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Abstract

Nanofibres are useful in a broad range of appbeatiin areas such as medical science,
food science, materials engineering, environmeengineering, and energy and electronics
due to their outstanding characteristics: their Isgiae, high surface-to-volume ratio, high
porosity, and superior mechanical performance. Régcecontrolled drug delivery systems
have gained significant attention, especially witspect to the use of polymer nanofibres.
For these systems, the ability to control of thegth of the polymer nanofibre is important
because the amount of drug released depends @entjtl of the fibre. Electrospinning is the
simplest and most cost-effective method of fabmgapolymer nanofibres. In the process, a
high voltage is used to create an electrified jeictv will eventually become a nanofibre. The
electrified jet ejects when a high voltage is aggplio the electrospinning setup. On the other
hand, the jet does not eject when the applied gelia below the threshold voltage. It is
therefore possible to fabricate and chop nanofibsesontrolling the values of the voltages
applied and a special high-voltage pulsed poweplyumas been developed for this purpose.

In this research, an IGBT-based pulsed power supasybeen designed and built to be
used for non-continuous-mode electrospinning. T&BTs are connected in series to deliver
high voltage pulse voltages to an electrospinniatus The IGBT-based pulsed power
supply is capable of producing controllable squauéses with a width of a few hundred
microseconds to DC and amplitudes up to 10 kV.

The technique of non-continuous-mode electrospmniras tested using the pulsed
power supply designed in this work. The new systeas able to fabricate and chop
nanofibres with PEO and alginate/PEO solutionsvds concluded that the minimum pulse
width that can initiate an electrified jet is approately 80 ms for the parameters used in this
study. A longer period produces a more constantlyeing the pulse-on voltage when the
duty ratio is the same value. It is also highlyelikthat a jet is always ejected during the

pulse-on voltage when the duty ratio is more th&u9e
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Chapter 1

Introduction

Electrospinning, one of the techniques for fabmgatpolymer nanofibres, has been
researched worldwide. However, a technique habeen established for both fabricating and
chopping polymer nanofibres at the same time. Aofiare of a well-defined length will be
required for drug delivery in the next decades.sTigsearch therefore presents a technique
called non-continuous-mode electrospinning withightvoltage pulsed power supply. This
chapter provides the background information necgsgar an understanding of the
requirements for chopped nanofibres, electrospgnnmon-continuous-mode electrospinning,

and high-voltage power supplies.

1.1 Requirements for producing chopped nanofibres

The term nanofibre is a combination of “nano” arfibre.” “Nano” refers to physical
guantities at the scale of a billionth of the refere unit. “Fibre” is defined from a geometrical
standpoint: a slender, elongated, threadlike olpedtructure [1]. Therefore, a nanofibre can
be considered to be a fibre with a diameter imtia@ometre range.

The outstanding characteristics of nanofibres hegr tsmall size, high surface-to-volume
ratio, high porosity, and superior mechanical panance. Due to these advantages, nanofibres
are useful in a broad range of applications in am&ch as medical science, food science,
materials engineering, environmental engineeringr@y and electronics [1-4].

Nanoparticles have already found important usesding release applications and
diagnostics because the nanoscale is reflectetieirbiblogical scale, for example, in sizes
ranging from that of enzymes and viruses up to dmact[5]. It is believed that
nanotechnological approaches in medicine will havenajor impact in the next decades.
Lately, controlled drug delivery systems have gdirsggnificant attention, especially with
respect to the use of polymer nanofibres. Polymeanofibre drug delivery systems have
numerous advantages over conventional dosage féiinss. the polymer can be customised to

control drug-release properties. Immediate-releaaeofibres can be created from water-



soluble polymers, enteric-release nanofibres carcrbated from enteric polymers such as
methacrylic acid copolymers, and sustained-releasefibres can be created from polylactic
acid or polyvinyl acetate polymers [6]. Second, #mall diameter of the nanofibres can
provide a short diffusion passage, and the higtliasararea facilitates mass transfer and
efficient drug release [7]. Third, more than oneigdrcan be encapsulated directly into
polymeric nanofibres, and these systems have simmany zero-order drug-release kinetics.
The use of polymer nanofibres as drug carrierhésefore promising for future biomedical

applications [8, 9]. For such drug delivery systethe ability to control the length of the

nanofibre is very important since the amount ofgdreleased depends on the length of the
fibre. The techniques for fabricating and choppianofibres that will provide the required

control must therefore be developed.

1.2 Electrospinning

Electrospinning is the simplest and most cost-@iffecmethod of fabricating polymer
nanofibres. This section provides an understandintipree main aspects of electrospinning.
The first part explains the mechanism of electnwsipig. The second describes the parameters
that influence the morphology of the resultant etspun fibres, such as the diameter and bead
formation. The final part suggests a techniquefétricating and chopping nanofibres using

the electrospinning process.

1.2.1 Fundamentals of electrospinning

Polymeric nanofibres can be created by means ahaar of techniques, such as drawing,
template synthesis, phase separation, self-assemtly electrospinning. Of these methods,
electrospinning seems to provide the simplest aost wost-effective approach for fabricating
nanofibres that are uniform and controllable witbspgect to diameter and diversified
composition [1].

Figure 1.1 is a schematic illustration of the basatup for electrospinning. The setup has
three main components: a high-voltage power suppdyally a positive or negative DC

source; a spinneret that is a metallic capillargdde; and a collector that is a grounded



High Voltage Power Supply
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Figure 1.1: Schematic illustration of the basiapdbr electrospinning

conductor. The spinneret is connected to a syric@&aining the polymer solution. The
syringe is placed into a syringe pump that pernfies adjustment and precise control of the
flow rate of the solution.

When a high voltage is applied to the spinneret,siirface of the polymer at the spinneret
tip becomes electrostatically charged, and thededicharges are evenly distributed over the
surface. As a result, as it is released, the draflsolution experiences two major types of
electrostatic forces. One is the Coulomb force betwthe surface charges. The other is the
force exerted by the external electric field [4]ndér the action of these electrostatic
interactions, the hemispherical surface of thetgmiuat the tip of the capillary is distorted to
form a conical shape, commonly known as a Taylarecfd0], as shown in Figure 1.2 (a).
When the strength of the electric field has reachelreshold value, the electrostatic forces
can overcome the surface tension of the polymeitisol, and a single jet is drawn from the tip
of the Taylor cone, as shown in Figure 1.2 (b). ©tie jet flows away from the Taylor cone
in a nearly straight line, the travelling liquid 8 subject to a variety of forces, such as the
Coulomb force, the electric force imposed by theemal electric field, the viscoelastic force,
the surface tension force, the gravitational foarad the air drag force [1]. The result is that
the bending of the jet can be observed, as showvgimre 1.2 (¢). During the process, the jet
is stretched and whipped, resulting in it forminipag thread. As the liquid jet is continuously
elongated and the solvent evaporates, its diancaeterbe greatly reduced to the nanometre
scale. It is then collected on the grounded calleas a nanofibre.
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(a) (b)
Figure 1.2: (a) Taylor cone (b) A single jet drafrom the Taylor cone (c) Bending instability

1.2.2 The electrospinning process

Many parameters influence the morphology of elegum fibres, such as diameter and
bead formation. These parameters can be broaddgifttal as polymer solution parameters,

processing conditions, and ambient conditions [1].

1.2.2.1 Polymer solution parameters

The properties of the polymer solution, which imEu viscosity, surface tension,
conductivity, and permittivity, have the significanfluences on the electrospinning process
and the resultant morphology.

One of the most significant parameters that infbgethe diameter and morphology of the
fibre is the viscosity of the solution, and thenedmt that affects the viscosity of the solution is
the molecular weight of the polymer. In generalewla polymer of higher molecular weight is
dissolved in a solvent, its viscosity is higherrththat of a solution of the same polymer that
has a lower molecular weight. Another way of insreg the viscosity of the solution is to
increase the concentration of the polymer. Bothgisi higher molecular weight and increasing
the concentration result in greater polymer chaitamglements in the solution, which is
necessary for maintaining the continuity of the deting electrospinning [1]. The polymer
chain entanglements are found to have a significapact on whether the electrospinning jet
breaks up into small droplets or whether the rastlelectrospun fibres contain beads [11].
Although a minimum level of viscosity is requirad arder to yield fibres without beads [12,

13], a viscosity that is too high will make it vedjfficult to pump the solution through the



syringe needle [14]. The solution may also dry k¢ tip of the needle before the
electrospinning process can be initiated [15]. Mwe, higher viscosity results in a larger
fibre diameter and smaller deposition area [1].

For electrospinning to begin, the charged solutrarst overcome its surface tension. At a
lower viscosity, the surface tension may cause fthmation of beaded fibres [1]. Lower
surface tension of the spinning solution helpsdhset of the electrospinning jet to occur at
lower electric field.

Electrospinning involves the stretching of the soly, which is caused by the repulsion of
the charges on its surface. Therefore, if the cotmdty of the solution is increased, more
charges can be carried by the electrospinninghjes resulting in the stretching of the solution.
If the solution is not fully stretched, beads vidrm. The conductivity of the solution can be
increased by the addition of ions, salt, or polgttdyte. An increase in conductivity also leads
to a lower critical voltage for electrospinningegter bending instability of the jet, a larger
deposition area, and fibre with smaller diametéEs17]. However, as shown in [17], there is a
limit to the amount that the diameter of the fibean be reduced.

The permittivity of a solvent has a significant lighce on electrospinning. As with
increased conductivity, a solution with greaternuéivity produces less bead formation,
greater bending instability of the jet, a largepasstion area, and fibres with smaller diameters
[18-19]. The permittivity can be increased by thedidon of solvents such as N,N-
Dimethylformamide (DMF) [20].

1.2.2.2 Processing conditions

The parameters of the processing conditions incthdevoltage applied, the feed rate, the
temperature of the solution, the type of collectbe diameter of the needle, and the distance
between the needle tip and the collector. Theyérfte the morphology of the fibre.

An essential element in electrospinning is the iappbn of a high voltage to the solution.
While a DC voltage supply is most commonly usedl@ctrospinning, it is also possible to use
an AC voltage for electrospinning [1]. The high teagie induces the necessary charges in the
solution and the external electric field, initiatélse electrospinning process when the

electrostatic force in the solution overcomes téase tension of the solution. Generally, both



a negative and a positive voltage of more than Gskable to cause the drop of the solution at
the tip of the needle to distort into the shape dfaylor cone during the initiation of the jet
[10]. Depending on the polymer and feed rate ofsthlation, a higher voltage may be required
so that the Taylor cone is stable. Because bottvaliage supplied and the resultant electric
field have an influence on the stretching and tbeekeration of the jet, they therefore also
affect morphology of the fibres. In most casesjghdr voltage leads to greater stretching of
the solution, resulting in a reduction in the dig@nef the fibres [12, 21, 22]. In contrast, with
a low voltage, closer to the critical voltage, teeuced acceleration of the jet and the weaker
electric field may increase the flight time of tekectrospinning jet, which may favour the
formation of finer fibres [23]. With higher voltageit has been found that the tendency for
bead formation is greater [15, 24, 25], which istcary to what would be expected, given the
increased stretching of the jet due to higher gatavhich should lead to less bead formation
[26].

The feed rate determines the amount of solutionlabta for electrospinning. If a stable
Taylor cone is to be maintained, each voltage hesreesponding feed rate. An increase in
feed rate corresponds to an increase in the diaoktlee fibre or the bead size due to a greater
volume of solution leaving the needle tip [15, ZHbwever, the increase in the diameter of the
fibre due to a higher feed rate has an upper [@7iL

The increase of temperature causes the evaporadiento increase and the solution
viscosity to decrease. More uniform fibres havenbe&ctrospun using polyurethane at a
higher temperature [23]. This may be due to theelowiscosity of the polymer solution at
higher temperature. Moreover the increase in mtgbilif polymer molecules at higher
temperature allows the Coulomb force to stretcheteetrospun jet further [1].

