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Abstract: Cylindrical-electrode-assisted solution blow-
ing spinning (CSBS) is a novel method for preparing 
polymer nanofibers by using air-stretch and electro-
static simultaneously, which can fabricate thinner and 
more uniform nanofibers than the traditional solution 
blowing spinning (SBS). In this work, the effects of pro-
cessing parameters including length of cylinder (LC), 
needle to cylinder distance (NCD) and left face of cylinder 
to collector distance (CCD) on the CSBS nanofiber diame-
ter were investigated. The results are as follows: when 
the NCD decreased, the fiber diameter decreased; when 
the LC increased, the fiber diameter decreased; the CCD 
didn’t significantly affect the fiber diameter. Moreover, 
an orthogonal experimental design was utilized to 
investigate the effect of injection rate, air pressure, NCD, 
LC, diameter of cylinder (DC), voltage and CCD on the 
fiber diameter and porosity of various surface layers of 
nanofiber web (P1, P2, and P3). The results showed that 
the varied range of each properties (average diameter, 
standard deviation of the diameter, P1, P2, and P3) was 
539.121-904.149  nm, 127.903-303.253, 71.464-85.1415%, 
60.32725-75.46625%, 48.23925-70.08875%, respectively. 
We also found the order of the influence of the above-
mentioned seven process parameters on each above 
properties of the nanofiber web, and the corresponding 
optimal spinning process parameters were listed. It is 
well known that the fiber diameter affects the mecha-
nical properties of nanofibers, and porosity of nano-
fiber webs is an important parameter in tissue engi-
neering, bioengineering, and filtration. The effects of 
CSBS process parameters on nanofiber morphology and 
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Abstract: Let F denote a �eld and let V denote a vector space over Fwith �nite positive dimension. Consider
a pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair. We consider the self-dual case in which
there exists an automorphismof the endomorphismalgebra ofV that swapsA andA∗. Such anautomorphism
is unique, and called the duality A ↔ A∗. In the present paper we give a comprehensive description of this
duality. Inparticular,wedisplay an invertibleF-linearmap T onV such that themap X �→ TXT−1 is theduality
A ↔ A∗. We express T as a polynomial in A and A∗. We describe how T acts on 4 �ags, 12 decompositions,
and 24 bases for V.
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1 Introduction
Let F denote a �eld and let V denote a vector space over F with �nite positive dimension. We consider a
pair A, A∗ of diagonalizable F-linear maps on V, each of which acts on an eigenbasis for the other one in an
irreducible tridiagonal fashion. Such a pair is called a Leonard pair (see [13, De�nition 1.1]). The Leonard pair
A, A∗ is said to be self-dual whenever there exists an automorphism of the endomorphism algebra of V that
swaps A and A∗. In this case such an automorphism is unique, and called the duality A ↔ A∗.

The literature containsmany examples of self-dual Leonardpairs. For instance (i) the Leonardpair associ-
atedwith an irreduciblemodule for the Terwilliger algebra of the hypercube (see [4, Corollaries 6.8, 8.5]); (ii) a
Leonard pair of Krawtchouk type (see [10, De�nition 6.1]); (iii) the Leonard pair associatedwith an irreducible
module for the Terwilliger algebra of a distance-regular graph that has a spin model in the Bose-Mesner alge-
bra (see [1, Theorem], [3, Theorems 4.1, 5.5]); (iv) an appropriately normalized totally bipartite Leonard pair
(see [11, Lemma 14.8]); (v) the Leonard pair consisting of any two of a modular Leonard triple A, B, C (see [2,
De�nition 1.4]); (vi) the Leonard pair consisting of a pair of opposite generators for the q-tetrahedron alge-
bra, acting on an evaluationmodule (see [5, Proposition 9.2]). The example (i) is a special case of (ii), and the
examples (iii), (iv) are special cases of (v).

