for PDMS since it is less toxic than hexane, although extreme caution must be taken by
wearing a filtering FFP3 mask, safety glasses, gloves, and a lab coat, as well as doing the
mixing inside a hotte.

The first step is to put the elastomer into the beaker at a ratio of 10:1 to the curing
agent, which will be added later in the manufacturing process. Next, the nanoparticles
of SrTiO; are added at a ratio of 1:10 to the elastomer, following a hand stirring mixing

with a spatula for 2 to 3 minutes. With the beaker inside the hotte, the toluene is added.
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Since the quantity of elastomer used was around 5 g, the quantity of toluene added was
13.5 ml. A magnet was added with the length a little smaller than the diameter of the
beaker to guarantee a more uniform dispersion by preventing the magnet to stay on one
side of the beaker. Magnetic stirring was performed at 40 °C and 400 rpm for 30 minutes
with the beaker on a hot plate, supported by a claw to keep it from moving, and another
beaker filled with water to further manage the hot plate’s temperature. The parameters
were then modified to 50 °C and 300 rpm for the following two hours. The hot plate’s
velocity was then reduced to 100 rpm for 45 minutes while it cooled and reached room
temperature.

The curing agent was added and the mixture manually stirred for 2 to 3 minutes after
the beaker reached room temperature and the toluene evaporated. After that, the solution
was degassed by placing the beaker in a vacuum chamber for an hour to eliminate any
air bubbles and leftover toluene. The samples were deposited with a spin coating process
with a rotation velocity of 500 rpm, during 30 seconds to aim for a thickness of 220 pm.

Finally, the samples were inserted into the oven at a temperature of 110 °C for 20 minutes.

3.2.3 Experimental procedure

During the experiments, the first 16 minutes of operation of the contact-separation
mode TENG was to charge both tribopairs at room temperature, since they were not in
their saturate state of surface charge density. This charging until saturation was measured
using the Vpoc. The temperature measurements started only after the charging process
was concluded.

One of the key concerns was that the experience needed to be made quickly enough
because PDMS would start curing significantly above a temperature of 50 °C if it lasted
for more than three hours. The solution to this issue was to do a slow heating between
20 °C and 50 °C that lasted for about an hour, followed by a rapid heating to 100 °C that
lasted for an hour at maximum. The measurements of the current or voltage for each load
resistance took 30 seconds.

The infrared light current was gradually increased in order to raise the chamber’s
temperature taking into account the intended experiment’s duration. The temperature
variation during each 30 seconds measurement did not exceed 1 °C and the gradient of
temperatures between samples was inferior to 2 °C or 3 °C depending on if the moving

sample was copper or aluminium.



INFLUENCE OF MATERIALS PROPERTIES ON THE PERFORMANCE OF TRIBOELECTRIC
40 NANOGENERATORS HARVESTING SYSTEMS

One thing to note is that the thermocouple in the fixed sample is between the copper
electrode of the sample and the foam. Since copper and PDMS have very different thermal
conductivities, and the moving sample is a metal sample of aluminium or copper, the
temperature measured in the fixed sample might not correspond to the true temperature
of the PDMS. However, constant collisions between samples are occurring, the measured
gradient between samples is between 1 °C to 3 °C and the maximum PDMS thickness is
220 pm, making it safe to assume that the temperature of the PDMS falls into this range.

After the experiment, the box was opened to cool down to room temperature, mak-
ing the cooling process faster. This aided in addressing the PDMS curing issue. A new

experiment started when the temperature of the samples reached 30 °C.

3.2.4 Data analysis procedures

The data acquired from the setup consists of data files for each temperature measured
for the voltage or the current. The graph of this data consists in positive and negative
peaks that are written into a file for each temperature. A python program (written by Rita
Bugalhado) was used and adapted for this case to obtain the maximums and minimums for
each file (Fig. 3.9). The program had upper and lower thresholds and a periodic limiter

to prevent values that are not the real maximums or minimums from being considered,
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FIGURE 3.9: V¢ from a TENG in 30 seconds of data acquisition. The python program
was used and, with the right values for the limiters, the maximums (in yellow) and the
minimums (in green) were obtained.
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being especially useful at higher temperatures where the voltage and current drop con-
siderably. The upper (lower) threshold limited the detection values below (above) the
threshold, while the periodic limiter sets a time value after each peak before detecting the
next one. With the maximums and minimums found the program then calculated their
average and standard deviation, the frequency of collision and the period between maxi-
mum and between minimum peaks. The previous values were all joined together in one

file with their corresponding temperature at which they were measured.






Chapter 4

Numerical simulations results

In this chapter, it is important to study the parameter variation tendencies of the area,
nylon thickness, and relative permittivity. Before proceeding to these studies, it is impor-
tant to understand the effect of the border on numerical simulation results; to determine
a suitable resistance to measure the Voc and the effect of a smaller resistance used that
leads to peak decay. The values used to simulate the TENG are present in Table 3.1. This
is valid for all simulations, unless other values are used that are specified in the respective

study.

4.1 The influence of the border size on the numerical simulations

The study of the influence of the border size on the obtained results is a critical first
step on any numerical simulation. Therefore, a study with different border sizes was
conducted to better understand the resultant effects. It is important to keep in mind that
if the border is increased in size, the gigabytes (Gb) amount of computer memory used
increases. This can make a Gb difference for simulations with only 3 cycles of TENG.

With this statement, it is important to optimise the size of the border for the study in
question without shrinking the area of the border. A rectangular border shape with the
bigger side being double of the smaller one (r;) was used (Fig. 3.2) and a resistance of
100 TQ) was used to measure the Vpoc. Analysing the data [Figs. 4.1 and 4.2(b)] that had
a TENG area of 1 mm?, the r; used in Fig. 3.2 simulations was 3 mm, and it is clearly
observed that this is a low value to use because the peaks have a rounder shape and a
lower value that it could achieve. Further reducing r; causes the peaks to split in two

and have a minimum between them, while with r; larger than 0.1 m, the border’s size

43
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FIGURE 4.1: Graph of the voltage measured while varying the size of a rectangular bor-
der. In the legend, the length of the smaller side is indicated (r1).

increases become irrelevant for output outcomes. This value is important, but it should be
adjusted according to the situation, such as the area variation of the TENG or the increase
in the thickness of the material.

For transition region studies, the power peak is between 100 M() and 500 M(Q). With
this in mind, the border effects on the numerical simulation with a load resistance of 300
MQ [Fig. 4.2(a)] show a significant decrease in the current and the voltage for the two
lower values of border size values. However, for higher values, the simulated values
are relatively constant with the observed differences being related with the high relative

tolerance of 0.22 - 0.24 used.
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FIGURE 4.2: (a) Voltage and current variation as a function of the border size (r;) for a
load resistance of 300 MQ). (b) V¢ with a load resistance of 100T() as a function of 7;.

