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ABSTRACT: A metallic needle is most often used in
conventional electrospinning, where a point-plate electric
field with nonuniform distribution is formed in single-
needle electrospinning (SNE). Low flow rate in SNE has
restricted the application of electrospinning on an indus-
trial scale. Multiple needles have been introduced to
enhance the flow rate. However, multiple needles make
the electric field distribution much more complex. To
resolve this problem, alternative electrospinning setups
with more uniform electric field have to be developed.
Flat spinnerets have been demonstrated to replace the

needle in SNE setups. The operating diagrams for flat
spinneret electrospinning (FSE) were determined and
differed significantly from those for SNE. Nanofibers
produced by FSE were more uniform than those from
SNE. These differences were explained by the differences
in electric fields simulated using finite element analysis
(FEA). VC 2009 Wiley Periodicals, Inc. J Appl Polym Sci 115:
2591–2598, 2010
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INTRODUCTION

In conventional electrospinning setups,1 a needle is
most often used to play a dual role in electrospin-
ning as one electrode for the electric field and also
an anchor to suspend the solution droplet. Recently,
multineedle electrospinning setups have been devel-
oped to produce multicomponent nanofiber webs,2

but the main objective of multineedle system is to
enhance the flow rate of polymer solution and thus
the production rate of nanofibers.3–8 However, some
problems occur in multineedle electrospinning, such
as configuration complexity and needle clogging.
Some efforts on needleless electrospinning have
been made to overcome the problems in multineedle
processes.9–14 A detailed comparison between multi-
needle and needleless electrospinning has been
made in a recent review.15

In single-needle electrospinning (SNE), an electric
field with point-plate configuration forms the Taylor
cone, together with surface tension, initiates a jet
and then stretches the jet toward a grounded collec-
tor. Three other electric field configurations in SNE
were also reported.16 FEA has been widely used to
simulate the electric field distribution in SNE with
various configurations.16–21 Previous studies have
shown that electric field distribution can influence

the cone formation, jet path, as well as the morphol-
ogy and the size of resultant fibers.16,20

A novel spinneret, the ‘‘flat spinneret electrospin-
ning (FSE)’’, has recently been developed in the
University of Manchester.22 This uses a flat plastic
spinneret to produce polymeric nanofibers. The
advantages of FSE over SNE include more uniform
electric field and ease of scaling-up. Here, we report
new results where the operating diagrams for SNE
and FSE were determined by cycling applied voltage
at fixed flow rates. More uniform nanofibers were
produced by FSE using the same process variables
as for SNE. Possible reasons for the differences in
SNE and FSE are discussed based on FEA simula-
tion of electric field.

EXPERIMENTAL

Materials

Polyethylene oxide (PEO, Mv ¼ 9 � 105 g/mol,
Sigma-Aldrich, Inc., UK) was used as received,
whereas distilled water was prepared using double
distillation (Fistreem-Cyclon, UK). PEO powder
was dissolved in distilled water into solution with
6.0 wt % concentration at the ambient temperature
and about 72 h were allowed for the complete disso-
lution during which the solution was placed on a
rotating magnetic mixer (Kika Labortechnik RCT
Basic Heater/Stirrer) for gentle mixing.

Electrospinning

Schematic representations of single-needle and
single-hole FSE experimental systems with vertical
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configuration are shown in Figure 1. In SNE, poly-
mer solution in a 20 mL glass syringe was pushed
through a flexible TeflonVR tube to the metal blunt
needle by a syringe pump (Model 100, KD Scientific,
UK). The needle was connected to the positive out-
put of the high voltage power supply (ES30P-20W,
Gamma High Voltage Research, USA). In the case of
FSE, a flat spinneret, comprising a cylindrical plastic
solid cap, with a flat end surface, on which one hole
was drilled and a metal body, was used to replace
the blunt needle in SNE. A grounded aluminum
plate was placed below the spinneret to collect
nanofibers.

