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Resumo 
	
 

Neste trabalho desenvolvemos sensores baseados em materiais triboelétricos. Estes 

são capazes de gerar energia através do fenómeno da triboelectrificação e além de fazerem 

parte da gama de soluções de energias alternativas, também permitem o desenvolvimento da 

eletrónica flexível, assim como sistemas inteligentes. 

Estes sensores conseguem aproveitar a energia do ambiente e residual eficazmente.  

O princípio de funcionamento baseia-se no contacto de duas superfícies triboelétricas que 

permite a triboeletrificação. Com o contacto, ocorre um ordenamento de cargas elétricas à 

superfície do material, cargas positivas ou negativas se o material tiver uma maior tendência 

para ganhar eletrões. Para conseguirmos aproveitar a diferença de potencial gerada temos 

elétrodos conectados a cada superfície. Entre esses elétrodos existirá uma diferença de 

potencial através da indução electroestática.  

Nesta dissertação, otimizamos os materiais que constituem esses geradores e para 

isso aumentamos o efeito triboelétrico e a indução electroestática. Para obtermos esse 

aumento modificamos os materiais quimicamente e estruturalmente. Introduzimos um 

padrão piramidal com várias larguras e alturas e acrescentamos nanopartículas de sílica em 

diferentes concentrações e de vários tamanhos. Também estudamos a influência do metal 

condutor na performance triboelétrica. 

 Para mostrar o potencial desta tecnologia no campo dos sensores e dos dispositivos 

eletrónicos, desenvolvemos um teclado numérico que tem funcionalidades inteligentes. Este 

teclado foi otimizado permitindo uma tensão em circuito-aberto de cerca de 10 V por cada 

clique. Desenvolveu-se também um micro-sensor, que é sensível a pequenos movimentos. 
 

 

 

 

 

 

 

 

 

 

 

 



Summary 
 

 
 In this work, we develop self-powered sensors based on triboelectric materials. These 

are capable of generating energy through the phenomenon of triboelectrification and besides 

being part of alternative energy solutions, they also allow the development of flexible 

electronics as well as intelligent systems. These sensors are able to take advantage of ambient 

and residual energy efficiently. The contact of two triboelectric surfaces allows 

triboelectrification, which occurs when one material has a higher tendency to lose electrons 

than the other. When the contact occurs, there are an ordering of electrical charges in the 

surface of the material; positive or negative charges if the material has a higher tendency to 

gain electrons. To take advantage of the generated potential difference, we have electrodes 

connected to each surface.  

Among these electrodes can generate a potential difference through electrostatic induction. 

In this dissertation, we optimize the materials that constitute these generators and for this 

we increase the triboelectric effect and the electrostatic induction. To obtain this, we 

modified the materials chemically and structurally by adding a pyramidal pattern and silica 

nanoparticles in different concentrations and diameters.  

 We also studied the metal conductor and the performance it allowed. To show the 

potential of this technology in the field of sensors and electronic devices, we have developed 

a numeric keypad that has intelligent features. This keyboard has been optimized allowing 

an open-circuit voltage of about 10 V per click. It has also developed a micro-sensor, which 

is sensitive to movements with distances of a few micrometers. 
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CHAPTER 1

Self-powered sensors : an overview

The detection and characterisation of physiological processes has always been a

decisive factor for the improvement of the human condition, which has made advances

due in part to the development of sensing technology. The measurement of processes

like body motion is performed by sensors that have an output that in magnitude is

usually proportional to the physical disturbance.

Most of the sensors used today still use large size batteries as power supplies, with

charge limit and as there is a tendency for miniaturisation, the battery life time tends

to be smaller because it is associated with the battery volume [20, 21]. Alternative

solutions have been developed and optimised, such as being able to harvest energy from

the surrounding environment that is often ignored. These solutions focus on making

devices capable of collecting energy from sunlight, radio frequency [22], infrared light.

However, to take advantage of the energy coming from living subjects we can create

sensors based on biofuel cells [1, 23], thermoelectricity [24, 25], triboelectricity and

piezoelectricity [26] (Figure 1).

This thesis begins with an overview of the material approaches in the field of energy

harvesters, followed by an outline of their respective operation principles. Finally, we

conclude by briefly discussing future directions and opportunities in the self-powered

sensors.
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Figure 1. Possible sources for energy harvesting.

1.1. Self-powered sensors

1.1.1. Biofuel Cells. This type of energy harvester explores the glucose generated

by the body of living subjects to generate electricity [27]. Sweat lactase is also another

type of fuel, is generated outside the body, eliminating the need to generate an implant

within the body [28]. For glucose, the most common enzymes are glucose oxidase

(GOx) for the oxidation of glucose at the anode and laccase for dioxygen reduction at

the cathode [29]. Some studies have been demonstrating the feasibility of using GOx

in vivo BFC, but for safety reasons the use of the enzyme is limited. These concerns

arise from the generation of hydrogen peroxide by GOx and prolonged use in the body

can be harmful [30].
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Figure 2. Glucose oxidation through different enzymes associated with
carbon nanotubes (CNTs) as the conductive support: glucose oxi-
dase (GOx), nicotinamide adenine dinucleotide, oxidized form – de-
pendent glucose dehydrogenase (NAD+-GDH), and pyrroloquinoline
quinone–dependent glucose dehydrogenase (PQQ-GDH) operating elec-
tron transfer to CNTs [1].

An alternative enzyme is NAD + -GDH (nicotinamide adenine dinucleotide, oxidized

form glucose dependent dehydrogenase). The use of this enzyme, however, requires the

presence of coenzyme NAD + in the solution [31]. Therefore, the manufacture of a

robust and implantable BFC by GDH requires a selective membrane and is complicated

to perform since the BFC must be in partial contact with the body fluid [32, 33]. An

enzyme that can be used with GBFCs does not suffer these problems is PQQ-GDH

(pyrroloquinoline quinone–dependent glucose dehydrogenase), which allows the direct

transfer of electrons for efficient operation efficiently.

For sweat-lactase-based fuel cells, the enzyme lactate oxidase (LOx) mediated by

TTF · TCNQ (tetrathiafulvalene 7,7,8,8-tetracyanoquinodimethane) is of interest be-

cause it provides the neutral density required to operate wearable electronics, unlike

other enzymes (e.g., lactate dehydrogenase enzyme and LOx) [28].

The operation of these sensors is based on the oxidation-reaction. In GBFS, a

glucose oxidation occurs at the anode and oxygen reduction at the cathode. In Figure

3, we can observe that the cell consists of two electrodes (anode and cathode) that

are separated into two different compartments and connected in the circuit through an
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external variable load resistance. The electrochemical reactions give rise to a potential

difference that is used for energy harvesting [34].

Figure 3. Illustrations of biofuel cell operations on (left) a snail (7) and
(right) a rat [2].

1.1.2. Thermoelectric sensors. The heat of the environment is a natural source

of energy that can be acquired through the thermoelectric effect. The temperature of

our surroundings or of our body is sufficient to feed implanted stimulants and sensors,

such as deep brain stimulators, artificial cochleas, and wireless health monitors [35].

There are many materials such as bismuth telluride (Bi2Te3), bismuth selenide (Bi2Se3)

[36], tin selenide SnSe [37], lead telluride PbTe [38], silicon germanium SiGe [39], ther-

moelectric polymers and composites, with thermoelectric proprieties. An example of

an application and study of these materials is the integration of polyvinylidene fluoride

(PVDF) with copper-doped Bi2Se3 nanoplates [Figure 4(b) and (c)] which provides flex-

ibility as well as high-temperature power factor with high energy-conversion efficiency.

Figure 4. (From left to right) : (a) A schematic crystal structure of
copper-intercalated Bi2Se3; (b) SEM images of Bi2Se3 nanoplates; (c)
Bi2Se3 nanoplate/polyvinylidene fluoride (PVDF)-based n-type flexible
TE films, and (d) the PVDF barrier between two Bi2Te3 nanoplates [3].
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The operating principle of thermoelectric generators is based on the Seebeck effect.

In this effect a potential difference is created when there is a temperature gradient

between the hot and cold junctions [40]. This voltage is harnessed for energy harvesting.

Applications such as a TEG generator to power a prototype flex circuit integrated onto

the bracelet is shown in Figure 5(a) and their electrical output in Figure 5(b), showing

too an example of the voltage dependence with the difference temperature [4].

Figure 5. (a) A photograph of a prototype flex circuit integrated onto
the bracelet of a thermoelectric generator (TEG) to power a wristwatch;
(b) The open circuit voltage generated by a TEG used indoors when (i
) sitting quietly, (ii ) doing normal activity, and (iii ) walking at a speed
of 4 km/h [4].

1.1.3. Piezoelectric Sensors. These sensors have the ability to generate power

and have a voltage peak proportional to the force applied to the surface of the sensor.

These generators can be made by inorganic materials, such as zirconate titanate (PZT)

and zinc oxide (ZnO), or organic materials, such as PVDF and PVDF-TrFE [poly(vinylidenefluoride-

co-trifluoroethylene)] [41]. The working mechanisms of piezoelectric energy harvesters

are numerous and depend on the system’s geometry and the type of active layer. For ex-

ample, for ZnO NW energy harvesters, the outer surface of the NW experiences tensile

stress (positive strain), while the inner surface experiences compressive stress (negative

strain). As a result, the tensile side has positive potential and the compressed side has

negative potential, creating a potential difference. An application for this energy har-

vester is a sensor that demonstrating its ability to conform to the aorta of a pig, made

by PVDF. In Figure 6, we see a cross-sectional scanning electron microscope (SEM)

image of a piezoelectric generator (PG); a schematic illustration of a PG; the charge

distributions in the device during expansion and retraction; and the generated electric

potential under different blood pressure values [5, 6].
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Figure 6. (From left to right) : A cross-sectional scanning electron mi-
croscope (SEM) image of a piezoelectric generator (PG), a schematic
illustration of a PG, the charge distributions in the device during ex-
pansion and retraction states, and the generated electric potential under
different blood pressure values [5, 6].