In conclusion, the V¢ is the parameter most affected by the border size, and the bor-

der smaller side should be at least 34 times larger than the TENG system.
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4.2 Open circuit conditions

An important first step to take is to define the numerical conditions giving the actual
Voc load resistance and how it is affected by changing the geometrical parameters.

In the open circuit conditions there is no charge transfer and this is achieved with a
high load resistance value. The search for the ideal load resistance to measure the V¢ is
motivated by the fact that, with the increase of the load resistance used in the simulations,
the results start to show non-uniform peaks and the amplitude of the peak decreases from
peak to peak, as seen in Figs. 4.3(a),(b) and the voltage decay displayed in more detail in

Fig. 4.3(c). This is the transient state, and there are two ways to perform this study.
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FIGURE 4.3: The non uniform peaks that form after the transition region for (a) G() load
resistances and (b) T(} load resistances. (c) Voltage as a function of the cycle for the peaks
values displayed in (a) and (b).

One is to compare the results of the various load resistances with the results of a multi-
meter with the voltage option that has a very high load resistance. To do this in COMSOL,
the component voltmeter is inserted into the TENG circuit instead of a load resistance.
Since the graph using a voltmeter is similar to the numeric values of the load resistance 10
TQ) in Fig. 4.3(b), it should be enough to study the tendencies of Vo with the parameters
specified previously due to the decay between cycles being less than 1%. Nevertheless,

one has to point that for both the voltmeter and 10 T(), the results show a difference of
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3% compared with the 30 T() case in the eighth cycle, confirming that one is already in
a transient state, so that the V¢ values do not correspond to the real value that should
be measured. The second option is to let the voltage stabilise, meaning more cycles are
needed. That can also be observed in Fig. 4.3(a), with the results for 51 and 71 GQ) being
stabilised after the fifth cycle. The downside of this method is that there is a risk that
the charge of the electrodes is not zero and instead of a small number of cycles, more are
required. If eight cycles are used in the case of these load resistances, simulations take
at least 3 times the time to finish and use three times the memory. Another drawback
is the requirement to adjust the load resistance used to obtain V¢ for parameters that
vary significantly with the optimum resistance, such as the area of TENGs. The possible
advantages are that the values measured are more realistic and the parameter variation is
more accurate.

Therefore, the first method will be the one used primarily, and the second one will be

used in specific occasions.
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FIGURE 4.4: Voltage as a function of the resistance for the three peaks. Inset: ratio be-
tween each voltage peak (V,, where p=1, 2, 3) and the initial peak (Vj;;;) at 0 seconds
instant.

To find the ideal resistance to obtain V¢, in the numerical simulations, we varied
the load resistance between 100 G() and 100 T2 for three contact-separation cycles. The
objective is to find a value of load resistance such that the voltage drop between peaks is
negligible and the graph obtained for a given load resistance is similar to the one obtained

when a voltmeter is used.
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Analysing Fig. 4.4, the voltage drop between peaks steadily decrease with the load
resistance increase, becoming negligible (smaller than 1%) above 10 T() , with the ratios
Vy/ Vinir being close to one, matching the result obtained using the COMSOL voltmeter.
The value chosen to measure the Vo was 100 TQ). This choice will be further validated

in the area study due to the high variation of the optimum resistance with the area.

4.2.1 The transient state

The objective in this section is to study how the amplitude from peak to peak decays
using different resistance values to better understand the transient state. For this study, a
maximum of eight cycles was used to obtain better fitting curves (Fig. 4.3). This study will
be concluded with lower values of load resistance where a delay in the peak is observed.

The fit expression to characterise the voltage decay from cycle to cycle is:

V:V0+C><exp(—lf>, (4.1)
0

with Vp, C and Rg being fitting constants and p the number of the cycle. To validate the
fit, the R? is represented along with other important fit constants.

The graph in Fig. 4.5 shows that the Ry decreases towards zero for high load resis-
tances. The C and V) fitting remain constant (4.6 x 10* V and 1.6 x 10° V) up to 1 TQ),
with the quality of the fit decreasing for higher resistances.

As seen previously in Fig. 4.3(c), load resistances above 5 T(), the cycle-to-cycle decay

becomes negligible, which makes the fitting curve unreliable, as seen in the decrease of

4+ 412
[ |
- 4x10°
31 ® O*.*M*O*.*O*.“.\. 41.0
[
o ] - 3x10°
2 . =
oF i \. 10827 S
' \ 5 F2x10° O
14 '."‘ los o |
\_ | - 1x10%
0- TTE-mg —wmg L
* 4104
T TTTT T L LI | T T _O

0.01 | OI1 o 1 10
Load Resistance (TQ)

FIGURE 4.5: Evolution of the fitting parameters of Eq. (4.1) with load resistance.
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FIGURE 4.6: Voltage as a function of time showing the shift of the peaks with the increase
of the load resistance.

R? and the deviation of Vj, C and Ry parameters. For higher load resistances, more cycles
would be required to have a better fit, but at the expense of a longer computation time.
In Fig. 4.6, the other effect seen during of the transient regime is displayed. As the load
resistance increases, the slower movement of the charge induces a shift to the right on the
separation peaks, deviating their maximum from the point where the minimum distance
between planes occurs (0.5 ms). With the increase of the load resistance, the minimum
charge value increases and time delay in the minimum peak occurs, contributing to a
shift to the right and a slower decay of the voltage is observed. The results obtained in

this section were also obtained in Ref. [29].

4.3 Influence of TENG area

This section is dedicated to the area variation study in the performance of the TENG,
starting with the open circuit and short circuit regions and then the optimum resistance

region.

4.3.1 Open circuit and short circuit regions

Adding the TENG area as a variable to the previous simulations and changing the

border size to support larger area values, we started by showing how the area influences
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the load resistance for which Vo is achieved. This can be performed in two ways; the
first is calculating V), / Vi, as a function of the resistance (where V), is the obtained voltage
in the p-th cycle, and V},,;; is the voltage at 0 seconds instant). Alternatively, one can plot
the V,,/ Vi, as a function of the area.

For Vo (S) determination, a square border 5 m of length was used. On the other hand,
Isc was obtained for a resistance of 1 kQ and borders of 0.151 x 0.00207 m?.

