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Abstract In the needleless electrospinning technology, the distribution and the value of electric field at spinneret
are the key factors that influence the electrospinning process and the formation of nanofibers. Different geometries of
the spinneret directly affect the distribution of the external electric field. Therefore, it is of practical significance for
the design and optimization of needleless electrospinning spinneret through the research on the distribution of electric
field from the geometry. In this paper, governing equations had been set up to analyze movement process of
steady-state jet from three aspects: mass conservation, charge conservation and momentum conservation. The finite
element analysis( FEA) software COMSOL Multiphysics 5. 0 is used to model three needleless electrospinning spin-
nerets and analyze the distribution of external electric field. It is found that during the evolution from the typical
cylindrical spinneret to the stepped shaft one with the added auxiliary electrodes, the distribution of electric field is
influenced by the angle of the auxiliary electrodes added on both sides, plus of the number and diameters of rotary
parts. The electric field is optimized step by step through a series of designs. The research is very important to the
improvement of production efficiency and nanofiber quality of the needleless electrospinning equipment.
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Electrospinning is the most effective and direct method for producing continuous nanofibers, and
as-obtained nanofibers have excellent characteristics and wide applications''’. However, the production effi-
ciency of the single needle electrospinning equipment is generally extremely low; the maximum total mass of
the nanofiber produced per hour is not more than 300 mg'>'. Although the production rate of the multi-needle
electrospinning equipment is improved, the structure of the equipment is complex and the electric field

[3]

interference between adjacent spinnerets is large The mutual interference can lead to the uneven

distribution of the electric field, prompting unstable jet whipping at the needles and bringing difficulties to the
nanofibers orientation collection, and then seriously affect the nanofibers quality'*'. In addition, there is a se-
rious clogging problem no matter it is single needle or multi-needle electrospinning, greatly restricting the rapid
development of electrospinning technology'>'. To solve these problems, researchers have proposed the needle-

[6—9]

less electrospinning equipment and carried out extensive researches . In the needleless electrospinning

equipment, when the electric field intensity exceeds the critical value, a large number of jets are formed

10]

directly from the open free fluid surface''’, which not only solves the problem of needle clogging, but also

increases the production efficiency and nanofibers yield, as well as providing a feasible way for the
industrialization of electrospinning''" .

At present, the needleless electrospinning technology has many methods, such as the global first
electrospinning machine Nanospider developed by Czech Elmarco Corporation; it adopts a rotary cylinder to

convert the solution attached on the cylinder into droplets, which form a Taylar cone and are drawn into a thin
12

filament under the action of electric field force' ", Huang et al.''* designed two kinds of rotary cylindrical
spinne-rets, one kind of spinneret surface has a lot of protrusions and another spiuneret surface is smooth. Niu
et al.”®’ found that the electric field intensity around the spiral was high and uniform, resulting in good
nanofiber quality and great yield when using a conical spiral wire coil spinneret. Throughout these studies, the
formation and trajectory of the jet in the fiber-forming process of the polymer solution depends on the distribu-
tion of the electric field intensity. For needleless electrospinning equipment, the spinneret geometry is a direct
factor on the distribution of the external electric field intensity when the same voltage is applied. Therefore, the
design of the spinneret geometry has practical significance to optimize the distribution of electric field intensity
in the process of needleless electrospinning.

In this paper, the authors implement researches on the distribution of the external electric field intensity
of three spinnerets with different geometries under the same voltage, including the cylinder, the cylinder with
auxiliary electrodes and the stepped shaft with auxiliary electrodes. The FEA software COMSOL Multiphysics
5.0 is used to analyze and compare the electric field of the three models, with the aim to provide an effective
way to optimize the electrostatic field and provide effective reference for further researches and designs of the

needleless electrospinning spinneret.

1 Dynamic Balance Analysis of Steady-State Jet

1.1 Mass Conservation
Take the electrostatic spinning jet micro elements as shown in Fig.1. According to the law of conservation
of mass, the mass of fluid flowing in the micro element is equal to that flowing out the micro element in the
unit time. Namely, 7riv,p, = wro0,p,. Unit jet flow is assumed to be Q, therefore:
Q= 7Tr21jp (D)
Whereas, r is jet micro element’ s radius, v is jet velocity, and p is jet density.
1.2 Charge Conservation

[15,16]

When jet moves in the electric field, the formed current consists of three sections : ohmic conductor
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current, surface current formed by the jet movement,
current formed by polarization charge, which is
generated by external electric field driving polymer
solution molecular orientation along the direction of
electric field.

