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ABSTRACT

Author: Ghafari, Ehsan. Ph.D.

Institution: Purdue University

Degree Received: May 2018

Title: Polymer-Based Piezoelectric Material and Device for Energy Harvesting and Sensing in Civil
Infrastructure

Committee Chair: Na Lu

Recent studies on piezoelectric materials have resulted in the development of a wide verity of
piezoelectric devices such as nanogenerators and sensors. This technology is prevalently dominated
by the ceramic materials which are brittle and have a very limited strain level. Moreover, despite a
wide working frequency range, the ceramic-based piezoelectric devices can only work under tiny
forces to avoid damage to the device. As such, due to inherent brittleness, the piezoelectric technology
has not been widely explored in civil engineering applications due to the aforementioned drawbacks
of ceramic materials. This thesis aims to develop an efficient piezoelectric polyvinylidene fluoride
(PVDF) nanofiber device which can be used in both energy harvesting and sensing civil infrastructure
applications. The B-phase of PVDF is responsible for its electroactive properties such as ferroelectric,
piezoelectric and pyroelectric properties. In spite of several efforts to improve the f-phase content, it
is still a challenge to fabricate a PVDF sensor with high efficiency due to the complication of the
required post-treatment process which mainly includes electrical poling and mechanical stretching.
The electrospinning method was used in this study to synthesize the cost-effective and large-scale
piezoelectric nanofiber composite, making it feasible for commercial, industrial and civil engineering
applications. The process-structure-property relations of electrospun PVDF nanofiber has been
systematically studied. As a result, a reliable model was developed that enables an accurate prediction
of PVDF structure properties, particularly morphological and a fraction of the B-phase content. It was
found that the fraction of B-phase is considerably affected by evaporation rate so that the high
concentration of PVDF and DMF/acetone decreases the evaporation rate of the solution resulting in
a formation of a high fraction B-phase content. The electrospinning method was found to be very
effective to promote the B-phase formation in PVDF nanofiber. Additionally, electrospun PVDF
nanofibers were experienced high electrical field and mechanical stretching during the fabrication
which eliminates a need for the post-treatment process.
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This study proposes a core-shell structured PVDF-graphene oxide (GO) nanofiber composite,
in which the polar phase content and piezoelectric properties are considerably improved. The results
indicate that only 0.2 wt. % of GO is enough to nucleate most of the PVDF polymer chain. It was
found that the -phase content in core-shell structured P\VDF-GO nanofiber composite can reach up
to 92 % for which is 23% and 73% higher that of electrospun PVDF and spin coated PVDF,
respectively. This suggests that the core-shell structure of PVDF-GO is effective in improving the
phase transformation of a-phase to B-phase, even at a low content of GO. As an interior core-shell,
the GO is solidified into nanofiber form which increases the number of heterogeneous nucleation
sites to interact with the PVDF polymer chain. The dss piezoelectric coefficient of PVDF-GO was
found to be 61 pm/V which is almost two times higher than PVDF nanofiber. The enhancement of
the piezoelectric coefficient can be attributed to the higher p-phase content which can induce a
stronger displacement in the sample as a result of the applied electrical field. This might be because
of the interaction between the m-bond in GO with the fluorine atoms and hydrogen atoms on
adjacent carbon atoms in PVDF polymer chains. The alignment of atoms at two sides of the polymer
chain not only induces the beta phase formation but also results in a formation of a net polarized
dipole moment along the core-shell structure of PVDG-GO nanofiber. The feasibility of using PVDF
device for energy harvesting and sensing applications was assessed by a series of experiments.
According to the results, the optimized frequency range for the device was found to be 45 Hz. The
results indicated that the voltage output starts to decay at a higher frequency which can be due to the
insufficient time for the PVDF nanofiber to be recovered from the induced strain. The variation of
the amplitude has a great influence on the voltage output of the piezoelectric device. The voltage
output of the PVDF device is enhanced with increasing the amplitude due to the higher amount of
induced strain. In fact, the amount of induced strain can be considered as the main source of the
available mechanical energy which can be fed into the piezoelectric device to be converted to the
electrical energy. The results clearly show that both frequency and amplitude can affect the voltage
output of the piezoelectric device. The highest obtained voltage output can be obtained at the
frequency range between 30-45 Hz. The sensing ability of the PVDF device was assessed in both
active and passive situations. A pitch-catch system was set up in the lab to assess the efficiency of
the flexible PVDF device for active sensing application. A series of experiments were conducted to
evaluate the effect of several parameters of the transmitted signal such as amplitude and frequency

on the received signal. The effect of transducer-sensor distance was also considered to evaluate the
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attenuation of the transmitted signal. The PVDF sensor was found to be effective in detecting the
pulsed and continuous generated Lamb wave.

It was found that the efficiency of the PVDF sensor in detecting the signal is not sensitive to
the amplitude of the transmitted signal. Also, the transmitted signal’s amplitude has an insignificant
effect on the attenuation rate of the transmitted signal over the distance. It means that the efficiency
of the PVDF sensor in detecting the Lamb wave signal is not affected by the amplitude of the
transmitted signal. However, the efficiency of the PVDF sensor to detect the transmitted signal is
highly affected by the distance between the transducer and receiver. The results indicate that the
PVDF device is less efficient in detecting the transmitted signal either at a low-frequency range (<1
kHz) or the higher range of frequency (> 100 kHz). The optimized frequency was found to be in the
range of 1 kHz to 100 kHz to enhance the efficiency of the PVDF sensor. The efficiency of PVDF
sensor for detecting the acoustic wave was also studied by hammer impact testing. These results
clearly indicate that the sensor is able to detect different magnitudes of surface acoustic waves
propagating on the surface. The higher of the impact energy applied to the concrete, the higher the
voltage generated by electrospun PVDF AE sensor. The results of this thesis can assist in adopting
the electrospun PVDF piezoelectric sensor in a variety of sensing and energy harvesting applications

in civil engineering infrastructure.



CHAPTER 1. INTRODUCTION

1.1  Background and motivation

Recently piezoelectric materials have been extensively investigated due to their ability to
convert mechanical energy into electricity, or vice versa. This unique property is known as
piezoelectricity. Recent studies on piezoelectric materials have resulted in the development of a
wide verity of piezoelectric devices such as nanogenerators and sensors. Piezoelectricity is an
electromechanical interaction between the mechanical and electrical energy. Piezoelectric
materials have the ability to produce electrical energy from mechanical energy; for example, they
can convert mechanical behavior like vibrations into electricity. This effect is called “direct effect”
in which the electric charge develops as a result of the mechanical stress. This effect has been
applied to develop several devices such as energy harvester device which can be used in
applications where outside power is unavailable, and batteries are not a feasible option. The energy
harvester nanogenerator can also be used as an individual power source for small electronic devices
[1-12]. In civil engineering, this can be applied to power the wireless sensor for health monitoring
the bridges. Another application of the use of the direct effect is for sensing applications such as
acoustic sensors, pressure sensors, strain sensor, etc. Such sensors have been widely used in many
civil engineering applications. Likewise, the material will experience a geometric change when an
electrical signal is applied to it. This effect is referred to “inverse effect” in which a mechanical
force such as vibration develops due to the application of an electric field. A typical example of
using inverse piezoelectric effect is transducers which are mainly used for structural purposes.

One-dimensional (1D) inorganic piezoelectric materials have attained considerable
progress toward developing nanogenerators and potential applications. Wang et al. developed a
nanogenerator using ZnO nanowire for energy harvesting application [13]. Recent researches have
indicated significant progress towards developing high-performance ceramic nanogenerator using
lead zirconate titanate (PZT) [14; 15]. PZT patch has been widely used in structural health
monitoring applications in civil engineering infrastructure [16]. The major drawback of PZT,
however, is their brittleness so that they can have a very limited strain level. This is a major
obstacle for the use of these materials either in into flexible electronic devices or in high strain
level applications. Moreover, in spite of a wide working frequency range of PZT, the PZT-based

piezoelectric devices work only under tiny forces to avoid damage to the device [17]. The polymer



nanofibers on the other hands have shown good ability to harvest the mechanical force under high
strain conditions, due to their excellent flexibility and process simplicity as compared to inorganic
nanowires. Nanofibers have higher strain level which enables them to withstand larger mechanical
deformations [18]. Among the known piezoelectric polymer materials, polyvinylidene fluoride
(PVDF) is the only commercial product used as a piezoelectric material, due to its high flexibility,
high piezoelectric properties, and good mechanical properties. Therefore, this flexible polymeric
piezoelectric is a good candidate to be used in civil engineering application. The voltage coefficient
of PVDF is 10 times higher than the ceramic material which makes it as an exceptional candidate
for sensing applications [19; 20]. Also, PVDF polymer shows much lower density and acoustic
impedance than piezoelectric crystals, which make them suitable for acoustic sensing applications
[19-21]. The B-phase of PVDF is responsible for its electroactive properties such as ferroelectric,
piezoelectric and pyroelectric properties. It has been reported that the sensitivity of PVDF sensors
is related to the content of B-phase so that the higher B-phase will result in a better sensitivity of
the sensor [22; 23]. Hence, the enhancement of B-phase of PVDF is a critical step for making an
efficient PVDF piezoelectric sensor. In spite of several efforts to improve the B-phase content, it
is still a challenge to fabricate a PVDF sensor with high efficiency due to the complication of the
required post-treatment process which mainly includes electrical poling and mechanical stretching.
These processes are costly and time-consuming which limits the scalable production of
nanogenerators/sensor in the industrial fabrication process. Nevertheless, the mechanical
vibrations can be very large in many cases such as civil infrastructure applications; e.g. pavement,
the cable-stayed bridges, skyscrapers, railway tracks, etc. An efficient and scalable piezoelectric
device is therefore needed which can be either used as an energy harvester to capture the
mechanical vibration or as a robust sensor to monitor the structural behaviors in civil infrastructure
applications.

In this scope, this thesis aims to develop an efficient piezoelectric nanofiber device which
can be used in both energy harvesting and civil infrastructure sensing applications. The
electrospinning method is used for the synthesis of a cost-effective, large-scale and efficient
piezoelectric nanofiber composite, making it considerably more attractive for commercial

industrial and civil engineering applications.



1.2 Objectives and Methodology

The goal of this thesis is to design, develop and engineer electrospun PVDF nanofibers and
investigate its feasibility in energy harvesting and sensing applications in civil infrastructure. To
achieve this goal, four major research objectives are studied in this program; details are listed as
below:

1) Investigate process-structure-property relationship of electrospun PVDF nanofiber

In this thesis, PVDF nanofiber is fabricated using the electrospinning method through a
sol-gel approach. The electrospinning method has been found to be an efficient tool to enhance the
B-phase and piezoelectric properties of PVDF via in situ electrical poling and mechanical
stretching of nanofiber during the fabrication process [17; 24-27]. However, the contradictory
results were reported by some researchers to indicate that the electrospinning method has failed to
promote the formation of B-phase [14; 28-31]. Therefore, a post-poling treatment was required to
make the molecular dipoles oriented along the fiber length direction. Although the electrospinning
process appears to be technically straightforward, several processing variables need to be well
understood and optimized in order to fabricate nanofibers with the desired properties such as
uniformity, alignment, B-phase and beads-less formation. Up to now, the conventional method to
fabricate the electrospun PVDF nanofiber has been used, in which the interdependence of each
processing parameter on nanofiber characteristics are overlooked since this method only involves
changing one of the electrospinning process parameters while keeping the others fixed at certain
values. As results, the conventional methods do not provide a reliable model to predict and
optimize the properties of PVDF nanofiber. Therefore, it is important to develop a comprehensive
and reliable model to elucidate the effect of the electrospinning processing parameters on the
morphology and the B-phase formation of electrospun PVDF nanofiber. On the modeling part, the
response surface methodology (RSM) has been approved as a powerful experimental design
technique for the modeling and analysis of problems in which a response of interest is influenced
by several variables [32-36]. Hence, this task aims to develop a robust model to investigate the
effect of electrospinning process parameters on the morphology and crystallinity of PVDF
nanofiber. A response surface model is proposed to predict the size, the probability of the beads
formation, and the fraction of the B-phase content of electrospun PVDF nanofiber. In addition, the
proposed model can be used to assess the effect of each electrospinning process parameters as well

as the interdependencies of all parameters. Finally, a multi-objective numerical optimization



technique will be used to achieve a beads-free PVDF nanofiber and simultaneously with the
maximum of B-phase content. The optimized parameters are identified and considered in the
fabrication process of the piezoelectric device.
2) Investigate the fundamental mechanism of B-phase formation and the effective
approaches to enhance the f-phase content in PVDF nanofiber

The B-phase of PVDF is responsible for its electroactive properties such as ferroelectric,
piezoelectric and pyroelectric properties. The PVDF polymer chains in the unit cell of B-phase are
arranged in a way that all the dipoles are aligned in a parallel manner leading to a net dipole
moment, which is the strongest amongst all the phases [37]. In order to enhance the B-phase
formation of piezoelectric devices, different approaches have been proposed. The electrical poling
and mechanical stretching have been mostly used to improve piezoelectric performance due to
change the crystallinity of PVDF. However, these processes are costly and time-consuming.
Adding materials is another approach to promote the B-phase formation of PVDF. Regarding using
additive material approach, the carbon-based materials such as carbon nanotubes (CNT) and
graphene oxide (GO) were found to be effective in enhancing the electromechanical properties due
to the nucleation effect which can promote crystallinity of the PVDF matrix. So far, these materials
were incorporated into the PVDF solution which causes some problems such as agglomeration
which limits the dosage of these additives. Although the enhancement of B-phase through adding
these additives might induce a higher electrostatic charge potential, the transfer of the static
charges has remained a challenge as PVDF is not conductive. The latter further affect the efficiency
of the piezoelectric device. As an interior core-shell, the GO is solidified into nanofiber form which
can provide a higher surface area to interact with PVDF molecular chain to enhance the p-phase
formation. In addition, it is expected that the core-shell structure can prevent the agglomeration of
the GO nanoparticles.