1.1.4. Triboelectric Sensors. These sensors work through the coupling effects

between triboelectrification and electrostatic induction, when two surfaces with different

polarities come into contact with each other. These surfaces are usually polymers with

low electrical conductivity. To enhance the contact area and triboelectrification, it is

essential to physically modify the surface morphologies into various patterns, change

the chemical proprieties of the materials, among others. There are the sensors studied

in this thesis, and more details about them will be in the following chapters.

1.2. Energy Harvesting

The idea of energy harvesting is framed with the energy conservation concept. En-

ergy is a quantity that is conserved, despite the many changes that occur in nature.

It is a mathematical principle which enables the surrounding energy to be converted

and utilised. Our supplies of energy include the sun, coal, hydrogen, wind or nuclear.

However, the term “energy harvesting” is associated with clean energy sources such as

ambient temperature, vibration or air flow. The description of the harvesting mech-

anisms is of extreme importance and this is only possible with the existence of some

transducers.

In our century, we must take the increase in global energy consumption into account.

The energy provided by burning fossil fuels is also increasing. This is unsustainable and
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decarbonisation, which is crucial, involves the development of energy harvesting devices.

These devices can be nanogenerators.

Nanogenerators have the ability to convert small-scale mechanical/thermal energy

into electric energy. The nanogenerators can generate triboelectricity, thermo-electricity

or piezoelectricity. These energy types can be generated together if the nanogenerator

has a hybrid configuration.

In the case of triboelectric nanogenerators, energy can be harvested through the con-

junction of triboelectrification and electrostatic induction using organic and inorganic

materials [9]. Using the electrostatic charges created on the surfaces of two different

materials when they are placed in physical contact, the contact induced triboelectric

charges can generate a potential difference when the two surfaces are separated by a

mechanical force, so that electrons flow between the electrodes which are connected to

the two surfaces [9]. The triboelectric effect is a general cause of everyday electrostat-

ics. This effect is higher or lower depending on the polarity difference of the materials

that will come into contact [42]. The insulating materials are the ones with the highest

triboelectrification effect. The charges are kept on the surface for a long time and are

usually those charges which are associated with the negative effect on our daily life and

technological developments.

Using atomic force microscopy (AFM), it was possible to observe the effect of tribo-

electrification on a material such as SiO2 through the accumulation of charges on the

surface with increasing number of repeated rubbing in same area (Fig. 7) [7].

Figure 7. Series of surface potential images taken in the same area from
intact status to the one after eight rubbing cycles [7].



1.3. TENG MODES 18

These NG’s have large efficiencies in energy conversion, indicating that they can be

a good solution for self-powered systems with reduced environmental impact. The area

power density produced by a TENG has reached as high as 500 Wm�2, volume power

density reaches 15 MW m�3, and an instantaneous conversion efficiency of ⇠70 % has

been demonstrated [43].

An interesting fact is that these nanogenerators can be more efficient than the tra-

ditional electromagnetic generators (EMG’s) in some conditions. For lower frequencies,

considering the size and weight, TENG has significantly larger output power and more

advantages over EMG [8], as seen in Fig. 8.

Figure 8. The output power per unit volume of a rotating DC-EMG and
DC-TENG with different external resistive load. The maximum power
per unit volume is 0.36 W/m3 for the DC-EMG and 3.11 W/m3 for the
DC-TENG [8].

1.3. TENG modes

There are four fundamentals modes of TENG, which characterise the operation of

these nanogenerators. The modes are shown in Fig. 9.



1.3. TENG MODES 19

Figure 9. The four fundamental modes of triboelectric nanogenerators:
a) vertical contact-separation mode; b) in-plane contact-sliding mode; c)
single-electrode mode; and d) freestanding triboelectric-layer mode [9].

1.3.1. Vertical contact-separation mode. The basic principle of this mode of

operation can be explained considering two metal plates [Fig. 10(a)], both bonded to

a dielectric medium which is different for each plate. When the dielectric media are in

contact, triboelectrification occurs. After, in separation, there will be an electrostatic

induction in the two plates which generates a voltage which may be an open circuit

voltage (VOC) if the impedance that binds the plates is sufficient large. When the plates

are in contact again, VOC returns to zero.

In short-circuit conditions, the operation is very similar but the electrons will flow

from one electrode to another when separation occurs, and generate a positive current.

However, by pressing again, the potential on the top electrode is larger than on the

bottom, so that electrons will flow from the bottom to the top electrode (negative

current). When the electrodes are in contact again, there will be no induced charges.

A contact-separation configuration of a dielectric-to-dielectric and conductor-to-

dielectric types, is shown in Fig. 10.

Let us considerer that the dielectric thicknesses are d1, d2 and the relative permit-

ivitty constant "r1 and "r2, respectively. The distance (x) between the two triboelectric

layers can be varied by any motion. The movement allows the contact between the

plates and the interior surfaces of the triboelectric layers will have opposite tribocharges

with a density of �. After the separation of the layers the induced charges will form a

potential Q.
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Figure 10. Theoretical models for a) dielectric-to-dielectric attached-
electrode parallel-plate contact-mode TENG and b) conductor-to-
dielectric attached-electrode parallel-plate contact-mode TENG. c) Equi-
valent circuit diagram for Conductor-to-dielectric attached-electrode
parallel-plate contact-mode TENG. [10]

Inside dielectric 1, one will have:

(1) E = � Q

S"0"r1
,

and between the two dielectric layers:

(2) Eair =
�Q

S
+ �(t)

"0
.

Inside dielectric 2, one has:

(3) E2 =
�Q

S"0"r2
,

and, the V-Q-x relationship is given by:

(4) Vdd = � Q

S"0

✓
d1
"r1

+
d2
"r2

+ x(t)

◆
+

�x(t)

"0
.

For the case of conductor-to-dielectric TENG , the V-Q-x relationship is given by

Vcd = Vdd +
Qd1

S"0"r1
.

The effective dielectric thickness is useful for calculations and is defined by:
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(5) d0 =
nX

i=1

di
"ri

If there are several dielectrics with thickness di between the two metal electrodes,

each with relative permitivitty "ri, the potential becomes:

(6) V = �Q

"0
[d0 + x(t)] +

�x(t)

"0
,

and the intrinsic output characteristics are VOC =
�x(t)

"0
, QSC =

S�x(t)

d0+x(t)
and C =

"0S

d0+x(t)
.

Looking at Fig. 10(b), as there is an electromagnetic field between the nodes [Fig.

10(b)] we can define an equivalent capacitance between node 1 and node 3. Thus, in

node 3, the amount of charges in short-circuit condition is given by:

(7) Qnode3 =
�S

1 +
C1(x)

C2(x)

When x = 0, the short circuit transferred charges from Node 3 to Node 1 are given

by:

(8) QSC =
�S

1 +
C1(x)

C2(x)

� �S

1 +
C1(x=0)

C2(x=0)

The change of the capacitance ratio C1/C2 due to the change of the position of

tribo-charged surface induces the transfer of electrons from one electrode to the other

under short-circuit condition.

If the x is sufficiently large, the charge transfer efficiency ⌘CT (ratio between the

final transferred charges and the total triboelectric charges) is given by:

(9) ⌘CT =
QSC, final

�S
=

1

1 +
C(x=max)

C(x=max)

� 1

1 +
C(x=0)

C(x=0)

.

1.3.2. Lateral Sliding Mode. The working principle of this mode is based on

sliding movement. It is interesting to begin the explanation of this principle with two
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polymer materials, such as Nylon or PTFE (teflon), because they are insulators that

allow charges to remain on this surface very well. So, in the original position there

are no tribocharges and the materials are in contact. Nylon surface will have positive

charges and the opposite occurs for PTFE, because the tendency to gain electrons is

larger for PTFE. When the plate of positive charges starts sliding, there begins an

in-plane charge separation due to the decrease in contact surface area. The separated

charges will induce an electric field that is practically parallel to the plates, so that

the potential at the top electrode is higher. Thus, there will be a current flow that

goes from the top to the bottom electrode. The distance between the electrode and

the tribo-charged polymeric surface is very small compared to the lateral separation

distance. Then, the quantity of transferred charges is approximately the same as that

of the separated charges. It is observed the limit of the separation distance, as well as

the number of the separation charges. When the top electrode slides back, current will

flow to the top electrode because the charges will travel in the opposite direction until

the plates come into full contact.

The total capacitance for the dielectric-to-dielectric case [44] can be estimated by:

(10) C =
"0w(1� x)

d0
,

where d0 is the effective thickness, x the distance of sliding separation and w the width

of entire electrode.

The V-Q-x relationship [44] is given by:

(11) V = � d0
w"0(1� x)

Q+
�d0x

"0(1� x)
.

1.3.3. Single-Electrode Mode. This mechanism follows the same principles of

the other modes. The triboelectric series shows that some materials have a larger tend-

ency to gain electrons than others. So, materials such as aluminium and fluorinated

ethylene propylene (FEP) will allow the proper functioning of this mode. In first phase

the aluminium and FEP layers are brought into contact with each other. The triboelec-

tric effect promotes negative charges in FEP surface and positive in aluminium. When



1.3. TENG MODES 23

they are confined on the same plane, there will be no potential difference between the

two plates. The separation of FEP layer promotes a potential difference between the

two electrodes (the Copper and Aluminium layers), which increases as the separation

distance. In the short-circuit condition, the potential difference of these layers pro-

motes a instantaneous current. When the FEP layer is distant enough, about half of

the negative charge is transferred from reference electrode (Copper) to the primary

electrode(Aluminium), making them have the same number of positive charges. In re-

verse movement, when the FEP layer is back to the original position , the potential in

primary electrode decreases. Thus, electrons return from the primary electrode to the

reference electrode.

