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Development of a piezoelectric smart device with fiber meshes

elaborated by Forcespinning™

by
Renato Wenceslao Aguirre Corona

Abstract

A novel approach was used in this thesis project. BaTiOs nanoparticles named as BTO
nanoparticles were synthesized in the laboratory and commercial graphene named as G
are used as fillers in Polyvinylidene Fluoride named as PVDF for the formation of
polymeric meshes for the development of piezoelectric devices. Piezoelectric fiber
meshes from different materials as: PVDF, BTO/PVDF, G/PVDF, BTO/G/PVDF are
done varying the concentration of the fillers to evaluate the materials. The fiber meshes
were fabricated in the Forcespinning™ technique and were characterized using different

techniques.

Scanning Electron Microscopy was used to obtain the morphology and chemical
composition by Energy Dispersive Spectroscopy(EDS), Fourier Transformed Infrared
Spectroscopy (FTIR) was done for the identification of the phase composition of the
material, Thermogravimetric Analysis allows the obtention of the maximum temperature
of degradation to identify the materials with more thermal stability and X-ray Diffraction
confirmed us the presence of the planes of the B phase in the fiber meshes and in the
BTO the planes that are in concordance to the crystallographic card 96-150-7758. For
the characterization of the piezoelectric devices an Impact tester was used with a

multimeter to record the voltage generated by all the samples.

Where the mean maximum voltage generated for the A2 device is 35.77 Voc, the best
device with only BTO as filler, while A3, A4, A6 and A7 samples are samples where G is
used with a bad performance. The devices developed can be used for different

applications as sensors or nanogenerators, showing a promising performance.



Piezoelectric devices are of interest by the generation of voltage from sources that were
not used before, therefore producing energy from sustainable alternatives, offering an

option for remote self-powered sensors.
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Chapter 1
1. Introduction

Actually, the development and usage of advanced materials for the miniaturization of
electronics, helps in the creation of new electronic devices for different applications,
these devices are in the scope of scientists by their novelty, some of them will take part
in the internet of things (loT) system where batteries are used to energize devices, but
there is an effort in developing materials that can help to replace these batteries to
reduce or eliminate the damage produced to the environment by using these
sustainable alternatives '. The internet of things is a system where the communication
from several devices that are in our environments, like sensors and actuators, is
performed between themselves to fulfill a common objective 4. The loT system is
divided into 5 different layers to achieve the interconnection between several devices,
among them, the object layer is where the systems as sensors and actuators are
involved 5. Sensors are a cornerstone for this loT system because through them, all the
data can be collected and transmitted to perform other actions as the control of a
system or the monitoring of signals €. The loT technology is going to be present in
several areas to make the exchange of communication more efficiently and easier,
hence sensors will be needed in these areas too, for example in healthcare, buildings,
vehicles, houses, personal devices, and industries 3. Within the sensors for loT,
wearables for healthcare are experiencing an increment in demand and evolving to
perform more actions and become smarter by the feasibility and the practicality that
these sensors offer to this area 7. Smart sensors in the healthcare area are used as
wearables for the prevention, monitoring, and treatment of diseases; also, in this area,
sensors can be classified depending on the working mechanism that the sensors use to
obtain the information, like piezoelectric, resistive, capacitive, piezoresistive,
piezothermal, and triboelectric 7. Therefore, piezoelectric sensors are of main interest
for their performance and due to the possibility of supplying energy to other electronic

circuits and performing the function of a sensor.
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Also, this type of technology allows the obtention of energy from natural energy
resources, reducing the usage of harmful energy sources like batteries, offering
alternatives for wearable and implantable devices where the piezoelectric
nanogenerators can be used &; an example of this type of system is presented by Lu, B.
et al. ® where a piezoelectric nanogenerator is sutured in the heart of a swine to
generate enough electricity to energize a pacemaker and show its viability. As an
example of a wearable, Shawon et al. used a film as a nanogenerator that is collocated
in a helmet for the monitoring of human movement, showing its capability to perform this

action, send signals and recollect energy °.

The energy is present in several forms in the environment, from thermal, solar, eolic,
nuclear, chemical, mechanical, and more, but between all types of energies, the one
that is more common is the mechanical energy because it can be harvested from even
tiny biomechanical or mechanical movements ', wind blowing 2, drops falling 3,

vibration 415 etc.

The piezoelectric effect is based on the conversion of mechanical energy to electrical
energy. There exist two types of piezoelectric effects, the direct piezoelectric effect, and
the inverse piezoelectric effect, the direct one is when an external force is applied and it
is converted into electrical energy, the inverse one, by the contrary, when an electrical

field is applied a mechanical deformation will be caused 81617,

For an adequate performance of these type of wearable devices, the materials have to
comply with some properties as flexibility, biocompatibility, durability, light weight, small
size, comfortability, high sensibility and high reliability 4. Among the piezoelectric
materials, a classification can be made of inorganic materials, ceramic materials,
polymers, and biomaterials. In the inorganic material class, there can be found materials
as ZnO '8 ZnS '°, Black phosphorous %9, Ag 2!, TiO2 ?2; in the ceramics area the most
representative ones are the PZT 23, BTO 24, KNN 25; in the case of the polymers there
are the PVDF 25, Nylon 27, PLA 22 among others; and with the biopolymers, some
natural structures from the body present this type of effect like, collagen 2°, bones
viruses 31, etc. 48163235 |norganic and ceramic materials tend to be brittle and fragile,

making it impossible for the nanogenerator to be used as a wearable, despite they have
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a better piezoelectric coefficient 33. Therefore, to provide them more opportunities and
advantages, composites between flexible polymers and piezoceramics are done, to get

the best part of each of these materials.

For the realization of this thesis project, the chosen polymeric matrix was PVDF.
Polyvinylidene fluoride is a semi crystalline polymer that has good flexibility, chemical
resistance, thermal and hydrolytic stability, good piezoelectric coefficient, and better
mechanical properties than ceramics to be adaptable to the human body '6-3¢_ It is the
most used polymer because of its high piezoelectric coefficient among the polymers. It
has a polar crystalline structure that provides the properties to perform the piezoelectric
phenomena 3738, The molecular structure of this polymer is formed by the monomers (-
CH2-CF2-)n 4384 |t has 5 different phases, q, B, v, , ¢, distinguishing between them
the B phase, because in this phase the PVDF presents the highest piezoelectric
coefficient by the orientation of its dipoles 83749, The natural state of PVDF is the non-
polar phase a, but PVDF piezoelectric coefficient can be enhanced by various
techniques like addition of nanofillers, mechanical stretching, chemical process, thermal

process, and electrical poling, incrementing the B phase percentage 442,

As a technique to enhance the B phase formation the chemical process involves the
combination and usage of solvents, the most common is to use polar solvents to
enhance the piezoelectric performance of the sensor 4243, The selected solvents are
DMF because it increases the B phase and it is one of the most utilized solvents for the
formation of fibers, also when compared to others it has a great performance 4445, It will
be mixed with acetone, a volatile solvent, because it has been proved to be a good
mixture capable of enhancing the piezoelectric properties of PVDF, the acetone
propitiate that the mixed solvents evaporate at a good rate to form the fibers without
beads #6; Ibtehaj, K. et al. evaluated which is the correct ratio of DMF:Acetone showing
that it is better to have more acetone than DMF for a proper performance for the

Forcespinning method 42.

Barium titanate (BTO) is a ceramic material with a perovskite type structure that
presents a high piezoelectric coefficient with the advantage of being biocompatible and

enhancing the performance of the piezoelectric sensor 3335,
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It has been used as the substitute of PZT (one of the best piezoelectric materials)
because this material is not harmful for the environment and health, its low cost and
availability in the environment 640, Thus, it is used as a nanofiller in the nanogenerator

elaborated in this thesis project.

Graphene is a 2D structure with high specific surface area, good electrical conductivity,
superior thermal conductivity, and well mechanical properties, showing its potential to
be used for sensors with high mechanical properties, good energy efficiency conversion
and high sensitivity 16244947 That is why it is used to enhance the conductive properties

of the piezoelectric nanogenerator and enhance their performance.

The most common technologies for the fabrication of piezoelectric nanogenerators are
spin coating '3, hot press, electrospinning ', solvent casting %8, and deposition [6, 32].
A new technique called Forcespinning™ with some advantages like the high production
rate in a short time, safety for the users, friendly usage, capability to process multiple
conductive and non-conductive polymers in front of the most common technique
electrospinning was developed by 4°-5'. Some piezoelectric nanogenerators are being
developed by this technique for example Ibtehaj et al. developed a nanogenerator of
PVDF showing that is a promising technique to produce good performance
nanogenerators 42. Therefore, in this project of thesis, the Forcespinning™ is used to
elaborate the fibers, showing its capabilty to produce high performance

nanogenerators.

The structure that the piezoelectric nanogenerator could have, is also important, and it
can vary from cantilever beam structure, a cymbal structure, stack structure, and the
sandwich structure, where the appropriate one for wearable purposes is the sandwich
structure due to its flexibility and adaptability to irregular shapes 5.
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In the present thesis project, the working principle of the nanogenerators, applications,
methodologies of fabrication, materials, characterizations, and structures will be seen to
know the state of the art of these devices. Also, the development and characterization
of a piezoelectric nanogenerator has been done from PVDF fibers with BTO and G as
fillers and used in combination BTO/G to generate the synergy to increase the
piezoelectric properties. Development, analysis of performance and characterization of

the device have been done and exposed here.

