Sensors and Materials, Vol. 30, No. 11 (2018) 27032717 2703
MYU Tokyo

S&M 1711

Simulation of Motion Locus
in Bipolarity Double-nozzle Electrospinning

Haiying Du,">? Yanhui Sun,>** Jing Wang,3**
Xiaogan Li,*> Qiang Shao,? and Zhenghua Liu’

1Key Laboratory of Microelectronic Devices & Integrated Technology, Institute of Microelectronics,
Chinese Academy of Sciences, Beijing 100029, China
2College of Mechanical and Electronic Engineering, Dalian Minzu University, Dalian 116600, China
3School of Electronic Science and Technology, Dalian University of Technology, Dalian 116023, China
4College of Information & Communication Engineering, Dalian Minzu University, Dalian 116600, China

(Received May 26, 2018; accepted October 30,2018)

Keywords: electrospinning, hetero-nanofibers, simulation, bipolarity double nozzle, Runge—Kutta

algorithm

Electrospinning was used to synthsize nanofibers to be used as gas sensing materials. An
electrospinning device with double nozzles of opposite polarities was designed for the synthesis
of SnO,/In;O3 hetero-nanofibers in our experiments. It also included two syringes with
different solutions connected to the bipolarity nozzles, and a collection plate connected to the
ground. In this work, the Matrix Laboratory (MATLAB) software was used to simulate the
motion locus of the bipolarity double-nozzle electrospinning process. The charged solutions
were simulated as multiply charged and discretized particles. Then, force analysis was carried
out for the charged particles composing the electrospun fibers, and a molecular dynamics model
was built. The motion locus of the opposite electrically charged particles was calculated and
simulated on the basis of the Runge—Kutta algorithm. Nanofibers with opposite polarities
were attracted to and intertwined with each other and then descended to the collection plate
because of gravity. The motion locus of the organic composite nanofibers synthesized using the
bipolarity double-nozzle electrospinning device is shown to be identical to the simulated motion
locus.

1. Introduction

The electrospinning technique is a simple and easy method of fabricating ultrathin
nanofibers. It was mainly applied to fabricating pure organic polymers in previous years.("?
Recently, this technique has been extended to the synthesis of inorganic nanofibers, inorganic
composite nanofibers, and organic/inorganic composite nanofibers, such as SnOz,(S)
05,9 W03,®) Zn0,® 0304, BaTiO3,®? Cu0/Sn0,,1” Sn0y/1n,05, 1) Ti0y/AL,05,1?)
In,Os/carbon fibers,m) and polyaniline/carbon black.(41) Furthermore, electrospinning has
proven to be a highly effective technique for controlling the synthesis of one-dimensioned (1D)-
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morphology nanostructures including nanofibers, nanotubes, nanowires,'® nanoribbons,!” and
other novel structures.32"

A typical electrospinning system includes a high-voltage power supply, a syringe with a
nozzle connected to the positive electrode and a collector connected to the negative electrode.
In the process of electrospinning, a prepared organic solution (or a mixed solution with an
inorganic material) is put into the syringe. An electrical field is created between the nozzle
and the collector when a high voltage is applied. The solution droplet at the tip of the nozzle
will form a Taylor cone through the action of multiple forces, such as electric field force,
Coulomb force, gravity, surface tension, and viscosity force of the solution.?>?%  When the
supplied voltage reaches a critical level at which the electric field force can overcome the
solution surface tension, the solution droplet will be ejected. A jet stream of the solution
moves to the electrically grounded collection plate and forms organic nanofibers. Inorganic
nanofibers can be obtained by annealing. With the maturation of electrospinning technology,
many solutions have been developed in order to synthesize fancy spinning fibers with enhanced
performances. Unfortunately, the electrospinning process is extremely complex. Many
factors affect the motion locus and morphology of nanofibers in the electrospinning process,
including solution properties (such as viscosity, concentration, surface tension, and electrical
conductivity) and operating parameters (such as applied voltage, electric field distribution,
magnetic field distribution, flow rate of the solution, distance between the nozzle and the

2528 Some

collector, temperature, humidity, pressure, and other environmental factors)
researchers concentrate on studying the motion locus simulation and emulation of nanofibers
for the optimization of the electrospinning parameters and control of the electrospinning
process, which will enable us to control the morphology and structure of electrospinning
nanofibers effectively.>>2°3? The simple and effective numerical simulation and modelling
not only represent an alternative solution to obtaining the same result with a reduced number
of experimental tests but also enable the optimization of simulation parameters to guide the
electrospinning process.?