An electric field between the high voltage at tlem=die and the collector is necessary for
the initiation of the electrospinning. The collecidate is therefore made of a conductive
material that is electrically grounded so that @let potential difference exists between the
high voltage at the needle and the collector.

The internal diameter of the needle has a speeifect on the electrospinning process. A
smaller diameter has been found to reduce clogagind the numbers of beads on the
electrospun fibres [28].



The flight time and the electric field strengthaaddfect the electrospinning process and the
resultant fibres. Changing the distance betweeriphand the collector has a direct influence
on both the flight time and the electric field stgéh. The electrospinning jet must be set to
allow time for most of the solvents to be evapatdteform fibres. When the distance between
the tip and the collector is reduced, the jet habater distance to travel before it reaches the
collector plate. At the same time, the electricldfiestrength also increases, which
correspondingly increases the acceleration of ¢heégward the collector. As a result, there
may not be enough time for the solvent to evaposdien it hits the collector [1].

1.2.2.3 Ambient conditions

The effect of the environment surrounding electiogipg jet is one area which has been
still poorly investigated. The conditions involved any interaction between the surrounding
area and the polymer solution, such as humidity pressure, may have an effect on
morphology of the electrospun fibre.

Humidity may affect the polymer solution during tekectrospinning. At high humidity
levels, it is likely that water condenses on thdame of the fibre, resulting in a change in
morphology of the fibre [12, 29]. The humidity dfet environment also determines the rate of
evaporation [1].

Different gases exhibit different behaviours ineectrostatic field. Thus, the composition
of the air may have an effect on the electrospmmrocess and the morphology of the fibre
[1]. A reduction in the pressure surrounding thecgbspinning jet has no effect on the

electrospinning process [1].

1.2.3 Chopping nanofibres with electrospinning

As mentioned in section 1.2.1, an electrified jetcts from a Taylor cone only when the
spinneret is kept at a voltage higher than thestiolel value. It is therefore likely possible to
chop nanofibres by controlling the applied voltagethat it is either higher or lower than the
threshold, which leads to the suggested use djlaVltage pulsed power supply.



1.3 Non-continuous-mode electrospinning

To date, no research has been conducted with tesjgecnon-continuous-mode
electrospinning that can fabricate and chop nareditat the same time. However, non-
continuous-mode electrospraying, a technique sirtolalectrospinning, has been investigated.
The following subsections provide the informationboat non-continuous-mode

electrospraying, and the pulse voltages requiredda-continuous-mode electrospinning.

1.3.1 Non-continuous-mode electrospraying

Non-continuous-mode electrospinning has not yet nbemvestigated because
electrospinning is still being conducted on a lalbary scale, and most researchers have
focused on the diameter of the nanofibres produatiter than the length. However, the non-
continuous-mode of electrospraying, which is called drop-on-demand system, has been
investigated using pulse voltage waveforms [30-3Blectrospraying is a well-known
technique that employs the same principle as egginning. The main difference between
electrospinning and electrospraying is that theosgy of the liquid is sufficiently low in
electrospraying that the jet becomes nanopartrelieer than nanofibres [34].

The drop-on-demand system of electrospraying ctnefdour steps. First, a pulse voltage
is applied to the spinneret where the dropletstaree prepared. Second, the applied voltage
causes the meniscus of the liquid to deform infcaglor cone, and then a jet of the liquid is
ejected from the cone. Third, while the pulse \gdtas off, the jet disappears, and the cone
returns to the initial meniscus of the solution.ufb, the substrate is moved to the next
position where another droplet is to be preparedl [3

The influence of the value of the pulse-off voltadger pulsed electrospraying has been
discussed in [30]. Figure 1.3 shows the variatiorthie initiation of the jet under different
electrospraying potentials. Only the 2 kV potentegults in an observable electrospray. Two
pulse-off voltages, 0 and 1 kV, were used withlkd/2ulse-on voltage. The results show that
the 1 kV pulse-off voltage obtained a more stahlisgd electrospray than did the 0 V pulse-
off voltage. When the pulse-off voltage was 0, aptigt grew up and then fell downward. This
badly shaped droplet resulted in a relatively lorigae to re-establish a normal Taylor cone.

On the other hand, 1 kV, which was not sufficiemtproduce an electrospray, provided a



proper Coulomb force that could prevent the drofstah falling downward and could attract
an elliptical droplet ready for the next pulsedceiespray. As a consequence, the formation
time for a normal Taylor cone during the next pwises shortened, and the pulsed electrospray
eventually became much more stable. The relatil@hg establishing time required in the
pulsed electrospray process has been experimertdhed with respect to tip geometry
described.

The influence of the width of the pulse-on voltagepulsed electrospray was discussed in
[30-33]. The volume of a collected drop is propamtl to the pulse-on duration minus the time
delay required for a Taylor cone to formenk (approximately 3.6-5 ms) [31, 33]. The widths
of the pulse-on voltages that have been usedtiginange of 1-10 ms [30-33].

(&) (B)

(©

Figure 1.3: Sprayer tip and droplet at the tip urdifferent electrospray potentials: (a) 0; (b) 1
kV; (c) 2 kV [30]



1.3.2 Pulse voltage parameters for non-continuous-

mode electrospinning

Many pulse voltage parameters influence the proce$s non-continuous-mode
electrospinning: a pulse-on voltage higher thanttimeshold voltage and a pulse-off voltage
lower than the threshold voltage, a pulse shapellse width, a time interval between pulses,
and rise and fall times.

It is essential to know the threshold voltage idesrto determine the pulse-on and pulse-
off voltages. As mentioned in section 1.2.2.2 hblmgh negative or positive voltages of more
than 6 kV can cause the drop of solution at theotithe needle to distort into the shape of a
Taylor cone during jet initiation [10]. A DC voltagsupply is most commonly used for
electrospinning. Fabricating and chopping nanofibezjuires the ability to control the value of
the applied voltage, higher or lower than the thoés voltage as mentioned in section 1.2.3.
Therefore, DC voltages at two levels is proposee: lmigher than the threshold and one lower.

The time of the pulse-on voltages minus thgnl(section 1.3.1) determines the length of
the nanofibres. An appropriate time interval betwgrilses is required in order that the
nanofibres are chopped and that the polymer licaiitbt wasted. A fast rise time is beneficial
for ejecting a jet in a short period, and a faittiae is beneficial for stopping the jet in a sho
period.

The key point is that the pulse voltage parameataist be highly controllable in order to
produce optimal chopped nanofibres. Pulsed powppl®s that can control many of the
important pulse voltage parameters over a wideegayl provide specific pulse shapes are

therefore highly desirable.

1.4 Fundamentals of high-voltage power supplies

High-voltage pulsed power supplies are used in maoge applications, such as pulsed
electrospraying, air purification, water treatmeod and liquid preservation, and radar [30-
33, 35-38].

Several circuits are generally used to provide ‘iglage pulses. These circuits can be

divided into two groups according to their lifespadne group that uses hard-tube gas
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discharge switches such as a thyratron has a tmitfespan. The other group uses
semiconductor switches and has a semi-infinitesfiga [39]. A conventional high-voltage
pulse power supply uses a hard-tube switch becatuggse high-voltage capabilities and fast
turn-on times. However, with a thyratron switch|yotine turn-on time is controllable, leaving
the turn-off time dependent on the RC time constdnthe load resistance and the energy
storage capacitor, leading to an exponential dpaése. Square pulses are more desirable than
exponential for controlling the length of the nabafs. Advances in semiconductor switches
have led to devices with higher voltages and camatings. Although the voltage ratings of
semiconductor devices are not as high as thosarofthbe devices, they can be stacked in
series to obtain the required voltage ratings. Beeaemiconductor switches have controllable
turn-on and turn-off times, they can produce squpuses with controllable widths.
Semiconductor switches also have the advantagegbf fepetition rates. For this reason, a
recent trend has been to use power semiconductaredesuch as bipolar junction transistors
(BJTs), metal oxide semiconductor field effect siators (MOSFETS), gate turn off (GTO)
thyristors, and insulated gate bipolar transistdSBTs) for high-voltage pulsed power
supplies [40, 41].

Table 1.1 shows the comparison of controllable senductors. IGBTs have some of the
advantages of MOSFETSs, BJTs, and GTOs combinedla8itn MOSFETS, the IGBTs have
high-impedance gates, which require only a smadwarhof energy to switch the devices. Like
BJTs, IGBTs have small on-state voltages even wicde with large blocking voltage ratings.
Similar to GTOs, IGBTs can be designed to blockatieg voltages [41]. Therefore, IGBTs
are preferable for this research due to these &algas.

Discrete IGBTs are available up to 6.5 kV, the tamand turn-off times of which are
measured at ~180 ns and pg respectively [42]. This time is short enoughtfe application
investigated in this research. In terms of co#,G5 kV IGBTs are more expensive since only
IGBTs with a high-current rating (200 A) are cuttgnavailable [43]. On the other hand,
reasonably priced 4 kV IGBTs are available with med current ratings (30 A) [44].
Therefore, it is more reasonable to use severalTEGB series to increase the voltage
capabilities of the device if a high-current ratingiot required. The use of lower voltage-rated
IGBTs in series also results in improved turn-od &urn-off times compared with the use of a
high-rating IGBT [42].
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Table 1.1: Relative properties of controllable sivés [41]

Device Power capability Switching speefd
BJT Medium Medium
MOSFET Low Fast
GTO High Slow
IGBT Medium Medium

There are two major criteria for connecting semettarior switches in series. First, series
switches should turn on and off at the same tintkeravise, at turn-on, the slowest device
takes the full voltage and may be damaged. Sirgjlat turn-off, the fastest switch takes the
full voltage and may be damaged. The charactesisticswitches with the same part number
vary significantly due to the manufacturing procé®g nature, switches do not turn on and off
at the same time, even if simultaneous gating $gme applied to all of them [45]. Therefore,
using fewer IGBTSs leads to less chance of bad sgnéhation of their commutation. Second,
series switches should take approximately the sah@e of the total voltage. External
elements are used to equalize voltage sharing asemgs switches in steady-state as well as
during turn-on and turn-off transients [45].

1.5 Aim of the present work and thesis organization

Nanofibres have been the subject of recent intensegearch because of their unique
properties, especially their huge surface-areastarae ratio, which is about one thousand
times higher than that of a human hair. Many studiave therefore been published on the
subject of electrospinning for fabricating nano&®rHowever, no research has examined non-
continuous-mode electrospinning.

This work has two main objectives: designing a higtiage pulsed power supply and
applying it for non-continuous-mode electrospinningorder to fabricate and chop polymer
nanofibres.

The more specific objectives of the thesis areolgvis:

To design an IGBT-based pulsed power supply capaiyeoducing square pulses
with amplitudes up to 10 kV and widths of microseds.
To provide a high degree of control of the pulsebiode, pulse width, number of

pulses, and time between pulses.
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To apply the pulsed power that are designed anll &siipart of this research in

order to investigate non-continuous-mode electrospg.

The thesis is organized as follows:

Chapter 2 consists of two main sections, the @fswvhich describes the design and
construction of the IGBT-based pulsed power supglgch element, power and
control module, IGBT driver, optocoupler, and semennected IGBTs is
explained. The requirement for the external cisddr voltage sharing among
series-connected IGBTs and an external shapingtoesare also presented. The
second section describes the materials and therimgeal apparatus for
electrospinning that have been used in this rekearc

Chapter 3 is divided into two sections. The firsttgon presents the evaluation of
the pulsed pulse supply that is used for non-caotis-mode electrospinning. The
effect of varying the load resistance on the pwisktage and the pulse width is
investigated. Also, the voltage distribution in tlseries-connected IGBTs is
presented. In addition, the determination of thisguon and pulse-off voltages is
explained. The second section presents the inadsiigof non-continuous-mode
electrospinning using a polyethylene oxide (PEOlutemn and alginate/PEO
solutions.

