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ABSTRACT

RAFI MARANDI. Additive manufacturing of PVDF-TrFE piezoelectric and
pyroelectric sensors. (Under the direction of DR. HARISH CHERUKURI)

Additive manufacturing, specifically Fused Deposition Modeling (FDM) method, has
emerged as a promising technique for rapid prototyping. Using FDM, complex geome-
tries can be created using precise layer by layer deposition of material. Among the
advantages of this method are its cost-effectiveness, rapid prototyping capabilities,
and ability to customize. Due to the similar melting point of ferroelectric polymers
PVDF and PVDF-TrFE to thermoplastics which are used in FDM printers, this study
examined the possibility of using FDM method for additive manufacturing of piezo-
electric and pyroelectric PVDF and PVDF-TrFE sensors. This method can be used
in biomedical engineering, soft robotics, energy harvesting, and sensing technologies.

Although both PVDF and PVDF-TrFE can be printed by FDM, the XRD result
indicated that only PVDF-TrFE crystallized in polar phase upon cooling from the
melt while PVDF always crystallized in the nonpolar phase. Therefore, only PVDF-
TrFE could be used for piezoelectric and pyroelectric samples. With corona poling,
consistent responses from both piezo- and pyroelectric sensors were observed. Using
a 30 mW laser, samples were measured for pyroelectricity. Poling at 25 kV for 10
minutes at room temperature resulted in a maximum pyroelectric response of 50 mV.
The piezoelectric response of the samples was measured in both deflection mode by
clamping one end and applying displacement to the free end, and also in compression
mode by applying normal load to the sample placed on a flat surface. For the latter
tests, dzzg = 2:5 pC/N was found for single layer (300 m) PVDF-TrFE. Upon im-
pacting the free end of a PVDF-TrFE sample printed on a PVDF layer as a substrate,

130 V (peak-to-peak) of open circuit piezoelectric response was observed.
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CHAPTER 1: INTRODUCTION

In the years following Jacque and Pierre Curie’s discovery in 1880 of piezoelectric-
ity in crystals such as quartz and Rochelle salt, and after Langevin and his colleagues
made ultrasonic submarine detectors from quartz in World War 1!, this property of
specific groups of materials attracted much academic interest. Later, the advances in
materials science and the development of inorganic crystals such as Barium titanate
(BaTiO3) and Lead-zirconate-titanate (PZT), drastically accelerated the growth of
the applications for piezoelectric materials. In 1969, Kawai found piezoelectricity in a
polymer [1], Polyvinylidene Fluoride (PVDF), that resulted in the emergence of many
more new applications such as flexible sensors and nonvolatile memory [2]. In 2021,
just the piezoelectric devices market was estimated to be USD 28.7 billion and is pro-
jected to be USD 35.4 billion by 2026 2. With the discovery of piezoelectricity in new
materials in recent years, researchers have also tried to develop new manufacturing
methods which are more suitable for different applications. Along with the tradi-
tional methods such as the solid-state reaction process for making ceramic sensors,
and the solution-casting method for polymer-based sensors, there are also novel meth-
ods proposed to either mitigate the complexity of the manufacturing process or to
answer the needs for specific applications. Advances in additive manufacturing made
it a very attractive option for fabricating piezoelectric sensors. Lee and Tarbutton
[3] proposed the Electric Poling-assisted Additive Manufacturing (EPAM) method to
directly print piezoelectric structures from PVDF polymer through Fused Deposition

Modeling (FDM) printing. Their method was based on the hypothesis that non-polar

Ihttps://piezo.com/pages/history-of-piezoelectricity
2https://www.marketsandmarkets.com/Market-Reports/piezoelectric-devices-market-
256019882.html
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to polar phase transformation of PVDF, resulting in piezoelectric material, would oc-
cur when applying a high electric field to the polymer while simultaneously stretching
the polymer during the printing process. In this procedure, uniaxial stretching re-
sults in non-polar ( phase) to polar ( phase) phase transformation while applying
a strong electric field to orient the dipoles in the polar phase. The main objective of
this research is to explore the potential of using FDM method specifically for manu-
facturing PVDF copolymer with trifluoroethylene (PVDF-TrFE). PVDF always goes
to non-polar phase when it cools down from the melt, which is happening in FDM
process. On the other hand, in the same process, PVDF-TrFE behaves completely
the opposite at a certain TrFE content (above 17 %mole) and always forms in polar
phase, which is the desired phase for making piezoelectric sensors. As a result, this
research is the first to start using PVDF-TrFE as the material for additive manu-

facturing samples. To achieve this objective, the following research questions were

addressed:

1. Is it possible to print parts with PVDF-TrFE using FDM? This question can
be approached from different aspects such as printability (adhesion, shrinkage,
etc.), and the consistency of polar phase existence in the additive manufactured

samples.

2. What is the most effective method for electrically pole the samples to achieve
a higher piezoelectric response? Does the simultaneous printing and poling
process result in strong enough electric field to form a remnant polarization in

the samples?

3. What are the possible printing and poling settings which can be used to achieve

repeatable results from additive manufactured sensors?

To answer these questions the following tasks were accomplished: (1) samples with

simple geometries were 3D printed while printing parameters such as extrusion rate,
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printing speed and direction, and overlaps between the paths, were tweaked to ob-
tain the best possible print quality. Print quality is the most important requirement
for achieving higher electric fields during poling process. (2) In order to pole the
samples in a repeatable manner, a setup was designed that applied corona discharge
of different intensities on the samples. In this regard, the effects of corona poling
parameters, as the most effective poling method compared to direct poling, on the
response of the samples were investigated via a standalone poling station. (3) ma-
terial characterization analysis was performed with X-Ray diffractometry (XRD), to
determine the material structure and the phase of the printed samples. In chapter
two, a brief history of piezoelectricity and pyroelectricity is provided along with the
introduction of the main piezoelectric materials used mainly for sensing and energy
harvesting applications. With the focus on polymer-based piezoelectric materials and
specifically PVDF and its copolymers, traditional and new manufacturing methods
are also presented. Finally, the recent research on additive manufacturing methods
for fabricating piezoelectric polymers is described. In chapter three, the testing ex-
periments and the details regarding the sample preparation are provided. In addition
to information about the printers, material properties, X-ray diffractometry, sample
geometries, and printing parameters, different conductive materials as electrodes are
discussed. The results of the experiments in the form of piezoelectric and pyroelectric
responses of the samples are presented in chapter four. The response of single- and
double-layer samples and how structural approach enhanced the piezoelectric response
of the samples are explained. Also, the challenges and issues that were encountered
during the tests are presented, including poling failure cases. Finally, in chapter five,
the summary of this research and the key results followed by the limitations of the
method, are presented. Based on these results and assumptions, future steps that

might be helpful to extend the scope of the research are presented.