Characterization

Fiber samples for characterization were prepared by
cutting a sample of the aluminum foil target and
adhering it to a specimen stub with carbon tape and

then sputter coating with gold for 2 min (Edwards
Sputter Coater S150B) before imaging to minimize
charging effect. Electrospun PEO fibers were
imaged using a Philips XL-30 SEM (Eindhoven, The
Netherlands) with a secondary electron detector at
an accelerating voltage of 5 kV. SEM images with
the magnifications of 2,500� and 20,000� were used
for morphology and size characterization, respec-
tively. From each image, at least 30 different points
were randomly selected and their diameters were
measured to generate an average value by using
NIH ImageJ software (Dr. Wayne Rasband, National
Institutes of Health, Bethesda, MD). Fiber diameters
were manually measured from three 20,000� images
using ImageJ’s line-drawing feature that reports line
length in pixels. Pixels were converted to standard
unit of length measurements using SEM image scale
bar.

RESULTS AND DISCUSSION

Operating diagrams

‘‘Operating diagrams’’ have been used in both elec-
trospraying and electrospinning processes to demon-
strate regions of different jet behaviors as a function
of applied electric field and flow rate.23–26 For a
given solution, the search for the operating diagrams
is of importance in determining the appropriate
processing variables of applied voltage, working
distance, and flow rate.
Procedurally, for the PEO/water solution, these

diagrams were measured by choosing a particular
flow rate and then cycling the applied voltage
between zero and the maximum voltage of 30 kV. In
SNE and FSE, PEO solution first began to accumu-
late as a droplet suspended on the spinneret exit. It
is worth mentioning that the droplet on the needle
tip had a larger curvature than that on the surface of
flat spinneret. The size of the droplet increased grad-
ually when the applied voltage was increased from
0 kV until a jet comprising straight and spiral seg-
ments was ejected from the apex of the droplet at a
voltage denoted by Vstart. When the applied voltage
was further increased to the voltage Vstraight, the
dual segment of jet started to transform to be a
straight jet at a high voltage. On lowering the volt-
age, the dual-segment jet was resumed and then
ceased at a voltage, Vstop. For both the SNE and FSE
processes, the working distance was set to 17.5 cm.
Because dripping was observed at flow rates higher
than 4.0 mL/h in SNE, the flow rate was varied
from 1.5 to 4.0 mL/h to determine the operating
diagrams.
The resultant operating diagrams for SNE and FSE

are shown in Figure 2. The three curves represent
possible extreme values of jet states in the

Figure 1 Apparatus diagrams of (a) SNE and (b) single-
hole FSE setups (not to scale). [Color figure can be viewed
in the online issue, which is available at www.interscience.
wiley.com.]
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electrospinning process. The values of Vstraight

decreased with the increasing flow rate in both SNE
and FSE processes. This might be explained by the
fact that the initial velocity of the jet under higher
flow rates was higher, which helped the jet follow a
straight path. During the operation of electrospin-
ning in the region above Vstraight curve, only straight
PEO jet was observed, which caused the deposition
and coalescence of solution instead of fiber webs.
For an electric-driven jet, the bending instability can
be suppressed when the tangential external electric
field instead of static charge density on the jet domi-
nates for a high conductivity fluid.27 However, for
SNE process in this region, at flow rates less than
1.0 mL/h, only dual-state jet, instead of straight jet
was observed with the increasing applied voltage
until 19.14 kV when the drop became smaller and
the source of the jet moved to the edge of the needle
exit. At high electric fields, the average rate at which
the solution was forced into the drop by the feed
system and the average rate at which the fluid was

