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Abstract: The multi-nozzle electrospinning is under extensive investigations because it is an easy way to enhance the
productivity and also feasible to produce special structure fibers such as core-shell fibers and to fabricate composite fibers of
those polymers that cannot form blend solution in common solvent. Control over the multi-nozzle electrospinning fibers
deposition has attracted increasing attentions. The most common method was to use the auxiliary electrode. However, the
concentrated effect of the works of control multi-nozzle electrospinning deposit was inconspicuous. To enhance the
controlling of multi-nozzle electrospinning deposition, a set-up based oppositely charged electrospinning was designed. In
this set-up the air flow was used to transport neutralized nanofibers. This electrospinning method was named oppositely
charged and air auxiliary electrospinning (OCAAES). The capacity of OCAAES in deposition area and pattern controlling
were investigated. By the OCAAES, concentrated and several patterned nanofibers deposition were fabricated. Results
showed that nanofiber deposition area and pattern of multi-nozzle electrospinning could be controlled actively, and nanofiber
deposition could be fabricated in a quick thickening rate.

Keywords: Multi-nozzle electrospinning, Nanofiber, Oppositely charged, Air flow, Concentrated

Introduction

Electrospinning is a straightforward process to produce

nanofibers with diameters ranging from around 3 nm to

2 μm through an electrically charged jet of polymer solution

or polymer melt. Nanofibers possess unique features such as

high porosity with interconnected porous structure and small

pore size, biocompatible, tunable surface functionalities

[1,2], therefore they find their applications in various fields

such as bio-scaffolds [3-5], filtrations [6-10], and separator

of lithium-ion batteries [11,12]. However, the widespread

industrial applications of this technique are primarily limited

by its low production rate about 0.01-1 g/h from a single jet

electrospinning process. In recent years, some methods such

as multi-nozzle electrospinning [13-18] and free surface

electrospinning [19-21] have been developed to increase the

production rate of the electrospun nanofibers. Although

most of the free surface electrospinning could fabricate

nanofiber at a relatively high production rate, the multi-

nozzle electrospinning is still under extensive investigation,

since it is not only an easy way to enhance the productivity

but also a simple technique to produce complex structure

fibers such as core-shell fibers and to fabricate composite

fibers of those polymers that cannot form blend solution in

common solvent [22]. One main disadvantage of the multi-

nozzle system, however, is the mutual repulsion from the

adjacent jets which increases the difficulty in nanofibers

collecting.

Control over the multi-nozzle electrospinning fibers

deposition has attracted increasing attentions. To control

multi-nozzle electrospinning deposition on a relatively small

and concentrated area, the most common method was to use

the auxiliary electrode. Kim et al. designed an electrospinning

process with a cylindrical auxiliary electrode to stabilize the

initially spun solution and control the spun jets deposition

area [14]. Yang et al. designed a novel system using a PVC

insulator tube to introduce an auxiliary electric field and

control the jet path [23,24]. Xie et al. [25] demonstrated a

multi-nozzle spinneret with auxiliary plate and confirmed a

higher convergence of the electric field to the spinning line

as compared with that of the process without the auxiliary

plate. Consequently, a more concentrated fiber mat was

collected with the use of the auxiliary plate. Zheng et al. [18]

designed a two-step spinneret to create larger and more

uniform electric field distribution such that the close

proximity nanofiber mat was fabricated.

However, the concentrated effect of the previous works of

control multi-nozzle electrospinning deposition was insignificant.

There is not yet an effective electrospinning setup to fabricate

continuous nanofibers mat of multi-nozzle electrospinning,

and the deposition area could not be controlled actively. To

obtain a better control on the multi-nozzle electrospinning,

other new methods were required. Oppositely charged

electrospinning (namely, conjugate electrospinning) is a

process that uses two opposite polarities of high electrical

voltage to form an electric field, and meanwhile uses airflow

or mechanical force to control the shape of collected

nanofibers. Till now there are already some studies on the

oppositely charged electrospinning. Some of nanofiber yarn,
*Corresponding author: sundh@xmu.edu.cn
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such as twisted PAN nanofiber yarns [26-28], [Fe3O4/

