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High throughput production of nanofibers by means of “Tip-less Electrospinning” (TLES) has been
demonstrated using a circular cylinder as the emitting electrode. Electrohydrodynamics instabilities
on a thin liquid film under high electrical field can generate artificial liquid jets for the TLES process.
Experimental results have shown that the yield of poly(ethylene oxide) nanofibers can be more than
260 times in weight as compared with a single-jet electrospinning process. Parameters affecting
the TLES process including applied voltage, polymer solution concentration, electrode-to-substrate
distance and the thickness of liquid films have been characterized. As such, TLES has potential for
high-throughput, massive production of electrospun nanofibers.
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1. INTRODUCTION

The superior characteristics of nanofibers such as high
surface area to volume ratio and specific properties (opti-
cal, mechanical, electrical and chemical) have led to sev-
eral promising applications, including filtration,1 scaffolds
for tissue engineering,2 wound dressing and protective
clothing,3 reinforced composite materials,4 and micro/nano
sensors and actuators.5 The ability to fabricate nanofibers
from a broad range of polymeric materials with controlla-
bility has greatly accelerated in recent years with advance-
ment in electrospinning processes, such as aligned arrays
and orderly patterns.6–9 However, high production speed
of electrospun nanofibers has been a key technology chal-
lenge. Previously, multiple-jet setup has been the main
approach to speed up the manufacturing processes. For
example, three different arrangements of multi-electrode
array (line-shape, elliptical and concentric mode) have
been studied and it was concluded that concentric electro-
spinning setup has provided the best efficiency and qual-
ity of electrospun nanofibers.10 The influence of different
applied voltages on electrodes has also been investigated.
It was found that fiber quality decreased under higher
applied bias voltages as the electric fields from individual
electrode interfered with each other.11 In another approach,
a cylindrical, shell-shape electrode was introduced with the
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setup of multiple electrodes to stabilize the electrospinning
process with better uniformity.12

In the tip-less electrospinning demonstrations, there have
been two recent reports. First, ferromagnetic fluid was used
under a magnetic field with the addition of an electrical
field. This setup generates steady vertical spikes and results
in upward jetting of nanofibers.13 Second, a porous tube
was used with random holes of 10–100 �m in diameters.
It was shown to generate numerous jets under high applied
voltages and suitable air pressure to supply liquid polymer
through the pores.14 Nanofibers were deposited on the inner
surface of a cylindrical collector that enclosed the porous
cylindrical tube.

This paper presents results in a tip-less electrospinning
setup using a circular cylindrical surface as the electrode.
In contrast to the previously published reports, there are
no needle arrays, no ferromagnetic liquid layer and no
porous tube in this setup. The mechanism is based on
electrohydrodynamics (EHD) induced fluctuations on top
of relatively smooth surface to create artificial liquid jets
for electrospinning. Furthermore, unlike conventional tip-
based electrospinning processes, the common problem of
clogging on the syringe tip is eliminated.

2. EXPERIMENTAL DETAILS

The setup of the high throughput tip-less electrospin-
ning consists of four components as illustrated in
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(d)

Fig. 1. (a) Schematic diagram of TLES. (b) Electric field simulation using ANSYS. The electrode distance, applied voltage and the diameter of the
cylinder are 15 cm, 50 kV and 3 cm respectively. (c) Experimental results showing multi-jets under applied voltage of 60 kV. The electrode-to-collector
distance is 15 cm and the diameter of the cylindrical electrode is 5 cm. (d) Close view showing a single jet and its base. Scale bar: 1 mm. (e)–(h) Photos
of nanofibers collected on the black fabric after 20, 40, 60 and 80 seconds of TLES.