A modified electrospinning system including double nozzles with opposite polarities was
designed and different material nanofibers were synthesized simultaneously in our laboratory.®*>>

Figure 1 shows a sketch of a bipolarity double-nozzle electrospinning device. We can see that
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Fig. 1. (Color online) Sketch of bipolarity double-nozzle electrospinning device.
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two syringes with nozzles containing different solutions were put in opposite electrical fields.
The two nozzles were connected to a positive polarity and a negative polarity, and the collection
plate had zero potential. In this work, the forces of the charged particles ejected from the
two nozzles of opposite polarities were analyzed and calculated, and a molecular dynamics
model was built. The motion locus of the charged particle was calculated and simulated on
the basis of the Runge—Kutta algorithm using the Matrix Laboratory (MATLAB) software.3®)
Unlike single-nozzle electrospinning, the charged and discretized particles from two nozzles
of opposite polarities were subjected to an attractive force from opposite-polarity particles.
Under the combination of the electrical field force, Lorentz force, gravity, and surface tension
of the solution, two types of nanofiber ejected from their respective nozzles moved in opposite
directions owing to a strong electric field force and interweaved together, finally resulting
in a net of composite hetero-nanofibers on the collection plate. The optimum experimental
parameters of bipolarity double-nozzle electrospinning are obtained by simulation. Simulation
provides a more effective solution for synthesizing composite hetero-nanofibers.

2. Modeling

In the electrospinning process with double nozzles in a bipolarity system, the positively
charged solution is affected by the electrical field force of the negative electrode and zero
potential, and the jet stream ejected from the positively charged solution moves toward the
negative electrode. The ejected jet stream is simulated as comprising many discretized particles
and the charged particles are treated as a series of infinitesimal and closely adjacent mass
points ignoring its mass.®”) Figure 2 shows a model of a jet stream composed of particles in a
bipolarity double-nozzle electrospinning system. During electrospinning, the charged particle
motion is divided into two stages: the linear motion stage and the unstable motion stage.(3 D
Under high-voltage electrostatic fields from the two directions, vertical and horizontal, a
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Fig. 2. (Color online) Model of jet stream composed of particles in the bipolarity double-nozzle electrospinning
system.
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jet stream is ejected from the nozzle and accelerates along a straight line.®

During the
acceleration motion, the viscous resistance of solution particles becomes high. When the
viscous resistance reaches or exceeds the electrical field force, the jet stream will become
unstable. At the same time, the acceleration of the stream becomes very small, and a weak
perturbation will make the stream diverge from its equilibrium position; then the unsteady
motion stage begins. The motion locus of nanofibers in electrospinning is mainly determined

by the force states of the particles in the above two stages.®”
2.1 Discretization of jet stream

The jet stream ejected from the positive nozzle is simulated as comprising many discrete
positively charged particles. These charged particles are held together with a Maxwell gooey
substance, where the discrete charged particles are considered as viscoelastic elements
connected unstably in accordance with Earnshaw’s theorem.“” Denote a particle in the
continuous jet stream as 7, and the particles before and after it as i + 1 and i — 1, respectively.
The subscripts p and ¢ are used to express the variable parameters related to i + 1 and i — 1
particles, respectively. The coordinate of particle i (x;, y;, z;) is a function of time . Denote the
length of the chain (the distance between any two adjacent particles in the space) between i and
i+ 1asl,, and betweeniand i — 1 as /.

lpi =[x — xz')2 + (Vi1 — yi)2 +(Z — Zi)2 ]1/2 (1)

L =105 =xe)” + 0y =y + (5 = 7)1 )

The distance between any two particles with the same polarity i and j (R;;) can be determined
using Eq. (3). The distance between any two particles of opposite polarities i and z, z € (0~N) (R;z)
can be determined using Eq. (4).