Chapter 4 provides the analysis and discussionhefresults presented in the
previous chapter. This enables the important factiwat influence the pulse
parameters of the pulse voltage and the non-camtswnode electrospinning to be
indentified. These results are explained in detad, whenever possible, compared
to similar results reported in the literature.

Chapter 5 is a summary of this thesis and prowsdese suggestion for future work.
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Chapter 2

Experimental setup

This chapter provides the information necessaryafolunderstanding of the IGBT-based
pulsed power supply that has been designed andfbuglectrospinning to fabricate and chop
nanofibres. Also, this chapter describes the pofgnused in this study and the experimental

apparatus for electrospinning.

2.1 Design of the pulsed power supply

This section explains the design and constructfidche@modules of the IGBT-based pulsed
power supply. The modules include the power andtrobrmodule, IGBT driver and
optocoupler, series-connected IGBTs and extermauits for voltage sharing among series-

connected IGBTSs, and an external wave shapingtoesis

2.1.1 Power and control module

The power module enables the pulsed power supphe tconnected to and to be powered
from a standard 110 V electrical outlet. This featincreases flexibility of the module so that
the pulsed power supply can function in any lalmsatThe module also has 9 V DC batteries
that are needed to power both a timer and threeTI@B/er circuits. It contains a timer that
replaces the function generator that is used tg the width of the pulses and the number of
pulses per second.

2.1.1.1 Power supplies

To function properly, the timer and the three IGBfivers require 9 V DC batteries, a
battery for the timer and two batteries for eaclBTCGdriver. Batteries are used rather than
external DC source so that there is no need toadsdéional isolation transformers as the
control module floats at high voltage, which makes module more compact and reasonably

priced. The external source needed for the pulseseepsupply is a high-voltage DC source,
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which is used to produce the desired pulsed owplitage by switching the IGBTs on and off.
For the purpose of this research, an SHO30R27&Y3énd 270 mA) high-voltage DC source

manufactured by Glassman High-voltage, Inc. wad.use

2.1.1.2 Trigger circuit

A precise control of the pulse parameters is ingydgrtfor non-continuous-mode
electrospinning, especially when it is necessargpbmize this process. For this reason, the
LM555 timer IC, manufactured by National Semicortducwas chosen for sending a signal to
the IGBT driver circuits. The LM555 is a simple t yersatile, device, which is highly stable
for generating accurate time delays or oscillation.

For the astable operation of the LM555, the freenmug frequency and duty cycle are
accurately controlled by two external resistors andapacitor. Figure 2.1 shows the trigger
circuit for the astable operation of the LM555.thns operation, the capacitor charges and
discharges between 1/3 Vcc and 2/3 Vcc. As in tiggered mode, the charging and
discharging times, and therefore, the frequencyirdependent of the supply voltage. The
following formulas were used to determine the fieary, pulse width, and duty ratio [46].

The charging time (output high) is given by

t, = 0693R, + R;)C (2.1)
And the discharging time (output low) by

t, = 0693 R;)C (2.2)
Thus, the total period is

T=t+t,= 0693R, +R;)C =1/ f (2.3)
The duty ratio is

D=R; /(R, +2Ry) (2.4)
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Figure 2.1: Trigger circuit for the astable opeyatof LM555 [46]

For the purposes of non-continuous-mode electrogpgn a signal of T=0.1-1 s and D=20-
40 % are required as discussed later. Thus2®-1 MQ, Rg=1-100 K2, and C=1QuF can be
obtained and used after substituting T=0.1-1 s@n#i0-50 % into equations (2.3) and (2.4).
One of the characteristics of the LM555 in astabtele is that the pulse width of the on-state
is longer than that of the off-state. However, piodse width of the on-state should be shorter
than that of the off-state for this research. Thiewe this effect, a TLC2272A amplifier
manufactured by Texas Instruments, was connectéliettM555 as an inverter. The LM555
was used to trigger multiple IGBTs in series inayrdo reduce the cost, the number of
components, and the complexity of the synchroromatf the turn on and turn off of the
IGBTs. The output power from the LM555 is not stya@nough to provide trigger signals to
three IGBTS; hence, the TLC2272As were used to ifyrtple output power. A photograph and

schematic of the trigger circuit are shown in FeguR.2 and 2.3, respectively.
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Figure 2.3: Schematic of the trigger circuit



2.1.2 IGBT, IGBT driver, and optocoupler

The ideal IGBT for this research would be able tithstand a high collector-emitter
voltage. As mentioned in section 1.4, it is morasmnable to use several IGBTs in series to
increase the voltage capability. Based on thieah, the IGBTs that were chosen for the
design and construction of the pulsed power sufiplythis research were the IXGF30N400
switches, manufactured by IXYS. This IGBT has dembr-emitter breakdown voltage of 4
kV and a current rating of 30 A. The IXGF30N400 laasinput capacitance of 3040 pF that
must be charged and discharged in order to turni@BT on and off. The LM555 is not
capable of fully and rapidly charging and dischaggthe input capacitors of the IGBTSs;
therefore IGBT drivers were used.

The ability of the IGBT driver circuit to chargeetinput capacitor of the IGBT determines
its switching behaviour and power dissipation. @heer should have small output impedance
so that its current driving capability is large agh to rapidly charge the input capacitors.
Therefore, the TD351 chips, manufactured by STMitctronics, were used as the IGBT
driver for the IXGF30N400. Electrical isolation teten the trigger circuit and the driver
circuit is required in order to prevent the LM5%6rh high voltage damage because it operates
from a 9 V battery but is used to control IGBT sitling at a high-voltage level of 10 kV.
The reasons for operating the electrospinning satd® kV are explained in section 3.1.3.

The simple way to provide electrical isolation & use optocouplers. An optocoupler
provides an optical link between the low-voltagdesiand the high-voltage side, which is
isolated electrically from the low voltage. Becatise IGBTs operate at 10 kV, the isolation of
the optocouplers should be higher than 10 kV. Basethis criterion, the optocouplers used
for this research were the OPI1268, manufacture@BYEK Technology Inc. The OPI1268 is
a 16 kV isolator with a digital output capable gflrspeed data transmission.

The 9 V batteries and the LM555 that are part efgbwer and control module, along with
the rest of the circuit, were built as close to lB8BTs as possible in order to minimize stray
inductance of the wire. Both the OPI1268 and thé89Dare inverters ICs. The TLC2272A
inverter was connected to the LM555. The high outguhe IGBT drivers produced by the
low output of the LM555 is thus at potentials o9 This 9 V potential charges the input
capacitances of the IGBTs, and they are turnedsom eesult. On the other hand, the low
output of the IGBT drivers produced by the highpatitof the LM555 is at -9 V, resulting in
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the IGBT turn off. The photograph of the IGBT dmiand optocoupler is shown in Figure 2.4.
A schematic of series-connected IGBTs, IGBT drivarsd optocouplers is shown in Figure

2.5.
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Figure 2.5: Schematic of the series-connected IGB3IBT drivers, and optcouplers
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2.1.3 Series-connected IGBTs and the external circuits

for voltage sharing

An applied voltage of at least 10 kV is required ion-continuous-mode electrospinning.
It is necessary to use several IGBTs in seriesrderoto increase the voltage capability.
Connecting three identical IGBTs in series allots total voltage to be three times the rating
of one IGBT. Each IGBT requires an IGBT driver a5 ®e seen in Figure 2.5. As mentioned
in section 2.1.1.2, one trigger circuit was usedritter to provide trigger signals for all IGBTs.

IGBTs connected in series have two major requireémétrst, series IGBTs should turn on
and turn off at the same time in order to avoidrpggchronization. Using a fewer IGBTs
therefore leads to a fewer chances of poor syncaton of their commutation. To meet this
requirement, only three IGBTs were connected iresdor this application.

Second, external elements should be used to equbbkzvoltage sharing among the IGBTs
connected in series at steady-state as well asgituin-on and turn-off transients. At off-state,
an IGBT can be represented by its blocking rest&aBecause blocking resistances vary, the
voltage sharing among the switches is uneven, wtachcause damage to the IGBTs because
an IGBT might be subject to a higher voltage thatan withstand. To mitigate this effect, a
resistor should be placed across every IGBT so ttiattotal voltage is shared equally. To
determine the value of the resistafeRyy-siateth€ l0ad resistanceggimust be considered. The
Rivass, Which in an electrospinning setup is in parallegh a wave shaping resistor, 1(Mas
discussed in section 2.1.4. If the value @t&y-staidS t00 small compared with that ofR, the
most of the voltage appears on thgfeven during off-state. It is therefore importamkeep
a balance between the value 0ofcRy-state@Nd Roag. FOr this research, these factor were
considered, Ready-staidvas determined to be 1M During on-state, only the &y is taken into
account; hence, all of the 10 kV applied voltagpesps only on Rygand no voltage appears
0N Rseady-state The reverse conditions apply during off-stated e three values ofsRady-state
and Ro.ag Were considered with respect that 2.5 kV appearsa®h Ready-statedNd Roag The
Rsteady-stardhus makes the voltage sharing possible equatingisteady-state.

To facilitate voltage sharing during turn-on andtoff transients, a snubber circuit must
be connected to each IGBT. In general, a snubbeuitiis used to control dv/dt and di/dt

across devices. However, the structure of voltdgeisg during transients is the same as that
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of dv/dt snubber circuit. If the current and vokaigansitions during the turn-on and turn-off
processes are assumed to be linear, stray indestaioc be negligible, no overshoot and
undershoot are observed in the current and vokagehing waveforms. However, in a real-
life situation, stray inductances cannot be negbkcAs a result, overshoots and undershoots in
the voltage and current switching waveforms canobserved. To reduce the overshoots,
snubber circuits are used across the switchesernergl, an RC circuit is used across each of
the series-connected switches. Figure 2.6 showR@eircuit which was used for the IGBTs
in this study. The capacitor placed across thecémapposes sudden changes in the voltage and
ensures an even distribution of voltage among éhnies switches during transients. Almost all
of the energy stored in the capacitor is dissipatdl, with almost no dissipation in the switch.
The RC snubber circuit was designed as follows. [Efation (2.5) was used to determine the
capacitance value with a safety factor of 1.5 twt@5].
151 t,
= >,

C. (2.5)

In this research, the load resistofRis 1 MQ and the applied voltage is 10 kV. Thigjs
calculated to bel; =V, .4/ R =10 kV /1 MQ =10 mA . From the data sheet of the

IXGF30N400,t; is 514 nsVy is the voltage applied to each IGBT, which is, ragpnately 3.3
kV. After these values are substituted into equa{5),Csis calculated to be 1.168 pEs
has to larger than 1.168 pF; hence, 20 pF was heed ForRs equation (2.6) was used to
determine the resistor value.
RZ 1o, 2.6)

Ipm is given to be 30 A from the IXGF30N400 data shkeindVy are the same as used in
equation (2.5). Therefor®s minis calculated to be 11Q. The resistance has to be larger than
Rs, min hence, 15@ was used aR.