Figure 1(a): a cylindrical-shape electrode, a scraper,
a ground collector and a high voltage supplier. Circular
cylinders made of either stainless steel or copper have
been successfully used as the tip-less electrode with dif-
ferent surface roughness of RA numbers (arithmetic aver-
age deviation from the center line of the surface) of 1.6
and 6.3, respectively. Cylinders with different diameters
(1–6 cm) and 12 cm in length have been tested. The
scraper is used to control the thickness of the deposited
polymer solution. A high voltage power supply with oper-
ating voltage ranging from 0 to 120 kV and resolution of
0.1 kV is used. The flat ground collector is made of copper
meshes and is covered with black woven cloth to collect
electrospun nanofibers which are emitting upwards against
the gravity force as illustrated.

Poly(ethylene oxide) (PEO) and water/ethanol mixture
have been used as the polymer solution in this preliminary
work. The typical concentration of PEO (Mv = 300,000)
solution used is from 12 wt% to 20 wt%. The solvent is
composed of 80 wt% deioned water and 20 wt% ethanol.
Ethanol is used to increase the evaporation rate in order to
facilitate solidification of nanofibers.15 The polymer solu-
tion is placed on the surface of the cylindrical cylinder to
form a 0.5 to 2 mm thick liquid layer by using the plastic
scraper.

In our experiments, it is found that flat-shape emitting
electrodes are much more difficult to initiate the elec-
trospinning process as compared with cylindrical-shape
electrodes. Computer simulation in Figure 1(b) shows
that under an applied bias voltage of 50 kV, electrode-
to-substrate distance of 15 cm and cylindrical electrode
diameter of 3 cm, the highest electrical field reaches
9�3×105 V ·m−1 at the top edge of the electrode. On the
other hand, the flat-shape electrode under the same con-
dition only generates an average electrical field at about
3�9×105 V ·m−1.

It is found that high polymer solution concentration
results in large diameters of nanofibers and similar phe-
nomena have been reported in conventional electrospin-
ning processes.16 Experimentally, several liquid jets are

(A)

(B)

Fig. 2. (A) AFM of photoresist 1805 pillars on silicon substrate. Initial
thickenss: 1.1 �m; electrode gap: 4 �m; (B) SEM of photoresist 1805 pil-
lars. Initial thickness: 432 nm; electrode gap: 1.1 �m. The applied voltage
and the ambient temperature are 160 V and 171� respectively.
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generated during the process as shown in Figure 1(c),
where the scale bar is 5 mm. The typical number of liquid
jets is about 3–4 per cm2 and the effective electrospin-
ning width in this case is about 3.3 cm (the cylinder is
3 cm in diameter). Therefore, the 12 cm-long cylindri-
cal electrode used in this work can generate one hundred
jets during the electrospinning process for high through-
put nanofiber production. Figure 1(d) is the close view
of a single jet. It is observed that the typical Taylor
cone shape is formed during the electrospinning process.17

Figure 1(e)–(h) shows experimental results of electrospun
fibers on a black cloth after collection time of 20, 40,
60 and 80 seconds, respectively. The samples are charac-
terized by LEO1530 Scanning Electron Microscope and
XL30 Environmental Scanning Electron Microscope.

3. RESULTS AND DISCUSSION

The mechanism of the TLES is attributed to electrohy-
drodynamic instabilities. This phenomenon is well char-
acterized for parallel-plate electrode setup under a high
electrical filed with no thermal gradient for thin polymer
liquid films.18�19 The primary reason for the formation of
pillars has been attributed to periodic fluctuation induced
by high electrical field on the free surface.20 Due to the

Fig. 3. Yield and diameter of nanofibers versus applied bias voltage. SEM photos of nanofibers on left, center and right are results from applied
voltages of 60, 70 and 80 kV respectively. Electrode-to-substrate distance, thickness of thin film, diameter of the cylindrical electrode and PEO
concentration are 15 cm, 0.5 mm, 3 cm and 15 wt%, respectively. Scale bar: 1 �m.