polyacrylonitrile (PAN)]//[Eu(BA)3phen/PAN] nanofiber yarn

[29], Fe3O4/PANI/PAN]//[Eu(BA)3phen/PAN nanofiber yarn

[30], PLLA/n-TCP nanofiber yarn [31], have been successfully

prepared by oppositely charged electrospinning. Those

nanofibers exhibit high tensile strength, adjustable functional

performance and good cell compatibility. In addition, some

of 3D-microstructured nanofiber network have been

successfully fabricated. Li et al. [32] developed an oppositely

charged set-up, and thereby a highly intertwined and 3D

isotropic network structure was made. Tong et al. [33]

developed a technique which involved simultaneously positive

voltage electrospinning and negative voltage electrospinning

to construct nanofiber scaffolds with a rapid increase in

thickness. Chang et al. [34] used oppositely charged jets to

make self-assembly 3D nanofiber networks. 

From the oppositely charged electrospinning studies

abovementioned, It can be found that the peculiarity of

conjugate electrospinning was due to that the nanofibers

produced from different nozzles could be bonded together,

and the charge was neutralized when they encountered each

other. Inspired by this, we propose that the oppositely charged

electrospinning present substantial potentials to control the

multi-nozzle electrospinning deposition. In this study, a set-

up based on the oppositely charged electrospinning was

designed, where the air flow was used to transport the

neutralized nanofibers. This electrospinning method was

named oppositely charged and air auxiliary electrospinning

(OCAAES). The concentrated effect of OCAAES was

shown first, and the deposition area and pattern controlling

of multi-nozzle OCAAES were studied.

Experimental

OCAAES Setup and Working Principle

Figure 1 illustrates the schematic diagram of OCAAES

setup, which includes two syringes, two high-voltage

sources (DW-P403-1AC, Tianjing Dongwen, China, one is

positive, the other is negative), two spinnerets (single nozzle

or four nozzles for each spinneret; stainless needle was used

as nozzle with an inner and outer diameter of 210 µm and

400 µm, respectively), a fiber transporter and a nonwoven

collector. The polymer solution was transferred from the

syringes to the spinnerets by a precision syringe pump

(Harvard11 Pico Plus, USA), which was not illustrated in

Figure 1. The two spinnerets were face-to-face placed, one

of which was connected to the positive high-voltage source,

and the other was connected to the negative high-voltage

source. The nanofiber transporter was made of PVC

(Polyvinyl chloride), and there were some holes in its wall to

allow the stainless needles to pass through. 

For the OCAAES, when the positive and negative high-

voltage sources were turned on, electric field was formed in

the space between the two spinnerets. The positively

charged jets and negatively charged jets were generated on

two spinnerets respectively. Driven by the electric field, the

two polarity charged jets moved to each other (due to

positive charge moving along electric field line direction and

negative charge moving against electric field line direction).

The two polarity charged jets were also stretched, and the

diameter of charged jets decreased rapidly and then two

polarity charged nanofibers was formed. The air flow blew

away the charged nanofibers from the high electric field area

near the needle to the low electric field space. Thus, the

nanofibers was then less influenced by the electric field

(namely the relative electric field decreased). As shown in

Figure 1 and Figure S1, polymer jets and nanofibers were

affected by both airflow and electric field. The air flow

provided horizontal power and electric field tended to

provide vertical direction power. The air flow pushed

nanofibers to the collector and the horizontal velocity of

nanofibers was equal to the velocity of air flow. Under the

Figure 1. Schematic diagram of the OCAAES.
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influence of electric field, nanofibers moved to the axis of

symmetry (as shown in Figure S1). The vertical velocity of

nanofibers was provided by the electric field. For different

nanofibers, the thicker nanofibers had smaller vertical

velocity than the finer nanofibers did. The diameter of

nanofibers was fluctuant during the electrospinning process.

