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ABSTRACT

ABSTRACT

PVDF is a piezoelectric polymer, exhibiting direct and inverse piezoelectric
effect, with leading electroactive properties. This material is interesting for building
energy transmission and harvesting systems, converting mechanical energy into
electrical energy, such as electrospun PVDF sensors. However, only a few reports have
shown inverse piezoelectric effect of electrospun PVDF.

In this project the electrospinning technique was used to prepare PVDF
nanofiber mat scaffolds for tissue engineering. The main objective is the preparation of
electroactuated devices for mechanical stimulation of cells.

Crystal phase ratios and morphology of the PVDF fiber mats were characterized
by attenuated total reflectance Fourier transform infrared (FTIR/ATR) spectroscopy
and scanning electron micrograph (SEM). For a better understanding of the differences
between polar and non-polar PVDF, and of the effect of the electric field on the fibers’
composition, quantum mechanics and molecular dynamics calculations were performed.
Several devices were prepared from assemblies of PVDF fiber meshes and conductive
ink electrodes, with different geometries. The devices’ electrical impedances were
measured as a function of frequency. Finally, the in vitro biocompatibility of the PVDF
fiber meshes was tested.

The results revealed that electrospinning parameters have significant effects on
the crystal phase ratio and structure. As it was expected, the electrical impedance of
PVDF decreased with the increase of B crystal phase ratio, as required for the
piezoelectric behaviour of the PVDF fibers. The results also illustrated that the
impedance of PVDF fibers mesh assemblies changed with varying shape, thickness, the
geometric alignment of the fibers and the distance between conductive ink electrodes.

The molecular simulations were able to predict the o to B phase change which
results on partially poled fibers. In vitro cytocompatibility tests of PVDF scaffolds
shown that PVDF fibers were not cytotoxic to the NIH/3T3 cells which meant PVDF
fiber scaffolds can be used for cell stimulation.

Keywords: PVDF (polyvinylidene fluoride); electrospinning; electroactuator;
impedance; cytocompatibility .
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RESUMO

RESUMO

O PVDF ¢ um polimero piezoelétrico, que exibe o efeito piezoelétrico direto e
indireto. Este material ¢ interessante para constru¢cdo de sistemas para conversao ou
captacao de energia mecanica para energia elétrica, tais como sensores baseados em
fibras preparadas por electrospinning. No entanto, t€ém sido reportados poucos trabalhos
sobre o efeito piezoelétrico inverso de fibras de PVDF.

Neste projeto, utilizou-se a técnica de electrospinning para preparar estruturas
constituidas por tapetes de nanofibras de PVDF, para engenharia de tecidos. O objetivo
principal ¢ a preparagdao de dispositivos eletroatuados para estimulacdo mecanica de
células.

A morfologia e a razao entre estruturas cristalinas dos tapetes de fibras de PVDF
foram caracterizados por espectroscopia de infravermelho por transformada de Fourier
— reflectancia total atenuada (FTIR/ATR) e microscopia eletrénica de varrimento
(SEM). Para uma melhor compreensao das diferengas entre o PVDF polarizado e ndo-
polarizado, assim como o efeito do campo elétrico na composicao das fibras,
realizaram-se céalculos de mecanica quantica e dindmica molecular. Foram preparadas
varias montagens de tapetes de fibras de PVDF em elétrodos de tinta condutora, com
diversas geometrias. As impedancias elétricas dos dispositivos foram medidas em
funcdo da frequéncia. Finalmente, foram realizados testes in vitro para atestar a
biocompatibilidade das fibras de PVDF.

Os resultados demonstram que os parametros operacionais do electrospinning
tém efeitos significativos na estrutura das fibras e na estrutura cristalina. Como se
esperava, a impedancia elétrica do PVDF decresce com o aumento da fase cristalina a,
condi¢cdo necessaria para o comportamento piezoelétrico das fibras. Os resultados
também ilustram a dependéncia que a impedancia, dos dispositivos com fibras de PVDF,
apresenta em fun¢do da forma, espessura, alinhamento das fibras e distancia entre
elétrodos.

As simulagdes moleculares conseguiram prever a mudanca de fase o para 3, que
resultam em fibras com polarizagdo parcial. Os testes de citocompatibilidade in vitro,
demonstraram que os tapetes de fibras de PVDF ndo apresentam efeitos citotoxicos
para as células NIH/3T3, o que significa que os dispositivos de fibras de PVDF podem
ser utlizados para estimulagdo de células.

palavra chave: PVDF; electrospinning; eletroatuados; impedancia; citocompatibilid.
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CHAPTER 1 - INTRODUCTION

CHAPTER 1-INTRODUCTION

1.1 PVDF

1.1.1 Crystalline phase structure of PVDF

Polyvinylidene fluoride, abbreviated as PVDF, results from the polymerization
of CHz = CF2 monomers, where two hydrogen atoms of ethylene were substituted by
fluorine atoms. PVDF polymer chains exist in five different possible crystalline phases,
which are represented by a, B, vy, 6, €. Among them, a and € are non-polar and the other
three are polar. The differences arise from several possible values of the torsional angle
between consecutive monomer unit cells, which results on different chain
conformations !?. Since fluorine atoms are more electronegative than carbon and
hydrogen, they can be assigned negative point charges. Being the less electronegative,
hydrogen atoms are positively charged, whereas carbon atoms are divided into positive
or negative, if they are bonded to fluorine or hydrogen, respectively. This simple
reasoning can be confirmed by semi empirical quantum mechanics simulations of small
polymer chains, as represented in Fig 1. As a consequence, the dipole moments
associated to the CH; or CF» groups of consecutive polymer unit cells, can totally cancel
each other (a phase), sum up (p phase), or anything in between, resulting in different

phase behavior.
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Fig. 1: Atomic point charges predicted by PM3 semi empirical quantum mechanics calculations for
PVDF polymer chains with 8 unit cells (white, black and yellow represent hydrogen, carbon and

fluorine, respectively).

As shown in Fig. 2, the dipole moment in the non-polar o phase is randomly
oriented, whereas in the polar B phase all dipole moments have the same orientation. In
long polymer chains, different conformations can be found, between full non-polar a,
full polar B and a mixture of o and 3 domains. The percentage of polar domains, or the
ratio between polar and non-polar domains, can be expected to aftect the overall electric

properties and the electrostrictive behavior of a given PVDF macroscopic sample.
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Fig. 2: a) Full o polymer chain; b) Polymer chain with mixed o and  domains; ¢) Full B polymer

chain (white, black and yellow represent hydrogen, carbon and fluorine, respectively).

However, the different crystalline phases can be converted to each other by
application of different conditions, such as temperature or pressure annealing, electric
field poling, or mechanical stress, as we can see from Fig. 3 %**. If no such special
conditions are used, PVDF produced under normal conditions is, usually, non-polar,
because the molecular polymer chains are randomly oriented in alternate directions. For
example, film casting is one of the methods to produce PVDF film, and in this case, the
o phase is the main conformation. To prepare polar PVDF a significant percentage of
the dipole moments must be forced to face the same direction, or the polymer chains
must be stretched in some way.

Electric-field poling is the most used method for production polar PVDF films
and meshes. The PVDF sample is placed between two electrodes and heated to a
temperature below the glass transition to increase mobility and allow the rearrangement
of torsional angles in the polymer chains. A strong electrostatic field in the kilovolt
range, applied between the electrodes, forces the reorientation of intramolecular dipoles

resulting on the overall polarization of the polymer chains. When the temperature is



CHAPTER 1 - INTRODUCTION

lowered the polymer becomes frozen in the polarized state. Experimental results and
our own theoretical calculations suggest the o non-polar state has a slightly lower
energy than the polar 3 state. Since the random organization of dipoles in the a state
make it higher entropic than the ordered [ state, the former is expected to be
thermodynamically more stable. This idea will be further elaborated in this work’s
conclusions. Anyway, any factors which may impact on the final PVDF structure (film,
mesh, or other), such as polymer composition and chain size, solvents or doping agents,

are expected to modify its properties’.

High temperature/pressure annealing

High temperature annealing

Electric-field

Mechanically
stretch: i
Electric-field E:EEEHME
poling; )
High pressure annealing
annealing;
Grinding;

High
temperature
annealing

temperature
annealing

tempera
annealing

Electric-field poling

Fig. 3: The conversion between four different crystal phases. 234

1.1.2 Piezoelectric effects of PVDF

As with all dielectric (non-electrical conductor) materials PVDF also exhibits
electrostrictive behavior, suffering a mechanical deformation when an electrical field is
applied. Electrostriction is quite similar to the piezoelectric effect but there are two

4
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main differences. First, the mechanical deformation of electrostrictive materials has a
quadratic dependence from the electric field, whereas piezoelectricity is linear. As
consequence of the quadratic dependence, the inversion of the electric field produces
the same effect. Secondly, the mechanical deformation of piezoelectric materials
produces an electric field perturbation, but the same is not valid for electrostriction.
Although the two effects are different, and piezoelectricity is not typical from polymers,
poled PVDF with dominant 3 crystalline phase does behave as a strong piezoelectric
material®.

The mechanism of PVDEF’s direct and inverse piezoelectric effect is shown in
Fig. 4, Direct piezoelectric effect produces electric polarization as a result of applied
mechanical deformation, such as stress or compression. The polarization can be
interpreted as resulting from repulsion between atomic point charges of adjacent
polymer chains and not from effective electric charge displacement. The inverse
piezoelectric effect generates mechanical deformation as result of the polymer chains
realignment under an applied electric field. For both direct and indirect effects, the
polarization degree of the B crystalline phase plays an important role in determining the

intensity of the piezoelectric effect®.

— bttt
electrode
Crystalline +_<? 0 2 D D D % -é- g
structure % 0 % D [j D THETEE
electrode
Under no force Under stretch Under pressure

Direct piezoelectric effect---force generates electric charges

—
electrode D m _ yﬁ

Crystalline .__0 0 & Internal tensgn __+ Ig CB C3 _+

structure % 0 % D m D =3 3 -

electrode
I

Under no charges Under external charges Under inverse external charges

Inverse piezoelectric effect---external charges deform crystalline structure

Fig. 4: Schematic of direct and inverse piezoelectric effect?.
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1.2 Electrospinning process

Electrospinning has been developing for decades and has attracted more and
more interest from researchers in various fields, for being a convenient method for
nanofiber manufacturing, of different materials, with different structures and
properties®!°. The nanoscale, fine and with high specific surface area, give electrospun
nanofibers a great potential for application in biology, engineering, tissue engineering,
catalysis, energy storage, electrical engineering, smart devices and so on.

Generally, as shown in Fig. 5 (a), a simple electrospinning setup just requires
four necessary parts, including direct current high voltage, mental hollow needle, a
syringe pump, and a grounded or negative charged collector. Wherein the mental needle
has to be connected with voltage supply, giving a high electrical potential between
needle and collector, resulting in charged liquid at the top of needle. The syringe pump
is used to control liquid flow speed especially for low viscosity solutions. When this
electrostatic force is high enough to overcome the liquids’ surface tension, the flow jet
is stretched out of the needle. There is a critical point in the surface of droplet called
Taylor cone. Reznik!! et al. described the shape of the Taylor cone precisely at the first
time. They believed that the shape of cone was contributed to the ratio of electrostatic
repulsion to surface tension. Then the jet was elongated due to electrostatic repulsion
in bended fibers, meanwhile it dries in flight because of solvents’ evaporation until
deposited on collector. As the uniformity and thickness distribution result from the
fibers bending instability, the morphology of fibers could be adjusted by different
parameters, such as polymer components, viscosity, voltage values, collecting distance
and so on.