1.1 Motivation

The fabrication of simple devices that can help make the planet a better place by
reducing waste and pollutants and simplify some processes are being investigated. New
alternatives are being sought to replace the usage of materials that damage the
environment and make a negative impact on this, therefore materials that can produce
and harvest energy from sources that were not seen before are becoming more
important. Also, materials like these are being used for sensing purposes at the same
time they are producing energy like in the body where biomechanical or mechanical
energy is produced and not used for anything, creating self-powered sensors that can
offer an alternative to equipment that use batteries. This is just one example where this
type of device can be of utility but there exist more options for its applicability. It will be
shown that the sensor generated in this thesis project, is capable of generating energy
from mechanical forces, even when the fiber mat is generated by an alternative
technique. By the generation of rich information webs that exchange data through
wireless communication protocols, apparatus that can produce data and at the same

time power themselves are crucial and will be in the future everywhere.
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1.2 Problem Statement and Context

In the near future, the technology will be interconnected, allowing the flow of information
in real-time, allowing the monitoring of people or the object to measure, even at long
distances, making it possible to reach locations where some services are not present
yet. For fulfilling this objective, the creation of devices that generate their own energy
without the need of batteries and perform the sensing function, are becoming of great

importance.

With the advances in technology in all areas, the methods for acquiring data are also
evolving. Smart sensors are the devices that seek to make easier those tasks of
obtaining information from a source and sharing it with the users. In the biomedical
area, the sensors can go from biosensors, or biomedical sensors that help to monitor
different signals from the human body to prevent or treat diseases. Piezoelectric
sensors are the choice of this investigation because they can also serve as an electric
source for more electronic devices that complete the system to create a smart sensor,
or even a sensor by itself, piezoelectric sensors are also called piezoelectric
nanogenerators. These sensors can help to detect tiny biomechanical or mechanical
forces such a blink of an eye, heartbeat, wind flow, falling droplets and motion of body

junctions as other mechanical forces that come from different types of sources.

1.3 State of the art

Several studies have been conducted about the development of piezoelectric devices
as this current technology is advancing, so a database search that speaks about the
development of these gadgets is presented in the table below and some sensors made

using different  techniques including the Forcespinning™ technique.
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Table 1. State of the art of Piezoelectric nanogenerators and Forcespinning™ sensors

Reference Objective Conclusion Materials Nps Solvent Substra | Technology Electro | Type

te des

52 Development | The pressure | 1.1 g PVDF | 0.05 g| 1.9 g Forcespinning Fibers
of a pressure | sensors designed | CE3+ Ce(NO3)3+6H20 or | Dimethylacetamide
sensor, presented an Ce(NH4)4(S04)4-2H 1.95 g Acetone
doping fiber | excellent 20
meshes of | performance
PVDF with a | offering good
lanthanide results.

Ce® obtaining
a sensor that
reacts to the
pressure with
luminescence

53 Development Getting promising | PEG 4 wt% sol 3:1 Forcespinning Nanofiber
of a sensor | results for the | DA 1.6 wt% Ethanol/Choloform S
that changes | detection of food | PDA/TEOS
of color when | thatis in bad state 10:1
it detects
biogenic
amines from
food in
decompositio
n, elaborated
from
conjugated
polymers.

54 Development | The results | PVP 1:1 33 Ethanol/Dymethilformami Forcespinning Nanotube
of nanotubes | obtained from the | wt% de Solgel s
made from | tests done, proved | SnO or
the metal | the great future that | ZnO 1:1 15
oxides SnOy | the technology has, | wt%
and ZnO to | to create these
check the | sensors by
sensitivity improving the
against characteristics  of
hazardous the sensors.
gases.

19




51 Development | The sensor showed | PVDF 1.1g | Eu (NOs3);.H,O 0.5g | 1.95 Forcespinning Nanofiber
of a pressure | different behaviors | Eu3+ or Euy(S04); 0.5g Dimethylacetamide S
sensor using | under different 1.95 Acetone
the lanthanide | pressures exposing
Eu®* using | a change of
PVDF as the | luminescence that
polymeric can be potentially
matrix used for other
generating applications as light
nanofibers emitting diodes,
with bioimaging and
luminescence | scintillators.
reacting to
pressure.

Properties of

the sensor

are studied.

The creation | A successful glove | PVDF PCB Direct-Write Nanofiber
of a sensor | is created that they | (polyvinile (Printed | Near Field s

26 via used to control a | fluoride) circuit Electrospinning
electrospinnin | toy car wirelessly board)

g using pvdf
is done to
experiment
and check if
the interaction
of the
developed
stacked
nanofibers
can cause an
improvement
in the wireless
control of
human media
interface
devices.

using and Arduino
as the
microcontroller. The
glove has in each
finger a
piezoelectric sensor
controlling each
movement of the
car.
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55 An The sensors are | PVDF-TrFe MEK  (Methyl  Ethyl | flexible Electrospinning | Aluminu | Nanofiber
electrospun capable and | 15 % wt Ketona) plastic m s
sensor was | optimized for small | HelLa cells substrat conducti
created with | mechanical forces e ve tape
PVDF-TrFe present in cellular
nonwoven mechanics showing
nanofibers to | a promising future
form a mat to | for this sensor with
determine an | some
output signal | improvements
from little
movements
from the body
or cell layers.

13 The The sensor can | BTS N-dymethylformamide Glass Dipping and | Silver Thin
development measure tiny forces | BTO for PVDF Fiber Spin Coating (magnet | Films
of a sensor | and even the mimic | PVDF Fabric ron
based on | movement of a | (coating) sputterin
BTS- balloon showing g)

GFF/PVDF by | that it can be used
dipping and | in the healthcare

spin coating is
made in this
article,
capable of
measure tiny
forces, taking
advantage of
the changes
caused in the
material by
the low curie
temperature.

area for many
purposes. Even
falling droplets
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56 An The sensor | PVDF-TrFe BZT-BCT 40 wt% Dimethylformide Acetone Electrospinning | PDMS Nanofiber
investigation obtained was able | 55/45 sheets s
where the | to generate up to | proportion Au
development 13.01 V and 1.46 | solution sputtere
of a | YW making it able | complete d
piezoelectric to work as an | used at 14
nanosensor implantable device | wt%
was done | or a sensor for
through motion.
electrospinnin
g, they
utilized
PVDF-TrFe
with BZT-BCT
ceramic
nanoparticles
obtaining a
sensor with a
good
performance.

12 A It presented good | ZnO HMTA 0.05 M Al-foil Chemical Al-foil Nanowire
superflexible results, generating | ZnNO;.6(H; growth sputtere | s
nanogenerato | an output from wind | 0)0.05M Spin coating d
r is developed | and from the | PMMA(coati
by the | biomechanical ngof  ZnO
chemical movements of a | Nw)
growth of ZnO | blink.

nanowires in
an Al foil
covered by
PMMA for
protection to
check if it
would  work
for some
applications.
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mechanical
properties
that the PVDF
nanofiber
suffer in
combination
with MWCNT

18 An  ultrathin | The sensor was | ZnO Al-foil Chemical Al-foil Nanowire
piezoelectric collocated in the | PMMA with growth S
sensor is | eyelid of a person | (coating of Anodic Spin coating
created by | getting good results | ZnO Nw) Al Oxide
chemical of the movement of
process on an | the eye
aluminum foil | underneath. The
using ZnO | sensor shows that it
nanowires to | could be used for
investigate sleeping monitoring
the potential | and measuring tiny
of this sensor. | forces.
57 In this | They concluded | PVDF MWCNTSs 0.008 wt% | Dimethylsulfoxide Electrospinning | Aluminiu | Nanofiber
investigation that with the (DMSO) Dimethyl m S
the  authors | addition of MWCNT Ketone Taping
analyze the | the nanofibers with
changes in | enhance both indium
the properties the tin oxide
piezoelectric piezoelectric  and coated
and mechanical. PET

23



22 The The enhance of the | PVDF TiO2 alone 5wt % | Dymethilformamide ITO Solution Gold Films
elaboration of | properties is TiO2 5wt%coated casting
a achieved with the with dopamine 2.0g methods
piezoelectric use of dopamine Solvothermal
film is done | the compatibility of
with the use | the matrix with the
of TiO, coated | particles is better.
with Can be used for
dopamine portable and
particles  to | wearable devices,
enhance the
piezoelectric,
phase
formation  of
PVDF.
Dopamine
improves the
compatibility
between
components
48 The A nanogenerator is | PVDF 1g MoS2-rGo 100mg Dymethilformamide 10 Solution Al/Au Films
fabrication of | successfully ml casting

a flexible thin
film

nanogenerato
r is produced
by the authors

made of
MoS,-rGo-
PVDF to
study the
piezoelectricit
y property

created, proposing
a mechanism for
enhancing the
piezoelectricity  of
the nanogenerator.
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Reference Objective Conclusion Materials Nps Solvent Substra | Technology Electro | Type

te des

14 The The performance of | PVDF-HFP CQDs 2mg Acetone/Dimethyl PEN- Spin-coating PEN- Films
fabrication of | the sensor with the | 1.5g 3:2 formamide 20ml ITO ITO
a carbon quantum | w/so
piezoelectric dots improved in
sensor made | comparison with
of PVDF-HFP | the film of PVDF-
with  carbon | HFP alone. It
quantum dots | shows great
to improve its | sensitivity, and it
performance was proposed for
by the | some applications
characteristic like voice
s of the added | recognitions, finger
nanoparticles. | bending detection,

Some and vibration
applications monitoring.

for the flexible

piezoelectric

sensor are

explored.

