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Uniaxially aligned and cross-aligned arrays of ultrafine polymer fibers have been fabricated by a novel and effective centrifugal
electrospinning setupwith rotating polymer solution jets. Comparingwith conventional electrospinning (10–30 kV) and centrifugal
spinning (4,000–12,000 rpm), this technique only requires a lower working voltage (2.8–6.0 kV), a slower rotational speed (360–
540 rpm), and a shorter spinning distance (2.0–4.0 cm). In addition, the influences of experimental parameters such as working
voltage, rotational speed, collecting distance, and solution concentration on the alignment of the as-spun fibers are investigated
using image analysis techniques. It is found that the working voltage and rotational speed mainly influence the perpendicular and
linear velocities of the fibers, respectively. The polymer fibers tend to show higher alignment degree when these two velocities
are very close. Optimum conditions (working voltage 3.0 kV, rotational speed 420 rpm, collecting distance 2.5 cm, and solution
concentration 18 wt%) to maximize alignment degree (∼97%) of polystyrene fibers are also obtained.

1. Introduction

One-dimensional (1D) ultrafine structures have been exten-
sively reported in recent years as potential building blocks for
flexible electronics, (bio)chemical sensors, optoelectronics,
energy harvesting and storage materials [1–5]. For practi-
cal applications, it is necessary to large-scale assemble 1D
nanostructures on various rigid or flexible substrates. By
now, a variety of techniques, namely, assembly by pregrown
nanowires and assembly by direct growth, have been devel-
oped to achieve controlled and uniform assembly of nano-
wires, including flow-assisted alignment, Langmuir-Blodgett
assembly, bubble-blown technique, electric- or magnetic-
field-directed assembly, contact or roll printing, bridging
method, and electrospinning [5].

Comparingwith other fabrication and assemblymethods,
electrospinning is an efficient and highly versatile technique
which can be further developed for mass production of

uniform, ultrafine, and continuous fibers [6]. Ultrafine fibers
fabricated by conventional electrospinning are usually with-
out orientation as a piece of nonwoven film, which may limit
the potential applications of electrospun fibers, especially in
the fields of (opto)electronics, photonics and actuators which
need direct, fast charge transfer, or regular, uniform struc-
tures [5]. In the last decade, variousmodified electrospinning
techniques have been proposed or developed to fabricate
alignedfibers, including parallel pair electrodes collection [7–
9], rotating drumor disc collection [10, 11], frame collector [6,
12], step collector [13], auxiliary electric [14, 15] or magnetic
[16, 17] electrospinning, centrifugal electrospinning [18–
21], double spinning [22], and electroconductive template
collection [23]. Although the orientation of electrospun fibers
may be controlled to a certain extent by these methods, some
drawbacks still exist and should be removed for practical
application. For example, in the parallel pair electrodes
method, the aligned fibers are restricted by narrow area and
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limited length. In the rotating drum method, the degree of
fiber alignment is not so acceptable and decreases with the
increase of spinning time.

Among these methods, centrifugal electrospinning, a
new method reported in recent years, combines the advan-
tages of centrifugal spinning [24–26] and conventional elec-
trospinning effectively. Namely, centrifugal electrospinning
combines the centrifugal force and electrical force into the
process of spinning, and thus high alignment of the as-spun
fibers and higher production rate can be achieved at a lower
working voltage or slower rotating velocity. For instance,
several papers [18–21] have reported rotating method to
generate aligned electrospun fibers. In their electrospinning
apparatus, the rotating polymer solution container andnozzle
are located at the center of the collector, a hollow metallic
cylinder. The cylinder is not moving and the spun fibers will
pull towards it. Due to opposite charges between the nozzle
and the cylinder, the emerging jet from the nozzle tip rotates
onto the interior surface of the cylinder. It is found that the
alignment degree of electrospun fibers can reach 70.2%, but
the working voltage (10–22 kV [20, 21] and 25 kV [19]) and
rotational speed (1800 rpm [19] and 2385 and 6360 rpm [20])
are still very high.

