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An improved electrospinning is suggested by placing two positively charged rings 
between the needle and the parallel electrode collector to fabricate highly or-
dered nanofibers. The theoretical analysis and experimental study were per-
formed to investigate the mechanism of highly ordered jets in the spinning pro-
cess. The influence of the distance between two rings on the product’s properties 
was analyzed theoretically and verified experimentally. The results illustrated the 
addition of two rings with the optimal distance between them could further im-
prove the ordered degree of nanofibers. 

Key words: electrospinning, nanofiber, ordered degree, theoretical model, 
mechanical mechanism 

Introduction 

Electrospinning (ES) is a spinning method in which polymer solutions or melts are 

sprayed under the action of static electricity to obtain micro/nano scale fibers. The advantages 

of ES technology are that it is easy to prepare materials with large specific surface area, many 

types of polymer materials can be used, the fabricated fiber structure has high uniformity and 

the cost is low [1]. Therefore, it can be applied to many fields, such as tissue engineering [2], 

drug release [3], biomimetic materials [4], sensors [5], optoelectronic devices [6], and super-

hydrophilic or super-hydrophobic surfaces [7]. 

Most researchers obtained oriented nanofibers from an improved spinning apparatus 

[8-19]. There are two ways of improving the collection device to obtain ordered fibers. One is 

to use a rotating object as the grounded collector [13, 14], the other is the parallel electrode 

method (PEM) [15-19], which fabricates aligned nanofibers by using static and separated 

conductive electrodes. When the two collecting electrodes are placed in parallel, the fibers are 

subjected to electric forces during the falling process, they are straightened and deposited be-

tween the collecting electrodes, and finally they are carried between the two electrodes. How-

ever, with the increase of spinning time PEM will seriously reduce the alignment of electro-

spun nanofibers. Therefore, a modified PEM by placing a positively charged ring between the 

needle and the parallel electrodes was applied to improve the diameter distribution and the or-

dered degree of nanofibers, and the highest ordered degree of nanofibers could reach 72.7% 

[1]. A modified bubble-ES by placing a positively charged ring between the bubble and the 

parallel electrode collector was also presented to fabricate highly aligned nanofibers in quanti-
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ties [20]. In addition, it is very significant for understanding the movement of the jet and the 

formation mechanism of nanofibers in the ES process, resulting in the appearance of many re-

lated researches [21-23]. 

In this paper, an improved PEM (IPEM) by placing two positively charged rings be-

tween the needle and the parallel electrode collector was presented to further enhance the or-

dered degree of nanofibers. The schematic of 

the IPEM apparatus was represented in fig. 1, 

which consists of a syringe, a needle, a parallel 

electrode collector, a flow meter, two copper 

rings with the diameter of 24 cm and two varia-

ble DC high voltage generators. The needle tip 

is connected to the positive pole of the first 

generator, and the parallel electrode collector is 

connected to the negative pole of the same gen-

erator. The voltage provided by the generator is 

called the applied voltage. The positive termi-

nal of the second generator is respectively con-

nected to the two copper rings through two 

copper wires, and the voltage provided is called 

the ring voltage. The theoretical analyses and 

experimental researches were used to study the 

mechanical mechanism of highly ordered jets in 

the IPEM process. The influence of the distance 

between two rings on the electrospun nano-

fibers was analyzed theoretically, and was veri-

fied experimentally by measuring the diameter 

distribution and the ordered degree of nano-

fibers. The theoretical analyses were in good 

agreement with the experimental data. The re-

sults showed that the addition of two rings with 

the optimal distance between them could fur-

ther improve the ordered degree of nanofibers 

compared with the addition of one ring. 