42 The The nanogenerator | PVDF Acetone/Dimethyl Forcespinning Nickel Fibers
development proposed is | 0.12g/mL formamide 7:3 8000 rpm based
of a | achieved having a fabric
nanogenerato | great performance tapes
r self-poled | generating 22 V.
through a | using a simpler,
novel affordable, and
centrifugal safer technique. It
technology is | shows great
done to study | potential for several
if the | applications in
nanogenerato | harvesting energy
r would have | and as sensors by
a good | its long life,
performance. mechanical
The durability and good
nanogenerato | piezoelectric

r is made of
PVDF.

performance
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11

Development
of a sensor

based in
PVDF
nanofibers
with a 3D
structure
coating. The
coating was
made of ZnO

nano rods for
enhancing the
output and
sensitivity  of
the sensor, to
detect
different
signals for
monitoring
people's
health

The development of
the sensor  is
achieved showing
that it is durable
and sensitive for
detection of signals
like respiration,
pulse rate and
muscle motion

PVDF
wt%

25

ZnO nanorods

Acetone/Dimethylacetam
ide 5:5 v/v

PU tape

Electrospinning

Nano
wires

Fibers
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1.4 Objectives (General Purpose)

To develop a piezoelectric smart device with nanofibers meshes elaborated by

Forcespinning™ technique using complementary fillers BTO, G, and BTO/G for the

enhancement of the piezoelectric properties of the polymeric base material PVDF, with

the capability to generate energy from mechanical forces.

1.4.1

Specific Objectives

Synthesis of BTO nanoparticles by the solgel method for their usage as a filler
dopant in the fiber meshes

Fabrication of fiber meshes of PVDF with G or BTO fillers by Forcespinning™
technique.

Fabrication of the synergy meshes of PVDF with G and BTO fillers by
Forcespinning™ technique.

Development of a piezoelectric nanogenerator device based on nanofibers of
polyvinylidene fluoride.

Chemical and physical characterizations of nanomaterials fillers, fiber meshes

and piezoelectric device.

1.5 Hypothesis

The fabricated device of PVDF through Forcespinning™ technique will be flexible, and

light to adapt to the structure of the body or any area. Its sandwich structure design will

help to give the device a long lifetime of use. It is going to be simple by the process of

fabrication. The sensor will be able to produce signals from mechanical movements.
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1.6 Scope

The scope of this thesis project is the development of a piezoelectric smart device
based on fiber meshes of PVDF as the polymeric matrix with the addition of fillers as
BTO, G and BTO/G for the enhancement of piezoelectric properties through the
Forcespinning™ technique. To assess its capability to generate energy by mechanical

forces.

1.7 Dissertation

Chapter 1 offers an introduction to the topic to let the reader know about what we will
treat in this thesis project, and a brief overview of the state of the art is covered by
analyzing the piezoelectric devices that were done through Forcespinning™ and

piezoelectric sensors that fall into the area of wearable gear.

Chapter 2 presents an overview of the theoretical aspects from the piezoelectric
phenomena, internet of things, smart sensors, manufacturing techniques, piezoelectric
materials, and the characterization techniques for the piezoelectric devices are

described.

Chapter 3 shows the methodology that was followed for the construction of the
piezoelectric device, since the synthesis of the filler materials to the design and
elaboration of the piezoelectric sensor. Characterization was performed following the

conditions and procedures of the machines presented in this chapter.

Chapter 4 presents the results obtained from the characterization techniques and are

discussed.
Chapter 5 presents the conclusions reached and highlights the contributions.

Chapter 6 shows future research work.
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1.8 Solution Overview

A piezoelectric device based on PVDF with the addition of BTO and G will be performed
though the Forcespinning™ technology to elaborate fibers that will be sandwiched
between copper tape films that will serve as the electrodes, and as an external
protective layer and substrate polyamide tape will be collocated in each electrode,
together forming the apparatus that could be able to produce energy from mechanical

forces.

The development of the smart device will be done with the fabrication of fiber meshes
through the Forcespinning™ technique. The fibers are going to be observed to know
their morphology and composition then it will be placed between thin metal foils that will
work as electrodes. The electrodes will be connected with copper wires and then a
coating of polyamide will be placed all over the sensor for protection. The mechanical
properties of the whole sensor integrated will be studied. The copper wires will be
connected to an electrometer and an oscilloscope to observe and measure the electrical

signals.

Chapter 1. Introduction
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Chapter 2

2. Theoretical Aspects

2.1Internet of Things

In the actual time, more apparatus are being connected to the internet forming, a
system that can work with all the devices interconnected between them, allowing the
exchange of information and control of several operations 5. These technological
advancements enhance the creation of new systems capable of simplifying tasks. To
achieve the interconnection of the electronical equipment connected to the internet, the
loT system needs an architecture to accomplish this task, the architecture that will be
explained is the five-layer architecture, where the layers are business layer, application
layer, service management, object abstraction and object layer 25. Those layers will be

described in table 1:

Table 2. loT five-layer Architecture.

Layer Definition

Object Layer Sensors and actuators that recover data and perform
some actions

Object Abstraction Layer This layer communicates the data through communication
protocols to the service management layer.

Service Management | In this layer the service and user are paired to deliver the

Layer correct service, and make choices

Application Layer In this layer, the user can observe the data that he asked
for an interface or his device

Business Layer This layer manages the full services that the user is

requesting with the use of workflows, it also monitors and
evaluates the service to enhance it

The layer where the smart sensors belong is the object layer, cause in this one, all the
objects that recover data from the real world as sensors and actuators are involved. The
aim of the loT is to create smart systems that can interact between them creating a
better controllable process where it is implemented, for example, smart cities. To
communicate between the devices, there must be some communication protocols to
obtain good channels for the exchange of information; some of these protocols based
on the web service are XML/HTML, EXI, TCP/HTTP, CoAP/UDP, IPv6/IPv4, WPAN 3,
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With the help of this loT environment the creation and development of new smart
wireless sensors is possible because it will be constructed in a communication rich

ambient to deliver data and act depending on the results of that data.

2.2Smart Sensors

For a better perception of what a smart sensor is, a definition for a sensor will be
explained, a sensor is a device that retrieves signals from an external factor that wants
to be controlled or monitored and then that signal is converted to an electrical signal to
be processed and used %8. Smart sensors according to the IEEE in the specification
1451.2 says that a smart sensor is a device that performs functions beyond its normal

functionalities, integrating the transductor in the sensor for a networked environment .

The basic functions that a smart sensor must have, are the sensing element, power
management, communication storage, data processing, calibration, and signal
conditioning %8. Therefore, for the construction of a smart sensor the components that
this type of equipment must have, are, a microcontroller, a communication module, the
sensor device, and an electrical circuit to manage the signals and with all these
components, build a system for collecting the electrical signals, communication, and
processing. The sensing component will be in charge of getting the electrical signals
that want to be measured, using the integrated communication module to send them to
the microcontroller to be processed and used for a purpose. In the area of the internet
of things, the smart sensor requires some crucial functionalities by the demand of the
applications, the functionalities are ultra-low power consumption, low cost, ultra-small

size, low maintenance, practical and high performance ®&.

Self-powered sensors are devices that generate their own energy to power all the
circuits that are connected to the sensor to perform their tasks, allowing their
implementation without batteries, making more efficiently their duties, the energy is

gathered from the external natural energy that is present in the ambient, random energy
60
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Sensors are driven by several factors that affect them and have to be considered when
the sensor wants to be applied. Some characteristics that the sensors present are

linearity, hysteresis, response time, sensitivity, and signal to noise ratio 162,

In the healthcare area, several types of sensors are used for multiple applications, but
we will focus on the area of the wearables. In this area, sensors could be classified for
their operating mechanisms for collecting information, here are some of them, resistive,
capacitive, piezoelectric, piezoresistive, piezothermic, triboelectric, bioelectrical
impedance, electrochemical and optical and all these smart sensors are used for the

detection, monitoring, and treatment of diseases .

2.3 Communication Protocols

In order to communicate between devices, the wearable sensors need some
communication protocols to achieve the exchange and representation of information. A
network area for the communication of these sensors has been developed, called
personal area network (PAN) or body area networks (BAN), with their proper
architecture for the communication protocols, starting with the Intra-BAN, Inter-BAN,

and Beyond-BAN that will be explained in the table below 3.

Table 3. Communication Architecture for Wearable Devices.

Classes Definition
Intra-BAN Communication between the sensors and
personal servers.
Inter-BAN Communication between servers and more
access points like cellphones, computers,
etc.
Beyond-BAN Communication in a metropolitan area
accessing to the information via internet

In the Intra-BAN layer, the technologies and standards that are used for the
communication of data are Bluetooth LE, NFC, Zarlink, Zigbee, Sensium, RuBee, ANT,
and BodyLAN.
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Bluetooth low energy (BLE) is a good choice for the implementation as the
communication protocol, because it is a protocol that uses low power, saving energy
and making more efficiently the work, it also works in frequencies that do not affect the

user's health, highlighting it as a good option for wearable sensors 6.

