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ABSTRACT
Multi-needle electrospinning technology is a method for mass production of nanofibers, which can improve the production efficiency of
nanofibers by increasing the number and density of needles for multi-needle electrospinning. However, when the arrangement density of
the needle is high, the electric field of the needle tip is not uniform, causing instability such as jet dripping and broken jet. In this paper, the
electric field uniformity optimization problem of multi-needle electrospinning technology is used to simulate the needle tip electric field by
using COMSOL finite element analysis software. The influence of the needle size and the dielectric material on the electric field of the tip was
studied. Finally, the method of using dielectric material on the tip of the middle part of the needle is beneficial to the electric field uniformity.
The uniformity of the needle tip electric field in the case of high-density arrangement of the needle is realized, and the nozzle is provided for
mass production of nanofibers by multi-needle electrospinning.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5111936., s

I. INTRODUCTION

The traditional electrospinning process has the advantages of
stable and controllable spinning process, multi spinning materi-
als, simple technology and diverse fiber structure, which has been
widely used by researchers.1 In order to realize the industrial
scale production of high-quality nanofiber film, multi-needle elec-
trospinning technology and needleless electrospinning technology
have become popular technologies for the efficient fabrication of

nanofiber film.2,3 The common needleless electrospinning technolo-
gies include roll type needleless electrospinning, cone metal nozzle,
spray-typed needleless electrospinning, spiral coil needleless elec-
trospinning nozzle, wire electrode nozzle, rotary electrospinning
technology, bubble electrospinning, magnetic field-induced elec-
trospinning, cone and spiral coil nozzle, bowl shaped needleless
electrospinning, pyramid-like stepladder needleless electrospinning
nozzle, etc.4–11 With needleless spinning technology, the efficient
preparation of the nanofiber film of some materials have become
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reality. However, the needleless spinning technology still cannot
produce high quality nanofibers because of its uncontrollable jet
point, jet size and jetting time.1,12–15 By comparing multi-needle
electrospinning technology and needleless electrospinning technol-
ogy, it can be found that multi-needle electrospinning technology
has more advantages in the evenness of nanofibers, the adaptabil-
ity of materials, the complexity of microstructures, and the diver-
sity of membrane functions. However, in the multi-needle electro-
spinning process, when the tips’ distance is relatively small, the
mutual interference of the electric field between the tips will be
larger, which may be the cause of uneven electric field of the
tips, inducing the instability of the jet flow, which affects the fiber
quality.16,17

There are many factors that will affect the electric field uni-
formity of the needle tips, including the distribution of the nee-
dles, the size of the needles, and the surrounding environment.
In order to meet the requirements of large format production of
nanofibers, the linear arrangement of the needle tips is still the pre-
ferred method, but it is also easy to cause uneven field among the
tips. In order to obtain a uniform electric field, Liu studied the
influence of non-equal space and non-equal heights of the needles
on the electric field uniformity in 2013.18 In the author’s previ-
ous research paper,19 it was shown that the uneven electric field
of the needle tips caused instability of the drip and uneven depo-
sition of the nanofibers. Under the same conditions, three linearly
arranged nozzles electric-field were compared. It has been found
that the electric field of the tip of the trapezoidal array was the

most uniform. When the number of needles arranged in the trape-
zoidal array was doubled, and the nanofibers could still be stably
produced.

Compared with previous studies,19 it is found that for linearly
arranged needles, the edge effect of the electric field of the tips are
still obvious. For the large-scale and high efficient fabrication of
nanofibers, the edge effect of the needle tips will be amplified, which
will affect the whole production stability. Therefore, based on the
previous research,19 this paper will continue to study the optimized
electric field uniformity of the tips with trapezoidal array, the varia-
tion of the needle diameter of the 16-needle trapezoidal nozzle on the
electric field of the tip, and the improved electric field strength and
uniformity with different dielectric materials, which has an impor-
tant meaning to the large-scale preparation of high-quality nanofiber
films.