This task aims to address these issues by proposing a novel core-shell electrospinning
system to enhances the B-phase of the PVDF nanofiber. The interior core consists of graphene
oxide which acts as a nucleation site to enhance the p-phase while the exterior shell is responsible
for facilitating the transferring of the accumulated static charges. The incorporation of ferroelectric
materials tends to enhance the remnant polarization of the piezoelectric device due to the
nucleation effect which can promote crystallinity of the PVDF matrix. At the first step, a series of

experiments are conducted to investigate the nucleation effect of GO particles for enhancing -



phase formation of the optimized PVDF. The Fourier transform infrared spectroscopy (FTIR), X-
ray diffraction analysis (XRD) are used to study the possible the interaction between the polymer
chain and graphene oxide. Secondly, the piezoelectric coefficient and ferroelectric properties of
PVDF nanofiber composite are studied using atomic force microscopy (AFM).

3) Design, engineer and fabricate PVDF piezoelectric device

This task aims to evaluate the feasibility of using a PVDF piezoelectric device in both
energy harvesting and sensing civil infrastructure applications. In this scope, several subtasks are
considered to achieve this goal. This first step is focused on fabrication the device. A Lift-off
lithography method is used to fabricate an interdigitated device. The thermal evaporation and e-
beam evaporation methods are used to deposit electrode on the electrospun PVDF. The lithography
process requires multiples devices and clean room fabrication environments which results in a
small-scale PVDF nanogenerator/sensor scale. Thus, it is difficult to scale such designs for mass
production, especially in civil engineering application which deals with large scales applications.
Hence, an inkjet printing method is also evaluated for device fabrication process.

4) Investigate the feasibility of using electrospun PVDF piezoelectric
nanogenerator/sensor for civil engineering applications.

The efficiency of the piezoelectric device is then investigated in both energy harvesting
and sensing applications. A mechanical vibration test set up is developed in which the voltage
output of nanogenerator with a different frequency is examined. A cantilever beam is simulated
by using this set up to investigate the efficiency of the sensor in capturing the mechanical vibration
at a different frequency. The lower acoustic impedance of PVDF polymer compared to ceramic
materials, make it a good alternative for acoustic sensing applications. The efficiency of the sensor
for health monitoring application is also studied. This section aims to investigate the feasibility of
using electrospun PVDF nanofiber in both passive and active sensing state. Acoustic emission
monitoring is considered as a passive method which can detect sensing acoustic waves generated
by acoustic emission source. The pitch-catch approach is also considered for the active sensing
approach. In this approach, a piezoelectric transducer acts an actuator to propagates the Lamb

waves while another piezoelectric device works as a sensor to detect the signal.



1.3 Thesis Structure
This thesis is organized into five chapters. The details of each chapter are briefly discussed in the
following:

Chapter 1 introduces the main thesis objectives and the methodology to achieve the goals.

Chapter 2 contains an extensive literature review of the piezoelectric effect, PVDF
synthesis process, approaches to enhance the B-phase, PVDF nanogenerator devices, and PVDF
sensor devices.

Chapter 3 presents the fabrication process of PVDF using electrospinning method. This
chapter investigates different parameters for fabrication process of electrospun PVDF. The results
for the developed RSM model is presented and discussed. A core-shell system is also discussed to
promote the formation of B-phase. This chapter presents the results of the piezoelectric coefficient
using piezoelectric force microscope technique.

Chapter 4 presents the fabrication process mainly by lift-off lithography and inkjet printing
process. The results for energy harvesting application and sensing application of electrospun
PVDF nanofiber are also discussed. The last part of this chapter presents the experimental
procedure and the results PVDF piezoelectric device as an acoustic emission sensor.

Chapter 5 includes a summary of the conclusion of the thesis and propose some future

works.



CHAPTER 2. LITERATURE REVIEW

2.1. Fundamental of piezoelectric effect

The “piezo” is derived from the Greek word which means pressure. In 1880 Curie brothers
discovered the piezoelectric effect in certain solid crystalline dielectric substances such as quartz.
The piezoelectric effect is defined as the relation between the mechanical energy with the electrical
energy which originates from the displacement of the ions in the materials with asymmetric crystal
structure [38; 39]. They realized that the applied force to quartz produces an electric charge in the
crystal. This effect is known as a direct piezoelectric effect. They also discovered that an electric
field applied to the quartz results in a deformation of the material which is known as a piezoelectric
inverse effect. The piezoelectric devices operate in a variety of applications using the direct and

inverse effect. Figure 2-1 shows the schematic of the piezoelectric effect (direct and inverse).

Figure 2-1-A schematic of the piezoelectric device based on the direct effect (left) and inverse effect (right).

The materials that exhibit a significant and useful piezoelectric effect fall under three main
groups including 1) natural such as quartz, Rochelle salt; 2) synthetic such as lithium Sulfate and
ammonium dihydrogen phosphate; and 3) polarized ferroelectric crystals such as Barium Titanate,
Lead Zirconate-titanate. The materials in a natural group exhibit the piezoelectric effect without



further processing such a the post-treatment and poling due to their natural asymmetric structure.
However, the crystal materials other than ferroelectric crystals must be artificially polarized by
applying a strong electrical field to the material (poling process), while it is heated to a temperature
above the Curie point of the material. They are then slowly cooled to the field still applied. When
the external field is removed, they have a remnant polarization which allows them to exhibit the
piezoelectric effect.

The piezoelectric effect for sensing applications is characterized mainly by calculating the
piezoelectric coefficient (dj), also known as charge constant, where i is the direction of electric
effect and j is the direction of mechanical effect. The charge constant is the strain induced by an
applied electric field. The piezoelectric coefficient can be calculated using the following equation:

) (2-1)

_ Strain developed (m
Applied electrical field 'V

]

The piezoelectric constitutive establish a relation between the linear elastic properties and linear

dielectric properties using the following formula:
S, =S,°T, +d,E, (2-2)
D, =d,T, +&",E, (2-3)

Where D is electrical displacement, E is an electrical field, S is strain tensor induced by
mechanical stress, and T is the stress induced by an electrical field, St is the elastic compliance matrix
at a constant electric field; €7 is the permittivity at constant stress [40]. The piezoelectric coefficient
of the most common piezoelectric materials is shown in Table 2-1. As can be seen, the PZT shows
the highest piezoelectric coefficient as compared to ZnO and PVDF.



Table 2-1- The piezoelectric coefficient of the piezoelectric materials

Materials dss (pm/V) Sample Processing method
PVDF [41] 17.4 Thin film Spin coating

PVDF [42] 30 Nanofiber Electrospinning

PZT [43] 330 Thin film Molecular-beam epitaxy
PZT [44] 380 Nanofiber Electrospinning

ZnO [45] 9.2 Nanowire Hydrothermal

ZnO [46] 26.7 Nanobelt Vapor transport deposition
ZnO [47] 6.4 Thin film Pulsed laser deposition

2.2. PVDF nanofiber synthesis process

PVDF nanofibers have shown good ability to harvest the mechanical force under high
strain conditions, due to their excellent flexibility and process simplicity [18]. PVDF has been
widely investigated due to its piezoelectric, ferroelectric properties as well as its high flexibility,
high durability, and good mechanical properties. The molecular structure of PVDF involves the
repeating monomer unit (—-CH2CF2>-)n. PVDF is a semi-crystalline polymer with the four
distinctive crystal structures which can be divided into the polar and non-polar phase. Among
them, three polar crystal forms exist (B, y and 6 phases), where -phase (TTTT) is highly polar
compared to the other two phases. The non-polar a-phase (TGTG'), however, is the most common
and thermodynamically stable phase at ambient temperature and pressure [48; 49]. Figure 2-2a
and Figure 2-2b presents the a-phase and -phase of PVDF, respectively. The B-phase of PVDF is
responsible for its electroactive properties such as ferroelectric, piezoelectric and pyroelectric
properties. The PVDF polymer chains in the unit cell of B-phase are arranged in a way that all the
dipoles are aligned in a parallel manner leading to a net dipole moment, which is the strongest
amongst all the phases [37]. Hence, the enhancement of B-phase of PVDF is essential for many

applications.
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Figure 2-2- The structure of PVDF (left) a-phase (right) B-phase of PVDF.

In order to enhance the p-phase, different approaches have been utilized. These approaches
can be classified into two main categories including additive material approach and post-treatment
approach (electrical poling, mechanical drawing, etc.). The latter has been mostly used to improve
piezoelectric performance due to the enhancement of the degree of crystallinity of PVDF.
However, the process is costly and time-consuming which limits the scalable production of
nanogenerators/actuator in an industrial fabrication process. Electrospinning is a widely used
processing method to fabricate flexible PVDF nanofibers due since it is simple, efficient and cost-
effective. It has been reported that electrospun PVDF nanofiber results in the formation of the
piezoelectric B-phase [50-53]. The electrospinning process involves applying a high electrical field
and elongation force on nanofiber jet, as such it eliminates the need for post-treatment processes
including electric poling and mechanical stretching. The advantage of using electrospun nanofibers
for energy harvesting is their high mechanical robustness and responsiveness to small mechanical
disturbances [40].

The fabrication process and characterization of PVDF piezoelectric nanogenerators and
sensors have been explored in many research programs. This chapter aims to review some of the
PVDF piezoelectric energy harvester and sensors which have been used in a variety of
applications. In order to easily control the deposition of the nanofiber, Chang et al. [18] developed
a direct write technique by using Near-field electrospinning (NFES). A tungsten electrode is used
to construct nanofibers with the size of 50~500 nm in line-width on silicon-based collectors (Figure
2-3). The electrical field was created by applying 600 V between electrode and collector while the
electrode-to-collector distance is 500 um to achieve controllable position deposition. Also, the
PVDF nanofibers achieve both in-situ electrical poling and mechanical stretch to exhibit

piezoelectric properties. It was found that under mechanical stretching, nanogenerators can show
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repeatable electrical outputs with energy conversion efficiency an order of magnitude higher than
those made of PVDF thin films [18]. In addition, a much smaller domain wall motion barrier in
PVDF nanofibers was observed as compared to PVDF thin film [54], which results in large
piezoelectric responses.

The size and alignment of the electrospun nanofiber were also reported in several works.
A drum collector has been widely used to enhance the alignment of the electrospun nanofiber. The
high speed of the drum rotates to allow the nanofiber to deposit along the direction of the rotation.
It has to be noted that the drum’s rotation speed needs to be adjusted to an optimum range [55]. It
was reported that the low speed leads to non-uniform deposition of nanofiber while the high-speed
rotation of drum will break up the nanofiber and cause fiber discontinuity [56; 57]. In some works,
the drum collector has been used to control the fiber in which the higher speed of the drum results
in a finer size of the fiber [58; 59]. However, some researchers confirmed that the drum’s rotation
speed has an insignificant little effect on the fiber diameter [57; 60].

Taylor cone
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Figure 2-3-Schematic of the in-situ poling near-field electrospinning [18].

A hollow cylindrical near-field electrospinning (HCNFES) was developed to fabricate
PVDF nanofiber [61]. In this method, the nanofiber was fabricated under high electrical field with
a strong in-situ mechanical stretch. It was found that Young’s modulus of the PVDF sample
increased by 56.2 %. Figure 2-4 shows the aligned electrospun PVDF nanofibers using HCNFES

process. The main drawback of near-field electrospinning process is that the nanofibers required a



12

post-treatment such as poling treatment and mechanical stretching to make the dipole of the
polymer orient along the fiber length direction. It has been reported that far-field electrospinning
is beneficial to make PVDF nanofiber with high piezoelectric properties in the absence of post-
treatment process. It has been reported that electrospun PVDF nanofibers are fully poled right after
fabrication using far filed electrospinning and show B-phase contents of 70%, therefore being able

to be implemented into electroactive devices without further processing steps [52].
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Figure 2-4-The aligned PVDF nanofibers with ultra-long length and large area form thin film structure using
HCNFES process [61].

Researchers have been investigating the addition of additives such as inorganic salts (NaCl,
KBr, KCI), organic salts (BTEAC,), and CNTs on fiber morphology for PVDF solutions [62].
Persano et al. introduced a large area, flexible piezoelectric material that consists of sheets of
electrospun fibers of PVDF. Also, The process yields alignment at both the level of the fibers and
the polymers, thereby enabling excellent response and high B-phase content without further
processing [63]. Ahn et al. investigated an electrospun PVDF with multiwalled carbon nanotube
(MWCNT) nanocomposites. The effects of MWCNT concentration and the post-treatment process
including the mechanical drawing and poling on the piezoelectric properties of the PVDF were
evaluated. It was found that the addition of 0.2 wt. % of MWCNTSs promote the formation of higher
B-phase in PVDF due to nuclei effect in the crystallization process and inducing charge
accumulation at the interface [30]. Sharma et al. [42] studied the ferroelectric and piezoelectric of
the electrospun PVDF nanofiber with two different nanoparticles: functionalized multiwall CNT
and silver (Ag) decorated CNTs. This study was conducted in with electrospinning and melt-mix
process. The results indicate that the formation of B-phase is highly dependent on the adopted
process. It was found that the addition of both nanoparticles using electrospinning process results
in a significant phase transformation of a-phase to B-phase. However, the highest piezoelectric
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coefficient was obtained for the PVDF nanofiber with the silver decorated CNTs. Yee et al. [64]
investigated the effect of single-walled carbon nanotubes (SWCNT) on the polymorphism
behaviors of PVDF nanofiber. The nanofiber was collected under high extensional force and
finally treated with supercritical carbon dioxide (SCCO>). The results revealed that the existing
hydroxyl groups in SWCNT could interact with PVDF molecular chain which can enhance the -
phase formation of PVDF nanofiber. Also, the SCCO; treatment effectively induced the p-phase
formation due to the intense confinement effect of SWCNT for stabilizing the nuclei of the B-phase
and the high pressure applied.

The piezoelectric properties of PVDF-CNT were examined by Wu et al. [65]. The results
proved that addition of CNT could promote the B phase formation. The piezoelectric properties of
the electrospun PVDF nanofiber were also improved through interfacial polarization. Bhavanasi
et al. [66] reported the piezoelectric behavior of PVDF with GO addition. The bilayer PVDF-GO
was fabricated. The post-treatment process was also applied to further improve the B phase
formation. The PVDF-GO showed superior piezoelectric behavior compared to the neat PVDF
sample, due to synergic effect of electrostatic force and the presence of charge at the interface of
the PVDF and GO. Rahman et al. [67] developed a flexible energy harvester using PVDF-GO
composite. The fabricated film was undergone the poling process. The PVDF-GO exhibited a
significant piezoelectric and ferroelectric properties compared to those of pure PVDF.