Thus there were three main models for the oppositely

charged nanofibers to be touched each other (as shown in

Figure S1). When the diameter of the positively charged

nanofibers was equal to the diameter of the negatively

charged nanofibers, they would touch each other at the axis

of symmetry (Figure S1(a)). When the diameter of the

positively charged nanofiber was larger than the diameter of

negatively charged nanofibers, they would touch each other

at the place closer to the positive charge spinneret (Figure

S1(b)). When the diameter of the positively charged nanofibers

was smaller than the diameter of the negatively charged

nanofibers, they would touch each other at the place closer to

the negative charge spinneret (Figure S1(c)). The oppositely

charged nanofibers were neutralized after they touched each

other, and thereafter the electric field stopped driving them.

Ultimately most of the nanofibers were moving along with

the air flow, thereby nanofibers were deposited on different

places of the nonwoven collector consequently.

Material Preparation and Electrospinning Process

Both PI (polyimide) solution and PVA (polyvinyl alcohol)

solution were used in this study. PI and dimethylacetamide

(DMAc) mixture (with 20 wt.% PI) was purchased from

Hangzhou Surmount Science & Technology (Hangzhou,

China). A sufficient mixing by magnetic stirring was conducted

for 2 h before electrospinning. 

For the eight-nozzle OCAAES, a pair of four-nozzle

spinnerets were used. A PVC tube with a diameter of 10 cm

was used as the nanofiber transporter. The round shape,

square shape and triangle shape outlets were used to

fabricate the nanofiber mats in different shapes. The distance

between the two spinnerets was 9.6 cm, and the applied

voltage was ±10 kV. The air flow rate was modulated by an

air blower (HG-250B) and a speed-control switch, which

was measured by an anemograph (UT363). The polymer

solution was pumped by the precision syringe pump

(Harvard11 Pico Plus, USA, not shown in Figure 1) with a

flow rate of 400 μl/h, respectively. Besides, a nonwoven was

used as the collector. The collecting time of all the nanofiber

mats was fixed to 4 min.

For the two-nozzle OCAAES, a pair of single-nozzle

spinnerets were used. A PVC tube with a diameter of 4 cm

was used as the nanofiber transporter, and the outlet of the

transporter was 4 mm. The distance between the spinnerets

was 3.6 cm, and the diameter of the round outlet was 4 mm.

The solution flow rate of each spinnerets was 100 μl/h, the

air flow rate was 6 m
3/h, and the applied voltage was ±5 kV.

A nonwoven was used as the collector, the distance between

the collector and the outlet was 3 mm.

All experiments of this study were performed under

ambient conditions with a relative humidity of around 40 %

RH and a temperature of 25 oC.

Figure 2. (a) Optical image of the nanofiber mats produced by the conventional electrospinning of four-nozzle spinneret, (b-d) optical

images of the concentrated nanofiber mat fabricated by the eight-nozzle OCAAES with round outlets, the outlet diameters were 5.5 cm,

4 cm, 2.5 cm respectively. Note the red marked circles are the section of the round outlet. All the scale bars are 2 cm.
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Results and Discussion

To show the concentrated effect of OCAAES in controlling

the deposition area of multi-nozzle electrospinning, the

results of eight-nozzle OCAAES and four nozzles conventional

electrospinning were compared as shown in Figure 2. Due to

the repulsions from the neighbor jets by conventional

electrospinning, four independent nanofiber areas were

obtained, see Figure 2(a). The nanofibers mat fabricated by

eight-nozzle OCAAES with round outlets were shown in

Figure 2(b)-(d), they are continuous and concentrated rather

than randomly separated. The outlet diameters were 5.5 cm,

4 cm, 2.5 cm respectively, and the diameters of the nanofibers

mats were correspondingly around 7 cm, 5.5 cm, 4 cm,

respectively, as shown in Figure 2(b)-(d). It is obvious that

the areas of nanofibers mats decreased with the deceasing

diameters of transporter outlets. A few nanofibers were

founded in the external area of the red circles due to the air

flow flowed outwards after reaching the collector. According

to the previous studies of the multi-nozzle electrospinning

controlling [23-25], the electrospinning deposition area

could decrease only in a limited range, the electrospinning

deposition could not produce a continuous web in several

minutes. As a comparison, continuous nanofiber mats were

fabricated via multi-nozzle OCAAES immediately at the

beginning. In addition, the concentrated nanofiber mats

could be fabricated by decreasing the diameter of transporter

outlet. 