Let A, A∗ denote a Leonard pair on V. We can determine whether A, A∗ is self-dual in the following way.
By [13, Lemma 1.3] each eigenspace of A, A∗ has dimension one. Let {θi}di=0 denote an ordering of the eigen-
values of A. For 0 ≤ i ≤ d let vi denote a θi-eigenvector for A. The ordering {θi}di=0 is said to be standard
whenever A∗ acts on the basis {vi}di=0 in an irreducible tridiagonal fashion. If the ordering {θi}di=0 is standard
then the ordering {θd−i}di=0 is also standard, and no further ordering is standard. Similar comments apply to
A∗. Let {θi}di=0 denote a standard ordering of the eigenvalues of A. Then A, A∗ is self-dual if and only if {θi}di=0
is a standard ordering of the eigenvalues of A∗ (see [7, Proposition 8.7]).
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microstructure were investigated for the first time. The 
conclusion of the paper can help researchers to produce 
high quality CSBS nanofiber and promote the wider 
application of this novel technology. 

Keywords: cylindrical-electrode-assisted solution blowing 
spinning; parameters study; polymer nanofiber; electro-
static induction; morphology

1  Introduction
Solution blowing spinning (1) (SBS) has attracted wide 
interest over the past ten years due to its versatility 
and high productivity. The throughput of SBS can be 10 
times larger than electrospinning’s (1-3). SBS uses high 
pressure air as the stretching force of fiber formation. The 
nanofibers prepared by SBS have been used in biomedical 
applications (4-6), filtration applications (7,8), energy 
applications (9-14). However, the nanofibers fabricated by 
the SBS have some inevitable defects, such as more slag 
balls, larger fiber diameter and bad continuity (15,16).

In our previous research, a novel spinning method 
called cylindrical-electrode-assisted solution blowing 
spinning (CSBS) was invented. The CSBS technique 
prepares nanofibers by using electrostatic forces and air-
stretch simultaneously. The structures of nanofiber mats 
fabricated by the CSBS were similar to SBS ones. However, 
compared with SBS fibers, the CSBS fiber’s diameter 
standard deviation (SD) decreased by 21% and the fiber 
mean diameter decreased by 6.17%. The thinner and 
more uniform fibers made the CSBS fiber web more fits 
for filtration and other uses compared with the solution 
blowing spinning one (17). CSBS has different spinning 
mechanisms from traditional electrospinning. In the 
electrospinning system, the jet is connected to a power 
source, and the jet is directly charged by the power source 
(18-20). But, in the CSBS system, the jet is charged due to 
the action of electrostatic induction.
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However, the previous literature only describes the 
apparatus of the CSBS and the advantages of this spinning 
method, but lacks the study of the process parameters of 
the CSBS. The questions that need further study are as 
follows: Which process parameters are adjustable, how 
these process parameters will affect the properties of the 
nanofibers, and how much the various parameters affect 
nanofiber performance? Solving the above problems is 
more conducive to the application of the technology in 
various related fields.

In this study, we have systematically researched the 
effects of main process parameters, including LC, NCD 
and CCD on the nanofiber diameter of CSBS PEO fibers. 
Furthermore, an orthogonal test was designed to research 
the effects of more process parameters (injection rate, 
air pressure, NCD, LC, DC, voltage and CCD) on the fiber 
diameter and porosity of various layers of nanofiber 
web. The first systematic study of these parameters can 
help researchers better understand and utilize the CSBS 
technology and promote the application of this new 
technology in various fields.

2  Experimental

2.1  Materials

Polyethylene oxide (PEO) with an average Mw of 106, 
was purchased from Shanghai Liansheng Chemical Co., 
Ltd (China). The PEO solution (viscosity≈23,800mPa.S) 
was prepared by dissolving PEO powder in the distilled 
water to prepare the solution at 7 wt% concentration. 
The mixture was stirred by using a magnetic stirrer at 
room temperature for 24 h. Then the mixture was left to 
rest for 10 h.

2.2  Equipment and process

The schematic of CSBS setup was illustrated in Figure 1. It 
consists of (A) high pressure air compressor, (B) custom-
made die, (C) injection pump, (D) hypodermic syringe,  
(E) needle, (F) custom-made hollow metal cylinder, (G) 
high voltage power, and (G) grounded metal receiver.