Other than the carbon-based materials, several additives were also incorporated into PVDF
polymer solution to further improve the properties of PVDF. The addition of LiCl was also found
to be useful in enhancing the B-phase formation in PVVDF crystal structure [68]. It was also found
that the addition of LiCl can improve the piezoelectric behavior of nanofiber and the voltage output
of the device [68]. Fashandi et al. [69] fabricated a PVDF-cellulose nanocrystal (PVDF/CNC)
using electrospinning process. The results indicated that the addition of CNC could significantly
promote the B phase formation due to the nucleation effect. Moreover, the presence of CNC
particle can prevent the nucleation of a crystalline phases which finally enhanced the piezoelectric
properties. Liu et al. [70] investigated the effect of nanoclay addition on B phase formation of
PVDF. The results indicated that the a-phase is significantly reduced. The FTIR results proved the
formation of long trans conformation. It was found that the nanoclay plate can stabilize the trans
conformation as a result of the interaction between the PVDF chain and nanoclay layers. The latter

can enhance the transformation of the nonpolar (a-phase) to polar phase (B phase). The effect of
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ZnO nanoparticles addition was also studied by Bafqi et al. [71]. They found that the addition of
ZnO into PVDF nanofiber can enhance the piezoelectric properties and the voltage output of the
energy harvester device.

2.3. PVDF piezoelectric devices and applications

The main applications of PVDF piezoelectric materials can be categorized into three main
groups including the energy harvesting, sensing and actuation applications. The flexibility of
PVDF makes this material as an exceptional candidate for several applications, particularly for
sensing applications. This section aims to review both the energy harvesting and sensing
application of the PVDF piezoelectric device.

The energy harvesting efficiency of electrospun PVDF-TrFE doped with ceramic fillers
was studied by Perreira et al. [72]. A controversial result was reported by Caroline et al. [73], in
which the piezoelectricity generated voltage in response to mechanical deformation of BaTiOs-
PVDF composite nanofibers with various concentrations of BaTiOz nanoparticles was measured.
It was found that the magnitude of the resultant voltage increases as the nanoparticles concentration
increases. PVDF nanofiber with 16 wt.% BaTiOs nanoparticles exhibit piezoelectric output
voltages that are 1.7 times greater than PVDF fiber without BaTiOs nanoparticles when subjected
to the same degree of deformation. Zeng et al. [74] presented a wearable electric power
nanogenerator, which consists of a PVDF-NaNbO3 nanofiber nonwoven fabric as an active
piezoelectric component, and an elastic conducting knitted fabric, made from segmented
polyurethane and silver coated polyamide multifilament yarns, as the top and bottom electrodes.
The resultant generator exhibits high durability (greater than 1 000 000 cycles) and good electric
power generating performance in a cyclic compression test simulating human walking conditions.
Ji sun Yuh [75] investigated the piezoelectric nanofiber composites of electrospun PVDF polymer
and PZT (Pb(Zr0.53Ti0.47)Os) ceramics. The results demonstrated that a PZT content of 20 wt%
could enhance the tensile and piezoelectric characteristics. An increased Pr (remnant polarization)

of 60 % was observed from pure PVDF nanofiber of 0.15 x C/cm2 to PZT/PVDF nanofiber (PZT
20 wt%) of 0.24 . C/cm2. The carbon-based materials such carbon nanotubes (CNT) and

MWCNTSs are the most common types of additives to enhance the pB-phase content as well as
piezoelectric properties of PVDF. Ou et al. [76] used NFES method to fabricate PVVDF nanofibers
mixed with additional MWCNT. The results indicated that the addition of MWCNT could increase
the crystalline of B which enhance the piezoelectric properties. Prakriti et al. [77] studied the effect
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of PVDF-graphene-Eu®" composite. It was found that the complete conversion of the piezoelectric
B-phase and the improvement of the degree of crystallinity is governed by the incorporation of
Eu* and graphene sheets into P(VDF-HFP) nanofibers. One of the main challenges in the
piezoelectric device is to facilitate the transfer of accumulated static charges into the capacitor
since PVDF is not conductive. Hao Yu showed that the addition of an appropriate amount of
MWCNTs might result in a higher surface conductivity of PVDF which finally leads to higher
power output [24]. However, the dispersion of MWCNTSs was a deterrent factor for adding high
dosage to PVDF. It was found that uniform distribution of MWCNT in the electrospun films helps
efficient charge accumulation at the interface between the MWCNTSs and the matrix PVDF
molecules [78]. The effect of MWCNTSs on mechanical properties of PVDF mats was investigated
by Shu-Hua Wang et al. [79]. It was reported that with the increasing of MWCNT content, the -
phase was noticeably enhanced, and the fibers became more elastic, which was manifested by
Young's modulus decreased drastically. Other than additives, the effect of substrate on
piezoelectricity response of the flexible devices has been investigated by Sun-Lee [27]. The effects
of different substrates such as slide glass, poly (ethylene terephthalate), poly (ethylene
naphthalate), and paper and on the efficiency of the PVDF nanofiber energy harvesters was
studied. It was found that the thinnest paper substrate (66 pum) with a moderate Young’s modulus
showed the highest voltage output (0.4885 V) for the energy harvester with the dimension of 25mm
X 31mm. Siddiqui et al. [80] developed a PVDF-TrFE piezoelectric nanogenerator for
biomechanical energy harvesting application. The barium titanate nanoparticles were also
embedded into PVDF polymer for charge storage. The flexible device was also proven to capture
biomechanical energy from body movements and store the generated electrical energy in a
rechargeable battery.

In addition to energy harvesting applications, PVDF has shown promising potential in
sensing applications such as pressure sensor, an acoustic sensor, and ultrasound sensor [81]. Wang
et al. [82] reported a force sensor based on PVDF fabrics with excellent flexibility and
breathability, to be used as a specific human-related sensor. The results demonstrated the
feasibility of using PVDF nanofiber to make a flexible pressure sensor without mechanical and
poling treatment. Xin [83] investigated the straight PVDF/nano clay nanofibers fabricated by a
“near distance-wheeling” electrospinning (NWS) method. The electrospun fibers were embedded

into full-fiber sensors. The sensor based on the PVDF/nanoclay fibers exhibited considerable
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piezoelectric properties with good reproducibility. Xumin Pan et al. [84] developed a flexible
piezoelectric self-powered vibration sensor was fabricated by transferring the PVDF NFs from
silicon to PDMS substrate. Accordingly, the sensor can be used for self-powered monitoring of
the vibration state of a metal foil and measure the intrinsic resonance frequency of the objects
without any powering source. Samiran Garain et al. [85] fabricated a low-cost in situ poled method
to construct a scalable and flexible force sensor. The electrospun Ce®* doped PVDF/ graphene
composite nanofibers were used in this study. The higher sensing properties along with the
flexibility enabled real-time monitoring of sound waves. James S. Lee [86] developed a PVDF-
ZnO sensor which was able to measure pressure and temperature in real time simultaneously. The
pressure was monitored by the change in the electrical resistance via the piezoresistance of the
material, and the temperature was inferred based on the recovery time of the signal. Rathod [87]
investigated using a large-area PVDF thin films for strain sensing applications. The results
indicated that the scalable PVDF sensors could be better with the power output comparable to the
PZT sensors. In addition, the PVDF sensors detect both Ao and So modes of Lamb wave
successfully. Surface acoustic devices are considered as a useful and efficient sensor for health
monitoring purposes [88]. Dodds et al. [89] investigated the performance of interdigitated
transducers (IDTs) for active health monitoring. The feasibility of using these devices for sensing
and actuation of Lamb waves on an aluminum pipe was validated. The results showed that the
devices are able to detect the damages by using a pitch-catch setup onto an aluminum pipe and
plate. Lang et al. [90] developed a sensitive acoustics sensor using electrospun piezoelectric
nanofiber. The device was proven to detect the mechanical sound wave at low-frequency range.
24, Summary

In spite of aforementioned researchers on fabricating electrospun PVDF nanofiber, the
processing parameters of electrospun process on formation of -phase is still not understood.
Several research indicated that electrospun PVDF fibers could be used to fabricate a piezoelectric
device without any extra poling treatment, while controversial results were reported by other
authors indicating that the electrospun PVDF nanofibers required a post-poling treatment. This
might be due to this fact that the electrospinning fabrication process involves several parameters
which not only affect the morphology of the fibers but also might change the crystallinity of PVDF
nanofibers. Hence, the controlled size of the fiber and B-phase formation requires a good

understanding of the fabrication process parameters. Moreover, no robust model has been
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presented to predict the performance of nanofiber in terms of morphological as well as crystallinity
properties. Establishing a robust numerical model is therefore beneficial to predict the performance
of PVDF nanofiber.

Several approaches have been utilized to enhance the p-phase of PVDF nanofiber. The
poling and mechanical stretching were found to be the most efficient methods to improve the -
phase content. However, these methods limit the feasibility of large-scale production and also are
expensive. Therefore, a hybrid structure needs to be designed to not only improve the -phase but
also helps to facilitate the transferring of the static charges. So far, most of the applications of
PVDF piezoelectric devices are limited to the pressure sensor and only a few applications for
health monitoring have been reported. The advantage of using PVDF as a sensor for health
monitoring might be beneficial as the voltage constant of P\VDF material is sufficiently high to be
used as a sensor. Hence the feasibility of using piezoelectric sensors in civil engineering

infrastructure applications need to be explored.
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CHAPTER 3. FABRICATION PROCESS OF ELECTROSPUN PVDF
NANOFIBER

Electrospinning is a simple, versatile and low-cost technique for fabricating flexible
nanofibers with significant lengths, uniform diameters in nanoscale and various compositions [3].
Moreover, this method is an effective method for large-scale production of the nanofiber.
Electrospinning method was used in this study to fabricate the PVDF nanofiber. Electrospinning
process is a synthesis method that uses electric force to draw charged polymers into nanofiber with
diameters ranging from few nanometers to several hundred nanometers. Electrospinning process
is applicable for many applications, and a wide range of nanofibers made of natural polymers,
polymer blends, ceramic precursors and metal or metal oxides have been electrospun into different
fiber morphologies.

3.1.  Electrospinning process

A typical electrospinning system consists of a collector (stationary or rotor drum), syringe,
electrical pump and a high voltage power supply. During the electrospinning, a high electrical field
is applied between the conductive needle and a conductive drum to draw the nanofibers. A

schematic of an electrospinning set up is shown in Figure 3-1.

Figure 3-1- Electrospinning process using a rotor drum as a collector.

The basic principle of electrospinning involves forming a conical fluid structure called the
Taylor cone at the tip of a metallic spinneret by applying a high voltage between the spinneret and
a grounded collector [91]. The voltage induces a repulsive force which works against the surface
tension of the solution. Once the repulsive force overcomes the surface tension at a certain voltage

[91; 92], the nanofiber jet spun from the needle. The amount of applied voltage plays an important
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role in electrospinning process. If the applied field is not sufficiently high, the nanofiber jet will
break up into droplets, which is called “electrospraying.” The nanofiber jet experiences different
types of instability during its travel towards the collector which leads to the fiber jet being collected
on the conductive drum [93]. The solvent evaporates while the nanofiber jet travels towards the
conductive electrode. The rate of evaporation depends on several factors such as temperature,
humidity, the distance between collector-spinneret, flow rate and type of solution. The nanofiber
jet, however, can resist and prevents the jet from breaking up resulting in the formation of fibers.
The viscosity of the solution is also a critical parameter. In fact, the low viscosity can change the
electrospinning process into electrospraying process by formation of droplets instead of
nanofibers. Therefore, it is critical to understand the effect of different processing parameters on
the structural properties and functionality of nanofibers. In this study, a commercial
electrospinning machine (Tongli Tech TL-01) was used to make the PVDF nanofiber. Figure 3-2
shows the setup of the device along with the electrical pump.

The sol-gel process was used to fabricate the PVDF nanofiber. PVDF pellet (Mw=275000),
N,N-dimethylformamide (DMF, Sigma 99.5%) and acetone (Sigma, 99.7%) were purchased from
Sigma-Aldrich. The PVDF solution was prepared by dissolving PVDF pellets in solvent mixtures
of DMF/Acetone. The solution was heated at 70 °C for 1-hour following by 5 hours stirring at
room temperature. The homogenous PVDF solution was then added to the 10-ml plastic syringe
which was placed in a syringe pump. The syringe was then connected to a special plastic pipe to
transfer the solution to the needle. A stainless-steel needle with the inner diameter of 0.6 mm was
used for the spinning process.

The syringe, plastic pipe and the needle set up are shown in Figure 3-3. The positive voltage
was applied to the needle to form Tylor cone. The various feeding rate of the solution was adjusted
to obtain a stable liquid jet. The nanofibers were spawned on a grounded rotating drum collector,
which was placed at a distance of 10 cm from the tip of the needle. The drum speed was kept
constant at 1000 rpm. Figure 3-4 shows the spinning process using a drum collector.

The spinneret was moving in a horizontal direction at the constant speed to facilitate the
large-scale production. The PVDF nanofiber mesh was finally collected from the drum. Figure 3-5
shows the process of peeling off a large scale electrospun PVDF nanofiber mat from the drum

collector.



Figure 3-3- The syringe, plastic pipe set up for the electrospinning process
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Figure 3-5- Peeling off a PVDF nanofiber from the drum collector.

3.2.  Model fitting and validation
Although the electrospinning process appears to be technically straightforward, several
processing variables need to be well understood and optimized in order to fabricate nanofibers
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with the desired properties such as uniformity, alignment, 3-phase and beads-less formation. Up
to now, the conventional method to fabricate the electrospun PVDF nanofiber has been used, in
which the interdependence of each processing parameter on nanofiber characteristics are
overlooked since this method only involves changing one of the electrospinning process
parameters while keeping the others fixed at certain values. As results, the conventional methods
do not provide a reliable model to predict and optimize the properties of PVDF nanofiber.
Therefore, it is important to develop a comprehensive and reliable model to elucidate the effect of
the electrospinning processing parameters on the morphology and the f-phase formation of
electrospun PVDF nanofiber [94].

In this study, four independent processing variables, namely PVDF concentration,
DMPF/acetone ratio, flow rate and electrical field, were studied. The defined variables for this
experiment and their control levels are shown in Table 3-1. Three responses were considered in
this study, including nanofiber size, beads formation and a fraction of the B-phase content. It is
important to note that the addition of acetone above 83 vol. % caused clogging at the needle tip
resulting in stopping of the electrospinning process. Therefore, the lowest DMF/acetone ratio was
limited to 0.2.