2.4Piezoelectricity

The piezoelectric word comes from the Greek word piezein, that means pressure, and
electricity, therefore the generation of electricity by pressure 166566 and it was first used
by Hankel in 1881 8. The piezoelectric phenomena was found by Curie brothers in 1880,
while they observed that an electric charge was generated when a force was applicated
to a quartz crystal and a deformation in the material when it was exposed to an electric
field 17356567 Within this piezoelectric phenomena, two effects can be observed, the
direct piezoelectric effect that deals with the conversion of mechanical forces that are
applied in the piezoelectric material into electrical charges; and the inverse piezoelectric
effect that deals with the physical deformation of the piezoelectric material when an
electric field is applied to it 816.17.3266  Thjs effect happens because in the crystal
structure of these piezoelectric materials there are present positive and negative
charges that neutralize between themselves when it is in a relax state until an external
force is applied separating the positive and negative charges to each surface generating
a dipole, therefore generating electrical energy from this deformation 8173266 Refer to
figure 1 to observe the phenomena graphically. Some materials that present this type of
effect are single crystals, ceramics, polymers, composites, and relaxor-type ferroelectric
materials 1788, The direct piezoelectric effect materials are most used as sensors that
can detect movements, acceleration, pressures, forces, vibration changing the
mechanical signals into electrical signals to be analyzed 323565 And materials with the
inverse piezoelectric effect are used as actuators by the deformation that is caused in
them by an applied electrical signal 35. The piezoelectric energy generation is a
promising alternative for a cleaner way of obtaining electricity due to the advantage that
the mechanical energy that is present in all the activities and in our environment. It also

presents a higher energy density than other mechanisms as electrostatic and
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electromagnetic making it the best option for the use in several applications and areas
35,68

The constitutive equations that are used for the description of the piezoelectric

phenomena are:

(Eq.1)

D — dT + ¢E (Direct ef fect)
(Eq.2)

X — sT + dE (Converse ef fect)
Where the D, is the electric displacement, d is the piezoelectric coefficient of the

material, T is the stress exerted, € for the permittivity of the material, E for the electric

field, X strain, and s for mechanical compliance %.

Neutral Force applied

+4 444+
--

Figure 1. Piezoelectric phenomena
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2.5Device Structures

For the use of these types of piezoelectric nanogenerators, some structures have been
applied to the materials to increase the performance of the device. The most typical
structure that is utilized and most studied is the cantilever beam structure. It is based on
the utilization of the piezoelectric material between the electrodes like in a sandwich
structure, with a mass tip at the end of one side of the component to adjust to the
frequency of the system where it is collocated. This type of structure cannot retrieve
enough energy from the body by the frequency and amplitude of vibrations. Also, its
clearly fragile and bad adaptability to the shapes of the body 153435 Another structure
that is used for piezoelectric nanogenerators is the cymbal structure and it is based on a
piezoelectric disk, collocated between two metal cymbal endcaps. It works well for high
loads, increasing the resistance and life of the piezoelectric material 3435, The other
structure is called stack structure and is based on the gathering of several piezoelectric
layers to improve the voltage output 343°. Last, is the sandwich structure that is an
easier structure to build and with high mechanical stability, it will also help to increase
the lifetime of the device and adaptability to irregular shapes. It is based on the
sandwiching of a piezoelectric material between two electrodes '35, Therefore, this
structure is the one selected for the properties that we could have in our sensor for

wearable purposes like flexibility and adaptability.
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2.6 Mode of Operation

There exist two operation modes that are named by the direction in which the force is
applied to the piezoelectric material and the polar axis of the material. The
nomenclature works in this way, the first number represent the direction in which the
materials is polarized, or how the flow of electrons will be, and the second number of
the coefficient represent the direction in which the force is applied. For the piezoelectric
materials the first number is “3” for the polar axis. In the case of the force applied the “3”
represents the force in the same direction as the polar axis and the “1” represents the
force along the thickness of the device, perpendicular to the polar axis 73435 Creating
the operation modes ds3 and ds1, with the first one describing that the force applied is
parallel to the polarization axis and the second one with the force perpendicular to the
polarization axis. Other type of mode of operation exist that describes the shear

piezoelectric coefficient d1s where the polarization axis is inclined to the applied force ©°.

2.7 Piezoelectric Materials

The materials which present that effect of producing an electrical charge when a force is
applied, all of them is thanks to the crystal structure that they have, with no symmetry
center 767, The variety of materials that have this type of effect go from, single crystals,
ceramics, polymers, biopolymers, and ferroelectric 73268 The first material that was
discovered having this effect by the Curie brothers was the quartz crystal, even it has a
low piezoelectric coefficient. The most relevant first application that the quartz had, was
during the first World War for the improvement of the performance of a sonar detector
and later while the World War 2 was happening the ferroelectric materials were found
with better piezoelectric coefficients than the crystals used before ¢7. Ceramics began to
be utilized by most of the researchers, they found that the relaxor lead titanate crystals
and lead based ceramics had better piezoelectric properties than the other piezoelectric
materials, but due its toxic nature to human health and environment the area of
research has moved to lead-free materials that can replace the use of lead materials in

devices 333567,
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Barium titanate is one of the ceramic materials that can help to replace the lead
materials, because it has a high piezoelectric coefficient in comparison with the other
piezoelectric materials, low cost, not harmful for the environment and is present in great
quantities in nature '®. Ceramics are materials that are brittle and fragile, so for
applications where flexibility is needed those materials are not the adequate one,
therefore a way to address this problem is the formation of composites. Piezoelectric
polymers represent the opportunity, in combination with ceramic, ferroelectric or/and
conductive fillers, to create smart materials with high piezoelectric coefficients and
flexibility for applications that requires it 834, PVDF is a piezoelectric polymer which
piezoelectric effect was found in 1969 by Kawai and possess the highest piezoelectric
coefficient among the piezoelectric polymers 63435 Therefore, this material is used as
a polymeric matrix for the development of flexible sensors that resist the irregular
shapes of the body in cases of wearable devices and the forces at which they are
exposed. But this is only one of the polymers that are used, other polymers are such as
polylactic acid, nylon, polyurea, silicon and epoxy 33. Other way in which investigators
address the problem of the flexibility in the ceramic ferroelectric materials is by the
creation of materials with stretchable structures when they are developed as thin films,
that allow these materials to be used in applications where flexibility is needed, some of
these mentioned structures are kirigami layouts, serpentine layouts, fractal patterns,

helical structures and woven 8.
Biomaterials are not out of the scope, because also some of them present piezoelectric

characteristics that can be used for the creation of devices, like collagen, peptides,

viruses, DNA and more 416:32,
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Piezoelectric
Materials
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— Polyureas
- PLA

Figure 2. Piezoelectric Materials

2.8PVDF

PVDF is a thermoplastic polymer with a semi-crystalline structure that can be present in
five phases q, B, vy, 8, and ¢, highlighting between them the (3 phase, because this is the
phase that presents the best piezoelectric phenomena unlike the other phases. This is
due to the molecular structure that this phase presents where the atoms of the
molecules forms dipoles well separated at each side of the structure®. The B phase is
the most piezoelectric due to the all-trans (TTTT) conformation that it presents,
presenting the best behavior for pyro-, ferro- and piezoelectric phenomenas™’!. Some
of the principal characteristics that this polymer and its copolymers present are that they
possess a great chemical resistance, high mechanical strength, abrasion resistance,
low permeability to most gases and liquids, nuclear radiation resistance, processable,

thermal stability, hydrophobicity, electrochemical resistance, and uv-resistance 1641,
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The molecular structure of this polymer is formed by the monomers (-CH2-CF2-)n 438~
41 . The molecular weight of the polymer plays an important role at the hour of forming
the fibers because it is demonstrated that with a higher molecular weight the B phase

was enhanced by the higher viscosity of the solution 72.
The natural state of PVDF is the non-polar a phase, but PVDF piezoelectric coefficient
can be enhanced by various techniques like addition of nanofillers, mechanical

stretching, chemical process, thermal process, and electrical poling, incrementing the 3

phase percentage 4*2.

. Fluorine . Hydrogen . Carbon

ol el

@ rluorine @ Hydrogen . Carbon

Phase B

Figure 3. PVDF molecular structure for a phase and B phase

2.9 Nanofillers

Thus, by the characteristics of the polymeric materials, the lower piezoelectric
coefficient that limits their use, is addressed in the form of the addition of fillers. Most of

the ceramic ferroelectric, and semiconductors materials are used as nanofillers for this
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purpose, where we can find materials as PZT, BT, KNN, ZnO, TiOz2, Bi, ZnS and black
phosphorous 8-32:33.35,

Apart from piezoelectric nanofillers other type of fillers are used for the enhancement of
the performance of the nanogenerator, conductive nanofillers are used in the creation of
composites to help the transfer of energy and promote the formation of the 3 phase of
the PVDF, which is the desired one by its high piezoelectric properties. The conductive
nanofillers that are used are graphene, carbon nanotubes, carbon black and silver

among others 3%,

Nanofillers
| |
Ceramic . Conductive
. Semiconductors .
ferroelectrics Fillers
— PZT — TiO, — CNTs
— PNN — MosS, —  Graphene
— PIN-PMN-PT |} Zn0 — Ag Nps
— BaTiO, — ZnS — Carbon Black
— KNN — Sno,
. Black
] Bi based | Phophorous

Figure 4. Piezoelectric nancfillers
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2.10 Solvents

For the selection of the solvents the ones that are utilized to propitiate the formation of
the B phase, are the high polar solvents, like dimethylformamide (DMF), dimethyl
sulfoxide (DMSO), dimethylacetamide (DMA), tetrahydrofuran (TFH), N-Methyl-2-
pyrrolidone (NMP), Trimethyl phosphate (TMP), Triethyl phosphate (TEP), Hexamethyl
phosphor amide (HMPA) and, Methyl ethyl ketone (MEK). Between all these solvents
where the PVDF has been dissolved, the ones with the best results are DMF, DMA,
DMSO and HMPA, highly polar solvents that are capable to promote the change of a
phase to B phase 434673 There are several some contradictions between the articles
because in some the DMSO has a better performance than the DMF and in other article
the DMF is mentioned as a better solvent in comparation with it. It is true that there is a
desire to change from DMF to DMSO because the DMF is considered as a hazardous
and toxic solvent, and DMSO is not 4. Also, the usage of only the polar solvent is
counterproductive because of the high boiling temperature that the DMF has, causing
that the fibers are not well formed by the content of solvent they have even after the
nanofiber formation. Therefore, mixture of solvents is used to promote a higher
evaporation rate just enough to allow the formation of nanofibers with high content of B
phase, acetone is a volatile solvent that can be used for this purpose 2. In the case of
the Forcespinning™, it was found that the concentration of the acetone has to be higher

than the concentration of DMF to promote PVDF solidification 42.

