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ABSTRACT: Poly(vinyl alcohol) (PVOH) was electro-
spun using different methods to charge the polymer solu-
tion. A positive high voltage relative to the collecting
electrode significantly increased the fiber deposition rate.
Electron microscopy showed that approximately half of
the increase in fiber mass was due to thicker fibers being
deposited. The current flowing from the grounded elec-
trode was measured to determine the charge carried on
the PVOH jet. This showed that for a positive voltage
charging condition there is a much larger current and
hence more charge carriers generated in the PVOH solu-
tion. As a result, more mass is ejected from the Taylor
cone, implying that a positive voltage also produces longer
fiber for a given time period. We also tested whether dif-
ferent substrate materials caused any variation when the
charging conditions were changed. Statistically significant

variation between substrates was only found when the
substrate was an insulator and was expected to support a
high-deposition rate. This confirms the view that the
PVOH fiber arrives at the collecting electrode carrying a
charge that must be neutralized, otherwise a repulsive
charge will form where the fiber is deposited and some
fiber will be lost to any alternative earth. In electrospraying,
charge carriers are generated using associated redox reac-
tions. Thus, for electrospinning a lack of symmetry in these
reactions may result in the generation of different quantities
of charge carriers in the PVOH solution and changes in
the mass deposition rate of electrospun fiber. © 2009 Wiley
Periodicals, Inc. ] Appl Polym Sci 112: 1729-1737, 2009
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INTRODUCTION

Electrospinning is a low capital way of making
nanoscale fibers, defined as having a critical dimen-
sion in the nanometer range.! Electrospinning uses
an electrostatic force to draw fiber from a bead of
polymeric fluid.”> While the fiber is in flight it experi-
ences a bending instability>* leading to a high draw
ratio.” Draw ratio is the ratio of the initial fiber di-
ameter to the final fiber diameter.

The electrostatic force that drives electrospinning
was first observed by Gilbert,® but it took some 300
years before the implication of Gilbert’s observation
gave rise to serious quantitative research. The first
work on modeling the process followed from
Zeleny’s’ examination of fluid drop behavior under
the influence of high strength electrostatic fields.
This was extended by Taylor*®’ in his analytical
treatment of the eponymous cone. Later develop-
ments*'®"? used a finite element approach to quan-
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tify the bending instabilities experienced by the fiber
in flight.

Cooley" and Formhals'* made unsuccessful early
attempts at commercialization of the electrospinning
process. In the past two decades, the technique was
rediscovered as a comparatively simple way to pro-
duce small quantities of ultra-fine fibers. For an
extended discussion of different methods of produc-
ing ultra-fine fibers refer to An Introduction to Elec-
trospinning and Nanofibers.! Generally, the low
mass deposition rate limits the possible range of
applications to niche markets. Consequently, only a
small number of companies currently use electro-
spinning commercially, for example in specialist
filtration elements and wound dressings or electro-
spinning equipment.”

Compared with traditional macroscale fiber pro-
duction techniques, electrospinning has several
advantages. Electrospun fibers can be made with
diameters <100 nm in a continuous process.'® It has
also been observed that the draw ratios of the fibers
are very large.” The high draw ratio can induce
increased crystallinity in the resulting fiber.'® Hence,
fibers produced via this method are expected to

*Example companies include Donaldson Filtration Solu-
tions, eSpin Technologies, Electrospinz, and NICAST.
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Figure 1 Schematic of essential elements to a typical elec-
trospinning apparatus.

have a tensile strength approaching their theoretical
maximum. The high surface area to volume ratio of
electrospun materials can be used for medical dress-
ings, drug delivery and active filtration.'”"18

The arrangement of research electrospinning appa-
ratus is typically a horizontal syringe pump with a
needle held at high voltage in proximity to an
earthed electrode (the collector)." The apparatus pro-
vides a simple route to the production of small
quantities of fiber (see Fig. 1).

The main process parameters that affect electro-
spinning'® are summarized in Table I. Studies have
been made of solution properties,'”* process pa-
rameters'®*'*>*” and ambient properties.'”*® A sig-
nificant challenge in the study of electrospinning is
the interdependent nature of the processing parame-
ters. The large number of interacting parameters
makes it difficult to combine existing research for
the development of large scale, commercial electro-
spinning techniques.