For standard electrospinning apparatus used in laboratory, applied voltage is
normally less than 30 kV, unless the syringe pump could not feed enough stocks. It is
also highly dependent on humidity; this is why the advanced electrospinning setups are
usually covered by a chamber. The temperature accelerates evaporation of solvents as

6



CHAPTER 1 - INTRODUCTION

well, which is considered into electrospinning setup design. The fiber productivity is
close to 300 mg per hour'?. Depending on recently developed electrospinning
techniques, the diameters of electrospun fibers are in range of 10 nm to 1 pm.

In this project, two electrospinning setups were used for preparing PVDF
nanofibers. Fig. 5 (b) was belong to Wuhan Textile University, Fig. 5 (c) was belong to
Madeira University. In principle, these two setups were the same. All the samples were

characterized by same methods under the same conditions.

wclor

Flbcrc

| High Voltage

(b) (©)

Fig. 5: (a) Schematic representation of an electrospinning apparatus'’; (b) and (c) Real apparatus.

1.3 The progresses in Electrospinning PVDF nanofibers
1.3.1 Normal electrospinning for PVDF nanofibers
There were a lot of researchers have done some work in electrospinning PVDF

nanofibers. Renuga Gopal et al’ prepared PVDF nanofiber membranes by
7
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electrospinning process, and use heat treatment process to maintain the structure of the
fiber membranes. The diameter of obtained fibers was around 380 nm. The filtration
efficiency of this fiber membrane to 1 um polystyrene particles was up to 98%. Zhe-
Qin Dong et al® prepared PVDF - PTFE composite nanofiber membranes by
electrospinning, to desalinate seawater. The fibers’ diameter was about 500 nm. Cao
Jianhua et al® made PVDF and PVDF-hexafluoropropylene copolymer blended
nanofiber electrolyte membrane, with a diameter distribution between 300-700 nm.
Yuan Xiaoyan et al'® dissolved PVDF polymer in DMF and acetone mixed solvent, and
electrospun PVDF ultrafine nanofibers with 50-500 nm diameters. These fibers
received a continuous heat treatment process to enhance their mechanical properties.
They also prepared PVDF / polycarbonate composite ultrafine fibers with a core/sheat
structure, by adding PMMA or BTEAC into the spinning solution, modifying the
polymer electrolyte to form a uniform morphology and the core/sheat structure. The

fibers obtained had a diameter of 300-500 nm.

1.3.2 Near-field electrospinning for PVDF fibers

Pan, C. et al'4, applied a near-field electrospinning technique to produce hollow-
walled PVDF nanofibers for a nanoscale energy generator. Fig. 6 shown the process for
preparing the device by near field electrospinning. They dissolved PVDF polymer in a
mixed solution of dimethyl sulfoxide and DMF with concentrations in range of 5-20
wt%. The viscosity of polymer solution was too low for electrospinning when the
concentration was less than 10wt%, and when the concentration was higher than 20
wt%, the viscosity is too high for electrospinning. They report the concentration
between 12.5-15 wt% to be the optimal for electrospinning. In some cases, they added

acetone into the mixture to improve the solvent’s volatility'>!®,
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Taylor cone

Axis of polarization

(a)

Fig. 6: Near field electrospinning for nanogenerator!.

The advantages of near field electrospinning are on the precise control of the
nanoscale fibers orientation, keeping the device as small as possible, and, at the same
time, avoiding the offset of polarity between nanofibers. Another benefit of this process
was that the latest and advanced near-field electrospinning technique enabled the PVDF
nanofibers to be directly deposited on the device’s electrodes. This direct writing
technology is convenient and precise for controlling different sizes and parameters, and
also exhibits potential for mass production. Chieh et al' in UC Berkeley also prepared
a PVDF energy generator by near-field electrospinning technique, as shown in Fig. 7.
When they applied 0.092% external strain on a single PVDF electrospun fiber, repeated
and continuous 8.5 mV output voltage was generated, the corresponding output power
reached almost 7.2 pW. They believe this technique to have an unprecedented potential
for direct conversion of mechanical strain into electric energy capture, as well as for

pressure sensors manufacturing.



CHAPTER 1 - INTRODUCTION

Fig. 7: (a), (b) Fabrication process of PVDF nanogenerator via NFES. (¢) Photo of PVDF
nanogenerator on a plastic substrate. (d) SEM picture showing a suspended PVDF nanofiber with

diameter of 700nm’.

To be more specific, two aluminium electrodes were placed on a plastic
substrate, the space between the electrodes was in range from 500 um to 1 mm, where
the aluminium electrode is used to receive nanofibers directly. The aluminium
electrodes were connected to the test equipment. Conductive silver was coated on the
surface of the PVDF nanofibers, which reduced the contact resistance. They also
researched the impact of different experimental parameters on the piezoelectric effect

of the PVDF nanofibers, including flow speed of spinning jet, polymer solutions

concentration, collector rotating speed, and electric-field intensity.

1.3.3 Effect of experimental electrospinning parameters on PVFD nanofibers

For a successful electrospinning process, the polymer solution intrinsic
properties are very important are relate strongly to the morphology of electrospun fibers.
Although the list of solution intrinsic properties includes many factors, such as
molecular weight, surface tension, concentrations and so on, not all these parameters
are independent from each other and crucial for the process, therefore researchers

usually focus on rheological properties!’.
10
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Since the electrospinning process uses an intense electrostatic field between the
needle and the collector, it is a straightforward idea to use this strong electric field to
convert o crystalline phase PVDF into B crystalline phase!”®. The poling process starts
from the jet flowing out of the needle and continues throughout the flight to the collector,
with the intense electric field, stretching the dipole moments into same direction until
the solvent evaporates, the polymer chain mobility decreases and the fibers land in the
collector. The process depicted in Fig. 8, is named in situ poling process, because the
poling and spinning occur simultaneously. The result is a fiber mesh composed of
PVDF fibers with a mix of polar B and non-polar o domains, the ratio of the two (/o

ratio) depending upon the experimental parameters.

High Voltage

Dipoles

— ) .
R
Polymer ‘3
droplet™ o ‘ h
o
Taylor cone 3
- »
Polymer jet ‘
Collector

Fig. 8: Schematic of the electrospinning and in-situ poling process'.

However, some reports indicate that the electrospinning parameters have
significant effects on the P/a ratio. For example, Shao, H. et al’ prepared PVDF
electrospun nanofiber meshes. They studied the impact of parameters, such as, voltage,
spinning distance, concentration of the spinning solution, the B/a ratio and nanofiber
mat thickness, on the piezoelectric effect of the PVDF meshes. The results show that
when the fibers are smaller and more uniform, its P/o ratio is higher and the
piezoelectric output voltage of PVDF meshes is the higher, regardless of concentration

11
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and other parameters. The output voltage and current correlate directly with the B/a
ratio, no matter which electrospinning parameter are used. This means the p/a ratio is
the sole and independent factor affecting the energy conversion efficiency of the PVDF
meshes. Abolhasani, M. et al'® enhanced the PVDF piezoelectric output by adjusting
electrospinning parameters. They studied the impact of different ratios between DMF
and acetone on the poling efficiency. They also found that high rotating speed of the
collector enhanced the B/a ratio, because the high speed rotation favored a specific
orientation of the deposited fibers. Different solvents, or differences in the volume ratio
with same solvents both resulted in a big difference for fiber morphology. For example,
dimethyl sulfoxide and DMF can be used as the solvents of PVDF polymer, but addition
of acetone is necessary to improve the solvents volatility; the spinnability of PVDF
polymer solutions is higher when the mixture of dimethyl sulfoxide and DMF has a
weight ratio of 8:2 with acetone®!®. However, adding too much acetone, the fiber
morphology is inadequate, with beads forming in the fibers, because of excessively fast
drying and not enough stretching. Using only DMF and acetone as solvent also results
on better evaporation rate of the mixed solvents and better fiber morphology.

None of the studies on PVDF electrospinning gives a definite theoretical
framework for the mechanism of o to B PVDF conversion, neither clarify if the
conversion happens: in solution; at the Taylor cone surface; or in-flight (during the early
liquid state stage or later solid state). Nevertheless, it is clear that the strong electrostatic
field exerts force upon the different groups’ dipole moments, eventually triggering the
spontaneous change of torsional angles to a more favorable state. This change is
energetically driven, since the high /o ratio is entropically disfavored, and takes
advantage of the high mobility of single polymer chains during the electrospinning
process and subsequent freezing in the solid fiber mesh.

The infrared spectrum of PVDF samples has been studied. The a and B
crystalline phases have slightly different spectra, with a few normal modes of vibration

in clean areas of the spectrum, which allows for differential determination of the 3
12
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content in PVDF solid samples by FTIR. It is the case of absorption bands at: 765 cm™

! (CH: in-plane bending), 878 cm™' (CHz out-of-plane bending), 1073 cm™ and 1182

cm™! for a crystalline phase; 841 cm™ (CF2 asymmetrical stretching) and 1278 cm™ (C—

F stretching vibrations) for p phase'®.

According to Lambert - Beer law, the fraction of B phase can be calculated from

the following formula'®,

F(B) = F(B) —E£— (1)

1.26Aq+Ag

Where, A, and Ag represent the absorption intensity at wavelength of 765 cm”

Uand 841 cm’!, respectively, as pictured in Fig. 9%,
841cm’
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Fig. 9: Absorption intensity of PVDF FTIR spectrum in wavenumber of 765 ¢cm™" and 841 cm™'.
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Meanwhile, according to the conversion formula between the infrared

absorbance and transmittance, we can convert experimental absorbance into

transmittance and calculate the ratio of f phase with Lambert-Bill formula.

1.4 Applications of PVDF for inverse piezoelectric effect

There are not many researches about inverse piezoelectric effect of PVDF
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recently?®?!. Chocat et al*° used a pre-forming heat drawing technique to produce up to
kilometer ultrafine fibers, of a PVDF and trifluoroethylene copolymer, embedded in
polycarbonate, as shown in Fig. 10, for application on acoustic emission and detection.
To be noted, the scope of the acoustic signal spectrum was quite wide, from tens of Hz
to tens of megahertz.

As the PVDF fiber mesh is flexible, it can easily be assembled into large
dimension structures such as, fabric, reticulate structures or mounted on surface
electrodes. To achieve miniaturization and flexibility at the same time, electrodes with

different geometric shapes can be designed, like in Fig. 11.

Fig. 10: Schematic drawing of a preform drawn into a fiber along with SEM microscopy images of a

piezoelectric fiber and magnification. Inset: Flexible piezoelectric-stack fiber?’.

200 6 @ &

Fig. 11: Different geometric shapes and designs of conductive electrode.

Such a device can generate electric energy from acoustic energy by direct

piezoelectric effect, also generate acoustic energy from electric energy by inverse

14
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piezoelectric effect. It was very sensitive because of the untrafine and folded structure.

1.5 Electrical properties of PYDF

1.5.1 Impedance principle and modeling

Alternant current impedance was also called EIS (Electrochemical Impedance
Spectroscopy, abbreviated as EIS). Impedance measurement was a method originally
used to study frequency response in linear circuit networks, and introduced to
electrochemical research. For the electrode system, a sine wave of AC voltage (current)
signal produces a corresponding current (voltage) signals that can be characterized by
the impedance or admittance of the electrode. Impedance spectrums generated by series
of sine wave signals was named as electrochemical impedance spectroscopy.