The spinning solution was delivered to the needle 
(the inner diameter of the needle was 0.42 mm) (E) by 
adjusting the micro-syring pump (C) at different flow rate. 
The high-velocity air was supplied to the home-made die 
(B) by adjusting the compressor (A) at different pressure. 
The spinning solution droplet at the tip of the needle (E) 
was stretched by the high-velocity air which blown from 

the custom-made die (B) and flew to the collector (H). 
The cylindrical electrode (F) is connected to the power 
source (G), and an electrostatic field is formed around 
the cylindrical electrode (F) when the power source (G) 
is worked. When the flying jet approaches the cylindrical 
electrode (F), the jet will be charged in the electrostatic 
field due to the electrostatic induction effect. Different 
electric field intensity can be obtained via controlling the 
voltage of the high voltage source (G). The solution stream 
was attenuated to nanofibers by utilizing electrostatic 
forces and air-stretch simultaneously.

2.3  �Investigation of main influencing  
processing parameters

2.3.1  Single factor design 

In this study, the processing parameters of CSBS 
including length of cylinder (LC), needle to cylinder 
distance (NCD), and left face of cylinder to collector 
distance (CCD) were chosen to study the impact of these 
parameters on the diameter of PEO nanofiber. Each of 
the aforementioned three factors was changed at five 
levels while all other factors unchangeable. The spinning 
conditions for each single-factor experiment were listed 
in Tables 1-3.

Figure 1: The schematic of cylindrical-electrode-assisted solution 
blowing spinning (CSBS) setup (17).
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2.3.2  Orthogonal design

In this paper, the effects of seven factors on the CSBS 
nanofibers diameter and the porosity of various layers were 
studied by orthogonal analysis. These seven factors were: 
air pressure, voltage, length of cylinder (LC), diameter of 
cylinder (DC), injection rate, needle to cylinder distance 
(NCD), and left face of cylinder to collector distance (CCD).  
Two levels of every factor were tested as listed in Table 4.

2.4  Morphology and microstructure analysis

Uncovered all the samples from the collector. The 
morphologies of cylindrical-electrode-assisted solution 
blowing spinning nanofibers were observed by scanning 

electron microscopy (SEM; Hitachi S-3400, High-
Technologies, Japan). Each fiber nonwoven was coated 
with a gold layer. 

The diameter of the nanofiber and the porosity 
of the various layers of nanofiber web were measured 
using image analysis software (Image J, USA). Four SEM 
photographs were taken from each sample. At least 60 
random measurements from the 4 SEM photos have been 
measured for each sample to determine the PEO nanofiber 
diameter. Each of the SEM photos was converted to binary 
images using different thresholds to calculate the porosity 
of the different layers of the nanofiber web. Details of this 
porosity measurement method have been described in the 
literature of Ghasemi-Mobarakeh et al. (21).

3  Results and discussion

3.1  �Effects of processing parameters on the 
diameter of fiber

3.1.1  �Effect of the needle to cylinder distance (NCD) on 
the fiber diameter

The needle to cylinder distance (NCD) was an important 
parameter in the CSBS process. Figures 2a-e illustrate  
SEM photos of PEO nanofibers fabricated at NCD of 
5, 10, 15, 20, 25 cm, respectively. The dependence of 
the fiber diameter on NCD was shown in Figure 2f. As 
shown in Figure 2f, when the NCD was increased from 5 
to 25 cm, the average diameter increased from 570.976 to 
787.073 nm. In CSBS process, when the flying spinning jet 
which sprayed from the needle approaches the cylinder, 
the jet will be charged due to electrostatic induction 
effect. The evaporation of solvent and air stretching 
reduces the thickness of the jet and increases the surface 
charge density of the jet. The increased density of surface 

Table 1: Spinning conditions of different NCD.

Parameter Values

Voltage (kV) 10

Length of cylinder (LC) (cm) 10

Diameter of cylinder (DC) (cm) 15

Needle to cylinder distance (NCD) (cm) 5,10,15,20,25

Left face of cylinder to collector distance (CCD) (cm) 75

Feed rate (ml/h) 0.2

Air pressure (MPa) 0.01

Table 2: Spinning conditions of different LC.

Parameter Values

Voltage (kV) 10

Length of cylinder (LC) (cm) 6,8,10,12,14

Diameter of cylinder (DC) (cm) 15

Needle to cylinder distance (NCD) (cm) 5

Left face of cylinder to collector distance (CCD) (cm) 95

Feed rate (ml/h) 0.5

Air pressure (MPa) 0.01

Table 3: Spinning conditions of different CCD.