CHAPTER 2: LITERATURE REVIEW

The main objective of this section is to provide a review of the available literature
on additive manufacturing for the fabrication of piezoelectric sensors and actuators.
To achieve this goal, some fundamental concepts of piezoelectricity and manufacturing

methods will be discussed in the following sections.
2.1 Piezoelectricity, pyroelectricity, and ferroelectricity

The history of piezoelectric materials dates to the 19th century, when the French
physicists Jacques and Pierre Curie discovered in 1880 that certain crystals, such
as quartz, possess piezoelectricity, which refers to the ability to produce an electric
charge when mechanical stress is applied to them. It was this discovery that led to
further research into piezoelectric materials, and in 1917 Paul Langevin developed
one of the first practical applications of piezoelectricity. In World War I, Langevin
used piezoelectric materials to build an underwater sonar system, which was used to
detect submarines. During the 1920s and 1930s, the development of piezoelectric ma-
terials continued, as researchers discovered new ferroelectric materials such as barium
titanate and lead zirconate titanate (PZT).

Piezoelectricity (from the Greek word piezein which means to press) is described as
the property of materials that can generate electric charges in response to mechanical
stress or strain, such as when they are pressed or stretched. Various coefficients are
used to present piezoelectric response, including strain constant, d, which indicates
how much polarization is induced by one unit of stress, and voltage constant, g, which
measures the electrical field produced by each unit of stress. Some ceramics possess

piezoelectricity due to the asymmetric arrangement of charged ions within the crystal
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structure of the material, which creates a permanent electric dipole moment within its
crystal structure. The potential for piezoelectricity is determined by the combination
of the material’s crystal structure and chemical composition [4]. When mechanical
stress or deformation is applied to a piezoelectric material, it causes a shift in the
positions of charged ions within the crystal lattice, which results in a change in the
electric polarization of the material. It is through this change in polarization that a
net electric charge is generated in the material, which can be utilized to produce an
electrical signal based on the change in polarization. The application of an electric
field can, on the other hand, result in a deformation or mechanical movement in
the material, giving rise to the property of inverse piezoelectricity. Eleven of the 32
crystal classes are centrosymmetric and therefore cannot have polar properties. With
the only exception of point group 432, there are 20 piezoelectric classes remaining
in which the center of symmetry does not exist. Only 10 of these 20 classes have
unique polar axes that result in spontaneous polarization, and these are pyroelectric

materials.

a b

Poling field
A -
—>
N
E 30 3

)

Figure 2.1: The effect of applying an external electric field to the piezoelectric materi-
als: equilibrium state (a), ceramics such as PZT (b), and polymers such as Polyvinyli-
dene fluoride (PVDF) (c). Image taken from [5]

As the name suggests, pyroelectricity is a property of certain materials that is
caused by temperature changes, and due to temperature-induced changes in the crys-
tal structure of a material following a change in temperature, the polarization of

the material can also alter, resulting in a net electric charge due to the change in
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polarization. Also, ferroelectric crystals, which are a class of materials that exhibit
spontaneous electric polarization that is reversible once an external electric field is
applied, are all pyroelectric crystals, but not all pyroelectric crystals are ferroelec-
tric crystals. As a result of a change in temperature, T , there is a change in
polarization, P . The pyroelectric coefficient, p, relates these two parameters via
p= P= T . There are two ways in which polarization changes because of a change
in temperature can be measured. The primary pyroelectric coefficient is the pyro-
electric coefficient that is measured when the crystal dimensions are held constant,
that is, at constant strain, when the pyroelectric coefficient is measured. A secondary
pyroelectricity contribution can be observed when the crystal dimensions are allowed
to change, which is the result of the crystal dimensions changing [6]. For a polymer
to exhibit pyroelectricity, it needs to have molecular dipoles that are arranged in
a specific manner. Additionally, the alignment of these dipoles must remain stable
over time and under varying temperatures. Consequently, any polar polymer has the

potential to demonstrate pyroelectric properties [7].
2.2 Piezoelectric materials and their applications

Since the discovery of piezoelectricity in quartz and Rochelle salt by Jacque and
Pierre Curie in 1880, this property has been the focus of academic research and
industrial applications. There is a considerable influence on the performance of
piezoelectric systems based on the type of material that is selected. With mate-
rial science advances and inorganic crystals such as Barium titanate (BaTiO3) and
Lead-zirconate-titanate (PZT) being developed, piezoelectric material applications
grow rapidly. After Kawai’s discovery of piezoelectricity in Polyvinylidene fluoride
(PVDF) in 1969 [1], many novel applications such as flexible sensors and nonvolatile
memory were developed. Nonorganic piezoelectric ceramics (e.g., PZT) are typically
fabricated using a solid-state reaction process, which involves mixing the raw materi-

als, compacting them into the desired shape, and sintering them at high temperatures
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to form a dense ceramic material. The final properties of the ceramic material are
determined by the composition, microstructure, and processing conditions [4]. The
unique properties of ceramic piezoelectric materials, including high piezoelectric co-
efficients (100 500 pC/N), mechanical hardness, and chemical stability, make
them suitable for use in a variety of fields. They are used in a wide range of devices,
such as ultrasonic transducers [8], pressure sensors [9], and vibration sensors [10].
Ceramic piezoelectric materials also have potential applications in energy harvest-
ing [11], where they can convert ambient mechanical vibrations or thermal energy
into electrical energy. Additionally, these materials have potential applications in
bioengineering, such as ultrasound imaging [12|. Ceramic piezoelectric materials are
also used in precision positioning and control systems, where their high resolution
and fast response time make them suitable for micro- and nano-scale applications
such as acoustic and vibration damping, where they can reduce the level of noise and
vibration in mechanical systems [13].