A photograph and a schematic of the IGBTs and xiereal circuit for voltage sharing are

o+

shown in Figures 2.7 and 2.8, respectively.
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Figure 2.6: RC snubber circuit [45]
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2.1.4 External wave shaping resistor

Transistors act as switches with two conductingesteon and off, depending on the gate
terminal voltage. An ideal transistor has zerostasice when it is in the on state and infinite
resistance during the off state. However, in pcagtiransistors are not ideal switches. IGBTs
have a small resistance in their conducting statkeaahigh but not infinite resistance in the off
state [47]. In addition, a 1 N Rseady-stard1@S been connected to each IGBT in order to share
voltage equally during steady-state, as mentiomedection 2.1.3. Therefore, if the load
connected to the end of the pulse circuit is reddyi large compared tosRady-statdnOSt of the
voltage appears at the load even when the IGBTtuaned off. A pulse circuit was simulated
in order to investigate the output voltage at traedl

The above pulse circuit was simulated using PSIwswe, manufactured by Powersim
Inc. Figures 2.9 and 2.10 show the pulse circuithwthe electrospinning setup and the
simulation result of the output voltage across366 MQ load, respectively. In Figure 2.9, the
500 MQ load connected to the pulse circuit is the appnaté resistance of the electrospinning

setup that has been used.

20p VW 20p W 20p WA
1 150 % 1 15 % 1 150 %

4KV 4kV 4KV
A ';\‘-.’f\-.-' ﬁ'-."ﬁ‘-.f"ﬂ"\-' ﬁ‘.-’ﬂ-‘v"ﬁ‘.
™ 1M ™
\ \ \
IXGF30N400 "=~ IXGF30N400 == IXGF30N400 -

C; 10kV 500M<=

VY

(Electrospinning Setup) =

Figure 2.9: Schematic of the pulse circuit with éhectrospinning setup as load
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Figure 2.10: Simulation result of the output voliaagross the 500 Mload

As can be seen in Figure 2.10, the off-pulse veltagross the 500 Mload stays close to 10
kV because the 500 M is relatively large compared withsRay-stae TO Stop a jet from a
needle for non-continuous-mode electrospinning,dffigoulse voltage should be below 3 kV
as is discussed in section 3.2.1. To solve thiblpro, the value of the load must be decreased.
Therefore, an external 1 Mwave shaping resistor was connected to the %D0dad in
parallel. Figures 2.11 and 2.12 show the pulseuiitiith the electrospinning setup in parallel
with the external shaping resistor and the simmifatesult of the output voltage across the 500
MQ and 1 M2 loads connected in parallel, respectively. As banseen in Figure 2.12, the

pulse-off voltage drops to 2.5 kV after an extestaping resistor is added.
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Figure 2.11: Schematic of the pulse circuit with #lectrospinning setup in parallel with the

external wave shaping resistor

Vload [V]

10.00K

8.00K

6.00K

4.00K

2.00K

0.0 0.10 0.20 0.30 0.40 0.50
Time (s)

Figure 2.12: Simulation result of the output voeiaagross the 500 Mand 1 M2 loads

connected in parallel
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2.2 Materials and electrospinning apparatus

Many kinds of polymers have already been succdgsdldctrospun. Also, various kinds of
electrospinning apparatus have been used. Two moyymere chosen for the preparation of
the solutions, Polyethylene oxide (PEO) and alginah this study. The electrospinning
apparatus that has been used for this researtdvisi@scribed in 2.2.2.

2.2.1 Materials

To date, over 50 synthetic or natural polymers polgmer blends have been successfully
spun using the electrospinning process, for thetnpast in research laboratories [48].
Polymers consist of a long chain of molecules wépeating units called monomers that are
generally covalently bonded to one another. Polgmexhibit several properties that are
attractive for many applications, and specific matgroperties must be considered depending
on the type of application. The current researdtially employed PEO, which is synthetic
polymer, several blends of which have been usedif@rse applications in recent studies[1].
PEO is easy to spin; hence, it helps to evaluaesyistem of electrospinning. For biomedical
applications such as drug delivery, the materimsdumust be biocompatible, and natural
polymers are therefore preferable [1, 49]. For ¢hemasons, PEO, a synthetic polymer, and

alginate, a natural polymer, have been used irrélsisarch.

2.2.1.1 Polyethylene oxide

PEO is a synthetic polymer that contains only alsirtype of monomer known as a
homopolymer. The electrospinning of PEO is wellastigated and understood. The PEO
fibores produced by electrospinning often exhibitodomechanical properties, and the
inherently hydrophilic surface suppresses non-$igealsorption of polypeptides that might be
important for the accessibility, as well as theflnztion, of surface-tethered polypeptides. The
intrinsic crystallinity of PEO is responsible fdret formation of physically crosslinked domains
that not only contribute to fibre stability but alprevent the reverse diffusion of surface
polypeptide back into the interior of the hydrophifibre. In addition to these advantages,

well-defined PEO is commercially available in a duforange of molecular weights and is
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generally approved for biomaterial fabrication. 3@eattributes make PEO an ideal model
system with which to establish reliable proceddoedibre preparation, analysis, and perhaps
even biological testing [49]. For these reasonsQ Rith a molecular weight of 600,000,
purchased from Aldrich Co., was chosen for the aragon of the solution for electrospinning.

The PEO fibres were electrospun using a 5 % (wimgentration of PEO in distilled water.

2.2.1.2 Alginate

One of the greatest potentials for electrospurefilsrin the area of bioengineering. For
many biomedical applications, the materials usedtrna biocompatible, and natural polymers
thus have a distinct advantage over synthetic maédeiSince most natural polymers can be
degraded by naturally occurring enzymes, they camded in applications where temporary
implants are desired or for drug release. It is plsssible to control the degradation rate of the
implanted or drug release polymer by chemical chodsng or other chemical modifications,
thus allowing greater versatility in the desigrtleé implant and drug release mechanism [50].
One of natural polymers is alginate.

Alginate, a polysaccharide derived from brown sesmivg51], is biodegradable, has
controllable porosity, and may be linked to othéoldmically active molecules [52, 53].
Electrospinning of the alginate from aqueous sohdiseems difficult. The repulsive force
among the polyanions could be the reason hindelexgrospinning of sodium alginate. In fact
the alginate has been successful in polymer blardsed by blending the alginate with a non-
toxic, non-ionic, and biocompatible synthetic pogmsuch as PEO. The conductivity of a 2 %
solution of sodium alginate is reduced by 16 %radigding half the amount of PEO, which
indicates the reduction of the repulsive force aghpolyanionic sodium alginate molecules.
The reduction allows successful electrospinninthefsodium alginate and PEO blends [54].

Based on the above discussion, an alginate solbliemded with PEO was selected for
electrospinning. Sodium alginate from brown alg2&0Q cps and a 2 % solution at 25 °C) and
PEO with a molecular weight of 900,000 were chokanthe preparation of the blended
solution. Alginate and PEO solutions with a 3 %w@vtoncentration in distilled water were

first prepared separately. Then, the alginate &1 Bolutions were blended together.
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2.2.2 Electrospinning apparatus

Figure 2.13 is a schematic of the experimentalpseted to perform the electrospinning
experiments. It consists of a high-voltage powgpdy a pulse circuit, a wave shaping resistor,
a syringe pump, a syringe, a polymer solution, aftie needle, and a grounded collector. A
Glassman DC supply was used to apply a high voltaggtive 10 kV, connected to the pulse
circuit. A wave shaping resistor was connectedht electrospinning setup in parallel. The
pulse voltage was applied between the needle amddhector plate. The polymer solution
was forced through a syringe needle at a constdataf 0.04 ml/min by the syringe pump,
resulting in the formation of a droplet of polynsaiution at the syringe tip. An AWG 24 blunt
needle was used with the syringe that was placdccalty above the collector plate during all
the experiments. The electrospun fibres were deteon a grounded collector that is a thin
round plate made of aluminum, with a diameter 00 30m. Then, a Leo 1530 Germini
scanning electron microscope (SEM) was used tohgemorphology of the electrospun fibres.
Figure 2.14 shows the photograph of the experinhestap that has been used.

High Voltage Syringe
Power Supply  pyise circuit PP

Q ~_ 7 «—— Polymer
= <— Needle

Wave <«—— Nanofiber
shaping

resistor

Collector

Figure 2.13: Schematic of the actual experimergtlsfor electrospinning
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Figure 2.14: Photograph of the actual experimesgtlp for electrospinning
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Chapter 3

Results

This chapter is divided into two sections. Thetfgsction presents the evaluation of the
pulsed power supply that is used for non-continumosle electrospinning. The second part,
presents the investigation of non-continuous-mddet®spinning using a PEO solution and
alginate/PEO solutions.

3.1 Evaluations of the pulsed power supply

This section presents the effects on the outpuagelproduced by the single IGBT and the
series-connected IGBT pulsed power supplies wherdhad resistances are varied. The load
resistance was varied in order to determine itsceéthn the pulse-on and pulse-off voltages and
the pulse width. The voltage distribution of ea@BI in the series-connected IGBTs was also
measured in order to ensure that the voltage mw#te voltage rating of the IXGF30N400.
The last subsection explains how the pulse-on agbmff voltages that are applied for non-
continuous-mode electrospinning were determine@das the results of the electrified jets
produced with DC voltage. In all of the experimenlk® output voltage pulses were measured
using a Tektronix P6015A 1000x high-voltage probed a Le Croy Corp. WaveJdet 312
oscilloscope. The rise and fall times of the outynitages were recorded using the 10 % and
90 % of the full voltage of the pulse. The oscitloge measured the pulse width at the full
width at half maximum (FWHM), which is the widththie middle of the pulse.

3.1.1 Single IGBT

The characteristics of the single IGBT, IXGF30N40@re investigated before the series-
connected IGBT pulsed power supply was tested. sihgle IGBT was tested under three
different conditions with varying resistive loadsie IGBT, the IGBT with the circuit for
voltage sharing during transient, and the IGBT whie circuit for voltage sharing during

transient and steady-state. Figure 3.1 shows tB $Gunder the three different conditions and
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the test circuit for each. Figure 3.2 shows sanapiput voltages produced for case 2 when

ll-\\''\-'"h"“\-"lﬂ\l'"\"
™
20p —A
{1 150 |
4KV
A \ A —
IXGF30N400 T IXGF30N400 T IXGF30N400 T
(@) case 1 (b) case 2 (c) case 3

e = i

AN

* Rload

=

o

(d)
Figure 3.1: Single IGBT test conditions: (a) Casé&GBT (b) Case 2: IGBT with the circuit for
voltage sharing during transie(d@) Case 3: IGBT with the circuit for voltage shmayiduring
transient and steady-stqt§ Test circuit

31



2us —14.010ms _ DSt 1/ 1E3 99 B 50us -214.81ns Ostor 1/ 1 g3 99%

6k 6k |

Voltage [V]
N w »
x~ x~ x
N W N
x~ x~ =

-
x~
Voltage [V]

=
=

o
o

2us 50us
— —

N

x
N
x

' Time [s] o Time [s]

(@) (b)
50ns ~784. 00ns OStop 1/ 1 g3 98

6k |

IS
=

<+—Pulse-on voltage

Voltage [V]
N w
Tl

=
=

| «<— Pulse-off voltage

o

50ms

I

Time [s]
(©)
Figure 3.2: Measured output voltage waveform preduay the single IGBT with the external

circuit for voltage sharing during transient wheg,fRs 1 MQ: (a) pulse rise time (b) pulse fall
time (c) a complete pulse waveform

3.1.1.1 Effect on the pulse-on and pulse-off voltag es

The pulse-on and pulse-off voltages are importarampeters for non-continuous-mode
electrospinning. To start a jet, the pulse-on \g@tahould be above the threshold. The pulse-
on voltage also affects the morphology of the ndme$, such as the diameter and the bead
formation. To stop the jet, the pulse-off voltagewd be below the threshold voltage. The
pulse-on and pulse-off voltages across thgiRhown in Figure 3.1 were measured by varying
the value of the Ry The change in the &, affected the pulse-on and pulse-off voltages.
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Figures 3.3 and 3.4 illustrate the effects of wagyihe R4 On the pulse-on and pulse-off
voltages for cases 1, 2 and 3 illustrated in Figufe As indicated in Figure 3.3, an increase in
the Roag results in a small or no change in the pulse-dtage for cases 1, 2 and 3. On the
other hand, as shown in Figure 3.4, an increasleeirRy,q results in an increase in the pulse-
off voltage for cases 1, 2 and 3. When case Dispared with cases 1 and 2, the rate of
change in the pulse-off voltage becomes greaténeaB,,q increases. Although the values for
case 1 and 2 are different, they have a similadaeay with respect to the rate of change.
When the Rag Wwas changed from 50@Xto 1500 K2, the pulse-off voltage increased by 119

% in case 1, 127 % in case 2, and 157 % in case 3.
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Figure 3.3: Measured pulse-on voltage versyg fr cases 1, 2, and 3 in Figure 3.1
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Figure 3.4: Measured pulse-off voltage versygsfor cases 1, 2, and 3 shown in Figure 3.1

3.1.1.2 Effect on the rise/fall times and pulse wid  th of the

pulse voltage

Changes in the rise and fall times can be compatesh the Raqis fixed. An example is
shown in Table 3.1, which gives the rise and falks for cases 1, 2, and 3 in Figure 3.1 when
Ricad is 1 MQ, as well as the minimum pulse widths, calculatgaimply adding the rise and
fall times.