Parameter Values

Voltage (kV) 10

Length of cylinder (LC) (cm) 10

Diameter of cylinder (DC) (cm) 15

Needle to cylinder distance (NCD) (cm) 5

Left face of cylinder to collector distance (CCD) (cm) 75,80,85,90,95

Feed rate (ml/h) 0.2

Air pressure (MPa) 0.01

Table 4: The details of factors and their levels for orthogonal expe-
rimental design.

Factor Level1 Level2

Air pressure (MPa) 0.01 0.015

Voltage (kV) 7 10

Length of cylinder (LC) (cm) 10 14

Diameter of cylinder (DC) (cm) 15 20

Injection rate (ml/h) 0.3 0.2

Needle to cylinder distance (NCD) (cm) 15 5

Left face of cylinder to collector distance (CCD) (cm) 85 95
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fiber diameter. As shown in Figure 4f, when the CCD was 
increased from 75 to 95 cm, the average diameter of PEO 
fibers could be varied in a very narrow range of 572.8425 
to 613.4979 nm. That is to say, the influence of CCD on the 
fiber diameter was not obvious. In the CSBS process, the 
solution jets were stretched by electrostatic force plus air 
shearing force (17). Intuitively, increasing the CCD means 
increasing the distance the jet flies, which in turn increases 
the jet flight time. In longer flight times, the jet will be 
stretched more fully by the airflow pull and electrostatic 
forces, which will result in a smaller fiber diameter.

However, the effective air stretching distance is very 
short (≈100μm) from the injection nozzle (23,24). Increase 
CCD couldn’t improve the effect of air-stretch. Medeiros 
et al also found the working distance did not have 
significant effect on the fiber diameter when nanofibers 
obtained by solution blowing spinning system (1). During 
the CSBS process, the solution jet will solidify into fiber 
due to solvent evaporation. The solidification of the jet 
increase the viscosity of the jet, which in turn increase 
the surface tension of the jet. When the surface tension 
of the jet exceeds the repulsive electric force of spinning 
jet, the splitting of jets ended. When the above situation 
occurs, only increasing the CCD without changing the 
other parameters will not affect the frequency of the 
splitting. That is to say, in a certain range, enhancement 
of CCD couldn’t increase the splitting frequency. Chang 
Seok Ki et al also found the effect of spinning distance 
(SD) on the size of nanofibers was not significant when 
nanofibers were prepared by electrospinning system (25). 
In the course of the experiments, we also found that an 
excessively large CCD is not conducive to the accumulation 
of nanofibers on the receiver. This is because the increase 
of the CCD leads to an increase in the distance of the jet 
flight, which in turn causes an increase in the divergence 
of the airflow, which is not conducive to the reception of 
the nanofiber. However, too short CCD may produce bead 
defects, and cause fibers adhere to each other due to not 
enough distance was provided for evaporation of solvent. 

3.2  �Analysis of experimental parameters via 
orthogonal design

3.2.1  Morphology of CSBS nanofibers 

The process variables of SBS are few (26). However, the 
process parameters of CSBS are more than SBS. Thus, 
it is important to research the effects of these process 
parameters on the fiber diameter and nanofiber web 

charge splits the solution jet to thinner jets due to mutual 
charge repulsion. This procedure may repeat many times 
to decrease the fiber diameter (17,22). It is known from 
electrical knowledge that the electric field strength is 
greater as it is closer to the charged body. Conversely, 
the farther away from the charged body, the electric field 
strength is small. A smaller NCD means that the distance 
between the needle tip and the electrode is smaller. 
Therefore, the electric field strength at the tip of the needle 
is large when the NCD is small. Since the jet is ejected from 
the tip of the needle, the electric field intensity around 
the jet is larger as the NCD is smaller. At this time, the 
electrostatic induction effect of the jet is more obvious. 
This results in a greater induced charge density on the jet. 
An increase in the jet charge density results in an increase 
in the splitting frequency of the spinning jet, and finally, 
decreases the nanofiber diameter (17,22). In addition, 
reducing the NCD causes the jet to enter the electric field 
in the cavity of the electrode earlier, thereby charging 
earlier in the electric field in the electrode’s cavity. This is 
also one of the reasons for the fiber to become finer.

