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Abstract Electrospinning is a simple but highly versatile
technology to produce nanofibers from solutions or melts
mostly of polymers using electrostatic forces. A primary
challenge facing electrospinning is its low productivity
mainly limited by flow rate. In this work, a custom-made
three-hole spinneret instead of conventional needles was
adopted to enhance the flow rate of electrospinning. Three-
jet formation, nanofiber deposition, nanofiber morphology
and size were characterized by digital camera and scanning
electron microscopy (SEM) as the effects of several gov-
erning parameters in electrospinning, including applied
voltage from 19.8 to 21.0 kV, working distance from 15.2
to 16.8 cm and flow rate from 6.0 to 9.0 mL/h. It was
found that three simultaneous stable jets were ejected from
the three-hole spinneret under suitable operating condi-
tions. Moreover, it was found that the fibers collected from
the jets from each hole deposited separately in circular
spots on a stationary collector. The resultant fibers mostly
have an average diameter of less than 300 nm. It has been
proved that simple holes on a flat surface can be used to
electrospin nanofibers. The three-hole spinneret produces
nanofibers at flow rates greater than that in single needle
electrospinning. Flow rate has the potential to be easily
scaled up by increasing the spinneret diameter and the
number of holes.
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Introduction

Electrospinning is a process capable of producing various
assemblies of continuous nanofibers with controlled mor-
phology and size from polymer solutions or melts in high
electric fields. In most published works devoted to inves-
tigate electrospinning, the authors have used experimental
lab-scale setups equipped with a syringe needle with a
fixed diameter of 0.3—1.0 mm [1]. The flow rate in single
needle electrospinning process is typically 1.0-5.0 mL/h
[2]. For most applications of nanofibers, such low flow rate
puts severe limits to the use of single needle electrospin-
ning unless a high number of needles are simultaneously
operated. Various approaches based on modifying spinne-
rets have been reported to enhance the flow rate in elec-
trospinning process in the last few years [3]. These
methods can be generally divided into two categories:
multi-needle and needleless electrospinning. A common
characteristic of multi-needle electrospinning is the
employment of needle-like shapes to anchor the electrified
conical menisci. Multi-needle electrospinning, however, is
subject to several disadvantages, such as complex design
and potential clogging. In the case of needleless electros-
pinning, multiple jets have been demonstrated to be ejected
from free surface of polymer solutions, instead of needles
[4]. Though this method eliminates the high possibility of
clogging, loose control of the multi-jet formation leads to
difficulties in obtaining nanofibers with desired morphol-
ogy and size. Recently, holes on flat metallic or plastic
surfaces were successfully used in electrospraying process
in steady cone-jet mode for fabrication of ultrafine particles
[5-7]. For example, it was observed that the stable cone-jet
is formed at the rim of the hole drilled on a hydrophobic
plate [6]. Our preceding work has revealed that smooth
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nanofibers can be produced by single hole flat spinneret
electrospinning (FSE) [8].

In the present study, a three-hole spinneret was made to
study the potential to increase the flow rate in electros-
pinning. Advantages of using holes instead of multi-needle
include ease of fabrication, simple design, low cost of
manufacturing and clogging probability. The jets formation
and deposition in the three-jet electrospinning process have
been investigated. The morphology and size of resultant
nanofibers produced under various process parameters
were presented.

Experimental
Materials

Polyethylene oxide (PEO), with an average viscosity
molecular weight (M,) of 9 x 10° (g/mol), was obtained
from Sigma-Aldrich, UK, and used as received, while
distilled water was prepared using double distillation
(Fistreem-Cyclon, UK). PEO powder was dissolved in
distilled water into solution with 6 wt% concentration at
ambient temperature and about 72 h were allowed for the
complete dissolution during which the solution was placed
on a rotating magnetic mixer (Kika Labortechnik RCT
Basic Heater/Stirrer) for gentle mixing.

Three-hole electrospinning setup

The schematics and the basic apparatus of three-hole
electrospinning process are shown in Fig. 1. The electros-
pinning apparatus consists of a flat spinneret connected to

Fig. 1 Schematic and the
apparatus of electrospinning
from three-hole on flat surface
for fabrication of nanofibers
(not to scale)

Pump and Syringe
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the positive electrode of a high voltage power supply
(ES30P-20W, Gamma High Voltage Research Inc.,
Ormond Beach, FL) that is capable of generating DC
voltages up to 30 kV, a pump system (KDS 100, kdSci-
entific) and a grounded aluminium plate.

