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ABSTRACT

Needleless electrospinning is expected to produce nanofibers with a large

productivity. In this study, a sprocket wheel disk was used as spinneret to

electrospin nanofibers. The sprocket disk shows reliable electrospinning pro-

cess. In comparison with the conventional disk spinneret, which has no sprocket

on the edge, the sprocket wheel produced more uniform nanofibers with smaller

fiber diameter. The electric field analysis results indicated that the sprocket

wheel generates higher intensity of electric field.

Introduction

Electrospinning has become one of the most effective

ways to prepare nanofibers [1, 2]. Electrospun nano-

fibers membranes have controllable fiber diameter,

large surface area-to-volume ratio, high porosity, and

excellent air/liquid permeability, which open up

huge potential for countless applications [3–6]. The

unique amalgamation of these properties has enabled

the nanofiber membranes to be applied in diverse

areas such as tissue engineering [7, 8], drug release

[9–11], energy generation and storage [12–15], filtra-

tion [16] chemical engineering, and composite rein-

forcement [17, 18].

Electrospinning setup conventionally comprises a

needle-like fiber generator, a high-voltage power

supplier and a collecting electrode [19]. Each needle

nozzle normally generates one Taylor cone, and thus

has a low fiber productivity, around 0.1–1.0 g h-1. To

improve the production rate of nanofibers, a straight

forward way is to increase the number of needles

[20]. However, there are a number of shortcomings

associated with multi-needle electrospinning, such as

electric field interruption of neighbor needles, regular

cleaning required to avoid clogging, and large space

required for installation [21, 22].

Needleless electrospinning has been proved as an

efficient solution to improve the nanofiber produc-

tivity. Researchers have reported various needleless

electrospinning approaches. A key point in needle-

less electrospinning is to increase the number of

polymer Taylor cones in limited solution surface. To

increase the number of Taylor cones, mechanisms of

different types like bubble electrospinning [23] and

magnetic field needleless electrospinning [24] were

designed. Their uses enhanced the fiber production

significantly but also brought some problems, e.g.,

complicated electrospinning system, irregular
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deposition of fibers on collector and wide diameter

distribution of resulting fibers at the same time.

Rotating spinnerets of different geometries like

roller [25, 26], metal disk [27], cone [28], and wire

electrode [29] were designed and used to produce

nanofibers. In 2009, Niu et al. [30] reported a com-

parison between a cylinder and disk nozzles. They

indicated that the main driving force in electrospin-

ning is the intensity of electric field which determines

the fiber formation, productivity, and morphology.

They also reported that the electric field got more

concentrated on the edges of the cylinder than the

center surface of the cylinder. This comparison

opened a door to shape the geometry of the spin-

neret. Researchers reported different designs of

spinnerets that have a maximum number of edge-like

stepped pyramid stage [31, 32], spiral coil [33, 34],

plate edge [35], and helix slice spinneret [36]. Liu

et al. [37] reported a needle-disk spinneret for gen-

eration of multiple jets. Jani et al. [38] reported the

use of rotating twisted wire as spinneret to produce

nanofibers. These spinnerets have problems with

heterogeneous distribution of fiber morphology.

Spinneret geometry plays a vital role in fiber forma-

tion, fiber morphology, and production rate. Despite

the fact that disk has been used as needleless elec-

trospinning fiber generator, it has a very low electric

field intensity and poor fiber morphology.

In this study, sprocket wheel was used as a spin-

neret for electrospinning of nanofibers. The impact of

applied voltage, solution concentration, and spinning

distance on the morphology of fibers was studied and

discussed in details. The sprocket wheel was com-

pared with the disk spinneret in terms of electric

field, fibers morphology, and productivity. The elec-

tric field intensity around the sprocket wheel is about

50 times higher as compared to the disk.

Experimental

Materials

Polyvinyl alcohol (PVA) was purchased from Dae-

jung chemicals & metals Co. Ltd and used as

received. Solutions of different concentrations were

made by dissolving PVA powder in water at 70 �C
with continuous stirring for 24 h. Deionized water

was used as solvent to prepare the solution.