The pulse width is an important parameter becdudetérmines the length of a nanofibre.
Figure 3.5 illustrates the effect on the pulse Wwidt varying the Raqfor cases 1, 2 and 3. The
scale shown represents the pulse width that wageddpr non-continuous electrospinning for
the purpose of this research: 80-400 ms. Increasisigtance resulted in a small or no change
in the pulse widths for cases 1, 2 and 3; the pwldéh is longest for case 3. The pulse widths
for cases 1 and 2 are almost identical, showing arglight difference. Controllability of the

power and control module permits a desired outplgepwidth to be obtained independent of
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the Road by adjusting the width of the LM555 output to campate for any differences caused

by the load or circuit parameters.

Table 3.1: Rise/fall times and minimum pulse widlbiscases 1, 2, and 3 in Figure 3.1 when

Case Rise timeug] | Fall time us] | Minimum pulse width|is]
1 3.27 164.00 167.27
2 3.30 164.00 167.30
3 3.34 210.00 213.34
202
201 ~
@
£ i A A A A A
S
- .
-'g 200 A . + —_— . 2
8
= ]
Q ——casel
199 - —&- case2
—&— cased
198 \ T T ‘
250 500 750 1,000 1,250 1,500
Load [k Q]

1,750

Figure 3.5: Measured output pulse width versygRBr cases 1, 2, and 3 in Figure 3.1

3.1.2 Series-connected IGBTs

The series-connected IGBTs with the external disclarr voltage sharing were tested using

varying resistive loads. Figure 3.6 shows the ses@nected IGBTs with the external circuits

for voltage sharing. Figure 3.7 shows samples @filtput pulsed voltages produced when the
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Figure 3.6: Series-connected IGBTs with the extesimeuits for voltage sharing
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Figure 3.7: Measured output voltage waveform faoreseconnected IGBTs with the external

circuits when the Rugis 1 MQ: (a) pulse rise time (b) pulse fall time (c) a qbete pulse
waveform
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3.1.2.1 Effect on the pulse-on and pulse-off voltag es

Figures 3.8 and 3.9 illustrate the effects of wagyihe R4 On the pulse-on and pulse-off
voltages, respectively. As Figure 3.8 indicatesirammease in Rag results in a small or no
change in the pulse-on voltage. On the other hamdghown in Figure 3.9, an increase in load
resistance results in a proportional increaseernpilise-off voltage, similar to that for case 3 in
Figure 3.4. The pulse-off voltages increased by %b#when the RBaq varied from 750 K to
1500 K.
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Figure 3.8: Pulse-on voltage versus.¥or series-connected IGBTs with the external étecu
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Pulse—off voltage [kV]
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1,000

1,250 1,500 1,750
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Figure 3.9: Pulse-off voltage versug.gfor series-connected IGBTs with the external d¢tscu

3.1.2.2 Effect on the rise/fall times and pulse wid  th of the

pulse voltage

An example of the rise and fall times when thgds 1 MQ is shown in Table 3.2, as well

as the minimum pulse width, calculated by simplgiag the rise and fall times. Figure 3.10

illustrates the effect of varying theoR on the pulse width. A change in resistance do#s no

influence the value of the pulse width.

Table 3.2: Rise/fall times and minimum pulse wittihseries-connected IGBTs when thg.R

is1MQ

Rise time [1s]

Fall time ls]

Minimum pulse width gs]

3.29

316.00

319.29
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Figure 3.10: Measured output pulse width versygfer series-connected IGBTs with the
external circuits for voltage sharing

3.1.2.3 Voltage distribution of the series-connecte  d IGBTs

The external circuit for sharing voltage equallyomm the all IGBTs are used. To avoid
damage, it is important that the voltage on the E8G@N400 IGBT, not surpass 4 kV voltage
rating. The output voltage measurements for ea®@T@&ere taken with 10 kV applied and a
load of 1 M.

Figure 3.11 illustrates the measured voltage f@TQA in Figure 3.6 when the IGBTs are
open, as an example. Table 3.3 shows the measalteges for all three IGBTs. The readings
in Table 3.3 are when the IGBTs are off. The défere between the highest and the lowest
maximum voltages is 0.18 kV. The maximum voltagedlie three IGBTs are all within 4 kV,
the voltage rating of the IXGF30N400. Even aftex #ddition of overshoot voltages to each
maximum voltage, all the IGBTs can be operated iwith kV. The difference between the

highest and lowest overshoot voltages is 0.05 k\d that between the highest and lowest
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undershoot voltages is 0.13 kV. The differencehia pulse widths of the three IGBTs is
negligible.

[100ms 1. 70005

AZED Haximum 3. 26kV
B:&® Minimum -312v
G Tr 10-90% 127 2ns
D T 90-10% 2. bb0ps

Figure 3.11: Measured voltage waveform across IGBihen the IGBTs are open

Table 3.3: Measured voltages across the seriesectath|IGBTs

IGBT Vmax [KV] | Vmin [KV] |Overshoot [kKV]| Undershoot [kV] Pulse width [ms]
1: left 3.05 0.14 0.18 0.67 815.90

2 : middle 2.87 0.09 0.15 0.72 816.00

3 : right 2.90 0.12 0.20 0.80 815.90

3.1.3 The pulse-on and pulse-off voltages for non-

continuous-mode electrospinning

A determination of the pulse-on and pulse-off vpdtsi that are applied for non-continuous-
mode electrospinning was necessary. To start ghetpulse-on voltage must be above the
threshold voltage. The pulse-on voltage also imités the morphology of the nanofibres. To
stop a jet, the pulse-off voltage must be belowttireshold voltage. The threshold voltage

must therefore be found so that the pulse-on afskmif voltages can be determined. To find
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the threshold voltage, different magnitudes of Diltage were applied to the electrospinning

apparatus. The electrospinning apparatus usedsimebearch is described in section in 2.2.2,
but the pulse circuit was removed so that the Dfages could be applied. A 150 mm gap

distance between the needle and the collector ei@eted. The PEO 5 % solution used is
described in section 2.2.1.1. By controlling thegmitude of the applied DC voltage to the

electrospinning apparatus, different types of drtsphnd jets from the needle were observed
corresponding to different levels of DC voltages,shown in Figure 3.12. In order to explain

an electrospinning process, droplets, and smalplet® broken from the main droplet are

defined in Figure 3.13.

Toc Voltage
|
Minimal Jet )
fluctuation

Jet with drops .

Figure 3.12: Types of droplets and jets as a fonatf applied DC voltage

~7kV—

~3kV —

(a) (b)
Figure 3.13: Definitions of electrospinning procgsg formation of a droplet (b) formation of

a small droplet broken from the main droplet
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As can be seen from Figure 3.12, no electrospinmiag observed when the applied
voltage was below 3 kV because the charges withen droplet are not high enough to
overcome the surface tension to initiate the jetthie range of 3-5 kV, the electrified jet is
ejected from the droplet only when its volume isaBmThe charges within the droplet are
higher than at voltage lower than 3 kV; howeveeytlare not strong enough to consistently
initiate a jet. As the volume of the droplet becsnager, the jet could not be ejected, and the
surface tension can no longer hold the large dtopleich then falls downward. It would thus
destroy any nanofibres accumulated on the colleGtioe process was repeated. For the range
of 5-7 kV, the electrified jet is always ejectedpwever, the droplet occasionally falls
downward because the jet is not strong enoughnswue the entire volume of the droplet. In
the range of 7-15 kV, the Taylor cone seems staeelectrified jet is always ejected, and no
droplet drops onto the collector. At an appliedtagé of 15 kV, the Taylor cone is no longer
observed, the jet seems to emanate directly framéedle, and multiple jets are occasionally
ejected. It is possible that the Taylor cone mowvegde the needle. After considerations, it
seems that the pulse-on voltage must be in theerah@-15 kV for a stable jet to be ejected
and that the pulse-off voltage must be below 3ik\drider to stop the jet when the gap distance
between the needle tip and the collector is 150 mm.

The determination of the pulse-on voltage was basedonsideration of the following
factors. The experience gained in the researchaledethat the diameter of nanofibres
becomes thinner as the applied voltage is incremsttk range of 7-15 kV if the gap distance
between the needle and the collector is adjustedvéll, the pulse-on voltage is limited 12 kV
due to the withstand voltage of the pulsed supplyhe series-connected IGBTs. However,
applying a voltage up to 10 kV to the three IGB3 pieferable for safety reasons. Even after
adding the external circuits in order to sharettital voltage, the voltage distribution to each
IGBT is not perfectly equal as mentioned in secch?2.3; hence, if 12 kV is applied to the
three IGBTs, one IGBT might have more than the 4 rating voltage. Based on these
considerations, a pulse-on voltage of 10 kV waseho

From Figure 3.9, it can be seen that the pulseratige depends on the load resistance,
which is, the wave shaping resistor described atice 2.1.4. The pulse-off voltage is below 3
kV when the load resistance is smaller than 1200 ®f course, as the load resistance

decreases, the current of the pulse circuit inegagsulting in higher power demand from the
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DC source and higher power consumption by the venaping resistor. These considerations
led to the selection of approximately 2.7 kV as phse-off voltage, which makes the value of
the wave shaping resistor 1(M which was obtained from the result of the experital
results indicated in Figure 3.9.

Figure 3.14 shows a sample of the output pulseageltacross the electrospinning
apparatus in parallel with the 1(Mwave shaping resistor.
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Figure 3.14: Measured output voltage waveform actios electrospinning apparatus in
parallel with the 1 M wave shaping resistor: (a) pulse rise time (b3@dhll time (c) a
complete pulse waveform
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3.2 Results of non-continuous-mode electrospinning

This section provides an examination of the infkeenf the jet, the droplet, the diameter,
and the bead formation of the fibres using a PEQOtiso and varying parameters such as the
pulse width, the duty ratio of the pulse voltaged éhe gap distance between the needle and
the collector. For many biomedical applicationsura polymers such as alginate, provide a
distinct advantage over synthetic materials. Nomtooous-mode electrospinning using

blended solutions of varied volume ratios of alggnand PEO was therefore investigated.