Theoretical analysis 

When two positively charged rings were 

placed between the needle and the parallel elec-

trode collector, fig. 2, Coulomb forces were gen-

erated due to the current in the polymer jet [1]: 

 
2 2 2 2
1 2 3 4

, , ,a e b e c e d e
ae be ce de

kq q kq q kq q kq q
F F F F

d d d d
= = = =  (1) 

where k is the Coulomb's constant (k = 8.987552·109 Nm2/C2), qe – the signed magnitude of 

the point e charge, qa, qb, qc, and qd – the electric charges transferred through the ring over a 

time t, d1 – the distance between the charges qa and qe, d2 – the distance between the charges 

qb and qe, d3 – the distance between the charges qc and qe, and d4 – the distance between the 

charges qd and qe. The vector forms in these equations represented respectively the force Fae 

 

Figure 1. Schematic of the IPEM apparatus 

 

Figure 2. Application of two positively charged 

rings to the electrospinning 
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applied on qe by qa the force Fbe applied on qe by qb, the force Fce applied on qe by qc, and the 

force Fde applied on qe by qd. 

Analysis of the vertical components of forces 

Figure 3 shows the vertical components of forces at the point e in the IPEM process.  

 

Figure 3. Analysis of the vertical components of forces at the point e; (a) from the needle to the first 
ring,  (b) from the first ring to the second ring, and (c) from the second ring to the collector 

In fig. 3(a), the vertical resultant force F1 could be calculated in the following form: 

 1 1 2 3 4sin sin sin sin sin  E ae be ce deF F F F F F     = − − − − − =  

 1 2 3 42 2 2 2
1 2 3 4

sin sin sin sin sina e b e c e d e
E

kq q kq q kq q kq q
F

d d d d
     = − − − − −  (2) 

where FE is the electric field force and  – the viscous force. 

 E eF q E=  (3) 

 
2av bv = +  (4) 

where E is the electric field intensity, a and b – the constants to be further determined experi-

mentally or theoretically, and v – the velocity of the jet. 

 E
U

d
=  (5) 

 0
a b c d

U
q q q q t

R
= = = =  (6) 

where U is the voltage (or potential difference) between the needle and the collector, d – the 

distance from the needle to the collector, U0 – the applied ring voltage, and R – the electrical 

resistance of the ring. 

Putting eqs. (3)-(6) into eq. (2), F1 could be written: 

 2
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Suppose the vertical component of viscous force contributes no work for the down-

ward movement of the jet. Then F1 could be written: 

 0 31 2 4
1 2 2 2 2
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e

ktU sinsin sin sinU
F q

d R d d d d

    
= − + + +   

   

 (8) 

According to eq. (8), the vertical resultant force produced by the two rings: 

0 31 2 4

2 2 2 2
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R d d d d
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would hinder the downward movement of the charged jet. When 
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, that was F1  0, 

F1 would hinder the downward movement of the charged jet. When 
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, that was F1  0, 

the downward movement of the charged jet would be accelerated byF1, and the stability con-

dition was improved. When:  

0 31 2 4
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1 2 3 4
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d R d d d d
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F1 contributes no work for the moving jet. Therefore, well-aligned nanofibers would be ob-

tained by adjusting the applied ring voltages and the distance between the two rings in the 

IPEM process.  

In figs. 3(b) and 3(c), proceeding the same way as illustrated in fig. 3(a), the vertical 

resultant forces F2 and F3 could be also calculated, respectively: 
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In view of eq. (9) and fig. 3(b), it could be found the electric field forces provided 

respectively by the two rings, that are:  

0 0 31 2 4
1 22 2 2 2
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sinsin sin sin
, andr e r e
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substantially cancel each other out. Therefore, F2 is basically equal to the electric field force 

FE. It could be seen from eq. (10) and fig. 3(c) that the vertical resultant force Fr produced by 

the two rings would increase the kinetic energy of the moving jet, and the downward move-

ment of the jet would be accelerated by F3. 
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Analysis of the horizontal components of forces 

Figure 4 showed the horizontal components of forces at the point 𝑒 in the IPEM pro-

cess. As indicated in figs. 4(a)-(c), all of horizontal resultant forces F4 could be written as fol-

lows: 

 4 1 3 2 4cos cos cos cos cosae ce be deF F F F F     = + + − −  (11) 

 

Figure 4. Analysis of the horizontal components of forces at the point e; (a) from the needle to the first 

ring, (b) from the first ring to the second ring, and (c) from the second ring to the collector 

Substituting eqs. (1) and (4) into eq. (11), the resulting horizontal resultant force F4 

could be written in the following form: 
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The horizontal resultant force F4 produced a centripetal force, which would shrink 

the radius of whipping circle, leading to the less energy waste in the instability process and 

the increase of the kinetic energy of the moving jet [24]. Therefore, the stability condition of 

the jet and the ordered degree of nanofibers would be apparently improved. 