Despite their many advantages, ceramic piezoelectric materials also have several
limitations that limit their potential applications. The brittle nature of these mate-
rials makes them prone to cracking and fracture under mechanical stress. Because of
this, they cannot be used in applications that are subject to high mechanical stress,
such as structural health monitoring. In addition, their relatively high density makes
them unsuitable for lightweight applications. Also, some nonorganic piezoelectric ce-
ramics contain lead, and due to their toxicity and its risk to human health and the
environment, more restrictions in recent years have been applied to their usage. To
overcome this issue, new lead-free ceramics such as compositions based on potassium
sodium niobate family (K, Na)NbO3 or KNN, have been developed [14].

Following Kawai’s discovery of piezoelectricity in PVDF, increasing attention has
been paid to ferroelectric polymers (EAPs). This includes piezoelectric polymers

such as Nylon-11 and poly(L- lactic acid) (PLLA) [15]. There are several advantages
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to these materials over traditional nonorganic piezoelectric ceramics, including their
flexibility, low density, biocompatibility, ease of processing, and lead-free. Due to
their unique properties, polymer-based piezoelectric materials can be used in wearable
devices, biomedical engineering, energy harvesting, structural health monitoring, and
human-machine interfaces [16, 17, 18, 19, 20].

PVDF is a semi-crystalline thermoplastic polymer that is composed of carbon, hy-
drogen, and fluorine atoms. The polymerization of the monomer vinylidene difluoride
forms the polymer chains that have the molecular formula of (CH, CF;), where
n represents the number of repeating units. There are two hydrogen atoms and two
fluorine atoms bonded to each carbon atom in the molecular structure. Different pro-
cessing conditions and cooling rates result in different phases and crystal structures in
PVDF [21]. PVDF can crystallize into at least three different configurations: TGTG*
in the and phases, a flat zigzag arrangement with all trans (TTT) in the phase,
and T3GT3G in the and phases. PVDF most commonly forms in two crystallized
phases: -phase and -phase. The -phase is the most stable and thermodynami-
cally favored (lowest energy) phase of PVDF when cooled down from the melt under
room temperature and pressure [22|, while phase is formed under certain processing
conditions such as high-temperature crystallization [23], and annealing [24]. In the

-phase, the PVDF molecules are arranged in a crystalline structure that is symmet-
ric along the chain axis, with the fluorine atoms and the hydrogen atoms distributed
evenly on opposite sides of the chain. This symmetry results in a molecular structure
that does not have a net dipole moment, and therefore making it non polar [25]. In

the phase, the PVDF molecules are arranged in a planar zigzag structure, with

1Trans (T) and gauche (G) conformations are specific arrangements of substituent groups or
atoms around a single bond in a molecule, commonly found in organic chemistry. The trans confor-
mation refers to a configuration where the substituent groups or atoms are positioned on opposite
sides of the bond. This arrangement results in a linear or extended shape of the molecule. On
the other hand, the gauche conformation describes a configuration where the substituent groups or
atoms are located on the same side of the bond. This arrangement introduces a bend or a kink in
the molecule due to steric hindrance or repulsion between the groups.
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fluorine atoms and hydrogen atoms aligned alternately on opposite sides of the chain.
This arrangement results in a net dipole moment, making the phase of PVDF po-
lar. This phase can be formed by processing PVDF under specific conditions, such

as mechanical stretching or manufacturing methods such as electrospinning [21].

a-phase

o ol ol bl %t

B-phase

@ Carbon @ Flourine @ Hydrogen

Figure 2.2: : PVDF chain conformation for -, - and -phase. Image taken from
[26]

Based on the processing conditions and cooling rate, PVDF can also exhibit other
structural phases than and -hase, including:

-phase: The phase is a non-crystalline or amorphous phase that is formed when
PVDF is processed at high temperatures or under high pressure. The phase does
not exhibit any long-range order, and its properties depend on the processing condi-
tions [27].

-phase: The phase is a polar phase that is formed when PVDF is subjected to a
strong electric field or high-pressure treatment. -phase has the same chain confor-
mation as -phase, however, in  phase, all contributions nullify each other, while
in the phase, although the components within the plane cancel each other out, the
components perpendicular to the plane result in a measurable dipole moment [28].

The phase exhibits a unique crystal structure that is characterized by alternating



planes of trans and gauche conformation [21].

10

-phase: The -phase is a non polar phase that is formed when PVDF is stretched or

oriented at high temperatures. The -phase exhibits a unique crystal structure that

is characterized by a helical arrangement of the polymer chains [29].

The crystalline structure of PVDF can change and therefore it can be transformed

from one phase to another under certain conditions such as temperature, pressure,

or mechanical stress. Phase transformations in PVDF can also be induced by var-

ious methods such as mechanical stretching, electrical poling, annealing, or solvent

treatment. The process involves breaking and reforming inter- and intramolecular

hydrogen bonds, leading to a change in the molecular conformation [30, 31, 32].
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Figure 2.3: Phase transformation in PVDF. Image taken from [33|

The -phase has the highest dipolar moment per unit cell (8

10 30 C.m) when

compared to the other phases which makes it the most desired phase for applications

involving piezoelectricity [21|. There are several processing conditions that influence

the formation of the beta-phase in PVDF, including cooling rates and stretching.