2.11 Substrates

For the wearable applications flexible materials that can offer more durability and
protection to the electrodes and the piezoelectric nanogenerator are preferred. Flexible
insulating polymers are used to fulfill this objective, some commercial materials as
PET/ITO thin films, Kapton (polyimide tape), silicon films are some of the ones selected
by researchers to develop their projects of piezoelectric nanogenerators creation, or thin
films of polymeric materials that are produced using different techniques like spin
coating, dip coating, electrospinning, etc. The flexible substrates have to comply with

some properties that are needed to have for electronic applications as flexibility,
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transparency, stretchability, lightness, insulation and strength 32. Not only the substrate
is sought to be flexible, also there exist an intention of creating flexible electrodes for the
applications of the electronic devices that are going to be made using the piezoelectric
nanogenerators and do not affect the performance of this by using not adequate
materials. Some materials that comply with these properties are conductive polymers,
soft ionic hydrogels, liquid metals, elastomer with conductive fillers (CNT, metal NWs
and NPs) 8.

2.12 Fabrication Techniques

The elaboration of this piezoelectric devices has been done through multiple techniques
by which the characteristics and the shape of the final product are changed and
manipulated through all these techniques. Within them we can find techniques like
electrospinning, additive manufacturing, spin coating, deposition, hot press and
Forcespinning™ are some of the techniques utilized for this purpose. Electrospinning
being the favorite for the creation of nanofibers 81632, A diagram showing the most

common techniques for the fabrication of piezoelectric sensors is showed below.

Fabrication
Techniques
|
[ I I I | |
. . - . - Additive
Spin Coating Hot Press Electrospinning Deposition Forcespinning manufacturing

Figure 5. Fabrication Techniques for Piezoelectric sensors
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2.12.1 Electrospinning

Mentioned as the most promising technique for the elaboration of nanofibers, is based
on the extrusion of liquid polymer with the help of a syringe pump, pushing the solution
through a needle, which is exposed to an electric field causing that the electrostatic
forces break the surface tension of the solution forming nanofibers while the solvent
evaporates until it reaches the grounded collector 373844 |t is the most used technique

for the creation of nanofibers 8.

2.12.2 Additive manufacturing

With the advances in the technology and materials, some piezoelectric materials are
generated and adapted for their usage in 3D printing, where customizable and specific
devices can be done with a high accuracy for its application. It is based fundamentally
on the creation of piezoelectric equipment layer by layer using the materials with the

wanted properties in the desired shape with a great accuracy 1632,

2.12.3 Spin Coating

The spin coating technique is based on the usage of centrifugal forces to spread a drop
of a solution over a smooth plate that rotates at high speeds generating thin films of the
desired material. The properties that can be managed from this technique for the

enhancement of the films are rotation time, speed, and quantity of solution .

2.12.4 Deposition

Some piezoelectric materials are also deposited over substrates to create nanowires or
thin films of the materials to create piezoelectric devices. It is based on the deposition of
materials layer by layer using the atoms of the materials. It is developed inside a
chamber and there exist several methods to deposit materials. Physical vapor
deposition and chemical vapor deposition are the main techniques from where all the

others are derived ©1.
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2.12.5 Hot Press

The hot press technique is based on pouring a solution over a substrate, where it can
be also used, solutions with piezoelectric materials, for then to be pressed and heated,
near its melting point, until the final piece is obtained. It can be used for the obtention of
pieces with a specific shape. The pression and temperature applied enhance the

compaction of the crystal structure of the material improving its piezoelectric behavior 36

2.12.6 Forcespinning™

This is a technology that uses centrifugal forces to create fibers of a wide variety of
polymeric materials, conductive and nonconductive. While the polymer solution that is
inside the spinneret, the part that contains the solutions and turns around for the
extrusion of the fibers, the solution that goes out begins to elongate, evaporating at the
same time the solvents, forming the fibers until they reached the collector. It was
developed to substitute the electrospinning technique. It offers the mass production of
fibers, environmentally friendly and with a great variety of materials for their printing
because this technology does not limit only to materials with electric conductivity. It is a
safer technique because it does not involve high voltage that can be dangerous for the
health of the people %54, This technique also presents the alternative to work as a melt
spinning technique where the polymer is melted in the same machine and left to fall
inside the spinneret, to then fabricate the fibers 4. The factors that affect the
Forcespinning™ process are the angular velocity of the spinneret, the cycle time, the
distance from the collector to the out of the spinneret, viscosity of the solution and the
diameter of the orifice of the spinneret 7475, Also, other external factors like humidity
affect the process of fiber formation by the high degree of humidity in air, making more
difficult the solvent evaporation, temperature is another factor that plays a role in the
same process of solvent evaporation. See Figure 5 for the internal diagram of the

Forcespinning™ technique.
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Figure 6. Forcespinning™ technique diagram

2.13 Structures of Materials

The nanostructured materials can be classified by its dimensionality (0D, 1D, 2D and

3D). The scale range to consider that a material is nanoscale is below 100 nm.

Nanofibers are 1D nanomaterials that has two of their dimensions in the nanostructure

scale, they have a great specific surface area.

Thin films are 2D nanomaterials when they are ultrathin films, and they have only one
dimension in the nanoscale range, they have good specific surface area compared with

the bulk material 7678,
Nanofibers are a better option than the films because they present a better performance
than the films by the larger specific surface area, higher damage resistance and

flexibility 7°.

The alignment of the fibers plays an important role cause the alignment can influence

other properties that are in our device. The mechanical properties are influenced by the
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orientation of the fibers, cause thanks to that alignment the forces that are applied into
them, can be evenly distributed between the fibers increasing the tensile loads that they
can bear. The tenacity and the initial modulus of the fibers are enhanced by this
alignment of the fibers, while with the random fibers these values are the lowest. Also,
the elasticity of the fibers is increased °’. According to Mamidi et al., where a study was
realized about the Forcespinning™ technique, the alignment of the fibers can be
achieved at lower running times 8. The morphology of the fibers also impacts the
performance of the device, some structures that can be present in the fibers are
studied, the structures are, wrinkled, smooth and porous, where the one with the best
performance for the generation of electrical charges is the wrinkled one because of the

friction that can be caused between the aligned fibers 8!,

Other options for the structure of the materials that are utilized for the construction of
piezoelectric devices with good performance are nanowires NW, nanoparticles NPs,

nanotubes, and nanorods 2.

2.14 Applications

Piezoelectric nanogenerators are used in several areas, depending on the application
the materials and structure of the sensors can change because of the different

conditions at what the devices may be exposed while they are working.

2.12.1 Healthcare

In the healthcare area piezoelectric nanogenerators are used for the monitoring,
prevention, and treatment of diseases 7. They are also used as an alternative for
batteries because they can be used to energize other circuits that are connected to
them, supplying energy for them to function, in the case of implantable devices 83. The
sensors for this area are divided between implantable, and wearable, the implantable

goes inside the body, of course using biocompatible materials that does not affect the
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health of the user, and the wearables goes in the external part of the user as an
accessory 8. Yang et al. created a sensor that is utilized for the monitoring of the
respiration frequency, they can differ between when the person is grasping, breathing
normally and a deep breathing, they can also retrieve signals from wrist pulse and
muscles, they developed a piezoelectric sensor by growing ZnO nanorods in
electrospun nanofibers . Mahanty et al. developed an electronical skin (e-skin) utilizing
a piezoelectric sensor based in electrospun nanofibers with MWCNTs for the monitoring
of the movements of patients in hospitals 8. In most of the cases in this area the

piezoelectric sensors have a sandwich structure.

2.12.2 Buildings and Infrastructure

In the construction area these type of devices are used as sensors for the monitoring of
the structural health of the buildings, to prevent accidents and give the proper
maintenance to it. Also, as energy generation the piezoelectric materials are used in
combination with the materials for the construction, like in buildings, bridges, asphalts,
floor tiles or sidewalks to recover energy from the usual activities that happen in them,
like the transiting cars, and walking people, the energy gathered could be used to power
principally luminaria, signals and even the business where they are placed ©886-88 The
study of the power generation by the high traffic in highways is studied by the design of
a piezoelectric sensor that could be placed in a road under the pavement 8. Also, a
study was realized where it is show that is feasible to use the electricity generated by
footsteps utilizing piezoelectric sensors to provide electricity to places where the traffic

of people is high like malls, bus terminals and shopping centers®.
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2.12.3 Vehicles

With the coming of electrical vehicles to change from generating power from oil fuels
that are highly pollutant to self-sustainable energy and IoT systems creating smart
vehicles, new ways for monitoring and generating electricity are needed to support
these applications inside the vehicles °'. Some studies are developed to study how the
piezoelectric nanogenerator can help to harness the mechanical energy that is waste
and convert it into electrical energy, Mouapi et al. showed that is possible to create a
device that can convert the vibrations generated by a car and transform them into
electrical energy to power WSN (wireless sensor networks) 2. Also, in oceanic vehicles
the search for the harnessing of the mechanical energy generated by the mechanical
components of the vehicle to transform it into electrical energy takes place, and it is
proven that it could be a good system to produce electrical energy, Li et al., developed a
piezoelectric device that is used to produce this type of energy from the suspension of
the oceanic vehicle®3. Other types of applications that are present in the vehicles is the
monitoring of the health structure of aerospace vehicles and the health structure of rails,

to check the integrity of the parts and give the proper maintenance to them 8494,

2.12.4 Industry

At the industry several machines and equipment have the requirement of be constantly
supplied with energy, and a lot of the mechanical energy produced in there, like
vibrations of machines is wasted, therefore, to take advantage of this energy
piezoelectric materials can be used to gather all this energy and focus it on applications
that need it, also the vibrations caused by the environmental energy can be of use for
this purpose . Also, these materials can offer a new way of monitoring the health of
their machines and equipment that require it, for example Khazae et al. 2019 uses an
apparatus based in a piezoelectric sensor that is designed for the remote monitoring of
rotating machines using these self-powered devices avoiding the need of wires and
saving money by not doing this wiring, and Nguyen et al. 2022 realized the conditioning

monitoring of a critical part of some machines, the bearing, that is monitored through a
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3D printed piezoelectric sensor 959 Soft robotics is a new area where these sensors
can be functional, the development of a piezoelectric sensor for gesture recognition is
done to control a robotic hand showing the big potential that this technology has, the
device is formed by electrospun nanofibers of PVDF with ZnO particles with cowpea

structure 97.

