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Pulse gas-assisted multi-needle electrospinning of nanofibers
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Abstract

Multi-needle electrospinning is an effective method to increase the productivity of nanofibers. In this paper, the number of single-
needle jets was increased to further improve the production efficiency. As the traditional method for increasing the number of
single-needle jets has poor controllability and persistence, we proposed a gas-assisted method to increase the yield of nanofibers.
A coaxial gas auxiliary needle was designed with an intermediate shaft supplied gas and the outer shaft supplied solution.
Innovatively using pulse gas to produce continuous and stable bubbles which are ruptured on the needle. The liquid film is
continuously disturbed, which generates jets in the electric field, thereby increasing the number of jets of a single needle. After
optimization of the single-needle gas-assisted electrospinning process, the stable spraying process of 16-pin multi-needle
electrospinning has been realized. The gas-assisted electrospinning productivity was 4.7 times higher than that of without gas
assistance. It provided a new idea for improving the stable production of the multi-needle electrospinning.

Keywords Gas-assisted electrospinning - Nanofibers - Productivity improvement - Multi-needle electrospinning - Multi-jet

electrospinning

1 Introduction

Electrospinning is a very simple process by which polymer
nanofibers can be produced using an electrostatically driven
jet of polymer solution. Significant progress has been made in
this process throughout the past few years, and the nanocom-
posite fibers have been exploited to a wide range of applications
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in the fields of biomedicine, chemical separation, catalysis, en-
ergy storage, sensors, ion recovery, etc. [1—4]. The initial pro-
duction method for electrospinning was single-needle spinning
with low production efficiency, which was not economical for
large-scale industrial production. Common electrospinning
methods for the mass production of nanofibers included
multi-needle electrospinning and needle-free spinning.
Needle-free spinning technology made it arduous to control
the position of the spray and the morphology of the fiber, which
can result in non-uniformity of the nanofiber membrane [5-7].
Multi-needle electrospinning can produce better quality nano-
fiber membranes, but their yields were still relatively low.
Therefore, it is necessary to increase the output of single-
needle electrospinning through technological improvements
[8-11].

In 2008, Reneker proposed to use auxiliary electrode to
obtain multi-jets in electrospinning process to improve the
yield of nanofibers [12]. Yamashita used multi-notch formed
on the needle tips to achieve multi-jets [13]. The methods of
obtaining multi-jets by modifying spinning device also includ-
ed the adoption of collectors with different structures [ 14]. The
method of modifying spinning device was not the only choice;
increasing the electric field force of tips was also adopted [15].

Gas assisted multi-jets technology is a method to increase
the yield of single-nozzle electrospun nanofibers. In 2007, Liu
etal. [16-18] reported a technique for exciting electrospinning
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with bubbles, which utilized multiple jets generated during
bubble popping to realize electrospinning, greatly improving
the productivity. During the bubble formation process, the
bubble experiences growth and rupture. When the bubble
bursts in the electrospinning, due to the gas flow and the
electric field force, the breaking point is formed at the thinnest
part of the bubble with the maximum tension, and then the
liquid film of the bubble is curled at the point of breakage and
moves toward the edge of the bubble burst. Here, the curling
speed of the bubble liquid film is related to the bubble radius
and the film thickness, and the curling speed is an important
factor that affects the regular formation of the bubble.
Therefore, if the air pressure is too large, the liquid film cannot
be recovered at the rupture port, and the gas will continue to be
discharged, so that bubbles cannot be formed again.
Therefore, continuous gas supply is difficult to control stable
and regular formation and cracking of the bubble, as well as
multi-spinning with gas assist is difficult to stably control [17,
19-31].

Aiming at the problem of using multi-needle
electrospinning to increase the production efficiency, this pa-
per proposes a method that uses pulse gas to continuously
disturb the regular bubble collapse at the tip to maintain mul-
tiple jets and realizes gas-assisted electrospinning. The multi-
jet process is stably controlled, providing a new idea for multi-
needle electrospinning to further increase nanofiber
production.