1.3.4. Sliding Freestanding Triboelectric-Layer Mode. The first nanogener-

ator operating with this mode was based on the triboelectric effect between a free-

standing dielectric layer and two metal films which are the electrodes [45, 46].. Using

aluminium and fluorinated ethylene-propylene (FEP) as the conductive films and the

independent triboelectric layer, respectively. The choice of these materials guarantees

the triboelectrification of the materials when they come into contact, because they have

differences in tribo polarity[47]. In order to maximise the triboelectric charge density,

the downside surface of the FEP film was treated by inductive coupling plasma (ICP)

to create nanorod structures [48].

In this mode, the sliding movement of the freestanding FEP layer generates an

alternating current in the terminals (electrodes) which are connected by a load. The

FEP surface will have a negative charge while the Al electrodes have the opposite

charge.

The advantage of this mode is that we can generate energy with the FEP layer in

the contact or non-contact mode. In the contact-mode , the opposite charges on the

materials only appear after the contact, on the same proportion. When the FEP layer

is superimposed with the Al layer, all charges in the loop are attracted to the upper

surface of the left-hand electrode (LE). Then, when the FEP surface slides towards the

right-hand electrode (RE), the positive charges will flow from LE to the RE through

the load, ending the first half cycle of the electric energy generation. When the FEP is

aligned with the RE, all positive charges will be conducted to the RE. Consequently, a
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backward sliding of the FEP layer from the RE to the LE will cause a flow of positive

charges in the same direction, generating a reverse current in the load.

1.3.5. Contact Freestanding Triboelectric-Layer Mode. There are two cat-

egories of freestanding TENG. The sliding freestanding TENG ( SF-TENG) and contact

freestanding TENG (CF-TENG). Here, a brief explanation of the mode of operation of

the CF-TENG will be introduced without entering into theoretical details. When the

resonator comes into contact with the upper electrode Al, all positive charges will be

drawn to this electrode. Afterwards, when the resonator follows its downward move-

ment (negatively charged), will create a larger potential for the lower electrode. Thus,

the electrons will flow in the direction of the resonator motion to neutralise the charges,

generating a current in the opposite direction. Then, the resonator will be in contact

with the bottom electrode. Later, with the upward motion of the resonator, more posit-

ive charges will appear on the top electrode, but as the charges are not yet neutralised,

electrons will flow from the top to the bottom electrode, generating a reverse current.

1.4. Applications

In the last few years, tribosensors have been exploited in several ways, includ-

ing as self-powered sensors for human-machine interface [49], vibration and biomedical

monitoring [50], tracking moving objects [51] or chemical and environmental detection

[52]. An important application for human-machine interfaces is a self-powered pres-

sure/touch sensor [53, 54, 55]. Work developed around these sensors are based on the

contact-separation mode and single-electrode mode [56, 57, 58, 59, 60]. In these sensors

we can find a single mode operation, a hybridisation of modes or a conjunction of many

physical effects.

One of the examples of a pressure sensor based on triboelectric materials is the Eye

motion triggered self-powered communication system made by Wang et al [11].

This sensor use the single-electrode mode to detect the eye blink motion. It consists

of a layer of Latex that is near to the eye blink; this one when moving with latex comes

into contact with another triboelectric layer that is made of FEP. When the contact

occurs, the latex and FEP surfaces have positive and negative charges to the same
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amount, respectively. Subsequently, when the latex layer moves away, by electromag-

netic induction, the negative charges of the FEP will induce positive charges on the

conductor ITO, which will be in positive potential. As it is connected to a ground, the

potential difference between the FEP and the ground, generate a signal able to detect

the motion of the eye blink. Figure 11 shows the design device, their work mechanism

and a simulation done in COMSOL, which shows the potential created between the two

surfaces.

Figure 11. Structure and working mechanism of the Eye blink motion
TENG. (A) Schematic structure of a pair of ordinary glasses mounted
with TENG. Bottom left: Structure of the fixing device for convenient
adjustment. Bottom right: Schematic diagram of the TENG. Inset: An
SEM image of FEP nanowires. Scale bar, 5 mm. (B) Photograph of
an ordinary glasses mounted with an as-fabricated TENG. Scale bar, 2
cm. (C and D) Photographs of the simple fixator (C) and the flexible
and transparent TENG (D). Scale bars, 1 cm. (E) Schematics of the
operating principle of TENG. Top: Charge behaviour when the eye is at
different states during the blinking process. Bottom: Potential simulation
by COMSOL to elucidate the working principle [11].
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Moreover, exploring other applications, triboelectric sensors are used for mapping

the pressure spacial distribution and thereby capturing the location of a moving target

object in electronic skin [61] or for detect the motion of rat’s diaphragm, generate a

electrical current (Figure 12).

Figure 12. Energy harvesting from the diaphragmatic movement. a)
An iTENG attached to a live rat’s diaphragm (the dashed rectangular
area shows the position of the iTENG). b) An enlarged picture of the
iTENG. c) Typical current output of the iTENG that was attached to
the rat’s diaphragm. [12]

In order to sense vibration movements, sensors have been developed with direct

applications in environmental, infrastructure or biomedical monitoring. For instance,

the suspended 3D spiral structure, loaded with a seismic mass, can oscillate as a re-

sponse to external movement with high accuracy. Each mode of operation confers the

ability to measure different properties of the oscillation. For a TENG based on the

contact-separation structure single electrode we can capture the frequency of oscilla-

tion and for the contact-separation-enabled freestanding TENG, the amplitude of these

oscillation [62]. Furthermore, the sensing of acoustic waves is another potential area of

application. It was possible to develop a TENG with a Helmholtz resonance cavity for

self-powered sound recording and acoustic source localisation [63]. An ultra thin paper

having a rolled structure allows the output to be independent of the sound wave incident

direction. This sensor can be used in theatric stage live recording or military surveil-

lance [64]. Another application is an eardrum inspired bionic membrane sensor (BMS)
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based on triboelectrification for self-powered physiological and behavioural measure-

ments, compatible with possible large-scale manufacturing. The capability of BMS

as a self-powered arterial pulse wave sensor or a self-powered throat-attached micro-

phone are impressive and allow biometric recognition [65]. For biomedical monitoring,

a membrane-based triboelectric sensor (M-TES) was developed and this sensor can re-

spond to pressure changes (Fig. 13), which is important for heartbeat sensing without

an external energy source [59].

Figure 13. Schematic of the multi-layered structure of the M-TES. In-
set: FEP nanorod (NR) arrays for promote the sensitivity of the M-TES.

For tracking moving objects, the voltage VOC and the current ISC of a tribosensors

was used for the qualitatively characterisation of the movement. The magnitude of VOC

and ISC show a linear dependence in the acceleration and velocity, respectively [66, 67].

These tribosensors can be important for the entire transportation industry, biomedical

applications and many others.

Moreover, tribosensors also have the capacity for chemical and environmental detec-

tion. The triboelectric surfaces have a deposition layer with metal ions or organic species

that changes the charge density at a contact event (Fig. 14). Thus, the triboelectric

efficiency varies with the chemical concentration and some chemical compounds can be

detected [13]. These types of devices have high accuracy and low power consumption.

Finally, in the literature it is possible to find a self-powered UV photodetector with

superior characteristics. The devices can respond to a wide range of light intensity.

They are robust and have an easy manufacturing [68].
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Figure 14. a) A sketch showing the structural design of the tribo-
nanosensor, b) An SEM image of the PTFE nanowires. The scale bar is
200 nm, c) A SEM image of the anodic aluminium oxide nanopores. The
scale bar is 500 nm [13].

1.5. Conclusions

Some examples of motion sensors of the human body have been shown. These

sensors can be controlled by different technologies and are not normally self-powered,

needing to be connected to a power source, like a battery. Thus, sensors take up more

space and have higher energy costs than if they were self-powered. The solution involves

the use of triboelectric sensors. Triboelectric nanogenerators can replace some techno-

logies, such as MEMs. Many technologies are costly, have incompatible dimensions, and

have low efficiencies. Thus, triboelectric nanogenerators can be part of a new disruptive

device, which has more advanced technological and environmental characteristics. As

noted, these nanogenerators can replace a widely used electromagnetic generator at low

frequencies, because they have a higher energy efficiency. To understand the mode of

operation of TENG, four fundamental modes have been demonstrated and a theoretical

analysis of the vertical contact-separation mode and lateral sliding mode was reported.

One of the interesting modes of operation that were described was the freestanding

triboelectric-layer mode, and as it does not need contact between the tribo materials,

it can work with the triboelectrification of the air particles in the material and this

reserves interesting applications.
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It was also demonstrated the applications of the tribosensors and it is concluded

that it has large impact in areas such as medicine, the environment and the whole

industry.



CHAPTER 2

Experimental Methods

In this chapter, we mentioned the experimental techniques used in this dissertation.

To generate the triboelectric effect we used a contact-separation test system, which

allows two distinct materials to come in contact with each other. These systems involve

measuring and data acquisition devices, whose work operation is explained. It was also

mentioned how the PDMS was prepared, as well as the thin film deposition techniques,

which are the spin-coating and the ion beam deposition. To characterise the samples

structurally, we used the Scanning Electron Microscopy (SEM) and the Profilometer.

2.1. Triboelectric Test Apparatus

In this work, a set of equipment available in the IFIMUP-IN research group was

used to acquire the electrical outputs of the triboelectric nanogenerators. A part of

this equipment is composed of a system that allows two different triboelectric materials

to perform the contact-separation mode, necessary to evaluate these materials. The

triboelectric nanogenerator is placed on a glass plate, which is a hard flat surface,

withstanding the force from the operation mode and allowing all area of the triboelectric

material to come into contact. This system has a Parallax Continuous Rotation Servo

Motor, which by transforming its circular motion into linear, pushes one of the glass

plates against the other plate. These plates have in the vicinity a neodymium magnet

allowing the second plate to be drawn through the magnetic force against the first,

which is controlled by the servomotor. The motor is controlled by an UNO Arduino

board, which is connected by USB to the computer. This system is shown below in

Figure 1.
30
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Figure 1. Contact-separation system : (a) Top view; (b) front view and
(c) illustrative scheme (top view).