In this paper, a new configuration of centrifugal electro-
spinning setup is proposed to decrease both the centrifugal
field and electrical field simultaneously. However, because
of lower working voltage and rotational speed, diameters
of as-spun fibers distribute in a wide range from several
hundred nanometers to a fewmicrons. So, fibers produced by
centrifugal electrospinning could be termed as ultrafine fibers
or microfibers. Beside highly aligned polymer fiber arrays,
crossed fluorescent fiber grids are also successfully assembled
by this setup.The results indicate that centrifugal electrospin-
ning can be used in large-scale integration of aligned ultrafine
fibers and devices.

2. Experimental

2.1. Materials. Polystyrene (PS, GR, Mw∼250,000, Acros
Organics) and polymethyl methacrylate (PMMA, GR, Mw∼
350,000, Sigma-Aldrich) were dissolved into tetrahydrofuran
(THF), and polyvinylpyrrolidone (PVP, AR, Mw∼1,300,000,
Aldrich) was dissolved into ethanol to prepare precursor
solutions. Fluorescein (AR, Mw = 332.31, Shanghai Medical
Chemicals Reagent), rhodamine B (AR, Mw = 479.01,
Heguang pure medical industry), and home-made Eu
(aspirin)

3
(Phen) [27] were used as dopant to improve the

fluorescence properties of the electrospun fibers. All the
materials were used as received without further treatment
and all the experimentswere performed at room temperature.

2.2. Centrifugal Electrospinning Setup. The used setup of
centrifugal electrospinning is based on the conventional elec-
trospinning and centrifugal spinning. As shown in Figure 1,
a syringe with a right-angle needle is fixed horizontally on a
circular platform termed “support disk,” which is attached to
a speed-adjustable motor through an insulated axis, and the
rotating radius of the needle is 16 cm (distance of the needle
tip to the shaft).The collector is a static annular aluminum foil

Revolving disc

Syringe 
needle

Annular 
collector

Spun solution

High voltage 
power supply

Speed control 
device

Figure 1: Schematic illustration of the centrifugal electrospinning
apparatus.

(inner diameter 20 cm and outer diameter 44 cm) and located
under the support disk. High voltage is applied between the
syringe needle and collector. Ultrafine fibers are collected on
glass slice, which is placed on the static annular collector.
The polymeric jet emanated from the top of Tailor Cone that
located at the tip of syringe needle under the action of electri-
cal force and centrifugal force. At first, the jet follows a path
that starts with a straight segment and the segment moves
towards the collector until the first bending instability devel-
ops, and then the jets are elongated by the repulsive force of
charges on the jets [28]. Ultrafine fibers are fabricated after
the jets solidify and fall onto the collector.

2.3. Characterizations. The microscale morphologies of
fibers were characterized by a scanning electron microscope
(SEM; JEOL JSM-6390). The optical images were obtained
by an optical microscope (Motic SMZ-168). The fluorescence
images of the as-spun fibers were taken by a Leica DM6000B
fluorescent microscope.

3. Result and Discussion

To maximize fibers alignment, the influences of various
experimental parameters such as working voltage, rotational
speed, collecting distance, and concentration of polymer
solution on morphology and alignment of the as-spun
microfibers were investigated. And thus highly aligned poly-
mer nanofiberswere fabricated by the centrifugal electrospin-
ning at the optimized processing variables.

3.1. Collecting Distance. In conventional electrospinning, the
collecting distance is about 10.0–20.0 cm, and the as-spun
microfibers usually display as the form of nonwovenlones.
According to Reneker’s theory [28], the onset of bending
instability inevitably makes the jets curve, and then after
several turns are formed, a new electrical bending instability
formed smaller coils on the previous larger coils. Many new
smaller bending coils will emerge until the jets are solidified
into nanofibers. When the collecting distance is within
5.0 cm, the bending of the jets occurred prior to the impinge-
ment onto the surface of collector [28, 29]. In our devise,
centrifugal force provides a horizontal velocity for the coiled
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Figure 2: (a) SEM images of aligned straight PS fibers electrospun at conditions of 3.0 kV, 420 rpm, and 2.5 cm. Inserted is a SEM image with
larger magnification. (b) Distributions of the degree of alignment (𝛾) defined by the difference between the angles of orientation (𝜃) of fibers
and the long axis.

jet, which draws the jet moving in horizontal direction, and
thus the deposited fibers become straight and aligned. If all
the fibers on the collector are considered to possess uniform
morphology, the collecting distance should be controlled
within the distance of the first bending coil. Since the straight
segment of the jets is about 1.0 cm [29], we propose that the
collecting distance should be less than 5.0 cm, for example,
between 2.0 and 4.0 cm. A shorter distance does not facilitate
solvent evaporation and jet solidification. However, a larger
distancemeans that a higher rotational speed is needed to pull
the jets straight and aligned.