3.2.1 Non-continuous-mode electrospinning with a PEO

solution

The effects on the jet, the droplet, the diametet the bead formation of the fibres of
changing parameters such as the pulse width, therdtio of the pulse voltage, and the gap
distance between the needle tip and the collectoe wvestigated. A specific width of pulse-
on voltage is required in order to start an eléettijet, and the width of the pulse-on voltage
also influences the length of the nanofibres. Ac8mewidth of pulse-off voltage is also
required to ensure that the jet can be stoppeaddiition, the balance of the pulse widths of the
turn-on and turn-off voltages is important becaaséhe following factors. During the pulse-
off voltage, the size of the droplet accumulatedffected by the gravity to the earth and the
syringe pump. During the pulse-on voltage, an gfesd jet is ejected from the droplet. The
accumulated amount of polymer and the ejected amoftipolymer should be the same.
Otherwise, if the accumulated amount of the polymmdarger than the ejected amount, small
droplets break up from the main droplet and faltloa collector. The disadvantages of falling
droplets onto the collector are the waste of tHgrper solution, and more importantly damage
to the nanofibres already collected on the coliecibe parameters of the periods and pulse
widths that were applied to the electrospinningaaipfus are shown in Table 3.4.

The influence of the gap distance between the leey and the collector was also
examined. Changing the distance between the tiptlaaaollector has a direct influence on
both the flight time and the electric field stremgEor the purposes of these researches, the

pulse-on voltage of 10 kV and the pulse-off voltafi2.7 kV were chosen to be applied for
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Table 3.4: Pulse parameters of the pulse voltages

Casg Period [ms] Pulse width [ms Duty ratio [%]
1 100 20 20
2 100 40 40
3 200 40 20
4 200 80 40
5 500 100 20
6 500 200 40
7 1000 200 20
8 1000 400 40

the electrospinning apparatus. To find an optimeg glistance, the distances between the
needle tip and the collector were set at 100, 160200 mm.

For all of the parameters of the pulse voltagedieghgo the electrospinning apparatus
when a gap distance between the needle tip ancbtleetor is 100 mm, the acceleration of the
jet seems so strong that the straight jet hitsctiliector, and therefore no fibres are obtained.
On the other hand, a gap distance of 150 mm is é&ugigh that the jet is elongated and the
solvent to evaporate before it hits the collectbis collected as nanofibres. The electric field
strength is strong enough to start a jet. With p dstance of 200 mm, the electric field
strength is not strong enough to start a jet. Th#n@l gap distance for this research was
therefore determined to be 150 mm. The followinguhes were obtained from experimental
apparatus using a 150 mm gap.

Figure 3.15 shows the changes in the droplet anfbijmations using case 6 from Table
3.4 as an example. The changes in the dropleteirfdrmations were recorded with a video
camera. Then, the frames of the video as photoemagre saved by the software, SC video
cut and split manufactured by Softwareclub. Fig8r#5 (a) shows the droplet that was
accumulated during the pulse-off voltage. The poisevoltage was applied to the needle
where the droplets were to be prepared. When thageois applied, the meniscus of the liquid
deforms into a Taylor cone, and a jet of the ligisidhen ejected from the cone as shown in
Figure 3.15 (b). The time for the Taylor cone tonfcand then for a jet to eject is denoted as
Tiorm. TO Set a standard, the time for the event showiigure 3.15 (b) was determined to be T
= Titorm= 0 s. Figure (c) shows the jet before it becarablset As can be seen from Figures 3.15
(d) and (e), the stable jet was observed duringgb-200 ms. At T = 200 ms in Figure 3.15 (f),
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(d)

(e) V) (9) (h)
Figure 3.15: Droplet and jet formations producedh®ypulse voltage, T=500 ms, D=40 %: (a)

During the pulse-off voltage (b) T 5fn=0s (c) T=33ms (d) T =66 ms (e) T = 100 ms (f
T =200 ms: the pulse-off voltage has begun togmied (g) T =233 ms (h) T = 266 ms

the voltage was turned off. Sixty-six ms after ttodtage was turned off, the jet completely
disappeared, and the cone returned to the inigaliseus, as can be seen in Figure 3.15 (h).

For cases 1, 2, and 3 in Table 3.4, no jet wasrebdeln case 5 from Table 3.4, a jet is
ejected during the turn-on voltage only when theptit is small. As the droplet becomes
larger, the charges from the turn-on voltage canomercome the surface tension sufficiently
for a jet to be initiated. As a result, the drogetumulates by its gravity to the earth and the
syringe pump, and falls downward. In cases 4, &nd, 8, the jet is always ejected during the
turn-on voltage; however, the droplet occasiontlls downward.

To collect samples of the fibres on the collecabuminum foil was placed on the collector.

A field emission scanning electron microscope (FEVI$ was used to examine the diameter
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and the morphology of the fibres, and the smalptits on the aluminum foil. Figure 3.16
shows a sample SEM image, in this instance, thdtseBom case 7 in Table 3.4. The fibres,
the beads inside the fibres, and the small dropketsbe observed. Figure 3.17 shows the more
magnified SEM images of the respective cases 4-8an be seen that the diameters of the
most fibres in all cases are in the range of 10D+40.

A voltage of 10 kv DC was applied to the electrosjing apparatus in order to compare
the morphology of the fibres obtained with a DCtagé with those from the pulse voltages.
Gap distances of 150 and 200 mm were used betweeneiedle tip and the collector. Figure
3.18 shows the SEM images of the samples produgdaebDC voltage. Figure 3.18 (a) shows
that the fibres are twisted rather than straiglt #wat there were more droplets present than in
Figure 3.17. The 150 mm distance is not long endagthe jet to evaporate its solvent before
it hits the collector because the increased chamgede jet produced by the 10 kV DC
compared to those in the jet produce by the 10 kigepvoltages cause the jet to accelerate. As
a result, there is insufficient time for the solvemevaporate before it hits the collector. Figure
3.18 (b) shows that the fibres are straight, aatlttie diameters of most of the fibres are in the
range of 50-200 nm. The 200 mm distance providesigm time for the solvent to evaporate
before it hits the collector. Figure 3.18 (b) isrfore used as the basis of comparison with the
fibres produced by the 10 kV pulse voltages.

bead
"/

~ small
droplets
oo

roane1 10 o m-

Figure 3.16: SEM image of the sample produced byptiise voltage, T=1,000 ms, D=20 %
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Figure 3.17: SEM images of the samples producedhbypulse voltages: (a) T=200 ms,

D=40 % (b) T=500 ms, D=20 % (c) T=500 ms, D=40 %Td1,000 ms, D=20 % (e) T=1,000
ms, D=40 %

48



!
¥

»o -
Taem =l Tem H

(b)
Figure 3.18: SEM images of the samples producettidypC voltage with varying distances:
(a) 150 mm (b) 200 mm

3.2.2 Non-continuous-mode electrospinning with

alginate/PEQO blended solutions

The fabrication and chopping of the nanofibres vethinate and PEO blended solutions
were investigated. As mentioned in section 2.2.el2ctrospinning with only alginate is
difficult, and the process has been successful witly polymers and polymer blends formed
by blending alginate with PEO. For this reasonalginate solution was blended with PEO.
The 3 % alginate and the 3 % PEO used are the dessribed in section 2.2.1.2. The
following blend solutions created by varying thdwme ratios of the alginate and the PEO
were investigated: 20:80, 40:60, 60:40, and 80/2Con11/110 Conductivity/TDS handheld
meter, manufactured by Oakton instruments, was tsedeasure the conductivities of the
blended solutions, which are listed in Table 3.be Dap distance between the needle tip and
the collector was set at 150 mm. The pulse-on amskpoff voltages applied were 10 kV and
2.7 kV, respectively. The period and the duty rafithe pulse voltage were 500 ms and 40 %,

respectively.
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Table 3.5: Conductivities of the alginate/PEO bkshdolutions

Sample Volume ratio Conductivity
name | Alginate (3%) : PEO (3%) [ms/m]
A 20:80 83.2
B 40:60 156.6
C 60:40 398.0
D 80:20 612.0

As an example, Figure 3.19 shows the changes idrttyidet and jet formation for sample
B from Table 3.5. The changes in the droplet andgenations were recorded with a video
camera. Then, the frames of the video as photoesagre saved by the software, SC video
cut and split manufactured by Softwareclub. Fig8r#9 (a) shows the droplet that was
accumulated during the pulse-off voltage. The poisevoltage was applied to the needle
where the droplets were to be prepared. When thiageis applied, a jet is ejected and then
breaks up into small droplets as shown in Figui® 3b). To set a standard, the time for the
event shown in Figure 3.19 (b) was determined t® beD s. Figure 3.19 (c) shows the straight
jet before it became stable. As can be seen frggurés 3.19 (d) and (e), the stable jet was
observed during T = 66-200 ms. At the T = 200 mEigure 3.19 (f), the voltage was turned
off. Sixty-six ms after the voltage was turned difie jet completely disappeared, and the cone

returned to the initial meniscus, as can be seé&igure 3.19 (h).
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Figure 3.19: Droplet and jet formations of the abge/PEO solution 40:60: (a) Durlng the
pulse-off voltage (b) T=0s (c) T=33ms (d) B&ms (e) T = 100 ms (f) T = 200 ms: the
pulse-off voltage has begun to be applied (g) B3 &s (h) T = 266 ms

In the cases when the volume ratios of the algiaai the PEO are 20:80, 40:60, and
60:40, the jet is always ejected during the turnvohiage; however, the droplet occasionally
falls downward. When the ratio is 80:20, no jetlserved.

As an example, Figure 3.20 shows the SEM imagéencase of a volume ratio of 40:60.
The fibres, the beads inside the fibres, and thallstnoplets can be observed. Figure 3.21
shows the more magnified SEM images for sample8,Aand C in Table 3.5. Figure 3.21
shows that the diameters of most of the fibresafbwolume ratios are in the range of 30-40
nm.

A 10 kV DC voltage was applied to the electrospagnapparatus in order to compare the

diameter and morphology of the fibres obtained pplyng the DC voltage with those
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produced by the pulse voltages. Figure 3.22 shbe/SEM images of the sample produced by
the DC voltage. As can be seen, the diameters st ofahe fibres are in the range of 40-100

nm.

Figure 3.20: SEM image of the sample produced byptlise voltage using the alginate/PEO
solution 40:60
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Figure 3.21: SEM images of the samples producetidpulse voltage using the alginate/PEO
solutions: (a) 20:80 (b) 40:60 (c) 60:40
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Figure 3.22: SEM images of the samples produceth&\pDC voltage using the alginate/PEO
solutions: (a) 20:80 (b) 40:60 (c) 60:40
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Chapter 4

Discussion

In this chapter, the results presented in Chaptare3used as a basis for discussion. The
first experimental results considered are the &fea the output voltages of the single IGBT
and the series-connected IGBT pulsed power suppliesn the load resistance is varied. The
results of the voltage distribution for each IGBfTtloe series-connected IGBT power supply
are also examined. The next section discussesthudts of the uses of the PEO solution and
the alginate/PEO solution for non-continuous-modecteospinning. These results are
explained in detail and, whenever possible, arepaoed to similar results reported in the

literature.

4.1 Performance of the pulsed power supply

4.1.1 Single IGBT

An ideal switch has a zero resistance during thetate and infinite resistance during the
off-state. In practice, transistors are not idedtdhes. IGBTs have a small resistance in their
conducting state and a high but not infinite resise in their off state. Therefore, the pulse-on
and pulse-off voltages vary when the load resigaschanged even if a high-voltage source
output is fixed. According to Figure 3.3, an in@ean load resistance results in a small or no
change in the pulse-on voltage. On the other handncrease in load resistance results in an
increase in the pulse-off voltage, as can be seé&igure 3.4.

The change in pulse-on voltage is due to the chantgee voltage drop across the on-state
resistances of the IGBT switches. A small or nauctidn was observed, as shown in Figure
3.3. The reason that an IGBT-based pulsed poweplgsgxperiences a small drop or no
change is that IGBTs are minority carrier devicks.such devices, minority carriers are
injected into the ndrift region, resulting in a reduction in its r&since. The end result is that
minority carrier devices have a small on-statestasice, unlike MOSFETS, which are majority
carrier devices [55]. However, a drawback with ¢hesinority carriers is that they must be
swept out in order for the device to turn off. Unfmately, this procedure occurs through
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recombination, which slows down the turn-off tinmecreasing the losses during turn-off and
limiting the maximum switching frequency.