A PVDF fiber mesh can be represented by an equivalent circuit as shown in Fig
12. When the electric signal frequency is low, such as 10 Hz, the impedance of the entire
circuit is large, the electrical signal can not go through the capacitor C, only through
the resistence Rz. Therefore the impedance of the circuit is Ry plus Rz. Tipically,
because the polymer doesn’t have charge carriers, such as free electrons, mobile 1ons
or holes, it behaves an electrical insulator, or dielectric, and therefore resistence R» is
very high giving a high impedance value. When the frequency increases to higher
values, e.g. 1 MHz, the electrical signal can go through the capacitor C easier than
through the resistence Ra. Therefore the impedance of the capacitor C dominates the
circuit. and when an electrical signal was high enough to go through the capacitor C

completely, corresponding impedance value was almost zero.
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Rz

R1

Fig. 12: Equivalent circuit model of PVDF fiber meshes.

The total impedance of the equivalent circuit, Z, is given by:

Zy*Z¢c
i )

Z=Zl+

Wherein, Z is the impedance of the entire circuit, Z; is the impedance of
resistance R;, Z, is the impedance of resistance R,, Z. is the impedance of the
capacitor C.

The complex impedance of RC circuit is:

Z=|ZleT® =R +iX (3)

@)

Znf Cq

X =

Wherein, Z is he impedance of the entire circuit, f'is the frequency of AC signal,
o is the phase angle of AC signal, C; is the capacity of the capacitor C;

So the mathematical model is:

1
zZrfCq

Z=|ZleT®* =R +i (5)

Wherein, Z is the impedance of the entire circuit, R is the entire circuit’s
resistance, f'is the frequency of AC signal, C; is the capacity of the capacitor C;
To be added, resistance is related to the material’s length L and cross sectional

area S by,

16



CHAPTER 1 - INTRODUCTION

Equation 7 indicated that resistance R was proportional to the length L,
inversely proportional to the surface area S. When the fiber mesh had a certain thickness
t, the resistance R is inversely proportional to the width W. At low frequency,
resistance R dominates the impedance of the circuit. R is determined by three variables,
which were resistivity (resistivity p was independent with the length and width of the
fiber mat, regardless of shape), the length, surface area. The resistivity p can be assumed
constant for the same PVDF fiber batch. As shown in Formula.8, the whole impedance

changes with the shape of the fiber mats.

1.5.2 The progress in studing impedance of PVDF

The impedance of PVDF is very important for piezoelectric efficiency. When
frequency is too high, the sensitivity of PVDF energy generator is very low?>?*, Noémie
Chocat?’ studied the impedance of P(VDF-TrFE) from 42 Hz to 5 MHz as shown in Fig
13. Z¢pg refers to the impedance of conductive electrode, Zpypr_7rrg) refers to the

impedance of the piezoelectric layer of P(VDF-TrFE).

Impedance
analyzer

Fig. 13: Equivalent circuit model of a piezoelectric fiber connected to an impedance analyzer 2, where

CPE represents constant phase element.

It was reported that the resistivity of the conductive electrode, which was

conductive polymer, decreased with the electrical frequency f, when f was above a
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ciritical value fj, this particular value f; was highly dependent on the preparation of
electrode polymer So they observed the effect of f, for different samples on the

resistivity of conductive el ectrode, and arrived at the following equation:

ZCPE(f) = RC}.Jf (8

1+]%

Wherein R-pp Was the resistance under low frequency.less than f,.

The impedance of P(VDF-TrEE) was caculated with the following equation:

1
ZP(VDF—TrFE) (f ) = EpSp )
e, 2

g =&, +jg, (10D

Wherein, Sy, t, and ¢, refered to the effective surface area, the thickness, the
dielectric constant of P(VDF-TrEE) relatively. The dielectric constant was a complex
value with real and imaginary part, in this case it was treated as an constant.

The impedance of the system was equivalent to a function of the frequency f
which gave an electrical model. As the electrodes were made with a conductive polymer,
their impedance varies with frequency. The value of the resistor R.ontqce 18 constant
and does not change with frequency. So the whole impedance was given by the
following equation:

Zo(f) = 2Rcontact + 2Zcpe(f) + Zpwpr-rrrey(f) (11)

Fig. 14 shows the real and imaginary components, resistance and reactance, of
a piezoelectric fiber with 3 cm, in which the real part is represented by the blue curve,
the imaginary part represented by the red curve.

They tested a 3 cm long piezoelectric fiber and measured impedence spectrum.
After fitting this model to measured data, they found R ,ptqceWas 4 kQ, Roppwas 58

kQ, fowas 890 kHz, e,was 8.4 times &, &, was minus 0.12 times &.

"
14
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Fig. 14: Measured (diamonds) and simulated (solid line) electrical impedance real and imaginary

parts®.

Furthermore, this report said the values of &, and &, were fitted with references.
It meant this model can be trusted. In conclusion, this research confirmed that the
piezoelectric effect of P(VDF-TrEE) was affected by folded structure. By increasing
effective area, the piezoelectric effect was improved. It made a theory and pratical
foundation for large, flexible and adjusting acoustic emission and detection devices.

Darestani, D. T. et al** from University of Queensland, prepared PVDF
piezoelectric film by poling PVDF extrusion uner intensively electrical filed and tested
the impedance in a range between 0.01 to 100 000 Hz electrical frequency. In their
paper, they set a different electrical model to investigate the small differences at low
frequency, because they believed those differences contributed to the inverse
piezoelectric effect. As we can see from Fig. 15, The vibration amplitude measured by
a laser Doppler vibrometer at 5 Hz was shown when an electrical signal at 5 Hz was
applied to the PVDF poled membrane. For comparison, the blue curve shown the

response for PVDF un-poled membrane.
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Fig. 15: The vibration amplitude at low frequency in PVDF poled and un-poled membrane 24,

Based on Fig. 13, Furthermore, the circuits model shown in Fig. 16 is to account
for the low frequency behavior, they had to use an equivalent circuit model with four
elements shown in (a), and the impedance spectrum of PVDF poled membrane is shown

in (b). The numbers in (b) represented the elements numbers in ().
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Fig. 16: (a) Circuit model and (b) impedance spectrum; the numbers are corresponded*.

The results shown that, the experimental data measured in this report fitted with
the model, and the impedance of the polar PVDF film was lower than the non-polar
one. The constant phase angle at low frequency was caused by piezoelectric effect of
polar PVDF film.
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1.6 The biological applications of PVDF fibers

The great development of electrospinning technology facilitates its application
in various fields, such as preparing biological tissue scaffolds. It partially mimics the
structure and function of natural biological extracellular matrix (ECM), promoting cell
attachment and growth, because of large space and specific surface area®>2°. So far,
there several natural or synthetic polymers were used for electrospining preparation of
bioactive scaffolds, such as PAMMA, PLGA?7*2, Some reports indicate that PVDF
nanofibers can reduce shrinkage of scar tissue and greatly reduce granuloma formation
(scar tissue) 3.

In a recent report®®>, PVDF-TrEE scaffolds were prepared and cell compatibility
was studied. This report pointed that PVDF-TrEE scaffolds have a great potential in
tissue engineering applications. Guo et.al studied PU/PVDF composite scaffolds
prepared by electrospinning. PU (polyurethane) were thermoplastic and elastic, it was
widely used in the manufacturing of prosthesis*®*®. PVDF was included in a composite
with PU to increase the flexibility of the scaffold. The study characterized the PVDF
crystalline phase, and the piezoelectric effect on fibroblasts cultures in vitro and in vivo.
The application of this scaffold was for wound dressings. Wound healing refers to the
process of wound repair in skin or other biological tissue. This process can be
accelerated or facilitated by the wound dressing®®*?. It also mentioned that electrical
stimulation can affect cell behaviors, such as cell growth and reproduction,

43-47

differentiation and regeneration. Previous studies indicated that mechanical strain

generated by electrical stimulation of piezoelectric materials may be used to prepare
biologically active surfaces. To be mentioned, electrical stimulation can promote
expression and secretion of growth factors, affect cells proliferation, differentiation and

8

regeneration*®. For example, electrospun scaffold in cardiac tissue engineering

exhibited excellent advantages in promoting the formation and functionalization of
cardiac tissue®!.
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The cytotoxicity effect of PVDF fiber meshes on living cells reflects the
biocompatibility, which is vital and fundamental in bio-engineering applications. There
are several methods to evaluate the cytotoxicity. First, we can use chemical dyes, such
as trypan blue to dye and mark some special structure in cells or cell membranes.
Second, we can detect some metabolites’ activity in cells to demonstrate cells’ viability
indirectly. Third is MTT, XTT or MTS assays, the most common method in biomedical
experiments. These assays use resazurin as a reagent to dye enzymes produced by cells.
As resazurin is a fluorescent dye and appears fluorescent color under infrared light,
which can be used to investigate the cytotoxicity and cell viability. Resazurin is very

sensitive, and the sensitivity reached 14 cells / well®.

1.7 Innovation and objectives

Electrospinning tecnique has developed intensively and is commonly used to
prepare PVDF nanofibers while, simultaneouslly, converting from o phase to § phase.
Most of them were used to study direct piezoelectric effect of PVDF fibers as sensors>
57_These sensors have excellent flexibility and sensitivity. They are used for heart rate
measurement, pulse sensors, energy harvest devices and so on*%2, Efforts also have
been made on tissue engineering by tring to study the biocompatibility of PVDF
nanofibers. However, judging from the different reports, the principles and parameters
for preparation of PVDF electrospun nanofibers are not clear and uniform. The inverse
piezoelectric effect of PVDF fibers has not been properly studied. Although PVDF
nanofibers was regarded as untoxic either in vivo or in vitro , its biocompatibility is still
not authorized by FDA (U.S. Food and Drug Administration).

The objectives of my project were to prepare PVDF nanofibers by
electrospinning, and use them as active scaffolds for tissue engineering, using the
piezoelectric generated mechanical strain, at low frequency, to stimulate and modify

the cellular behavior, as listed below and depicted on Fig. 17.
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1. Preparation of electrospun piezoelectric PVDF nanofibers.

2. Preparation of PVDF fiber mat assemblies on electrodes and test their electric
properties.

3. Study of inverse piezoelectric actuation of nanofiber mat assemblies.

4. Test the biocompatibility of the PVDF nanofibers.

5. Study the effect of piezoelectric actuation on living cells.

Electrode
Electrode

Power inputting AC voltage at low frequency

Fig. 17: Schematic of main objectives in this project.

In the first step we will use electrospinning to prepare PVDF nanofibers and
study the effect of spinning parameters on the morphology and the ratio of § phase to a
phase.
The second step is to prepare PVDF fiber mat assemblies on electrodes and
study the impedance of PVDF nanofibers mesh in different geometric shapes and 3
phase ratios.
The third step is for confirming inverse piezoelectric effect at low electrical
frequency.
Following the third step, the fourth one is to test cytotoxicity of PVDF fibers.
Only after confirming untotoxicity of PVDF fibers and inverse piezoelectric effect
at low electrical frequency, the last step is to stimulate cells culturing by generating

mechanical strain at low electrical frequency, which should not be harmful to the cells.
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CHAPTER 2 - MATERIALS AND METHODS

2.1 Reagents and equipment

Most materials and instruments are listed in Table. 1 and Table. 2. NIH3T3 cells,
which are mouse embryo fibroblasts, were obtained from sub-culturing. Cell culture
petri dishes were purchased from Nunc, pipettes were obtained from GenicBio
(Shanghai, China). Normal tools, like tweezers, knives, copper wires, glasses, were
used for the experiments when needed. Beakers, measuring cylinders, stirrers with
different specifications were washed by deionized water and dried in an oven. To be
noticed, two different electrospinning apparatus were employed for preparing PVDF
nanofibers. Apparatus 1 had some difficulties to adjust syringe pump, so spinning speed
was considered invariant. Apparatus 2 was used to investigate the effect of the spinning

speed to morphology and crystalline phase of PVDF nanofibers.