In order to acquire data, we use a Labview program which controlled the various

devices, such as the oscilloscope (Tektronix TDS 1002C-EDU) and a load resistor board.

To detect current the ammeter has to be in series with the rest of the circuit, in this case

the voltage is measured at the terminals of a 10 ⌦ resistance , which by Ohm’s Law

gives gives us the current value. This program also registered the electrical outputs

in the computer. The oscilloscope was essential for collecting electrical values, has

high resolution, low noise and allows to send the data to the computer, with several

configurations (controlled by the program of Labview). The resistor board allows the

study of the resistive load characteristics and also being synchronised to the program

of Labview, it allows to choose the external resistance to which our triboelectric device

will be connected. Here, the synchronisation was also aided by an Arduino UNO.

To evaluate the different materials, the current and voltage were studied for various

resistances.
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Figure 2. a) Photograph of the circuit board with range of resistances;
b) In Grey: LabVIEW front panel developed for data acquisition of values
shown in oscilloscope; In red: Resistance Controller when we choose the
external resistance.

In the voltage measurements, the electrodes of the nanogenerators were connected

by a copper wire to the ends of the resistor board, where a coaxial cable connected to

one of the oscilloscope channels (parallel connection), allowing the voltage signal to be

acquired.

For current measurements, the copper wires were connected to the nanogenerator

at the ends of the board and a voltage amplifier was connected to a 10 ohms external

resistor present on the board, . In turn, the oscilloscope was connected to the amp-

lifier. The power values are obtained with the multiplication of voltage and current

(P = V ⇥ I), for the same resistance. After collecting data in the Labview program,

it was necessary to calculate the average of the current / voltage peaks characteristic
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of these nanogenerators, thus a MATLAB program was used allowing this process of

analysis to be faster.

Figure 3. Circuit configuration for measure: (a) the voltage and (b)
current for several external resistances.

2.2. PDMS preparation

PDMS is a silicon-based organic and transparent polymer with excellent temper-

ature resistance, ideal for many applications, as LED lighting encapsulation, power

supplies, relays, adhesive/encapsulant for solar cells, sensors, and others. The PDMS

preparation is done using the SYLGARD 182 Silicone Elastomer kit, that are supplied

as two-part liquid component kits – the PDMS base and curing agent. The prepara-

tion procedures are: (a) measure the desired amount of PDMS base into a beaker on a

scale, (b) Add the curing agent with a pipette into the elastomer (10% of the elastomer

weight, which is the percentage that gives better triboelectric performance [69]), (c)

Thoroughly mix the elastomer with the curing agent for a 3 minutes and expose the

mixture into a vacuum approximately 1 hour (inside a vacuum desiccator), in order to

remove air bubbles.

Figure 4. PDMS preparation process.
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2.3. Thin Film Deposition Techniques

2.3.1. Spin-coating. Spin coating is a technique employed to produce a uniform

thin film of a material with thickness of the order of micrometers and nanometers.

In this technique, a small amount of coating material is applied on the centre of the

substrate [Figure 5(a)], using the centrifugal force generated by the rotation of the

thin film ( typically around 1000-7000 rpm) it is possible to create a flat surface of the

material (such as PDMS or Photoresist) that is above the substrate (which in our work

was glass or solid acrylic) [Figure 5(b) and (c)]. If a solvent is needed to dilute the

sample, then that solvent will be evaporate after the spin-coating (Soft Bake) [Figure

5(d)]. Final film thickness and other properties will depend on the nature of the solution

(viscosity, drying rate, percent solids, surface tension, etc.) and the parameters chosen

for the spin process. Factors such as final rotational speed, acceleration contribute to

how the characteristics of the coated films are defined.

Figure 5. Principal stages of spin coating process of a wet solution.
(a) A small amount of coating material is applied on the centre of the
substrate; (b) the material spinning at low speed; (c) The substrate is
then rotated at high speed in order to spread the coating material by
centrifugal force; (d) The solvent which can be used to assist the process
is usually very volatile and it is evaporated (Soft Bake)

The spin speed define the thickness of the material and this relationship is different

for each material. In this work, we used SU-8 3005, S1818 G2 and PDMS, both with

different spin-speed curves that are easily visible in their technical information. We

can see the relationship between spin-coating speed and thin film thickness of PDMS

(Figure 6) and Photoresists (SU-8 3000 and S1818 G2 Series) in Figure 7.
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Figure 6. PDMS thickness as a function of spin speed [14].

Figure 7. Nominal thickness as a function of spin speed of (a) SU-8
3000 [15] and b) S1800 G2 Photoresists [16].

2.3.2. Ion Beam Deposition. Ion Beam technology is used for milling or depos-

ition materials in a thin film using ion beams at high vacuum. In this work, we used a

Ion Beam Deposition System from Commonwealth Scientific Corporation at CEMUP-

MNTEC. The system possess two Kaufman dc ion sources, one for film deposition and

the other for assisted deposition or ion-milling, both using a Ar flow.

For Ar ionization, a filament (W), working as the cathode, is heated releasing ther-

mionic electrons. The cathode current is set and measured at the terminals of this W

filament (typically 5.0–7.0 A); magnets placed around the anode confine the electron
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paths thus enhancing ionisation rate. After the plasma is formed it is extracted only

when a voltage is applied to Molybdenum (Mo) grids, placed at the exit of the ion

sources. The two Mo grids are used in a focused configuration (with the focal point at

the target). The inner grid prevents the erosion of the outer (acceleration) grid, where

the voltage for beam extraction is applied. Both ion sources are equipped with neutral-

iser filaments for deposition/milling of dielectric materials. The deposition ion source is

placed 10 cm away from the target, which is tilted by 45º. The sputtered atoms hit the

substrate that directly faces the target. A shutter surrounding the four target assembly

prevents crossed contamination during the deposition process. Both target and sub-

strate holders are water cooled, and the substrate holder can rotate during deposition

to improve film thickness uniformity. A shutter, placed in front of the substrate holder

prevents material deposition when a pre-cleaning procedure is in progress. The IBD

chamber reaches a base pressure of less than 5⇥10
�7 Torr. The work pressure depends

on the gas flow used for deposition, but is generally of 1.4 ⇥ 10
�4 Torr. In this work,

thin films were deposited on a PTFE and Nylon 6.6 sheet, using a 5.0 sccm flow of Ar.

A beam current of about 9.5 mA was obtained with the following source parameters:

beam voltage 991 V, acceleration voltage 148.5 V, acceleration current 0.9 mA and

cathode current 2.0 mA. A photograph and schematic view of this IBD are shown in

Figure 8.

We used this technique for metal deposition directly on a polymer substrate for tri-

boelectric nanogenerators fabrication (the electrical output results are shown in section

3.2).
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Figure 8. (a) Photograph of IBD system at CEMUP-MNTEC; (b) and
(c) Schematic view of the Ion beam deposition system used to fabricate
the studied thin films. [17, 18]

2.4. Characterisation Techniques

2.4.1. Scanning Electron Microscopy (SEM). The scanning electron micro-

scopy is a type of electron microscope which allows imaging, diffraction and spectro-

scopy information of a sample by scanning the specimen surface with a coherent electron

beam. The SEM system is divided into several components as the electron gun, the

demagnification (condenser) system, the scan (magnification) unit, the focusing (ob-

jective lens and stigmation correction) and the detecting unit. A SEM schematic is

shown in Figure 9.
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Figure 9. SEM Schematic overview (illustration from [19]).

The interaction of the incident electrons that penetrate the sample will generate sec-

ondary electrons (SE), backscatter electrons (BSE), Auger Electrons, a Characteristic

X-rays, a Bremsstrahlung X-rays and the visible light. This microscope therefore has

the detecting units for these types of radiation that allow to obtain several information

about the specimen. The detector of SEs, which forms a SEs image, provides a topo-

graphic contrast; the detector of BSEs which forms a image of BSEs, provides an atomic

number contrast - the zones with higher brightness has higher average atomic number

than zones with lower average atomic number (give us a compositional information).

To detect X-ray radiation one can use a dispersive X-ray energy detector that clas-

sifies the X-rays according to their energy and measures the energy spectrum. The

characteristic energy enables the chemical information of the small portion of a sample

to be obtained.

The SEM has its limitations, the image resolution is limited by the type of the

sample, if the sample is a conductor or isolator. In our work, we used SEM to see the

pyramidal pattern in PDMS (an insulator), and for good observation it was necessary

to deposit a thin layer of gold.

2.4.2. Profilometer. This equipment that is in the facilities of the MNTEC-

CEMUP allows measuring the thickness of a film or the general relief of a sample.

The transverse movement of the diamond cantilever which scan the sample gives the
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value of the height of the material in a given position. The maximum vertical resolution

is about 10 nm. This technique is especially useful for evaluating whether a deposition

was uniform and, has already stated, the thickness of the deposited material.



CHAPTER 3

Materials and Improvement

The study of triboelectric materials has great relevance in the development of nano-

generators. In this chapter, we will study the electric output of new triboelectric ma-

terials, such as SU-8 3005 and S1818 G2 Photoresists. We will also present the effect of

the pyramid pattern width in PDMS. After that, we will show the contribution of silica

nanoparticles to the enhance the output of nanogenerators. All results were obtained

through the contact-separation of thin film under study and Nylon (one of the most

positive materials in the triboelectric series).