2 Materials and methods
2.1 Experimental setup

The schematic diagram of the experimental setup was shown
in Fig. 1. The gas and the solution were output by an inner
needle with d2 in diameter and an outer needle with d/ in
diameter, respectively, and the inner tip was shorter than the
outer tip by //. The inner needle, the type of which include
13G (diameter at 1.9 mm), 16G (diameter at 1.2 mm), and

Fig. 1 Schematic of the
experimental setup -1
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20G (diameter at 0.62 mm), was controlled on or off and the
air pressure by the air pressure valve. The type of the outer
needle used in this paper is 8G (diameter at 3.3 mm) with
20 mm needle length. As shown in Fig. 2, ¢/ is the duration
of ventilation, and #2 is the length of gas interruption. The
value of ¢/ and ¢2 could be set separately to realize the period
of pulse or constant pressure gas, and the minimum on-off
time is 50 ms. The high-voltage power supply was made by
Tianjin Dongwen High Voltage Co. The highest voltage is
50 kV with the highest current of 2 mA.

2.2 Material

The experimental material was an aqueous polyvinyl alcohol
solution (1788 model, Since Aladdin). At room temperature of
25 °C, 4 concentrations of polyvinyl alcohol (8, 10, 12 and
14%) were used.

3 Theoretical analysis of gas-assisted needle
electrospinning

3.1 Bubble generation theory

According to existing studies on the formation mechanism of
bubbles in liquids [24, 26, 28, 32], the theoretical analysis of
bubbles was carried out in this paper. In the process of forming
the bubble, the height of the airhole from the liquid surface
and the distance between the airhole and the diameter of the
outer needle determine three states of bubble formation shown
in Fig. 3: (a) the bubble connecting the airhole, (b) the bubble
leaving the airhole and smaller than the diameter of the outer
needle, and (c) the bubble leaving the airhole and next to the
outer needle. In this paper, the experimental model was close
to state (a), due to the low height of the airhole from the liquid
surface.

From formation to rupture, bubbles can be divided into
three stages: formation stage, expansion stage, and rupture
stage. At the formation stage, shown in Fig. 6a and c, as the
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Fig. 2 Schematic of periodic pulse pressure

air is continuously injected, the convexity of the bubble tip
gradually increases, and the solution thin liquid layer is lifted
up to form a near spherical surface. At the same time, the
thickness of the liquid layer above the bubble is continuously
reduced, and the closer to the tip of the bubble, the thinner the
thickness of the liquid layer. Then there is the expansion stage
as shown in Fig. 7a. When the bubble volume increases grad-
ually, the bubble shape remains spherical. And the projection
of the bubble on the horizontal plane is larger than the outer
needle cross section. At the final rupture stage, the bubble is
gradually elongated in the longitudinal direction until cracking
occurs when the thickness of the liquid film is lowered to a
certain extent, as shown in Fig. 8.

3.2 Fluid dynamics theory of bubble in an electric field
3.2.1 Fluid dynamics in an electric field

There are thermally excited capillary waves, whose amplitude
and wavelength are controlled by the interfacial tension and
other pressures acting on the interface, on the free surface. The
presence of surface tension suppresses the amplification of the
capillary waves. When an electric field is applied to the

Fig. 3 Three states of bubble
formation

@ Springer

interface, electrostatic pressure can be generated at the inter-
face. Because the direction of electrostatic pressure is the op-
posite of surface tension, the electrostatic pressure can over-
come the surface tension when a sufficiently large voltage is
applied, which causes the interface fluctuations to amplify and
the liquid surface to undulate [33, 34].

The thin layer of liquid in the electric field is mainly affect-
ed by four forces: atmospheric pressure, surface tension, elec-
trostatic pressure, and separation pressure. So the overall pres-
sure on the liquid layer is [34]

& h
P =0V 5 T Pelh) + Pas(h) (1)

where pq is atmospheric pressure; 7227? represents Laplace
pressure, which is caused by the change of interface energy
caused by the change of interface area; p,, is the electrostatic
pressure, p ;s is the separation pressure; and h is the thickness
of the liquid layer. The separation pressure is caused by the
Van der Waals interaction, and its value is much smaller than
the Laplace pressure, so it can be neglect in general.

In this paper, we only analyze the case where the surface
disturbance wavelength )\ is much larger than the liquid layer
thickness variation value. In this case, the electric field force is
not enough to overcome the surface pressure to form the liquid
column connecting the two electrodes. The polymer thin layer
fluctuation amplification diagram is shown in Fig. 4.