Rij=[(Xi—xj)2+(y,-—yj)2+(zl-—zj)2]”2 ?3)

Ry, =[x, =x)* + (v = 3)* + (2. —2)*]" )
2.2 Force analysis

The force of one particle in a jet stream ejected from the positive-polarity nozzle was first
analyzed. Figure 3 shows the force analysis of a positive particle. Under the vertical and
horizontal electrostatic fields, the charged particle will be subjected to multiple forces including
electrical field force (f;) between two opposite-polarity nozzles, Coulomb force (f;) between
two particles, solution viscosity force (f,), solution surface tension (f;), gravity (f;), and Lorentz
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Fig. 3. (Color online) Force analysis of a positively charged particle.

force (f7) caused by the magnetic field. During movement, the combined force on the charged

particle will change with time and location, and the motion locus is unstable. When a positively

charged nanofiber encounters a negatively charged nanofiber at a given space, the opposite

charges neutralize each other and neutral nanofibers are formed. The neutral nanofibers fall to

the collection plate owing to gravity and form a network composed of two kinds of nanofibers.
The gravity force of the positively charged particle (f7) is expressed as

fe=mgj, ©)

where m denotes the mass of the particle and g (9.8 N/mg) is the acceleration due to gravity.

The electrical field force of the positively charged particle is composed of two parts. One is
the electrical field force between the positive electrode and the zero potential collector (fe1), as
determined using Eq. (6), where Vj is the electrostatic pressure of a high-voltage electrical field.

Ja=—e—k (©6)

The other one, f.», is the electrical field force between the positive and negative nozzles.
In this electrical field, the charged particle at the edge of the positive-polarity and negative-
polarity electrical field will move along the tangent direction of the field. Thus, the force of the
charged particle is complicated. In the vertical direction, the effect of the positive and negative
electrodes can be neutralized, so the force is weak and can be ignored. In the horizontal
direction, the magnitude of the electrical field force increases as distance decreases. The
electrical field force disappears when the positively and negatively charged particles collide.
This part of the electrical field force is expressed as

_ W~ n
f62_2ehl(h_yi)l’(x<2)a (7)
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where /1 and /4 are the distances between one nozzle and the collector, and between the two
nozzles, respectively, and y; is the coordinate of the charged particle at a given moment. Figure
4 shows a schematic of the horizontal-direction electric field force of the charged particle in the
bipolarity system.

The Coulomb force f;; of other particles with the same electrical polarity acting on particle i
is calculated as

N 2 _ _ _
[ Yt e r Rl B ®)
C 9

SRRy Ry Ry

J#i

where k is the coefficient of the Coulomb force and i,j, and k are the unit vectors in three
directions. The Coulomb force f» of other particles with the opposite electrical polarity acting
on particle 7 is calculated as

N 2
ke x;—x, . V-V, z;—Z, -
f:2:§ [1 z7 44 Z]+l zk] (9)
“ SR R R, R,

The diameters of the nanofibers were considerably affected by the viscosity of the organic
solution in the electrospinning process. The viscosity force acting on the particles is an
important parameter affecting the electrospinning path. The electrospinning fibers seem to
consist of many charged particles held together with the Maxwell gooey substance.*%*" The
Maxwell gooey substance is elastic and viscous, just like a spring-damper model, and it should
satisfy

ldo o _dz
Edt n dt’

(10)

Fig. 4.  Schematic of horizontal-direction electric field force of the charged particle in the bipolar system.
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n is the viscosity coefficient of the damper, £ is the elastic coefficient of the spring, and ¢ and ¢
represent the pressure and stress of the spring-damper model, respectively.

We define o as the stress on particle 7, and it should be applied between particle i and its
neighboring particles i + 1 and i — 1. Stress ¢ should satisfy

do _odl_ G

deldi

do .. dl .

dtpl:Gll d[;l_i%, (11
pi Hy

4o _ 1A G

qu
dt 1y dtop,

where ¢ is time, and G and u, are the elastic coefficient and viscosity coefficient, respectively.