We observed that when the charging conditions
were reversed (i.e., high voltage was moved from
needle to collector) there was a significant decrease
in the deposition rate of fiber. Originally, it was
expected that the change in charging conditions
would only result in the change of the sign of the
charge on the two electrodes and hence have no
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effect on the deposition rate. This article reports on
our observation of the decrease in deposition and an
examination of the cause. We also demonstrate a
simple method of optimization for single jet opera-
tion using electrostatics and for the optimization of
larger multiple jet operations.

EXPERIMENTAL
Electrode configuration

The primary independent variable being examined
in all experiments was the electrode configuration.
This refers to changing the method of inducing
charge on the electrodes used in the electrospinning
process. Two electrode configuration pairs were
used in our experiments. The first pair used a posi-
tive high-voltage power supply to charge the collec-
tor electrode and a connection to ground to charge
the polymer solution. This was compared with using
a positive high voltage to charge the polymer solu-
tion and a connection to ground to charge the collec-
tor. The second pair used a negative high-voltage
power supply to charge the polymer solution and a
connection to ground to charge the collector elec-
trode. This was compared with a positive high volt-
age to charge the polymer solution and a connection
to ground to charge the collector electrode. These
different electrode configurations are summarized in
Table III and Figure 2.

Substrate variation

A secondary independent variable also examined in
some of our experiments was the effect of different
substrate materials placed over the copper collector
electrode on the collection of electrospun fibers. We
used a range of substrates with different dielectric
constants and conductivities. The relevant properties
for the substrate materials used are summarized in
Table V.

Dependent variables

The primary dependent variable measured was the
mass deposition rate. This was taken to be the raw

TABLE I
Processing Parameters that Affect the Electrospinning Process

Solution properties

Process parameters

Ambient properties

Concentration
Viscosity

Surface tension
Conductivity dielectric
Constant solvent
Volatility

Feed rate

Electrostatic potential
Electric field strength
Electrostatic field shape
Working distance

Temperature

Humidity

Local atmosphere flow
Atmospheric composition
Pressure

Orifice diameter

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 2 (a) Substrate positioning, (b) Substrate dimensions, and (c) Electrode configurations used.

mass of fiber deposited on a substrate per hour.
Each mass deposition rate was calculated from the
weight change of the substrates used. This was
measured using a Mettler-Toledo AG204 balance
reading to 0.0001 g.

One secondary dependent variable measured was
the current flow in the electrospinning fiber. This
was taken to be the current flowing between ground
and the electrode connected to ground. Current
measurements were obtained using a Keithley
Instruments 610B Electrometer (Cleveland, OH). The
Electrometer was placed in series with the grounded
electrode when measuring the current flow to pro-
tect it from high voltages.

Another secondary dependant variable measured
was the fiber diameter. This was calculated using
image analysis software applied to images produced
by a Field Emission Electron Microscope. The elec-
tron microscope used was a JEOL JSM-7000F (Jeol,
Tokyo, Japan) field emission scanning electron
microscope (FESEM). FESEM micrographs were
taken with a voltage of 2 kV to prevent residual
charge building up on the polymeric fibers. Each
sample of fiber was taken from a 10-s deposition.
When gold sputtering was performed the short dep-
osition time allowed for a thin fiber mat which
ensured a uniform gold coating.

The final secondary dependent variable measured
was the initial jet diameter. This was measured
using an optical USB microscope model QX5 (Digital
Blue, GA) operating at 60x zoom and calibrated
using a standard calibration slide.

Apparatus
Apparatus A

The apparatus used was an Adam series electrospin-
ning apparatus (Electrospinz, Blenheim, New Zea-
land) (see Fig. 3). This apparatus used the typical
electrospinning arrangement of two electrodes, one

acting as a collector and the other in contact with
the polymer solution. The two electrodes were
mounted in a horizontal arrangement on a linear rail
and aligned such that their centers shared a common
axis. The collector electrode was a copper plate 25 x
25 mm?* which substrates could be placed over. The
spinning tip was an Axygen T-200-Y 200 pL pipette
tip with an orifice diameter of 0.8 mm and a copper
tube 30-mm long and 3-mm diameter placed in line
with the pipette tip to charge the polymer solution.
A stable spinning jet was maintained by controlling
solution pressure at the spinning tip by raising or
lowering the height of the solution header tank
whilst observing the needle with the USB micro-
scope (model QX5, Digital Blue).