carried away by the jet were not equal. The region
between the Vstraight and Vstop was where a dual-
segment jet was obtained. However, the flight path
of the dual-state jet formed by the applied voltage
between Vstart and Vstraight, was obviously longer
than that of the jet between Vstart and Vstop. There-
fore, stable operation of electrospinning in the region
between Vstart and Vstraight is preferred to produce
submicron diameter fibers. Within this region, the
length of the straight section of the jet increased
with the applied voltage, which was also reported in
SNE process with needle-plate configuration electric
field.20,28 The jet completely disappeared and drip-
ping was observed when the applied voltage
dropped to the region under the Vstop curve. As the
flow rate increased in both processes, the values of
both Vstart and Vstop mildly decreased and the reason
for this can also be understood in terms of jet initial
velocity. Moreover, an apparent hysteresis between
the onset (Vstart) and disruption (Vstop) of the jet was
observed, which coincides with the monotonic
results reported in other electrospinning processes of
PEO.23,29 It is also shown in Figure 2, that there are
large apparent differences between the values of
Vstart in the SNE and FSE processes while other pa-
rameters were maintained constant. This may be
partly explained by the fact that PEO solution
spread along the flat surface of the spinneret in FSE,
which reduced the curvature of the suspended drop-
let on the spinneret exit and thus higher Vstart was
required to initiate a jet from the apex of the drop-
let.30 On the other hand, it has been found that
higher voltages have to be applied to achieve a sta-
ble electrospinning process under the more uniform
electric fields.20

FEA simulation

To explain the differences between the SNE and
FSE processes, the electric fields were analyzed
using Ansoft MaxwellVR 2D SV software (ANSYS,
USA). Figure 3 shows the electric field and potential
distributions calculated by the ANSOFT software
based on finite element analysis (FEA). More uni-
form electric field was produced between the flat
spinneret and the collector in FSE than that in SNE,
as shown in Figure 3(a,b). The uniformity was fur-
ther confirmed by Figure 3(c), which indicates the
electric field strength along the working distance in
the SNE and FSE processes. There was a sharp
decrease in electric field strength in SNE but a grad-
ual decrease in FSE. It was reported that the electric
field with more uniform distribution can result in
the fibers with smaller diameters.20 Especially,
in the SNE process, the local electric field strength
in the vicinity of the spinneret [<16.5 mm below the

Figure 2 Operating diagrams for (a) FSE and (b) SNE.
(~) Vstraight; (^) Vstart; (n) Vstop. The region above Vstraight

line: straight jet; The region between Vstart and Vstraight

lines; straight and bending jet; The region between Vstop

and Vstart: straight and bending jet; The region below
Vstop: no jet. [Color figure can be viewed in the online
issue, which is available at www.interscience.wiley.com.]
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spinneret, as shown by the marker in Figure 3(c)]
was significantly higher than in the FSE process
under the same applied voltage and working

distance, which may further account for the lower
Vstart in SNE.

Comparison of nanofibers from FSE and SNE

A systematic comparison was made between FSE
and SNE nanofibers produced under the same
experimental conditions. As shown in Figure 2, the
overlap region of two operating diagrams was quite
narrow, where stable processes of FSE and SNE
were achieved. Various process variables after opti-
mization are listed in Table I. Figures 4 and 5 show
SEM images of PEO nanofibers produced by SNE
and FSE. In most cases, the distribution of PEO
fibers obtained from SNE was broader than that
from FSE, which may be caused by the less uniform
electric field distribution in FSE.

Effect of applied voltage

All nanofibers by FES at three different applied vol-
tages had smooth and uniform morphology without
bead defects present, as shown in Figure 4(a–c). Less
smooth morphology was observed in the case of
SNE nanofibers, especially at 16.14 kV, where there
were a few beaded fibers with large sizes [Fig. 5(c)].
Previous studies have shown that applied voltage in
SNE is strongly correlated with the formation of
bead defects in electrospun fibers because of its
effect on the shape of the originating droplet sus-
pended on the needle tip. For instance, Deitzel
et al.31 observed that the bead defect density on PEO
nanofibers increased with increasing applied voltage.
PEO fibers were still wet when they reached the col-
lector under at higher voltages in the SNE process,
as evidenced by the present fiber junctions and
merging in the nonwoven web [Fig. 5(b,c)]. This was
likely to be caused by the fact the values of applied
voltage approached the Vstraight at 2.0 mL/h, as
shown in Figure 2(b).
There was no apparent effect of increasing applied

voltage on the average fiber diameter in FSE, but a
monotonically increasing relationship in SNE. This
may reflect that FSE was not so sensitive to small

TABLE I
Experimental Parameters in SNE and FSE Processes

Polymer
Solution

Applied
voltage (kV)