Despite the graphs in Fig. 4.7 only having two values for each case, in the numerical
simulations performed there are a minimum of three different values of load resistance
or area between them and there are results above and below the values displayed. It is
important to notice the difference between the peaks for each value of load resistance or
area. To avoid overloading the graphs with information, only two values for each case
were displayed. As can be seen in Fig. 4.7(a), the voltage for 750 G() does not have a
negligible decay per cycle until 10 mm?, having a decrease in voltage drop per cycle with
the increase of the area, while the voltage for 15 T(), the voltage drop per cycle for area
above 0.1 mm? is negligible. In Fig. 4.7(b), it is seen that the smaller area has a higher
voltage drop per cycle across the load resistance spectrum than the higher value, and
with the increase of the load resistance, the voltage drop per cycle decreases.

The conclusion reached is that the smaller the area, the higher the load resistance has
to be to reach the point of Vpc. This is in agreement with Niu’s model of the contact-
separation TENG, where the area is inversely proportional to the load resistance. This
relation has not been verified here, only that the load resistance increases with the de-

crease of the area.
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FIGURE 4.7: V};/ Vit as a function of (a) the area of the TENG, (b) the load resistance.
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FIGURE 4.8: (a) Vpc and (b) Isc as a function of the TENG's area.

The results of the V¢ and the Isc are present in Fig. 4.8. Figure 4.8(a) show that V¢
increases non-linearly with the area. These results do not match Niu’s model predictions
because the model predicts a constant Voc with the area variation. The reason for this
is that the value of the area is not considerably larger than the maximum distance be-
tween tribopairs. With this, Gauss’s law, which is the basis of Niu’s model, is not valid.
The consequence is that, as the area decreases, the local electrical fields deviate from the
perpendicular direction with respect to the plane of the TENG, causing the V¢ decrease
observed. A possible explanation for the increase of the V¢ with the area in a shape that
is converging to a value is that the requirements for the Gauss law to be met are increasing
with the area, where more local electrical fields are perpendicular to the TENG, as seen in
Fig. 4.9.

In Fig. 4.8(b), the results show that the Isc is directly proportional to the area. Com-
pared with Eq. (2.11), the results obtained are in agreement with the V-Q-x relation of the

TENG.
@ | (b)*"
( 3500
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FIGURE 4.9: Electrical field for two different areas when both plates are the furthest apart.
[(@) 0.01 mm?2 and (b) 9 mm?].
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4.3.2 Optimum resistance region

Studying the effect of the area for a range of resistance covering the three main regions
(Fig. 4.10), we observe an increase of the voltage and decrease of the current with the
increase of the load resistance. The three regions of operation of the TENG operation
regions are in agreement with Niu’s model, with the voltage having a low value at low
load resistance and a high value and constant at high load resistance (and vice-versa for

the current).
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FIGURE 4.10: (a) Voltage and (b) current as a function of the load resistance for different
areas (S).

From Fig. 4.10, it is also observed that the voltage and the current increase with the
TENG area.

Figure 4.11(a) shows the power density (power-to-area ratio) for an easier comparison
between area values. As predicted by the Niu’s model of the contact-separation TENG,
the power density increases with the area. Furthermore, we observe a shift to the left
(lower load resistances) of the power maximums as the area increases, indicating that the
optimum resistance decreases with the area.

Figure 4.11(b) further confirms the inverse relation between area and optimum resis-
tance. Furthermore, the power density increases with the TENG, with a maximum output
of 12 mW/mm? for the areas values of 9 and 16 mm?. An important remark is that the
minimum distance was used for the calculations of the theoretical values of the optimum
resistance and not the maximum as indicated in Eq. (2.13) due to the latter being two
orders of magnitude higher than the numerical values. Still, in terms of tendencies, both

sets of values are in agreement.
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FIGURE 4.11: (a) Power density as a function of the load resistance for different areas. (b)
Optimum resistance as a function of the area.

4.4 Effect of nylon thickness

In this study, we varied the nylon thickness from 25 ym to 1.5 mm. The load resistance
values were the same as used previously, except for the 1 and 1.2 GQ) due to a divergence

in the COMSOL results.

4.4.1 Open circuit and short circuit regions

A load resistance of 100 (2 was used to conduct the Is¢ study, while a 100 T() was used
to study the Vpc.

In Fig. 4.12, the increase of nylon thickness causes a decrease in the Isc numerical
values, which agrees with the theoretical values for the current that were obtained with
Eq. (2.11) with a x(t) of 21.38 um. By comparing the numerical and theoretical values, the
good agreement with the TENG model is confirmed. The larger difference between both
sets of values for smaller values of thickness is related with the relatively large relative
tolerance used (0.22).

The V¢ was found to decrease with the nylon thickness (Fig. 4.12), while Niu’s model
predicts that it should remain constant. As in the study of variation of the area, one be-
lieves that the Gauss law is not valid during these simulations due to the area being of the
same order of magnitude as the distance between planes. This implies that, with the in-
crease of the thickness, the local electrical fields deviate from the perpendicular direction
of the tribopair plane in the exterior regions (Fig. 4.13), because the maximum distance be-
tween materials is maintained with the increase of the thickness, but the distance between

electrodes increases, causing the decrease in Voc.
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FIGURE 4.12: V¢ and Isc as a function of the nylon thickness.
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FIGURE 4.13: Electrical field for nylon thicknesses of (a) 1.5 mm and (b) 0.1 mm.

4.4.2 Optimum resistance region

Figure 4.14 shows the results for the voltage and current as a function of the load re-
sistance. Both graphs are in agreement with Niu’s model of the contact-separation TENG
for the three regions. One notes that the current increases with the decrease of the nylon
thickness, while the voltage increases with the increase of the nylon thickness.

With a maximum output of 10.69 mW / mm? at a thickness value of 0.2 mm, the max-
imum of power [Fig. 4.15(a)] diminishes as the nylon thickness increases. There is a shift
to the right on the peaks [Fig. 4.15(b)], indicating that, the optimum resistance increases
with the increase of the thickness, which, in therms of tendency, is also in agreement with
Niu’s model. An important thing to note in Fig. 4.15(b) is that the theoretical [calculated
using Eq. (2.13) in section 2.3] use the minimum and not the maximum distance between
materials planes, as the Niu’s model for the contact-separation mode TENG indicates. If

the maximum distance was used, the theoretical values would differ by two orders of
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FIGURE 4.14: (a) Voltage and (b) current as a function of the load resistance for different
nylon thicknesses (d1).

magnitudes of the numerical values. Still, the same tendency of the results can be ob-
served, despite the characterization of the load resistance being discrete on the numerical
simulations, with a low quantity of values used.

The maximum power obtained [Fig. 4.15(b)] starts by increasing with the nylon thick-
ness but decreasing afterwards.