1.2.1 Ohmic Conductor Current The anions and ca-

tions ionized in the polymer solution are shifted direc-

tionally under the action of the electric field; the
anions are generally concentrated inside the jet, and Fig.1 Schematic diagram of fluid

the cations are concentrated on the surface. The charge mass conservation

distribution inside the jet is similar to that of the conducting metal, conforming to the Ohm law. Therefore ;

I, = knr’E (2)
Whereas, k is the conductivity of the charged fluid, r is the radius of the micro fluidic element, and E is the
electric field intensity.

1.2.2  Surface Current 'The charge carried by cations on the surface of polymer solution forms current
because of the jet motion. Because the electric quantity passing through the cross section is current, the surface
current is:

I, = 2mrvo (3)
Whereas, o is the surface charge density, r is the radius of the jet micro element, and v the jet speed.
1.2.3  Polarization Current To polymer solution in the external field, each molecule has some induced
electric dipoles''”’ ; the moment of external electric field on the electric dipoles let each molecule in directional
alignment, resulting in positive and negative charges on the two surfaces, which are perpendicular to the
polymer solution and the external electric field. In the process, positive and negative charges produce displace-
ment to form polarization current. According to Curie Weiss law, the degree of polarization of the molecule is
inversely proportional to the temperature. Macroscopically, an additional field is generated due to generation of
polarized charges, namely the polarization charge electric field. The electric field of the polarized charges acts
on the original electric field, so that each point’s field intensity in the space is rearranged:

E=E, +E, (4)
whereas, E is the total electric field at any point in the space, E'l is a free charge field, and Ez is the
polarization charge electric field. According to Gauss’s law;

D= SOE' +P (5)
When the electric field E in the dielectric is not strong, the electrode intensity of the isotropic dielectric is

proportional to £ , with the same direction;

13=80(.9,—1)E (6)

The relationship between the electric displacement vector and the electric field intensity can be expressed as:
D=ce,eE (7)

From the above equation, the polarization current generated by polarized charges can be expressed as follows
I, = 27re e, Ev (8)

In summary, a partial differential equation can be expressed as follows according to the law of conservation of

electric charge .
d J
87[27”"1}(0' +e,eE) + mrrkE] + 5[2777(0’ +e,6,E)] =0 (9)
z

— -
Whereas, D is the electric displacement vector, P is the electric polarization intensity; &, is the vacuum

dielectric constant, and ¢, is the relative dielectric constant of dielectric.
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1.3 Momentum Conservation
In the process of electrospinning, the motion jet micro element is affected by the electric field force,
molecular polarization force, non Newtonian viscous resistance, liquid surface tension and gravity

simultaneously. The electrospinning process is shown as Fig.2.

dz
J
; 1
Fig.2 Scheme diagram of electrospinning Fig.3 Schematic analysis of micro
process element visco-us resistance

1.3.1 Eleciric Field Force The electric field strength generated by the high voltage static electricity applied
in the electrospinning process is assumed as £ , the electric field force on micro elements can be expressed as
follows :

F, = (2mrodz + kar*E)E (10)
Whereas, o is the surface charge density of the jet microelement.
1.3.2  Non-Newtonian Fluid Viscous Resistance The taken micro element is shown in Fig.3. It is assumed the
stress exerted on some surface element of the micro element is 7 and the internal pressure is 7 ''*'"). There is

7' =71 = T (taking the direction of gravity as the positive direction). Apply Taylor series expansion

dr dT
dr' =(— - —)d 11
T TR (b
Thus, the viscous resistance of the jet element:
. dr  dT
F,=mr(— - -)d 12
) =TT ( Az dz) z (12)

1.3.3  Surface Tension In order to facilitate the analysis of the surface tension, the moving jet is discretized
into a finite numbers of infinitesimal spheres with a radius of a(a is infinitesimal ). According to the formula of

surface tension F = ol 12 .

F, = 2maa(sind + cosh) (13)
Because thesphere curvature k;, = 1/a , it can be written as:
F, = 2ma’k,a(sind + cos) (14)

The surface tension of the jet micro element is:
N 27Ta2kia R ) R )
3—W[L‘x‘51gﬂ(xi) + 1y lsign(y,) ] (15)
Whereas, (x,, y;, ;) is an arbitrary micro element’ s center coordinates, and 6 is the angle between the
sphere center and coordinate origin.
1.3.4  Molecular Polarizability ~The relationship between the amount of polarization charge and the electric
displacement vector [ Formula ( 7) ] can be deduced: the amount of polarization charge generated is
proportional to the electric field gradient, namely;
q. = &8, VE (16)

Thus, the polarization force is;
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F,=c,e VE - E (17)
1.3.5 Gravity The micro element is still shown in Fig.3. It is assumed the polymer solution is distributed
evenly after mixing, and the density is p, so gravity exerting on the micro body is;
F, = mrpgdz (18)
According to Newton’ s Second Law of Motion, the above contents can be summarized as follows:

>

5 ds 2 s 2 27Ta2kia
7r pdz e (2mrodz + knr'E)E + 7ripgdz +

ﬁmx\sign(%)+f\y\sign(yi)] +
(xi Ty )

L dr
303,VE-E+7-rr2(d—T——)dz (19)
V4

Formula(19) is the motion differential equation of the jet micro element.