Table. 1: Materials.

Name Specification Seller
Polyvinylidene FR904, Sigma
Fluoride (PVDF) Mw=600.000
N,N-dimethyl Analytical Sigma
formamide (DMF)
Acetone Analytical Sigma
Electric conductive Commercial Bare Conductive
ink Ltd
Dulbecco’s D5773-50L Sigma
phosphate buffered saline
Resazurin 30025-1 Biotium
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Table. 2: Instruments.

Instrument Type Seller
Electrospinning apparatus | FM1108-Electrospinning | Beijing Future Material
1 (Belong to Madeira System Sci-tech Co.Ltd
University)
Electrospinning apparatus SS-3556H Beijing Ucalery tech
2 (Belong to Wuhan Co.Ltd
Textile University)
Electronic analytical ME204E Mettler Toledo
balance
Magnetic stirring MR 3001 Heidolph
apparatus
Rotational rheometer Kinexus Malvern Instruments Ltd
Scanning electron JSM-6510 JEOL Ltd
microscope
Fourier transform infrared FTIR 4200 Perkin Elmer
spectrometer (ATR)
Laminar flow hood Class I A/B3 NUAIRE
Incubator Autoflow IR Direct Heat NUAIRE
CcO2
Inverted optical CK40 OLYMPUS
microscopy
Microplate reader VICTOR3™ PerkinElmer
Tissue culture test plates Gamma sterilized Orange Scientific

2.2 Electrospinning PVDF fibers

DMF and acetone were mixed in volume ratios 6/4 and 8/2, respectively, to
prepare 10 mL solvent mixture samples. Then 0.2 g, 0.4 g, 0.6 2,08 g, 1.0g,1.2¢g 1.4
g 1.6 g 1.8¢g,2.0gPVDF powder samples were weighed precisely with an electronic

analytical balance. The PVDF samples were added to the two different solvent mixtures,
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independently and separately, to be dissolved by magnetic stirring for 24 h. The result
was the preparation of PVDF polymer solutions with mass-volume concentrations
ranging from 2% to 20%, with intervals of 2% concentration. Spinning voltage was set
from 18 kV to 32 kV; collector distance was always 15 cm; the rotating collector’s
speed was controlled with an electric motor, between 0 and 300 rpm, to obtain fibers
with different orientations; spinning speeds were set with polymer liquid solutions
flowing at 0.5 ml/h, 1.0 ml/h, 1.5 ml/h, 2.0 ml/h, 3.0 ml/h, using a digitally controlled
injection syringe pump; diameters of metal needle tips were 0.5, 0.8, 0.9 and 1.2 mm.
Temperature and humidity inside the spinning chamber were maintained within 28 to

30 °C and 40% to 50%, respectively.

Table. 3: Parameters of electrospinning processing.

Parameters Values
Polymer concentration (wt%) 0,2,4,6,8,10,12, 14, 16, 18, 20
Applied voltage (kV) 18 to 32
Needle diameter (mm) 0.5,0.8,09,1.2
Spinning speed (ml/h) 0.5,1.0,1.5,2.0
Rotating speed (rpm) 0, 100, 200, 300

During the whole processing the needle-to-collector distance was always 15 cm,
this condition maintained constant regardless the variation of other parameters studied.
An aluminium foil covered plate (length: 20 cm; width: 10 cm) or rotating cylinder
(diameter: 8 cm; length: 20 cm; rotating speed: 0-300 rpm) were used for the nanofiber
collection target. The thickness of fiber meshes were controlled by the same deposition
time of the spinning process which was 1 hour. The whole processing was conducted at
constant temperature and humidity. All the electrospun PVDF nanofiber meshes were
then put in an oven to be dried at 40 °C for 2 hours, to evaporate the residual solvent,
and after that all nanofiber meshes were removed gently from the surface of the
aluminium foil with tweezers; at last, these nanofiber mesh samples were classified and

labeled carefully for next steps.
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2.3 Preparation of PVDF fibers electroactuator

To be noticed, electrical conductive ink was used as for preparation of electrodes
on the glass plates. The conductive ink was chosen as an easy and cheap alternative to
gold or silver sputtering, for which we didn’t have the appropriate equipment. The
viscous conductive ink is water based and its exact composition is a commercial secret.
A secondary objective, for using the conductive ink, was the future prospect of using
inkjet printing for the electrode material deposition, directly on the polymer fiber mats.

First, the conductive ink was applied on 76 by 26 mm glass slides and allowed
to dry; then we cut them into strip electrodes with 1, 2, 4,or 8 mm spacing; the width of
the strip electrodes was 5 mm, thickness was estimated to be constant. The electrodes
were completed with thin copper wires, bonded to the ink strips with more conductive
ink. These electrodes were used as substrates of the PVDF fiber mats. The contact
between the fibers and the electrodes was done with a thin layer of fresh conductive ink,
covered on top in order to enhance the connection and reduce contact resistance. Fig.18
(a). and Fig.18 (b) shows the two possible structures of PVDF fiber electroactuator.

Fiber mesh was suspended between the conductive electrodes.

(a) (b)

Fig. 18: (a) and (b) 3D modeling photos in different geometric structure of PVDF electroactuator.

All the PVDF fiber meshes were prepared in the optimal condition with finest
and most uniform morphology which meant the highest B/o phase ratio, as

demonstrated in last chapter.
27



CHAPTER 2 — MATERIALS AND METHODS

After preparing 1, 2, 4, 8 mm spacing folded conductive electrode substrate, we
sticked the 1x11, 12x2, 14x5, 18x10 mm sizes of PVDF fiber meshes on the surface of
the electrodes in such way that the fibers’ The orientation should be perpendicular to
the parallel direction of the electrode. At last a uniform layer of conductive ink was
used to guarantee a gppd contact between the fibers and the electrodes and waited to be

dried completely. The specific parameters were in the table. 4.

Table. 4: Parameters of PVDF fiber electroactuator geometry: length (L) and width (W).

L (mm) W(mm)
1 10
2 10
4 10
8 10

By the same way, we sticked the 11x1, 11x2, 11x5,11X10 mm sizes of PVDF
fiber meshes on the surface of substrate with 1 mm spacing electrode. The other

operation was the same. The specific parameters are in the table. 5.

Table. 5: Parameters of PVDF film electroactuator geometry: length (L) and width (W).

L (mm) W(mm)
1 1
1 2
1 5
1 10

The real PVDF electroactuator samples are shown in Fig.19, which adopt the

structure in Fig. 18 (b).
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Fig. 19: The real photo of PVDF electroactuator.

2.4 Electrical modeling for PVDF electroactuator

According to the Formula 5, we set up an equivalent circuit model. In this model,
at low electrical signal frequency, such as 10 Hz, the impedance of the entire circuit
was very high. At such low frequency, the electrical signal can not go through capacitor
C, and therefore the impedance of the circuit was dominated by resistance R2; When
the frequency increased to 100 kHz, the electrical signal can easily go through the

capacitor C, thus the impedance of the circuit was zero.

2.5 Preparation for cells cytotoxicity

To investigate cytotoxicity of PVDF fibers, we prepared three kinds of fiber
meshes, with different compositions: PVDF, PVDF/PLGA and PLGA. However, the
fiber meshes were very difficult to be put inside the wells for cell culturing, one PVDF
sample was damaged during experiments. PLGA samples was dissolved in acetone
when we were sterilizing them. After several times, all samples were prepared
successfully. The fiber meshes were cut into 2 cm * 2 c¢cm size squares, maintaining
uniform thickness. The whole procedure was completed in bioclean environment.
Every group had four repeated samples except for PVDF, so we just chose three
repeated data for each sampel. All fiber samples were put on the surface of 1.5 cm
diameter round and thin glass, then folded by tweezers to cover the entire glass. The
surface on the top of fiber meshes should be smooth and flat.
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Under sterile conditions, all the samples were put into petri dishes with 70%
volume concentration of ethanol for 5 min, then immersed in PBS solution for half hour
to remove residual ethanol. After twice repetition, the samples were put into 24*6 wells
culture plates, carefully to make sure they fitted in the bottom of the wells. The culture

wells plate was marked as indicated in Table.6.

Table. 6: Different samples in culture wells plate.

Control PVDF PLGA/PVDF PLGA
A01 BO1 Co1 D01
A02 B02 C02 D02
AQ3 B03 C03 D03

The NIH/3T3 cells, which named by mouse fibroblasts cell line in cells
culturing, were cultured in culture medium and were maintained at 37 °C, 5% CO; in
cell culture petri dish, waiting for inoculation. The culture medium was refreshed every
2 days. Meanwhile we placed the cells culture petri dish under the microscope at 10,000
magnifications to observe the cells morphology and make sure the cells were alive.
Then we removed the culture medium and added 1 mL PBS to wash. After several times,
we removed all PBS and added 1 mL trypsin, then the petri dish was put back into the
incubator for 5 minutes. After adding another 1 mL culture medium, we took 20 pL
solution and diluted them into 100 pL. A small amount of dilution was added on the
slide, and observed under the optical microscope for cell counting, which allowed us to
estimate the total number of cells. Finally, 1 mL of cell culture was added to each
previously prepared well, immersing the fiber samples; each culture well received
approximately 50000 cells. The culture plate was put in the incubator with labels for 1
and 3 days respectively.

At last, we prepared 10% resazurin solution by adding 800 pL of resazurin and
7.2 mL of culture medium respectively. After 1 day, each well was added 500 puL of

resazurin solution and put back into incubator for 3 h.
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2.6 Characterization

In the electrospinning process, the viscosity and rheological properties of the
spinning solution has a great influence on the fiber forming and morphology. Before
preparation of PVDF fiber meshes, PVDF spinning solutions with different
concentrations were tested by Kinexus rheometer to characterize rheological properties
and characteristic viscosity. To be more specific, different PVDF solutions were coated
onto a fitted metal plate in the rotational rheometer (Kinexus, Malvern Instruments Ltd).
Related and characteristic viscosities were recorded automatically under shear stress

from 0 Pa to 120 Pa and shear rate from 0.10 s! to 100 s™! at room temperature 25 °C.

We also tested solvent viscosity and defined it as I)g. After collecting raw data, we

calculated relative viscosity by the formula:

Dsp

— Do—1)s

(12)17
s

Wherein 1) refers to zero-shear viscosity which were obtained from raw data

at Newtonian region; I)g represents the pure solvent viscosity; I)gy is the specific

viscosity which physically characterizes the effect of the polymer on the solution
viscosity.

After electrospinning all the nanofiber mesh samples, small cuts were separated
for scanning electron microscopy testing. The small cuts were stacked on the surface of
carbon conductive paste, then coated with gold powder by JFC 1600 auto fine coater to
increase conductivity so that electrons can impinge samples easily. Using the model
JSM-6510 scanning electron microscope, the fibers’ morphology was observed. The
acceleration voltage of the SEM system was 15 KV. Fiber diameter was measured
through image processing software (Imagel).