Apparatus B

This apparatus used a variation on the typical elec-
a parallel

trospinning arrangement, via plate

Figure 3 Photograph of Electrospinz Adam Series electro-
spinning apparatus (microscope not shown for clarity).

Journal of Applied Polymer Science DOI 10.1002/app
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Figure 4 Schematic of apparatus B shown with an iso-
metric tilt to demonstrate detail.

arrangement with one plate as a collector and the
other plate charging the polymer solution as it
flowed through to the metal spinning tip (a 21-gauge
syringe needle) (see Fig. 4). Both parallel plates act-
ing as the electrodes were circular disks of alumi-
num with a diameter of 100 mm and a thickness of
8 mm. These plates were mounted using three acetyl
rods placed every 120° around the edge of the plates
ensuring a common axis at the centre of the electro-
des. The polymer was charged using an EW series
high-voltage power supply (Glassman High Volt-
age). The polymer solution flow rate was controlled
with a KD Scientific model 100 syringe pump.

Solution properties

The polymer used in this work was poly(vinyl alco-
hol) (PVOH) purchased from BDH Chemicals (VWR
International) ID# 297914D. The polymer has a mo-
lecular weight of 115,000 g mol~! and an 87% mini-
mum degree of hydrolysis (DH). The polymer was
dissolved in distilled water at an average concentra-
tion of 9.66 x 10”* mol L™, taking 2 h at 80°C with
constant stirring. A dilution of 4.58 x 10~* mol L™
was used in the following experiments. The density
of the final solution was measured to be 1013 kg
m > using a Metler-Toledo XS105 microbalance with
specialist density measuring kit. The conductivity of
the final solution was measured to be 365 pS using
the conductivity meter described by.*® The dielectric
property of the solution is assumed to be the same

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE II
Redox Reactions that Might be Possible at the Spinning
Head and the Associated Potentials Including those
Adjusted for Approximate Solution Ion Concentration

Eo (V)

Positively charged solution
Cu — Cu®" 4 2~ —0.34
40H™ — O, + 2H,0 + 4e” —0.40
[OH ] =10"% (mol L") —0.87
2H,O — O, + 4H' + 4e -1.23
[H]=10"° (mol L™ —0.88

Negatively charged solution
2H" 4+ 2¢” - H, 0.00

[H"] =107° (mol LY —0.35
2H,O + 2¢~ — H, + 20H" —0.83
[OH ] = 1078 (mol L™Y) —0.34

as the solvent, i.e., ¢ = 78.4. A series of possible re-
dox reactions that might occur at the spinning head
have been summarized in Table II.

Experimental methods
Experiment 1

This experiment examined the mass deposition rate
as a function of the substrate material and electrode
configuration. Each substrate was cut to 25 x 75
mm?. The three substrates examined were standard
glass microscope slides, sheets of 100 type N (phos-
phor doped) silicon wafer and 0.8-mm thick steel.
The first pair of electrode configurations was used
(Table III and Fig. 2).

The production of fiber was done on apparatus A.
The substrate was 50 mm from the pipette tip. The
high-voltage power supply was set to deliver 11.5
kV. At this voltage the electrode configuration could
be changed and still supply a stable spinning envi-
ronment without having to alter the supply voltage.
For each combination of substrate material and elec-
trode configuration, two samples were produced by
depositing fiber for 10 min. From these samples the
mass deposition rate was measured and averaged to
give one value for each combination of substrate ma-
terial and electrode configuration.

TABLE III
Summary of the Different Electrode Configurations Used
in this Article

Collector
electrode

Polymer
solution

“First pair” Positive high Ground (Gnd)
voltage (+ve)

Ground (Gnd)

Ground (Gnd)

Ground (Gnd)

Positive high voltage (+ve)
Negative high voltage (—ve)
Positive high voltage (+ve)

“Second pair”
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Figure 5 Average mass deposition rates measured for
experiment 1. Differences between means are statistically
significant at the 5% level if they exceed the LSD(5%).

Experiment 2

This experiment measured the fiber diameter, initial
jet diameter and the current flow as a function of
the electrode configuration. Fiber samples were pro-
duced by depositing for 10 s onto an aluminum foil
substrate. The electrode configurations used were
the first pair (Table IIl and Fig. 2). After these sam-
ples were obtained the deposition was continued
and the initial jet diameter and current flow was
measured. The initial jet diameter was measured as
described in the dependent variables section. The
current flow was measured between a ground
source and the electrode connected to ground in the
method described in the dependent variables
section.