To show the morphological characteristics of OCAAES

nanofibers and conventional electrospinning nanofibers,

OCAAES of a pair of single nozzle spinnerets and conventional

electrospinning of single nozzle spinneret were used to

fabricate the nanofibers (the fabrication processes and

characterization process were presented in the supplementary

information). The microstructure of the nanofibers fabricated

by conventional electrospinning and OCAAES was shown

in Figure 3. It can be seen from Figure 3(a) and d some

spindle structures were found in the nanofibers. The

diameter of spindle structures was 1-4 μm, however, the

spindle structures were not taken into consideration when

calculating the diameter of the nanofibers. The average

diameter of conventional electrospinning nanofibers was

103.3 nm, while that for OCAAES ones was 147.4 nm. In

the OCAAES process, although the jets were additionally

stretched by airflow, the diameter of nanofibers produced

from OCAAES method was still larger than that of

conventional electrospinning. The electric field distribution

of conventional electrospinning and OCAAES was shown in

Figure S2. We found that the electric field intensity of

conventional electrospinning was higher and the electric

field was more uniform. It has been reported that even

electric field with a higher intensity could produce finer fiber

during electrospinning process [17,18]. Therefore the larger

diameter of OCAAES nanofibers may arise from the uneven

electric field with lower intensity.

The initial velocity of the electrospinning jet was

approximately 0.05-0.5 m/s [36,37]. The airflow in elec-

trospinning process provided an additional stretching force

on the jet. Especially, when the velocity of airflow was

larger than that of the initial charged jet. The relative

Figure 3. SEM images of the PI nanofibers fabricated by conventional electrospinning (a, b) and OCAAES (c, d) respectively.
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velocity between the airflow and charged jet was the primary

reason for the additional stretching force [37]. For OCAAES,

the airflow was perpendicular to the spinneret, thus a relative

velocity between the airflow and the initial jet was formed.

The stretching force of jet increased with the increasing

airflow speed. Figure 4 shows the microstructure of nanofibers

produced at different airflow rates. In the experiments, the

airflow rate of the outlet was measured. The airflow rates of

the outlet were 6.25 m/s, 12.5 m/s and 18.75 m/s, respectively.

The diameter of outlet and the PVC transporter were 4 cm

and 10 cm, so the airflow of the PVC transporter was 1/6.25

of that of the outlet. The airflow of the PVC transporter was

the airflow rate acting on the initial jets, which were then

determined as 1 m/s, 2 m/s and 3 m/s, respectively, in Figure

S4(a-c). The diameter of nanofibers was reversely proportional

to the increase in the airflow rate. As shown in Figure 4, with

the increasing airflow, the average diameters of nanofibers

were 170.2 nm, 147.4 nm and 114.5 nm, respectively. This is

because a higher airflow rate provided a stronger additional

stretching force acting on the jets, resulting in thinner

nanofibers. The effect of the airflow of the outlet on

nanofiber mat size was studied as well. The airflow rate of

the outlet were 6.25 m/s, 12.5 m/s and 18.75 m/s, respectively.

As shown in Figure S3, the diameter of nanofiber mat was

around 6.2 cm and almost did not change with the airflow.

By use of the eight-nozzle OCAAES, the patterned

nanofiber mat could be fabricated as well. As can be seen

from Figure 5, two patterned nanofiber mats were formed in

the shape of square and regular triangle, respectively. For

Figures 5(a) and (b) the distance between the collector and

the nanofibers transporter outlet was 3 cm. The square

nanofiber mat was obtained by using the square nanofibers

transporter outlet (the length of the side of the cross-section

of the outlet was 4 cm). The regular triangle nanofiber mat

was obtained by using the regular triangle nanofibers

transporter outlet (the length of the side of the cross-section

of the outlet was 5 cm). The areas of the patterned nanofibers

mats were larger than that of the cross-section of fibers

transporter outlet, which was because the air flow flowed

outwards after reaching the collector.