The initial increase is due to the lower values of thickness not having the precision
needed in the numerical simulations because of the relative tolerance. The drop in power
is the expected outcome due to the current decreasing, which outweighs the increase in

voltage, as predicted by Niu’s model.
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FIGURE 4.15: (a) Power as a function of the load resistance. (b) Optimum resistance as a
function of the nylon thickness.
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4.5 Impact of relative permittivity

The study of the evolution of the effect of the relative permittivity on the TENG output
is divided into four parts. Firstly, the parameters for the concentration of nanoparticles
and the equivalent effective relative permittivity (¢, ;) as well the radius of the nanopar-
ticles are described. Secondly, the comparison of a PDMS doped with nanoparticles (that
will be here referred with subscript NP) (PDMSyp) and a “"PDMS” with the equivalent
effective relative permittivity (PDMS,, ) [with Eq. (2.19)] is performed. As the results
will do not match, we then introduced a charge correction dependence on the ¢,. Finally,

the Voc and the Isc will be studied with and without the proposed charge correction.

4.5.1 Relative permittivity numerical simulations

In the numerical simulations, it was determined whether the results and tendencies
with increasing concentration of NP or €, Were the same for PDMSyp and PDMS;, £
samples. Two materials were selected for NP and they are: Strontium Titanate (SrTiOs)
with a ¢, of 300 [25] and Barium Titanate (BaTiO3) with a ¢, of 1976 (COMSOL). To simu-
late the concentration of particles, two sizes of particles were used. The particle size used

for the Strontium Titanate, and the Barium Titanate had a radius of 15 pm.

Concentration SrTiOs BaTiO;

SrTiO3/BaTiO3 Er,ps Eryss
0.7% 49 16.7
1.4% 7.0 30.7
2.8% 11.1 58.6
4.2% 15.4 86.5
5.7% 19.6 114.3
7.1% 23.8 142.3
8.5% 28.0 170.2

TABLE 4.1: List of the ¢, ., according to the concentration of NP of the respective material.

On Table 4.1, the values for the ¢, ” and nanoparticle concentration are represented.

4.5.2 Open circuit and short circuit regions

The Isc (Fig. 4.16) and Voc (Fig. 4.17) results obtained with a constant surface charge

density show that the difference between PDMSyp and PDMS; . samples is not signif-

eff
icant (note the scales) because the relative tolerance (0.22) is high enough to make the

variation of the results within the variability range. Still, the results show practically no
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variation for the Vo and Isc, which is in agreement with Niu’s model [see Egs. (2.11) and

(2.12) in section 2.3].
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FIGURE 4.16: Isc as a function of the concentration of NP on the PDMS (black) and &,, i
(blue) for (a) Barium Titanate and (b) Strontium Titanate.
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FIGURE 4.17: V¢ as a function of the concentration of NP on the PDMS (black) and &,, i
(blue) for (a) Barium Titanate and (b) Strontium Titanate.

4.5.3 Comparison of both processes in the transition region

Starting with Barium Titanate NP [Fig. 4.18(a),(b)], the voltage increases with the load
resistance while the current decreases, which is in agreement with Niu’s model. As the
concentration of NP and ¢, increase, both studies do not match because the voltage de-
creases, with both studies having different tendencies, while the current decreases for
PDMS;, i samples and increases for PDMSyp samples.

In Fig. 4.19, we observe that the power tends to decrease with the increase in concen-

tration or &, and the comparison between NP and ¢,, if does not match.
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FIGURE 4.19: Power as a function of the load resistance for the PDMSyp and PDMS;, i
samples.

For higher ¢,, the voltage, current, and power tend to stabilise. However, at lower
g, there is an abrupt change in the obtained values, so, to study that region, NP with a
smaller ¢, (S5rTiO3) were used.

One can observe that the voltage for PDMSyp and PDMS;, ” samples differ [Fig. 4.20(a)].

However, with a lower ¢, compared with BaTiO3 NP, the PDMS;_,, results show a clearer

Eeff
decrease compared with Fig. 4.18(a) of the voltage is observed with the ¢, increase, which
agrees with Niu’s model predictions. As for the current [Fig. 4.20(b)], the same behaviour
seen in Fig. 4.18(b) is observed.

The slower decrease in power is also observed in the power graphics (Fig. 4.21). Fig-
ures 4.20(a) and 4.21 show that with a lower ¢,, one is able to observe the decay of the

voltage and power with the ¢, ,, increase before that value is high enough that it becomes

eff
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FIGURE 4.20: (a) Voltage and (b) current as a function of the load resistance. Both graphs

compare the results for PDMSyp and PDMS;

eff

samples.

negligible compared with nylon ¢, (4), according to Niu’s model V-Q-x relation Eq. (2.7).

In conclusion, the results of the PDMSyp do not match those of the PDMS

Regardless, the ¢,, £ tendencies for PDMS,

eff

Ceff
sample agrees with the theoretical predic-

sample.

tions. Since experiments (Ref. [25]) show a clear relation between voltage, current, and

power with the increase of the ¢,, the surface charge density has an indirect relationship

with the €,, so that a charge correction will be proposed in the next subsection.

Power (mW)

FIGURE 4.21: Power as a function of the load resistance for the PDMSyp and PDMS,
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4.5.4 Inserting a charge density correction dependent on the relative permit-

tivity

To perform a charge correction based on results in the Ref. [25], we modelled the

TENG as a parallel plate capacitor with one or two dielectric mediums in between. Since
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we change the ¢, of only one of the materials, let us consider only that one, represented in

Fig. 4.22.
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FIGURE 4.22: Two electrodes with opposing total surface charge density and the dielec-

tric medium. The induced surface charge density varies with the ¢,. At the borders of the

dielectric with the electrodes, the dielectric material reaches a charge equilibrium with
each electrode.

The electrodes produce a field in one direction, and the dielectric medium creates an
opposing electric field due to the induced charges on the surface being the opposite of the

electrode in contact. Thus, the total electrical field (E;y;) is given by[69]:

Etotat = Eo — Eina, (4.2)

with Ej the electric field in vacuum and E;,; the induced electric field of the PDMS. The

electric fields can be replaced as:

(o (0 Tind

= — , (4.3)
€0€ry €0 €0

where ¢ is the total surface charge density and ¢;,,; the surface charge density induced on

the materials. And this can be rearranged as [69]:

€, — 1
Oind = 0'<ff> . (4.4)

Eres
If &,,, tends to infinite, Eq. (4.4) tends to the charge reference value of 6 x 1074 Cm~2,
which is the same value used in the reference sample simulation. Since we want ¢;,; of
the reference sample to give 6 x 107% Cm~2, using Eq. (4.4) with ¢, i = 2.75 gives Tiyg
= 3.82 x 107* Cm~2, which has a difference of 2.18 x 107% Cm—2 (04iff) to the charge
reference value. Adding this to Eq. (4.4) gives:
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Figure 4.23 shows the difference between a constant charge value and the corrected
value, according to Eq. (4.5). It is observed that below PDMS ¢, (2.75), the corrected
charge is inferior to the constant one and vice-versa above PDMS ;.