3.1. Materials Study

In this section, we start be present the study of materials already studied and re-

ported in the literature. Using the contact between the material to be studied with a

reference material and following the methodology that allows to quantise the TENG

performance, it was possible to generate a small triboelectric series that positions the

different materials according to their polarity. The choice of reference material con-

siders the polarity of the material to be studied. If it were positive (negative), the

reference material would be the most negative (positive) in this study, which is PTFE

(Nylon). The experimental setup is described in chapter 2, which reports how the

contact-separation test system and data acquisition were performed.

The samples were made with commercially available materials and aluminium tape

(electrode) which has the advantage of easy adhesion to the different materials through

the tape glue. However, the PDMS was deposited in aluminium tape by the spin-coating

technique, so the adhesion is done without glue. Table 1 shows the fabrication method

and the electrical outputs of the materials, it is possible to verify the ISC value of the

PDMS being lower than expected, since it should be higher than the ISC of the UPVC

(unplasticized polyvinyl chloride). However, their fabrication method is different, this

material was deposited in the aluminium tape by spin-coating, differing from the others.
40
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Materials Fabrication Method Thickness (µm) < VOC > (V) < ISC > (µA) Pmax (mWm�2)

Nylon Commercial Sheet 50 1.54 0.89 1.231
Cellulose Made in Laboratory 100 1.09 0.87 0.475
UPVC Commercial Sheet 50 0.45 0.73 0.29
PDMS Spin-Coating Deposition 50 0.87 0.42 0.30
FEP Commercial Sheet 50 0.95 0.81 0.35

PTFE Commercial Sheet 50 1.54 0.89 1.23

Table 1. Table with fabrication method of the triboelectric materials
with their nominal thickness and electrical outputs.

To obtain the values present in the Table 1, we had to study the influence of external

load resistance on the magnitude of current and output voltage and consequently the

power density. In the first step, we obtained the values of the voltage in a reasonable

time scale, in which the existence of typical peaks of triboelectric nanogenerator was

verified. Figure 2(a) shows the plot of open-circuit voltage peaks of a Nylon-PTFE

pair. With these data, we calculated the mean peak and this procedure was repeated

for current and for several external resistances. Thus, it was possible to produce the

graphs of Fig. 2(b) and (c).

The behaviour of the data acquired was expected and is similar to that reported in

the literature. It is seen the existence of a region where the voltage [Figure 2(a)] and

current [Figure 2(b)] have a high value and are relatively constant, for high and low

resistances, respectively. These results can be better explained by taking into account

the equivalent circuit shown in Figure 1.

Figure 1. Equivalent circuit model of TENG-capacitor system.
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At t = 0, the top dielectric has stopped at x = 0 position for a long time and

just starts moving. The initial charges on both CT and CL are zero. For higher load

external resistances, the CL is small. Thus, almost all of the VOC comes from the CL

and the TENG works in quasi-OC voltage condition. The energy stored is practically

zero [see Figure 2(d)]. When the external resistance is very small (and smaller than

the internal impedance of the TENG), the CL is large, so the voltage applied in CT is

practically zero. In this condition, the TENG works in quasi-SC condition. It is also

observed that the stored power is practically zero, because of the low voltage. However,

the stored energy reaches the maximum when the external impedance is close to the

TENG internal impedance (Optimal impedance) which can be seen in Figure 2(d). The

experimental results prove the theory and this demonstrates that we can proceed with

the study of materials and compare them.

Figure 2. (a) Open-Circuit Voltage of Nylon/PTFE, (b) Output cur-
rent, (c) Voltage and (d) Power density for several external resistances of
different materials when brought in contact with Nylon or PTFE.
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With these results, following the behaviour of the maximum power density, we can

make a triboelectric series that is: (most negative) PTFE – FEP – PDMS – UPVC –

Cellulose – Nylon, which are consistent with triboelectric series in the literature [55].

In this study two new materials little studied in the literature were also introduced

that are the S1818 G2 and the SU-8 3005 Photoresists. These materials are widely used

in micro-fabrication and have numerous applications. In Figure 3, we see the voltage

and current curves, as well as the power density. With these results, we defined the

electrical outputs and added their fabrication method shown in Table 2.

Figure 3. (a) Output current of S1818 G2 and SU-8 3005; (b) Output
voltage, and (c) Power density for several external resistances of different
materials when brought in contact with Nylon (in case of S1818) or PTFE
(for SU-8).

Material Fabrication/Deposition method Nominal Thickness <VOC> (V) <ISC> (µA) Pmax (mWm�2)

SU-8 3005 Spin-coating + Soft Bake 2 min 20µm 0.30 0.32 0.07
S1818 G2 Spin-coating + Soft Bake 2min 20µm 1.23 0.50 0.74

Table 2. Fabrication method and electrical outputs of SU-8 3005 and
S1818 when brought in contact with Nylon (in case of S1818) or PTFE
(for SU-8).
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The S1818 G2 and SU-8 3005 have negative and positive polarity, respectively. The

fabrication method is shown in Table 2. These materials have a similar fabrication

method. In order to compare these results, we added these materials to our study and

added the their electrical outputs in Figure 4.

The highest magnitude of power density occurred for PTFE/Nylon is about 1.23

mWm
�2 for a load resistance of 10 MW and the lowest value for SU-8 PR/PTFE with

0.079 mWm
�2. In Figure 4, we can see that the open-circuit voltage follows the trend

of power density for all materials. However, the short-circuit current indicator does not

have the same trend as the other indicators for S1818 G2 Photoresist and PDMS. These

two materials are compensated with a higher voltage curve which consequently allows

to have a higher power density than other materials with a higher short-circuit current.

It should be noted that the optimum resistance of these materials is approximately 10

MW.

Figure 4. Mean of peak values of open circuit voltage, short circuit
current and maximum power (external resistance of 10 MW) of different
materials when brought in contact with Nylon or PTFE .
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In Figure 4 we can visualise the tribo polarity of materials. The tribo polarity of

S1818 G2 is close to the PTFE. This demonstrates that it is a good alternative and

that it can be a viable material in micro/nano triboelectric devices.

3.2. Metal electrode dependence

To optimise the performance of triboelectric nanogenerators, we investigated the

methods for attaching the electrode to the triboelectric polymer, such as the collage of

a metal tape and the deposition of a metal layer directly on a polymer (e.g. PTFE)

through IBD. In the first, the metal tape presents a smaller resistance, much in part

because the tape is thicker than the deposited layer. However, to allow adhesion to the

triboelectric material we use the tape glue, which decreases the power obtained from the

TENG. In the second, we can avoid the glue, however, adhesion is only possible if we

have a very thin film, because the forces coming from the contact-separation mode are

enough to get the metal out of its place, but there is an increase in internal resistance. It

is therefore interesting to know which of the methods brings better TENG performance.

So, we studied the contact-separation output of four pairs of Nylon-PTFE, two with an

aluminium and copper tape, the others with a deposition of the same metals through

ion beam deposition (IBD). The layers of aluminium and copper were deposited about

1 hour and 37 minutes with a deposition rate of 1.03 and 0.93 Å/s, respectively. The

area of the electrodes was 10 cm
2 and their characteristics are listed in the Table 3.Their

resistivity was measured through the 4-point probes method.

Metal Layer Thickness (µm) Resistivity (⌦.cm)
Aluminium Dep. 0.06 1.365⇥ 10

�4

Aluminium tape 75 1.630⇥ 10
�3

Copper Dep. 0.06 1.369⇥ 10
�5

Copper tape 75 8.250⇥ 10
�4

Table 3. Electrode characteristics with their measured resistivity and
deposition parameters of the copper and aluminum deposited layer.
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Figure 5. Influence of metal electrodes in electrical outputs. a) Open-
circuit voltage, b) Short-circuit current, c) power-density and d) Max-
imum power density.

In Figure 5, the electrical outputs for these four pairs are shown [open-circuit voltage

in (a), short-circuit current in (b), the maximum power density (c) and the power

density for various resistances (d). The PTFE and Nylon used in this experiment had

a thickness layer of 75 and 20 µm, respectively. Analysing in more detail, Figure 5(a)

showing the mean value of peaks, we note that the voltage peaks are higher for the

copper electrode and this is expected since the aluminium has higher resistivity. It

has also been observed that the mean voltage peak for the pair Nylon/PTFE with a

copper electrode tape is higher than the other pairs (⇡ 12 V). In the mean output

current peaks [Figure 5(b)], we have a behaviour similar to the voltage peaks. The

electrode tape has higher values than the deposited electrode, even with the aluminium

pair tape and the peaks were higher for copper than aluminium for the same electrode

type. The minimum output current recorded for the Nylon-PTFE pair was 1.3 µA
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and the maximum 5.6 µA (about five times higher). It should be noted that in these

results we observe associated uncertainties which increase due to the use of a voltage

amplifier which has the advantage of measuring low currents in the order of micro-

amperes but introduces some undesirable noise and low resolution which is still smaller

with increasing gain. These factors have an implication in the standard deviation of the

observed peaks and consequently in the associated error. There is also an increase in

maximum power density for the same pairs of electrodes as observed in the short-circuit

current. The pair with deposited aluminium had the lowest value (⇡ 0.42 mWm
�2)

and the pair with copper tape, with about one hundred times more, had 44 mWm
�2.

Figure 6 shows a bar column with electrical outputs (VOC, ISC and maximum power

density) represented above. We conclude that the acquired power is higher for the

copper tape.

Figure 6. Bar column showing the principal electrical outputs of a
PTFE-Nylon pair with different electrodes.

3.3. Effect of a pyramidal pattern in PDMS

We know that the morphologies of the surfaces can be modified for enhancing the

contact area and consequently increase the performance of the triboelectric devices.