For two-layer media, the formula for calculating the field

strength is [20].
€jU .. ..
i=———(1,]=1,2;1 2
e (1= L2#) )

where 1 and 2 represent the type of media; /; and /4, are
thickness paremeters of the media 1 and 2, respectively; and
€1 and &, refer to the dielectric constants of the media 1 and 2,
respectively.

For the liquid-gas medium between the electrodes, as
shown in Fig. 4, it can be seen that there are the four

Outer needle
Spinning solution

Bubble

Airhole (inner needle)
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Fig. 4 Polymer thin layer surface I

fluctuation amplification [34] Y

parameters: the distance between the two electrodes d, the gas
thickness between the electrodes (d-h), the thickness of the
liquid layer A, and the supply voltage is U. So the electric field
strength of the liquid layer is

e U
Ep=——7"—— 3
"7 &h+ ep(d-h) ®)
And the electric field strength of the gas layer is
SPU
(4)

E=——
£rh + EP(d_h)

where ¢p is the liquid layer dielectric constant; wheree,, is the
gas dielectric constant, ¢, ~ 1.0. Thus the electric field strength
of the liquid layer is

U

Ep=—F—"-— 5
P Epd_(ﬁp_l)h ( )

and the electric field strength of the gas layer is

E, = ¢,E, (6)

In addition, the interface electrostatic pressure is calculated
as [35].

Pei = "o (5p_5r)ErEp (7)

From egs. (6) and (7), the interface electrostatic pressure is
pa = —coer(ep—1)Ep (8)

where ¢ is the vacuum dielectric constant.

3.2.2 Calculation of surface charge density of liquid film

In the uniform electric field E,, the surface of the spherical
bubble generates an induced charge, and the charge is dis-
tributed on the surface of the bubble due to the Coulomb
force. The surface density of these induced charges is not
uniform under the electric field, as well as the charge mi-
grates to the local tip position of the bubble along the direc-
tion of the electric field force [30]. Moreover, the larger the
surface curvature, the denser the charge distribution. Figure 5
shows the actual charge distribution of spherical bubbles in a
uniform electric field.

In a spherical conductor with a field strength of £y, the field
strength at any point on the surface is [36].

E = 3Ejcos0 )

where 6 is the angle between the line connecting the point and
the center of the circle and the direction of E,.

The distribution of induced charges on the surface of a
spherical conductor is related to the distribution of field
strength. And the relationship between charge surface density
and the electric field strength is

Eg (10)

where ¢ is the charge surface density and ¢ is the dielectric
constant of the space medium. From Egs. (9) and (10), the
surface density of the induced charge on the surface of the
spherical conductor is [37]

q = €¢E = 3¢Ecosb. (11)

It can be seen that the charge density at the tip of the bubble
is the largest, which is

Qmax = €E = 3¢Eg (12)

3.3 Force analysis of bubble in an electric field

In this paper, the experimental model was close to state as
shown in Fig. 3a.

Bubble

Spinning solution

Outer needle

Fig. 5 The charge distribution of spherical bubble in a uniform electric
field
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(1) Force Analysis at the Formation Stage

As shown in Fig. 6a is a schematic diagram of the coaxial
needle with the inner needle outputting air and the outer nee-
dle outputting solution. When the inner needle guarantees a
certain air pressure, the solution forms a thin layer at the tip of
the needle under air pressure. In the solution thin layer, shown
in Fig. 6c¢, the bubble is mainly affected by seven kinds of
forces: surface tension £, electric field force F, static pres-
sure F,,, gas flow momentum force F,, inertial force F7, vis-
cous resistance Fp,and bubble inner pressure F;,.

In this paper, inertial force, viscous resistance, and bubble
inner pressure were negligible because of small airflow. Since
surface tension is generated on both upper and lower surfaces
of the liquid layer, the surface tension on the bubble is

F, = 2mrycos® + 27ry-ycosd (13)

where r is the radius of the outer needle, 7y is the radius of the
inner needle, -y is the surface tension, and 6 is the angle be-
tween the direction of surface tension and the vertical
direction.

It is assumed that the thickness of the solution above the
bubble is uniform at the formation stage. And the bubble be-
low the liquid layer in the gravitational field is subjected to the
static pressure of the fluid. According to the calculation for-
mula of static pressure, the static pressure of the bubble is

F, = g (pgz + po) (14)

where p is the liquid density, z is the thickness of the solution
layer, and py is the atmospheric pressure.

