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Nanofibers were prepared in large quantities using a modified bubble-electro-
spinning, where the distribution of electric field played an important role, and its 
distribution was studied numerically using 3-D Maxwell equation and verified 
experimentally. The results showed the increase of electric field strength could 
decrease the nanofiber diameter and enhance the nanofiber production. 
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Introduction 

Electrospinning is a common method for preparing nanofiber membranes, which 
have a large specific surface area and very high porosity [1-10]. Its structure, size and mor-
phology can be controlled, resulting in the applications in many fields, e. g., nonwoven fab-
rics [11], reinforcing fibers [12], drug delivery systems [13], tissue engineering [14], filter 
materials [15], electrode materials [16], and so on.  

Conventional electrospinning used a single-needle spinning, which limited its wide 
range of practical applications due to its low production. Recently, many improvements to the 
electrospinning technology have been made to enhance its output. Ding et al. [17] presented a 
multi-needle electrospinning system. Theron et al. [18] used a thin-walled circular foam tube 
to achieve multi-jet electrospinning. He et al. [19] invented the bubble-electrospinning (BE) 
technology which used an air pump to generate bubbles on the solution surface to generate 
jets, and the BE has been applied as an efficient free surface electrospinning for mass fabrica-
tion of nanofibers [20-22]. Shao et al. [20] proposed a modified bubble-electrospinning 
(MBE) using a conical air nozzle combined with a copper solution reservoir to improve the 
production of high-quality polyacrylonitrile (PAN) nanofibers. Fang et al. [21] applied the 
MBE apparatus to obtain high-throughput SF nanofibers. Yu et al. [22] combined the MBE 
set-up with a high speed rotating copper wire drum as a collector to produce high-throughput 
aligned nanofibers.  

In this paper, PAN nanofibers have been prepared in large quantities using the MBE 
device presented in our previous work [20-22]. The schematic presentation of the MBE de-
vice is illustrated in fig. 1. In the MBE process, the distribution of electric field plays an im-
portant role [20]. The theoretical analyses and experimental researches were carried out to 
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study the mechanism of the MBE, and the distribution of electric field was simulated by using 
Maxwell 3-D software. By comparing with the experimental data, the rationality of theoretical 
analysis was indicated. The results showed the increase of electric field intensity could de-
crease the nanofibers diameter, improve the diameter distribution and enhance the nanofiber 
production. 

Theoretical analysis 

When the electric field force is generated by the applied voltage, which would make 
the copper pipe charged positively to exceed the surface tension of the solution, numerous jets 
would be produced from the solution surface [23]. Figure 2 showed the forces at the point a of 
the jet when one of the jets emerged from the solution surface in the MBE process.  

 
Figure 1. Schematic of the MBE apparatus 

 

 
Figure 2. The forces at the point a of the jet in the 
MBE process 

A centripetal force, resulting in the shrinking of the radius of whipping circle, was 
produced by the horizontal component of viscous force τsinα during the spinning process. We 
assumed the vertical component of viscous force τcosα contributes no work for the downward 
movement of the jet. Then the electric field force, FE, would provide the kinetic energy of the 
moving jet and the upward movement of the jet would be generated:  

 2av bv = +   (1) 

 E aF q E=  (2) 

where v is the velocity of the jet, a and b – the constants to be further determined theoretically 
or experimentally, qa – the signed magnitude of the point a charge, and E – the electric field 
intensity: 

 
U

E
d

=   (3) 

where U is the voltage applied by the high voltage power supply, and d – the distance from 
the solution surface to the collector. 

Substituting eq. (3) into eq. (1), then FE could be written in the following form: 
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In view of eq. (4), the upward movement of the jet would be accelerated with the in-
crease of the applied voltage, U, leading to an increase of the jet velocity. Therefore, the hori-
zontal component of the viscous force would also increase according to eq. (1), which would 
result in the stability conditions. The diameter of the jet decreased with the increase of the jet 
velocity according to the conservation of mass [24, 25], causing the decrease of the electro-
spun nanofiber diameter. That means the electrospun nanofiber diameter would decrease as 
the applied voltage increased. 

Simulation of electric field distribution  

The variational-based finite element method are widely used in numerical methods, 
however, the present problem is complex and we have difficulty in establishing a needed vari-
ational formulation by the semi-inverse method [26-28], so a software is adopted for this pur-
pose. In order to illustrate the aforementioned theoretical analysis results, the electric field 
distributions from the solution reservoir to the collector under the different applied voltages 
were simulated by Maxwell 3-D. The electric field simulations in the MBE process were car-
ried out using the following parameters: the copper reservoir as positive electrode was a cyl-
inder with a diameter of 40 mm and a height of 30 mm, the electric conductivity of copper 
was 5.8·106 simens/m, the working distance was 130 mm, the surface tension of PAN solution 
was 45 mN/m, the electric conductivity of the solution were 8.8 us/cm and the applied voltage 
varied from 30 kV to 70 kV. In addition, an electric field simulation of a conventional BE 
process at a voltage of 30 kV was performed and the solution reservoir made of polyethylene 
was a cylinder with the same size as that of the MBE. A conductive copper wire with a diame-
ter of 2 mm, as the positive electrode, was inserted in the middle of the polymer reservoir and 
the tip of the copper wire was 5 mm below solution surface. 