For this, it is necessary to apply physical or even chemical methods to create pyramids,

nano-patterns and others. In this section, we present a study of the effect of a square

pyramid pattern in the triboelectrification. The polymer used was the PDMS and the
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pattern was obtained by moulding this material in silicon masks provided by INESC-

MN (Lisbon). The process was performed by two coating of PDMS (with 10% of curing

agent, which gives the best triboelectric performance [69]) on masks, one at 500 rpm

and the other at 900 rpm, both at 30 s, allowing a more perfect moulding. After curing

at 85 ° C for 2 h, the samples were peel-off with aluminium tape. Thus, the polymer

with an area of 10.6 cm
2 was attached in aluminium tape and glued to an acrylic

sheet, to increase the hardness film, required to perform the contact-separation mode.

Afterwards, we evaluate in detail the structure of the pyramids in the scanning electron

microscope (SEM: Figure 7). The verification of these structures was essential to know

in fact if the fabrication process was successful. It was seen that the pyramids have a

height which is approximately half the length of the base side.

With the well-tested electrical contacts, several outputs were evaluated through

contact-separation of the different samples with Nylon. Figure 8(a), (b), (c) and (d),

shows the influence of load resistances in voltage and current of a PDMS without

pyramids and PDMS with pyramids with nominal base side length of 4, 7, and 12

µm, respectively. The V-I relationship behaviour was as desired, a current abruptly

decreased close to 10
6 W, as opposed to the increased voltage. Thus, we can proceed the

materials study by taking the values of short-circuit current and open-circuit voltage.

The maximum short-circuit current is for PDMS with 3 µm pyramid width (⇡ 0.73

µA). For 7 and 12 µm and flat PDMS, we obtained 0.54, 0.52 and 0.50 µA, respectively.

Determining the power density for each load resistance, we plotted the power density

for the different samples [Figure 8(e)]. The maximum output power density occurred

equally for the sample with side length of 4 µm; the values for the other samples are

shown in Table 4. Figure 8(f) shows a bar column with the electrical outputs (VOC,

ISC and maximum power density) mentioned above, for better understanding of results.

We conclude that the output values tend to increase as we decrease the side length of

the pyramid base ; however, we can only state this behaviour for this range of lengths.
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Figure 7. SEM images of PDMS with different pyramid patterns. Front
view (a, c, e) and cross-view (b, d, f) of samples with nominal base side
length of 4, 7 and 12 µm, respectively.
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Figure 8. The output voltage and current corresponding to a) Flat, (b)
4 µm, (c) 8 µm and (d) 12 µm pyramid base side length, when these
PDMS samples brought in contact with Nylon (e) Output power density
for the different samples, (f) Column plot resuming the electrical outputs
for all samples.
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Pyramid base side length (nominal) < ISC > (µA) <VOC > (V) Pmax (mWm
�2

) Density of pyramids
⇥
(m

�5
)
�2

⇤

Flat 0.49 0.77 0.26 0

4 µm 0.73 1.08 0.81 4

7 µm 0.53 0.87 0.34 1.5

12 µm 0.51 0.78 0.34 1

Table 4. Table with electrical outputs of PDMS with a pyramid pattern.

We can conclude that the increase in triboelectric performance was caused by the

increase number of surface pyramids. At the top of the pyramid, the charge density is

higher because the electric charges are more trapped at this location. A structure with

more pyramids confers more punctual zones with higher charge density. Thus, total

density charge will be higher, proved by experimental results.

3.4. PDMS doped with SiO2 nanoparticles

In the previous study, we enhanced the triboelectric effect through surface structural

modification, introducing a pyramid pattern. In this section, to continue the research

on high performance triboelectric materials, we added silicon oxide nanoparticles on

PDMS, changing their bulk and surface properties. This procedure not only changed

the surface triboelectrification but also the permittivity of the material (silicon oxide

has higher relative permittivity than PDMS), making electrostatic induction more ef-

fective. Remember that for an isotropic media, the displacement field is
�!
D = "0"r

�!
E ,

where "0, "r are the vacuum and relative permittivity and
�!
E the electric field. Several

dilutions of silicon dioxide nanoparticles were made at various concentrations, observing

an optimum concentration, whose output power is higher. The same experiment was

repeated for various nanoparticle diameters to find out which diameter corresponds to

the higher performance.

3.4.1. Characterisation of SiO2 nanoparticles. We used three types of silica

nanoparticles (provided by CQFM), which were diluted in PDMS (SYLGARD 182

Silicone Elastomer kit [70]). The particle diameter was measured through Transmission

Electron Microscopy (TEM), given the density of silica of 2.2 g/cm3[71], we estimate

the mass of a single nanoparticle. The characteristics of these NPs are listed in table 5.
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Before these particles were diluted in PDMS, they were agglomerated. This is proven

in Figure 9, which shows a SEM image of silica NPs.

Type SP1 SP2 SP3
DTEM(nm) 22± 3.0 67± 8.0 367± 33.0

Single Particle Mass (g) 1.22⇥ 10
�14

3.46⇥ 10
�13

5.59⇥ 10
�11

Table 5. Specific characteristics of silica nanoparticles.

Figure 9. (a) SEM image of NPs with diameter of 367 ± 33.0 nm and
(b) zoom-in image which the nanoparticles become visible.

3.4.2. Fabrication procedures of PDMS with silica nanoparticles. The ob-

jective of this work is to achieve a homogeneous distribution of silica nanoparticles in

PDMS, to change their bulk properties effectively. Therefore, due to the agglomeration

of nanoparticles during their fabrication, it was been necessary to dilute these particles

in an organic solvent, such a toluene [72, 73] or hexane, in order to efficiently mix the

solution with the aid of magnetic stirrer and ultrasonic cleaner. As the process is long,

we choose toluene, since it does not evaporate as easily as hexane (hexane evaporates

about four times faster). Evaporation of the solvent causes the particles to float to

the air-liquid interface [74] and this is an undesired effect because we want a homogen-

eous spatial distribution, for bulk applications. The fabrication process is illustrated in

Figure 10: (a) Silica nanoparticles are added in toluene and mixed in magnetic stirrer

for 1h. Afterwards, we add a PDMS base. (b) The previous solution was magnetically

stirred for 1h and ultrasonically oscillated for 3h. Then, we evaporate the toluene for 5h

in a hot plate at 115ºC. (c) To cure the PDMS, we added a curing agent at 10:1 weight

ratio, and we mechanically mixed the solution for 5min. After, to remove bubbles, the

solution was put in vacuum for 1h (inside a vacuum desiccator).
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The mixture was then coated in a glass plate with copper tape at 1000 rpm with

acceleration of 300 rpm/s in 30 seconds and cured at 85ºC for 2h (similar to the pro-

cedure in chapter 2.2). Then, we made the electric contacts connecting the copper

wires into the copper tape of the samples . A photograph of these samples is shown in

Figure 11 and the copper tape is observed above the glass substrate and the respective

copper wires which make contact with the copper electrode. The PDMS is not visible

because it is transparent. Under these conditions, these samples are prepared for the

triboelectric experiments.

Figure 10. Scheme of the dispersion method of SiO2 nanoparticles in the
PDMS; (a) Dispersion of silica nanoparticles in toluene under magnetic
stirring and the addition of PDMS base; (b) Agitation of the previous
solution in magnetic stirrer and ultrasonic cleaner, as the evaporation of
toluene; (c) Curing agent addition and removing bubbles.
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Figure 11. Photograph of the samples of PDMS with silica nano-
particles after preparation. It is possible to observe the copper wires
that lead the current from the nanogenerator.

3.4.3. Effect of particle size and concentration in PDMS. The objective

of this study is to discover the effect of concentration and size of silica nanoparticles

in PDMS. For this purpose, samples were made with various concentrations for three

types of nanoparticles (SP1, SP2, SP3). Figure 12 shows the principal electrical outputs

(open-circuit voltage, short-circuit current and maximum power density) of the contact-

separation with Nylon and the samples by concentration and type of nanoparticles. We

measured their electrical outputs when the TENG are connected to a circuit board with

range of load resistances. In Figure 12(a), corresponding to the SP1, we can see that

the VOC, ISC, and Pmax have the same behaviour and the optimum concentration is 5%

wt. For this concentration the sample has a maximum power which is 56 times higher

than PDMS without nanoparticles. In Figure 12(b), we can see the same behaviour

for all electric outputs of SP2 for the different concentrations, except for the PDMS

with 15% wt, that has a slightly higher VOC than the PDMS with 2% (which has a

higher maximum power). In this type of nanoparticles, it was also possible to find

an optimum concentration - 5% wt, which has 31 times more power than the original

PDMS. In Figure 12(c), corresponding to SP3, we observed an optimum concentration
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of 5% wt, and the same trend of all electrical outputs for 5, 10 and 15% wt. In the

sample of 2%, we saw a short-circuit current superior to all the others. However, the

short-circuit current is the lowest one, thus, the maximum power is consequently lower.

We can conclude that for all type of silica nanoparticles in this study, the optimum

concentration is about 5% wt.

Figure 12. Electrical Outputs for various concentrations of silica nan-
oparticles whose diameter is (a) 22, (b) 67 and (c) 367 nm.

With the concentration of 5%, we studied the effect of different sizes of nanoparticles

in TENG performance. Figure 13 shows the V-I-R relationship of the contact-separation

of Nylon (most positive) with the studied samples and their output power for a series

of load resistances. In Figure 13(a), (b), (c), and (d) we have the V-I relationship of

PDMS without nanoparticles, SP1, SP2, SP3 silica nanoparticles, respectively. It was

possible to make an exponential fitting where we observed a zone where the voltage
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(higher resistance values) or the current (lower resistance values) were higher. We

note that SP1 has the highest VOC and ISC, and unsurprisingly higher output power

density [Figure 13(d)] with 24.35 mWm
�2 . The electric outputs of all samples have

the same behaviour of power density, and the order from the highest to the smallest

power magnitude is: SP1 – SP2 – SP3 – PDMS without nanoparticles. Analysing

the characteristics of these nanoparticles, we conclude that for this concentration, the

TENG performance is higher when we dope PDMS with particles with smaller diameter

(see Table 5).