Cooling rate is one of the critical factors that influence the formation of the -phase.
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Slow cooling rates below a certain threshold do not result in the formation of the
-phase, whereas rapid cooling rates above a certain threshold can result in the for-
mation of the -phase [34]. Stretching the -phase of PVDEF above a certain threshold
can cause the polymer chains to align in a planar zigzag arrangement, resulting in
the formation of the -phase|31]. The stretching can be accomplished using various
techniques, such as uniaxial or biaxial stretching, and the degree of stretching and

the stretching rate can influence the properties of the resulting -phase [31, 35, 36].

Temp.
tirrer

Melt a-phase Solvent Casting Fillers
Quenching , e,
T ; Langmuir-Blodgett Ceramics
. Stretching Ferrites
Ultra-High cooling Elcctrospinning
‘ Clays

k Spin-Coating _,
T>180°C & P>500M Pa . Salts

p-phase

Figure 2.4: :Methods of obtaining phase PVDF from melt, phase, and preparation
methods. Image from [21]

High external electric fields applied to PVDF, can also initiate phase transition
from  phase to -phase. This phenomenon is known as the electric-field-induced
phase transition (EFIT) and has been extensively studied for PVDF homopolymer
and its copolymers [30, 37, 38, 39]. EFIT can produce a highly oriented -phase
PVDF with unique piezoelectric and mechanical properties. It is possible to control
orientation and phase formation by varying the strength, frequency, and duration of

the electric field [40]. Nevertheless, applying very high electric fields can also lead to



12
material degradation and electrical breakdown [41].

The addition of trifluoroethylene (TrFE) units to PVDF can promote the formation
of the -phase during the polymer processing [42]. TrFE is a fluorinated monomer that
can copolymerize with PVDF to form PVDF-TrFE copolymers. Incorporating TrFE
units into PVDF polymer chains alters the conformation of the chains and reduces
the energy barrier necessary to form the -phase. Therefore, all trans conformation
characterizing -phase is more favorable in PVDF-TrFE copolymers than in PVDF
homopolymers [43]. Moreover, the amount of TrFE units in the copolymer can be
adjusted to control the degree of = phase formation and the resulting properties [44].
Studies have shown that a minimum TrFE content of 15-20% is required to promote
the formation of the -phase in PVDF-TrFE copolymers [42]. With TrFE contents
below this threshold usually exhibit -phase crystallization or the formation of the -
phase [15]. PVDF-TrFE exhibit enhanced piezoelectric properties, making it suitable

for piezoelectric sensors and actuators [45].

@ Hydrogen
@® Fluorine
@ cCarbon

= -X- -Y

Figure 2.5: Schematic of PVDF-TrFE repeating unit. Image from [21]

2.3 Manufacturing methods for PVDF and PVDF-TrFE piezoelectric sensors

Piezoelectric PVDF sensors have gained significant attention in various industries
due to their unique properties such as lightweight, flexibility, and high sensitivity.
These sensors are capable of converting mechanical stress or vibrations into electrical
signals, making them ideal for applications in pressure sensing, acoustic sensing, vibra-

tion monitoring, and energy harvesting. The performance of these sensors depends on
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the crystalline phase of the polyvinylidene fluoride (PVDF) material, specifically the
polar -phase. As a result, numerous manufacturing and preparation methods have
been developed to fabricate piezoelectric PVDF sensors, ensuring the formation of
the desired -phase to optimize the sensor’s performance. These methods encompass
a variety of techniques, including solution casting, electrospinning, melt processing,
and layer-by-layer assembly, each offering its advantages in terms of scalability, con-
trol over film thickness, and the ability to create complex structures or integrate other
materials. In this section, a brief description of the conventional methods is discussed
followed by the recent advances in additive manufacturing for piezoelectric sensors.
Solution casting: Solution casting is a common method used to manufacture piezo-
electric polymer sensors. In this method, the polymer is first dissolved in a suitable
solvent, such as dimethylformamide (DMF) or N,N-dimethylacetamide (DMAc), to
form a viscous solution [46]. The solution is then cast onto a substrate, such as glass
or silicon, and allowed to dry. The drying process can be performed by evaporation
of the solvent at room temperature or by heating the substrate to remove the solvent
more quickly. One of the advantages of solution casting is that it is a relatively sim-
ple and inexpensive method. The polymer solution can be easily prepared, and the
casting process can be performed using basic equipment. Moreover, solution casting
can produce thin films with a wide range of thicknesses, making it suitable for a va-
riety of applications. However, there are also some limitations to the solution casting
method. One of the main challenges is achieving uniform thickness and quality of the
film. Variations in the casting process, such as the speed of casting, temperature, and
humidity, can result in non-uniform thickness and defects in the film. In addition, the
choice of solvent can also affect the properties of the resulting film, and some solvents
may be hazardous or difficult to handle. Despite these limitations, solution casting
remains a popular method for manufacturing piezoelectric polymer sensors due to its

simplicity and low cost. Researchers continue to investigate ways to improve the uni-
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formity and quality of the films produced by solution casting, such as using additives
or controlling the casting conditions more precisely [47].

Spin coating: Spin coating is another method used to manufacture piezoelectric
polymer sensors. In this method, a solution of the polymer is deposited onto a
substrate, and the substrate is spun at high speeds to spread the solution into a thin
and uniform layer. The film is then subjected to mechanical or thermal treatment
to induce the -phase and enhance the piezoelectric properties [48]. The spinning
speed and duration can be controlled to adjust the thickness of the film. One of
the advantages of spin coating is that it can produce thin films with a high degree
of uniformity and control over the thickness. This method is suitable for producing
films with thicknesses ranging from a few nanometers to several micrometers [49].
Moreover, spin coating can be performed using relatively simple equipment and is a
scalable method for mass production. However, spin coating also has some limitations.
For example, it may not be suitable for producing large-area films, and the thickness
of the film can be affected by variations in the spinning speed and duration. In
addition, the method may not be suitable for producing complex patterns or shapes.
Despite these limitations, spin coating remains a popular method for manufacturing
piezoelectric polymer sensors, especially for applications that require thin and uniform
films, such as energy harvesting and biomedical sensing.