II. MULTI-NEEDLE ELECTROSPINNING NEEDLE TIP
ELECTRIC FIELD

In the electrospinning process, as shown in Fig. 1(a–c), the
charge density distribution of the tips and the morphology of the
jets are different due to the different number of needles in the space.
As shown in Fig. 1(a), the charge distribution of the single nee-
dle tip is relatively uniform, and the charge is mainly distributed
at the end of the nozzle; As shown in Fig. 1(b), when a needle is
added next to the single needle, as they share the same voltage, their
tip charge achieves electrostatic balance, and the same charge will

FIG. 1. Schematic diagram of tip
charge distribution and jet topography:
(a) single-needle charge distribution; (b)
double-needle tip’s charge distribution
and jet morphology; (c) three tip’s charge
distributions and jet morphology.
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repel each other. As Fig. 1(b) shows, the charge density distribu-
tion on the end of the tips is uneven. For the adjacent part of the
two needle tips, the charge density of the tips are relatively low,
while the charge density outside of the tips are high. So uneven
charge density distribution appears. Under the effect of Coulomb
force, the jet flow will extend to two sides. When the number of
needles increases to three, the charge distribution of the tip will
change. As shown in Fig. 1(c), the electric field of the middle tip is
affected by the tips on both sides, and the tip charge on both sides
are affected by the charge of the middle tip, and this phenomenon
causes a uniform charge distribution in the middle tip and a non-
uniform charge distribution on the tip of two sides. The jet flow of
the intermediate nozzle has little angle deflection, while for the jet
flow of both sides, the angle deflection is big. This is also due to
the interference of the electric field of the intermediate needles on
both sides.

If the nozzle is regarded as an ideal conductor, in electrostatic
equilibrium, there is no directional movement of electric charge on
the inside and the surface of the nozzle, and the electric field strength
at arbitrary point in the surface of and within the tip is zero, and the
direction of the electric field on the surface of the nozzle needle is
perpendicular to the surface of the tip. At the same time, there is no
net charge in the inside of the needle, and the charge is distributed
on the surface of the needle.13

By Gauss’s law:

∫∫◯E ⋅ dS = qs
ε0

(1)

∫∫◯E ⋅ dS = σΔS
ε0

(2)

E ΔS = σΔS
ε0

(3)

Ð→
E = σ

ε0

Ð→en (4)

∆S is the unit area, σ is the surface charge density, and ε0 is the
dielectric constant. qs is the surface charge and E is the electric field
strength.

It can be deduced from equation (1–4) that the magnitude of
the electric field strength on the surface of the nozzle is proportional
to the surface charge density. For a conductor in space, the distribu-
tion of surface charge is related to the shape of the conductor and
the surrounding environment.

To assume that the electrospinning nozzle and the receiving
electrode are an ideal plate capacitor, the capacitance formula is:

q = CV (5)

C is the capacitance of the isolated spinning system, and q is the
amount of charge.

Capacitors for spinning systems:

C = ε0S
d

(6)

Where d and S are the distance between the plates and the cross-
sectional area of the needle.

III. EXPERIMENTAL
In this paper, COMSOL finite element analysis software is used

to calculate the electric field of the tip. The geometric model studied
in this paper is a three-dimensional model, in which the environ-
mental domain size is 220×220×140 (mm), and the size of the col-
lector is 200×200×2 (mm). The distance between the needle and the
collector is 100 mm. After the simulation, the electric-field at 1 mm
from the needle tip on the z-axis is extracted as a reference for the
electric field data of the tip, thereby obtaining a contrast value of the
electric field. In the study of this paper, the material of the needle
was made of stainless steel, the collector was made of aluminum,
and the environment is air. The material parameters are shown
in Table I.

In the mesh generation of this paper, the free regular tetrahedral
element mesh function was adopted, and the parameter setting in the
unit was shown in Table II.

TABLE I. Electrospinning COMSOL simulation material parameters.

Component Material Conductivity (S/m) Relative permittivity

Nozzle Stainless steel 430 1.74× 106 1
Collector Aluminum 3.774× 107 1
Environment Air 0 1
Dielectric material 1 Polypropylene 0 2.2
Dielectric material 2 Polyvinylidene fluoride 0 7.25
Dielectric material 3 Silicone resin 0 3

TABLE II. Meshing unit parameters.