The production of fiber was done on apparatus A.
The substrate was 50 mm from the pipette tip. The
high-voltage power supply was set to deliver 11.5
kV. At this voltage the electrode configuration could
be changed and still supply a stable spinning envi-
ronment without having to alter the supply voltage.

Experiment 3

This experiment measured the mass deposition rate
as a function of the electrode configuration. The elec-
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trode configurations used were the second pair (Ta-
ble IIl and Fig. 2). For the electrode configuration
collector (Gnd)/solution (—ve) five samples of fiber
were collected. For each electrode configuration col-
lector (Gnd)/solution (+ve) seven samples of fiber
were collected. Each sample was the result of 10 min
of deposition.

Apparatus B was used to produce the fiber. The
substrate used was aluminum foil of dimensions 60
x 60 mm?. The substrate was 100 mm from the nee-
dle tip. When the polymer solution electrode was
charged to a negative potential the flow rate
required for a stable Taylor cone was 0.32 mL h™ ',
whereas, when the electrode was charged to a posi-
tive potential the flow rate required was 0.62 mL
h™'. The high-voltage power supply was set to
deliver 33 kV. At this voltage, stable spinning could
be obtained for both electrode configurations.

ANALYSIS AND DISCUSSION OF RESULTS
Experiment 1

This experiment served as an initial examination of
possible substrate effects on the deposition rate (Fig.
5). The chosen substrates covered both a range of
dielectric constants and conductivities (Table IV).
The results presented in Table V and Figure 5 were
obtained by performing an ANOVA for two factors
(substrate and electrode configuration) with repeats
on the raw data for experiment 1. Differences
between treatments were compared with the Least
Significant Difference (LSD) calculated for the 5%
level of significance. This has the property that dif-
ferences between treatment means are statistically
significant at the 5% level if they exceed the
LSD(5%).>' These results demonstrate that the elec-
trode configuration is the primary source of varia-
tion P (0.001), with steel and silicon collectors in the
collector (Gnd)/solution (+ve) configuration deposit-
ing at an average of 4.4 times the rate of the collector
(4+ve)/solution (Gnd) configuration. However both
the substrate (P = 0.005) and the interaction between
factors (P = 0.018) are also statistically significant
sources of variation. Figure 5 shows that glass with
a configuration of collector (Gnd)/solution (+ve) has

TABLE V
Values of the Dependent Variable Measured in

TABLE IV Experiment 2
Physical Properties of the Substrate Materials Eloctrode Tnitial jet Fiber Current
Material Dielectric constant Conductivity configuration diameter (m)  diameter (m)  flow (HA)
Aluminum S 3.6 x 107 Collector (+ve) 1.22 x 107° 1.7 x 1077 0.30
Steel 00 1 x 107 Solution (Gnd)
Silicon 11.5 1.6 x 1073 Collector (Gnd)  3.52 x 107° 2.8 x 1077 0.85
Glass 3.8 1 x 10712 Solution (+ve)

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VI
ANOVA Results for the Raw Data in Experiment 1
Degrees of Mean Variance
Source of variation freedom squares ratio F probability

Substrate 2 643 x 10~° 14.29 0.005
Electrode configuration 1 153 x 1072 340.00 <0.001
Interaction between factors 2 3.82 x 107° 8.49 0.018
Residual 6 4.50 x 107°
Total 11

a deposition rate only about two thirds of the rate
with silicon and steel substrates (12 mg h! less, P
(0.05), whereas the deposition rates with collector
(+ve)/solution (Gnd) are similar across the 3 sub-
strates (P > 0.05). Thus, the differential response to
glass when the polarity of the electrodes is reversed
is the main source of the variation due to interaction.
The physical cause of this variation is that, when
the larger mass throughput is required, the low con-
ductivity of the glass becomes a significant limiting
factor. Hence, the charge flow across the substrate is
being limited, allowing the charge on incoming fiber
to build up and repel new fiber.

Experiment 2

Using the average fiber diameter measured from
images such as Figure 6 (see Table VI) it is possible
to use eq. (1) (below) to calculate the factor by which
the volume changes for the deposited fiber onto an
aluminum collector when the electrode configuration
is changed. The increase in volume of fiber pro-
duced using an electrode configuration of collector
(Gnd)/solution (+ve) is a factor of 2.7 times the vol-
ume obtained by using a configuration of collector

UoC Mech

(+ve)/solution (Gnd). This is compared to an
increase in mass deposition rate by a factor of over 4
for the same electrode configurations using steel and
silicon substrates.