The analysis of the electrospinning process is actually the analysis of the motion of the polymer solution
under multiple fields’ actions, including high voltage electrostatic field, force field and flow field. The high
voltage electrostatic field is the main factor that affects the trajectory of the jet, the diameter of the fiber, the

uniformity and quality of the fiber. Therefore, it is crucial to control the electric field environment with directed

attention.

2 Electric Field Simulation

2.1 Typical Cylindrical Spinneret

A typical needleless electrospinning model is established with SOLIDWORKS, as shown in Fig.4. The
model consists of a rotary cylinder spinneret, a polymer solution bath, a collector and a high voltage power
supply. One part of the cylindrical spinneret shall be immersed in the polymer solution bath. During the normal
operation of the model, the polymer solution in the bath will be attached to the spinneret when the spinneret is
rotating. The polymer solution on the top surface of the cylinder will form a Taylor cone, thus forming jet and
being drawn into nanofibers to fall on the collector when high voltage is applied between the spinneret and the
collector. We set the cylindrical spinneret 16 cm in length, 2 c¢m in diameter; the polymer solution bath 20 c¢m
in length, 10 cm in width, 2 ¢m in height; the collector 30 ¢m in length, 20 ¢m in width, 2 mm in height and
collection distance 13 c¢cm. Voltage of 60 kV is applied between the cylindrical spinneret and the collector. A
2D model is built with COMSOL Multiphysics 5. 0.
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el 2
= =
z ~
Q
k|
= ) 10
0 01 02 03 047745
10*12
d/m
Fig.4 Schematic diagram of needleless Fig.5 Surface arrow diagram of the electric field
electrosp-inning model distribution of the cylinder spinneret

Fig.5 shows the vector arrow diagram of the electric field intensity distribution. The change trends of
the electric field intensity at 0,1, 2, 3 and 4 mm of cylindrical upper surface are observed, as shown in Fig.6.
Obviously, the electric field intensity distribution is not uniform when the cylindrical spinneret is used. The
maximum intensity 1500 V/mm appears at both ends of the cylinder while it is only about 700 V/mm in the
middle area of the cylinder. With the increase of the cross-section position, the electric field intensity at both

ends of the cylinder decreases gradually, but that in the middle almost does not change.
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Fig.6 Distribution of the field intensity on the Fig.7 Schematic diagram of polymer solution bath
surface of the cylinder head at different with the auxiliary electrodes

heights in the x-axis direction
Height/mm:a. 05 b. 1; ¢. 2; d. 3; e. 4.
2.2 Cylindrical Spinneret with Auxiliary Electrodes

In view of the above problems, whether some methods can be used to reduce peak values of the electric
field intensity at both ends of the cylinder or increase the value in the middle, so that a uniform electric field
distribution on the surface of the cylinder can be realized.

In this paper, the method, adding auxiliary electrodes on both sides of the polymer solution bath, is used
to influence the electric field intensity at both ends of the cylinder, as shown in Fig.7. Set the auxiliary
electrodes 10 ¢m in length, 3 ¢m in width and 1 cm in height. The auxiliary electrodes are connected to the
bottom of the polymer solution bath. The peak values of the electric field intensity at both ends of the cylinder
are analyzed when 6 = 0°, 30°, 45°, 60°, 90°. In the modeling, the part of the cylinder immersed in the
solution is below its axis. When the cylinder diameter is 2 em, the part of the spinneret exposed to the air is
larger than 1 ¢cm. The height of the solution bath is set to 2 cm, so the distance from the bottom of the bath to
the cylindrical upper surface is at least 3 em. The auxiliary electrodes are perpendicular to the horizon when
0=0°, and its maximum height is 3 ¢cm, which is still smaller than the height of the upper surface of the cylin-
der. The electric field tip effect at both ends of the cylinder can be prevented from being transferred to the
auxiliary electrodes to avoid the process of electrospinning being affected.