Figure 13. Electrical outputs related to the contact-separation of Nylon
with (a) Original PDMS, (b) PDMS with 5% weight of SP1, (c) SP2, (d)
SP3 silicon oxide nanoparticles. (d) Output power for the different
samples.
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3.5. Conclusions

The study of triboelectric materials has much relevance in this dissertation. As we

evolve these materials we will be able to fabricate devices with higher contact sensitivity

and with fewer faults. Initially, we began to evaluate materials already studied in the

literature. This study served as the basis for the studies that preceded it. We were able

to verify that the behaviour of the materials was the expected one, that some materials

were more likely to lose or gain electrons, and for that reason, we classified them in

a small triboelectric series. The fabrication methods were also recorded and some

differences were found, for example in the ISC of the PDMS ,which should be higher

than ISC of UPVC. For this reason, the analysis and characterisation of the material is

not independent of the fabrication method, so the classification of the material in our

triboelectric series includes all factors which makes up the triboelectric nanogenerator.

In order to discover new materials and to allow other fabrication methods of these

nanogenerators, the triboelectric properties of Photoresists such as SU-8 3005 and

S1818 G2 were verified.

It is concluded that S1818 has a negative tribo-polarity and gives a power density

close to the PTFE when it is brought into contact with the Nylon. On the other hand,

SU-8 has positive tribo-polarity but confers low power density. As photoresists are

widely used in lithography (another fabrication technique), the study of these mater-

ials allows to fabricate devices with a few nanometers. This allows the generation of

triboelectric devices in micro/nanoscale.

It was also studied the influence of the square width pyramid pattern. It is known

that the structural changes of the triboelectric material can confer higher efficiencies,

in this case, an increase of the power density was seen, with the increase of the number

of pyramids structures, because we have more regions with higher density charge.

To improve the triboelectric performance, the effect of the type of electrodes was

also analysed. The electrical outputs of the aluminium/copper tape and the alu-

minium/copper deposited on the tribo-material tribe were analysed. The tape glue

could drastically reduce triboelectric performance, however, this did not occur. The

effect of the internal resistance was the most dominant, the samples with the highest

resistance were the ones with the lowest performance.
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Lastly, the effect of the chemical and structural changes of the PDMS was evaluated.

Silica nanoparticles are diluted in the PDMS with several sizes and concentrations. It

is observed that samples with smaller NPs lead to higher power density for optimum

concentration of 5%. In a future study, smaller nanoparticles can be diluted to further

improve triboelectric efficiency. This study was relevant to our understanding of how

nanomaterials can dramatically improve the triboelectric devices.



CHAPTER 4

Applications

In this chapter we will show the applications of the triboelectric nanogenerators we

have developed. The first application we developed was a numeric keyboard, capable

of generating energy with the touch of the human finger. To improve the sensitivity

and increase the energy harvested, we optimise the sensors of each key, applying the

knowledge acquired in chapter 3.

A micro-sensor has also been developed, capable of recognising the movement of a

tip when it penetrates a pore with a depth of the order of micrometers.

4.1. Numerical Keyboard

In this chapter, we presented a characterisation and fabrication of a numerical key-

board based on triboelectric materials. This prototype has special characteristics that

distinguishes it from commercial keyboards - it has no mechanical keys, and because

it only consists of an electrode and a layer of triboelectric material, this keyboard is

very thin and if it is optimised as we will refer in the next pages, it can be self-powered

being able to be connected to a computer without aid of a battery or solar panel. This

device is an example of how triboelectric sensors can contribute to a currently present

technology. The study of the materials made in Chapter 3, will certainly optimise this

device contributing to the increase of power density acquired in each key.

4.1.1. Materials choosing. One of the great advantages of triboelectric nano-

generators is the possibility of choosing low-cost fabrication methods and materials in

device implementation. In this work, commercially available materials such as FEP and

ITO/PET sheet were initially chosen [Figure 1(a)]. These materials allowed to begin

the construction of a prototype of a keyboard with the ability to sense the touch of the

human finger. The FEP layer has a negative tribo-polarity, contrary to human skin,

and with this it is possible to generate the triboelectric effect and to take advantage of

the electrical output to know which key we are touching. The ITO layer, which is the
59



4.1. NUMERICAL KEYBOARD 60

electrode, has been cut to distinguish the electrical signal from each key. As the ITO

layer is very thin, it is possible to cut and separate the material allowing each key to

have their electrode. The PET layer is an electrical insulator, allowing the sensor to

have an opposite electrical potential than the upper electrode, thus a potential differ-

ence is created. We made an array of 18 keys, and its design was aided by a acetate

sheet with the picture of a numeric keypad, which is glued to the PET layer (see Figure

1). The full design of the keyboard is shown in Figure 1(b) and a photograph in Figure

1(c).

Figure 1. a) Illustration of the layers of the triboelectric keyboard. (b)
Full design and (c) photograph of the keyboard.
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This keyboard has the advantage of being flexible, thin, transparent and does not

use mechanical processes for its operation.

4.1.2. Experimental apparatus. For characterisation of the TENG devices, we

designed a set-up with ability to measure the triboelectric picks of our sensors. To get

the open-circuit voltage, we used an Tektronix TDS 1002C-EDU oscilloscope where it

was connected by a coaxial cable to the sensor. The TENG electrode was connected to

the coaxial cable in order to obtain the electrical signal from the single-electrode mode

of the TENG keyboard. The oscilloscope, through the USB cable, was connected to a

computer with LABVIEW application, which saves the data.

4.1.3. Working mechanism of the numerical keyboard . When the human

finger comes into contact with the FEP/PDMS, charges will be transferred to the tri-

boelectric surface. According to the triboelectric series, FEP/PDMS has more negative

tribopolarity than human skin and this causes a negative charges transfer from the

human skin to the triboelectric polymer (triboelectrification). In the first case, no

charges appear on the keyboard surface because there was still no contact of human

finger [Figure 2(d)]. Second, at the contact moment, we have electric charges neutrality,

so there are no current or voltage [Figure 2(b)]. After the removal of the finger, the

positive charges will be further away from the negative ones, causing an electrostatic

disequilibrium that will generate, by electromagnetic induction, positive charges on the

conductor. Additionally, negative charges in the same amount will be generated at the

bottom electrode. When the finger separates (the electric field of the positive charges of

the human finger no longer interferes with the device), the top conductor accumulates

the maximum of positive charges, because there was transfer of free electrons to the

bottom electrode. In this condition, we have a maximum potential difference between

two electrodes [Figure 2(c)]. When the finger returns to the FEP/PDMS surface, there

will be an electron flow from the bottom to the top electrode, which ends when the fin-

ger is in full contact with the surface of the device, creating charge neutrality between

the two triboelectric surfaces [Figure 2(d)]. This is the power generation cycle of this

sensor.
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Figure 2. Keypad working mechanism.

4.1.4. Results. The voltage peaks in contact and sliding mode are shown in Figure

3. Each time we click on a key there is the generation of a voltage peak, which acts as

the recognition signal of a certain key. The mean peaks in contact mode is 0.66± 0.21

V, and for sliding mode is 0.30± 0.10, which means a decrease of almost half of the

magnitude voltage. However, it would be expected since in sliding mode there is less

finger pressure on the sensor, which decreases the contact between the two surfaces,

decreasing the output voltage. Table 1 shows the maximum, average and minimum

peak values.
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Figure 3. Output open-circuit voltage of (a) contact-separation and (b)
sliding mode of human finger with a key (Num Lock of the keypad).

Mode Minimum (V) Mean (V) Maximum (V)
Contact-Separation 0.39 0.66± 0.21 1.02

Sliding 0.19 0.30± 0.10 0.54

Table 1. Open-circuit voltage peak values for contact and sliding modes
of one key.

4.1.5. Keyboard Optimisation. To optimise this keypad we have to essentially

create methods and change the materials used to have more power density per key.

This will give not only greater sensitivity to touch, more information (such as the

triboelectric signature for safety applications) as it will allow it to be a self-powered

device, avoiding the use of batteries or solar cells. In Chapter 3, a depth study of

triboelectric materials and the fabrication TENG was made and with this knowledge

we can improve the our keyboard.

4.1.5.1. Results. Here, in the previous triboelectric sensor, the top layers FEP and

ITO are replaced by a layer of PDMS with 5% SP1 NPs and aluminium tape. The

< VOC > was obtained for the contact and sliding mode of the human finger on the

sensor surface. The operation of this sensor has already been explained in Section 4.1.3.

Several clicks were made in contact mode and sliding in the sensor with the top

layer with PDMS with 5% SP1 NPs, obtaining the result shown in Figure 4. The mean

of the peaks for the mode contact and the sliding mode are respectively 4.21± 2.04 and
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1.13± 0.21 V, having a better performance than the previous one about 6 times both

for the two modes. A table with more detailed data is shown below.

Figure 4. Output open-circuit voltage of (a) contact-separation and (b)
sliding mode of human finger and PDMS with 5% SP1 NPs. Some peaks
are higher than 5 V (delimited by dashed line) .

Mode Minimum (V) Mean (V) Maximum (V)
Contact-Separation 1.84 4.21± 2.04 7.44

Sliding 0.84 1.13± 0.21 1.52

Table 2. Open-circuit voltage peak values for contact and sliding modes
of PDMS with 5% SP1 NPS.

Finally, we replaced the triboelectric layer with one with PDMS with silica ST1

nanoparticles (5%) and with triangular pattern (width of 4 µm), which corresponding

to the material that gives better triboelectric performance, according to our study. The

open circuit voltage for contact and sliding mode for this sensor is shown in Figure 5.