The three-hole spinneret comprises a cylindrical cap,
with a flat end surface, on which three holes with 10 mm
spacing are drilled (Fig. 2). Polycarbonate was reported by
Tang et al. [9] to fabricate an emitter array for the gener-
ation of multiple electrosprays. Polycarbonate, therefore,
was chosen to build the cylindrical cap. The cylindrical cap
closes a hollow cylindrical metallic cavity, served as a
solution reservoir allowing a uniform flow to each hole. For
varying the hole number or array, only the cylindrical cap
needs to be changed. A metallic inlet behind the reservoir
provides solution feeding, but also electrical connection to

Fig. 2 Photograph of three-hole spinneret with linear array

3-hole

Spinneret
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Table 1 Experimental parameters

Experimental Process parameters

ne- Applied voltage Flow rate Working distance
kV) (mL/h) (cm)

1 19.8 7.5 16.0

2 20.4 7.5 16.0

3 21.0 7.5 16.0

4 20.4 6.0 16.0

5 20.4 9.0 16.0

6 20.4 75 15.2

7 20.4 7.5 16.8

the solution. In order to commence electrospinning, a
20 mL glass syringe was placed on the pump; the pump
was turned on to supply a continuous flow of solution and a
high voltage was applied. During electrospinning, PEO
solution passed through Teflon® tubing with two Kel-F®
hubs (18 gauge x 50 cm, Hamilton) to the spinneret fixed
on a wooden frame at adjustable distance of 5.0-30.0 cm
above the aluminium plain collector. In general, electros-
pinning was performed for around 18 min and PEO fibers
were collected on aluminium foil placed on the grounded
collector. Electrospinning trials were performed to deter-
mine the processing window of PEO-water solution with
6 wt% concentration. To evaluate the effects of process
parameters, seven groups of experimental designs within
the processing window were formulated in a way that
provides relatively stable three-jet process (Table 1). All
experiments were done under ambient conditions.

Characterization of nanofiber morphology and
deposition pattern

SEM images with the magnifications of 2500x and
10000 x, respectively, were used for the fibers from each
hole and at least 30 measurements were conducted from
each of the SEM images with 10000x magnification, so
that altogether 90 separate measurements were conducted
using NIH ImageJ software from each sample. Thus, totally
270 separate measurements for each group are used to
determine the fiber average diameter. The three-jet elec-
trospinning process and the deposition patters of nanofibers
were registered by a Sony DSC-TS digital camera.

Results and discussion

The multi-jet formation, the morphology and the diameter
of PEO nanofibers could be adjusted by controlling various
operating parameters including applied voltage, flow rate
and working distance in electrospinning process.

Multi-jet formation

In single needle electrospinning process, the jet formation
strongly depends on a dynamic balance of surface tension,
electrostatic, Coulombic, air drag, and gravitational forces
[10, 11]. It has been found in single needle electrospinning
process that the shape of the initiating droplet on the syr-
inge needle tip can be changed by applied voltage, flow
rate and solution viscosity [12, 13]. When the jet number is
increased in electrospinning, one more Coulombic repul-
sion force between jets is involved, which causes more
complex process.

Effects of applied voltage, working distance and flow
rate

For 6 wt% PEO-water, when applied voltage was lower
than 15.0 kV, no cone or jet was formed because the
electrostatic field strength is not strong enough to over-
come the surface tension. Then, applied voltage was
increased until a cone-jet was fully formed on each hole.
However, when applied voltage was higher than 21.9 kV, it
was also hard to obtain stable three-jet electrospinning
process. As a result, applied voltage in stable three-jet
electrospinning can only be varied from 15.0 to 21.9 kV.

It has been observed that the variation in applied voltage
significantly alters the shape of the initiating droplet. At the
applied voltages of 19.8, 20.4 and 21.0 kV, three conic
droplets remained suspended at the exit of the holes, and
three jets originated from the tip of three cones, respec-
tively. At a voltage of 19.8 kV, however, it was observed
that PEO solution dripping occurred to the pendant droplet
on a side hole. The solution dripping immediately deteri-
orated the three-jet process and also reduced the size of the
droplet, which affected the fiber morphology and size.
When PEO solution was again accumulating on the side
hole surface, the three-jet process appeared again. At
21.0 kV the volume of three droplets greatly decreased,
and the diameter of each droplet was still much larger than
the hole size. At 21.9 kV three jets appeared to be initiated
directly from the holes without externally visible droplets
and with a further increase in voltage, the jets disappeared.
Although three holes in an array all have the same poten-
tial, they may not experience the same electric field due to
end effects [6, 14—16]. Thus, the cones of the holes near the
edge of the array are deformed and asymmetric. Similarly,
an increase in distance (decrease in electric field strength)
increases the volume of the droplets. Decreasing droplet
volume due to the higher applied voltage or shorter
working distance can be easily explained since higher
electric field causes the jet velocity to increase and thus the
solution to be removed from the hole surface more quickly.
The droplets suspended at the surface of the spinneret were
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larger with a higher feeding rate when all other variables
(applied voltage, working distance) were held constant.
Increasing droplets can also be easily explained since the
rate of solution delivery to the holes needed to maintain the
conical shapes of the surface increases at higher flow rate.
However, higher flow rates can cause solution dripping,
which usually destroys the web structure.