Let us now analyse how this correction affects our results In Fig. 4.24(a), the voltage
increases at low ¢, values and low load resistances and we see that decreases at high
load resistances. As for the current in Fig. 4.24(b), a large increase is observed at lower
load resistances and lower ¢,, o For both graphs, at higher ¢,, 50 the values stabilise.

The charge correction improved the power results (Fig. 4.25), particularly at higher

€r,p,, Taising them well above the constant charge cases in the preceding subsection. An
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FIGURE 4.24: (a) Voltage and (b) current as a function of the Erypf for a set of values of
load resistance.
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interesting occurrence to notice is that the power for the 10 M() load resistance in Fig.
4.25(b) has a significant increase with the ¢, compared with Figs. 4.19 and 4.21.

To understand this, we must take a particular look at voltage, current and power fig-
ures. For when the contact-separation mode comes into contact, the V-Q-x relation [Eq.

(2.7) in section 2.2.1.1] could be written as:

Q

V = _T%do.

(4.6)

However, since the minimum distance between the triboelectric materials is only one
order of magnitude below the corresponding thicknesses, the parameter x(t) cannot be
neglected. This means that Eq. (4.6) is not valid for this case. If the current is calculated

through Eq. (2.7):

" RSeg Reg -

Equation (4.7) illustrates the dependence on the load resistance on both terms of the

JE— (do + x(t)) 47X 4.7)

equation, one with the charge on the electrode (Q) and the other with the surface charge
density (¢). Having two terms on the equation, two behaviours will occur, one at low
load resistances and one at high load resistances. In Fig. 4.26, the charge variation on the
nylon’s electrode can be observed. As expected, the charge decreases when the minimum
distance is reached, not achieving zero because there is no actual contact. With the in-
creasing load resistance, the current decreases and the electrode that is charge saturated

will have more difficulty getting out of this state.
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FIGURE 4.25: Power as a function (a) of the ¢, i and (b) the load resistance.
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FIGURE 4.26: Charge at the nylon’s electrode as a function of the time. The various curves
are the different load resistances used.

Observing Eq. (4.7), with a low load resistance and at the minimum distance between
surfaces, the surface charge density outweighs the charge in the electrodes because the
charge transfer in the electrodes brings the electrode charge closer to zero, making that
term of the equation negligible. At a load resistance above the maximum power output
(100 MQ)), the electrodes barely get out of the saturated state, meaning the charge on
the electrodes term of the Eq. (4.7) will outweigh the surface charge density term. The
previous statements explain the power increase for a 10 M() in Fig. 4.25.

This effect also happens in all simulations where the surface charge density is constant.
However, it is more noticeable in this study due to the surface charge density term varying

on Eq. (2.7) that has a large impact for lower load resistances.

4.5.5 Comparison with and without the charge correction

Figure 4.27 presents both numerical and theoretical values for the corrected and con-
stant c methods. We observed that Isc increases with the introduction of the charge cor-
rection. At higher ¢, values, both theoretical and numerical values stabilise. The tenden-
cies of both corrected and constant charge models are in in agreement. At lower ¢,, the Isc
increase is larger both surface charge density corrected models compared with the con-
stant surface charge density models. This is expected, since Eq. (4.4) has a larger variation

on the charge value at lower ¢,.
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FIGURE 4.27: Is¢ as a function of Eryps-

Analysing Fig. 4.28, the maximum power is enhanced if the surface charge density is
higher than the reference value. Since the power decreases with the increase of the ¢, (for
a constant charge), adding the charge correction, one must consider two factors. The first
is that the surface charge density increases with the ¢, and this increases the power. The
other is that with the increase in the ¢,, the power decreases. These different tendencies
result in: until around 10 ¢,, the increase in the surface charge density surpasses the de-
crease in power caused by the increase in the ¢,. Between ¢, of 10 and 60, the decrease
of the power with ¢, outweighs the surface charge density increase, causing the overall

decrease of power. At a ¢, higher than 60, the value is too high compared to the nylon’s ¢,
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FIGURE 4.28: Maximum power as a function of &, ..
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(4), meaning that the PDMS; ,,’s ¢, is negligible. Also, the charge correction equation [Eq.

Eeff
(4.4)] gives a constant maximum power for high values of ¢,.

The study of the optimum resistance was not conducted here because the numerical
simulations were only performed for 10 load resistance values to characterise the three re-
gions of the TENG. In fact, according to Eq. (2.13), the variation of the optimum resistance
with the ¢, is small. Thus, values of load resistance very close apart would be needed to
execute this study.

In Fig. 4.29, the theoretical and numerical values for the Vo do not match in terms of
values; nevertheless, they are in agreement in terms of tendencies. Since Vo is directly

proportional to the surface charge density, meaning that the voltage will follow the same

trend as the charge.
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FIGURE 4.29: V¢ as a function of Erppse

Considering the second method of measuring the V¢ in which we use a load resis-
tance of 55 G() and perform 8 cycles to guarantee a stable value. This is observed in Fig.
4.30, where the seventh and eighth peaks show that the V¢ is stabilised. As expected,
there is an increase in the V¢ with the charge correction applied. However, Voc de-
creases in both cases of charge with the increase of the ¢,, which is in disagreement with
the tendency of the 100 T() V¢ study (Fig. 4.29) .

This disagreement is due to the electrodes’ being slowly saturating and not being close
to zero charge, as should be verified. Figure 4.31 represents the evolution of the charge
in one of the electrodes. This saturation and stabilisation of the charge value makes the

charge Q parameter completely outweigh the surface charge density ¢ parameter in Eq.
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FIGURE 4.30: Voc as a function of the ¢/, .. The peaks represented are the ones for which
Voc seems to stabilise.

(2.7). Therefore, a decrease in the voltage is expected with the increase of the ¢,, which
agrees with the numerical values. For the 100 T() load resistance, the charge measured is
around 10713 C which is negligible compared to the saturation values of around 1071 C

seen in Fig. 4.31.
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FIGURE 4.31: Charge in the electrode with nylon on top for different ¢/, ;.

In conclusion, a higher load resistance would be needed to make the charge negligible
compared to the saturation value. However, more cycles would then be necessary for
the stabilisation to occur, which means a larger time simulation and memory occupancy,

making this method not viable.