3.1.2  �Effect of length of cylinder (LC) on the fiber 
diameter

One of the major originalities of CSBS has lain in adding 
the charged cylinder. So it’s necessary to investigate 
the impact of cylinder length on the fiber diameter. 
Figures 3a-e show SEM images of spun nanofiber at LC of 
6, 8, 10, 12, 14 cm, respectively. The relationship between 
LC and the fiber diameter is illustrated in Figure 3f. As 
depicted in Figure 3f, when the LC was increased from 6 
to 14 cm, the average diameter decreased from 1354.209 
to 1184.889 nm. The following is the possible explanation 
for the above result: an increase LC can increase the time 
of solution jet pass through the cylinder. The increase in 
the time it takes for the jet to pass through the cylinder 
extends the duration of the electrostatic induction effect, 
causing the jet to charge more fully due to electrostatic 
induction effects. For the above reasons, the splitting 
frequency of the jet increases, eventually making the fiber 
diameter smaller. During the course of the experiments, 
we found that too large LC is not conducive to the jet flow 
through the cylindrical electrode.

3.1.3  �Effect of left face of cylinder to collector distance 
(CCD) on the fiber diameter 

Figures 4a-e illustrate SEM images of nanofiber mats 
prepared at CCD of 75, 80, 85, 90, 95 cm, respectively. 
Figure 4f shows the relationship between CCD and the 
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porosity in the CSBS process. The orthogonal array 
design plan, the average fiber diameter, the standard 
deviation of the fiber diameter, and the different 
layers’ porosity (P1, P2, P3) for each experiment were 
shown in Table 5. SEM photos of CSBS PEO nanofibers 
correspond with experiments list in Table 5 were 
shown in Figure 5.

As showed in Table 5, where Mij indicate the sum 
of each fiber morphology or microstructure properties 
indexes values (including the average fiber diameter, fiber 

Figure 2: SEM photos of nanofibers prepared by CSBS system at the NCD: (a) 5 cm, (b) 10 cm, (c) 15 cm, (d) 20 cm, (e) 25 cm, (f) relationship 
between NCD and the fiber diameter.

diameter standard deviation, P1, P2, and P3) of row ”j” if 
the level is i. Rj represents the difference between the M1j 
value and the M2j value in the “j” column. A large Rj value 
indicated the effect of the factor j on this corresponding 
properties index was significant. From Table 5, the Rj values 
of the fiber average diameter corresponding to each factor 
range from 484.025>483.477>439.519>324.417>248.885>53.0
91>37.583. Thus, the importance order of the seven factors 
on the nanofiber average diameter can be listed as follows: 
injection rate>air pressure>NCD>DC>LC>voltage>CCD. 
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Similarly, the importance order of each factor on the 
fiber diameter standard deviation was as follows: 
NCD>DC>voltage>CCD>LC>air pressure>injection rate. 
The Rj value of the fiber average diameter corresponding to 
CCD was 37.583, which was the smallest of all seven process 
parameters. This means that the CCD has no significant 
effect on the average fiber diameter. This conclusion is 
consistent with the conclusions in Section 3.1.3 of this 
paper. Table 5 also indicated that the average diameter 

and standard deviation of the diameter varied from 539.121 
to 904.149 nm and 127.903 to 303.253 nm, respectively.

As can be seen from Figure 5 and Table 5, the nanofibers 
prepared in Experiment 7 had the smallest fiber diameter 
and the best diameter uniformity. According to Table 5, 
injection rate, air pressure and NCD were the three most 
important factors affecting the average diameter of fibers, 
the Rj values ​​of these three process parameters were 
much larger than other parameters. In all of the eight 

Figure 3: SEM images of nanofiber nonwoven produced by CSBS at the LC: (a) 6 cm, (b) 8 cm, (c) 10 cm, (d) 12 cm, (e) 14 cm, (f) relationship 
between LC and fiber diameter.
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Figure 4: SEM photos of PEO nanofiber mats obtained by CSBS at the CCD: (a) 75 cm, (b) 80 cm, (c) 85 cm, (d) 90 cm, (e) 95 cm  
(f) relationship between CCD and fiber diameter.

experiments, Experiment 7 had the highest air pressure, 
the lowest injection rate, and the smallest NCD. According 
to the conclusions in Section 3.1.1 and references (1,27), 
reducing the injection rate or increasing the gas pressure 
or reducing NCD leads to a decrease in nanofiber diameter. 
Therefore, the fiber diameter of Experiment 7 was the 
smallest.