To fabricate superior patterned nanofibers mats, that all air

flow passed through the nonwoven collector was needed. As

a result, we fixed the nonwoven collector on the nanofibers

transporter outlet. Square outlet (the length of side was

4 cm) and regular triangle outlet (the length of side was

5 cm) were used to fabricate the patterned nanofiber mats.

The fabricated patterned nanofibers mats were shown in

Figures 5(c) and (d). It can be found that the patterns of the

mats duplicated the shapes of the transporter outlet.

Therefore, the multi-nozzle mat pattern can be controlled by

designing the outlet shape and changing the distance

between the outlet and the collector.

We have confirmed that concentrated and patterned

nanofiber mat could be fabricated by OCAAES. To further

demonstrate that concentrated nanofiber deposition could be

fabricated with a quicker thickening rate, a round nanofiber

transporter outlet with a diameter of 4 mm was used in the

two-nozzle OCAAES. Figures 6(a) and (b) show the static

Figure 4. SEM images of the PI nanofiber microstructure fabricated by OCAAES with different airflow rates acting on the initial jets;

(a) 1 m/s, (b) 2 m/s, and (c) 3 m/s.

Figure 5. Optical images of patterned nanofibers mats; (a) and (c)

nanofiber mats fabricated by a square outlet, (b) and (d) nanofiber

mats fabricated by a triangle outlet. Note the marked red circles

are the section of outlets.
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deposition results of OCAAES. Clearly the height of the

taper increased to 4 mm in only 10 minutes. The deposition

area was concentrated by OCAAES, and the base cycle

diameter of the nanofiber taper was around 10 mm. It is

known that 2D nanofiber mats were commonly made by the

conventional electrospinning. Considering that the nanofiber

mat area increases with time, it is thus difficult to fabricate

thick nanofiber deposition by the conventional electrospinning.

For example, Mi et al. [35] employed a conventional

electrospinning set-up which contained a rotating collector

to fabricate the nanofiber. It in fact took 18 hours to fabricate

an 1144.9 μm thick nanofiber scaffold. Therefore, compared

with the conventional electrospinning, OCAAES could

fabricate nanofiber deposition in a quicker thickening rate. 

Based on the concentrated effect of OCAAES, the

deposition pattern of multi-nozzle electrospinning could be

controlled actively. The two-nozzle OCAAES with round

transporter outlet with a diameter of 4 mm was used to

directly write nanofiber patterns. The movement of the

collector was controlled manually to write nanofiber patterns.

When the collector was moved along the trajectory ‘Hello,

electrospun’ with a speed about 7 mm/s using a circular

outlet, the same patterns (as shown in Figure 6(a)) almost

concurrently appeared on the nonwoven collector within

2 minutes. As an illustration, a Chinese famous sentence

from an ancient poem was also successfully fabricated in

6 minutes, see Figure 6(b). Therefore, by decreasing the

diameter of round transporter outlet to millimeters level, the

OCAAES set-up could play a role like a brush. The arbitrary

patterned nanofiber deposition could be fabricated accordingly,

therefore the pattern of nanofiber mat could be controlled

actively by the OCAAES.

Conclusion

To effectively control multi-nozzle electrospinning de-

position, an oppositely charged and air auxiliary electrospinning

(OCAAES) device was designed. Experimental results

indicated that the concentrated and patterned nanofiber

deposition was successfully fabricated by the OCAAES.

Based on the concentrated effect of OCAAES, the nanofiber

deposition area of multi-nozzle electrospinning could be

controlled actively, while the nanofiber deposition could be

fabricated in a quick thickening rate. The deposition patterns

of multi-nozzle electrospinning were controlled actively as

well (the OCAAES set-up could function as a brush, and

arbitrary patterned nanofiber deposition could be fabricated). It

can be concluded that the OCAAES is a simple yet powerful

method in controlling the multi-nozzle electrospinning

nanofiber deposition. In this study, we only present the

capability of OCAAES in controlling the multi-nozzle

electrospinning nanofiber deposition, but OCAAES also

holds excellent promises in controlling the free surface

electrospinning.
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