Chapter 5

TENG'’s temperature study

This chapter will be split into four sections. In the first section, the process prior to
the temperature study, the charging process of a sample is discussed and compared be-
tween different thicknesses of PDMS samples and also a PDMS nanoparticle-doped sam-
ple. Next, the analysis of a single 30-second acquisition for voltage and current at room
temperature is performed. The study of the increase in temperature with the acquisition of
the voltage and current is discussed and compared for the previously mentioned samples.
Finally, a discussion about potential issues or changes that worsen or improved TENGs
performance. In all these experiments, copper and aluminium samples were used. Since
the aluminium sample was used in most of the results compared with the copper one, the

results with the copper sample are identified in the graph itself.

5.1 Charging process

Charging a sample’s surface to saturation leads to a large initial increase of the Vo,
followed by a progressive slowing down until saturation, as seen in Fig. 5.1. The differ-
ence between the minimum and maximum voltage values will be explained in the next
section.

To observe if the charging process is reproducible, in Fig. 5.2, three data acquisitions
were made, with the first and second data collections occurring in the morning and after-
noon of the same day, respectively, and the third occurring in the morning of the following
day. The variation of TENG performance with temperature was made after each charg-
ing process, and the foam was not changed during the entire study, nor was the sample

adjusted. The increase from the first acquisition to the following ones is likely due to the

67
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FIGURE 5.1: TENG charging phase at room temperature using PDMS 220C and copper
samples.

fact that, at higher temperatures (60 - 110 °C), the PDMS has a curing process and its sur-
face is already charged up for the following experiments. Since PDMS is an insulator, it
tends to hold the charge longer, and in the following acquisitions, its charge might not
be zero. Also, the second and third data acquisitions are similar, meaning the process is
reproducible. To simplify, in the following graphs, only the separation peaks (positive)
will be displayed.

The same study was performed for PDMS 220A, PDMS 77A, PDMS 52A, and Nano
A samples (Fig. 5.3), all showing two things in common: (i) the performance improves
from the first to the second data acquisition, but (ii) it declines from the second to the
third. The former is likely due to the fact that the curing and pressing contact in the
PDMS may restructure the surface because the mechanical properties of PDMS vary easily

with heating. The temperature study in the first acquisition only reaches 60 °C while in
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FIGURE 5.2: (a) Maximums and (b) minimums of TENG charging at room temperature,
with PDMS 220C and copper samples carried out at different moments.
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FIGURE 5.3: Three charging operations performed at different times at room temperature
using aluminium against PDMS 220A (a), PDMS 77A (b), PDMS 52A (c), and Nano A (d)
samples.

the second acquisition it reaches 100 °C, which can translate into higher sample wear.
Furthermore, the third acquisition occurs only the next morning, with a larger time gap
than between the first to second acquisition, implying that more charge can leave the
surface of the sample. All of these factors contribute to the drop in performance of the
TENG. According to Niu’s model, one would expect an increase in performance from
PDMS 220A to PDMS 77A samples and PDMS 77A to PDMS 52A [Figs. 5.3(a)-(c)] since
the decrease in thickness should increase the voltage. While the increase from PDMS 220A
to PDMS 77A samples was verified, the other one was not.

A remark regarding the results for PDMS 220A and PDMS 77A samples [Figs. 5.3
(a),(b)] that had smaller acquisitions due to the sample falling off (sample PDMS 220A) or
the resistance box’s power supply not being connected (sample PDMS 77A).

The difference between acquisitions on sample Nano A [Fig. 5.3(d)] is minimal when

compared to the other samples, indicating that the mechanical characteristics of SrTiO3z
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doped PDMS vary less with temperature when compared to simple PDMS samples. Fur-
thermore, it was believed that Nano A would perform better than PDMS 220A, but the

opposite occurred.

5.2 Analysing the maximums and minimums obtained

In Fig. 5.4, there is a considerable discrepancy between the current and voltage graphs.
The current graphs exhibit sharp peaks, whereas the voltage graphs have contact and
separation peaks that decay slowly. The different load resistances used for the Isc (100 2)
and the V¢ (470 MQ)) explain this discrepancy in behaviour. The peaks occur just before
the moving sample makes contact with the fixed sample and just after the moving sample
separates from the fixed sample. This is where the charge moving is at its peak and when
the samples come into contact, the voltage and current should be zero. With this in mind,
the decays shown in the voltage graph in Fig. 5.4(a) represent the TENG's transient state,
caused by slower charge movement, which leads to a slower decay [29]. Compared to
what was observed of the transient state in section 4.2.1, in the experimental setup only
the difference between decays is observed, with no difference between instants of contact
and peaks. For future experiments, it would be interesting to perform them with higher
values of load resistance (for example 10 GQ2) to see if the decay is slower and, despite
being much harder to detect if it happens compared to the numerical simulations, the shift
of the peaks that would indicate that the instant of contact and of the peak maximums

occur do not match.
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FIGURE 5.4: (a) Voc and (b) Isc measurements (30 s) of PDMS 220A /aluminium tri-
bopairs at room temperature.
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Another important thing to discuss is the peak value asymmetry between maximums
and minimums. There are reasons for such asymmetry. According to Ref. [70], there
is a difference between the contact and the separation situations, with the contact being
affected by the material thickness and the separation affected by the separation distance
between materials. Furthermore, Ref. [71] confirmed this asymmetry and discovered that,
in addition to the compressing force, there is a distinct separation force. The explanation
given was that adhesion between the materials develops during contact and compression
due to opposite electrostatic charges on opposing surfaces. This adhesion force is much
smaller than the linear motor’s force. When the materials separate, they remain adhered
to each other, and the PDMS, being more elastic than a metal, is pushed away from its
electrode until the adhesion force is outweighed by the separation distance generated
between the materials. The sudden separation of materials, which creates the positive
force detected by Ref. [71], forces the stretched material to return to its equilibrium shape,
influencing the acquired separation peak. In the case of this work’s experiment, a foam is

employed, which is also a factor to consider in the peak asymmetry.

5.3 Temperature influence on the performance of the TENG

We will start by considering the results comparing the performance of using alu-
minium or copper as the moving samples against the PDMS 220B sample (Fig. 5.5). Mea-
surements were taken on the same day, using the copper sample in the morning and the

aluminium sample in the afternoon.
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FIGURE 5.5: Voltage (a) maximums and (b) minimums as a function of the temperature

to compare aluminium and copper samples against sample PDMS 220B.
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FIGURE 5.6: Average maximums for (a) Vpc and (b) Isc for each temperature value from
three acquisitions made for copper and PDMS 220C samples.

The obtained V¢ trends with increasing temperature are shown in Fig. 5.5. Both
materials have different tendencies. While the aluminium sample maintains the voltage
values and rises slightly as temperature rises, the copper sample’s performance decreases
as temperature increases.

In Fig. 5.6 (for copper/PDMS samples), the voltage and current decrease with increas-
ing temperature with the heating causing a restructuring in the PDMS surface, enhancing
the voltage performance, while the current only increased after the third acquisition.