Chapter 2. Theoretical Aspects

49



Chapter 3

3. Materials and Methods

For the development of a piezoelectric device, fibers were realized using PVDF as the
polymeric matrix with BTO and G as nanofiller dopants. The following experimental

strategy was carried out and will be described.

3.1 Materials

PVDF materials was obtained from (Sigma-Aldrich Toluca), it has a molecular weight of
534,000 and comes in the form of powder. G nanopowder was obtained from
(Nanostructured & Amorphous Materials, Inc) and they have a diameter size of 2 — 10
um from 2 to 3 layers. Barium Acetate was obtained from (“Baker Analyzed” REAGENT)
and Titanium Butoxide was obtained from (Sigma-Aldrich) to perform the sol-gel
synthesis process of BaTiOs. Acetone and Dimethylformamide were obtained from
(DEQ) and (Sigma-Aldrich) respectively. Copper foil tape was obtained from ELK and
the Polyimide tape from (Advanced Polymer Tape).

3.2 Methodology for preparation of Barium Titanate

For the obtention of Barium Titanate (BaTiOs) see Figure 6; Barium acetate was mixed
in a solution with acetic acid, H20 and ethanol in a flask with a reflux column to avoid
solvent evaporation. Then it was stirred for 4 hours. Next, the Titanium Butoxide was
mixed with the solution in constant stirring, drop by drop and left in constant stirring
around 60°C and 500 rpm for 1 day. After this, more water was added to the mix and
stirred during 3 hours for gelation. Then the solution made was collocated in an oven for
drying at a temp around 90°C for 1 day. The materials obtained after the drying process
were grinded by hand in a mortar until a fine, same color powder is obtained. The
powder was put on a melting pot to calcinate it around 900 °C for 3 hours and left it to

cool inside the furnace.
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Figure 7. Diagram of synthesis of BTO.
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3.3 Solution preparation

The parameters that were visually found to be the best for the formation of fibers were
5000 rpm and 30G for the diameter of the syringe, because it was observed a great
quantity of well-formed fibers without beads and no breakage. With some of the
parameters not everything was varied cause the fibers produced under those
parameters, were not visually well, and some defects were noticed. These parameters
were further modified by different circumstances that affected the process, like the
weather, therefore the speed was increased to 5500 rpm and the diameter of the

syringes was increased to 27G, see table 4.

Table 4. Preliminary tests parameters.

Parameters
o Solution Cycle Syringe . .
N=Cycla Concentration T)i,me RE );izeg el
1 15% 1 min |[4500| 27G 80%
2 15% 1 min |5000| 30G 80%
3 15% 1 min |[4000| 30G 76%
4 15% 1 min |[4000| 30G 76%
5 15% 1 min |5000| 30G 74%
6 15% 1 min |5500| 30G 70%
7 15% 1 min |5500] 30G 67%
8 15% 1 min |5000| 25G 64%
9 15% 1 min |5500| 27G 64%

The solutions were made in a ratio of 3:1 of Acetone and DMF respectively. The
solvents were firstly mixed to then aggregate the PVDF polymer in a concentration of 15
% with respect to the total quantity of solution, to be magnetically stirred for 1 hour at
85°C at a constant speed. Then the resultant solution was left in stirring without heating
to low the temperature of the solution until reaching an ambient temperature for their

usage. In the case of the solutions where the nanofillers were added, the concentration
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of BTO and G was established by information in the literature; the concentration of BTO
and G was used in respect to the concentration of the polymer matrix. The nanofillers
were firstly dispersed in the mix of solvents by magnetically stirring at a temperature of
50°C and at constant speed for 30 min, to then add the PVDF polymer and repeat the
steps from the solution of the PVDF alone, this procedure is done for the elaboration of

the samples that carry the nanofillers.

Table 5. Description of every solution that was used for the fabrication of piezoelectric sensors.

Key Solution | OVMer  Inanofiller [Ba110s [Graphene cnlnig?r?eter
concentration concentration[concentration (um)
A1 PVDF 15% - - - 1.689
A2 BTO/PVDF [|15% BTO 15% - 1.489
A3 G/PVDF 15% G - 0.05% 1.406
A4 BTO/G/PVDF{15% BTO/G 15% 0.05% 1.122
A5 BTO/PVDF (15% BTO 5% - 1.045
AG G/PVDF 15% G - 0.15% 1.197
A7 BTO/G/PVDF{15% BTO/G 15% 0.15 1.272

Solutions with different concentrations of nanofillers are identified by the keys indicated
in table 5, for ease of work with them. The concentration of the nanofillers were

calculated in respect to the concentration of the polymeric matrix, for all samples.
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3.5 Elaboration of fibers

The solution was injected into the spinneret to form the fibers. The needles used have
an orifice diameter of 0.330 mm (27G), by the gelation property of the polymer, with low
temperatures it was impossible to use a smaller size of needle. The rpm was set at
5500 rpm, because it showed an enhanced behavior at this speed. Then the fibers were

collected for their assembly in the device.

K : )_:1
.l"; |
A ’J _\ >

Figure 8. Diagram of the fiber synthesis.
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3.6 Device Construction

As showed in fig 8 the fiber meshes were put between two copper foil tape electrodes
and at the same time covered with polyamide tape (Kapton® tape) to protect the
electrodes, the full device is sandwiched. Two copper wires are welded into the copper
electrodes to pass the signals to the measuring equipment, an oscilloscope and a
multimeter. The sensor is fabricated with an effective area of 3 cm x 3 cm (9 cm?). To
avoid that both electrodes make contact between them, the electrodes were cut in a

smaller size of 2.5cm x 2.5 cm.

Figure 9. Device design.
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3.7 Characterization

The characteristics and parameters from each equipment used to characterize the

materials used in this thesis project are presented in the next part.

3.7.1 SEM Morphologic and Elemental distribution Characterization

The morphology of the fiber meshes of the device was observed by scanning electron
microscopy (SEM, Evo MA 25, Carl Zeiss, Oberkochen, Germany). The fibers were
analyzed using an acceleration voltage of 10.00 kV and a working distance of 9.0 mm.
The distribution of the materials is analyzed using an EDS detector (EDS, Bruker) at an
accelerating voltage of 20 kV and a working distance of 9.3 mm. ImageJ software is

utilized to process, analyze and measure different aspects from the SEM images.

3.7.2 FTIR Composition Characterization

The IR spectrum of the nanofiber meshes were analyzed in the equipment FTIR with
the attenuated total reflectance (Perkinelmer, Frontier, Waltham, MA, USA) accessory.
The samples were measured using a frequency range of 4000 cm™ to 400 cm™,

resolution of 4 cm™" and an average of 16 accumulated scans.

3.7.3 TGA Thermal Characterization

The thermogravimetric analysis (TGA) of the fiber meshes was carried out using a
PerkinElmer analyzer (software Pyris 1), considering a temperature range between 30
°C to 700 °C and a heating rate of 10 °C/min. The nitrogen gas flow will be set at 20
mL/min. The initial weight of the samples was 5 mg. Samples are first discharged from

electrostatic charges using an isolated mat.
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3.7.4 XRD Structural Characterization

The x-ray diffractometer (XRD) PANalytical analyzed the tests using slits of 74 to 1 at a
voltage of 45 Kv with an amperage of 40 mA. It worked with a Cu ka radiation and a 20
scanning range from 5° to 90°. Sample tests are covered with a thin film of gold, using

sputtering.

3.7.5 Piezoelectric Characterization

The electrical characterization was done using the impact tester (Charpy) that will be
used to produce pressure in the device, a multimeter (Agilent) used in the mode of hold
maximum peak to register the maximum voltage produced and an oscilloscope
(Tektronix) that will be connected to the copper wires of the sensor to observe the
shape of the signal that the sensor can generate when a mechanical force is applied to
it. The pressure that is applied to the sensor is of 2.77 N with a speed of 3.46 m/s. The
tool that is used to apply the force in the material in the Charpy machine, is covered with
a protective cover to reduce the damage done to the device, the size of the impact area

isof 2.2 cm x 1.8 cm.

Chapter 3. Materials and Methods
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Chapter 4

4. Results and Discussion

4.1 Barium Titanate Synthesis

The SEM images and the results were obtained using Imaged, from the sol-gel method
for nanoparticle fabrication are presented in figure 9, where the mean of the particle’s
size was observed, getting a result of 32 Nm, there are also present some

agglomerates. Thus, the material has a good size for its usage as dopant in the

polymeric matrix.