In this case, for the contact mode this sensor obtained a performance about 12 times

higher and for the sliding mode of 22 times, compared to the first sensor. The table 3

shows the maximum, average and minimum voltage peak values of this experiment. .
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Figure 5. Open-circuit Voltage of (a) contact-separation and (b) sliding
mode for PDMS with silica NPs (5%) and pyramidal pattern (base side
length = 4µm).

Mode Minimum(V) Mean (V) Maximum (V)
Sliding 2.48 4.29± 1.81 8.56

Contact-separation 4.40 6.90± 2.24 10.1

Table 3. Open-circuit voltage peak values for contact and sliding modes
of PDMS with 5% SP1 NPS and pyramidal pattern (base side length =
4 µm).

This sensor already allow values above 5V, which allows a computer to recognise

the keys without using a microprocessor, for example, allowing a direct connection to

a parallel port on the personal pc.

4.2. Micro-sensor

The development of micro-sensors is important in order to be able to miniaturise tri-

boelectric devices in the future, so that they can be integrated into electronics industry

more easily. However, it is necessary to test the triboelectric effect in a micro-scale,

evaluating the electrical outputs given by the detection system. In this section, we will

show the implementation of a micro-sensor, capable of detecting micro-movements from

a tip.

4.2.1. Device Design. PDMS is a polymer with great ability to accept electrons.

This polymer was chosen as the triboelectric layer and can be easily patterned (see work
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developed in Section 3.3). Using a tip, it was possible to touch an infinitesimal area

of the PDMS, generating the triboelectric effect. The device consists of a pore whose

diameter is about 1mm. Several samples of this type were produced, where the pore

depth was varied. Through the contact and sliding mode it was possible to generate

electric charges. The design of the device took into account the contact and sliding

area, as an pore with a higher depth corresponds to a larger sliding area. The design

and a photograph of the device are shown in Figure 6.

Figure 6. (a) Schematic illustration of the PDMS micro-sensor showing
the chosen materials ; (b) Photograph of the sensor.

4.2.2. Device Fabrication. For the TENG fabrication, an aluminium mold with

one micro-pillar was used. Four molds were produced with a 1 mm diameter pillar, each

with different height (500, 100, 60 and 20 micrometers). These molds were spin-coated

at 500 rpm at 30 seconds with PDMS. The PDMS layer with thickness of 220 µm was

then peeled off from the aluminium substrate, allowing to create a micropore in the

PDMS layer with a certain depth length. Subsequently, a copper tape (electrode) was

attached to the PDMS. In order to obtain a potential difference, a Nylon layer with

thickness of 25µm allowing electrical insulation. So we bind a copper tape on the Nylon

to have a grounded conductor . Figure 7 shows the fabrication steps of this device. For

better reliability in the results, two samples were produced in same conditions having

the same pore depth length.

4.2.3. Working Mechanism of Micro TENG. Figure 8 represents the step-

by-step working mechanism of our micro-TENG, which use a triboelectrification and

electrostatic induction. This micro device generated electric charges from conjunction
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Figure 7. Fabrication steps for the micro-TENG.

of contact and sliding modes. This micro-sensor worked with the aid of a triboelec-

tric tip. When the tip is far from the sensor, there are no charges in PDMS surface

[Figure 8(a)]. Triboelectrification occurs when the tip comes into contact with tribo-

electric material (PDMS), where surface charges are generated, accumulating negative

charges as opposed to tip, which accumulates positive charges. In this case, there is an

electrostatic neutrality, so no potential difference was generated between the electrodes

[Figure 8(b)]. After leaving the tip, there is left on the surface of the PDMS negative

charges that by electrostatic induction will charge the top conductor connected to the

PDMS with positive charges and bottom conductor with negative charges with same

amount. Thus a potential difference is generated [Figure 8(c)]. When the tip moves

too far from the PDMS, there are more negative charges in the PDMS, so the output

voltage is higher [Figure 8(d)]. The movement of the tip thus returns to the initial

condition and this process can be repeated many times, generating successive voltage

and current peaks.
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Figure 8. Working mechanism of TENG.

4.2.4. Results. In this study, four sensors with a pore depth of 20, 60, 100, 500 mm

were made. The objective would be to measure the electrical output of the device when

there is a movement of a tip in micro contact area. A copy of the samples was produced

and the same experiment was repeated to give more reliability to the results. For this

device only the open circuit voltage was measured in order to measure the sensitivity of

the device to the tip movement. It was observed that there was an increase in < VOC >

as the pore depth increased (Figure 9). The fact that < VOC > are in the order of

millivolts is because the pore depth is very small. A second experiment involving a

copy of the devices was done, and their results are visible in Figure 9. There was a

similar increase in < VOC > with the increase of pore depth. The values are also shown

in Table 4, for the first and second experiment, with their < V
1

OC
> and < V

2

OC
> ,

respectively.
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Figure 9. Mean of Open Circuit Voltage peaks for different pore depths.

Pore depth (mm) < V
1

OC
> (mV) < V

2

OC
> (mV)

20 20.2± 4.17 21, 3± 1, 75
60 39.7± 6.06 33.1± 5.03
100 32.9± 5.60 37.2± 5.73
500 44.6± 6.44 38.1± 12.5

Table 4. Open-circuit Voltage for different depth pore values.

4.3. Conclusions and Discussion

This numeric keypad is one of the possible applications of triboelectric sensors. As

the triboelectric effect arises upon contact of two surfaces with different polarities, and

human skin is a material with positive polarity, it is possible to fabricate a keyboard

with a negative tribomaterial. With this effect it is possible to know the moment when

the finger are in contact with key and when the finger is removed, which becomes a

viable technology for this type of application.

It was analysed that the signal obtained for a keyboard made of FEP / ITO generates

a voltage close to 1V. This value is sufficient to be able to distinguish which keys were

touched. In addition, part of the energy can be stored contributing to the device being

self-powered.

To improve the performance and sensitivity of the keyboard, we used the study made

in chapter 3and exchange the ITO electrode for copper, as well as FEP by PDMS with



4.3. CONCLUSIONS AND DISCUSSION 70

SP1 NPs and by PDMS with SP1 NPS and with pyramidal structure. For the latter,

we achieved a performance increase of about 12 times more for the contact mode and

22 times for the sliding mode. By the magnitude of each peak obtained, we can create

a device with more capacity to be self-powered. This allows increasingly miniaturised

electronic systems, which confers an advantage to large commercial systems.

We also create a micro TENG sensor. This sensor has the ability to detect the micro

movement of a tip through the triboelectric effect. The principle of operation is based

on the single-electrode mode and the electric charges created in the conductor, come

from the contact of the tip on the inner surface of a pore with well defined depth.

The influence of the micro contact area on the triboelectric effect of this device was

studied. For this, several sensors with a pore depth of 20. 60, 100 and 500 µm were

made, both with a diameter of 1mm. It was proven that there was an increase in the

< VOC > as the increased depth. The result is in agreement with the theory, because

it would be expected that with the increase of the contact area, the triboelectric effect

would be higher.

This sensor does not give precise information about the position of the tip when it

enters the pore, but it certainly allows an estimation of the position. For example, if

the pore has a depth of 20 µm and the < VOC> is less than about 20 mV, it is because

the tip has not traveled 20 µm. However, in this work the sensor worked as motion

presence sensor, where the distance traveled by the tip was limited to the pore depth.



CHAPTER 5

Conclusion and Future Work

In this dissertation a study was developed on triboelectric materials, which, when

optimised, can help to fabricate devices with the capacity to harvest energy from the

environment, and the generated electrical signal can be used to sensitive the movement,

a chemical alteration, and others.

In chapter 1 we were able to improve the performance of triboelectric materials and

the best configuration corresponds to the PDMS material with a 4 µm pyramid width

pattern, a concentration of 5% with SP1 NPs and the electrode of copper tape. In the

field of applications created, we fabricated a keyboard capable of generating about 1 V

peak per touch, and recognise when the finger touches and when it moves away. As the

keyboard is flexible, thin and does not use mechanical mechanisms, it is an alternative

to keyboards on the market. The keyboard has been optimised using the materials

developed in Chapter 3. Significant improvements were achieved with a 12% increase

performance for contact-separation mode and 22% for sliding mode. With these results

we can directly connect the keyboard to a parallel port of the personal computer to

identify which key was clicked. Also this optimisation confers greater capacity to the

device to be self-powered thus avoiding batteries or solar cells for its operation.

To show how triboelectric sensors can recognise a few micrometer movements, we

developed a prototype where it generated a triboelectric effect by combining the contact

and sliding mode, when a tip penetrated a pore with a depth of a few micrometers of the

triboelectric material. The aim would be to recognise a triboelectric signal in a small

change in the movement of a tip, testing the capacity of the electronic equipment and

the triboelectric effect itself, achieving for a pore depth of 20 µm to obtain a voltage

< VOC > of 20, 2 ± 4, 17mV. It intends to be a starting point for the fabrication of

micro/nano triboelectric devices. This sensor has applications in industry, electronics,

among others.

71
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For future work, following the trend of the obtained results, to optimise the mater-

ials, we can create a pyramidal pattern with smaller width (< 4 µm). We can decrease

the size of silica nanoparticles; choose an electrode with lower resistance by changing

its dimensions, for example, as well as avoiding the use of glue in the metal-polymer

interface, adopting deposition techniques.

In the field of applications, we can adapt the keyboard to be recognised by a personal

computer, or to a printed circuit where it can be self-powered and have a connection

to electronic devices via wireless or bluetooth. We can of course apply other improved

materials to achieve electrical outputs even with higher magnitudes.

For the micro-sensor, the advances we made in the materials allow to choose other

fabrication techniques that use the Photoresists, as the case of laser direct writing. This

technique will allow to create more micro/nano sensors that can bring discoveries of

matter at the nanoscale.
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