edge effect, the charges density at the crests of the con-
ical spikes is much higher than that of other areas, thus
liquid around the spikes moves to the crests and spikes
grow upwards gradually to reach the ground electrode to
become pillars, which bridge the anode and the ground
cathode. As shown in Figure 2, when the voltage of 160 V
was applied to 1.1 �m-thick and 432 nm-thick photoresist
1805 in the electrode gap of 4 �m and 1.1 �m respec-
tively, most of the spikes grew enough to form pillars and
protruded from 1805 free surface on silicon substrate with
top diameter about several microns to the ground cath-
ode. Similarly, if a high voltage is applied to the thin PEO
solution layer in TLES, perturbance is induced on the free
surface by interfacial charges. When the electric field is
enough, the electric force on the surface overcome the sur-
face tension, gravity and atmospheric pressure, perturbance
will be enlarged to become Taylor cone and jet will issue
quickly from the top of it to produce nanofibers instead of
pillars because the electrode-to-substrate distance is about
two order higher than the thickness of PEO solution.

It is very difficult to estimate the exact number of poly-
mer jets. We characterize the yield of electrospun nano-
fibers by measuring the weight the nanofibers deposited
on the collector. For example, for a 3 cm in diameter,
12 cm in length, cylindrical electrode with a setup of
electrode-to-substrate distance (the closest distance from
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the cylindrical electrode to the collector or “H” in Fig. 1(a))
at 15 cm, applied voltage at 70 kV, PEO film thickness of
0.5 mm, and polymer solution concentration at 15 wt%,
the nanofiber production rate is about 0.13 g ·cm−2 ·h−1 or
about 5.2 g ·h−1. This is about 260 times higher than that of
a traditional, single needle process at a rate of 0.02 g ·h−1.14

The production rate of nanofibers can be further increased
by increasing the applied voltage as shown in Figure 3.
As the applied voltage goes up from 60 to 80 kV, the pro-
duction rate increases from 0.11 to 0.15 g · cm−2 ·h−1. The
main reason is believed to be that higher voltage produced
stronger instability on the polymer solution and more jets
are emerged from the surface of the thin-liquid layer. At the
same time, average diameter of nanofiber decreases from
273 nm to 207 nm because more positive charges per unit
volume are stored in the liquid jets and stronger electric
field induces stronger electric forces to stretch the liquid
jets to produce slimmer nanofibers.

It is noted that the bases of liquid jets move randomly
during the process with a speed of 0�3∼ 1 mm ·s−1 in favor
of high electrical field areas. For example, artificial tips
(base diameter 3 mm and height of 5 mm) made of pre-
cision machining process on the surface of the cylindrical
electrode attract liquid jets. It is also observed that the base
size of the Taylor cone decreases during the electrospin-
ning process as the polymer film thickness decreases. For
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Fig. 4. Threshold voltage versus polymer film thickness. Two SEM
images on the top side are TLES results with 0.5 (left) and 2 mm (right)
in thickness polymer solutions, respectively. The reference experimental
conditions are film thickness of 1 mm, electrode-to-substrate distance of
15 cm and polymer solution of 15 wt%.
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Fig. 5. Experimental results showing threshold voltage versus polymer
solution concentrations. The reference experimental conditions are film
thickness of 1 mm, electrode-to-substrate distance of 15 cm and polymer
solution of 15 wt%.

example, one experiment shows that under initial polymer
film thickness of 1 mm, electrode-to-substrate distance of
15 cm, polymer solution of 15 wt%, and applied voltage of
70 kV, the base diameter of the Taylor cone changes from
1.2 to 0.3 mm at the end of the process of about three to
four minutes. If the film thickness is further reduced, no
Taylor cone or nanofibers can be generated. Studies on the
influence of the film thickness with respect to threshold
voltage are recorded in Figure 4. When the film thickness
increases from 0.5 to 2 mm, the threshold voltage to start
TLES reduces from 68 to 56.5 kV. This can be qualita-
tively explained that thin film with larger thickness is in
favor of producing larger Taylor cones to emit nanofibers.
The morphology of electrospun nanofibers are also exam-
ined using scanning electron microscope (SEM) as shown.
It is observed that higher voltage is preferred to produce
high quality nanofibers with less clogging effects.
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Fig. 6. Results of threshold voltage versus electrode-to-collector dis-
tance. The reference experimental conditions are film thickness of 1 mm,
electrode-to-substrate distance of 15 cm and polymer solution of 15 wt%.
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(D)
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(C)

(A)

Fig. 7. SEM of nanofibers on the different area of the collector: (A) Schematic diagram of a collector with size of 200× 400 mm2; (B), (C) and
(D) are SEM of nanofibers at corresponding areas marked in (A). The applied voltage, the electrode-to-collector distance and the diameter of copper
electrode are 70 kV, 150 mm and 30 mm respectively.