Suppose the initial diameter of the jet stream is ag. In accordance with the law of mass
conservation, we have

sfy acting on particle i can be calculated as

P X=X~ Via—=Vi= Zi—Z -
fv zﬂ-apiaui[ i+1 L7 4 i+l z] + i+l Zk]
(13)
X:—X: 1 — N L—Z. . =
_ﬂ-ac%io-di[ i 17, Yi = Via 7+ Zi —Zi k].

The surface tension needed to keep the jet stream moving along a straight line can be
determined by

ark; (rpl. + rql.)2 /4 ' _ . B}
Js== (|| sign(x)i +|y;|sign(v) 1, (14)

(7 +37)2

where a is the coefficient of surface tension, k; is the curvature of the jet stream at the location
of particle 7, and k; is calculated using the coordinates of i + 1, 7, i — 1. ‘sign(x)’ is a symbolic
function, the value of which is determined using

1(x>0)
sign(x)z -1(x<0). (15)
0 (x=0)
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2.3 Simulation model
According to Newton’s Second Law, in the absence of an applied magnetic field and ignoring

the effect of the external magnetic field (Lorentz force), the united force fy of the charged
particle should satisfy

Ja=fatfotfatfotitfit] (16)

The motion locus of particle i should satisfy Eq. (17) by simplifying Eq. (16).

2_
d :zke 7 r)+z r—?z)—e&lg+ZeLf

" J= 1R3 h Iy(h—=y;)
J#i
2 & 2
za Ta;o,;
T a7
pi qi
an(ry +7,

—[|x |sign(x,)i +[|y;|sign(y,)j1+ mgji
47+ vP)

Here, 7. is a coordinate vector of particle i and 7 = x;i +y,j + zl.lg . The wave amplitude of the

particle («/xi + yl- ) can be calculated using the coordinate (x;, v;, z;).

3. Simulation of Electrospinning Process

Using the MATLAB software, the molecular dynamics model of the charged particle motion
locus was numerically calculated. On the basis of the Runge—Kutta algorithm, the simulation
motion locus of the charged particles in the bipolarity nozzle electrospinning system can be
drawn by selecting an appropriate step size and relative parameters.

The jet stream from the charged nozzle is taken to be many connected charged particles,
the number of which is defined as N. The particle at the bottom of the jet stream is marked
i =1 and the top particle is i = N. The particle number N changes with the motion of the jet
stream. At time ¢, if the distance between the Nth particle and the electrospinning nozzle is
more than 4#/20000, the particle number at the top of the jet stream is increased by 1, that is N
= Ny + 1. Meanwhile, an initial position is given to the added particle as (0, 0, 6) (to simulate
the heliciform motion locus of the jet stream, a disturbance is added to each particle). Then,
the coordinate of a charged particle with time can be expressed as [xy = 10>Lsin(w?), yy =
1073 Leos(w?), zy = 499994/50000], where o is the disturbance frequency.

The parameters of a charged particle were determined by calculating its motion locus.
Set ¢ = 0 as the initial time of the charged particles, the particle number of the jet stream as
N =2, and the initial velocity of every particle as 0. Set the surface charge density of particles
as g4 = 0 and o,y =0 and the length of the connected-particle chain as /;; =0 and /,y = 0.
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4. Analysis of Simulation and Experiment

The electrical field orientation of the bipolarity double-nozzle electrospinning system
is simulated. The collection plate is a square iron plate with a side length of 12 cm and a
thickness of 2 mm. The diameters and lengths of the two nozzles are both 0.5 mm and 1.5
cm, respectively. The applied voltages on the two nozzles are +20 kV. The vertical distance
between the nozzles and the collection plate is # = 5 cm, and the distance between the two
nozzles is 6 cm. We can see from Fig. 5 that the nozzle on the left side of the space is subjected
to 20 kV and the nozzle on the right side is subjected to —20 kV. The geometry model of the
bipolarity double-nozzle electrospinning device and the electrical field orientation of the
bipolarity double-nozzle electrospinning system are shown in Figs. 5(a) and 5(b), respectively.
A parallel electrical field with the direction from left to right is formed between two needles
owing to the symmetry of the two nozzles with opposite polarities. From the results of the
simulated analysis of the distribution of the electrical field, it can be inferred that the jet stream
with a positive charge should be ejected from the left nozzle and shift to the right side with the
negative charge under the action of the electrical field force, whereas the jet stream with the
negative charge should shift to the left side.