Experimental verification 

The aforementioned theoretical results would be verified by the experimental re-

search. Polyacrylonitrile (PAN) was dissolved in the N, N-dimethylformamide (DMF) with a 

concentration of 10 wt.% for preparing the spinning solution. All the experiments were per-

formed with the applied voltage of 18 kV, the flow rate of 0.1 mL/h, the collective distance 28 

cm, the applied ring voltage of 5 kV and the distance from the second ring to the parallel elec-

trode collector of 10 cm at room temperature of 25 ºC and relative humidity of 45%. In order 

to study the effect of the distance between the two rings on the ordered degree of nanofibers, 

the distance between the first ring and the second ring varied from 2 to 8 cm. 

The morphologies of nanofibers produced by IPEM with the different distances be-

tween the two rings were investigated respectively by SEM. The SEM micrographs and their 

corresponding diameter distributions of nanofibers obtained were shown in fig. 5. It could be 

seen that IPEM can easily produce highly aligned nanofibers with uniform diameter distribu-

tion. The average diameters of the nanofibers prepared using different distances between the 

two rings, such as 2 cm, 4 cm, 6 cm, and 8 cm, were 617 ± 19.05 nm, 475 ± 17.07 nm, 613 ± 

15.07 nm, and 642 ± 17.44 nm, respectively. The ordered degrees of the nanofibers obtained us-

ing different distances between the two rings were respectively 50%, 50%, 82%, and 54%. The 

results indicated that when the distance between the two rings was 6 cm the prepared nanofibers 

had the most uniform diameter distribution and the highest ordered degree.  
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Figure 5. The SEM images and diameter distributions of the obtained nanofibers with different 
distance between the two rings; (a) 2cm, (b) 4cm, (c) 6cm, and (d) 8cm 
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In view of figs. 2 and 3, when d, d3, and d4 is kept constant, as the distance between 

the two rings varies, d1 and d2 will change accordingly. According to fig. 3(a) and eq. (8), as 

the distance between the two rings increased, d1 and d2 increased, then Fr decreased, resulting 

in the increase of F1, which would accelerate the downward movement of the jet and enhance 

the ordered degree of nanofibers produced. However, when the distance between the two 

rings was too large, according to fig. 3(c) and eq. (10), F3 would decrease a lot, it would cause 

the decrease of the ordered degree of nanofibers. Therefore, there was an optimal distance be-

tween the two rings, which was 6 cm according to the experimental results. The theoretical 

analysis results were in good agreement with the experimental data, indicating that IPEM can 

be used to optimize and control the ordered degrees of electrospun nanofibers. 

Conclusion 

In this paper, an IPEM was successfully developed, which could produce highly 

aligned electrospun nanofibers by placing two positively charged rings between a needle and 

a parallel electrode collector. The theoretical analyses were performed to research the me-

chanical mechanism of highly ordered jets in the IPEM process. And the effect of the distance 

between the two rings on the product quality, such as diameter and ordered degree was ana-

lyzed theoretically, and was verified experimentally by measuring the diameter distribution 

and the ordered degree of nanofibers. The experimental data were in keeping with the theoret-

ical analysis results, and illustrated the IPEM could enhance the ordered degrees of electro-

spun nanofibers, and the addition of two rings with the optimal distance between them of 6 

cm could further improve the ordered degree of nanofibers compared with the addition of one 

ring, which could achieve a ordered degree of 82%. The IPEM method can be extended to 

other modifications of electrospinning [25-32]. 
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