Electrospinning: Electrospinning is a unique method used to manufacture piezo-
electric polymer sensors. In this method, by applying a high voltage to a polymer
solution, the induced electric field overcomes the surface tension of the droplets, caus-
ing the jet of polymer solution to elongate into a cone-shaped jet, called Taylor cone.
In the grounded collector, thin polymer fibers are randomly displaced as the solu-
tion evaporates [50]. The diameter of the fibers can be controlled by adjusting the
voltage, flow rate, and distance between the electrode and substrate [51]. One of

the advantages of electrospinning is that it can produce fibers with a high degree of
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alignment and uniformity. The method can also produce fibers with a diameter rang-
ing from a few nanometers to several micrometers, making it suitable for a variety
of applications. Moreover, the non-woven mat produced by electrospinning can have
a high surface area-to-volume ratio, which can enhance the sensing performance of
the resulting sensors. However, electrospinning also has some limitations. Choosing
the right solution parameters as well as electrospinning values, can affect the -phase
content and prevent issues such as jet disruption due to syringe clogging [50]. The
process can be challenging to control, and the diameter and alignment of the fibers
can be affected by variations in the processing conditions. Moreover, electrospinning
may not be suitable for producing large-area films or complex patterns.

Printing: Printing techniques such as Inkjet printing is a method used to manufac-
ture piezoelectric polymer sensors that involves the deposition of ink onto a substrate
in a precise pattern using an inkjet printer. The deposited polymer can then be sub-
jected to mechanical or thermal treatment to induce the -phase and enhance the
piezoelectric properties [52]. The ink used for printing contains a polymer solution
with piezoelectric properties, which can be deposited in a controlled and repeatable
manner to produce the desired pattern or shape. One of the advantages of inkjet
printing is that it can produce complex patterns and shapes with a high degree of
precision and reproducibility. This method is also scalable and can be easily adapted
for mass production. Moreover, inkjet printing can be used to deposit multiple mate-
rials in a single step, allowing for the production of multilayered or composite sensors
[53]. However, inkjet printing also has some limitations. The viscosity and surface
tension of the ink can affect the print quality, and some inks may clog the printer
nozzles. Moreover, inkjet printing may not be suitable for producing thick films or
large-area sensors.

Additive Manufacturing (AM): Additive manufacturing, also known as 3D

printing, has emerged as a promising approach for fabricating piezoelectric polymer
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devices [54|. This technique enables the creation of complex structures, rapid proto-
typing, and customization of device designs. Since this method is the focus of this
research, a brief general explanation of additive manufacturing is provided below.
For an object to be 3D printed using any additive manufacturing technique, the 3D
model must be converted into a format that the 3D printer can understand. This
process involves two main steps: slicing and generating G-code. These steps can be
performed automatically by the printer or manually by the user, depending on the
method and other factors like the user interface or complexity of the printer. Slicing
is the first step in preparing a 3D model for printing. The first step in preparing a
3D model for printing is slicing. This process involves dividing a 3D model into thin
horizontal layers. A layer represents a cross-sectional area of an object that will be
constructed sequentially, one on top of another, by the printer. Slicing is performed
using specialized software, known as slicers, which take the 3D model (usually in
formats such as STL, OBJ, or 3MF) and generate a set of instructions for the printer
to follow. As part of the slicing process, printing parameters are set based on factors
such as the material, desired resolution, print speed, and others. There are several
parameters to consider, including layer height, which determines the resolution along
the Z-axis, infill density, which affects the object’s strength and weight, and sup-
port structures, which are necessary for overhanging features that cannot be printed
without temporary support.

As soon as the 3D model is sliced, the slicer software generates a set of instructions
called G-code which is specific to the machine. G-code is a widely used numerical con-
trol programming language for computer-controlled machines, including 3D printers.
Each line of G-code represents an action or a series of actions that must be taken by
the 3D printer. This includes the movement of the extruder, setting the temperature,
and other printer-specific operations. For instance, G-code commands may specify

extruder coordinates, the temperature at which it should heat, the speed at which it
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should travel, or when to retract the filament to prevent stringing. Once the G-code

file has been created, the file can then be loaded into the 3D printer via USB, SD

card, or network connection. During the printing process, the printer’s firmware reads

the G-code generated by the software and executes each line of commands line by

line, layer by layer, until the printed object reaches its final state. There are several

additive manufacturing methods suitable for making piezoelectric polymer devices

1. Fused Deposition Modeling (FDM): FDM is a widely used 3D printing technique

that involves extruding a thermoplastic filament through a heated nozzle and
depositing it layer-by-layer onto a build platform. For piezoelectric devices, the
PVDF or PVDF-based composite filament can be used. Post-processing, such
as poling, is required to align the dipoles and induce the piezoelectric  phase.
FDM allows for the fabrication of devices with intricate geometries and varying

thicknesses, although the resolution may be limited by the nozzle size [3].

. Stereolithography (SLA) or Digital Light Processing (DLP): Both SLA and
DLP are resin-based 3D printing techniques that utilize a light source (laser
or projector) to selectively cure a photosensitive polymer resin. To fabricate
piezoelectric devices, the resin can be formulated with PVDF or its copolymers
and piezoelectric nanoparticles. The cured parts require post-processing, in-
cluding washing, curing, and poling, to induce the piezoelectric  phase [56].
SLA and DLP offer higher resolution and surface quality compared to FDM,
but the availability of piezoelectric resins and the requirement for additional

post-processing steps may pose challenges.

. Direct Ink Writing (DIW) or Extrusion-based 3D printing: In this method, a
paste or gel-like ink containing PVDF or PVDF-based composites is extruded

through a nozzle and deposited onto a substrate in a layer-by-layer fashion
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[57]. The ink formulation must ensure proper rheological properties to maintain
the shape and structure during printing [58]. Post-processing steps, such as
drying, sintering, and poling, may be required to induce the piezoelectric -
phase. DIW enables the fabrication of complex, multi-material structures and
offers scalability for larger devices, but the resolution may be limited by the

nozzle size and ink properties.