FTIR was used to confirm the PVDF composition and also to estimate the /a
phase ratio. Spectra were acquired in a FTIR-4200 Fourier transform infrared
spectrometer using both the transmittance and ATR (Attenuated Total. Reflectance)

techniques. The a, B crystal phase peaks and the /o phase ratios were investigated in
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PVDF fibers prepared under different conditions. FTIR-ATR apparatus revealed to be
suitable for powder and fibrous samples, sample preparation is simple and easy to
operate, test process is fast and results are reliable.

The impedance characterization of the fibers-on-electrodes assemblies was
done with an electrochemical workstation, PARSTAT 2263 Advanced Electrichemical
System.

At last, a MTT assay was conducted to evaluate the viability of NIH3T3 cells
in PVDF fiber meshes. Microplate reader (PerkinElmer VICTOR3™) was used to

analysis the cells viability.

2.7 Computational modeling

In order to understand the differences between o and 3 phase PVDEF, as well as
the mechanism behind the transition from a to B, we performed several molecular
modeling studies. Single short polymer chains with 8, 16 and 64 monomer units were
separately built, in both perfect o and B conformations. All molecules were
geometrically optimized with the PM3 semiempirical quantum mechanics method, as
implemented in HyperChem 8.010 for Windows. The shorter chains, with just 8
monomer units, were also optimized with ab initio quantum mechanics, using a simple
6-31G* basis set, as implemented in Spartan 1.1.4. All simulations were performed on
a Windows based laptop with an Intel Core 15-2410M CPU at 2.30 GHz. The quantum
mechanics allowed the energy and atomic point charge calculations, which are essential
for the response to the external electric field, but even the semiempirical method is too
slow for a useful molecular dynamics implementation with multiple polymer chains.
Therefore, for the molecular dynamics (MD) study under an external electric field, the
AMBERY99 force field was the choice and software used was HyperChem 8.010 for
Windows.

HyperChem allows the implementations of several calculations methods with

application of an external static electric field. The software’s electric field orientation
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and intensity can be user defined, but its intensity is given in arbitrary units. For the
purpose of our study, a simple method using the acceleration of a test charge allowed
us to find a conversion factor from those arbitrary units to a more convenient SI unit of
volt per meter.

Because the atomic point charges calculated with the PM3 method are very
dependent on the conformation and would not be valid throughout the MD study, we
decided to use the Gasteiger-Marsili algorithm® to calculate fixed atomic point charges.
The implementation of Gasteiger’s partial equalization of orbital electronegativities
was done in Microsoft Excel with our own code written in Visual Basic (VBA).

For the MD study, two a type, 64 monomer units long, polymer chains with
Gasteiger charges were duplicated and allowed to equilibrate in vacuum at a
temperature of 500 K for 500 ps and then at 100 K for the same period. This resulted in
a ball shaped particle with an approximate diameter of 3 nm and roughly 17% 3 type
units. Further MD simulations were performed at 100 K for a 200 ps period, with
different values of external electric field. For each simulation run, the number of
monomer units with the a or B conformation was recorded and used to estimate the /o
ratio of the sample. Further simulation details and results will be discussed under

chapter 3.
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CHAPTER 3 - RESULTS AND DISCUSSION

3.1 The effect of solvent composition on fiber morphology

Since the polymer solution’s solvent can affect the electrospinning process, we
tested two different mixtures of DMF and acetone with volume ratios, respectively 8:2
and 6:4. The morphology of the electrospun fibers was observed with SEM as can be
seen in Fig. 20. We concluded that when the DMF/acetone volume ratio was 8:2, the
lower acetone content resulted on lower volatility in the jet, leading to traces of solvent
in the deposited fibers and the formation of relatively large polymer droplets. When the
DMF/acetone volume ratio was 6:4, the fiber droplets disappeared, the spinning process
was more continuous and the PVDF fiber meshes were easily prepared. So we chose
6:4 as DMF/acetone volume ratio for subsequent experiments. Although we didn’t do
any experimental verification, we can reasonably speculate that excess acetone would
result on faster solvent evaporation and formation of fibers with larger diameter, which

would not be desirable.

L x2,000 10pm

Fig. 20: SEM images of PVDF fibers produced with different solvent volume ratios of DMF and

Acetone: (a) 8:2; (b) 6:4. The polymer composition is the same 12 wt %.

34



CHAPTER 3 — RESULTS AND DISCUSSION

3.2 Rheological properties of spinning solutions

To investigate the effect of the polymer solution’s intrinsic properties on
morphology of electrospun fibers, we prepared a series of solutions with different
concentrations and manufactured the corresponding nanofiber meshes under constant
external conditions, like applied voltage, needle diameters and collecting distance.

Generally, from the viewpoint of materials’ properties, the polymer solution’s
viscosity is considered the most important parameter in the formation of electrospun
fibers. We can explain the effect of viscosity properties of polymer solutions on the
electrospinning process, by using polymer chains entanglement!’. In this molecular
model, there exists a critical concentration which dictates the electrospinning behavior
ofthe solution, i.e. the polymer solution must have concentration higher than the critical
value. First, when the solution concentration is lower than the critical concentration, it
means polymer chains are not entangled enough and solution is too dilute for proper
electrospinning and formation of nanofibers will be unsuccessful. Second, when the
solution concentration is close to the critical concentration, which is called semi-
entangled state, there is a higher probability to form nanofibers in the process of
electrospinning. But if the polymer chains are not sufficiently entangled, it is easy to
form some beads or droplets. Third, when the solution concentration is higher than the
critical concentration, polymer chains are sufficiently entangled and this is called
concentrated state. In this regime, the successful formation of nanofibers is much easier,
without obvious beads. However, there is also a limited concentration range, because
when polymer chains are far way entangled, it is very hard to stretch them and form
fibers, which means the solution will not be able to cast a jet and thus the
electrospinning is impossible.

Zero-shear viscosity and specific viscosity were measured for several PVDF

polymer solutions and listed in Table. 7.
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Table. 7: Characteristic viscosities in different concentrations of PVDF.

wt% no(mPa - s) Nsp(mPa - s)
2 3414 2.021
4 12.94 10.45
6 34.39 29.43
8 79.36 69.23
10 176 154.75
12 248 218.47
14 478 422.01
16 793 700.77
18 1566 1384.84
20 2708 2395.46

We plotted the specific viscosity against polymer solution concentration in Fig.
21 and defined the critical concentration as 8 wt%. The plot was divided in three areas

corresponding to the untangled state, semi-entangled state, and concentrated state.
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Fig. 21: Trending curve of characteristic viscosity in different concentrations of PVDF solutions.

Fig. 22 depict typical SEM images of electrospun PVDF nanofibers at different
polymer concentrations. The alignment of the individual fibers is random and a fibrous

morphology with different sizes is observable.
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We found that, when the polymer concentration was below the critical value of
8 wt%, neither fibers nor beads were obtained, since the solution was too dilute and the
polymer chains were in the untangled state. When the polymer concentration went
above the critical concentration, the electrospinning process generated obvious beads
along with the fibers. This effect is different from the one observed with the solvent’s
volatility and, in this case, according to the polymer chain entanglement model, the
solution exhibits the semi-entangled state and the low viscosity, which, associated to
the high surface tension, favors the formation of beads and the polymer chains do not
stretch completely under the applied electric field.

When the polymer concentration increased to 10 wt%, we could observe that
the beads started to disappear from the fiber mesh. In this case the balance between
high viscosity and not so high surface tension allow the polymer jet to stretch under the
electric force, leading to better formed fibers. Nevertheless, the semi-entangled state

still allowed some bead formation.

Once the polymer solution reached 12 wt%, we could consider that the
concentrated state, or entangled state, had been achieved, since the SEM images no
longer show beads and the fibers were more uniform. This is the adequate regime for
electrospinning, provided the viscosity doesn’t become too high, in which case the fluid
flow in the needle becomes too difficult. The fiber morphology observed in the SEM

images confirm the entanglement model description.

From our experiments we concluded that there is an optimal range of polymer
solution concentrations with a significant effect on nanofiber formation, not only on
avoiding the formation of beads, but also regarding nanofiber thickness. The formation
of nanofibers requires the polymer jet to stretch under the electric force, still as a
solution. As the polymer concentration increases well above the critical value, in the
concentrated state, the higher viscosity and solvent evaporation rate both contribute to
slow down the stretching and speed up the solidification, which prevents the fibers from
stretching and leads to larger average thickness. In our case, we wanted to obtain an
average thickness of electrospun fibers under 1000 nm, because of potential advantage

for electrical and biological engineering applications. As can be seen from the SEM
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images, at 12 wt%, our fibers exhibited quite homogenous thickness, below 500 nm. At
8 and 10 wt% the fibers’ thickness was more disperse and beads larger than 1 pum was
common. In following experiments, we always choose 12 wt% as experimental

concentrations.

x4000  Spmy

3 —-'.a. “/ !

e — ]
-

(c)
Fig. 22: PVDF SEM photos at 2000x (left) and 4000x (right) magnification factors: (a) 8 wt%, (b) 10

Wt%, (c) 12 wt%.
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3.3 The effect of applied voltage on fiber morphology

Adding to the effect of the polymer solution’s intrinsic properties, the electrical
field also has a significant effect on the formation of electrospun fibers including
amount of beads and distribution of fibers. In the electrospinning process the electrical
force drives the jet drops out of the needle and stretches them into fine fibers. In order
to study on the effect of the applied voltage on the PVDF electrospinning, we set up a
series of voltage values, keeping all the other parameters constant, like flow rate, needle
diameter and solution concentration. We selected 12 wt% as an optimal concentration,
1.2 mm as needle diameter and 1.0 ml/has flow rate. Applied voltage was set up from
18 kV to 28 kV. From Fig. 23 we can see that the uniformity of the fibers improved

upon increasing the applied voltage until 28 kV.

N D50 x3.0k  30um

(a) (b)

N D51 x3.0k 30um

(c) (d)

Fig. 23: 12 wt% PVDF SEM photos at different voltages: (a) 18 kV; (b) 21 kV; (¢) 24 kV; (d) in 28 kV.

N D52 x3.0k 30 um
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From 18 kV to 24 kV there was not enough stretching and most fibers are in the
um range When voltage increased from 24 kV to 28 kV, distribution of fibers was more
uniform and most fibers were below 1 um. At 28 kV the fibers were the finest and most
uniform. However, when the applied voltage was much higher than 28 kV, we could
not fabricate fiber or the fibers were coarse and with a bad distribution. One possible
explanation is that when voltage was too high, the electrostatic force accelerated the jet
too much, causing the flight duration to be too short and thus preventing the appropriate

stretching of the fibers.