Several experiments have been conducted to characterize
TLES, including polymer concentration, electrode-to-
collector distance, threshold voltage and electrode diam-
eter. The base-line reference conditions include: film
thickness of 1 mm, electrode-to-substrate distance of
15 cm, and polymer solution of 15 wt%. Figure 5
shows results of different concentrations (12, 13.5, 15
and 18 wt%) with respect to the threshold voltage. It is
found that the applied voltage threshold increases when
PEO concentration increases as the viscosity of the solu-
tion increases. When the polymer solution concentration
is lower than 13.5 wt%, electrospun fibers don’t have uni-
form diameters while higher concentration leads to more
stable and uniform deposition of 100∼ 500 nm in diameter.
Furthermore, in order for nanofibers to solidify thoroughly
before touching the collector, it is found that the minimum
electrode-to-substrate distance is 10 cm when humidity and
temperature are 43% RH and 22� respectively. The effect
of the electrode-to-substrate distance on the voltage thresh-
old is studied by changing the distance from 10 to 20 cm
as shown in Figure 6. Because the electrical field is propor-
tional to that of the inverse of distance, the threshold volt-
age increases from 48 to 65 kV when the distance increases
from 10 to 20 cm. As the electrode-to-substrate distance
increases from 10 to 18 cm, the mean diameter of electro-
spun nanofibers decreases from 453 nm to 263 nm. When
electrode diameter is varied from 1 cm to 6 cm, because to
the same bias voltage the electric field intensity decreases
with the electrode diameter increasing, experiment results
indicate that the threshold voltage increases from about
25 kV to 61 kV. To the applied bias voltage of 70 kV, the

mean diameters of the collected nanofibers from cylindrical
electrode diameters of 1–6 cm are all about 200 nm.

In order to achieve more uniform deposition on the
collector, the effect of the size of the collector is also
investigated on collectors of different sizes of 60× 120,
120×120, 200× 200 and 200× 400 mm2. Experimental
results (under 70 kV applied voltage, electrode-to-collector
distance of 150 mm, copper electrode of 30 mm in diame-
ter and 12 cm in length, for a 3-min deposition) show that
majority of nanofibers are deposited around the edge of the
collector for collector size of 60× 120 mm2. Larger size
collectors result in more uniform distribution on the col-
lector surface. For example, Figure 7(A) is the schematic
view of a collector with size of 200×400 mm2. Nanofiber
deposition results at the left-center edge (marked as B
in the Fig. 7(A)), center area (marked as C in the Fig.
7(A)) and left-bottom edge (marked as D in Fig. 7(A))
are illustrated in Figures 7(B), (C) and (D), respectively.
It is found that the density of deposited nanofibers is rela-
tively uniform in these areas while slightly higher density
can be observed in the edge areas. The primary reason has
to do with the edge effects of the electrical field. As the
size of the electrode increases, the overall edge effects are
reduced.

4. CONCLUSIONS

TLES is a simple method to produce high throughput
electrospun nanofibers. Several benefits can be achieved
when compared with various multi-jets approach. First,
Coulombic interactions between different electrodes are
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not present as a single electrode is used. Second, there
is no need to control the polymer solution flow rate with
pumps as no needles are used. However, the current setup
requires cleaning of the polymer solution after each usage
and the deposition process stops when the polymer film
thickness is reduced to below the threshold value. Fur-
thermore, the film thickness changes during the process
and affects the uniformity of the size of nanofibers. One
possible solution is to rotate the cylindrical electrode with
continuous supply of polymer solution from a bottom
reservoir and use a fixed scraper to control the film thick-
ness continuously.
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