A total of 33 set point combinations was randomly chosen according to D-optimal
configuration for all four parameters. A second-order polynomial model was then calculated for

each response.

Table 3-1- Variables and corresponding limits for fabrication of PVDF nanofiber.

Symbols Range of variation
Variables Min Max
Concentration (%) 15 30
DMF/acetone (v/v) 0.2 3
Flow rate (ml/h) 0.5 3.8

Electrical field

(Kv/cm) 0.75 1.36

The model was developed in three consecutive steps. First, a full polynomial model is

applied to establish the relationship between the electrospinning process and the responses.
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Second, the insignificant terms were removed from the model by conducting an analysis of
variance (ANOVA). The accuracy of the model was evaluated at the last step by performing
residual analysis [32; 95; 96]. The adequacy of each proposed model was validated by coefficients
of multiple determination (R2), which implies the total deviation of the response variable from the
predictive model [32; 34; 97-106]. The analyze of results for full regression models included the
adjusted coefficient of multiple determinations (Adj-R?), and the predicted coefficient of multiple
determinations (Pre-R?), the lack-of-fit, and the model P-value, are given in Table 3-2. The
obtained correlation coefficients for fiber size, beads formation and a fraction of B-phase were R?=
0.95, R?= 0.92 and R?= 0.94 respectively. The adequacy of the model was verified by performing
a lack-of-fit test (Table 3-2). The desired result is an insignificant lack-of-fit, which is presented
by a value greater than 0.05 [107-111]. All the P-values obtained by ANOVA implied that the
lack-of-fit is not significant compared to the reference.

The significance of all the four parameters were assessed using ANOVA analysis. All the
insignificant terms were removed from the model through the screening process. These high values
of correlation coefficient validate the adequacy of the model used to navigate the design space.
ANOVA analysis was also performed to further evaluate the significance of the model. The F-
values of 21.1, 16.8 and 88.7 were obtained for fiber size, beads formation and a fraction of B-

phase respectively, which indicated that the models are significant.

Table 3-2- Results for full regression models.

Responses AFS; Pre-R*>  F-value Lack of fit Model P-value

Fiber size 095 0.89 21.1 0.32 <0.0001
Beads formation 0.92 0.85 16.8 0.46 <0.0001
B-phase content 0.94 0.90 88.7 0.23 <0.0001

3.3.  Morphology of PVDF nanofiber

Parameters affecting the morphology and crystallinity of PVDF nanofiber can be classified
into two categories namely solution properties and electrospinning process parameters. The PVDF
nanofiber size and formation of the beads are the two main characteristics the need to be controlled
during the electrospinning process. SEM was used for visual analysis of the PVDF nanofiber

morphology. The diameter and size distribution of the fibers were analyzed using ImageJ software.
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Figure 3-6 and Figure 3-7 shows the morphology of two electrospun PVDF nanofiber mesh with the
same concentration (25%) and different DMF/acetone ratio. The average diameter of nanofiber in
sample 1 and sample 2 was around 87 nm and 438 nm, respectively. The SEM images of other two
samples with the same PVDF concentration (27.5%) are presented in Figure 3-8. Figure 3-8a
shows a beadless PVVDF nanofiber while Figure 3-8b exhibits a high number of beads at the same
concentration. The concentration of PVDF was reported widely as the most significant factor in
determining the percentage of beads in PVDF nanofiber [51; 112], however the substantial
difference in nanofiber size and beads formation for the samples with the same concentration of
PVDF pellets, implies other electrospinning processes have more effects on morphology of
electrospun nanofiber. In order to better present the complicated relations between the parameters
and responses, several 3D interaction surface graphs along with the trace plots were obtained from
RSM model. Once the model was validated, the effect of each parameter on the response was
systematically investigated. The ANOVA analysis was used to assess the effect of individual
parameters as well as the interaction of variables on responses. The effect of variation of
concentration and DMF/acetone ratio on nanofiber size is shown in Figure 3-9. The higher
concentration resulted in higher solution viscosity and stronger intermolecular interactions which
led to larger nanofiber size. However, the amount of acetone plays a critical role in controlling the
fiber size. For a constant electrical field and flow rate, the higher DMF/acetone ratio led to finer
fiber size, as higher acetone content increases the evaporation rate. In order to have a better
understanding of each individual constituents’ effect on the response, a trace plot was used. A
constituent effect curve displays how a model predicts that the response will change as the
constituent is decreased or increased from its level in the reference mixture [34]. Figure 3-10 shows
the effect of variation of all constituents on PVDF nanofiber size. The slope of the plot indicates
the sensitivity of the response in terms of each constituent. The results indicated that the higher
electrical field leads to the formation of the fine fibers. In fact, applying the higher voltage might
impose a higher charge density on the surface of nanofiber jet. This induces a larger elongation
force to the fiber jet which results in a finer nanofiber size. As it can be seen, flow rate curve
showed almost a horizontal trend, which implies that the nanofiber size is not very sensitive to this
parameter. The formation of beads has been widely reported in the electrospinning process [113-
115], and it has been considered as the main drawback of the electrospun fibers [113]. The

formation of bead-free nanofibers is favorable in almost all applications of electrospun nanofibers.
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The formation of beads in electrospun nanofibers is mostly related to the instability of the jet of
polymer solution [116; 117]. In this study, the amounts of beads in the microstructure of the
nanofiber were measured quantitatively using ImageJ software. Figure 3-11 shows the variation
of the beads formation in PVDF nanofiber as functions of concentration and DMF/acetone ratio.
The results indicated that the amounts of beads increase with the decrease of concentration. In
general, the lower concentration increased the risk of beads formation in PVDF nanofiber. The
low viscous solution favors the formation of beads in PVDF nanofiber due to lack of sufficient
polymer entanglement [118]. The results indicated the number of beads was reduced drastically
for the solution with the concentration above 25 %. However, several electrospun nanofiber
samples with high concentration of PVDF pellets (more than 25%) exhibited a considerable
amount of beads, implying that the solution concentration itself doesn’t necessarily result in a
beads-free nanofiber. The DMF/acetone was to be found very effective in decreasing the number
of beads in PVDF nanofiber. However, the increase in DMF/acetone ratio results in nanofiber with
increased beads may be attributed to the incomplete solvent evaporation. Indeed, the high volatility
of acetone increased the evaporation rate of the solution which causes the jet to dry faster and thus
impeding the electrospun jet breaking up into droplets [112]. Also, the addition of acetone reduces
the surface tension of the solution so that beaded fibers can be converted into smooth fibers [119].
Hence, when the acetone concentration in the solution increased up to 60%, the number of beads
reduced drastically, allowing to achieve a bead-free nanofiber at concentration even lower than
25%.

" b
20 -

& 154

=

2

]

g 104

w
04 III..l.--.qnnnnny____....q

0 100 200 300

Fiber Size (nm)

Figure 3-6- PVDF nanofibers at concentration of 25%, DMF/acetone: 3; a) SEM image b) Fiber size distribution.
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Figure 3-7- PVDF nanofibers at concentration of 25%, DMF/acetone: 1; a) SEM image b) Fiber size distribution.

Figure 3-8- SEM images show two different surface morphologies in terms of beads formation for the samples with

the same concentration of 27.5%: a) a beadless nanofiber b) PVDF nanofiber with a high number of beads.
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Figure 3-9-3D fiber size plot as a function of concentration and DMF/acetone. The higher concentration

resulted in higher solution viscosity and stronger intermolecular interactions which led to larger nanofiber size.
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Figure 3-11-3D beads formation plot as a function of concentration and DMF/acetone. The amounts of beads
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Figure 3-10-Trace plot of PVDF nanofiber size.

increase with the decrease of concentration.
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Previous literature indicated that the ferroelectric and piezoelectric properties of PVDF

nanofiber are attributed to the fraction of B-phase. FTIR analysis is mostly used to quantify the
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electroactive phase content of PVDF. Assuming that FTIR absorption follows the Lambert-Beer

law, the relative fraction of the B-phase in a sample containing just a.and B PVDF is (Eq.1)[120]:

_ Ag
Fp = (Kp/Ko)Aq+Ag

1)

where F(p), represents the phase content; A, and Ag are the absorbance at 766 and 840 cm L K,
and Kgare the absorption coefficients at the respective wavenumber, which values are 6.1 X 104

and 7.7 X 104 cm? mol?, respectively.

The fraction of B-phase as a function of concentration and DMF/acetone ratio is presented
in Figure 3-12. The results indicated that the fraction of B-phase is considerably decreased by
reducing the DMF/acetone ratio. It has been reported that low evaporation rates result mainly in
the o phase which is thermodynamically more favorable, while intermediate rates in a mixture of
a and  and high evaporation rates in the o phase, kinetically more favorable [121]. In fact, adding
more acetone increases the evaporation rate of the solution, since it has a lower evaporation
temperature, and this leads to the formation of more o phase in PVDF nanofiber samples. The trace
plot (Figure 3-13) clearly confirms the significant effect of the acetone content of fraction of the
B-phase content. As can be seen, the fraction of B-phase increased by increasing the concentration
of PVDF pellets. High concentration of PVDF decreases the evaporation rate of the solution
resulting in a formation of a high fraction B-phase content. The simultaneous interaction effect of
low concentration (15 %) and high volume of acetone content (83 %) reduce the B-phase content
below 50 %. Figure 3-13 shows that the fraction of -phase can be enhanced by applying higher
electrical field. The fraction of B-phase increases with increasing electrical field for all PVDF
nanofiber samples. It should be noted that this effect was more pronounced for the samples
subjected to higher voltage. At high voltage, the electrospun jet is subjected to the elongation force
because of an increased number of charges. In addition, a high electric field is induced between

the needle and conductive drum collector at high voltage. This electrical field acts as the polling
process which can further enhance the fraction of B-phase in PVDF nanofiber samples [122]. As

presented in trace plot, flow rate does not show any significant effect on the p-phase fraction.
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3.5.  Numerical optimization
A numerical optimization was conducted to develop a bead-free PVDF nanofiber with the
maximum fraction of the 3-phase. The global desirability function [123], was used to optimize any

combination of one or more goals (Eq.2):
n 1/2"i
D = (df xd xdf x...x ) 2" {Hdin} @)
i=1

where: n is the number of responses included in the optimization, and r; is the relative
importance of each individual functions di. Importance (ri) varies from 1 to 5, respectively from
least to most important. Individual desirability functions (d;) range between 0, for a completely
undesired response, and 1, for a fully desired response. For a value of D close to 1, the combination
of different criteria is globally optimal, so the response values are near to the target values [34;
35].

In this study, two criteria have been defined to achieve a bead-free PVDF nanofiber with
the highest fraction of B-phase. Table 3-3 shows all parameters and responses with their limits
range, required for conducting numerical optimization. Figure 3-14 presents a two-response
optimization zone, in which the highest 3-phase fraction and lowest number of beads were found
to reach the highest desirability function.

Two different optimal solutions, with the desirability of the functions ranging from 0.94 to
0.96, were obtained from the multi-objective optimization process. The predicted optimal solution
and electrospinning parameters (M1, M2) and corresponding response values are shown in Table
3-4.

The morphology of both optimal solutions is presented in Figure 3-15. The SEM picture
shows the formation of beadless electrospun PVDF nanofiber for both optimal samples. The
fraction of B-phase was determined by FTIR technique as shown in Figure 3-16. The nanofiber
sizes of M1 and M are 265 and 295 nm respectively which are aligned with the defined range for
the optimization process. The samples exhibited 75 % and 71 % of the fraction of B-phase content,
respectively which satisfy the minimum criteria in the optimization process. Results confirmed
that the experimental values are in good agreement with the values predicted by the proposed
model.
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Figure 3-12-3D fraction of B-phase plot as a function of concentration and DMF/acetone. The fraction of B-phase is

considerably decreased by reducing the DMF/acetone ratio.
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Figure 3-13- Trace plot for a fraction of B-phase in PVDF nanofiber.
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Table 3-3- Optimization of individual responses for a bead-free PVDF nanofiber with the highest fraction of 8-

phase.
Responses and Variables Lower Upper Criteria
Goal Importance

Concentration(%) 15 30 In range 5
DMF/acetone (v/v) 0.2 3 In range 5
Flow rate (ml/h) 0.5 3.8 In range 5
Electrical field (kV/cm) 0.75 1.36 In range 5
Fiber size (nm) 58 300 In range 5
Beads (%) 0.1 2 Minimize 5
B-phase (%) 0.48 0.76  Maximize 5

Table 3-4- Optimum parameters for the proposed criteria.

Constituents and

responses M1 M2
Concentration (%) 27.5 26
DMF/acetone (v/v) 1.49 1.25
Flow rate (ml/h) 2 1.5
Electrical field (kV/cm) 1.36 1.36
Fiber size (hm) 265 295
Beads (%) 0.09 0.09
[-phase (%) 75 71

Desirability 0.98 0.96
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Figure 3-14- Response surface plots of the Derringer’s desirability function in correlation with a variation of

concertation and DMF/acetone ratio. The red zone represents the optimized solution obtained by RSM model.

Figure 3-15- The SEM images of PVDF nanofiber samples optimized by the multi-objective optimization

process.
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Figure 3-16- The FTIR curve of PVDF nanofiber samples optimized by the multi-objective optimization process.
The absorbance peak at 766 and 840 cm—1 are the main peaks which represent the o and § phase of PVDF,

respectively.

3.6.  Enhancement of p-phase content using core-shell system

To further enhance the piezoelectric properties of PVDF nanofiber, a core-shell structure
was developed to improve the B-phase fraction as well as transferring the static charges. Figure
3-17 shows the schematic set-up for core-shell electrospun PVDF nanofiber.

The graphene oxide (GO) was selected as an interior core which is considered as an ideal
nanofiller for improving the mechanical properties of PVDF. GO acts as the nucleation agent to
promote the formation of B-phase in PVDF. GO can also enhance the dielectric permittivity and
ferroelectric properties of neat PVDF [124].