Additive manufacturing methods have the potential to revolutionize the fabrica-
tion of piezoelectric polymer devices, enabling rapid prototyping, customization, and
complex geometries that are difficult to achieve with traditional manufacturing tech-
niques. However, challenges such as material availability, resolution limitations, and
the need for post-processing steps to induce the piezoelectric properties must be ad-
dressed to fully exploit the advantages of these techniques. Next, the most recent
research works implementing FDM and inkjet printing methods, as the main addi-
tive manufacturing methods for PVDF and its copolymers, and as the focus of this

research, will be discussed.
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2.4 Recent research studies on FDM and inkjet printing for piezoelectric PVDF

and its copolymers

FDM and ink printing (based on solvent evaporation) are two distinct additive
manufacturing techniques used for manufacturing PVDF-based piezoelectric sensors.
It is to this end that some of the pioneer and recent studies that utilized these AM
techniques are presented in this section. The key aspects of these studies (e.g. manu-
facturing method, poling condition, etc.) are provided in Table 2.1 at the end of this
section.

Lee and Tarbutton [3] developed Electric Poling-assisted Additive Manufacturing
(EPAM) to print piezoelectric structures directly from PVDF polymer using Fused
Deposition Modeling (FDM). By applying a strong electric field to polyvinylidene flu-
oride (PVDF) rods, they succeeded in printing piezoelectric devices directly and con-
tinuously. Continuously fabricating piezoelectric devices is possible through EPAM,
which combines AM with electric poling. By using this method, PVDF polymer
dipoles stay aligned and uniform over a large area during design, production, and
fabrication. Under high temperatures, the leading nozzle applies mechanical stress
in situ to the molten PVDF polymer while applying high electric fields to pole it
electrically. A piezoelectric structure can be directly printed using the EPAM system
while a high electric field is applied between the nozzle tip and the printing bed in

AM machines.
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Figure 2.6: Schematic (a) and the modified 3D printer (b) of electric poling-assisted
additive manufacturing (EPAM). Image taken from |[3]

To study the effect of electric field conditions on the piezoelectric characteristics
of PVDF polymer, 100 mm long devices were printed under four different electric
field conditions: no electric field, 1.0 MV/m, 2.0 MV/m, and 3.0 MV/m. It was
reported that cyclic bending by hand, the samples which are poled under 1.0 MV /m
and 2.0 MV /m, the output current was 0.25 nA and 0.37 nA, respectively. As
a result of 3.0 MV /m, an electrical breakdown occurred, and poling could not be
sustained. Their initial results led them to fabricate a larger sample on a flexible
substrate that generated 1.5 nA. Samples fabricated under three different electric
poling conditions also showed improved crystalline phases with higher applied electric
fields. A Fourier Transform Infrared Spectroscopy (FTIR) analysis indicates that
PVDF polymeric filament before extrusion shows nearly identical results without an
electric field applied

Porter et al. [59] investigated the effects of FDM printing parameters on the proper-
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ties of 3D-printed PVDF films. Through tensile testing and digital image correlation
(DIC) analysis, they examined the influence of in-fill angle on Young’s Modulus, Pois-
son’s ratio, and yield strength. FTIR was also used to analyze -phase content in
relation to processing parameters. It was found that a higher -phase content was as-
sociated with a lower extrusion temperature, higher extrusion rate, and higher hot-end
voltage while post-printing corona poling induced a small but consistent piezoelectric
response in mainly -phase films. According to their study, Young’s modulus for 3D
printed PVDF samples was between 457 and 486 MPa, with an average Poisson’s
ratio of 0.305. Several factors influenced beta-phase content, including temperature,
bed material, and horizontal speed. The piezoelectric coefficient d3; in high -phase
content PVDF films generated by electrical poling at 80 C under an oil bath field of
8.33 MV /m was repeatable, despite its small value. Using a modified FDM method
with integrated corona poling (IPC), Kim et al. [60] fabricated PVDF piezoelectric
films for sensor applications. Following the printing of layers, the nozzle at 250 C
and connected to high voltage follows the same path as the printing path used for
the printed sample without extruding material. For the electrical poling step, the
nozzle ionized the air close to the nozzle and placed the charges on the sample at a
temperature of 60 C. To characterize the piezoelectric properties of the IPC PVDF
films, FTIR analysis, and fatigue load frames were used. FTIR analysis shows that
stronger electric voltage resulted in higher -phase content in the samples and there-
fore produced greater current output and piezoelectric coefficient ds; of 4:8 10 2
pC/N for samples under 12 kV. As a result of the IPC process developed in this
research, the piezoelectric output current can reach a value of 0.001 nA during the
IPC process while applying 12 kV of electric voltage. In addition, Kim et al. It was
found that the ultimate strength of the IPC PVDF film after the IPC process under
12 kV increased from 17-19.8 MPa. In contrast, the strain decreased from 45.4% to

38.6%. In addition, it was found that increasing the heating bed temperature reduces
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the piezoelectricity of the PVDF film. From the tensile testing results, it was dis-
covered that the ultimate strength of the IPC PVDF film is enhanced after the IPC
process due to molecular structure changes. Based on the results, the IPC process
can produce piezoelectric PVDF film.

Yuan et al. [61] used the ink-deposition method to fabricate approximately 10 m
thick PVDF-TrFE layers using a self-made printer. The process involved multiple
steps: First, a silver electrode layer was 3D printed onto a flexible polyimide (PI)
film, which was solidified at 80 C for 20 minutes. Then, a solution of PVDF-TrFE
(with a 70/30% mole ratio) in Dimethyl sulfoxide and acetone was printed using
another nozzle. The final step involved corona poling, where the platform was moved
under a corona needle (15 kV) and a mesh (5 kV) for 3 minutes. These steps were
repeated six times to achieve six layers with a PVDF-TrFE film thickness of 60 m.
This film was wrapped around a 3D printed "rugby ball" structure to increase the
stress introduced to the piezoactive film.