The change in pulse-off voltage is due to the changhe off-state resistance of the IGBT
switches. Figure 4.1 shows the off-state resistmfethe IGBTs when changing the load
resistance in Figure 3.1. Based on the values ff@gure 3.4, the off-state resistances can be
calculated by using:

\Y 4k -V

V —
Roff_state — Road source pulse-off — Road _ pulse-off (41)
Vpulse—off V

pulse-off

When the load resistance was changed from %D@k1500 I, the off-state resistance was
increased by 237 % in case 1, 211 % in case 2, ah@olip case 3 in Figure 4.1. The off-state
resistance of a transistor is normally in the meban range. It decreases with increasing
temperature because the performance of semicondustdependent on temperature [56]. An
increase in load resistance, resulting in a deeckasirrent, then lowers the temperature of
IGBTSs. Therefore, increasing the load resistaneses an increase in the off-state resistance
of IGBTSs. This trend can be seen in cases 1 and=jure 4.1. The off-state resistance of case
2 is smaller than that of case 1 because the &ainsnubber in parallel with the IGBT in case
2 makes the total resistance smaller. The off-segstance of case 3 stays at about(l, s
shown in Figure 4.1, due to the IMesistance in parallel with the IGBT.

In general, a change in load resistance resulis @hange in the rise and fall times. A
change in rise and fall times does not influence pilse width that is applied for non-
continuous-mode electrospinning, as can be seEmgure 3.5. For the purpose of this research,
the pulse width for non-continuous-mode electrosipig is 80-400 ms, which is large enough
to render the change in rise and fall times nelglegiFigure 3.5 shows that the longest pulse
width occurs in case 3 because the rise and fa#tdiof case 3 are also longer than those in

cases 1 and 2, as shown in Table 3.1.
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Figure 4.1: Off-state resistance of the IGBT veRysg, for cases 1, 2, and 3

4.1.2 Series-connected IGBTs

Based on the results shown in Figure 3.8, it carstbged that an increase in resistance
results in a small or no change in the pulse-otagel On the other hand, according to Figure
3.9, an increase in resistance results in a propaitincrease in the pulse-on voltage, a result
similar to that for case 3 shown in Figure 3.4. phenomena is the same as with one IGBT as
discussed in section 4.1.1. The reason for a sonalb change in the pulse-on voltage is that
the IGBTs are minority carrier devices, which résuh reduced on-state resistances. The
change in pulse-off voltage is due to the changehin off-state resistance of the IGBT
switches.

Substituting 10 kV foVsource @nd the pulse-off voltages from Figure 3.9 Y@ise-oft in
equation (4.1) gives the off-state resistanceshef deries-connected IGBTs when the load
resistance is changed in Figure 3.6, as showngnor&i4.2. As can be seen in Figure 4.2,

increasing the load resistance causes an incredise off-state resistance. The off-state
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Figure 4.2: Off-state resistance of the series-eotat IGBTS versus,&q

resistance increases by 109 % when the load resestia changed from 75@kto 1500 k.
The off-state resistance also decreases with isitrgatemperature. An increase in load
resistance, resulting in a decreased current, kwer temperature of the IGBTs. Therefore,
increasing the load resistance causes an increage ioff-state resistance, as mentioned in
section 4.1.1.

In general, a change in load resistance resuléssdhange in the rise and fall times, which
influences pulse widths when the pulse widths aggy \small. The pulse width for non-
continuous electrospinning is large enough notetanfiluenced by a change in the rise and fall
time, as can be seen in Figure 3.10.

The external circuits are used to share the valtaggially over several IGBTS in series
connection. As can be seen in Table 3.3, althounginetis a 0.18 kV difference in the
maximum voltages, the maximum voltages of all t68Ts are within 4 kV. Even after the
overshoot voltages are taken into consideratidnG8Ts can be operated within a safe range.
The maximum voltage of IGBT 1 is relatively highlean that of IGBTs 2 and 3, the reason for
which may be that the off-state resistance of IGB& higher than that of IGBTs 2 and 3

because the manufacturing process causes the twhatacs of switches even with the same
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part number to vary over a wide range. These vangtcan cause uneven voltage in the
IGBTs even after adding the resistors for voltagarieig during steady-state; however, the
voltage distribution of each IGBT is acceptabledwse it is within its safe operation range.
Overshoot and undershoot voltages can be caus@éug®rfections in the existence of stray
inductances of the wires. As can be seen in Tal#etBere are 0.05 kV differences in the
overshoot and undershoot voltage. The overshotages are within the safety range since the
total is under 4 kV after they are added to the imar voltages as mentioned previously.
After the value of the minimum voltage is considkrthe lowest undershoot voltage is 0.08
kV. No description of the withstand voltage for thensient period is included on the datasheet
of the IXGF30N400. However, 0.08 kV is assumeddabceptable because the pulsed power
supply was run for 10 hours without damaging thBT&. The difference in the pulse widths
of the three IGBTs is 0.1 ms, which is consideredligible. The 0.1 ms difference is caused
because switches, in general, do not naturally ¢ffriat the same time, even if gating signals
are applied simultaneously to all of them.

The pulse-on and pulse-off voltages were determinéml 10 kV and 2.7 kV for non-
continuous-mode electrospinning, respectively. Yfayythe pulse width and the duty ratio of
the pulse voltage influences the jet, the droplet the diameter and the bead formation of the
fibres. Next section discusses the experimentalteesf non-continuous-mode electrospinning

using the series-connected IGBT pulsed power supply

4.2 Non-continuous-mode electrospinning

4.2.1 Non-continuous-mode electrospinning with a PEO

solution

This subsection discusses the experimental resaftsthe non-continuous-mode
electrospinning that are presented in section 3lfind the optimal gap distance between
the needle tip and the collector, 100, 150, andraidgap were examined because varying the
distance has a direct influence on both flight temel electric field strength. In the case of the
100 mm gap distance, the jet has a short distant@vel before it reaches the collector plate.

Moreover, the electric field strength increaseshat same time, which also increases the
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acceleration of the jet to the collector. As a lieshere is not sufficient time for the solvents t
evaporate before the jet hits the collector [1][] &#merefore no fibres are obtained. Increasing
the gap distance to 150 mm, results in a decreateeieffect of the electrostatic field on the
charged jet. The flight speed of the jet decreagds the increased distance and the time for
the jet to fly from the needle tip to the collectotonger. The increase in the distance therefore
results in the advantage of allowing the chargddtisem jet to split and elongate [23]. In the
case of 200 mm gap, electrostatic field is notrgjrenough to overcome the surface tension;
thus, a jet can not be initiated. Thus 150 mm gap fwund to be the optimal distance.

The changes in the droplet formations and jets shiowFigure 3.15 are similar to those
with the non-continuous-mode electrospraying memtibin section 1.3.1. After the turn-on
voltage is applied to the needle tip, the timgnlis the time required for a Taylor cone to
form, and then a jet of the liquid is ejected frtime cone, which requires less than 33 ms.
Precise values ofidy, can not be measured because of the 30 framegpands limitation of
the software used, SC video cut and split. During J-66 ms, the jet continues to eject but
seems unstable, so it is callegshne During T = 66-200 ms, the jet seems stable amdllsd
Tswple After the turn-on voltage is turned off, it takapproximately 66 ms for the jet to
disappear, Jisapper DU€ to the instability of the jet during T = 0-@& and 200-266 ms, the
diameter of the nanofibre might be effected.

It is important to find the optimal period and dugtio of the pulse voltage in order not to
fall small droplets on the collector. In cases la2d 3 from Table 3.4, no jet was observed
because the charges within the droplet are not énglugh to overcome the surface tension so
that the jet can be initiated. However, the elestatic repulsion and the Coulomb force during
the pulse-on voltage in addition to its gravitythe earth and the syringe pump cause the
droplet to fall downward. In case 5, the jet iscepel during the turn-on voltage only when the
droplet is small. This result means that the serf@nsion is too strong for jets to be initiated
due to the large droplets accumulate during theepaff voltages. As a result, the droplet
increasingly accumulates, and then falls on thelecwr without going through the
electrospinning process. In cases 4, 6, 7, antie8jet is always ejected during the turn-on
voltage, which means that the charges of the di®pkn always overcome the surface tension
of the accumulated droplets. An analysis of thesmilts leads to the conclusion that the

minimum pulse width that can initiate an electdfiget is approximately 80 ms for the
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parameters used in this study. The following dismrsis therefore based on the pulse width
being longer than 80 ms. In the case of a 20 % hity, there is always a jet during a pulse-
on voltage for the pulse width of 1000 ms but motdne of 500 ms. The probability therefore
exists that a longer period produces a more congtaduring the pulse-on voltage when the
duty ratio is the same value. The data shows thathighly likely that a jet is always ejected
when the duty ratio of the pulse voltage is morantd0 % for the parameters used in this
study. This finding means that a higher duty régieds to contribute a constant ejection during
the pulse-on voltage, which is closer to 10 kV gltage having a constant jet, as mentioned
in section 3.1.3.

The small droplets and beads inside the fibres wiserved in all cases, and an example is
shown in Figure 3.17. Figure 3.17 shows that tlaenéiters of most of the fibres in all cases are
in the range of 100-400 nnThe effect on the small droplet was mentionedhi previous
paragraph. The morphology of the fibres, such amdter and bead formation, is influenced
by the polymer solution parameters, the processamglitions, and the ambient conditions, as
mentioned in section 1.2.2. Of these parameters, viscosity, the surface tension, the
conductivity, the applied voltage, and the feea rate especially important. In addition, the
instability of the jet affects the bead formatidrtlee fibres.

The beads and non-uniformity of the fibres areteeldo the instability of the jet solution
[57, 58]. As previously explained, the jets seeratable during T = 0-66 and 200-266 ms, as
shown in Figure 3.15. The existence of the dropssed by unbalanced droplets that are
accumulated and ejected, also lead to instabilitythe jet. A similar phenomenon was
presented in [58], in which the feed rate led ®ittstability of the jet solution. When the feed
rate exceeds a critical value, the delivery ratehefsolution jet to the capillary tip exceeds the
rate at which the solution is removed from theltypthe electric forces. This shift in the mass-
balance results in the formation of a sustainedumstable jet and fibres with large beads.
Even the jet during T = 66-200 ms showed instabgdjtand [57] reported that the dominant of
axisymmetric instability forms beaded fibres. Thepe&rimental results shows that higher
voltages tend to suppress the formation of beadeesf [57] because a higher voltage
suppresses the axisymmetric instability [59, 6(, 8% mentioned in section 3.1.3, however,
the Taylor cone is no longer observed and multgpl@nstable jets are ejected if the applied

voltage exceeds 15 kV. There is therefore a goadipiity that increasing the applied voltage
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to values higher than 10 kV gives rise to highescebstatic repulsion forces between the
needle tip and the collector which in turn providegher drawing stress in the jet, hence
producing a smaller bead size, but the value shibaltbwer than 15 kV in this study. As can
be seen in Figure 3.18 (b), the diameters of mibteofibres produced by the DC 10 kV are in
the range of 50-200nm, which are thinner than 0@400 nm produced by the pulsed 10 kV
because more charges built up by the electrosginetrresult in the stretching of the solution.

The viscosity of the solution influences the diaenetnd the bead formation of the fibres.
A minimum level of viscosity is required in ordev ¥ield fibres without beads. As the
viscosity of the solution is increased, the beaglsome larger, the average distance between
beads longer, and the fibre diameter larger, aacskiape of the beads changes from spherical
to spindle-like [12, 13], as shown in Figure 3.Réference [13] showed that uniform fibres
without beads can be obtained using a 3.8-4.3 %ertdration of PEO with a weight of
900,000 in distilled water. Reference [62] showat the fibres with diameters in the range of
100-275 nm without beads can be obtained usin§eacéncentration of PEO with a weight of
900,000 in distilled water. Using a 5 % concentratof PEO with a weight of 600,00the
fibres that were obtained in this research havmetars in the range of 100-400 nm produced
by the pulse voltages, and 50-200 nm, as produgékebDC voltage with beads.