Figure 2 shows the SEM images of highly aligned straight
polystyrene (PS) fibers (the concentrationwas 18wt%), which
were fabricated at the optimized conditions (the collecting
distancewas 2.5 cm).We found thatmore than 97.7%of the PS
fibers are within 𝜃 = 5∘, and all of the rest are still within 𝜃 =
10

∘, as shown in Figure 2(b). If we define 𝛾 as the percentage
of fibers with 𝜃 < 5∘, our new centrifugal electrospinning
setup can produce well-aligned fibers with 𝛾 = 97.7 ± 2.0%.
This value of alignment degree is much higher than that pro-
duced by other centrifugal spinning [24–26] and centrifugal
electrospinning [18–21] methods.

3.2. Working Voltage and Rotational Velocity
3.2.1. The Relationship between Applied Voltage and Rotation
Velocity. The working voltage is one of the main parameters
that influence the morphology of electrospun fibers [30].
The rotational velocity also influences the process where
jets solidify into fibers [26]. At the beginning, the straight
segment of the jet ismainly controlled by two forces: electrical
force and centrifugal force. The motion of the straight
segment in vertical direction can be depicted by (1). Herein,
𝑈 is the working voltage and V is the velocity of the jet in the
strong electrostatic field. In horizontal direction, microfibers
move at the constant velocity generated by the revolving
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Figure 3: Schematic diagram of the relationship of applied voltage
with velocity of polymer jet and rotational velocity.

needle, given by (2); here ]
⊥
is the tangential velocity of the

needle:

𝑒𝑈 =

1

2

𝑚V2, (1)

]
⊥
= 𝜔𝑟. (2)

Figure 3 describes the relationship between the velocity of
jet and applied voltage qualitatively. In practical experiments,
if the needle keeps static, the setup becomes conventional
electrospinning; disordered fibers will be collected. With the
increase of the rotational velocity, centrifugal force (rota-
tional velocity) of the jet increases and partly replaces the
electric force to overcome the surface tension, which leads to
the decrease of applied voltage. And the horizontal motion of
the needle can improve the fiber alignment.When the applied
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Figure 4: Optical microscope images of PVP fibers electrospun at conditions of 6.2 kV and 3.0 cm with rotational velocity of (a) 360 rpm,
(b) 420 rpm, and (c) 540 rpm.
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Figure 5: Optical microscope images of PVP fibers electrospun at conditions of 420 rpm and 3.0 cm with applied voltage of (a) 4.0 kV, (b)
6.0 kV, and (c) 8.0 kV.

voltage decreases to 0V and the rotational velocity increases
to thousands of rpm, the setup becomes centrifugal spinning.
And in this condition, it is difficult to produce highly aligned
microfibers with uniform morphology [26]. In fact, it has
been observed that polymer fibers tend to be aligned when
the perpendicular and linear velocities are very close or at the
same order of magnitude [31]. Thus, the optimum condition
for alignedmicrofibers with finemorphology is limited in the
black circle, as shown in Figure 3.

3.2.2. Rotational Velocity. When the syringe (needle-to-axis
rotating radius is 16 cm) has been fixed, different rotational
velocity reflects different centrifugal force. For example, rota-
tional velocity of centrifugal spinning is about thousands of
rpm [26]. In centrifugal electrospinning, due to the electronic
force partly taking the place of centrifugal force to get over
the surface tension, the rotational velocity need not be very
large. Experimental results indicate that the velocity from 300
to 600 rpm is large enough tomeet the request. Faster velocity
or slower velocity cannot facilitate the alignment degree of
fibers. In order to simplify the experiments, the velocity-
controlled device provides three velocities, which let the
disc revolve at three different rotational velocities (360, 420,
and 540 rpm, resp.). Figure 4 shows the optical microscope

images of PVP fibers with these three rotational velocities.
They were all fabricated at the conditions that applied voltage
was 6.2 kV and collecting distance was 3.0 cm. It can be seen
that 420 rpm is more suitable for the applied voltage (6.2 kV),
and at these conditions the polymer fibers fabricated are
relatively parallel, as shown in Figure 4(b). Slower rotational
velocity (360 rpm) cannot provide enough horizontal velocity
to pull the jet fully straight (Figure 4(a)).