The voltage of 60 kV is applied between the spinneret and the auxiliary electrodes and the value of 6 is

changed. It is found that the electric field peak at the 1200

both ends of the typical cylinder spinneret with the % 1(1]82:

auxiliary electrodes is obviously weakened. The smaller g =~ o900 |

the angle, the stronger weaken ability will be. The ;:;3 g 800 -

peak value is 900 V/mm when 6 = 0°. The value is g = ;32 :

significantly lowered for the peak of 1500 V/mm when o 500 1 g
the auxiliary electrodes are not added. Fig.8 shows the 400 L2, ' ' L€ b

010 0.14 0.18 022 026 030

distribution of the electric field intensity in the x-axis o/m

direction at 1 mm on the upper surface of the cylinder. Fig.8 Electric field intensity distribution in the

It can be seen from the Fig.8 that the electric field in- x-axis direction at 1 mm on the upper
tensity in the middle region is about 600—700 V/mm, surface of the cylinder spinneret
which is close to aforementioned 700 V/mm. The simu- 6/(°): a. 05 b. 30; c. 45; d. 60; e. 90.

lation process shows that the addition of the auxiliary electrodes has obvious effect on the electric field at both
ends of the cylinder and has little effect on that in the middle region.
2.3 Stepped Shaft Spinneret with Auxiliary Electrodes

We add the auxiliary electrodes on both sides of the polymer solution bath in the above, which changes
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the electric field peak values at both ends of the cylinder, but has little effect on the electric field in the mid-
dle region. Therefore, we propose the idea to use the stepped shaft to change the electric field intensity in the
middle region of the cylinder.

Fig.9(A — D) show the evolution from the typical cylinder to the stepped shaft built with SOLIDWORKS.
In the modeling process, the influences of the number and diameters of rotary parts on the stepped shaft on its

external electric field intensity distribution are studied.
@A) B) ©) D)

Fig.9 Evolution schematic diagram of the spinneret from typical cylinder to stepped shaft

2.3.1 Increase the Number of Rotary Parts The main diameter of the stepped shaft is 2 ¢cm, with three rotary
parts of diameter(¢) of 2.2, 2.4 and 2. 6 cm, respectively, are added. The thickness variation of the rotary
parts is the same, as shown in Fig.9(D). In the modeling, the polymer solution bath with auxiliary electrodes
is still used, and voltage of 60 kV is applied to the spinneret and the auxiliary electrodes. The electric field in-
tensity distribution is shown in Fig.10. Compare Fig.10 with Fig.5, Fig.6 and Fig.8, it can be obviously seen
that there will be two peak values in the lower region of the middle electric field once one rotary part is added.
Thus, the peak values in middle region will become more intensive with the increase of the number of the rota-
ry parts. But a number of peak values in the middle region are still about 700 V/mm, which is similar to the

electric field in the middle region shown in Fig.8 and no obvious improvement is achieved.
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Fig.10 Electric field intensity distribution in the Fig.11 Electric field intensity distribution in the

x-axis direction at 1 mm on the upper x-axis direction at 1 mm on the upper
surface of the stepped shaft surface of the stepped shaft(0=30°)
0/(°): a.0; b.30; c. 45; d. 60; e. 90. Length/cm: a. 2.45 b. 2.8; ¢. 3.2.

2.3.2  Change the Outer Diameter of Rotary Parts The main diameter of the stepped shaft is still 2 cm and a
rotary part is added to the outside. The outer diameter of the rotary part is set to ¢=2.4, 2.8, 3.6 cm,
respectively. The inner diameter remains unchanged, that is, the thickness of the rotary part is changed.
Through modeling and analysis of the three cases, it is shown that, the electric field in the middle region is
improved significantly when the outer diameter of the rotary part is increased. The outer diameter ¢ =2. 8 cm of
the rotary part is better than other two cases, as shown Fig.11.

At this time, the electric field intensity is about 1000 V/mm at both ends of the stepped shaft and about
950 V/mm in the middle region. The adjacent peak values are approximately uniform. Through comparison
with Fig.9, it not only satisfies the peak value in the middle region, the peak value is also increased, and

better effect is realized.
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3 Conclusions

This paper analyzes the influence of contents ( including the properties of the polymer solution, the
working electric field of the spinning process and the rheology of the polymer solution) on the electrospinning
process theoretically. Moreover, the control equations of the steady-state jet are established, including jet’ s
conservation of mass, conservation of charge and conservation of momentum. The FEA software COMSOL
Multiphysics 5. 0 is used to model the electric field distribution on the needleless electrospinning. It is found
that peak values of the electric field intensity of the typical cylindrical spinneret appear at both ends. The peak
values of the electric field intensity of the cylinder spinneret at both ends are weakened significantly, but the
middle region is almost unchanged when the auxiliary electrodes with angle 8 is added at both sides of the
polymer solution bath. The electric field distribution of the middle region can be changed obviously by the
stepped shaft spinneret with the auxiliary electrodes; however, it is influenced by the outer diameter of the
rotary part. The evolution from the typical cylindrical spinneret to the stepped shaft spinneret with auxiliary
electrodes, the electric field is optimized step by step. The research not only has a guiding role in the optimal
design of needleless electrospinning spinnerets, but also has important significance for improving production

efficiency and nanofiber quality of needleless electrospinning spinnerets.

This paper is supported by the National Key Technology R & D Program of China( No.2014BAHO3FO01).
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