The rugby ball-structured multilayer PVDF-TrFE composite film exhibited a high
peak output voltage of 88.6 Vp, under a pressure of 0.046 MPa in the low-frequency
range, which is almost two times that of a flat single-layer PVDF-TrFE structure. The
observed piezoelectricity was as high as 130 pC/N from the sample, which is six times
higher than that from a single PVDF-TrFE film (d33 = 22 pC/N). The piezoelectric
coefficient dz3 of alpha-PVDF is only 3 pC/N. It should be noted that the peak output
power density as an energy harvester unit was as high as 16.4 mW /cm? in short circuit
condition and 5.81 mW /cm? under the load of 568 k .

Tarbutton et al. [62] also studied the phase transformation of PVDF during the
additive manufacturing process (EPAM). Using Fourier Transform Infrared Spec-
troscopy (FTIR) and Differential Scanning Calorimetry (DSC), the authors investi-
gated the phase changes of PVDF filament before printing, printed samples under

no external electric field, and printed samples under 30 MV /m.According to FTIR
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and DSC results, EPAM method changes the crystalline phases combination (mainly
, ,and ).The result shows the 35% crystalline of PVDF in which approximately
35% isin  phase and no phase in all the samples. Also due to similarity of and
phases, they hypothesized that it is possible that some of the phase transforms
into  phase because of polymer chain reorientation, during printing process under
high electric field. Considering the results of both methods, the authors concluded
that EPAM can induce the change of non-polar phase to either amorphous or other
phases. Furthermore, in this study, two shock sensors (1-layer and 2-layer) were
manufactured using the EPAM method (under 30 MV /m) and with silver epoxy was
applied to the samples as the electrode to measure the generated charge due to im-
pact. The measured dsz was 0.66 pC/N and 0.23 pC/N for for 1- and 2-layer samples,
respectively. By acknowledging the fact that PVDF tends to form in the -phase
when it solidifies from the melt, Liu et al. [63] proposed a method to obtain -phase
for 3D printed samples using FDM. In this method, PVDF pellets were mixed with
an ionic liquid (IL) agent (1-ethyl-3-methylimidazolium tetrafluoroborate) through
stirring in N,N-dimethylformamide (DMF, 99.5%) solvent. The interaction between
positive imidazole ions and CF, dipoles facilitates the formation of an all-trans con-
formation of the -phase. The prepared solutions with different quantities of IL (0-20
wt%) were dried by placing them in an oven overnight and then converted into a
filament using an extrusion device at 200 C. Due to the high conductivity of the
IL, which results in higher dielectric loss of the material and therefore higher energy
loss, the 3D printed samples were immersed in a water bath at 70 C for 2 hours.
The -phase content in the final samples was measured via FTIR and the method
presented by [31]. Based on the reported results, adding 15 wt% of IL resulted in
increasing the -phase content to 93% compared to 13.5% of pure PVDF. The piezo-
electric response of the samples was evaluated by applying normal stress to them and

measuring the generated charge with an oscilloscope. The maximum open circuit
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voltage of 3 V and short circuit current of 55.5 nA were measured for the sample
with a thickness of 0.8 mm and 20 wt% of IL. As a structural approach, a sample
with hemispherical protrusion features on the top surface was also fabricated, which
showed 4.2 V and 71 nA under the same stress. In a similar study, Pei et al. [64]
used tetraphenylphosphonium chloride (TPPC) nanoparticles and PVDF mixture to
make the filament for FDM printing. In this method, the TPPC powder and PVDF
pellets were first mixed in the solid state and then melted at 190 C while the mixing
process continued for 10 minutes. The solidified mixture was then torn into small
pieces and fed into an extrusion for making the filament with a diameter of 1.75 mm.
Samples with 0 to 5 wt% of TPPC were fabricated in a multi-layer grid changing the
print direction in each layer by 90 with respect to the previous layer. The measured
accumulated - and -phase contents in the crystalline form of the prepared samples
showed an increase from 28.9% to 83.8% with 0 and 5 wt% of TPPC, respectively.
The enhanced -phase formation in the presence of TPPC is explained by ion-dipole
interactions, which were also reported by Liu et al. [63]. The authors explained
that the interaction between the phosphorus atom with a positive charge and the
PVDF dipole (CH2-CF3;) could exceed the energy required for the transformation
from the - to -phase. The shear force applied to the molten material exiting the
nozzle during printing is also believed to enhance the crystallization orientation. The
mechanical properties of the samples also showed that the compression modulus and
maximum stress for the samples decreased with a higher content of TPPC. The au-
thors considered this as an improvement in the flexibility of the samples with higher
TPPC content, which could increase the piezoelectric response in energy harvesting
applications. The maximum open-circuit voltage of 6.62 V and short-circuit current
of 87.6 nA were reported for the sample with 5% of TPPC, while the sample with 0%
of TPPC generated 1.25 V.