Moreover, adding nanofiller is considered an inexpensive approach compared to the post-
treatment approach as it doesn’t require of sophisticated devices and complicated process. The
core consists of electrospun PVDF-GO, and the shell consists the neat electrospun PVDF
nanofiber. The GO was synthesized using the modified Hummers method [125]. First, a solution
of 54 mL of H2SO4 and 6mL of H3PO4 (9:1 ratio) was prepared. Afterwards, 0.5 g of pristine
graphene was added to the solution while stirring. The stirring continued approximately 8 hours
until a dark green solution was achieved.
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Figure 3-17- A core-shell electrospinning set up.

Then, 1.5 mL of H.O> was added slowly using a syringe pump. 20 mL of HCI and 60 mL
of deionized water was then added to the reaction. The flask was swirled, and a Falcon/Eppendorf
tubes were used to centrifuge for 10 minutes. In this step, the supernatant for disposal was taken
out and washed with additional HCI and deionized water. The material was suspended and
centrifuged again. This step was repeated 7 times. Lastly, after the final supernatant was disposed
of, the GO was dried in the oven at 90 °C for 2 days. The solution of PVDF and PVDF-GO was
prepared using the same procedure explained in section 3.1. The ultrasonication probe technique
was used to produce the stable dispersions of the GO particle in PVDF solution. Figure 3-18 shows
the PVDF and PVDF-GO solution using the sol-gel process.

35

Figure 3-18- the PVDF solution (left) and PVDF-GO solution(right)

Figure 3-19 shows a schematic of the core-shell structure of electrospun GO-PVDF
nanofiber composite. By the fabrication processes described in section 3.2-3.6, one can identify
the optimized PVDF nanofiber with highest piezoelectric properties. Sample M1 (Table 3-4) was
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selected as a reference for this part of an experimental study to compare with GO-PVDF nanofiber
composite. Afterward, the GO doping of the PVDF is performed to fabricate the core. The GO was
synthesized using modified Hummers’ method [125]. The GO powder was dispersed in DMF
solvent and ultrasonicated for 30 min at room temperature. PVVDF pellet was separately dissolved
in DMF with the same procedure as explained in section 3.2. The GO suspension was then added
the PVDF solutions, and the mixture was stirred for an additional 3 hours. Different contents of
GO (0.05 wt%, 0.01 wt%, 0.02 wt% and 0.05 wt%) were added to PVDF. Figure 3-20 shows the
core-shell set up during the electrospinning process of PVDF-GO solution. The electrospinning
process and set up was performed similarly to that described in section 3.2. It has to be mentioned
that the flow rate for both solutions (interior core and exterior shell) was kept constant at 1ml/h.
The electrospinning process was optimized to obtain a stable Tyler’s cone for both solutions.
Table 3-5 shows the sample recipe for spin coated PVDF and electrospinning PVDF-GO
samples. A spin coating PVDF sample was prepared by using a Laurell spin coater to assess the
efficiency of electrospinning to promote the formation of B-phase. Several methods were used to
characterize the electrospun PVDF nanofiber. The core-shell structure of PVDF-GO electrospun

nanofibers was observed using TEM.

Table 3-5- Spin coater PVDF and electrospinning PVDF-GO samples.

Sample code GO wt.% PVDF concentration wt.% DMF/Acetone (v/v)

Spin-PVDF 0 275 1.49
ES-PVDF 0 275 1.49
GO0O-0.05 0.05 275 1.49
GO-0.1 0.1 275 1.49
GO0-0.2 0.2 275 1.49
GO-0.5 0.5 275 1.49

Figure 3-21 shows the TEM images of PVDF-GO electrospun nanofibers. As can be seen,
the contrast in the TEM images differentiates the core structure of the nanofibers from shell

structure.
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Figure 3-19- Core-shell structure of electrospun GO-PVDF nanofiber composite.

Figure 3-20-The core-shell set up during the electrospinning process of P\VDF-GO solution.

Average shell size: 160

Figure 3-21- TEM images of core-shell PVDF-GO electrospun nanofibers.
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Figure 3-22 shows the XRD results for electrospun PVDF; spin coated PVDF and
electrospun GO-PVDF nanofiber composite. As shown, only one strong peak can be observed at
26 of 20.6° for all the electrospun samples which are corresponding to (110) of the p-phase. In
general, the higher content of GO resulted in higher relative peak intensity. However, the GO-0.2
% and GO-0.5% exhibited almost the same relative intensity peak. A diffraction peak for the spin-
coater sample is observed at (26): 18.4° which is assigned to (020) crystal plane reflections of a
phase form chain. However, this peak is disappeared for other samples implying the transition
from o phase to $ phase in electrospun GO-PVDF nanofiber composite. Figure 3-23 shows the
FTIR spectra of electrospun GO-PVDF composites, electrospun PVDF, and spin coating PVDF

composite. As explained in section 3.5, the absorbance peak at 766 and 840 cm™ are assigned to

a and B peaks, respectively.
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Figure 3-22- XRD patterns of electrospun GO-PVDF composites, electrospun PVDF, and spin coating

PVDF composite. A peak can be observed at 26 of 20.6° for all the electrospun samples which are corresponding to
(110) of the B-phase.
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Figure 3-23- FT-IR spectra of electrospun GO—PVDF composites, electrospun PVDF, and spin coating PVDF

composite. The absorbance peak at 766 and 840 cm—1 are the main peaks which represent the o and 8 phase of

PVDF, respectively.

Each peak is shown separately in Figure 3-24 for better visualization. As can be seen, the
major a peak has completely disappeared for GO-PVDF samples while it is apparent for both
electrospun PVDF and spin coated PVDF. However, electrospun PVDF sample exhibited a lower
relative intensity of o peak, indicating that the electrospinning process can promote the formation
of B-phase. A clear shift in absorption band can be observed in Figure 3-24 which indicates the
enhancement of B-phase in GO-PVDF composite. Also, the electrospun PVDF exhibited -phase
formation while spin coated sample produced the lowest amount of B-phase (53 %). The FTIR
results were consistent with XRD analysis. The FTIR data was also used to quantify the
electroactive phase content of PVDF using Eq. 1. The fraction of 3-phase for electrospun GO-
PVDF composites, electrospun PVDF, and spin coated PVDF composite is presented in Figure
3-25. As shown, the incorporation of GO enhances the [3-phase content by providing a large surface
area which increases the number of heterogeneous nucleation sites in the PVDF matrix. The -
phase content of electrospun PVDF/GO composites was considerably enhanced, as a comparison
with that of the neat electrospun PVDF and spin coated PVDF. The -phase content can reach up
to 92 % for GO- 0.2 sample which is 23% and 73 % higher than the neat electrospun PVDF and
spin coated PVDF, respectively. A considerable increase in [B-phase content indicates the
effectiveness of the core-shell structure in improving the phase transformation of a-phase to -

phase, even at a low content of GO. As shown, the incorporation of GO enhances the B-phase
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content by providing a large surface area which increases the number of heterogeneous nucleation
sites in the PVDF matrix. This might be because of the interaction between the n-bond in GO with
the fluorine atoms and hydrogen atoms on adjacent carbon atoms in PVDF polymer chains.
Therefore, all fluorine atoms are aligned on one side while the hydrogen atoms are aligned other
side of the polymer chain of PVDF due to this interaction. The alignment of atoms at two sides of
the polymer chain not only induces the beta phase formation but also results in a formation of a
net polarized dipole moment along the core-shell structure of PVDG-GO nanofiber. The higher
number of dipoles will impart the better piezoelectric and ferroelectric properties to PVDF-GO
nanofiber composite. However, it seems that the increasing the dosage up to 0.5 wt% leads to a
decrease in B-phase content. This implies that the 0.2 wt.% of GO is enough to nucleate the most
of the PVDF polymer chain into the polar phase. Also, the fraction of B-phase in electrospun neat
PVDF was found to be 75 % which has increased up to 41 % as compared to the one in the spin-
coated sample. In fact, the PVDF nanofiber experiences an intense stretching force as collected on
the drum which may lead to similar effect to that of the mechanical stretching process. Also,
applying high electrical field during the electrospinning processes helps to orient the polar dipoles
in PVDF structure. This process can be analogs to the electrical poling process. Therefore, it can
be concluded that the electrospinning process promotes the formation of B-phase without any need

for post-treatment processes including electric poling and mechanical stretching.
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Figure 3-24- FT-IR wavenumber assigned to different phases of PVDF: left (a), right (B-phase).
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Figure 3-25- The fraction of B-phase for electrospun PVDF-GO composites, electrospun PVDF, and spin coated
PVDF composite.

3.7.  Piezoelectric coefficient measurement using piezoelectric force microscopy

This section aimed to determine the piezoelectric behavior of the PVDF and PVDF-GO
samples. The piezoelectric force microscopy technique (PFM) analysis was also conducted to
further investigate the effect of core-shell structure on the piezoelectric and ferroelectric properties
of the PVDF-GO nanofiber composites. In particular, the experimental test was conducted to
determine the piezoelectric coefficient (ds3) of the PVDF samples using PFM. In general, the
surface of the nanofiber film was quite corrugated which make the PFM analysis difficult. The
PFM measurement is very sensitive to the surface properties as the ideal situation for the
measurement is the sample with a smooth surface. The samples were prepared with multiple thin
layers of nanofiber mats in a way that crystalline lamellae are arranged on the surface with polymer
chains oriented along the substrate. In this case, molecular dipoles are oriented vertically.
Considering using electrospinning process, the applied electrical field was applied in such a way
that the dipoles are aligned along the substrate. For the next step, the samples were deposited
directly on the conductive substrates. A circular thin conductive steel plate was used as the
electrodes to collect the fibers. The configuration of the experimental set up is shown in Figure
3-26. Two samples were considered for these series of the experiments which includes the
optimized PVDF M; sample (section 3.5) and the GO-0.2 %.
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Figure 3-26- Sample preparation for the AFM analysis on a conductive substrate using a conductive paste

A contact mode was used to study the topography of the PVDF nanofiber sample. The
AFM images of the nanofiber are shown in Figure 3-27. As shown, the morphology of the
nanofiber can be observed which confirms the obtained morphology of the nanofiber using SEM.
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Figure 3-27-Morphology of the PVVDF nanofiber using AFM method

The PFM signal was captured using a lock-in amplifier and a conductive tip (NSGO1/Pt
cantilevers). The PFM analysis was conducted to measure the piezoelectric response of the
nanofiber piezoelectric sample. It has to be noted that the lack of bond between the sample and the
bottom substrate has caused several failures to detect the piezoelectric signal. In fact, PFM
measurement requires the sample to be attached well to the electrode under the sample,
while AFM tip acts as a second electrode from above. When they are not in direct contact with the
electrode like in these two samples, PFM response cannot be detected because the electrostatic
interaction between the tip and the substrate is much stronger. In order to address this problem, a
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layer of conductive silver paste was used as a bottom electrode to provide enough bonding between
the PVDF sample and the bottom electrode.

The PFM response of the PVVDF nanofiber samples was recorded by fixing the conductive
tips location on a certain point and applying a dc voltage from -10 V to 10 V. The PFM response
indicates the changes in the signal when the DC voltage applied between the conductive tip and
the bottom electrode. First, the DC voltage is increased to +10V; then it starts to decrease linearly
to -10V and then it is increased back to +10V. An electric excitation of 3V at 10 kHz was applied
to the tip during the measurement.

The PFM analysis is conducted based on the measurement of the piezoelectric samples
deformation induced by applying an electrical field. The piezoresponse of the sample is captured
using a lock-in by monitoring the vertical vibration of the conductive cantilever beam. In addition,
PFM can be used for investigating the ferroelectric properties of the samples. In fact, the analysis
of ferroelectric properties is based on this fact that the ferroelectric materials are necessarily
piezoelectric. The conductive cantilever beam can detect the vertical deformation of the samples
which is corresponded to the out of plane displacement due to the dss coefficient.

In order to better understand the piezoelectric behavior of the samples, the hysteresis
piezoelectric response of each sample was recorded and analyzed using the PFM technique. The
PFM technique involved the analyzing the surface of the PVDF nanofiber to determine the
polarization domain and the ferroelectric behavior. The piezoresponse of the PVDF nanofiber
sample was determined by measuring the strain and polarization dependence of the bias applied
voltage. Figure 3-28 shows the hysteresis piezoelectric response as a function of the applied
voltage for the PVDF nanofiber sample. As shown, two main responses (amplitude and phase) are
plotted against the applied voltage. In this curve, the amplitude represents the magnitude of the
electromechanical coupling, and the phase provides the information about the polarization dipoles
and their orientation. When the applied voltage increases from -10 V to + 10V, the polarization
changes abruptly at a certain point which is the coercive field. This transition implies that most of
the dipoles in PVDF nanofiber are oriented along the electrical field. When the electrical field is
reserved, the amount of polarization is reduced, and again at the negative coercive field, a
polarization transition happens in which the polarization tends to decrease. As can be seen in
Figure 3-28, the PVDF sample shows the piezoelectric response (butterfly curve) which implies

the piezoelectric and ferroelectric behavior. Also, the phase diagram indicates that the polarization
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domains has been switched around 180 degrees, while the dc voltage swept from -10 V to 10 V.
The abrupt transitions in the phase curve was occurred at voltage around 2.5 V. In fact, at this
coercive field, the phase changes by 180°, implying that the polarization domains are switched by
the applied electric field. This results not only confirm the piezoresponse but also indicate the
ferroelectric properties of the PVDF nanofiber sample. The das coefficient of the PVDF nanofiber
was determined to be 32 pm/V based on the butterfly curve. Figure 3-29 presents the amplitude
butterfly curve and phase hysteresis loop for PVDF-GO-0.2%. The results indicate the phase
change transition at a voltage around 2.5 V which confirms the polarization of the dipoles under
the electrical field and piezoresponse of the nanofiber. The noisy data might be due to the slipping
the conductive tips over the nanofibers which cause the instability in recording the data. As shown,
the core-shell structured PVDF-GO nanofiber exhibited a higher piezoelectric response compare
to PVDF by exhibiting higher amplitude. The ds3 piezoelectric coefficient of PVDF-GO was found
to be 61 pm/V which is almost two times higher than PVDF sample. The results are in a good
agreement with the previous results including XRD, FTIR and confirms the formation of higher
beta phase in PVDF-GO nanofiber composite. The enhancement of the piezoelectric coefficient
can be attributed to the higher beta phase dipole which can induce a stronger displacement in the
sample as a result of the applied electrical field. The results clearly prove that the core-shell
structure of PVDF-GO is beneficial to enhance the piezoelectric behavior of the PVDF. In
addition, the results confirm the piezoelectric and ferroelectric properties of both PVDF and
PVDF-GO sample which implies that the electrospinning method is very effective to promote the
B-phase formation in PVDF nanofiber without any need for the post-treatment process. The
enhancement of the piezoelectric coefficient can be attributed to the higher beta phase dipole which
can induce a stronger displacement in the sample as a result of the applied electrical field. Also,
the results clearly prove that the addition of GO is beneficial to enhance the piezoelectric behavior
of the PVDF. In addition, the results confirm the piezoelectric and ferroelectric properties of both
PVDF and PVDF-GO sample which implies that the electrospinning method is very effective to
promote the B-phase formation in PVDF nanofiber without any need for the post-treatment

process.
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Figure 3-28- The PFM Hysteretic curve of phase and amplitude of the PVDF.
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Figure 3-29- The PFM Hysteretic curve of phase and amplitude of the PVDF-GO.