Figures 6(a)—6(f) show the simulation motion loci of the jet stream produced using a
bipolarity double-nozzle electrospinning device with the applied voltages of 12, 20, and 28 kV,
respectively. The parameters used here are as follows: viscosity coefficient u = 10* kg/ms,
elastic modulus G = 10° kg/ms?, disturbance frequency w = 10~* s}, and coefficient of surface
tension a = 0.12 N/m. the vertical distance between the nozzles and the collector is 2 = 5 cm,
and the distance between two nozzles is #; = 6 cm.

Figures 6(a), 6(c), and 6(e) are the main plots of the simulation motion loci under the different
applied voltages, obtained using a bipolarity double-nozzle electrospinning system. We find
that the motion loci spiral downward to the collector in the early spinning process owing to
the electrical field force between the nozzle and the collector being much greater than the
coulomb force between the opposite charges in this stage. With increasing distance between the
electrospinning fiber and the needle, the electrical field force decreases rapidly. The coulomb
force between the opposite charges is greater than the electrical field force between the nozzle
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Fig. 5.  (Color online) (a) Geometrical model. (b) Electrical field orientation of double-nozzle electrospinning
device.
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Fig. 6. (Color online) Plots of the simulated motion loci of the jet stream at different applied voltages produced
using the bipolarity double-nozzle electrospinning system. (a) Main view at applied voltage of 12 kV. (b) Top view
at applied voltage of 12 kV. (c) Main view at applied voltage of 20 kV. (d) Top view at applied voltage of 20 kV. (e)
Main view at applied voltage of 28 kV. (f) Top view at applied voltage of 28 kV.

and the collector. The electrospinning fibers with opposite polarities move towards each other.
When the electrospinning fiber ejected from the positive-polarity nozzle meets one from the
negative-polarity nozzle, their opposite polarities attract and the fibers intertwine with each
other. Then, the opposite charges neutralize each other and the intertwined fibers become
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neutral. The neutral nanofibers descend to the collector plate because of gravity. Comparing
the simulation motion loci at the different applied voltages of 12, 20, and 28 kV, we find that
the areas of interwoven electrospinning fibers of opposite polarities gradually decrease with
increasing applied voltage. The distance among interwoven electrospinning fibers increases
gradually. Consequently, 20 kV is selected as the optimal applied voltage for synthesizing
composite hetero-nanofibers using a bipolarity double-nozzle electrospinning system. With
the same experimental parameters as the simulation parameters, it can been seen from Figs.
7(a)-7(c) that the electrospinning hetero-nanofiber trajectory presents similar motion loci to
those of the simulation.

The electrospinning distance between nozzles is the important factor in the simulation of
motion loci. The motion loci of fibers at electrospinning distances of 4, 5, and 6 cm between
the two nozzles have been simulated at the optimal applied voltage of 20 kV. When the distance
between the two nozzles is 4 cm, we can see, from Fig. 8(a), that the simulated motion loci of
fibers with opposite polarities are unstable and fibers attraction and interweaving occur quickly
because of the rapidly increasing coulomb force. When the distance between the two nozzles
increases to 5 cm, the simulation motion loci of fibers with opposite polarities show attraction
and interweaving within the distance of 4 cm from the nozzles. As a result, the two kinds of
spinning fibers are sufficiently mixed to interweave together uniformly. Figures 8(a)—8(f) show
the simulated motion loci of the jet stream at different electrospinning distances between the
two nozzles of the bipolarity double-nozzle electrospinning system. Figures 9(a)-9(c) show
photographs of electrospinning hetero-nanofiber trajectories for different distances between
the two nozzles of the bipolarity double-nozzle electrospinning system. We find that the
electrospinning fibers with opposite polarities will cause a short-circuit when the distance
between the two nozzles is 4 cm [Fig. 9(a)]. 5 cm is selected as the optimal distance between
two nozzles of the bipolarity double-nozzle electrospinning system.