3.4 The effect of needle diameter on fiber morphology

Under the same operational conditions when we changed needle diameter the
morphology of nanofibers also changed. We chose 0.5 mm, 0.8 mm, 0.9 mm and 1.2
mm needle diameters as variable factors. Applied voltage was set to 28 kV. For 0.8 mm,
0.9 mm, and 1.2 mm diameter needles, 1.0 ml/h flow rate was set. While for 0.5 mm
diameter needle, flow rate was set to 2.0 ml/h because of spinning ability. From the
SEM images in Fig. 24, we found that when needle diameter was 0.5 mm, fibers were
crooked and stacked into each other due to the slower jet flow. At higher needle
diameters, the fiber morphology improves, especially when the needle diameter was
0.9 mm and 1.2 mm. The surface area of the Taylor cone depends on the needle diameter.
Under the electrical field, narrower needles may lead to higher electric field density at
the tip of the Taylor cone, resulting in stronger electric force and acceleration of the jet.
The short duration flight ultimately results in poor stretching of the fibers. At needle
diameters of 0.9 mm and 1.2 mm, the polymer jet was able to stretch which resulted in
fine and uniform fibers. When needle diameter was 1.2 mm, under 28 kV applied

voltage and 1.0 ml/h flow rate, the morphology of fibers was the best.
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2015/11/09 10:.05 N

TM3000_2010 2015/11/08 1014 N D54 x3.0k  30um

(2) (b)

2015/11/09 09:39 N D49 x3.0k  30um

(c) (d)

Fig. 24: PVDF SEM photos of fibers obtained with different needle diameters: (a) 0.5 mm; (b) 0.8 mm;

TM3000_1991 TM3000_1998 2015/11/09 0952 N D5.1 x3.0k

(c) 0.9 mm; (d) 1.2 mm.

3.5 The effect of solution flow rate on fiber morphology

The polymer solution flow rate, or spinning speed, is known can also affect the
fiber morphology. To test the best conditions, we did experiments with spinning speeds
0f 0.5, 1.0, 1.5 and 2.0 mL/h. We selected 12 wt% as optimal concentrations, 1.2 mm
as needle diameter. Applied voltage was set up from as 28 kV, rotating speed was 0. As
we can see from Fig. 25, at lower spinning speed fibers got more stretched, like in image
(b) fibers were more straight and uniform without obvious drops and less crimp; but in
image (a) there were some drops and not very uniform. When the spinning speed was
higher, fibers became less uniform and more twisted, like in images (c); image (d)
shows an even worse scenario with big curves, which means fiber didn't get stretched

enough. The fiber production at 1.0 ml/h was better, and we got very nice fiber mats,
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better than with 0.5 ml/h flow, which lead us to choose 1.0 ml/h as the optimum
spinning speed. As shown in image (b), the optimal condition was 1.0 ml/h spinning

speed, 28 kV, 12 wt% polymer concentration which came from Fig. 25 (d).

TM3000_1998

2015/11/08 0952 N D51 x3.0k  30um

(b)

TM3000_2010 2015/11/09 1014 N D54 x3.0k  30um

2015/11/09 10:00 N D52 x3.0k 30 um

(c) (d)
Fig. 25: SEM images by changing spinning speed from 0.5ml/h to 2.0ml/h with 0.5ml/h interval. (a),
(b), (c), (d) are represented by fiber meshes fabricated in spinning speed 0.5ml/h, 1.0ml/h, 1.5ml/h,

2.0ml/h respectively.

3.6 The effect of collector rotating speed on fiber morphology

With a typical static collector, electrospun fibers don’t show a preferred
orientation, in other words, the fiber mesh is made of randomly oriented fibers, as a

result of the whipping effect of the electric field at the end of the flight. With a look on
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potential applications of the PVDF fibers, we intended to produce a fiber mesh with a
preferred orientation. Our goal was to enhance the piezoelectric effect along the specific
fiber orientation. For that purpose, we used a rotating metallic cylinder as collector,
which is known to produce fiber meshes oriented perpendicularly to the axis of rotation.
We can see from Fig. 26 that the collector’s rotation had a positive effect on fibers
alignment. These fibers were produced with optimal parameters. Polymer concentration
was 12 wt%, needle diameter was 1.2 mm, applied voltage was 28 kV, and solution
flow rate was 1.0 ml/h. When we set a plate with zero rotating speed, the collected
fibers were randomly aligned in different directions like in image (a). While we
increased rotating speed most of fibers were aligned in one direction, like in image (b),
taken from fiber produced with the rotating speed of 300 rpm. The rotation,
perpendicular to polymer jet, induces asymmetry in the electric field close to the
collector and forces the fibers to wound around the cylinder. The whipping effect still
creates some randomness, but the great majority of fibers follows a preferred orientation.
The additional tangential velocity adds to the electric field acceleration, with a pulling

effect, which helps the fiber stretching and a final morphology.
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Fig. 26: SEM images in (a) no rotating speed and (b) 300 rpm rotating speed.
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3.7 The effect of polymer concentration on crystal phase structure

Fig. 27 shows the Fourier Transform Infrared (FTIR) spectra of the PVDF
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nanofibers produced from polymer solutions with different concentrations. As we can
see from the spectrum plots, characteristic peaks at 765 cm™ and 841 cm™!, represent
the existence of a and 3 phase, respectively. From the absorption data we calculated the
B ratio (%) in the fibers, plotted in Fig. 28 against solution concentration. We can see
that the B phase ratio increased with concentration reaching a maximum around 12 wt%,
with the highest ratio at 83.80% According to these results, the  phase ratio could not
be improved to 100% with increasing polymer solution concentration by
electrospinning. A possible explanation is that when the solution concentration was too
high, well above the semi-entangled regime, the viscosity was also very large, due to
the intensively entangled polymer chains, reducing molecular mobility. This makes it
very hard for the torsional angles to realign under the electric field, similarly to the fiber

stretching mechanism.
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Fig. 27: FTIR-ATR spectrum of PVDF in concentration of 8 %, 10 %, 12 %, 14 wt%.
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Fig. 28: Trending curve of B crystal phase ratios by changing the PVDF concentration.

However, in the lower concentration range, from 8 wt% to 12 wt%, in the semi-
entangled regime, we would expect the higher molecular mobility to enhance the a-to-
B transformation, with the electrostatic field having a positive effect on the change.
These results don’t allow us to conclude, definitely, if the o-to-f3 transformation
happens in-flight or at the Taylor cone surface, unless there is a cooperative effect taking
advantage from the chain entanglement, with the polarization of a small domain
inducing the transformation on nearby domains, as it happens with magnetic properties
of some materials. A possible way to test this hypothesis would be the calculation of
the B ratio as function of acetone concentration. In this case, we would expect the higher
evaporation rate to hinder the molecular mobility, thus reducing the B ratio, as well as
the fiber stretching.

Interestingly, the results from FTIR spectra are consistent with the nanofiber
morphology at different concentrations, with finer and more uniform nanofibers
showing a higher  phase ratio. This behavior is reinforced with the analysis of other

parameters’ impact on the § phase ratio, described on the subsequent sections.
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3.8 The effect of applied voltage on crystal phase structure

Common sense and theoretical review suggest that the higher the
electrospinning voltage the better for converting the a to  phase structure. Fig. 29 (a)
shows the FTIR-ATR absorption spectra of PVDF fibers obtained with different
spinning voltages, with a spinning needle of 1.2 mm diameter and polymer
concentration of 12 wt%. We did the same study with spinning needle diameter of 0.9
mm and solution concentration of 8 wt%. The FTIR-ATR spectra are shown in Fig. 29
(b).

The typical absorption peaks at 765 cm™ and 841 cm™! allow us to estimate the
B content of the fibers, plotted in Fig. 30 for both experiments. The plot shows that 3
phase content increases linearly with the spinning voltage, nevertheless, the variation
is significantly smaller than observed for the polymer concentration effect. Admitting
the linear behavior to hold for higher voltages, the 100% [ phase would only be
achieved above 40 kV for (a) and 90 kV for (b). In a more conservative approach,
assuming the linear behavior to be the early stage of an exponential approach to the
total B phase, similar to a saturation behavior, the full § phase would only be reached
well above 100 kV for (a) and above 300 kV. Either case, given the fact that the
optimum spinning voltage was determined to be 24 kV, due to fiber morphology issues,
it is not guaranteed that much higher spinning voltages can yield higher 3 contents and
therefore we decided to keep the 24 kV as the optimum spinning voltage for next
experiments.

As to the a-to-f transformation mechanism, the spinning voltage doesn’t clear
the subject, but the larger needle and concentration yield fibers with higher B content,
which is in line with previous observation that conditions leading to better fiber
morphology also lead to higher B content, reinforcing the idea of a tradeoff between
polymer chain mobility, electrostatic force and a possible cooperative effect, during

flight between the needle and the collector.
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Fig. 29: FTIR-ATR spectrum of PVDF fibers obtained (a) at 18, 21, 24, 28 kV spinning voltage with 12

wt% concentration and 1.2 mm spinning needle; (b) at 24, 27, 30, 33 kV spinning voltage with 8 wt%

concentration and 0.9 mm spinning needle; the other parameters were the same.
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Fig. 30: Trending curve of  crystal phase ratios by changing voltages.

3.9 The effect of needle diameter on crystal phase structure

To isolate the combined effect of needle diameter and concentration observed
in the previous section, and investigate the effect of needle diameter on crystal phase
structure, we chose four different needle diameters, 0.5 mm, 0.8 mm, 0.9 mm and 1.2
mm, at constant concentration of 12 wt%, and applied voltage was 24 kV, spinning flow
rate was 1.0 ml/h. The FTIR-ATR spectra are shown in Fig. 31. As we can see in Fig.
32, when the needle diameter increased, the B phase ratio increased as well. We had
discussed before that when the needle diameter is small, the jet flow is also small, and
so the initial electrostatic acceleration is higher, leading to shorter time-of-flight and
poor fiber stretching. Again, the 3 phase ratio seems to correlate with the fiber stretching

mechanism.
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Fig. 31: FTIR-ATR spectrum of PVDF in different needle diameters.
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Fig. 32: Trending curve of P crystal phase ratios by changing needle diameters.
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3.10 The effect of spinning speed on crystal phase structure

To test the effect of the spinning speed, on the B phase ratio of the PVDF fibers,
we produced fibers with solution flow rates of 0.5, 1.0, 1.5 and 2.0 mL/h; the spinning
voltage and needle diameter were set to 28 kV and 0.9 mm; the polymer concentration
was 12 wt%. Fig. 33 and 34, shown the corresponding FTIR-ATR spectra and estimated
B phase ratio for these four experiments. The trend is very clear and, again, it follows
the fiber morphology effect as discussed before. Slower spinning speeds yield better
shaped fibers with higher B phase ratio, although the difference between the  phase
ratios at 0.5 and 1.0 is not significant. In this case, the explanation is not so clear, since
the solution flow rate is more important for the mass transport of polymer to the tip of
the needle. Higher flow means more polymer is available at the Taylor cone surface at
therefore also there may be a change between full electrospinning and the onset of
electrospray process, which may affect the jet profile and the stretching of the fibers.

The possible explain could be that the stretch force in the point of needle or
interior of drops is not enough to make molecular chain aligned when spinning speed

increased but electrical field force remained the same.
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Fig. 33: FTIR-ATR spectrum of PVDF fibers produced with 0.5, 1.0, 1.5, and 2.0 mL/h flow rates.
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Fig. 34: Trending curve of [ crystal phase ratios by changing spinning speed.