Table 3-6 presents the ds3 coefficent of the most common types of piezoelectric materials including

PZT, ZnO and PVDF along with the obtained dzs coefficent results from this research work. As

can be seen, the PVDF-GO exhibits the highest dss coefficent among all the PVDF samples.



Table 3-6-The piezoelectric coefficient of piezoelectric materials along with this work results

Materials s Sample Processing method
(pm/V)
PVDF (this work) 32 Nanofiber Electrospinning
PVDF-GO (this work) 61 Nanofiber Electrospinning
PVDF [41] 17.4 | Thin film Spin coating
PVDF [42] 30 Nanofiber Electrospinning
PZT [43] 330 | Thinfilm | Molecular-beam epitaxy
PZT [44] 380 | Nanofiber Electrospinning
ZnO [45] 9.2 Nanowire Hydrothermal
ZnO [46] 26.7 | Nanobelt | Vapor transport deposition
ZnO [47] 6.4 Thin film Pulsed laser deposition

45
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CHAPTER 4. DEVICE FABRICATION AND APPLICATIONS

4.1.  Fabrication of flexible device

The interdigitated electrode device (IDE) has been widely used for fabrication of sensors
and energy harvester [126]. The electrode pattern in IDE device provides a tool for utilizing the
piezoelectric d33 mode, which leads to higher power output [73]. Moreover, the electrode pattern
on IDE-based can be optimized in such a way to match the frequency of the mechanical vibration
[88]. In this thesis, an IDE-device is fabricated using lithography process and Inkjet printing
method.

Device fabrication using lithography process is based on conventional lift-off procedure as
shown in Figure 4-1. It should be mentioned that the whole process was performed in the clean

room. The Kapton and PET were used as substrates to make the flexible device.

Figure 4-1-The fabrication process of interdigitated electrode device; a) The PR spin coating b) Mask alignment c)
Deposition of Ti/gold d) Lift-off.

The fabrication process of the flexible device using lithography method involved several
steps. The flexible substrate was first chemically cleaned for the removal of any residual

contamination matter from the surface of the substrate. The cleaning process involves soaking the
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substrate in toluene, acetone, isopropanol and for 5 minutes each and rinsed with DI water at the
end. The substrate was then dried with nitrogen gas. A photoresist (PR) material was spun on the
flexible substrate using a spin coater in three consecutive steps: 1) 1s ramp to 500 rpm, dwell 10
s; 2) 2s ramp to 2000 rpm, dwell 40 s; 3) 2s ramp down to O rpm. The substrate was then baked at
90 °C for ten minutes. The mask alignment systems allowed accurate alignment of substrates with
a mask and exposed them to ultraviolet radiation to transfer the pattern of the mask to the substrate
for further processing to produce an interdigitated device. The e-beam evaporation was used to
deposit a 10-nm chromium film layer as an adhesion layer followed by deposition of a 90 nm of
the gold layer as an electrode. Figure 4-2 illustrates the IDE after e-beam evaporation process and
the final deposited gold layer on it as the conductive electrode. The PR was then removed by
soaking the samples in acetone bath under the fume hood for 14 hours. The PR was removed
successfully, and the IDE electrode pattern was formed on the flexible substrate. A photo of the
final interdigitated electrode is illustrated in Figure 4-3. After that, the lift-off process defines the
electrode area, and electrospinning was performed to deposit PVDF nanofibers. Finally, a PDMS
layer was spun on the device for protection and reducing the noise. The lithography method is a
very accurate method to produce the high-quality IDE device. However, the lithography method
involves several steps such as mask alignment, etching, and lift-off process which are mainly done
in the clean room. Therefore, the lithography is an expensive and time-consuming process.
Moreover, the expensive and complicated process of lift-off lithography method is not suitable for
large-scale applications which mostly is required for civil engineering applications. Hence, the
inkjet printing method as a cost-effective and easy process was also considered in this study to
fabricate the IDE device. The inkjet printing has been used recently to print the flexible devices
such as MEMS device [127; 128], the light guide plate of a display [129] and flexible chemical
sensor [130; 131]. There are two types of an inkjet printer including the thermal bubble and
piezoelectric-based printer. The thermal bubble printer uses a resistor in the head. By passing the
electrical current, the resistor will heat up. The resistor then gives off the heat to vaporize the
conductive ink and make gas bubbles. The latter can push out the ink of the nozzle in the form of
the droplets [132]. The piezoelectric printer uses a crystal piezoelectric head which is excited by
an electrical signal. The applied voltage causes the piezoelectric to deform and finally push the ink

out of the reservoir as droplets. Both printers were used in a verity of the applications, but It has
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been reported that the piezoelectric printer has better performance since it doesn’t change the
properties of the conductive ink [133].
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Figure 4-2- The IDE device after e-beam evaporation process. A 10 nm chromium film layer was deposited

as an adhesion layer followed by deposition of a 90 nm of the gold layer as an electrode.

Figure 4-3- A flexible interdigitated electrode using lithography method.

In this study, a piezoelectric -based Dimatix inkjet printer (DMP-2850) was used to deposit
the silver electrode on the flexible substrate (Figure 4-4). This printer allows the deposition of the
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silver ink on the flexible substrate using a piezo inkjet cartridge. The properties of the ink play an
important role during the printing process. The viscosity of the ink needs to adjust to being in
certain range (25-30 cP). In this study, a commercial silver ink (Centrix JS-B25HV) was used to
deposit the conductive electrode on a PET substrate. The pattern was drawn and edited using the
program of the printer. The experiments involved some trial deposition at the beginning to obtain
the appropriate resolution and thickness of the conductive layer. This process was controlled by
using the waveform editor which alter the electrical pulse properties to optimize the ink droplets.
The PET substrate was used in this study to fabricate the flexible PVDF device. The PET
substrate was cleaned by soaking the substrate in toluene, acetone, isopropanol and for 5 minutes

each and rinsed with DI water at the end.

Figure 4-4- Dimatix material printer (DMP-2850) with a piezo inkjet cartridge.

After optimizing the parameters of the waveform by executing the trial printing. The
piezoelectric head was excited so that the deflection of the piezo head induces a pressure to expel
the ink out of the nozzle. The multiple patterns were printed at the same time. The resolution of
the printed pattern depends on several parameters such as ink properties, substrate, and the droplet
size. The inkjet printing software allowed to deposit the multiple electrode patterns on the

substrate.
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Figure 4-5 shows the inkjet process from the top view and front view. This printer can
create and define patterns over an area of about 200 x 300 mm and handle substrates up to 25 mm
thick with an adjustable Z height.

Figure 4-6 shows the IDE pattern using the silver ink as an electrode. The IDE pattern then
adhered on the drum collector during the electrospinning process. This allows the electrospun

PVDF nanofiber to be deposited directly on the silver electrode.

Figure 4-5- The inkjet printer process from above (left) and front view (right)

In order to enhance the durability of the PVDF device, the IDE along with the electrospun
PVDF nanofiber was covered by a PDMS layer. The wires were then connected using the silver

epoxy. The final piezoelectric device is shown in Figure 4-7.

Figure 4-6- The pattern of IDE electrode using the inkjet printing process.
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Figure 4-7- The piezoelectric IDE device encapsulated in PDMS.

The simultaneous using of PDMS and PET substrate not only enhance the flexibility of the
PVDF device but also make the device to be fully transparent. Also, the inkjet printing involves
fast and inexpensive process electrode compared to the lift-off lithography process. This method

allows depositing multiple patterns at the same time (Figure 4-8).

Figure 4-8- Multiple piezoelectric PVDF devices made by inkjet printing process

Other than the interdigitated device an ordinary PVDF device was fabricated in which the
electrospun PVDF mat was sandwiched between two conductive electrodes. The thermal

evaporation method has also been used in several applications to for deposition [134-136].
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The thermal evaporation was used to deposit the electrode on the flexible substrate. The
electrospun PVDF was then transferred to the electrode. A 100-nm silver was then deposited on
both side of the flexible substrate by vacuum evaporation through a shadow mask at the rate of 1
AJs under the vacuum of < 7x10 Pa. Similar to the previous methods, the whole sensor was then

packaged using PDMS for further protection. Figure 4-9 shows the thermal evaporator to deposit
the silver electrode on both sides of the PVDF and the flexible substrate.

=1 ﬂtl

Figure 4-9-Thermal evaporator to deposit the conductive electrode on the samples.

In summary, the resolution of the printed pattern using inkjet printer is not as good as that
obtained by thermal deposition and lift-off lithography. The control of the thickness of the
conductive layer was also found to be very difficult during the printing process and was not as
accurate as other methods. However, the inkjet printing process is very cheap, fast, and efficient
to deposit the conductive electrode over a large area. Hence, this method is recommended for large-
scale application. The advantage of the thermal evaporation method over the inkjet and lithography
process was that the thermal evaporation could be used to deposit the electrode directly on the
PVDF material, while the inkjet printing and lithography can be used only to deposit the electrode
on a flexible substrate.

4.2.  Energy harvesting application

The piezoelectric energy harvester converts the mechanical energy to electrical which can

be used as a sustainable source for different electronic devices such as sensors. In general, a
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piezoelectric energy harvester consists three main parts: a generator to converts mechanical energy
into electrical energy, a booster to amplify the generated voltage, and a storage part to store the
energy. This chapter aims to study the feasibility of the developed PVDF device for converting the
mechanical energy into electrical energy. The piezoelectric energy harvester in civil engineering
can be used as sustainable energy source to power the small electronic devices such as wireless
sensor network. In fact, the mechanical vibration can be used as a free source to power the wireless
sensor which leads to a reduction in the maintenance costs for battery replacement and also the
chemical waste of conventional batteries.

When the PVDF piezoelectric device is bent, compressive stress is applied on the
nanogenerator. This stress will generate a piezoelectric potential due to the direct piezoelectric
effect. In order to balance the piezoelectric potential, the free electron moves from low potential
to high potential side and accumulate at the surface of the electrodes. When the pressure is
removed, the free electron will move back and a voltage signal pulse associated with an opposite
pulse voltage output. In order to study the energy harvesting ability of our device, the voltage
signal output of nanogenerator was recorded in two steps. At first step, the nanogenerator was not
subjected to the load (Figure 4-10), and the output voltage shows zero voltage output (Figure 4-10).
At the second step, the nanogenerator was subjected to a compression force, and the positive and
negative signal output was observed as shown in Figure 4-11.

The positive sign was attributed to the compressive stress which causes the PVDF
nanofiber membrane to deform, while the negative sign derived from the remove of the
compressive force and subsequently induced strain. Therefore, by applying and removing the load
in each cycle, the positive and negative voltage signals were observed. It is important to mention
that no external load resistor was used in this study.

An energy harvesting performance set-up was also developed in the SMART lab to assess
the efficiency of the nanogenerator voltage output at the different frequencies. The PVDF
nanofiber membrane was firmly clamped between two plates to simulate the cantilever beam
behavior. In order to evaluate their strain-sensing performance, an electromechanical generator
excited from 20 Hz to 100 Hz by a function generator which apply periodic force on the cantilever
beam. Figure 4-12 shows the energy harvester set up to evaluate the energy harvesting performance
of the PVDF nanogenerator in both inactive and active condition. An oscilloscope was also used

to record the voltage output of the piezoelectric device.
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Figure 4-10- Unloaded nanogenerator and no signal output.

Figure 4-11- The nanogenerator under load and the signal output.

The main problem in energy harvesting in civil infrastructure is the mismatch between the
intrinsic frequencies of harvesters and the resonant frequencies of the civil infrastructure. It is very

difficult to match the resonant frequencies of the energy harvesters to match the mechanical
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vibration frequencies due to the high stiffness and brittleness of piezoelectric patches [137].
Generally, the ambient vibration frequencies in civil infrastructure which are usually several Hz
(lower than 30 Hz). Moreover, even if the resonant frequency can be tuned as low as required, the
limitation of small strain allowed in piezoelectric patches will lead to a low energy output power
[137]. Figure 4-13 shows a typical voltage output of nanofiber device with an active area of 2.25
cm?at the frequency of 30 Hz. As can be seen, the PVDF nanogenerators exhibit a maximum peak
output voltage of 450 mV at the frequency of 30 Hz.
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Figure 4-12- An energy harvester set up to evaluate the energy harvesting performance of the PVDF nanogenerator

in (a) inactive (a) and (b) active condition.
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Figure 4-13-Voltage output measurement by oscilloscope at the frequency of 30 Hz.
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4.3.  The effect of different mechanical vibration parameters on the voltage output

In general, the amplitude and the frequency are two important parameters of the AC signal
wave which characterize the properties of AC signal. The frequency of AC signal is the rate of
changing direction and is determined based on the number of forwards/ backward cycles per
second, while the amplitude is defined as the maximum voltage achieved by the AC signal. The
applied mechanical vibration generates the AC waveform which can excite the piezoelectric device
to generate power. In fact, the properties of AC excitation signal will affect the performance of the
piezoelectric device and, as a result, the voltage output. Therefore, the study of the AC signal’s
parameters is of great importance. With this in mind, this section aimed to study the effect of the
frequency and amplitude of the AC signal on the voltage output of the PVDF nanofiber
piezoelectric device. The device was made using the lift-off lithography process (as discussed in
section 4.2). The samples were encapsulated by a PDMS protective layer.