3.2.3. Working Voltage. The above results exhibit that the
rotational velocity of 420 rpm can produce highly aligned
fiber arrays. So we adopt 420 rpm to study the influence
of working voltage. Figure 5 gives the optical microscope
images of PVP fibers with different applied voltages. When
the applied voltagewas at 6.0 kV (Figure 5(b)), we can achieve
the most aligned fibers compared with 4.0 (Figure 5(a)) and
8.0 kV (Figure 5(c)). At the same polymer concentration, the
alignment degree of PVP fibers firstly ascended and then
descended with the increase of the applied voltage. When
the applied voltage is low (Figure 5(a)), PVP fibers show
columnar structure.This is because low applied voltage offers
small electrical force so that the diameter of the coiled jets
cannot be elongated. The diameter of the jets is too thick to
solidify into microfibers. On the contrary, when applied
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Figure 6: Optical microscope images of PMMA fibers electrospun at conditions of 420 rpm and 2.0 cm with applied voltage of (a) 4.5 kV, (b)
6.0 kV, and (c) 7.0 kV.
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Figure 7: Optical microscope images of PMMA fibers electrospun at conditions of 4.5 kV, 420 rpm and 2.0 cm with PMMA/THF solution
concentration of (a) 8.0 wt%, (b) 10.0 wt%, (c) 13.0 wt%, and (d) 15.0 wt%, respectively.

voltage is too high, coiled jets are overelongated and the
diameters of the jetsmay decrease. At this time, a new stability
will cause smaller coils, which may lead to bended fibers
(Figure 5(c)) and even nonwoven fibers. Similar results can
be seen in the PMMA fibers fabricated at the applied voltage
of 4.5, 6.0, and 7.0 kV, respectively, as shown in Figure 6.

3.3. Polymer Concentration. The concentration of polymer
solution has a significant influence on the formation of
electrospun fibers. At low concentrations, solution surface
tension has the dominant influence on fiber morphology
and below a certain concentration drops or beads will form
instead of fibers. At high concentrations, electrospinning will
be prohibited by an inability to control and maintain the flow
of a polymer solution to the nozzle [32]. So, in order to obtain
electrospun fibers, the polymer solution should have an
appropriate concentration. Figure 7 shows the optical micro-
scope images of the electrospun PMMA fibers with various
concentrations of 8.0, 10.0, 13.0, and 15.0 wt%, respec-
tively. Some disordered fibers with beads (Figure 7(a)) were
observed at the low-concentration solution (8.0 wt%). With
the polymer concentration increasing to 13.0 wt%, aligned
PMMA fibers with uniformmorphology were obtained, and,
particularly, the alignment degree of fibers was subsequently
increased (Figure 7(c)) because the bending instability of the
polymer jet could be suppressed by increasing the polymer

concentration, and the jet travels in an approximate straight
path toward the collector [20]. This makes it possible to
collect highly aligned fibers on the collector. When the
polymer concentrationwas increased to 15.0wt%, the PMMA
fibers still displayed a good alignment.