3.11 The effect of rotating speed on crystal phase structure

As demonstrated earlier, the collector’s rotational motion influences positively
the fiber morphology and alignment. Also, there seems to be a correlation between the
fiber morphology and the 3 phase ratio on the fibers. The next obvious experiment is
the investigation of the collector rotation on the 3 phase ratio. We produced PVDF fiber
by changing rotating speed with the optimal experimental parameters obtained in
previous sections, which were at 12 wt% concentration, 24 kV applied voltage, 1.2 mm
spinning needle, and 1.0 spinning flow rate. From the FTIR-ATR spectrum in Fig. 35
we can see the characteristic peaks at 765 cm™ are almost absent, comparing with the
peaks at 841 cm™. This means there was much less o phase and the B phase ratio is
enhanced by the rotating collector. It is clear from Fig. 36 that the B phase ratio is much
higher than in previous experiments, increasing linearly with the rotation speed and
reaching almost 90% at the top speed of 300 rpm. Once more, the fiber stretching and

the B phase ratio seem to be linked. In this case, the additional pulling force resulting
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from the rotation, added to the electrostatic force, increases the fiber stretching and has
a beneficial effect on the alignment of contiguous  phase domains along a preferred
orientation. The cooperative effect previously discussed indeed seems to take advantage
from the polymer chains stretching. It is important to notice that the baseline B phase
ratio at 0 rpm is already well optimized and the rotating collector effect has a lower
magnitude than the needle diameter. Nevertheless, it is an addition that, together with

all the other optimized parameters, helps to bring the best  phase ratio up to 90%.
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Fig. 35: FTIR-ATR spectrum of PVDF in different rotating speed.
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Fig. 36: Trending curve of B crystal phase ratios by changing rotating speed.
3.12 The effect of length on device impedance

The electrical impedance of a non conductive material, or dielectric, is a
complex function of frequency, with a resistive (R) and reactive (X) components, or,

alternativelly, an amplitude (Z) and a phase (8).

Z=R+j-X=27-¢ef (3)
R=Z"-cos@ (13)
X=12Z"sin@ (14)

To enable its correct use for preparation of functional devices, it is important to
know the electrical impedance of a material and its relation with the geometric
properties of the device. In our case we wanted to relate the impedance of a fiber mesh
to its geometric properties, length (L), width (W) and thickness (t), through its
complex impeditivity ({), analogous to resistivity.

Z=0— (15)
By incorporating the thickness of the fiber mesh we get to a specific impeditivity

({s), which can be used to characterize our fibers’ impedance as function of the

frequency.
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&= (16)

Combining equations A, D and E allows us to represent the specific impeditivity

~ [

as a complex function for the frequency, with an amplitude ({;) related to the
impedance, the length and width of the material, and the same phase as the impedance.
The specific impeditivity is only dependent on the thickness and composition of the

material.

ZW  jo

s = (17)

To study the electrical impedance of the PVDF fibers and the assembly of such
fibers on electrodes, as discussed before, we prepared several devices with different
distances between electrodes, of 1, 2, 4, 8 mm and constant width of 10 mm. The PVDF

fiber mats used were prepared with the optimum conditions as discussed in previous

sections.

Table. 8: Optimale conditions for fabricating PVDF mats.

Solvent 6/4 DMF/Acetone
Concentration 12 wt%
Applied Voltage 24 kV
Needle Diameter 1.2 mm
Spinning Flow Rate 1.0 ml/h
Rotating Speed 300 rpm

Fig. 37 and 38 show the impedance and the phase as a function of frequency. Fi.
39 shows the impedance values at the low and high frequency limits. We can see that
the PVDF assembly exhibits the typical spectrum of a high pass filter made of a paralel
RC circuit, as expected. The low frequency impedance is extremelly high, reaching the
gigaOhm range, typical of an insulator, and is almost linearly dependent on the length
of the fiber mat (R? = 0.9741), as seen on Fig. 39. At this frequency range both the

resistance and reactance are dominant over the device’s impedance. The impedance
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decreases with increasing frequency, as the capacitive behaviour kicks in, offering a
low reactance parallel path for electrical current. At the high frequency limit, the
capacitive behavior of the PVDF fiber mat is neglible, the phase goes to zero, and the
device impedance is just the contact resistance between fibers, electrodes and wires,

plus the conductive ink resistance, with and average value of 7.23 + 0.05 kQ.
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Fig. 37: Impedance amplitude of PVDF devices with constant width (10 mm) and variable length L.
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Fig. 38: Impedance phase shift of PVDF devices with constant width (10 mm) and variable length.
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Fig. 39: Impedance values at the low and high frequency limits.

Typical piezoelectric devices are usually operated in one of five modes: radial,
thickness, length extensional, thickness shear, length thickness. Due to the fiber mesh
structure and the electrodes assembly, our devices don’t follow any of the typical
piezoelectric modes of operation. For that reason, we didn’t expect to observe any
resonance effect on the impedance measurements and indeed we don’t. Nevertheless,
the impedance phase shift plotted on figure 40 presentes some interesting features to be
analysed.

At first look, the phase shift seems typical of an RC device in series with a contact
resistance, as pictures in Fig. 12: zero degrees phase at low frequency, due to the high
resistive component of the polymer; decreasing towards -90° as the frequency
dependent capacitive behavior becomes relevant; recovery to zero degrees at very high
frequency, as the low contact resistance dominates. The capacitive behavior depends
from the length and therefore there is a trend for the curves, with lower length,
corresponding to lower capacity, shifting the curves towards higher frequency values.

The odd behaviour begins at low frequency, with a small and constant negative
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phase shift, which is frequency independent. This feature has been reported as usual for
the low frequency phase shift of polymeric and biological materials®* and requires a
much more complex equivalent circuit to model it.

Secondly, in case the piezoelectric resonance condition is reached, the simple RC
model from Fig. 12 is complemented with an inductor in series with the resistor Ra, to
account for the electromechanical behaviour. The effect of the inductive component is
to add a positive phase shift which changes the overall phase shift, increasing it to zero
or even positive values at the resonance frequency. Our experimental phase shift
follows the normal capacitive behaviour, reaching -90° around 1 kHz. But then, around
10 kHz, the phase shift goes below -90°, reaching almost -110° at 100 kHz. Also,
between 16 kHz and 60 kHz, a sudden deviation of the phase from the monotonic trend
can be observed. This deviation shows up in all our impedance measurements and is
independent of the device’s geometric properties. There are two possible explanations
for the deviation. First, it could an artifact from experimental measurement, due to some
equipment malfunction. But it could also mean a more complex electrical behaviour,
due to the onset of the resonance conditions. The lower than -90° phase shift, which
appears from 10 kHz to 400 kHz, independently from the device length, is equivalent
to an apparent negative resistance. Since resistance is the derivative of the voltage with
respect to the current, a negative resistance means that electrical current is flowing in a
direction opposite to the expected, which may be a consequence of the piezolectric
effect. Apparent negative resistances have been observed in carbon fiber composites
and other exotic materials® , but not in PVDF electrospun fibers, and therefore this
behaviour in deserves further investigation, to confirm or dismiss the observed
deviation.

Fig. 40 shows the calculated specific impeditivity {s as function of the frequency.
From equation E, we expected the specific impeditivity to be affected by the thickness
of the fiber mesh the same for all different lengths tested. Fig. 40, together with the not
so good correlation (R? = 0.9741) of the low frequency impedance, shows that there

must be some non-uniformity on the thickness of the electrospun fiber meshes, which,
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for highly reproducible results, will require more effort into controlling the deposition

process.
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Fig. 40: Specific impeditivity of the PVDF devices with constant width (10 mm) and variable length.

3.13 The effect of width on device impedance

Following the results from section 3.14, we prepared sereval assemblies with
different widths (10, 5, 2 and 1 mm) and constant length of 1 mm. The electrical
impedance was measured and plotted against frequency, in Fig. 41 and 42. Fig. 41
shows the expected behaviour of the impedance as function of the width. Similarly to
the previous experiments, the low and high frequency limits were plotted against the
reciprocal of the width, in Fig. 43. The low frequency impedance follows a linear trend
(R? = 0.9939), as expected from equation D, and the high frequency impedance is
constant and consistent with previous data. The device with 10 mm width exhibited
outstandingly low impedance.

The impedance phase shift in Fig. 42 is very similar to Fig. 38, including the

small frequency independent negative value at low frequency, the normal capacitive
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behaviour, the strange deviation from monotonic and the lower than -90° at high

frequency.

The specific impeditivity {;, plotted in firgure 46 as function of frequency and

width, shows a similar behaviour to the variable length study. The device with the

largest width, 10 mm, exhibits the lowest impeditivity, perhaps due to higher thickness

of the fiber mat.
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Fig. 41: Impedance amplitude of PVDF devices with constant length (1 mm) and variable width W.
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Fig. 42: Impedance phase shift of PVDF devices with constant length (1 mm) and variable width.
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Fig. 43: Impedance values at the low and high frequency limits.
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Fig. 44: Specific impeditivity of the PVDF devices with constant length (1 mm) and variable width.

Both the length and the width variation studies included data on two devices with
similar characteristics: length L =1 mm; width W =10 mm . Although the

geometric properties and composition are the same and the two devices are the best
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performant on each series, in fact they ehxibit much different inpedance values, as can
be seen from Fig. 45 and 46. The device from the length study has a low frequency
impedance, corresponding to the dielectric resistance of the fiber mat, which is 30 to 40
times higher than the other, from the width study. At the high frequency limit, which
corresponds to the contact resistance value, the ratio of impedances has a value of 1.
These results confirm the strong depence of the fibers’ impedance with the fiber mat
thickness. Thicker fiber mats have higher dielectric resistance and also higher capacity.
The higher capacity explains the deviation of the width study device’s phase shift to
higher frequencies. Fig. 47 shows the resistive and reactive (capacitive) components of
both devices, where the scale factor is very clear. This plot also highlights the small
negative resistance window that results from the excessivelly negative phase shift at

high frequencies.
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Fig. 45: Impedance amplitude of two PVDF devices with the same length and width: L =1 mm, W =

10 mm.
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3.14 Fitting between experimental data and electrical model

The best data set from the length and width studies, with the lower impedance,
was fitted to the simple equivalent circuit of Fig. 12, with R; representing the contact
resistance, Ry and C representing the dielectric resistance and capacitance of the fiber
mat. The result is plotted in Fig. 48 through 50. Our best effort with the simple RC
model wasn’t satisfactory. It turns out that the RC model cannot account for the overall
behaviour of our system. The contact resistance has an almost irrelevant contribution
to the model and the constant parameters R> and C are not enough to describe the
experimental data. The best fit of the impedance occurs only in a limited range of
frequencies, between 1 kHz and 100 kHz. The RC model cannot fit the low frequency
behaviour, for which the system behaves as a variable capacitance that compensates the
frequency increase to keep a constant phase shift. The apparent negative resistance at
high frequencies cannot be fitted also. We used the reactance values to calculate the
apparent capacitance of the device, plotted in Fig. 51. The capacitance between 1 kH
and 100 kHz is within 10 pF to 1 nF, which is a reasonable. In the low frequency region
the device’s capacitance shows a unusual broad range from 10 pF to 1 nF, which cover
several orders of magnitude. Only the impedance amplitude could be modelled; any
attemp to fit the phase shift failed completely. Other studies implement a much more
complex model, including a variable capacitor to account for the constant phase shift at
low frequency. We didn’t succeed in fitting our data with this model and therefore future
work is required for an adequate description of the PVDF fibers behaviour. The high
frequency apparent negative resistance also deserves further study, to clarify if the data
is valid and understand its origin. It is possible that the piezoelectric effect may be
causing the negative resistance and the PVDF fiber might be acting as an acoustic

sensor in the ultrasound range.
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Fig. 51: Apparent capacity.

We fitted all the devices from the length study with the RC model, the results are shown
in table. 9. We notice that the fixed capacitance is always in the tens of pF and the

dielectric resistance increases with the length, as noted before. The contact resistance
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R is always low and its contribution for the model is insignificant.