Deposition of three jets

In the single jet electrospinning process, nanofibers are
usually deposited on a grounded plate collector as a rela-
tively uniform circular nonwoven web due to bending
instabilities. In multi-needle electrospinning process with
linear array, however, the nanofiber deposition on the
fabrics was found to be somewhat inconsistent, which was
caused by the repulsion of the jets [14, 17, 18]. This effect
was found to be reduced by the introduction of more jets,
for example, 2D matrices jet which leads to uniformity of
the produced non-woven mat [17].

In the current three-hole process, it was observed that
the mutually repulsing electrified jet underwent bending
instabilities characteristic of single-jet electrospinning,
which results in three circular but separated spots of
nanofibers, as shown in Fig. 3. The nanofiber webs

Fig. 3 SEM Images of a the
inner region and b outer region
of one deposition area in three-
jet electrospinning process
(from experimental No. 5 in
Table 1)

@ Springer

produced in each trial are visible as three white circles on
aluminium foil on the grounded collector. However, the
deposition areas of the two jets on the edge are apparently
larger than that of the central jet. It can be easily explained
by the fact that the envelope cone of the central jet along
the line on which the holes are located is squeezed [17].
Each deposited fiber web is obviously different in the outer
and inner regions. It was further revealed by SEM images
that the outer and inner regions are composed of PEO
nanofibers and PEO film, respectively (Fig. 3). The non-
fibrous region was formed by the PEO jets, which reached
the aluminium foil without being sufficiently stretched by
the electric field and/or insufficient solvent evaporation.
When working distance was increased to 16.8 cm, the ratio
of the fibrous region to the film region in three spots greatly
increased. Moreover, the stationary fiber collector may also
contribute the formation of the dual morphology on one
deposition [19].

Morphology and diameter

Effects of applied voltage

Applied voltage influences the jet initiation, flight and fiber
deposition, all of which are closely correlated with the size
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and morphology of the resultant nanofibers. Applied volt-
age, therefore, is often considered the most essential
parameter in electrospinning [20]. For PEO-water solution
of 6 wt%, at a flow rate of 7.5 mL/h and a working dis-
tance of 16.0 cm, the morphology of PEO nanofibers
obtained at applied voltages of 19.8, 20.4 and 21.0 kV are

Fig. 4 SEM micrographs and
size distributions of PEO
nanofibers produced at various
applied voltages: a 19.8 kV,
b 20.4 kV, and ¢ 21.0 kV;
working distances: d 15.2 cm
and e 16.8 cm; flow rates:

f 6.0 mL/h and g 9.0 mL/h

shown in Fig. 4a—c. The nanofibers produced under these
conditions have a cylindrical morphology with few bead
defects present. As discussed in the multi-jet formation, the
shape of the initiating droplet at the hole exit changes with
the applied voltage and the resulting fiber diameter sharply
changes accordingly. In this three-hole process, we
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Fig. 4 continued

obtained a monotonic dependence curve between the fiber
average diameter and the applied voltage. At fixed flow
rate and working distance, the average diameter decreases
by around 50% from 305.4 to 156.7 nm with the increasing
applied voltage. Decreasing fiber diameter due to the
higher voltage can be easily explained, since higher voltage
induces higher electrostatic forces on the jet, and higher
repulsive forces favour the formation of the thinner fibers.
The diameter distribution became narrower with the
increasing applied voltage if the bead defects were not
included for the calculation. Similar results have been
reported in previous single needle electrospinning [21-24].
Further image analysis revealed that PEO nanofibers
obtained at 20.4 and 21.0 kV have a unimodal size distri-
bution and, however, the fibers produced at 19.8 kV exhibit
a bimodal distribution. The primary and secondary fibers in
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the distribution have average diameters of about 275.0 and
425.0 nm, respectively. The secondary population of fibers
have diameters about 1.5 times that of the primary fibers and
make up about 30% of the total number of fibers. Such
bimodal distributions have been also reported previously in
many systems [13, 25, 26]. Two potential explanations have
been suggested for the formation of bimodal size distribu-
tions in the fibers obtained on the collector: (a) fiber jets
emerging from smaller satellite drops and (b) repeated
splaying of the fiber jets. It is conceivable that the explana-
tions provided above for the formation of secondary fibers
with lower diameter may still be applicable; however, the
formation of fibers with larger diameter has to be explained
by yet another mechanism. It is likely that the secondary
population observed in the distribution of the electrospun
PEO fibers is formed due to solution dripping [27].