Reference [13] showed that varying the viscositythef PEO solution in distilled water
produces little change in the value of the surfem®sion. The surface tension is one of the
factors that influences the diameter of the fibaied the bead formation. The surface tension
coefficient depends on the polymer and the solvénrt.example, changing the ratio of ethanol
to water can change the surface tension coefficefnthe PEO solution. Varying the
concentration of the PEO solution from 1-4.5 % hisle effect on the values of the surface
tension but viscosity [13]. Surface tension is déf@re not discussed further in this work since
the only solvent used was distilled water.

Conductivity also affects the diameter of the fhamd the bead formation. Electrospinning
involves the stretching of the solution, which &used by the repulsion of the charges on its
surface. Therefore, if the conductivity of the s¢mln is increased, more charges can be carried
by the electrospinning jet, thus resulting in tiretshing of the solution. Further discussion of

the conductivity of the solution is presented iotem 4.2.2.
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4.2.2 Non-continuous-mode electrospinning with

alginate/PEQO blended solutions

This subsection discusses the results of the tgsth the non-continuous-mode
electrospinning that are presented in section 3.2.2

The changes in the droplet formations and theysisg the alginate/PEO 40:60 solution,
are shown in Figure 3.19 and are similar to thodgk the PEO provided in Figure 3.15. The
applied voltage causes the droplet to fall downwaetbre the jet is initiated, as shown in
Figure 3. 19 (b). This effect might occur becaumedurface tension of the droplet is too strong
to initiate a jet. In fact, the size of the drogabwn in Figure 3.19 (a) is larger than that shown
in Figure 3. 15 (a). The downward forces such asteistatic repulsion, the Coulomb force,
the gravity to the earth, and the syringe pump tedtie droplet falls downward without going
trough electrospinning. During T = 0-66 ms, theige¢jected, but seems unstable. During T =
66-200 ms, the jet seems stable. After the turnroliage is applied, it takes approximately 66
ms for the jet to disappear. When Figure 3.19 mmared with Figure 3.15, the width of the jet
is larger and the droplet from the needle is smallé-igure 3.19. The thinner electrified jet of
polymer results in a larger droplet at the neagle t

As can be seen from Table 3.5, a higher propodfalginate creates a higher conductivity
in the solution because sodium alginate is a petslyte, which has a high conductivity. In
the case of an 80:20 volume ratio of the alginat¢he PEO, no jet is observed. The strong
repulsive force among the polycations could bekdnefactor that hinders electrospinning [54].
In the cases of 20:80, 40:60, and 60:40 volumesathe jet is always ejected during the turn-
on voltage; however, the droplet occasionally fallsvnward. Blending the alginate with a
specific volume of PEO can reduce the repellingcdoamong the polycationic alginate
molecules to a specific level, thus facilitatingatospinning [63]. The formation of nanofibres
can also be enhanced because of hydrogen bondsdreta polyelectrolyte and a non-
ionogenic polymer such as PEO [64].

The drops and the beads inside the fibres werenada$en the cases of 20:80, 40:60, and
60:40 alginate/PEO solutions and an example is showrigure 3.20. Figure 3.21 shows that
the diameters of most of the fibres are in the eanig30-40 nm. The cause of the droplet and

the influence on the morphology of the fibres by thstability of the jet, the viscosity and the
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surface tension of the solution, the applied vaiaand the feed rate are discussed in section
4.2.1. Therefore, these are not examined furth#risnsubsection.

The diameters in Figure 3.21 are at 30-40 nm, #ritiman those with PEO, at 100-400 nm,
because the conductivities of the alginate/PEOtisols are higher than that of the PEO
solution, 7.6 mS/m. Electrospinning involves thetshing of the solution, which is caused by
the repulsion of the charges on its surface. Theeefif the conductivity of the solution is
increased, more charges can be carried by theradeatning jet, thus resulting in the
stretching of the solution. The increase in thetshing of the solution tends to yield fibres
with smaller diameters. The beads also become snaild more spindle-like. As can be seen
in Figure 3.22, the diameters of most of the filpesduced by the DC 10 kV are in the range
of 40-100 nm, which is thicker than those producgdhe pulsed 10 kV, 30-40 nm. The length
of the straight jet portion provides an explanatbthe thicker diameter of the fibres produced
by the DC 10 kV. As shown in Figure 4.3, electrogioig processes consist of two modes: the
straight jet portion and the whipping zone. Refeeef65] showed that straight jet portion
becomes longer as the electric field increaseshdf distance between the needle and the
collector is fixed, the length of the whipping zotleerefore decreases as the electricfield
increases, resulting in insufficient length for tbalvent to evaporate before it reaches the
collector. The result is fibres with thicker diamest and beads. The beads shown in Figure 3.22
are rounder than those shown in Figure 3.21, whrehspindle-like. These results means that
the whipping zone was not long enough for the gesttetch. As mentioned in section 4.2.1,
increasing the applied voltage produces a smafladIsize and a thinner diameter of the fibre;
however, it is important that the distance betwd#®nneedle and the collector be adjusted so
that the applied voltage can be increased to olatasmaller bead and a fibre with a thinner

diameter.

v Taylor cone

Straight jet

Whipping
zone

Figure 4.3: Straight jet portion and whipping zafe@lectrospinning process
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Chapter 5

Conclusions and future research

5.1 Summary and conclusions

In this research, an IGBT-based pulsed power supply designed and built for use in
non-continuous-mode electrospinning. Electrospigmirocess requires a high voltage, but not
a high current. The semiconductors with a highagsgt rating and a high current rating are
available in the market, but the semiconductor thauitable for the pulsed power supply for
this research is not available. Therefore, the senductors which have high voltage ratings
and medium current ratings, IXGF30N400 IGBTs, weomnected in series. The external
circuits were used to equalize the voltage amorgstries-connected IGBTs during steady-
state as well as turn-on and turn-off transientsvave shaping resistor was connected in order
to reduce the resistance at the load so that tpairesl pulse-off voltage could be obtained.
Since precise control of the pulse parametersqsimed for the application of pulsed high
voltages, especially when it is necessary to oggnai process, a timer LM555 was used. The
LM555 provides a control of the pulse width and thaty ratio. This pulsed power supply is
capable of producing controllable square pulseb amplitudes up to 10 kV and widths of a
few hundred micro seconds to DC.

The effects of varying the load resistance from &Q0to 1500 I and from 750 R to
1500 K2 on the output pulse of the single IGBT and of #eeies-connected IGBT pulsed
power supplies were studied. An increase in rasistaesults in a small or no change in the
pulse-on voltages of the IGBT-pulsed power suppbesause IGBTs are minority carrier
devices. In contrast, an increase in resistanagtegssin an increase in the pulse-off voltages.
The change in the pulse-off voltages is due todi&nge in the off-state resistance of the
IGBTSs. Increasing the load resistance causes isesethe off-state resistance of the IGBTSs.
The off-state resistance of the single IGBT is éased by 237 % in case 1, 211 % in case 2,
124 % in case 3, as shown in Figure 4.1, and th#teoseries-connected IGBTSs is increased
by 109 % as shown in Figure 4.2, when load resistas changed from 50Q@%to 1500 IQ
and from 750 R to 1500 K2, respectively. The external circuits were usesdare the voltage

equally over IGBTSs in series. The voltage distritwtof each IGBT was not perfectly equal
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even after the external circuit for voltage shanmgre connected to the IGBTs; however, the
distribution is acceptable due to its safe opegatamge.

In conclusion, the pulse parameter of the outpltage can be controlled by the circuit
parameters such as the number of series IGBTdopddkeresistance, and the parameters of the
gating pulses generated by the LM555.

The series-connected IGBT pulsed power supply wad to fabricate and chop nanofibres.
Two polymers were chosen for the preparation ofstiiations: PEO and alginate. Nanofibres
were successfully fabricated and chopped with @ Bolution using the pulsed power supply.
It is important to determine the optimal period ataty ratio of the pulse voltage so that
droplets do not destroy the nanofibres that areadly collected onto the collector. An
examination of eight cases of pulse parameterssiégadhe minimum pulse width that can
initiate an electrified jet is approximately 80 s the parameters used in this study. The
probability therefore exists that a longer periodduces a more constant jet during the pulse-
on voltage when the duty ratio is the same values &lso highly likely that a jet is always
ejected during the pulse-on voltage when the daifip is 40 % for the parameters used in this
study. This finding means that a higher duty ragads to contribute to constant ejection
during the pulse-on voltage. The diameters of naisthe fibres fabricated by the pulse
voltages are in the range of 100-400 nm. The beemide the fibres and the droplets on the
collector were also observed. The diameters of rabste fibres produced by the DC 10 kV
are in the range of 50-200 nm, which are thinnantthose produced by the pulsed 10 kV
because more charges built up in the jet resuttarstretching of the solution. The main reason
for the existence of the droplets is the unbalaricbe periods between the pulse-on and pulse-
off voltages. The bead formation and the non-uniity of the fibres are caused mainly by the
instability of the jet. The bead formation and then-uniformity of the fibres are also
influenced by the viscosity, the surface tensibe, ¢conductivity, the applied voltage, and the
feed rate.

Blended solutions of the following varied the vokimatios of alginate and PEO were
investigated: 20:80, 40:60, 60:40, and 80:20. lndhse of the 80:20 volume ratio of alginate
to PEO, no jet is observed. In the cases of voltaties of 20:80, 40:60, and 60:40, the jet is
always ejected during the turn-on voltage; howetrex,droplet occasionally falls downward.

The diameters of most of the fibres are in the eanf 30-40 nm. The diameters of the
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alginate/PEO blended solution are thinner than ehos the PEO solution because the
conductivities of the alginate/PEO solutions arghbr than those of the PEO solution. If the
conductivity of the solution is increased, morerglea can be carried by the jet, thus resulting
in the stretching of the solution. The increasehia stretching of the solution tends to yield
fibres with smaller diameters. However, the diametd most of the fibres produced by the
DC 10 kV are in the range of 40-100nm, which aiekér than those produced by the pulsed
10 kV. A longer straight jet portion due to moreaddes in the jet leads to shorter whipping
zone. As result, the diameter of the fibres bectritker and the shape of the beads became

rounder.

5.2 Future research

The 4 kV rating of the IGBT prompted the use ofuéspd power supply from three IGBTs
in series, which enabled pulses of 10 kV to be pced. Future work could focus on
increasing the number of IGBTs connected in sargsg the same method or the use of the
switches with higher voltage ratings, in order tottier increase the amplitude of the output
pulse voltages. However, using more switches letmlsa greater chance of poor
synchronization of their commutation, which migasult in damage to the switches. Switches
that have higher voltage ratings with high-curnextings are available but are more expensive
and not meant for this application due to theirdhpgwer rating.

The beads inside the fibres and the non-uniforrmdtars of the fibres are related to the
instability of the jet solution. Some reports shthat higher voltages tend to suppress these
instabilities [59, 60, 61]. There is therefore aodgpossibility that increasing the applied
voltage higher than 10 kV gives smaller bead sizéd more uniform fibre diameters. In
addition, it is important to adjust the distancewsen the needle and the collector as the
applied voltage is increased.

A higher applied voltage might also contribute bmrser time for a jet to be initiated and
less time for a jet to be stable, leading to themheination of a better optimal period and the

duty ratio of the pulse voltage so that the nundfetrops on the collector might be reduced.
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