Figure 10 shows the nanofiber motion locus in the opposite-polarity electrospinning process.
The two precursor solutions were prepared by mixing polyvinylpyrrolidone (PVP), stannous
chloride (SnCl;2H,0), N,N-dimethylformamide (DMF), and ethanol, and another precursor
solution was prepared by mixing PVP, indium nitrate [In(NO3)3-4.5H,0], DMF, and ethanol.
The electrostatic voltage Vp was 20 kV and the vertical distance / between the nozzles and

) Acplied rolELELR Y (b) Applied voltage of 20 kV

T Y
L

@ (b) ©

Fig. 7. (Color online) Electrospinning hetero-nanofiber trajectory at different applied voltages in the bipolarity
double-nozzle electrospinning system. Applied voltages of (a) 12 kV, (b) 20 kV, and (c) 28 kV.
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Fig. 8.  (Color online) Simulated motion loci of the jet stream at different electrospinning distances between the
two nozzles of the bipolarity double-nozzle electrospinning system. (a) Main view at the distance of 4 cm. (b) Top
view at the distance of 4 cm. (c) Main view at the distance of 5 cm. (d) Top view at the distance of 5 cm. (e) Main
view at the distance of 6 cm. (f) Top view at the distance of 6 cm.

the collector was 6 cm, and the distance /; between the two nozzles was 5 cm. We can see
from Fig. 10 that the electrospinning nanofibers ejected from the two nozzles with opposite
polarities moved in opposite directions. After they became attracted to each other and became
interwoven, the neutral composite hetero-nanofibers descended to the collection plate because
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- (b—}f{'h_e distance between nozzles of 5cm (c) The distance between two nozzles of & cm.
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Fig. 9. (Color online) Electrospinning hetero-nanofiber trajectory at different distances between two nozzles of

the bipolarity double-nozzle electrospinning system. (a) Distance between nozzles of 4 cm. (b) Distance between
nozzles of 5 cm. (c) Distance between nozzles of 6 cm.

Sn02/Tn203

Fig. 10. (Color online) Electrospinning hetero- Fig. 11. SEM image of SnO,/In,03 hetero-nanofibers
nanofiber motion locus using bipolarity double-nozzle as-synthesized using the bipolarity double-nozzle
electrospinning device. electrospinning device.

of gravity. The SnO,/InyO3 hetero-nanofibers were formed after high-temperature annealing
of the previously synthesized organic composite nanofibers. The motion locus of the composite
hetero-nanofibers synthesized using a bipolarity double-nozzle electrospinning device is
consistent with the simulated motion locus. Figure 11 shows the SEM image of SnO,/In,O3
hetero-nanofibers synthesized using the bipolarity double-nozzle electrospinning device. We
can see from Fig. 11 that two kinds of nanofibers, SnO; and In,Os3, exist simultaneously in the
Sn0O,/In,O3 composite, presenting a hetero-nanofiber composite system. These two different
nanofibers are interlaced to form a net structure.

5.  Summary

A bipolarity double-nozzle electrospinning device was designed to synthesize composite
hetero-nanofibers. The motion locus of the electrospinning nanofibers was simulated to
optimize the electrospinning parameters using the MATLAB software. The electrospun
solutions were simulated as being multiply charged with discrete particles. Then, force analysis
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was carried out for the charged particles, and a molecular dynamics model was built. The
motion locus of the positively charged particles was calculated on the basis of the Runge—Kutta
algorithm. The charged particles from the two nozzles with opposite polarities experienced
attractive force from each other. Under the combination of electric field forces, Lorentz force,
gravity force, surface tension, and viscosity force of solution, two kinds of electrospinning
nanofibers were ejected from the nozzles, moved in opposite directions owing to a strong
electrical field force and became interwoven, and then descended to the collection plate because
of gravity, resulting in the net-structured hetero-nanofibers. Compared with the electrospinning
phenomenon under the same experimental conditions, the motion locus of the composite hetero-
nanofibers synthesized using the bipolarity double-nozzle electrospinning system is consistent
with the simulated motion locus. The synthesis method based on bipolarity double-nozzle
electrospinning was proved to be feasible for synthesizing composite hetero-nanofibers by
simulation and experiments. Furthermore, the optimum applied voltages and electrospinning
distances were obtained by simulation. More research in simulation and modelling are needed
to guide future experiments.
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