The copper sample was damaged with the break of the wire in the weld region of the
sample after the previous data was gathered. Despite the wire being welded again, the
performance was poorer following that incident. The aluminium sample was then used
for the remainder of the studies. It would be interesting to understand more about the
differences in behaviour of copper and aluminium samples.

Starting with PDMS 220A sample, and to emphasise the peak’s asymmetry, the maxi-
mums and minimums of voltage and current are shown in Fig. 5.7, with both acquisitions
made on the same day, one in the morning and one in the afternoon. This acquisition
method is valid for the following samples of this section. The maximums and minimums
for both voltage and current do not have the same value, and their decrease with temper-
ature differs from each other. Voc and Isc decrease with temperature, however, as shown
in Fig. 5.7, Voc increases with temperature in the region of 50 °C to 60 °C. In the first
acquisition, the current remained stable until 60 °C to 70 °C and then increased. The min-
imums and maximums of the current have a larger value on the second acquisition than

on the first. Since it was a new sample, the PDMS started to modify its surface near 60 °C,
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FIGURE 5.7: Average maximums for (a) Vpc and (b) Isc for each temperature value from
two acquisitions made for aluminium and PDMS 220A samples.

making it more flexible by having better coverage of the moving sample area, resulting
in an increase in performance. The increased current value at low temperatures of the
second acquisition compared to the prior one indicates that the PDMS surface properties
have altered. However, as the temperature rises, the current values gradually decrease
and match the first acquisition at 50 °C to 60 °C. Past these values, the current and volt-
age decrease. The thermal degradation of this sample is seen in Fig. 5.3(a) of section 5.1
by the decrease in performance from the second to the third acquisition.

In the case of the PDMS 77A sample, it is also relevant to see both maximums and
minimums due to different behaviours of both. The asymmetry between maximums and
minimums peaks is seen in Fig. 5.8, and when compared to PDMS 220A sample, the de-
crease in PDMS thickness increases the current and voltage, as predicted by Niu’s model.
Temperatures above 60 °C cause a drop in voltage and current, which is expected because
the thermionic effect decreases the available charge in the samples, resulting in a decrease
in performance. In Fig. 5.8(b), below 60 °C, the current increases in the first acquisition
until 50 °C and then drops, but in the second acquisition, the values decrease to levels
comparable to the first acquisition at 40 °C. This tendency and the fact that there is a
significant difference between the first and second acquisitions from room temperature to
40 °C indicate that the PDMS surface has been restructured and could have become more
flexible to perform a better coverage of the aluminium sample on impact, maximising the
TENG's performance. The improvement in performance from the first to the second ac-
quisition on the voltage [Fig. 5.8(a)] is less than that on the current, but it confirms the

prior assertion about the PDMS being restructured for greater coverage of the aluminium
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FIGURE 5.8: Average maximums for (a) Vpc and (b) Isc for each temperature value from
two acquisitions made for aluminium and PDMS 77A samples.

sample. The slower decay of the minimums relative to the maximums for the voltage
from room temperature, as shown in Fig. 5.8(a), could imply that in that temperature
range, because PDMS becomes more compressible, the PDMS thickness in compression
may decrease sufficiently enough to slow the decay.

For the following samples, only the maximums values will be shown for simplicity,
since the tendencies of the maximums and minimums are similar.

In Fig. 5.9, the results for PDMS 52A sample are displayed, and when compared with
PDMS 220A and PDMS 77A samples, the results are inferior to both samples. According
to Niu’s model, the inverse should have occurred. Analysing the tendencies, both the
current and voltage maintain a constant value until they reach 55 °C to 60 °C, at which
point they begin to drop. In addition, there is no difference between the first and second

acquisitions for each parameter. One explanation for this behaviour could be that the
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FIGURE 5.9: Average maximums for (a) Vpc and (b) Isc for each temperature value from
two acquisitions made for aluminium and PDMS 52A samples.
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PDMS’s flexibility improves when the temperature rises towards 60 °C degrees Celsius,
increasing performance. This may be balanced by the thermionic effect, which reduces

the TENG's performance.
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FIGURE 5.10: Average maximums for (a) Voc and (b) Isc for each temperature value
from two acquisitions made for aluminium and Nano A samples.

Comparing Nano A (Fig. 5.10) and PDMS 220A (Fig. 5.7) samples, PDMS 220A out-
performed Nano A, which was unexpected. The purpose of the nanoparticle doping was
to raise the relative permittivity of the material, hence improving its charge storage capac-
ity and performance. Not only are the results poor, but the voltage performance worsens
and the current does not increase from the first to second acquisitions at low tempera-
tures. In terms of tendencies, the voltage decreases while the current remains constant.
Because the current value is low, the electrometer is more susceptible to measurement er-
rors. Nonetheless, these findings suggest that the electrical and mechanical properties of
PDMS changed when doped with nanoparticles.

The results for the PDMS samples doped with nanoparticles imply that the method
has to be optimised further. In the case of PDMS 52A sample, newer samples with thick-

nesses of 52 pm and inferior values could be made in the future to clarify the results.

5.4 Discussion of factors influencing the results

The preceding results had setup issues that affected the results. The linear motor
slightly rotates while moving, making predictions on the part of the moving sample that
hits the fixed sample more difficult. To address this issue, the moving sample was at-

tached with epoxy at a 90° angle in relation to the fixed sample, generating a cross shape
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when they collided to prevent the moving sample from hitting the screws that held the
fixed sample’s supporting plate in place. This reduced the area of contact between sam-
ples, resulting in a loss of performance in the TENG, but in exchange, the homogeneity
of the distributed forces between samples is assured, boasting performance. Another is-
sue produced by the linear motor’s rotation is the unscrewing of both sides of the tube,
one connected to the linear motor and the other to the moving sample. While the first
can be fastened during the experiment, the moving sample cannot be fastened, causing
the position to change and the contact area to rise, causing previously unaffected fixed
sample portions to charge up. By increasing the contact area during the experiment, this
effect falsely enhances the output results. The only solution to this problem is to secure
the sample tightly enough to reduce the possibility of unscrewing.

The other problem was that the polyurethane foam only withstood temperatures of 70
°C for long periods of time and was the best foam available at the time because the silicon
rubber, despite withstanding temperatures of 200 °C, was not compressible, preventing
the moving sample from hitting with uniformity in the fixed sample. This caused a loss of
performance even with a hole for the cables that connected the electrode to the measuring
devices in an attempt to make a more uniform collision. There was also an issue with
the double-sided duct tape failing to stick to the silicon rubber, whereas the polyurethane
foam did not.