Table. 9: Elements values of equivalent circuit with different effective length.

W/mm L/mm R1/kQ Ro/MQ C/pF
10 1 1 1.29 11.5
10 2 | 66 33.2
10 4 | 150 19.4
10 8 1 5000 10.9

We also fitted the width study data woth the same RC model and got similar
results as shown in table : the 1 kOhm contact resistance, the tens of pF capacitance and

the dielectric resistance inverselly proportional to the width.

Table. 10: Elements values of equivalent circuit with different effective width.

W/mm L/mm R1/kQ Ro/MQ C/pF
2 1 1 330 15.0
5 1 1 180 15.9
10 1 1 1.26 11.5

3.15 The effect of p phase ratio on the impedance

We have previouslly discussed the effet of the spinning speed on the B phase
ratio of the PVDF fibers, values decreased with an increase in spinning speed, and the
B ratio was highest, close to 80%, at a spinning speed of 0.5mL/h.

Fig. 47 shows that the low frequency impedance also changed with the spinning
speed, the 3 phase ratio and impedance showed a inverse relation to the spinning speed.
These results suggest that uniform and fine PVDF nanofibers with higher B phase ratio

should have lower impedance, which could present a reason for the observed variability

of the capacity at low frequenecy
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In this study, it was interesting to find that more uniform and finer PVDF fibers
showed higher B phase ratio which leading to lower electrical impedance regardless the
changes of spinning concerntration and electrospinning parameters. The impedance
changes followed the inversive trend to the change of B phase ratio whatever the
change was caused by polymer solution concerntrations or operating parameters. Fine
and uniform nanofibers with small diameters and high [ crystal phase ratio facilitate to
electric-to-mechanical energy conversion. Well aligned fiber meshes in one direction
also enhance the higher B phase ratio. These understanding could be helpful to develop
piezoelectric devices or electroacuators for various applications in tissue engeneering

and electric field..

3.16 MTT assay

The cytocompatibility of all samples was evaluated by MTT cell viability assay
(Fig. 52). MTT assay data show that the viability of NIH/3T3 cells incubated with the
PBS and different samples is around 100%. The bar errors are 6.54%, 4.24%, 5.42%
and 1.10% respectively. Number 1 means PBS cultured cells and Number 2 represents
PVDF fiber mash culturing cells. Number 3 and 4 represent PVDF/PLGA and PLGA
fiber mesh samples respectively. For number 3 and 4, the cell viability just slightly
decreases to 99.59% and 98.97% accordingly. This suggests that PVDF has no effect
on cytocompatibility of PLGA, PVDF fiber mesh even has better cytocompatibility
than which of PLGA fiber mesh.

The results in Fig. 52 shown that all the samples caused no obvious loss of cell
viability in NIH/3T3 cells comparing with the cells treated by PBS buffer. It was clear

that PVDF fiber meshes were non-toxic.

67



CHAPTER 3 — RESULTS AND DISCUSSION

Cell Viability (%)

110

109
108
107
106
105
104
103
102
101
100
99
98
97
96
95
94
93
92
91
90

L L L B L L L [ L B L L B

Samples

Fig. 52: Results of cell cytocompatibility.
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CHAPTER 4 - MOLECULAR MODELLING

The quantum mechanics study of single, short, polymer chains with 8 and 16
monomer units, in both perfect crystalline a and  conformations, allowed us to analyze
the atomic point charges, energy, torsional angles and dipoles of single polymer chains.
But the semiempirical or the ab initio geometry optimizations yield perfect structures
with no link to the dynamic mechanisms behind the phase change. The realization of
molecular dynamic (MD) studies with quantum mechanics for longer polymer chains
would be unfeasible with the available computation resources. Therefore, we turned to
molecular mechanics and the AMBER99 force field, in order to study the effect of an
externally applied electric field on the conformation of PVDF polymer chains.

For the MD studies we built a single PVDF polymer chain with 64 monomer
units and perfect o conformation on all monomer units. Fixed atomic point charges
were allocated with the Gasteiger-Marsili’s partial equalization of orbital
electronegativities algorithm. The polymer chain was duplicate and the two resulting
chains were subject to a MD calculation at a constant temperature of 500 K for 500 ps
until equilibrium was reached. Then followed a similar process at 100 K for the same
period. All the torsional angles (y) on both chains, in a total of 126, were recorded at
each MD data step. At the end of the equilibration runs we got a ball shaped particle
with an approximate diameter of 3 nm, and both chains were entangled. To account for
the total o or B conformations we compared every torsional angle y with reference

values of 60° for o and 180° for 3, as summarized in the following rule.

B & |y—180° = |y — 60°|
Torsion is (18)

x & |y—180° < |y—60°|
After the equilibration runs, the 3 type units accounted to 18.25% of all the 126
torsional angles. The choice of this hard rule was dictated by simplicity. A softer rule
could be used, through a statistical analysis of all the torsional angles at each data step,

but it is likely it would yield very similar results.

69



CHAPTER 4 - MOLECULAR MODELLING

To simulate the impact of the externally applied electric field, used on the
electrospinning process, the equilibrated system was subject to a subsequent MD runs
at constant 100 K temperature, with a duration of 100 ps and 1 fs data steps. All the
torsional angles were recorded at every 100 data steps. After the MD run, the recorded
torsional angles were analyzed and the 3% was calculated at each data step.

For this MD, as shown in Fig. 53, a uniform electric field with fixed intensity
(in arbitrary units) was simulated along the x axis of the system. The conversion factor
from the arbitrary units to real S.I. units was calibrated with a separate series of MD
calculations with a fluoride ion, to determine the acceleration produced under different
electric fields. The conversion factor was found to be 12628.18159 +

0.00002 MVolt-m™/a.u.
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Fig. 53: Calibration of the uniform electric field.

A total of 25 MD runs under a uniform electric were performed, as shown in

Fig. 54 and table. 11, covering a wide range of electric field values.
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Table. 11: The Ex (a.u.) and Ex/MV.m™! values in 25 runs.

MD run Ex (a.u.) Ex/MV.m™ MD run Ex (a.u.)  Ex/MV.m?

1 0 0 14 0.015 189.4
2 0.001 12.6 15 0.016 202.1
3 0.002 253 16 0.017 214.7
4 0.005 63.1 17 0.018 227.3
5 0.006 75.8 18 0.019 239.9
6 0.007 88.4 19 0.02 252.6
7 0.008 101.0 20 0.03 378.8
8 0.009 113.7 21 0.04 505.1
9 0.01 126.3 22 0.05 631.4
10 0.011 138.9 23 0.08 1010.3
11 0.012 151.5 24 0.1 1262.8
12 0.013 164.2 25 0.2 2525.6

13 0.014 176.8
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The results of the full MD study are plotted in Fig. 55 and 56.
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Fig. 55: B% calculated from the molecular dynamic simulations at different electric field values

(MV.m™"). Top, all data set. Bottom, detail below 20 ps.

72



CHAPTER 4 - MOLECULAR MODELLING

100% S0
90% o
o
B0% o
o
70% o0
o
60% o
50%
a40% o

30%
ve)

Mazimum [%

10%

0

1.00 10.00 100.00 100000
Electric Field / MV.m™

Fig. 56: Plot of the maximum % of at the end of each MD run.

We can see that the percentage of torsional angles, or monomer units, with the
b configuration starts at the equilibration state, around 20%, and increases with the
electric field. There seems to be a threshold, or critical value, around 100 MV.m™!, above
which the conversion from a to 3 increases dramatically, and the % seems to saturate
to 100% at larger electric field intensities.

Our simulation data agrees with the experimental observation that higher
electrospinning voltages generate higher percentage of § PVDF in the fibers. Typical
voltages between 10 kV to 30 kV, with distances of 10 to 20 cm, generate electric fields
in the range of 0.05 to 0.3 MV.m!, which is significantly lower than field values used
in our study. But the time-of-flight of a polymer jet is several orders of magnitude higher
than our MD duration time. It is admissible that for simulation runs closer to the real
time-of-flight, even low intensity simulated electric fields can approach the
experimental outcome.

Since we used just a small PVDF sample, two small chains, our simulation
results don’t allow us to establish if the a to B conversion happens in flight, or at the

boundary between the liquid solution and surrounding air.
73



CHAPTER 4 - MOLECULAR MODELLING

For each run, the % values fit a simple exponential equation with three
parameters (Fig. 57), where 4 is the saturation value, B is the starting value and C is a

time constant.

% =A+(A—-Be lc (19
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Fig. 57: Plot of selected data fitted with equation 19.

The following images in Fig. 58 show the final MD run appearance of the PVDF
sample at selected electric field intensities (0, 113.65, 214.68, 378.85, 1010.25, 1262.82,
2525.64 MV.m!). Some snapshots are seen from the z axis (xy projection) and some
from both the z axis and x axis (yz projection) which is the electric field direction. It is
clear that higher field intensity, results on more  domains. Also, other than just
converting PVDF from o to [, higher fields stretch the polymer chains, from the
globular shape to a straight one. We had concluded from our experimental data, that
mechanical deformation from the spinning process is likely to help on the conversion

and both, electric field and applied force, act with a synergic effect.
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Fig. 58: Final MD run snapshots (xy projection) of the two PVDF polymer chains under selected electric
field intensities (MV.m™"): (a) 0; (b) 113.65; (c) 214.68; (d) 378.85; (e) and (f) 1010.25, xy and yz
projections; (g) and (h) 1262.82, xy and yz projections; (i) and (j) 2525.64, xy and yz projections. The

electric field direction is along the x axis.
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GENERAL CONCLUSIONS

At the beginning of our project, we set out to work towards the following
objectives:

1. Preparation of electrospun piezoelectric PVDF nanofibers.

2. Preparation of PVDF fiber mat assemblies on electrodes and test their
electric properties.

3. Study of inverse piezoelectric actuation of nanofiber mat assemblies.

4. Test the biocompatibility of the PVDF nanofibers.

5. Study the effect of piezoelectric actuation on living cells.

At the end we can say that we achieved the first three objectives completely and
the fourth one only partially. We successfully prepared PVDF nanofiber mats with
adequate properties for piezoelectric actuation. We also prepared and tested several
devices.

The results revealed that electrospinning parameters had significant effects on
morphology and crystal phase ratios of PVDF electrospun fibers. As it was expected,
the electrical impedance of PVDF decreased with the increase of B crystal phase ratio,
which was helpful for the piezoelectric behaviour of the PVDF fibers. The results also
illustrated that the impedance of PVDF electroactuator changed with geometric shape.
In vitro cytocompatibility tests of PVDF scaffolds shown that the NIH3T3 cells cultured
on scaffolds were alive which meant PVDF biocompatibility was acceptable for
biomedical applications.

However, we didn't observe the vibration of PVDF fibers at low frequency
because of lacking some typical instrument, like a laser Doppler vibrometer, though we
found some features at the low frequency part of the impedance spectrum, which may
be an indication of incipient piezoelectric behavior. Because we could not confirm the
vibration in the frequency range needed for cell stimulation, between 0.1 and 10 Hz,
we didn't proceed to the last objective of our project: direct cell stimulation with PVDF

electroactuator.
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From the results we got from this project, we have reasons to believe that it is
possible to achieve our initial objectives in future works, we just need more time. Our
project has made a promising work for potential applications of PVDF electroactuators

in some fields, such as, tissue engineering, electrical devices, smart skin and so on.
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