Fabrication of nanofibers

Figure 1a shows the schematic diagram of needleless

electrospinning setup. It contains a spinning spin-

neret (sprocket wheel or disk) as fiber generator,

Gamma high-voltage DC power supply, Teflon bath

to carry the polymer solution, and metal cylinder as a

collector. The dimension of sprocket wheel spinneret

is as outer diameter = 60 mm inside diame-

ter = 50 mm, Pitch = 13.10 mm and thickness 5 mm.

A 12v DC motor was used to rotate the spinneret. The

high potential of 64 kV was applied to the electro-

spinning solution through inserting a metal electrode

connecting the high-voltage output of power supply.

Figure 1 a, b Schematic design of needleless electrospinning

setup and diagram of sprocket wheel spinneret, c, d shows the

photographs of the sprocket wheel spinning process and SEM

image of resulted nanofibers, and e–g shows the diagram,

photographs of disk spinning process and SEM image of resulted

nanofibers.
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The cylinder collector was grounded and covered

with aluminum sheet to collect the produced nano-

fibers at the distance of 13 cm from tip of spinneret.

Characterizations

The fiber morphology was investigated by using

scanning electron microscope (JCM-60000Plus NeoS-

cope Benchtop SEM). Image analysis software Image-

Pro 6.5 was used to measure the diameters of fibers

based on SEM images. SEM samples were chose from

different positions of nanofiber membrane, and more

than 100 fibers were counted to calculate the average

fiber diameter. Electric field simulation was done on

the commercial software COMSOL Multiphysics 5.0.

The dimensions of the disk spinneret were kept the

same as the sprocket wheel spinneret had such as

(Diameter = 60 mm and thickness = 5 mm). 3D-

shapes of spinnerets were drawn in Solidworks

software and then imported into COMSOL Multi-

physics 5.0. Photographs and video of the spinning

process were recorded by using the digital camera

Nikon 5100. The production of nanofibers was cal-

culated by continuously electrospinning for 10 min

and then weighting the collected nanofiber mem-

branes with a laboratory weighting balance. All the

experiments were conducted at the standard atmo-

spheric conditions, temperature 25 ± 5 �C, and

humidity 65 ± 5%.

Results and discussion

Electrospinning and electric field analysis

During electrospinning, a small part of sprocket

wheel approximately 25 mm in depth was immersed

in PVA solution contained by a Teflon bath. The

sprocket wheel was rotated 12 V DC motor supply

with a constant speed of 5 rpm. Due to the constant

rotation, all the teeth on the sprocket wheel had

chances to be immersed into the PVA solution and

then brought it up to the top position of sprocket

wheel. When the applied voltage was high enough,

the electric force overcame the surface tension and

generated solution jets from the edges of the teeth as

shown in Fig. 1c. The solution jet flew to the collector

under the influence of electric field accompanied by

the solvent evaporation, as a result dry PVA nanofi-

bers were obtained by the collector. Figure 1d shows

the high-magnification scan electron microscope

image of the resulted nanofibers. The formation of

interconnections among these nanofibers was due to

the large amount production of solution jets and

incomplete evaporation of water from solution jets.

When these partially dried PVA solution jets were

collected and overlapped over each other, the inter-

connected structure formed.

For comparison, a disk spinneret was also used to

produce PVA nanofibers, and the electrospinning

process and SEM of resulted PVA nanofibers are

shown in Fig. 1f, g, respectively. It was worthwhile

to note that the disk spinneret produced coarser PVA

nanofibers with larger fiber diameter distribution.

For the better understanding of the sprocket wheel

electrospinning process, the electric field intensity of

sprocket wheel and disk spinnerets were calculated

and compared by finite element method. Figure 2

shows the electric field intensity profile sprocket

wheel and disk spinnerets. Although both spinnerets

were in a disk-like shape, there was big differences

between their electric field intensity profiles. When

the spinning distance and applied voltage were kept

at 13 cm and 64 kV, respectively, high electric field

distributed at the disk edge and remained constant

round the disk circumferential direction. For com-

parison, high electric field only distributed at the

teeth of sprocket wheel, with higher intensity

7049 kV/m than that (4693 kV/m) on the disk edge.

The calculations of electric field intensity were based

on the equation E = -rV, (where E is electric field

intensity and V is potential); electric field intensity is

equal to the negative of the gradient of the potential.