Working
distance (cm)

Flow
rate (ml/h)

6.0 wt. % PEO 15.72 17.5 2.0
15.90 17.5 2.0
16.14 17.5 2.0
15.90 17.0 2.0
15.90 18.0 2.0
15.90 17.5 1.5
15.90 17.5 2.5

Figure 3 FEA simulations of (a) SNE and (b) FSE process;
(c) electric field strength distribution along the working
distance from the spinneret to the collector. [Color figure
can be viewed in the online issue, which is available at
www.interscience.wiley.com.]
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changes in applied voltage as SNE due to its more
uniform electric field distribution. The vast majority
of PEO fibers from both FSE and SNE had a average
diameter of about 200 nm, except those produced at
16.14 kV in SNE.

Effect of working distance

Working distance did not exhibit significant effect
on morphology of both FSE and SNE nanofibers. For
example, smooth PEO fibers with average diameters

Figure 4 SEM micrographs and size distributions of PEO nanofibers produced by FSE at various applied voltages:
(a) 15.72 kV, (b) 15.90 kV, and (c) 16.14 kV; working distances: (d) 17.0 cm and (e) 18.0 cm; flow rates (f) 1.5 mL/h and
(g) 2.5 mL/h. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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ranging from 180 to 210 nm were fabricated by FSE
using three different working distances [Fig.
4(b,d,e)]. SNE nanofibers also showed bead-free

structure, though these fibers deposited on the col-
lector in a wet state. The average fiber diameter was
found to initially increase with working distance,

Figure 5 SEM micrographs and size distributions of PEO nanofibers produced by SNE at various applied voltages: (a)
15.72 kV, (b) 15.90 kV, and (c) 16.14 kV; working distances: (d) 17.0 cm and (e) 18.0 cm; flow rates (f) 1.5 mL/h and (g)
2.5 mL/h. [Color figure can be viewed in the online issue, which is available at www.interscience.wiley.com.]
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and then decrease in FSE. The opposing effects of
working distance on average fiber diameter have
been reported.32 Increasing fiber diameter due to
higher working distance can be easily explained,
since electrostatic forces on the jet became weaker.
On the other hand, higher working distance may
enhance the jet flight distance and solvent evapora-
tion, which both favor the formation of thinner
fibers. In SNE, however, a monotonic increase in
average nanofiber average diameter with increasing
working distance. A significant fraction of PEO
fibers with large diameters were observed at the
working distance of 18.0 cm [Fig. 5(e)], which may
result from the reduced stretching of the jet under
the longer working distance.

Effect of flow rate

Among the various process parameters in SNE,
flow rate had the least important effect on the mor-
phological changes of nanofibers.33,34 In this study,
the morphology of PEO nanofibers also slightly
changed with the increase in flow rate from 1.5 to
2.5 mL/h. For example, merging was observed at
the points of contact among the SNE fibers pro-
duced at 2.5 mL/h, showing higher flow rate wors-
ened the wet state [Fig. 5(g)]. However, the smooth
bead-free nanofibers were produced by both FSE
[Fig. 4(b,f,g)] and SNE [Fig. 5(b,f,g)]. The average
diameters of electrospun PEO fibers in these two
cases were found to increase monotonically with
the increasing flow rate. The overall distribution of
fiber diameters created by SNE became broader. A
bimodal distribution of fiber diameters was
observed and centered at around 165 and 255 nm,
respectively [Fig. 5(g)]. A possible explanation for
the existence of a bimodal distribution was the

formation of lots of junctions due to fiber merging
resulting in fluid transfer among the nanofibers, as
shown in Figure 6.

CONCLUSIONS

We investigated the operating diagrams and the
effects of process variables on the resultant nanofib-
ers in the SNE and FSE processes. The differences
between those processes were observed and also
explained using FEA simulation of electric field. The
electric field was found to be more uniform in FSE
than in FSE and this could help scaling up of the
spinneret in FSE by using multiple holes to increase
the throughput of electrospun nanofibers. The uni-
formity of the electric field in FSE also led to more
uniform nanofibers being produced.
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