[ ] Particle Size

200
Particle Size (Nm)

Figure 10. SEM image of BTO particles with a graph of the size of the particles.
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XRD was performed on the material obtained from the sol-gel method, showing that the
material presents the 99% of the phase desired comparing it with the crystallographic
card 96-150-7758 that belongs to the “Match!” software. So, the resultant material from
the sol-gel method is barium titanate with a perovskite structure. The diffraction pattern
obtained from the nanoparticles elaborated for this project are in the angles 26: 22.26°,
31.6°, 38.98°, 45.28°, 51.03°, 56.21° and 65.83°, showing a similar pattern comparing it
with the crystallographic card, the comparison of the diffractogram is presented in figure
10.

Also, the following planes were reported in the 26: 22.184° (100), 31.49° (110), 38.84°
(111), 45.15° (200), 50.72° (210), 56.075° (211) and 65.711° angles in concordance

with the JCPDS 05-0626 by Lazarevi et al. 2009, Sabry et al. 2019 and Zhao et al. 2019
98-100
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Figure 11. XRD Diffractogram of BTO.
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4.2 Nanofiber Synthesis
4.2.1 Morphologic Characterization

SEM was used to examine the morphologies, diameters, chemical distributions, and
compositions of PVDF nanofibers meshes, BTO-PVDF, G-PVDF and synergies with
different concentration of dopants. Figure 11 shows that A1, A2, A3, A4, A5, A6, and A7
are the composites fibers meshes, which have a random orientation of the fibers and
diameters of approximately 1 ym, these conditions coincide with was reported by
Rubaiya et al. 2021 and Ibtehaj et al. 2020 421°1, In the case of A1, the PVDF fibers
show a smooth surface, that differentiates them from the rest of the fibers, because with
the addition of nanofillers the fibers produced, presented a rough surface that help to
promote the generation of voltage by the friction caused between the fibers with this
surface 8'. Twenty fibers from each of the images were analyzed and measured to
obtain the mean diameter of the fibers, a decrease in the diameter size, from the ones

of pure PVDF with the ones with nanofillers can be noticed.
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Figure 12. SEM images of the nanofibers for each composite with a graph for the representation of the

mean diameter of the fibers. A1) PVDF, A2) BTO 15%/ PVDF, A3) G 0.05%/PVDF, A4) BTO 15%/G
0.05%/PVDF, A5) BTO 5%/PVDF, A6) G 0.15%/PVDF, A7) BTO 15%/G 0.15%/PVDF.

Energy dispersive spectroscopy (EDS) analysis was performed with a punctual test and
a mapping to corroborate the presence of the desired elements of BTO on the synergy
composite fibers meshes shown in figures 12, 13, and 14. From the figures we can
observe that the elements that composed the BTO are distributed in the meshes, there
are some agglomerates showed as more intense dots, but even though the BTO
composite is evenly distributed. From the punctual test we can declare that there exists

the presence of the material in the polymer fibers.
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Figure 13. EDS images of the nanofibers for A5) BTO 5%/PVDF, we can observe the
distribution of the material in the meshes of each element of the BTO, and a punctual test to
observe the presence of the BTO in the meshes.
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Figure 14. EDS images of the nanofibers for A4) BTO 15%/G 0.05%/PVDF, we can observe the
distribution of the material in the meshes of each element of the BTO, and a punctual test to
observe the presence of the BTO in the meshes.
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Figure 15. EDS images of the nanofibers for A7) BTO 15%/G 0.15%/PVDF, we can observe the
distribution of the material in the meshes of each element of the BTO, and a punctual test to
observe the presence of the BTO in the meshes.
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4.2.2 FTIR Composition Characterization

For the compositional characterization from FTIR the results that were obtained for both
phases are presented in the figure 15 , where a change was observed in the signal
emitted from the raw PVDF polymeric material where the a phase is predominant
changes after the synthesis process is applied to the material, diminishing the bands of
a phase and increasing the ones of 3 phase. The wavelenghts of the bands that belong
to the a phase are located at 764 cm™', 796 cm™ and 976 cm-! and the ones that belong
to the B phase are in the bands 840 cm™, 876 cm™, 1072 cm™', 1172 cm™', 1276 cm™,
and 1400 cm-' 244248 The higher the vibration of the bands of each of the IR spectra
indicates that the material presents more content of the desired phase, being able to
identifacte that the solution with more content of B phase is observed in the sample A4,

the sinergy solution of BTO and G at concentrations of 15 % and 0.05 % respectively.

Is also reported that the a phase peaks corresponding to the 765 cm-' and the one at
975 cm™ where the spectra identifies the phenomena described by the vibrations is
bending of CF2and rocking of CH2 respectively. For the B phase at the peak of 840 cm’
the vibrations produced are for the phenomena of CH2 rocking, CF2 stretching and

skeletal C—C stretching .
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Figure 16. FTIR spectra from all the composites and the raw material. A1) PVDF, A2) BTO 15%/
PVDF, A3) G 0.05%/PVDF, A4) BTO 15%/G 0.05%/PVDF, A5) BTO 5%/PVDF, A6) G

0.15%/PVDF, A7) BTO 15%/G 0.15%/PVDF.

The following equation, Eq. 3 that comprises the absorbance coefficients of the PVDF,
one belonging to the a phase and the other one to the B phase, kq and kg, with values of
6.1 x 10* cm? mol! and 7.7 x 10* cm? mol' respectively, is used to calculate the B
phase percentage in the composite materials by using the absorbance values obtained
in the spectra. Aq is the value of the characteristic a phase wavelenght at 763 cm-' and

Ag is the value of the characteristic B phase wavelenght at 840 cm' 2. From the values
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obtained, it can be observed that all the samples with different concentration of fillers
variates in a close range of 3 phase range of 4 units, where the best one is the sinergy
of BTO and G at 15 % and 0.15 % respectively. By the results obtained we can declare
that this technique is good to promote the B phase formation in the PVDF, also the

addition of the nanofillers and the mixture of solvents promote this formation.

(Eq.3)

F(B) A a.

Tk T 1.264,+A

AL+ Ag 64t 4g
a

Table 6. Phase 3 percentage calculations from FTIR spectra.

Phase B percentage
Solution Aq Ag B perceBntage
R1 0.1676 0.119 [0.35999445| 36.0%
A1 0.0233 0.1371 [0.82336668| 82.3%
A2 0.0225 0.1242 [0.81388379| 81.4%
A3 0.026 0.1206 [0.78607911| 78.6%
A4 0.0303 0.1652 [0.81200293| 81.2%
A5 0.0195 0.1106 [0.81795808| 81.8%
A6 0.0219 0.1062 [0.79345949| 79.3%
A7 0.0191 0.1176 [0.82986477| 83.0%

During the fabrication process and by the interaction of the material with the polar
solvents, the molecular dipoles are rearranged forming the B phase with a TTTT
conformation 3. In the table 6, it can be observed the values obtained for the B phase
percentage that is present in each of the syntethized materials. The material that
presents the best B phase percentage is the sinergy material in the sample A7) BTO
15%/G 0.15%/PVDF.
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4.2.3 Thermal Characterization

From the thermogram was observed that with the addition of fillers the initial
degradation temperature not changes between the pure fibers of PVDF material and the
ones with added G, but the opposite effect occurs with the fibers that present the BTO
material, presenting an increase in the initial degradation temperature. Therefore,
offering more themal stability in the samples that presents BTO 57:192, TGA results are
showed for the developed PVDF composite fibers A1, A2, A3, A4, A5, A6 and A7
samples in Figure 16. Temperature dependence shows one-step weight loss between
420°C-500°C with an inflection point around 480°C — 490°C with a loss in weight
percentage of 65% for all the cases, a second drop is observed in the materials that
present the BTO at a temperature around 560°C and 570°C that could be easily
observed in the graph of the derivative see Figure 17. For the pure material and the
composites that contains G at that temperature almost all the material has been
degraded until nothing is left. The last step of the measurement is a thermoxidation
because the gas is changed from nitrogen to oxygen, to completely reduce everything,

but the BTO remains there because it is fabricated on higher temperatures.
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Figure 17. TGA Thermograms from all the samples. A1) PVDF, A2) BTO 15%/ PVDF, A3) G
0.05%/PVDF, A4) BTO 15%/G 0.05%/PVDF, A5) BTO 5%/PVDF, A6) G 0.15%/PVDF, A7)
BTO 15%/G 0.15%/PVDF.
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Figure 18. TGA Derivatives of the thermograms from all the samples. A1) PVDF, A2) BTO
15%/ PVDF, A3) G 0.05%/PVDF, A4) BTO 15%/G 0.05%/PVDF, A5) BTO 5%/PVDF, A6) G
0.15%/PVDF, A7) BTO 15%/G 0.15%/PVDF.
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The maximum degradation temperature obtained from the derivate of the thermograms
for each of the composites is presented in the Table 7 where an increase in the
degradation temperature was observed, with an evident change in the cases that have
BTO, as mentioned before. The most thermally stable is the composite A2 sample of
PVDF with BTO at 15%, the other ones with BTO have similar behavior, but the ones

that present G or does not have any filler have a worst behavior.

Table 7. Maximum degradation temperature.