Figure 3 showed the simulation results of electric field distributions in the BE and 
MBE processes with different applied voltages. The figures on right were according to elec-
tric field distributions on the axial and radial directions of the reservoir top. In addition, the 
electric field strengths on the axial and radial directions of the reservoir top edge under the 
different applied voltages were indicated in fig. 4. 

It could be seen from fig. 3(a) that the electric field strength at the top edge of the 
copper reservoir was maximum and made the top edge to produce jets more easily. Firstly, 
The electric field strength along the radial direction increased, then decreased as the distance 
from the top edge increased and finally stabilized. Meanwhile, the electric field strength along 
the axial direction gradually decreased. Figure 3(b) showed only the vicinity of the copper 
wire had a very strong electric field strength, causing the lower applied voltage. The electric 
field strength decreased rapidly along the axial and radial directions as the distance from the 
copper wire increased, and the electric field strength was rapidly reduced to zero in the range 
of 20 mm. As it is known, the electric field force is the major force to produce jets and the so-
lution surface with higher electric field strength jets emerge more easily [20]. Therefore, the 
MBE could emerge more jets under a much higher applied voltage which would improve the 
production of nanofibers compared with the BE. And the solution surface near the top edge of 
the copper reservoir was most prone to generate many jets. As shown in fig. 4, the higher the 
applied voltage, the greater the electric field along the axial and radial directions. And the 
simulation results were in agreement with the previous theoretical analysis. 
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Figure 3. Simulations of the electric field distributions, (a) MBE with different applied voltage  
(a-1: 30 kV; a-2: 40 kV; a-3: 50 kV; a-4: 60 kV; a-5: 70 kV); (b) BE (30 kV),  
Inset: Local magnification; the right figures were the according to electric field intensities on the axial 
and radial directions of the reservoir top (for color image see journal web site) 
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Figure 4. The electric field strengths on the axial and radial directions of the reservoir top edge under 
the different applied voltages; (a) axial direction (b) radial direction 

Experimental verification 

The PVA with 1750° ±50° of polymerization was dissolved in deionized water to 
obtain PVA aqueous solution of 7 wt.% concentration. Then the solution was stirred at 60 °C 
for 4 hours in water until it became homogeneous. In the MBE process, the spinning parame-
ters were: the collecting distance from the solution surface to the collector was 130 mm and 
the applied voltage varied from 30 to 70 kV. The PVA solution was poured into the reservoir, 

then the gas valve was turned on slowly and multiple 
jets initiated at the solution surface after voltage was 
applied, see fig. 5. It could be observed that more jets 
emerged from the solution surface near the top edge of 
the copper reservoir and the phenomena were con-
sistent with the previous simulation results. 

The morphologies of PVA nanofibers produced 
by MBE and BE under the different applied voltages 
were shown respectively in fig. 6. The average diame-
ters and the production of PVA nanofibers obtained 
were illustrated in tab. 1. The SEM images of nano-
fibers obtained by MBE with different applied voltag-
es were indicated in fig. 6(a1-a5) and those of BE 
were illustrated in fig. 6(b). The results showed the 
average diameter of nanofibers prepared by MBE was 
smaller than that of BE at the same applied voltage (30 

kV) and the production of nanofibers obtained by MBE was higher than that of BE. In addi-
tion, as the applied voltage increased in MBE process, the average diameter of nanofibers de-
creased firstly and then increased and the production of nanofibers increased, as shown in tab. 
1. This was because too highly accelerated upward movement of the jet would not further 
stretch the jet into smaller fibers when the applied voltage was too high [20]. The experi-
mental data were in accordance with the simulation and theoretical analysis results and illus-
trated the average diameter of electrospun nanofibers decreased and the production of those 
increased as the applied voltage increased. 

 
Figure 5. Photograph of the MBE 
process [20] 
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Figure 6. The SEM images of PVA nanofibers, (a) MFSE with different applied voltage (a-1 30 kV, a-2 
40 kV, a-3 50 kV, a-4 60 kV, a-5 70 kV); (b) BE (30 kV) [20] 

Table 1. Average diameter and production of PVA nanofibers produced by MBE and BE, respectively, 
under the different applied voltages [20] 

Spinning method Applied voltage [kV] Average diameter [nm] Production [gh–1] 

MBE 30 136 ± 8.53 3.5 

MBE 40 151 ± 9.26 14.4 

MBE 50 132 ± 7.89 19.8 

MBE 60 108 ± 7.63 45 

MBE 70 142 ± 8.48 72 

BE 30 190 ± 8.26 3 

Conclusion 

In this paper, nanofibers have been fabricated in large quantities using a MBE with a 
copper solution reservoir. The mechanism of the MBE was studied by simulating the distribu-
tion of electric field using Maxwell 3-D and theoretical analysis which was verified by the 
experiment data. The experimental data were in accordance with the simulation and theoreti-
cal analysis results. The results showed the electric field distribution of the MBE was more 
uniform than that of the BE and the MBE could produce more jets under a much higher ap-
plied voltage which would improve the production of nanofibers. Meanwhile, more jets 
emerged from the solution surface near the top edge of the copper reservoir in the MBE pro-
cess. Therefore, the increase of the applied voltage could decrease the nanofiber diameter and 
enhance the nanofiber production in the MBE process.  
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