Chen et al. [65] used a PVDF-based solution and ink printing method to manufac-
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ture thin films with a thickness of 40 m. The solution was prepared in a multi-step
procedure by dissolving PVDF (12-17 wt%) in DMF and adding multi-walled carbon
nanotubes or graphene (0.03 wt%) as conductive nanoparticles. The samples were
then printed by ejecting the inks with various combinations of the components from
a syringe with a 0.33 mm outer diameter needle while applying an electrical poten-
tial difference (3 kV and 6 kV) between the needle and the printing bed. As results
showed, higher content of PVDF in the solution improved the crystallinity of the
sample. However, above 20 wt%, the adhesion to the printer bed deteriorated, and
the mechanical stretching factor became less effective. The stronger applied external
electric field between the needle and the bed also increased the crystallinity from 36%
to 56%. By keeping the PVDF content fixed at 15 wt% and the external electrical po-
tential at 6 kV, the introduction of both graphene and multi-walled carbon nanotubes
enhanced the crystallinity and -phase content. However, the graphene additive cre-
ated higher crystallinity (78%) compared to multi-walled carbon nanotubes (62%).
The piezoelectric coefficient, dsz, for the samples with 15 wt% of PVDF and printing
under 6 kV were reported as -2.3, -5.5, and -8.7 pC/N for pure PVDF, PVDF with

multi-walled carbon nanotubes, and PVDF with graphene, respectively.
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Table 2.1: Key aspects of FDM and inkjet 3D printing methods for manufacturing of
piezoelectric polymers

Reported
Material Method Poling condition Reference
piezoelectricity
Lee and Tar-
PVDF FDM EPAM NA
button [3]
Porter et al.
PVDF FDM NA d31=1.19 pm/V
[59]
PVDF FDM Corona poling dz;=4.8 1072 pC/N | Kim et al. [60]
Self-made _ d335=130 pC/N Yuan et al.
PVDF-TrFE Corona poling
printer (6 layered sample) | [61]
d33=0.66 pC/N
1 layer
(1 layer) Tarbutton et
PVDF FDM EPAM
al. [62]
d33=0.23 pC/N
(2 layer)
PVDF + ionic liquid FDM NA NA Liu et al. [63]
PVDF + TPPC FDM NA NA Pei et al. [64]
d33=2.3 pC/N
PVDF
PVDF + carbon o Chen et al
Ink printing NA d33=5.5 pC/N
nanotubes [65]

PVDF + graphene




CHAPTER 3: EXPERIMENTAL DESIGN AND METHODOLOGY

An iterative approach was adopted to refine the research methodology for this
dissertation. With each iteration, adjustments were made based on the findings from
the previous version, aiming to enhance the overall methodology.

As described in the literature review section, Lee and Tarbutton [3] claimed to
manufacture samples that were piezoelectric via EPAM method. As the continuation
of their work and with the goal to manufacture multi-layer samples, new samples were
3D printed using EPAM. However, no response could be obtained from the samples.

In order to determine the source of the problem, the following steps were performed:

First, it was necessary to ensure that the performance of the EPAM was not affected
in any way by the material properties of different grades of PVDF. Therefore, PVDF
from Arkema (under the brand name of Kynar) and Solvay (under the brand name
of Solef) were used for sample preparation. As it is described in the next chapter,
XRD results and piezoelectric response measurements confirm that the samples were
almost completely in non-polar  -phase which explains the absence of piezoelectric
response in the samples.

Second, To prevent early electrical breakdowns, the printing and poling processes were
separated. Also, it was tried to apply higher electric fields to the printed samples in
a post-process step. For this purpose, high voltages were initially applied directly to
the sample’s surfaces, known as direct poling. For direct poling, both surfaces of the
samples had to be covered with a conductive material (electrodes). The first option
was commercial copper tapes with one-side adhesive. Due to the rugged surface of

3D printed samples, copper tape had poor surface adhesion. Next, metal electrode
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sputtering was used to achieve great adhesion and cover any voids and dents on the
surface that are not accessible with copper tape. Denton Desk IV Sputter was used
to deposit a thin layer of gold (50 nm) as an electrode on the surface of the sam-
ples. Nevertheless, sputtering involves creating plasma in a vacuum, which requires
specialized systems, increasing the overall process’ complexity which is opposite to
the main goal of this research of using additive manufacturing as a simple single-step

procedure for fabricating piezoelectric devices.

(a) (b) ()

Figure 3.1: PVDF samples with different type of electrodes: copper tape (a), sput-
tered gold (b) and silver paint (c).

Conversely, conductive paint was very effective at adhering to surfaces as well as
covering small voids. Copper paint and silver paint purchased from MG Chemical
produced similar results, but silver paint had the edge by forming smooth, hard, and
abrasion-resistant electrodes. Because of its good adhesion, high conductivity, and
ability to be applied with spray guns, silver paint became the main material as the
electrode for latest samples. Table 3.1 lists the properties of the silver paint.

To apply high electric fields, Matsusada EQ30P1 unipolar (positive) 30 kV DC
power supply was used. Initially, direct poling was performed in the air, and the
maximum achievable voltage was found to be around the threshold that the break-

down occurred (9 kV) in EPAM method. Also, the samples were immersed in silicon
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Table 3.1: Electrical and chemical properties of the conductive silver paint form MG
chemical.

Service
Resistivity Surface Resistance @ 50 m Cure Time Temperature
1.0 10 4 cm 0.015 =sq 24h @22 C -40to0 120 C

30 min @ 65 C

oil which has very high dielectric strength, to increase the magnitude of the high volt-
age, but there was no significant improvement in the poling process since electrical
breakdown occurred at 10-11 kV.

As an alternative to direct poling, corona discharge method was also used. Using
this method, which will be discussed in more detail later, you can create higher electric
fields with a lower possibility of breakdowns occurring. The Corona discharge method
uses a high voltage to ionize the air close to the needle tip and direct the resultant
ions/charges to the surface of the sample placed under the needle (see Figure 3.2).

Based on X-ray Diffractometry (XRD) analysis whose results are presented in the
next chapter, further poling in a post-process step did not result in any noticeable
polar phase formation, since the samples were still in -phase. This is in accordance
with the fact that PVDF cooling down from melt (the main process in the FDM
method) to alpha phase is a thermodynamically favorable process due to the lowest
potential energy. Therefore, as a preliminary result, it was found that pure PVDF
may not be suitable for additive manufacturing piezoelectric devices using FDM.
This outcome resulted in replacing PVDF with its well-studied copolymer, PVDF-
TrFE. As mentioned in the previous chapter, the incorporation of TrFE units into
the PVDF chain disrupts the regularity of the molecular structure, making it more

difficult for the copolymer to adopt the tightly packed -phase conformation. As a