As mentioned above, polymer solution with low concen-
tration or low molecular weight could lead to the formation
of microbeads or beaded fibers [33, 34]. In this work, both
PMMA and PVP nanofibers with beaded structures have
been observed when spinning low-concentration PMMA/
THF (8.0 wt%) and PVP/ethanol (8.0 wt%) solutions, as
shown in Figures 7(a) and 8(a). The PVP beaded fibers still
kept a certain degree of orientation (Figure 8(a)). In order
to observe the morphology of the beaded fibers clearly, we
doped fluorescent rhodamine B into the PS solution (the con-
centration of PS/THF solution was 15.0 wt%) for spinning.
Figures 8(b)-8(c) show the SEM and fluorescent microscope
images of rhodamine B/PS (1 : 50) beaded fibers electrospun
at conditions of 5.0 kV, 420 rpm, and 2.0 cm. We can see that
the micro-beads were aligned and uniformly dispersed in the
fibers. However, when the concentration of PS/THF solution
increased from 15.0 to 18.0 wt%, micro-beads disappeared;
only uniform and smooth fibers were observed, as shown in
Figures 8(d)-8(e).These results indicate that the morphology
and structure of electrospun fibers can be also controlled by
the polymer concentration.
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Figure 8: (a) Optical microscope image of PVP beaded fibers electrospun at conditions of 2.8 kV, 420 rpm, and 3.0 cm (the concentration
of PVP/ethanol was 8.0 wt%). (b) SEM and (c) fluorescent microscope images of rhodamine B/PS beaded fibers electrospun at conditions
of 5.0 kV, 420 rpm, and 2.0 cm (the concentration of PS/THF solution was 15.0 wt%). (d) Optical and (e) fluorescent microscope images of
rhodamin B/PS uniform microfibers (the concentration of PS/THF solution was 18.0 wt%).
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Figure 9: SEM images of cross-aligned PS fiber arrays with angle of 90∘ fabricated by centrifugal electrospinning: (a) 1 × 1, (b) 2 × 2, and (c)
1 × 3.

3.4. Assembly of Crossed Polymer Fibers. Cross-aligned semi-
conducting fibers have potential applications in electronic
and optoelectronic devices such as logic gates, computational
circuits [35–37], multicolor light-emitting diodes [36, 38],
and solar cells [39, 40]. In this work, besides highly aligned
fibers in a large area, crossed polymer fiber arrays have also

been assembled by our new centrifugal electrospinning setup.
Figure 9 shows the crossed two-layer nanofibers arrays with
the angle of 90∘ collected by a two-step spinning (rotating
substrate after the collection of the first layer and then
spinning again). The crossed angle is adjustable according to
the rotation of glass substrate with the first layer of aligned
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Figure 10: ((a) and (c)) Optical and ((b) and (d)) fluorescent microscope images of rhodamin B/PS (b) and fluorescein/PS (d) cross-
aligned fiber arrays. (e) Optical and ((f) and (g)) fluorescent microscope images of a two-layer fiber array composed of rhodamin B/PS
and fluorescein/PS fibers.

fibers. When the axis of aligned fibers is perpendicular
to the moving direction of the needle, crossed nanofibers
with the angle of 90∘ are achieved. Furthermore, fluorescent
fiber arrays with crossed structure were assembled when
we doped different fluorescent materials (e.g., rhodamin B
(Figures 10(a)-10(b)) and fluorescein (Figures 10(c)-10(d)))
into the spun solutions. Their optical and fluorescent micro-
scope images are clearly shown in Figures 10(a)–10(d), respec-
tively. Particularly, a two-layer array of PS fibers doped with
rhodamin B and fluorescein, separately, were also fabricated
by the two-step spinning (Figures 10(e)–10(g)).This structure
may have potential application in electrical, optical, or biolog-
ical devices.

4. Conclusions

In summary, a novel centrifugal electrospinning technique
has been proposed. This technique combines the advantages
of centrifugal spinning and electrospinning and only requires
a lower working voltage (2.8–6.0 kV), a slower rotational
speed (360–540 rpm), and a shorter spinning distance (2.0–
4.0 cm). Through optimizing the experimental parameters
such as working voltage, rotational speed, collecting distance,
and solution concentration, highly aligned arrays of ultrafine
polymer fibers in a large area have been obtained. It is found
that more than 97.7% of the polymer fibers are within 𝜃 = 5∘,
and all the rest of them are still within 𝜃 = 10∘. Beside aligned
straight fibers, cross-aligned arrays of ultrafine polymer fibers
have also been successfully assembled. These results indicate

that centrifugal electrospinning is an efficient method to
assemble aligned ultrafine fibers which can be used in elec-
tronic and optoelectronic devices.
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