The polyurethane foam suffers mechanical wear from continual operation, as evi-
denced by touching an used and a newer foam, with the used being softer than the newer.
Nevertheless, we concluded that it was the continuous operation that actually affects the
foam mechanical properties, as the parts of the foam not compressed by the sample had
the original consistency, ruling out temperature as a wear factor. However, this effect has
no significant impact on the result obtained (Fig. 5.11).

The results in Fig. 5.11 rule out the foam as a cause of the decline in performance
with the third data acquisition in the charging process, leaving only the possibility that
the samples deteriorate at temperatures ranging from 70 °C to 100 °C.

Another topic of discussion is the change in size of the samples from 3 x 4 cm? to 2 x 6
cm?. Because the samples formed a 90° angle between them, the contact area shrank from
6 to 4 cm?. The force distribution throughout the contact region was improved as a result
of the moving sample colliding in parallel with the fixed sample and remaining in this

state when compressing the foam during the collision phase. Throughout the experiment,
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FIGURE 5.11: Room temperature measurements of the (a) maximum and (a) minimum
peaks for different foams. The new foams 1 and 2 had never been used before this exper-
iment, whereas the old foam had been used for 5 to 6 hours.

the latter part was the most difficult to ensure with PDMS 220B and PDMS 220C samples.

However, with the PDMS 220A sample, the extra length made it easier to strike the centre

of the sample, eliminating the prior problem. This inconsistency between PDMS 220B

and PDMS 220C samples contributed to the performance drop as compared to PDMS

220A sample.

Another issue is that copper and aluminium moving samples oxidise in contact with

air, reducing TENG performance. To give consistency to the results, the aluminium sam-

ple was sanded with sandpaper and cleaned with a paper tissue dipped in ethanol and
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FIGURE 5.12: Charging aluminium and PDMS 220A samples to saturation without clean-
ing (I), sanding and cleaning the aluminium sample with a paper tissue to remove dust
(IT), and cleaning with acetone and ethanol (III).
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another with acetone. In Fig. 5.12, the charging process is compared between uncleaned
and treated samples.

While the improvement is significant when compared to doing nothing (Fig. 5.12 I)
or simply sanding the sample (Fig. 5.12 II), the performance improves only at tempera-
tures close to room temperature, as shown in Fig. 5.13, and at higher temperatures, the
performance is below the measurements without cleaning. The current exhibits a similar
tendency to that shown in Fig. 5.13. This is because acetone and ethanol are volatile and
evaporate quickly at higher temperatures. Rubbing against the moving sample may in-
duce charges, such as ions from paper, acetone, or ethanol, which may disperse from the
sample at higher temperatures. This was a brief experience, and further investigation is

required.
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FIGURE 5.13: Voltage (a) maximums and (b) minimums as a function of the temperature
to compare an uncleaned aluminium sample with a sanded and cleaned one as a function
of the temperature.




Chapter 6

Conclusion and future work

6.1 Conclusions

In this work, a better understanding of TENGs’ performance was achieved.

In the numerical simulation tendencies, the increase in the area (thickness) caused an
increase (decrease) in the short circuit current and in the maximum output power. This
agreed with Niu’s model for contact-separation TENGs. However, the open circuit volt-
age did not agree with Niu’s model and it was confirmed that the smaller (larger) area
(thickness) led to fewer local electrical fields being perpendicular to the plane of the tri-
boelectric materials, breaking the Gauss law. This was related with the fact of the area
not being far greater than the distance between triboelectric materials. Comparisons were
done between a nanoparticle-doped material and a material with the equivalent relative
permittivity, and the results matched in the open circuit voltage, short circuit current, and
current, with the other parameters agreeing only in tendencies. The charge correction
study provided a better understanding of how surface charge density affects relative per-
mittivity, with increased surface charge density of a material contributing indirectly to a
material’s relative permittivity rise, improving TENGs’ performance.

The numerical simulations and experimental setup results confirmed that the higher
the load resistance, the slower the charge flowed, leading to a greater decay after the
peaks. In the numerical simulations, a delay shift in the separation peaks was observed,
which increased with the load resistance rise, and, in the open circuit voltage condition,
these peaks occurred at the maximum distance between triboelectric materials, agreeing

with Niu’s model predictions.
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Temperature studies confirmed that TENG performance drops with increasing tem-
perature due to sample degradation and the thermionic effect. With new samples of
PDMS, the first acquisition of data may restructure the surface, enhancing the perfor-
mance for the second acquisition, but with subsequent acquisitions, the degradation of

PDMS samples justifies the drop in TENGs’ performance.

6.2 Future work

This work opens different options to further understand the TENG behaviour by vary-
ing relevant parameters. In the numerical simulations, a further understanding of why
the open circuit voltage does not follow the expected area and material thickness tenden-
cies is necessary. An extension of these studies by adding temperature as a factor and
seeing how the properties of the materials are affected would also be interesting. Fur-
thermore, a simulation of a contact-separation TENG with a shorter border on one of the
sides, 2 to 3 cm to simulate a real experiment would provide a better understanding of
how the results of the experimental setup are affected.

The process of manufacturing nanoparticle-doped PDMS samples needs further im-
provement to guarantee a more uniform distribution. A proposal to test is the extension
of the duration of magnetic stirring, using a water bath instead of a hot plate to ensure
that an adequate temperature is used, and the use of a volumetric flask instead of a beaker.
The crucial thing here is to keep toluene from evaporating too quickly.

In the experimental setup, only the metal-dielectric contact-separation TENG case was
tested. It would be interesting to investigate a dielectric-dielectric case using materials
such as nylon and PTFE, which did not work for the setup solutions found throughout
the experiment. Furthermore, the polyurethane foam was not ideal for use at higher tem-
peratures, limiting the setup’s operational range. Acquiring and adapting the setup to a
silicon foam that can work at temperatures as high as 200 °C would offer new possibilities
to understand the performance of the TENG at higher temperatures.

Finally, the effect of temperature on sample restructuring and deterioration, as well as
the effects of cleaning with ethanol and acetone and sanding on TENG performance, are
significant aspects for future applications and a better understanding of how the samples
are affected. This would focus on mitigating the degradable features with temperature

variation that affect TENG performance.
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e Carlos Callaty, Isabel Gongalves, Catia Rodrigues, Jodo Ventura, “Influence of mate-
rials properties in the performance of new triboelectric energy harvesters”, Doctoral
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Summary
Triboelectric nanogenerators (TENG) are an environmentally friendly and promising energy harvest device that converts
mechanical energy into electrical energy [1]. Using the contact separation TENG configuration, numerical simulations were
carried out, based on Niu's model [2] to further optimise the performance of the TENG for the following parameters: area,
thickness, and relative permittivity. In the relative permittivity study, a comparison of PDMS with nanoparticle doping and
PDMS with the equivalent relative permittivity of the prior material is made.
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