Maximum unit Minimum unit Maximum unit Curvature Narrow area
Parameter size (mm) size (mm) growth rate coefficient resolution

Value 7.7 0.05 1.35 0.3 0.85
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A. Evaluation method for the electric-field
uniformity of needle tip

In order to further evaluate the consistency of the electric field
of needle tip, the Coefficient of Variance (CV(X)) is adopted, where
X is the data set of the tip and xi is the electric field data t of
the tip:

CV(X) = σX
μX
=
√

1
n ∑n

i=1 (xi − 1
n ∑n

i=1 xi)2

1
n ∑n

i=1 xi
× 100% (7)

IV. RESULTS AND DISCUSSION
In the previous research paper,19 a nozzle with a periodic array

of trapezoidal elements was designed. Although the stable produc-
tion of the jet without dripping was realized, the electric field on
both sides of the nozzle needle tip was still higher than that of the
middle needle due to the edge effect of the electric field. In order
to obtain a more uniform electric field of the tip, this paper will
continue to study the optimization of electric field uniformity of
the nozzle tip of the nozzle tip with a periodic array of trapezoidal
elements.

A. Effect of needle diameter on electric field
of nozzle needle tip

Fig. 2 is a needle tip trapezoidal arrangement nozzle, in which
the diameter of the needle in the dotted line area is d3, the diameter
of the needle outside the dotted line region near the dotted line area
is d2, and the diameter of the outermost needle is d1. This section
will be analyzed by COMSOL finite element analysis software with
a needle length of 15mm, a needle spacing of 15mm and a voltage
of 20kV.

The finite element analysis of the tip electric field of the noz-
zle with the periodic array of trapezoidal element and the different
needle diameters was performed. First, when d1=d2=d3, the diame-
ter of the needle includes 0.1 mm, 0.3 mm, 0.5 mm, 0.7 mm, 1 mm,
2 mm, and 3 mm, respectively. The magnitude of the electric field
of the needle tip and the electric field uniformity of the needle tip
are studied under the above different diameters, and the results
are shown in Fig. 3(a–c). Fig. 3(a) is the graph showing the rela-
tionship between the average value of the tip electric field and the
different needle diameters. Fig. 3(b) is the graph of the needle tip
electric field CV value with different needle diameters, Fig. 3(c) is
the graph showing the change of the needle tip electric field with
different needle diameters. As shown Fig. 3(a) and Fig. 3(c), in the
study parameters, when the diameter of the needle is 1mm, the elec-
tric field of the needle tip is the largest, and the minimum value
of the electric field is when the diameter of the needle is 0.1mm.

In all the needle diameter studied in this paper, as the needle diam-
eter increases, the average of the electric field value of the needle
tip first increases and then decreases. In this paper, when the nee-
dle diameter is 1mm, the average value of the electric field value
of the needle tip reaches the maximum value, and then starts to
decrease. This is mainly because when the diameter of the needle
is less than 1mm, the diameter of the needle tip is too small, so
the amount of charge carried by the needle is small. Therefore, the
electric field value is small. This phenomenon is improved as the
diameter of the needle increases. When the diameter of the needle
is larger than 1 mm, as the diameter of the needle become larger, the
volume of the needle becomes larger, and the volume charge den-
sity becomes smaller, and therefore, the electric field value become
smaller. As can be seen from Fig. 3(b), as the diameter of the nee-
dle increase, the CV value of the electric field value of the needle tip
generally rise.

It can be seen from Fig. 3(c) that the diameter of the needle
affects the electric field of the tip of the needle. Regardless of the
diameter of the needle, the needle tip electric field values of the four
needles of No. 1, No. 2 needle, No. 15 and No. 16 needle are more
than those of other needles. Therefore, optimizing the electric field
strength of the four needles is benefit to obtain a better electric field
value. And as shown in Fig. 3(a), the electric field value of the nee-
dle larger than 1mm or less than 1mm is smaller than 1mm, so
we can choose the type of needles No. 1-2 and No. 15-16 replaced
with smaller electric field value to optimize the needle tip electric
field uniformity. This section studies the electric field of the nee-
dle tip of d2=1mm and d2=0.7mm respectively, when d3=1mm and
d1=0.7mm. The purpose is to obtain a more uniform electric field by
changing the size of the edge needle. As shown in Fig. 4(a), the aver-
age value of the needle tip electric field have little difference. Fig. 4(b)
shows the CV value of the tip of the optimized needle tip becomes
smaller. When d2=d1=0.7mm, the CV value is smaller nearly 1 time
than when the optimization is not changed. It mainly because the
electric fields of the No. 1-2 and No. 15-16 needles on the edge are
weakened so that the needle tip electric field of the entire needles is
more uniform.