TGA maximum degradation
temperature
Solution Temperature °C
A1 482.54 °C
A2 497.25 °C
A3 483.32 °C
A4 491.56 °C
A5 489.80 °C
A6 484.11 °C
A7 492.35 °C
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4.2 .4 Structural characterization

From the diffractogram was observed that the materials suffer a change in crystallinity
after they are processed using the Forcespinning™ technique, therefore inducing a
change of phase in the material are shown in the Figure 18. The planes that are
representative for the a phase are in the 18.3°, 19.8° and 26.6° angles and the planes
that represent the B phase are in the 20.4°, 36.5° and 40.2° angles to samples
elaborated for this thesis project but both phases tie with other researchers 2442101 The
diffraction at 20.2° is for the material that remained in the transition from the a phase to
the B phase 22. The diffraction pattern of the G cannot be observed by the low content in
the doped material in the A3 and A6 samples, ', It was observed that the
diffractograms have a phase mixture that correspond to the presence of the BTO as
dopant in the PVDF polymeric matrix. The planes that are attributed to the presence of
BTO in the diffractograms of A2, A4, A5, A7 are present in the angles 26: 31.6°, 38.7°,
45.13°, and 56.14°.
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Figure 19. XRD Diffractogram of all the samples. A1) PVDF, A2) BTO 15%/ PVDF, A3) G

0.05%/PVDF, A4) BTO 15%/G 0.05%/PVDF, A5) BTO 5%/PVDF, A6) G 0.15%/PVDF, A7)
BTO 15%/G 0.15%/PVDF.
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4.2.5 Piezoelectric characterization

Electrical response from the devices were evaluated using an electrometer with a
function for holding the maximum voltage that is generated by using the Charpy (impact
tester) on the sensor. The sensor that has the best performance between the 7 devices
that were fabricated is the A2: BTO 15%/PVDF with a mean of 35.77 Voc generated by
using 2.77 N. According to the Figures 19 and 20, the synergies made between the
BTO/G/PVDF and the composites with just G are the ones with the worst performance
between all the devices made, and the better ones, those with BTO as nanofiller doping.

The voltage results are different in all samples.

40

®  Mean Voltage

30

Voltage (V)

10

—
A1 A2 A3 A4 A5 A6 A7

Sample

Figure 20. Device distribution by voltage output. A1) PVDF, A2) BTO 15%/ PVDF, A3) G
0.05%/PVDF, A4) BTO 15%/G 0.05%/PVDF, A5) BTO 5%/PVDF, A6) G 0.15%/PVDF, A7)
BTO 15%/G 0.15%/PVDF.
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Figure 21. Boxplot of the voltage measured with the multimeter. A1) PVDF, A2) BTO 15%/
PVDF, A3) G 0.05%/PVDF, A4) BTO 15%/G 0.05%/PVDF, A5) BTO 5%/PVDF, A6) G
0.15%/PVDF, A7) BTO 15%/G 0.15%/PVDF.
Table 8. Mean voltage produced by each device.
Mean Voltage (V)
Solution A1 A2 A3 A4 A5 A6 A7
Mean 21.06 35.77 15.35 13.06 25.49 14.38 14.50
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Despite the material with the best phase 3 percentage was the A7, it is between the
worst performance gadgets just producing 14.50 V mean. Therefore, other
concentrations of G should be explored, to find the one with the best performance to
agree with the phenomena explained in the article of Shi et al. where they found a
synergy between the BTO and G. Results obtained in this thesis project are good, and
they are reported in Table 8 from most of the devices elucidate that the sensors done
are competitive to those ones published by other references 23425681101 There is a
clear improvement in sensitivity in the materials with BTO, but by the contrary in the
other cases there is a regression in these values for the other composites compared to

the pure polymeric matrix PVDF device.
Sensitivity is determined by the equation 4, where V is for the mean maximum voltage

produced by the device and F for the force applied to generate that voltage 23. See table

9 with the sensitivity values.

(Eq.4)

|4
Sensitivity = F

Table 9. Piezoelectric Sensitivity.

Sensitivity of the devices
Sol | Mean Voltage | Sensitivity (V/N)
A1 21.06 7.60
A2 35.77 12.91
A3 15.35 5.54
A4 13.06 4.71
A5 25.49 9.20
A6 14.38 5.19
A7 14.50 5.23
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For the determination of the piezoelectric coefficient, d33, the samples that were
exposed to this test are the ones with the best performance, A1, A2, and A5. The

calculus made for the obtention of this coefficient is the following:

(Eq.5)

di; =

Where Q is denoted for the electric charge, that can be calculated by the capacitance
(0.01 pF) multiplied by the maximum voltage produced by the device, and F for the

force exerted. In table 10 the values for the piezoelectric coefficient are shown.

Table 10. Piezoelectric Coefficient.

Piezoelectric

coefficient
Sample d33
A1 3.67 nC/N

A2 4.45 nC/N
A5 3.16 nC/N

The circuit elaborated for the measuring of the piezoelectric coefficient, is made of a
rectifier bridge, where the piezoelectric device is connected, to then pass the electrical
signal to a capacitor to generate a continuous signal, that can be measured for the

calculus of the piezoelectric coefficient.

7



Figure 22. Electrical circuit for the piezoelectric coefficient.

To assess the behavior of the piezoelectric devices, the sensor with the best
performance was exposed to different forces using different impact positions causing a
difference in the voltage generation. The less the force exerted, the less voltage
produced. The behavior is shown in figure 23. The value of the force exerted in each
position are showed as follows: PO = 2.77N, P1 =2.44 N, P2 =2.27 N, P3=1.84 N, and
P4 =157 N.
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Figure 23. Voltage generated at different positions for sample A2) BTO 15%/PVDF. Value of the
force for each position PO = 2.77N, P1 =244 N, P2 =227 N, P3=1.84 N, and P4 =157 N

The signal obtained from the oscilloscope has a sinusoidal shape, generated when the
device is impacted with the Charpy machine. In the Figure 24, the shape visualized is

the voltage generated in 5 tests.
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Figure 24. Shape for the signal obtained from the oscilloscope

In the figure 25, all the devices fabricated can be observed from all the composites, they
are formed of the composite fibers with top and bottom electrodes of copper and over
both electrodes Kapton tape to protect the sensors, and in figure 26 see the diagram of

the piezoelectric characterization.
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Figure 26. Diagram of the measuring process for the obtention of the output voltage.
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In the table 11, it can be observed a comparison made between different piezoelectric
devices with their test parameters and voltage produced, to see how the performance of
the piezoelectric device is.
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Table 11. Piezoelectric devices comparison

Authors Polymeric | Nanofillers Type of B Output Measure way d33 Durability
Matrix device phase | Voltage
Experimental | PVDF BTO Fibers 81.4% | 35.77V External Force 4.45nC/N | -
test 277N
Eun et al. PVDF MWCNT Fibers 85% 0.62V Cycle of 2 Hz, - -
2021. % bending tester in
transverse
direction
Ibtehaj et al. PVDF None Fibers 95.30 22V Repetitive -152 pC/N | 10,000 cycles
2020. 4 % vertical
compression, 15
Hz, force of 4 N
Shi et al. PVDF BTO/Graphen | Fibers 91.10 11V Loading - 1,800 cycles
2018. 24 e nanosheets % frequency of 2
Hz and a strain
of 4 mm
Rubaiya et al. | PVDF Z2GO Fibers - Peak to External force - -
2021. 101 peak
voltage
172V the
maximu
m and 42
minimum
Huang et al. PVDEF- CQDs Film 82.8% Repeating 22.6 pC/N | 1000 s under
2021 HFP different forces 80g¢g
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Liu et al. 2020 | PVDF- BZT-BCT Fibers 13.01V Tapping 6N 5000 cycles
%6 TrFE

Yu et al. 2021 | PVDF/GF | BTS Film 12.2V — External Force 1 5000 cycles
3 F 225V to 9N under 50 N

Chapter 4. Results and Discussion
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Chapter 5

5. Conclusion

It is concluded that in this thesis project was used a novel approach to obtain the
general purpose and each of the specific objectives projected were obtained. The BTO
obtained by sol gel method, was confirmed with the crystallographic card 96-150-7758,
using ImagedJ it was determined that the particle size is around 32 nm. The commercial
G nanopowder used, was of 2 — 10 ym from 2 to 3 layers size. Both nanofillers were
used as doping materials for PVDF polymeric matrix to generate fiber meshes by
Forcespinning™ technique, but BTO particles were better than G without
functionalizing. This was confirmed in the characterizations realized, SEM analysis
shown fiber meshes randomly distributed with a diameter size around 1 ym, and the
EDS mapping images, also using a punctual test, confirmed us the presence of BTO
nanofiller in the fiber meshes with agglomerations.

FTIR characterization showed visible changes in the spectra where more intense peaks
can be observed in the bands that belongs to the B phase in comparison to the raw
material.

TGA the maximum degradation temperature was obtained to determine which samples
were the more thermally stable and the loss weight percentage that in samples with
BTO confirmed the presence of this filler by the remains and XRD analysis confirmed us
the presence of the planes of the B phase in the fiber meshes and the planes for the

BTO for the perovskite type structure.
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Finally, for the piezoelectric devices an Impact tester was used with a multimeter to
record the voltage generated by all samples. Where the mean voltage generated was
35.77 Vo for the sample A2 were BTO nanoparticles were used as nanofillers and the
devices with the poorer performance are the A3, A4, A6 and A7 devices where G was
used as filler for synergies and as individual dopant in the PVDF polymeric matrix.
Therefore, it is concluded that these materials can be used to produce piezoelectric
devices that can function as sensors or nanogenerators with several applications in

daily life, although they could be improved.

Chapter 5. Conclusion
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6. Future Work

e Change of polar solvents, DMF for DMSO, to test if the PVDF meshes have an

increase in the B phase to promote the piezoelectric properties of the devices.
e Usage of PVDF co-polymers to promote better piezoelectric properties.

e Functionalization of G to obtain better results in the generation of B phase and

increasing the voltage generation of piezoelectric devices.

e |Integration of the piezoelectric device with a microcontroller to develop real

applications that can be of usage

e Development of a station for piezoelectric characterization where devices can be

tested easily for the obtention of the parameters.

e Obtention of piezoelectric coefficient
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