The frequency range was varied from 20 Hz up to 100 Hz, while the mechanical vibration
set-up was excited with an AC signal with varying amplitude. The amplitude voltage is reported
as “peak to peak” (Vpp) which indicates the difference between the maximum positive and the
maximum negative amplitudes of a waveform. The AC signal was generated with amplitude from
3 Vpp to 20 Vpp. Figure 4-14 shows the variation of the voltage output with different frequency
at the fixed amplitude of 5 Vpp on the voltage output of the piezoelectric device. As can be seen,
the frequency variation exhibited a significant effect on the voltage output. The frequency of the
signal was increased up to 100 Hz in 5 Hz increments, while the voltage output was recorded at
each step using an oscilloscope.

The results indicate that the obtained voltage output at the frequency of 20 Hz is 109 mV.
As can be seen, the voltage output of the PVVDF device is enhanced when the frequency increased.
The highest voltage peak was obtained at the frequency of 45 Hz. As shown, the voltage output

became 200 mV when the frequency was increased up to 45 Hz.
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Figure 4-14- The voltage output at AC signal with amplitude of 5 Vpp versus the frequency ranges

This experiment was repeated to determine the effect of the frequency variation on the
voltage output at a higher amplitude. The amplitude of the signal as increased to 20 Vpp. Figure
4-15 presents the voltage output of the piezoelectric device as a function of the frequency at fixed
20 Vpp amplitude. In general, the variation of the frequency with the AC amplitude of 20 Vpp
exhibited the same trend as the AC amplitude of 5 Vpp. However, as can be seen, the effect of the
frequency variation on the voltage output is more pronounced when the AC signal is applied with
higher amplitude. For example, the highest peak of the voltage output is 850 mV with the AC
amplitude of 20 Vpp, which is almost 7 times higher than the voltage output of the device with the
AC amplitude of 5 Vpp.

According to the results, the optimized frequency range for the device was found to be 45
Hz. However, the voltage output starts to decrease with further increase of the frequency. Figure
4-16 presents the maximum obtained voltage output as a function of frequency at both amplitudes
of 5 Vpp and 20 Vpp. As can be seen, the variation of the amplitude has a great influence on the
voltage output of the piezoelectric device. Both curves show the maximum voltage output at 45

Hz regardless of the amplitude range.



58

800 - = e

——60Hz
600 —80Hz
400 +

200

-200

Voltage Output (mV)
o
1

-400 -
-600 +
-800 -
-1000 T T T T T T
0 20 40 60 a0 100
Time (ms)

Figure 4-15- The voltage output at AC signal with an amplitude of 20 Vpp versus the frequency ranges.

The results indicated that the voltage output starts to decay at a higher frequency which can
be due to the insufficient time for the PVDF nanofiber to be recovered from the induced strain.
The results imply the efficiency of the developed piezoelectric device for low-frequency cases.

To analyze the effect of the amplitude the frequency of the AC signal was fixed at 45 Hz,
and the amplitude varied from 3 Vpp to 20 Vpp. Figure 4-17 shows the variation of the voltage
output of the piezoelectric device for the amplitude of 5 Vpp, 10 Vpp, 15 Vpp and 20 Vpp.
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Figure 4-16-The maximum voltage output at AC signal with different amplitude
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Figure 4-17- The maximum voltage output at AC signal with a different amplitude at the fixed frequency of 45 Hz.

The highest peak of the voltage output was plotted versus the amplitude in Figure 4-18. As
shown, a perfect linear relation can be observed between the amplitude and the voltage output.
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Figure 4-18- The maximum voltage output at AC signal with different amplitude at the fixed frequency of 45 Hz
The voltage output is increasing with increasing the amplitude. One possible for this results

is that the higher amplitude AC signal induces higher strain on PVDF samples which leads to
higher charge separation and voltage output according to the following equation:
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Voutput = 033EST/e" (4-1)
Where e is permittivity under a constant strain, dss is the piezoelectric coefficient, s is the amount
of induced strain, E is Young’s modulus and, T is the thickness of the film.

Since Young’s modulus, thickness and voltage coefficient are the same for the piezoelectric
device in this experiment. Therefore the strain can be considered as the only parameter which can
affect the voltage output. In fact, the amount of induced strain can be considered as the main source
of the available mechanical energy which can be fed into the piezoelectric device to be converted
to the electrical energy. The results clearly suggested that both frequency and amplitude can affect
the voltage output of the piezoelectric device. Therefore, an interaction effect of these two
parameters has been analyzed to have a better understanding the effect. Figure 4-19 shows the two-
dimensional counter plot which shows the interaction effect of the amplitude and frequency of the
AC signal on the voltage output. The highest voltage output can be obtained by highest amplitude
and the frequency range between 30-45 Hz. This range of frequency has been reported as a typical
frequency of the bridges [138]. The obtained voltage output generated in a low-frequency range
might be beneficial in harvesting electrical energy from the existing mechanical vibration in civil
infrastructure. The obtained voltage output proved the feasibility of the electrospun PVDF
nanofiber to convert the mechanical vibration to the electricity without any post-treatment
processed. The results can assist in adopting the electrospun nanofiber device in energy harvesting

application in infrastructure such as bridge deck and highway pavement.
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Figure 4-19- The maximum voltage output at AC signal with a different amplitude at the fixed frequency of 45 Hz.
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4.4.  Sensing applications

The piezoelectric devices have proved the capability of sensing in a variety of applications
such as detecting cracks, corrosion, gas sensing, strain sensing, etc [139-142]. The passive sensing
process does not depend on the external power source while the active sensing requires
an external source of power to operate. This section aims to investigate the feasibility of using
electrospun PVDF nanofiber in both passive and active sensing state. The pitch-catch approach
was considered for the active sensing approach. Acoustic emission monitoring was also considered
as a passive method which can detect the defects and cracks in structures by capturing the acoustic
waves generated due to crack opening and propagation.

4.5.  Pitch-catch application

The active sensing is the most common type of health monitoring systems to assess the

condition of the structures by providing the real-time information about the properties,
deterioration, strain, etc. The pitch-catch is one of the most efficient active sensing methods which
has recently gained more attention in a variety of the engineering field [143-145].
In this approach, a piezoelectric transducer acts an actuator to propagates the Lamb waves while
another piezoelectric device works as a sensor to detect the signal. The transducer is excited using
a function generator to produce the Lamb wave. The transmitted signal is amplified using an AC
signal amplifier. The received voltage by the piezoelectric sensor is also recorded by using an
oscilloscope. The schematic of the pitch-catch system is shown in Figure 4-20.

The sensors can be used either as a bonded patch or embedded sensor. The initial received
signal can be recorded as a base-line signal which can be continuously compared with the later
revived signal to assess the properties of the structures. In fact, the received signal will be changed
due to any change in the host structures which can be related to the properties and physical change
of the structures. This section aims to study the feasibility of using the developed electrospun
PVDF device as a receiver in a pitch-catch system to detect the Lamb wave. The second part of
this section involves studying the several parameters such as the transmitted signal amplitude,
frequency and the distance on the received signal by PVDF device. A pitch-catch system was set
up in the lab to assess the efficiency of the flexible P\VDF device for sensing application (Figure
4-21). Both transducer and piezoelectric sensor were attached to a wooden surface work table using
a two-component adhesive, 3M's DP 460 Epoxy. A sinusoidal wave was generated by a function

waveform generator and amplified by an amplifier to provide a lamb wave for sensing process.
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Figure 4-20- The schematic of the pitch-catch system

The waves are supposed to be received and detected by electrospun PVVDF sensor. A digital
oscilloscope was used to record the harmonic response of the PVDF sensors. In a pitch-catch setup,
Lamb waves are generated by a piezoelectric actuator and received by a sensor at a certain distance.
In fact, any defects or cracks results in a scattering of the Lamb wave which can be detected by
the sensor. The sensor then receives the scattered waves, and the output voltage (amplitude) can
be recorded. In order to quantify the damage, the scattered waveform is compared to the baseline
state.

In order to evaluate the feasibility of PVDF sensor to receive the Lamb wave, a continuous
160 Vpp sinusoidal signal was generated by a function generator and amplified using an amplifier.
The frequency of the transmitted signal was fixed at 2 kHz.

Figure 4-22 shows the transmitted signal along with the representative voltage-time plot as
measured by electrospun PVDF device. It can be seen that the sensor successfully detected the
propagated Lamb wave. The space between the actuator and sensor was kept constant at 15 cm.
The maximum peak of 0.6 V can be detected by PVDF sensor.
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Figure 4-21- The experimental set up for evaluating the PVDF device for sensing applications.

200 T T T T T v T LA
Transmitted signal
- —— PVDF signal B2 06
150 I
% | L 04|
o 100 — i >
N T
S 50 02 &
r— i L o
e =
K= 0 - - 0.0 g
[72]
g 2
£ 20 --0.2 W
g’ 100 - [ g
© L 0.4
|_
-150 E
- -0.6
-200 T T T y T Y T T T
0.0 0.5 1.0 1.5 2.0

Time (ms)
Figure 4-22- The generated Lamb wave and the received signal by PVDF sensor. The PVDF sensor successfully
measured the propagated Lamb wave.
For the next experiment, a two-cycle 160 Vpp sinusoidal signal was generated and

amplified using an amplifier. The frequency of the signal was fixed at 2 kHz. This signal was
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pulsed every 10 ms to actuate the piezoelectric transducer for generating the Lamb wave. This
experiment was conducted to evaluate the efficiency of PVDF sensor in detecting the multiple
responses assigned to the same signal step. Also, a time delay in generated pulse was considered
to make sure the previous Lamb wave is already attenuated so that it doesn’t interfere the next
cycle of the pulse signal. The PVDF sensor was connected to an oscilloscope for data acquisition.
As can be seen in Figure 4-23, the PVDF sensor was found to be effective in detecting the pulse

signal of generated Lamb wave.
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Figure 4-23- The generated pulse Lamb wave and the received signal by PVDF sensor.

The efficiency of the PVDF sensor to detect the signal type other than sinusoidal wave was
also studied. In this scope, two different types of the Lamb wave including the square, and ramp
were generated using the PZT transducers. Figure 4-24 and Figure 4-25 shows the transmitted
signal along with the received signal voltage-time plot as measured by electrospun PVDF device.
The transmitted signal with the amplitude of 160 Vpp at the frequency of 2 kHz was produced. As
can be seen, the PVDF device can detect the square and ramp types of the transmitted signal. Up
to now, the transmitted signal was actuated with a fixed amplitude and frequency. However, the
properties of the transmitted signal might affect the received signal and the efficiency of the PVDF
sensor to detect the signal. Therefore, a series of experiments were executed to evaluate the effect
of several parameters of the transmitted signal such as amplitude and frequency on the received

signal.
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Figure 4-24- The transmitted ramp Lamb wave at the frequency of 2 kHz (160 Vpp) and the received signal by

PVDF sensor.
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Figure 4-25- The transmitted square Lamb wave at the frequency of 2 kHz (160 Vpp) and the received signal by
PVDF.
In addition, the effect of the transmitter-receiver distance was considered to determine the
degree of the transmitted signal’s attenuation. The sinusoidal Lamb wave signal was used for all

the series of the experiments in this section. The outcome of this experiments can assist in
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determining the most effective parameters for enhancing the efficiency of the PVDF sensor. Also,
the experiments can assess the efficiency of the PVDF sensor in a variety of sensing condition.
For example, the variation of the transmitted signal’s frequency and amplitude can simulate
different sensing conditions. The frequency of the transmitted signal varied from a very low
frequency (<100 Hz), to the high range frequency (>100 kHz). Also, the amplitude of the
transmitted signal varied from 40 Vpp to 200 Vpp. The effect of the amplitude and frequency of
the transmitted signal was evaluated at three different distances of 15 cm, 50 cm, and 100 cm.

In order to compare the efficiency of the PVDF sensor at different active sensing situation,

a relative parameter is defined as follow:

The amplitude of the transmitted signal (4-2)

R/T (%)=
(%) The amplitude of the recieved signal

In fact, the R/T can be an indication of the efficiency of the PVDF sensor in detecting the
generated signal by the transducer.

The analysis of the parameters on the PVDF sensor efficiency was conducted in different
steps. At the first step, the effect of transmitted signal’s amplitude on the received signal and R/T
was assessed. In this experiment, the transducer was attached to the surface using the same
procedure as previously explained in this section. The PVDF sensor was placed at three different
distances away from the transducers including 15 cm, 50 cm, and 100 cm. The amplitude of the
transmitted signal varied from 40 Vpp to 200 Vpp, while the frequency of the transmitted signal
was fixed at 2 kHz.

Figure 4-26 shows the variation of the R/T and the PVDF sensor voltage over the range of
the amplitude of the transmitted signal. The peak voltage of the PVDF sensor was recorded at 100
cm away from the transducer. As can be seen, the increase in the amplitude of the transmitted
signal leads to an increase in the voltage of the PVDF sensor. Although the value of the received
signal is influenced by the amplitude, no significant change can be observed in R/T value by
changing the amplitude.