V =nr’l (1)

where V is the volume of fiber (m?), r is the average
radius of fiber (m), and 1 is the length of fiber (m).

The results from Table V allow the calculation of
further parameters describing the state while electro-
spinning is active. Equations 2 and 3 can be solved
to give the total velocity of the fiber while in flight.
These equations are modified from.” Note that this
velocity is the length of the vector summation of
both the tangential “whipping” velocity and the par-
allel velocity of fiber traveling toward the collector.
Additionally using the velocity in eqgs. (3) and (4)
can be solved to give the charge per unit length
when the fiber contacts the substrate. These values
are summarized in Table VII.

w1

)

0 =
2
pimrity

where v; is the velocity of the aqueous jet (ms™"), w,
is the weight of solution used (kg), p; is the density

Figure 6 Example FESEM images used to measure the final fiber diameter.

Journal of Applied Polymer Science DOI 10.1002/app
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TABLE VII
Summary of Results from Equations (2), (3), and (4)
Initial Velocity Charge
velocity of fiber per unit
Electrode of fluid in at substrate length
configuration jet vy (ms™?) v, (ms™) 6 (Cm™)
Collector (+ve) 0.30 63 475 x 1077
Solution (Gnd)
Collector (Gnd) 0.20 130 6.56 x 1077

Solution (4ve)

of the polymer solution (measured to be 1013 kg
m?), r; is the radius of the polymer jet (m), and t;
is the time spent spinning the fiber (s).

02 3)

2 = ——
pyTr3E

where v, is the spinning velocity when the fiber hits
the substrate (ms™ "), w, is the weight of the fiber on
the substrate (kg), p> is the density of the spun fiber
(1260 kg m™?), r, is the radius of the spun fiber (m),
and t, is the time spent spinning the fiber (s).

czi 4)

where [ is the current flow in the circuit formed by
the electrospinning apparatus (A), v, is the velocity
when the fiber hits the substrate (ms ') and o is the
charge per unit length on the fiber as it hits the sub-
strate (cm ™ !).

Experiment 3

One objection to the results obtained so far is that
they have used the ground as the source of negative
charge. As the ground is not a true negative charge
source the experiment was repeated using a convert-
ible power supply so that the effects of a negative
charge can be directly compared to a positive
charge. The positive charge solution deposited at 35
mg h™' compared to 16.4 mg h™! with the negatively
charged solution. Performing ANOVA on the raw
data showed that the variance due to charge polarity
is significantly larger than the variance of the data
and hence there is a significant effect due to the
charge polarity used on the polymer solution.

Substrate effects

Analysis of experiment 1 reveals that not all sub-
strates share the same behavior. Figure 5 shows that
using glass substrates will result in a significant
decrease in the mass deposition rate. It is proposed

1735

that the conductivity of the glass substrate is low
enough to hinder the neutralization of the charges
on incoming fiber. This would result in a build-up
of a charge on the substrate that would repel the
incoming fiber similarly to that proposed by.** Sili-
con, however, has a high enough conductivity to
perform and the metals. Hence, it is proposed that if
a substrate material has a conductivity below a criti-
cal value then the deposition rate of fiber in electro-
spinning will decrease. This critical value, however,
will depend on the charge density on the fiber and
the mass deposition rate and hence will be different
for almost all electrospinning conditions. A detailed
exploration of the exact critical value has not been
undertaken in this work.

Effect on deposition rate

The results of these experiments clearly show that as
the electrode configuration is changed there is a
change in mass deposition rate. Application of a
positive high voltage to the polymer solution must
generate a positive charge on the solution. In all
experiments, this results in a higher deposition rate.
Application of a negative high voltage to the solu-
tion in experiment 3 has similar results to the appli-
cation of ground to the solution in experiment 1,
where a metallic substrate was also used. The
application of ground in these cases must be acting
to generate a negative charge to counter the positive
charge generated by the high-voltage power supply.
With all other factors held equal, changing
the charge polarity should simply result in the
reversal of the electric field direction. However, the
reversal of the electric field direction should have
no effect on the mass deposition rate. Hence, as
shown in experiment 2 there must be a different
quantity of charge being generated, depending
on the charge polarity. This would result in a differ-
ence in the forces being exerted on the polymer solu-
tion and hence the difference in the mass deposition
rate.