It is known that the fiber diameter could affect the 
mechanical properties of nanofiber (28), nanofiber web 

pore size and other properties. Therefore, the conclusions 
of this paper can be applied to many applications of CSBS 
nanofibers.

3.2.2  �Porosity of various layers of CSBS nanofiber web

After converting the SEM images to binary form by 
using ImageJ, different thresholds can be used to 
observe the various layers of nanofiber web. The 
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Figure 5: SEM photos illustrating the morphology of the PEO nanofiber mats: (a-h) correspond to Experiments 1-8.
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magnifications of Experiments 3, 6, and 7 were 5000×, 
the magnifications of Experiments 5 and 8 were 4000×, 
and the magnifications of Experiments 1, 2, and 4 
were 3000×. Figure 6 shows the histogram of different 
images with different magnification. As it can be seen 
in Figure 6, SEM images of different magnifications 
had different histograms. However, as described by 
Ghasemi-Mobarakeh et al. (21), the results of the method 
used herein did not depend upon the histogram or 
magnification of the images. This method can be used to 
calculate different layers’ porosity from most of images 
histogram and magnifications.

Figure 7 shows the different binary images of the no. 7 
experiment under various thresholds. The morphologies 
of the various layers of the nanofiber web were shown by 
the selection of different thresholds. When threshold 1 
was applied, only the surface layer appeared in the binary 
image. By applying threshold 2, the surface and the middle 
layer were displayed. When the threshold was 3, all layers 
of the nanofiber web can be seen.

After converting the each original image into different 
binary images, the each binary image’s porosity was 
calculated using Eq. 1:

		
= −











 ×P n

N
1 100

�

(1)

where N is the total number of pixels in the binary image, n 
is the number of white pixels, and P is the porosity of each 
binary image. The porosity of binary images with thresholds 
of 1, 2 and 3 were presented as P1, P2 and P3, respectively. 
The calculation results of the porosity of different layers 
of each sample in the orthogonal experiment were shown 
in Table 5. Four SEM photographs were taken for each 
sample, and each of the porosity values in Table 5 was the 
average porosity values of the four SEM photographs.

The results in Table 5 show that the Rj values of the 
P1 corresponding to each factor range from 23.0035>14.8
69>13.1915>10.642>9.1275>8.125>7.71. Thus, the importance 
order of the seven process parameters on P1 can be 
listed as follows: DC>voltage>air pressure>CCD>injection 
rate>NCD>LC. Similarly, the importance order of 
each factor on P2 was: voltage>DC>injection rate>air 
pressure>NCD>LC>CCD. The importance order of seven 
factors on P3 was as follows: voltage>NCD>injection 
rate>air pressure>DC>LC>CCD.

As shown in Table 5, the varied range of P1, P2, and 
P3 was 71.464-85.1415%, 60.32725-75.46625%, 48.23925-
70.08875%, respectively. The P1, P2, and P3 values ​​of 
Experiment 5 were the largest, which indicates that the 
porosity of the different layers of Experiment 5 was the 

Figure 6: Histogram of different SEM photos. Magnification of  
(a) 3000, (b) 4000 and (c) 5000.

largest. Both P1 and P2 values of Experiment 8 were 
the smallest. This means that the porosity of the first 
and second layers of Experiment 8 was the smallest. 
The P3 values ​​of Experiment 3 and Experiment 7 were 
approximately equal and smaller than the P3 values ​​of the 
other experiments. The reason was followed: it can be seen 
from Table 5 that voltage and NCD were the parameters that 
had the greatest influence on P3, and their Rj values ​​were 
much larger than other parameters. The voltage and NCD 
of Experiment 3 and Experiment 7 had the same value, 
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Figure 7: Binary image with different thresholds for Experiment 
7 sample: (a) original image, (b) binary image with threshold 1, (c) 
binary image with threshold 2 and (d) binary image with threshold 3.

so their P3 values ​​were approximately equal. Although 
the P3 values ​​of Experiment 3 and Experiment 7 were not 
significantly different, it can be seen from Figure 5 that 
the morphologies of the pores of these two experiments 
were different, the pores of Experiment 3 were larger than 
that of Experiment 7. The reason is that the larger diameter 
fibers formed larger pores than those formed by smaller 
diameter fibers (29). It also can be seen from Figure 5 that 
the number of pores in Experiment 3 and Experiment 7 
were also different. 