Therefore, a geometric shape with large curvature is

able to generate high-intensity electric field at the

same applied potential. The sprocket spinneret has

more protruded teeth (larger curvature) in compar-

ison with a disk spinneret, which enables the

sprocket to generate higher intensity electric field

than the disk. This could enable sprocket wheel to

start eject solution jets at relative lower voltage than

disk spinneret and produce finer nanofibers with

narrower fiber diameter distribution. This spinneret

has higher possibility to be applied for the industrial-

scale production of nanofibers.

Jet generation in needleless electrospinning process

is a self-initiated process; therefore, the electrospin-

ning parameters, the applied voltage, solution con-

centration, and spinning distance play crucial roles

on the electrospinning process, fiber morphology,

J Mater Sci (2017) 52:7567–7577 7569



and fiber productivity. In the following sections, the

influences of these parameters in sprocket wheel

electrospinning will be investigated.

Effect of applied voltage

For the sprocket wheel spinneret, no jet was formed

when the applied voltage was lowered than the

38 kV. When the applied voltage was above such a

critical voltage, jets started appearing from the edges

of the teeth of sprocket wheel, whereas the critical

applied voltage to start the jets from the disk spin-

neret was about 47 kV. Increasing the voltage to

50 kV led to more jets generated from the both

spinnerets. To examine the effect of applied voltage

on fiber morphology, the applied voltage was

increased from 50 to 71 kV, while the spinning dis-

tance and solution concentration were fixed at 13 cm

and 8 wt%, respectively. Figure 3 shows SEM images

of the nanofibers obtained from both the sprocket

wheel and disk spinnerets. The sprocket wheel pro-

duced finer nanofibers than disk spinneret.

With an increase in the applied voltage, a sig-

nificant decrease in the average fiber diameter

resulted for both spinnerets (Fig. 4a). As applied

voltage was increased from 50 to 71 kV, the aver-

age fiber diameter decreased from 426 ± 89 to

285 ± 49 nm for sprocket wheel and it decreased

from 495 ± 138 to 385.6 ± 110.2 nm for disk.

Higher voltage can provide stronger driving forces,

facilitate jet formation, promote solution jet elon-

gation and reduce fiber diameter and standard

deviation. At the same applied voltage, the average

fiber of nanofibers produced by sprocket wheel was

much smaller than that of disk, and with narrower

fiber diameter distribution. This is because the

intensity of electric field is much higher on the

teeth’s of sprocket wheel as compared to disk

spinneret.

The productivity of nanofibers produced from

both the spinnerets at different applied voltage is

shown in Fig. 4b, and they both increased with the

rising applied voltage. However, the productivity of

sprocket was smaller than the disk spin-

neret although its electric field intensity was much

higher as compare to that on the disk spinneret.

This is because both spinnerets can produced

nanofibers from their circumferences when the

Figure 2 Electric field

intensity profiles of a sprocket

wheel and b disk spinneret

(spinning distance = 13 cm

and applied voltage = 64 kV).
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applied voltage was 50 kV, while the disk spinneret

utilized all its edge to produced nanofibers sprocket

wheel only generated nanofibers on its teeth. The

smaller fiber generation area made sprocket wheel

produce less than nanofibers than the disk

spinneret.

Figure 3 SEM images of

electrospun nanofibers by

sprocket wheel and disk

spinnerets at different applied

voltages (spinning

distance = 13 cm and solution

concentration = 8 wt%).
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Effect of polymer concentration

Figure 5 shows the SEM images of nanofibers

obtained from different concentration solution by

both spinnerets. By increasing the solution concen-

tration from 7 to 10 wt%, while fixing the spinning

distance and applied voltage at 13 cm and 64 kV,

respectively, a significant increase in fiber diameter

resulted.

Figure 6a shows the effect of polymer concentra-

tion on fiber diameter. For 7 wt% polymer solution,

fibers produced by sprocket wheel had a diameter in

the range of 164–529 nm. For the fibers produced

from disk spinneret, the diameter was coarser, in the

range of 321–769 nm. When the concentration was

increased to 8 wt%, the diameter changed to

195–722 nm for the sprocket wheel spun fibers and

345–855 nm for the disk spun ones. The increase in

the PVA concentration led to stronger cohesive forces

between the molecules of the solution and thus pre-

venting the formation of solution jets and fiber

drawing and hence resulted in increased fiber

diameter. As increasing the solution concentration

from 7 to 10 wt%, the average fiber diameter

increased from 311 ± 51 nm to 465 ± 135 nm for

sprocket wheel and from 463 ± 7 nm to

530 ± 150 nm for disk spinneret. With the increase in

solution concentration, the produced nanofibers also

showed wider fiber diameter distribution. Because of

the high-intensity electric field generated by the

sprocket wheel, it always produced finer PVA

nanofibers with narrower fiber diameter distribution

in comparison with disk spinneret.