It should be noted, however, that the results from
experiment 3 cannot be directly compared with the
results of the other two experiments as ground can-
not act as a perfect negative supply. Unless the
grounded electrode is essentially the only object that
can act as ground in an effective infinite space then
other ground sources will also generate a negative
charge. This charge is proportional to the distance
from the high-voltage electrode and as such in an
apparatus as described in this article would be
small. However, even a small charge will reduce the
efficiency of the grounded electrode acting as a neg-
ative supply. Because of this low efficiency, the
results in the first two experiments will be partly
due to a change in the electrostatic field between the

Journal of Applied Polymer Science DOI 10.1002/app
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two electrodes. Hence, direct comparison between
the results of the two different electrode configura-
tion pairs is unsound; however, the trend is still
obvious in all experiments. Further discussion of the
electric field effects on the mass deposition rate are
beyond the scope of this article.

Examination of literature relating to electrospray-
ing, % a process related to electrospinning, shows
that these processes can be viewed as a simple redox
cell.** A redox reaction typically consists of a pair of
reactions, a reduction involving a species gaining an
electron and an oxidation involving a species losing
an electron.”® This is driven either by the energetic
favorability of the products or by forcing a current
to flow through the solution. Electrospraying and
electrospinning are electric current driven processes.
At the positively charged electrode, an oxidation
reaction occurs and conversely at a negatively
charged electrode a reduction reaction occurs. This
results in a net flow of charged species, completing
the electrical circuit. In this treatment there is no
free surface charge, all charge is carried by the spe-
cies generated in the redox reactions.

If there was a lack of symmetry in the redox reac-
tions that occur, then dependent on the polarity of
the charging electrode there would be a different
quantity of charge carriers produced. This change in
the quantity of charge carriers would be mirrored in
the mass deposition rate because the charge deter-
mines the force on the solution. If there was a higher
charge generated for one of the charge carrier polar-
ities then it is expected that there would be a signifi-
cant difference in the velocity that the fiber would
reach in flight.

Therefore, it is proposed that the change in the
mass deposition rate is due to a higher capacity for
positive charge carriers to be generated than nega-
tive charge carriers in a PVOH solution. Experiment
2 shows that there is a significantly higher final ve-
locity when a positive charge is used, which is
expected from eq. 5 below” if a higher charge is
generated. The initial velocity of the fluid jet also
supports this claim as the conditions where there is
a higher charge should result in a larger mass being
expelled from the Taylor cone.” As the larger mass
has had little time to take advantage of its higher
charge and accelerate in the electrostatic field it
should have a slower speed. Furthermore, it is well
known that like charges repel®” and as such during
the jet thinning process if the jet held a higher con-
centration of charge the final fiber will be thicker.
This is due to the charge on the jet forcing the sur-
face outward, countering the jet thinning. The draw
ratio of the fiber in question also shows that the
generation of a positive charge results in less jet
thinning. Finally, the current measurements in
experiment 2 directly show the higher charge when

Journal of Applied Polymer Science DOI 10.1002/app
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a positive source is used to charge the polymer solu-
tion.

F=Eq )

where F is the force experienced by a charged object
(N), E is the electric field (V/m) and g is the charge
on the object (C).

These conclusions reflect the same conclusions
reached by previous authors® ™’ using polyamide-6
or polyacrylonitrile. However, here this discussion
links the observed differences to the generation of
charged species in situ (as accepted in electrospray-
ing®) rather than charged species generated in the
solution preparation.

CONCLUSION

The substrate material has no effect on the mass
deposition rate in an electrospinning process unless
the material’s conductivity is below a critical value.
Insulating materials will allow a repulsive charge to
build up on the substrate, decreasing the mass depo-
sition rate.

The generation of a positive charge in a solution
of water and PVOH with a copper electrode results
in a higher quantity of charge carriers than the nega-
tive case. The generation of charge carriers is
explained using work done on the analogous pro-
cess of electrospraying. The higher quantity of
charge carriers causes a lower draw ratio and thicker
fibers but a larger quantity of fiber is produced and
a higher final speed upon deposition.

The authors thank the University of Canterbury for their
help with equipment; particularly Mike Flaws for his assis-
tance with the FESEM and Electrospinz Ltd, 44 Lee St, Blen-
heim, New Zealand (www.electrospinz.co.nz) who supplied
the electrospinning machine.
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