As it can be seen from Table 5, although the effect 
of the voltage on the average fiber diameter was not 
significant. However, the voltage had a great influence on 
P1, P2, and P3. Therefore, if we want to achieve the effect of 
changing the porosity of each layer without significantly 
affecting the fiber diameter, adjusting the voltage was a 
good method.

It is well known that the porosity of scaffolds is 
an important parameter in many tissue engineering 
applications. Appropriate porosity and pore morphology 
provide space for growth of blood vessels and migration 
of cells and ensure efficient exchange of waste products 
and nutrients between cells and their microenvironment. 
The following is the Jain et al.’s description of the different 
functions of different layers’ porosity: The decreasing 
porosity from the top surface toward the substrate 
suggests that while top layer would provide support for 
cell proliferation and growth, the subsequent layers 
with sufficient but lower porosity will allow transport of 
nutrient, blood, and waste (30). It can be seen that proper 
porosity of various layer is very important for cell growth. 
Therefore, using the conclusions of this paper, the 
porosity of each layer can be adjusted to prepare the CSBS 
nanofiber web suitable for cell growth and proliferation. 
For the first time, this paper used orthogonal experiments 
to study the effects of CSBS process parameters on the 
porosity of different layers of nanofiber web. These 
conclusions can promote the applications of the CSBS 
method in tissue engineering, bioengineering, filtration 
engineering and so on.

The porosity of nanofiber webs produced by 
electrospinning (ES) and CSBS technology was also 
compared. The process parameters and porosity of the 
electrospinning and CSBS were shown in Table 6. In each 
experiment, inner diameter of the needle (0.42 mm) and 
solution concentration (7%) were kept constant. The 
injection rates were kept constant in Experiments 1-4 
(0.2 ml/h), and the injection rates of Experiments 5 and 6 
were the same (0.5 ml/h). It can be seen from Table 6 that 
the nanofiber membranes obtained by the two spinning 
methods have similar porosity.

Table 6: Comparison of porosity between electrospinning and CSBS.

No.
Spinning

system
Injection 

rate
(ml/h)

P1
(%)

P2
(%)

P3
(%)

Voltage
(kV)

Air pressure
(MPa)

Distance 
parameter

(cm)

1 ES 0.2 87.0132 76.5018 71.2015 14 —— SD=55

2 CSBS 0.2 85.1415 75.46625 70.08875 7 0.015 LC=14; DC=15
NCD=15; CCD=95

3 ES 0.2 75.3965 66.01786 59.521 14 —— SD=45

4 CSBS 0.2 76.31075 66.30825 61.27975 10 0.01 LC=14; DC=20
NCD=15; CCD=85

5 ES 0.5 78.3698 68.32484 62.4938 13 —— SD=40

6 CSBS 0.5 76.39874 66.03654 61.332 10 0.01 LC=8; DC=15
NCD=5; CCD=95



W. Zheng and X. Wang: Effects of cylindrical-electrode-assisted solution blowing spinning   201

4  Conclusions
Firstly, the effects of NCD, LC, and CCD on the diameter 
of CSBS nanofiber were evaluated. We found that 
decreasing NCD or increasing LC can reduce the nanofiber 
diameter, the CCD didn’t significantly affect the diameter 
of nanofibers. Furthermore, the orthogonal array design 
method was adopted to study the effects of the injection 
rate, air pressure, NCD, LC, DC, voltage and CCD on the 
fiber average diameter, diameter standard deviation and 
porosity of various layers (P1, P2, and P3). The influence 
order of each process parameter on the above properties of 
nanofiber web was found, and the corresponding optimal 
spinning process parameters were listed. Finally, we have 
also found that by adjusting the voltage, the porosity of 
each layer can be significantly changed without causing a 
significant change in CSBS nanofiber diameter.

This work first investigated the effects of CSBS 
process parameters on the fiber diameter and porosity of 
various layers. It is well known that fiber diameter and 
porosity of nanofiber webs were important parameters 
in tissue engineering, bioengineering, filtration 
engineering and other applications. The conclusions of 
this article can help researchers to produce high quality 
CSBS nanofiber and promote the wider application of this 
novel technology. 
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