B. Influence of dielectric material on uniformity
of needle tip electric field

The material in the electric field includes the conductor and
the dielectric. For the conductor, it contains free electrons and can
be moved in a macroscopic direction. When the static electricity
is balanced, the electric field inside the conductor is zero. Without
changing the shape of the capacitor, the capacitance will increase
after charging the dielectric. If the voltage between the two electrodes
of the capacitor is increased, the electric field between the electrodes
will increase. This implies that a capacitor is formed among the
electrospinning needles.

FIG. 2. Distribution diagram of different needle diameters of
the nozzle.
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FIG. 3. Comparison of the numerical values of the electric field of the needle tip with different needle diameters: (a) graph of the average value of the tip electric field with
different needle diameters; (b) graph of the needle tip electric field CV value with different needle diameters; (c) graph of the needle tip electric field with different needle
diameters.

FIG. 4. Comparison of the effects of different needle diameter combinations on the needle tip electric field: (a) graph of the average value of the tip electric field with the
change of d1 and d2; (b) graph of the needle tip electric field CV value with the change of d1 and d2.
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FIG. 5. Schematic of the needle covered with dielectric
material: (a) all the needles with the dielectric material,
the diameter of the needle is D1, the inner diameter of
the dielectric material is D1, and the outer diameter of the
dielectric material is D2; (b) the needles in the dotted line
area is covered with a dielectric material, and the other four
needles are with non-dielectric materials.

From the capacitance formula:

E = E0

εr
(8)

Where εr is the relative dielectric constant of the dielectric
material, and the relative dielectric constant of air is close to 1, E0
is the electric field when there is no dielectric. E is the electric field

in the dielectric after increasing the uniform dielectric. The relative
dielectric constant of other insulating materials is usually greater
than 1. The relative dielectric constant of the dielectric affects the
capacitance.

In this section, a 10 mm length of dielectric material is placed
over the outer layer of the needle. As shown in Fig. 5(a–b), Fig. 5(a)
shows all the needles with the dielectric material, the diameter of

FIG. 6. Effect of dielectric materials with different diameters on the electric field of the tip: (a) graph of the needle tip electric field with different diameters of dielectric materials;
(b) graph of the needle tip electric field CV value with different diameters of dielectric materials; (c) graph of the value of the tip electric field with different diameters of dielectric
materials.
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the needle is D1, the inner diameter of the dielectric material is
D1, and the outer diameter of the dielectric material is D2. And
Fig. 5(b) shows the needle in the dotted line area is covered with
a dielectric material, and the other four needles are with non-
dielectric materials. In this section, D1=1.5mm, the needle length
is 15mm, the tip spacing is 15mm, the voltage is 20kV, and the
dielectric constants of the selected dielectric materials are 2.2, 3, 7.25,
respectively.

Firstly, the needle tip electric field of all the needle covered
with the dielectric materials was studied. The influence of the dielec-
tric material with different diameters on the tip electric field was
studied as well. The selected dielectric material was silicone resin.
The result is shown in Fig. 6(a–c). As shown in Fig. 6(a), when
the dielectric material is added to needle, the electric field value of
the needle tip is greatly increased, and this is because the electric
field of the tip is less interfered by other needles. However, as D2
increases, the value of the electric field of the tip become smaller.
This is because the charge of the dielectric material polarized by
other needles increases after increasing D2, and the electric field

generated by the polarized charge of the dielectric material become
stronger at the tip of the needle, thereby weakening the electric field
of the tip. The electric field generated by the polarized charge of
the dielectric material is smaller than that of other needles. There-
fore, although the electric field of the needle tip decreased after
the diameter of the dielectric material became larger, it was still
larger than the electric field of the tip uncovered with the dielec-
tric material. It can be seen from Fig. 6(c) that when the diameter
of the dielectric material is 1.5mm, the mean value of the electric
field of the tip in this paper reaches a maximum value of 2.86125×
106V/m, which gains 1.3 times more than the average value of
the nozzle tip uncovered with dielectric material. As can be seen
from Fig. 6(b), after the dielectric material was added, the elec-
tric field CV value of the needle covered with the dielectric mate-
rial was smaller than that of the needle uncovered with the dielec-
tric material, which indicated that the electric field uniformity was
optimized.