The efficiency of PVDF sensor was also assessed to detect the Lamb wave at different
distances. In this scope, the distance between the sensor and actuator was varied by adjusting the
position of electrospun PVDF sensor from the transducer. The effect of the transmitted signal

amplitude on R/T value at 15 cm, 50 cm, and 100 cm is shown in Figure 4-27. As can be seen,
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almost the same value of R/T was obtained over the wide range of amplitude at all distances. The

results indicated that the efficiency of the PVDF sensor in detecting the signal is not sensitive to

the amplitude of the transmitted signal.
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Figure 4-26- The variation of the R/T and the PVDF sensor voltage over the range of the amplitude of the
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Figure 4-28 shows the variation of the PVDF signal voltage over the three distances of 15
cm, 50 cm, and 100 cm as a function of the transmitted signal’s amplitude. For each amplitude,
the maximum voltage peak voltage by PVDF sensor was recorded. The results indicate that the
received signal voltage by PVDF increased by increasing the amplitude regardless of the distance
between the transducers and the PVDF sensor. When the amplitude increased from 40 Vpp to 200
Vpp, the voltage peak of the PVDF sensor increased by 3.8 times at 15 cm away from the
transducer, while the rate of the increase in PVDF signal voltage was 3.6 and 3.7 times at 50 cm
and 100 cm distance, respectively. The results indicate that the effect of the transmitted signal’s
amplitude on the received signal by PVDF device is less pronounced at the longer distance. The
attenuation of the amplitude of the transmitted signal over the distance can also be observed at a
certain amplitude in Figure 4-28. At each distance, the highest voltage peak was recorded at the
amplitude of 200 Vpp. For example, the highest voltage peak of the PVDF sensor at the distance
of 100 cm was 0.41 V which is almost 14 % and 34 % lower than the maximum voltage peak at
the distance of 50 cm and 15 cm, respectively. However, the lowest voltage peak at the distance
of 100 cm was 0.087 V which is 17 % and 33 % lower than the obtained voltage peak at the
distance of 50 cm and 15 cm, respectively. The results imply that the transmitted signal’s amplitude
has an insignificant effect on the attenuation rate of the transmitted signal over the distance. Figure
4-29 summarizes the obtained R/T values over the three distances of 15 cm, 50 cm, and 100 cm as
a function of the transmitted signal’s amplitude. As shown, the R/T values drop as the distance
increased. When the signal is transmitted at the lowest amplitude (40 Vpp), the highest R/T value
at the distance of 100 cm was 0.21 which is 16 % and 33 % lower than the R/T ratio at the distance
of 50 and 15 cm, respectively. In this case, the drop rate in R/T is 0.3% per cm. However, the
signal is transmitted at the lowest amplitude (200 Vpp), the R/T value was dropped by 16 % and
33 % which gives almost the same value of drop rate (0.3% per cm). These results indicate that
the amplitude of the transmitted signal does not affect the R/T value. It means that the efficiency
of the PVDF sensor in detecting the Lamb wave signal is not affected by the amplitude of the
transmitted signal. This effect can be clearly seen in Figure 4-27, where the results exhibit almost
the same range of R/T value at a certain signal amplitude, regardless of the distance between the
PVDF sensor and the transducer. At a certain distance, the standard deviation of the R/T value for
all the signal amplitude was calculated to assess the effect of the amplitude’s signal on the

efficiency of the PVDF sensor. The standard deviation of R/T value at 100 cm was found to be
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0.0065 which is 38 % and 52 % lower than the standard deviation at the distance of 50 cm and 15
cm, respectively. The results clearly indicate that the effect of the transmitted signal’s amplitude
on the efficiency of the PVDF device is less pronounced at the higher distance away from the

transducer. The results are in agreement with the results of the PVDF signal voltage over the

distance.
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According to the obtained results, one can conclude that the amplitude of the transmitted
signal doesn’t affect the efficiency of the PVDF sensor in detecting the transmitted signal, while
the efficiency of the PVDF sensor to detect the transmitted signal is highly affected by the distance
between the transducer and receiver.

The second part of the experiment involves evaluating the efficiency of PVDF sensor for
detecting the signal for the wide range of frequency. In this scope, the amplitude of the transmitted
signal was fixed at 160 Vpp, while the frequency varied from 5 Hz to 500 kHz. The received
voltage by PVDF was recorded at three distances of 15 cm, 50 cm and 100 cm away from the
transducer. Figure 4-30 shows the PVDF signal voltage and the R/T value at 15 cm away from the
transducer over a wide frequency range. As can be seen, both PVDF voltage signal and R/T curves
follow almost the same trend. As the frequency is increased up to 1 kHz, R/T value is shown to
increase sharply. The same level of R/T value was obtained in the frequency range of 1-100 kHz,
while an abrupt decrease in R/T value can be observed for the frequency over 100 kHz. The effect
can be better seen in the 3D curve of R/T as a function of the amplitude and frequency in Figure
4-31. When the PVDF sensor was placed at 15 cm away from the transducer, the lowest R/T value
was 0.022 for at the frequency of 50 Hz. This value was 93 % lower than the maximum R/T value
at the frequency of 100 kHz. The difference between the maximum and minimum of R/T was 93
% and 95 % for the distance of 50 and 100 cm, respectively. The results indicate almost the same
rate of the increase in R/T value regardless of the distance between the transducer and the PVDF
device.

Figure 4-32 shows the variation of R/T value over the frequency range as a function of the
distance. As shown as the distance increases the R/T value drops, regardless of the frequency
range. At the frequency of 50 Hz, the R/T value was 0.012 at 100 cm away from the transducer
which is 16% and 45 % lower than the R/T ratio at the distance of 50 and 15 cm, respectively.
However, the frequency of 100 kHz, the R/T value was 0.22 transducer which is 15 % and 21 %
lower than the R/T ratio at the distance of 50 and 15 cm, respectively. Therefore, the effect of the
distance on the efficiency of the sensor is more pronounced the low-frequency range. The results
indicate that the PVDF device is less efficient in detecting the transmitted signal either at a low-
frequency range (<1 kHz) or the higher range of frequency (> 100 kHz). One can note that an
optimized range of the frequency needs to be determined to maximize the efficiency of the PVDF

device in detecting the transmitted signal.
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Figure 4-30-The PVDF signal voltage and the R/T value over the frequency range.
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Figure 4-32- the variation of R/T value over the frequency range as a function of the distance.

As shown above, a range of 1 kHz to 100 kHz can be considered as an optimized range to
enhance the efficiency of the PVDF sensor. This range is considered as an acoustic range. Hence,
a more experimental was planned to evaluate the feasibility of the PVDF sensor to be used as an
acoustic sensor.

4.6.  Acoustic application:

The damage and deterioration are gaining significance in preventing the premature failure
of structures such as offshore, platforms, dams, bridges, and underground buildings. A
phenomenon associated with cracking has been emphasized by maintaining the structure both for
safety and economic considerations. Among the techniques applied to detect cracking, acoustic
emission (AE) system along with lead zirconate titanate (PZT) made transducers is now widely
accepted and used in the field of civil engineering. The other piezoelectric materials including the
single crystal PMNPT, PVDF, LiNbO3, and ZnO are emerging as an appealing alternative to the
classically used PZT and makes them as an exceptional candidate for sensing applications.

The previous results (section 4.4.1) proved the efficiency of the PVDF device in detecting the
transmitted signal for a wide range of 1 kHz to 100 kHz. The results suggest of using this sensor
for acoustic emission as a passive system and in the echo-pulse system as active testing in health

monitoring of the structures. In this scope, a series of the experiments were conducted aiming to
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evaluate the feasibility of the PVDF device to be used as an acoustic sensor. The feasibility of the
PVDF device in detecting the acoustic emission wave was evaluated on cement paste beam. In this
scope, a hammer has been used to generate acoustic waves nanofibers by periodic striking on the
surface of a concrete beam. The viability of using PVDF sensor to detect the signal was evaluated
by recording the voltage output using an oscilloscope. Figure 4-33 shows the experimental setup
for the acoustic emission test on cement paste beam. It should be noted that the higher impact
energy increases the voltage response measured by the PVDF sensor. Therefore, a digital sound
meter was used to control the generated sound by a hammer. Figure 4-34 shows the voltage-time
history responses of electrospun PVDF device mounted on the same substrate in which the peaks

of positive and negative voltage outputs are recorded.

Figure 4-33- The experimental setup for the acoustic emission test.

The sound level of 86-89 dB was generated by each impact force. The generated surface
acoustic waves have been monitored and detected using the electrospun PVDF device. These
results clearly indicate that the sensor can detect different magnitudes of surface acoustic waves
propagating on the surface. The higher of the impact energy applied to the concrete, the higher the
voltage generated by electrospun PVDF AE sensor. During the experiment, the voltage reached
~100 mV and disappeared quickly due to the low power generated by the electrospun PVDF

Sensor.
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Figure 4-34-The voltage generation as a result of the surface waves induced by the periodic striking of a grounded

steel bar on the composite substrate.

The voltage output reached up to 100 mV which is to be comparable to previous
research results [146]. Chen et al. [146] developed an electrospun flexible AE sensor based on lead
zirconate titanate (PZT) nanofiber composite membrane. An impact strike test was used to evaluate
the efficiency of the PZT nanofiber to detect the acoustic waves. It was found that the output
voltage can reached up to 100 mV in response to the simulated acoustic emission generated by the
periodic impacts of a grounded steel bar. In summary, the PVDF sensor exhibits promising
potential for both active and passive health monitoring system. The results indicate that the PVDF
sensor can detect the generated Lamb wave which enables this device to be used to characterize
the properties of the structural element. Also, the detection of the crack and structural defects can
be determined using the pitch-catch method. The feasibility of using PVVDF device as an acoustic
sensor was also proved by conducting experiments on a cement paste beam. The results prove that

the PVVDF sensor can detect the acoustic emission wave.
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CHAPTER 5. CONCLUSION

This thesis aimed to design, fabricate and test a high efficient electrospun PVDF nanofiber
for the energy harvesting and sensing application in civil infrastructure. The process-structure-
property relations of electrospun PVDF nanofiber has been systematically studied during the
course of my thesis work. A reliable RSM model was developed that enables accurate prediction
of PVDF structure properties, particularly morphological and a fraction of the B-phase content.
The model was further used to assess the effect of each individual electrospinning process
parameters as well as the combined effects of different parameters on the electrospun PVDF
properties. A numerical optimization was conducted to achieve a bead-free PVDF nanofiber with
the maximum fraction of the B-phase. The RSM model was established which provides a thorough
examination of PVDF nanofiber over the selected range of the electrospinning process parameters.
The high values of coefficients of multiple determinations (R?) showed the accuracy of the model
to predict the characteristics of PVDF nanofiber in terms of both morphological and fraction of
the B-phase content. The ANOVA results also confirmed that the inclusions of all model
parameters are statistically significant based on very low P-value.

The results indicate that the higher concentration led to larger nanofiber size due to the
higher solution viscosity and stronger intermolecular interactions. It is interesting to point out that,
for a constant electrical field and flow rate, the higher DMF/acetone ratio led to finer fiber size, as
higher acetone content increases the evaporation rate. The results show that the number of beads
was reduced drastically for the solution with the concentration above 25 %. However, the high
concentration solution itself doesn’t necessarily result in a beads-free nanofiber. The increase in
DMF/acetone ratio results in nanofiber characterized by more beads which might be due to the
incomplete solvent evaporation. The fraction of B-phase is considerably affected by evaporation
rate so that the high concentration of PVDF and DMF/acetone decreases the evaporation rate of
the solution resulting in a formation of a high fraction p-phase content. A numerical optimization
was also conducted to achieve a bead-free PVDF nanofiber with the maximum fraction of the p-
phase. It was found that the electrospinning method is very effective to promote the B-phase
formation in PVDF nanofiber. In fact, electrospun PVDF nanofibers were experienced high
electrical field and mechanical stretching during the fabrication which eliminates a need for the

post-treatment process.
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This study proposes a core-shell structured PVDF-graphene oxide (GO) nanofiber
composite, in which the polar phase content and piezoelectric properties are considerably
improved. The results indicate that only 0.2 wt. % of GO is enough to nucleate most of the PVDF
polymer chain. It was found that the B-phase content in core-shell structured PVDF-GO nanofiber
composite can reach up to 92 % for which is 23% and 73 % higher than the neat electrospun PVDF
and spin coated PVDF, respectively. This suggests that the core-shell structure of PVDF-GO is
effective in improving the phase transformation of a-phase to B-phase, even at a low content of
GO. As an interior core-shell, the GO is solidified into nanofiber form which increases the number
of heterogeneous nucleation sites to interact with the PVDF polymer chain. The ds3 piezoelectric
coefficient of PVDF-GO was found to be 61 pm/V which is almost two times higher than PVDF
nanofiber. The enhancement of the piezoelectric coefficient can be attributed to the higher p-phase
content which can induce a stronger displacement in the sample as a result of the applied electrical
field. This might be because of the interaction between the n-bond in GO with the fluorine atoms
and hydrogen atoms on adjacent carbon atoms in PVDF polymer chains. The alignment of atoms
at two sides of the polymer chain not only induces the beta phase formation but also results in a
formation of a net polarized dipole moment along the core-shell structure of PVDG-GO nanofiber.

The feasibility of using PVDF device for energy harvesting and sensing applications was
assessed by conducting a series of experiments. According to the results, the optimized frequency
range for the device was found to be 45 Hz. The results indicated that the voltage output starts to
decay at a higher frequency which can be due to the insufficient time for the PVDF nanofiber to
be recovered from the induced strain. The variation of the amplitude has a great influence on the
voltage output of the piezoelectric device. The voltage output of the PVDF device is enhanced
with increasing the amplitude due to the higher amount of induced strain. In fact, the amount of
induced strain can be considered as the main source of the available mechanical energy which can
be fed into the piezoelectric device to be converted to the electrical energy. The results clearly
show that both frequency and amplitude can affect the voltage output of the piezoelectric device.
The highest obtained voltage output can be obtained at the frequency range between 30-45 Hz.
The sensing ability of the PVVDF device was assessed in both active and passive situations. A pitch-
catch system was set up in the lab to assess the efficiency of the flexible PVDF device for active
sensing application. A series of experiments were conducted to evaluate the effect of several

parameters of the transmitted signal such as amplitude and frequency on the received signal. The
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effect of transducer-sensor distance was also considered to evaluate the attenuation of the
transmitted signal. The PVDF sensor was found to be effective in detecting the pulsed and
continuous generated Lamb wave. It was found that the efficiency of the PVDF sensor in detecting
the signal is not sensitive to the amplitude of the transmitted signal. Also, the transmitted signal’s
amplitude has an insignificant effect on the attenuation rate of the transmitted signal over the
distance. It means that the efficiency of the PVDF sensor in detecting the Lamb wave signal is not
affected by the amplitude of the transmitted signal. However, the efficiency of the PVVDF sensor
to detect the transmitted signal is highly affected by the distance between the transducer and
receiver. The results indicate that the PVDF device is less efficient in detecting the transmitted
signal either at a low-frequency range (<1 kHz) or the higher range of frequency (> 100 kHz). The
optimized frequency was found to be in the range of 1 kHz to 100 kHz to enhance the efficiency
of the PVDF sensor. The efficiency of PVDF sensor for detecting the acoustic wave was also
studied by hammer impact testing. These results clearly indicate that the sensor is able to detect
different magnitudes of surface acoustic waves propagating on the surface. The higher of the
impact energy applied to the concrete, the higher the voltage generated by electrospun PVDF AE
sensor. The results of this thesis can assist in adopting the electrospun PVDF piezoelectric sensor

in a variety of sensing and energy harvesting applications in civil engineering infrastructure.
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