Figure 6b shows the impact of solution concentra-

tion on the productivity of nanofibers obtained from

both the spinnerets. With the increase in the solution

concentration from 7 to 10 wt%, the fiber

productivity of sprocket wheel and disk spinnerets

increased from 2.09 to 4.45 g h-1 and from 2.75 to

5.24 g h-1, respectively. This increase in productivity

is due to the growing solid PVA content in the higher

concentration solutions, which produced solution jets

with more PVA macromolecules inside, as a result

the obtained nanofibers had larger fiber diameter

with improved fiber yield.

Effect of spinning distance

The impact of spinning distance on the morphology

of nanofibers was also examined by changing the

spinning distance between 11 and 15 cm, with fixed

applied voltage at 64 kV and polymer solution con-

centration at 8 wt%. Figure 7 shows the SEM images

of nanofibers obtained from different spinning dis-

tances. Increasing the spinning distance had slight

influence on reducing the fiber diameter. As shown

in Fig. 8a, when the spinning distance was 11 cm the

average fiber diameter was 403 ± 78 nm for sprocket

wheel and 497 ± 137 nm for disk spinneret. With the

increase in the spinning distance to 13 cm, the

diameter fall down and further increasing the spin-

ning distance to 15 cm leads the average fiber diam-

eter to 356 ± 86 nm for sprocket wheel and

429 ± 114 nm for disk spinneret. The increase in the

spinning distance led to the decrease in electric field

intensity, but it facilitated the jet to be stretched more

and hence resulting in slight decrease in the fiber

diameter.

Figure 8b shows the impact of spinning distance

on the productivity of nanofibers obtained from both

the spinnerets. It was found that with the increase in

the spinning distance resulted in reduced fiber pro-

ductivity for both the spinnerets. With the increase in

the spinning distance from 11 to 15 cm, the

Figure 4 Effect of the applied

voltage on a average fiber

diameter and b productivity of

nanofibers obtained from

sprocket wheel and disk

spinnerets (Spinning

distance = 13 cm and solution

concentration = 8 wt%).
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Figure 5 SEM images of electrospun nanofibers from sprocket when and disk spinneret with different PVA concentrations (spinning

distance = 13 cm and applied voltage = 64 kV).
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Figure 7 SEM Photos of

electrospun nanofibers from

sprocket wheel and disk

spinneret at different spinning

distances. (PVA

concentration = 8 wt% and

applied voltage = 64 kV).

Figure 6 Effect of polymer

concentration on a average

fiber diameter and

b productivity of nanofibers

from sprocket wheel and disk

spinneret (Applied

voltage = 64 kV and spinning

distance = 13 cm).
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productivity of fibers decreased from 2.52 to

2.1 g h-1 for sprocket wheel and from 3.89 to

3.54 g h-1 for disk spinneret. This decrease in pro-

duction is due to the decrease in electric field inten-

sity on the spinneret that leads to less jet generation

from the spinneret and secondly due to the formation

of finer fibers due to extra stretching. Sprocket wheel

also produced finer nanofibers with lower fiber pro-

ductivity. Although this sprocket wheel had smaller

fiber yield, we believed that it can be improved in the

future work by optimizing the area ratio between

teeth and sag of sprocket wheel by improving the

area of teeth to increase the electrospinning area.

Conclusion

We have proved that sprocket wheel spinneret can be

used as a spinneret to electrospin polymer solution

into nanofibers. This spinneret was compared with

the disk spinneret in terms of critical voltage for

electrospinning, electric field intensity, produced

nanofiber diameter, and fiber productivity. Higher

electric filed intensity is formed on the teeth of

sprocket wheel that that on the edge of disk spin-

neret. The generated high-intensity electric field by

the sprocket wheel spinneret enables it to start elec-

trospinning at a relative low applied voltage, produce

much finer nanofibers than the disk spinneret. This

novel generator may be useful for the production of

nanofibers on industrial scales.
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