J Mater Sci (2009) 44:5501-5508

5507

Effect of working distance

In single needle electrospinning, working distance is also
considered as a key factor that affects the diameter of the
resulting nanofibers and the relationship can be quantita-
tively described as a power law regression with slope from
—2 to —21 [28]. However, it was also reported that
working distance does not play a dominant influence on the
jet and fiber diameter during electrospinning when point-
to-plate electrode configuration was used [24]. In the
3-hole process, it was found that working distance is able to
influence the morphology and the diameter of the resultant
PEO fibers. Figure 4b, d—e shows SEM images of fibers
electrospun from PEO solution under three different
working distances. Beaded fibers were produced at work-
ing distance of 15.2 cm, where the remaining solvent in the
jets did not have enough time to evaporate when they
reached the collector. With further increase in working
distance, relatively large amount of smooth electrospun
fibers with larger diameters were collected. It was observed
that there is a rapid increase in fiber diameter with the
increase in collecting distance from 15.2 to 16.0 cm, fol-
lowed by a slight increase at 16.8 cm, where more smooth
fibers were produced. Increasing diameter due to higher
working distance can be easily explained, since higher
working distance leads to weaker electrostatic forces on the
jet and reduces stretching. The slight increase in fiber
diameter may be explained by solution dripping, which
occurred when the working distance was set to be 16.8 cm
or higher.

Effect of flow rate

Flow rate is one of the key parameters that determines the
final jet diameter during single jet electrospinning process
[29]. Theoretically, stable three-jet FSE process can be
accomplished by simultaneously adjusting applied voltage
and flow rate after the onset of electrospinning is achieved.
Practically, this is very difficult to control as a high flow
rate would result in excessive solution plummeting to the
collector, disrupting the delicate three-jet process, while a
low flow rate would cause the pendant droplet to shrink
quickly and terminate the three-jet process. Though no
investigation was reported on the influences of flow rate in
multi-jet electrospinning process, it was observed that flow
rate can influence the multi-jet electrospraying perfor-
mance like the onset applied voltage, spray current, jet
diameter and droplet size [30, 31]. For example, higher
flow rate leads to larger jet diameter and droplet size. It was
also pointed out that an appropriate flow rate selection
should be based on the sample availability and operating
conditions. At a fixed applied voltage and working dis-
tance, there exists a processing window for the flow rate to

form stable cone-jet electrospinning. In this study, the total
flow rate ranging from 6.0 to 9.0 mL/h (2.0-3.0 mL/h/
hole) was used to achieve stable electrospinning process,
when applied voltage and working distance were set
20.4 kV and 16.0 cm, respectively. The morphological
structure slightly changes with the solution flow rate as
shown in Fig. 4b, f—g. The average fiber diameter varies
from 123.1 to 239.7 nm and the diameter distribution
firstly increases then drop when flow rate is increased from
6.0 to 9.0 mL/h. It has been well demonstrated that fibers
with larger diameter and broader diameter distribution are
electrospun under higher flow rate in single jet electros-
pinning [12, 24, 32, 33]. This tendency is well understood
because there is more volume of solution available to
process under higher flow rate. Similarly, a lower flow rate
of 6.0 mL/h narrows the distribution of fiber diameters,
while a broad one is obtained at the flow rate of 7.5—
9.0 mL/h. However, there is a much more significant rise
of the average diameter when the flow rate changes from
6.0 to 7.5 mL/h, compared to the increase in the second
change. This is most likely to be caused by solution drip-
ping observed at the flow rate of 9.0 mL/h.

Conclusions

We have presented some experimental evidence to elec-
trospin nanofibers using a three-hole flat spinneret. These
results show that nanofibers can be produced at higher flow
rates than using single needle electrospinning. The design
and setup of three-hole apparatus is relatively simple
compared to the array of multi-needle electrospinning.
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