The paper continues to study the influence of different dielec-
tric materials on the electric field of the tip, and chooses three

FIG. 7. Effect of dielectric materials with different dielectric constants on the electric field values of the tip: (a) graph of the needle tip electric field with different dielectric
constants; (b) graph of the average value of the tip electric field with different dielectric constants; (c) graph of the needle tip electric field CV value with different dielectric
constants.
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FIG. 8. Curve of electric field of needle tip with dielectric constant: (a) curve of the average value of the tip electric field with different dielectric constants; (b) curve of the
needle tip electric field CV value with different dielectric constants.

kinds of dielectric materials: polypropylene (PP), silicone resin and
polyvinylidene fluoride (PVDF). The diameter of these dielectric
materials is 2.5mm. All the needles were covered with the dielectric
material. The results are shown in Fig. 7(a–c). As can be seen from
Fig. 7(a–b), the maximum average electric field of the tip was cre-
ated by covering the material with a dielectric constant of 2.2, which
is 2.7575× 106V/m. The value of the tip electric field decreased as
the dielectric constant of the dielectric material increased, mainly
because the dielectric material could weaken the electric field inter-
ference generated by the surrounding needles. However, as the
dielectric constant of the dielectric material increased, the electric
field formed by the charge induced by the dielectric material in the
electric field also increased, so the electric field generated by the

needle itself was weakened to some extent. The interference gen-
erated by other peripheral needles is small, so although the electric
field value of the needle tip becomes smaller as the dielectric con-
stant increases, it is still larger than the electric field value of the
tip of the non-dielectric material. As shown in Fig. 7(c), among
the tips with different dielectric materials, the one with polypropy-
lene has the smallest coefficient variation of the electric field. The
polypropylene’s dielectric constant is 2.2. Further, more groups with
different dielectric constant were studied and curves which can
describe the electric field change versus dielectric constant shown
in Fig. 8(a–b).

The previous studies have shown that due to the influence of the
edge effect of the electric field,19 the needle tip electric field outside

FIG. 9. Optimized tip electric field by adding dielectric materials: (a) graph of the needle tip electric field with addition of dielectric material; (b) graph of the needle tip electric
field CV value with addition of dielectric material.
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the dotted line area in Fig. 5(b) was higher than the needle tip elec-
tric field in the dotted line area. Therefore, the method of increasing
the electric field of the needle tip of in the blue area can be used
to solve the problem of uneven electric field of the needle tip. In
this section, the effect of adding dielectric materials to some tips in
the blue area on the electric field uniformity of the tips is studied,
and the dielectric material constant was 2.2, and the dielectric mate-
rial diameter was 1.5 mm, and the needle diameter was 1 mm. The
experimental results were shown in Fig. 9(a–b), which compared
the conditions when all the needles had added the dielectric mate-
rials and all the needles had not added the dielectric materials. The
electric field curve was shown in Fig. 9(a). When the needle outside
the dotted line area did not covered with the dielectric material, the
electric field of the tip was lower than that of adding with all the
dielectric materials, but the electric field of the tip was more uni-
form and the electric field value of the tip kept at 2.6× 106V/m or
more. Fig. 9(b) shows the comparison of the electric field CV val-
ues of the tip in these three cases. It can be found that the electric
field CV value of the outside blue area which excluded the dielectric
material was greatly reduced to 0.0123, and the electric field uni-
formity was 5.31 times higher than that before the optimization.
The electric field strength was increased by 1.21 times before the
optimization.

V. CONCLUSIONS
Based on the previous research,19 the electric field uniformity

of multi-needle electrospinning tip arranged in the trapezoidal array
is further studied. In this paper, the COMSOL is used to simu-
late the tip electric field, and the electric field values of the tip
are extracted for comparison. The coefficient of variation is used
as the reference value of the uniformity of the electric field of the
tip. What has been found that is with the needle diameters in the
range of 0.1-3 mm, the numerical average value of the electric field
of the needle tip first become larger as the diameter of the nee-
dle become larger first and then smaller. A 1.5 mm PP dielectric
material was applied to 14 needles of the middle of the nozzle,
and the lower electric field CV value of 0.0123 was obtained. The
optimization effect was improved by 5.31 times before the electric
field uniformity had been optimized, and the electric field intensity
was increased by 1.21 times before the optimization. It is of great
significance for multi-needle electrospinning batch preparation of
nanofibers.
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