Due to the presence of air pressure, the bubble is subjected
to force from the inside to the outside. The horizontal projec-
tion of the bubble just coincides with the inner needle outlet,
so the vertical upward force caused by the pressure inside the
bubble is

Fj, = pmirs (15)
where p is the internal pressure of the bubble.

According to the previous analysis from Egs. (5) and (8),
the electrostatic pressure of the bubble is

U 2
pa= o |ty

where d is the distance from the collector to the needle tip and
z is the thickness of the liquid layer above the bubble.

Thus, the electric field force of the bubble in the vertical
direction is

(16)

_ J—;
Fg = pe7iry

(17)

From the force analysis as shown in Fig. 6¢, the relation-
ship of forces can be expressed as follows:

Fy + Fiy + Fg>F, + F, + F + Fp (18)

Since the air flow is small in this experiment, the inertial
force, gas flow momentum force, and the viscous resistance

were negligible. Thus,
Fin>F, + Fy—Fg

(19)

The required internal air pressure of the bubble is

Bubble Spinning solution
Fy Fi F;
2ro
2r _—— Solution thin layer
L L g Fy FP Fi Fp
, ———
Airflow
a b c

Fig. 6 Schematic diagram of bubble forming period: (a) schematic diagram of needle; (b) schematic diagram of parameters; (c) force of solution thin

layer
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1 U ?
p= p—j {2ﬂr~ycose + 27rg-ycos® + mri-(pgz + po)—eoep(ep—1)- {m} -ﬂrg} (20)
(2) Force Analysis at the Expansion Stage density at the tip. The bubble is subjected to an electric field

force in the electric field opposite to the direction of the sur-
At this stage, as the bubble volume increases, the bubble  face tension, and the electric field force at the tip is the largest.
radius R increases to be larger than the radius of the inner Because the thickness of the liquid film is almost negligi-
needle, as shown in Fig. 7b. Figure 7c shows that the bubble  ble, the medium between the electrodes can be regarded as air
is subjected by seven forces: surface tension £, atmospheric ~ only, and the dielectric constant of the air is ¢,= 1.0.
pressure F, gas flow momentum force F),, inertial force F/, According to the above analysis, the maximum electric field
bubble inner pressure F,, viscous resistance Fp, and electric  force of the bubble at the tip is
field force Fg.
Since the bubble is in the air at this time, it contains inner £ Emar = QmarE = 3erEg3Ey = 9E%) (24)
and outer liquid films, and the two liquid films generate addi-

. . And the electric field strength E is
tional surface force due to the surface tension. So gth Zo

F, = 47trgycosd (21)  E¢=— (25)

And the atmospheric pressure of the bubble is where U is the supply voltage, D is the distance from the

2 collector to the electrode, and g is the surface charge density

Fo = TR™Po @2 ot the bubble.
The upward force caused by the internal pressure of the As the expansion process progresses, the bubble eventually
bubble is ruptures at the point where the force is strongest. The critical
point at which the bubble bursts depends on the force at the
Fip = piiR? (23)  tip, so in order to determine the critical point of bubble burst,

we can assume that each point on the bubble is subjected to the
maximum electric field force. Then the total electric field force
that the bubble is subjected to be expressed as cece

As shown in Fig. 7c, since the bubble is below the liquid
film rather than the liquid layer, this case is not in the scope of
electrohydrodynamic analysis. According to the previous

analysis, the distribution of induced charges on the surface 5 s o, U*nR?
of the bubble is not uniform, and there is a maximum charge Fg = FppacTR = 9E;mR” = 2 (26)
Bubble
F F E F
Solution < M T "
2x0 l l
2r Fy F Bubble
Fy F
- || d
Airflow
a b c

Fig. 7 Schematic diagram of bubble expansion period: (a) schematic diagram of needle; (b) schematic diagram of parameters; (c) force diagram of the
bubble in the electric field
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Fig. 8 Schematic diagram of
bubble rupture period: (a)
schematic diagram of needle; (b)
schematic diagram of the radius
of curvature of the bubble

Bubble

From the force analysis as shown in Fig. 7c, the relation-
ship of forces can be expressed as follows:

Fy+ Fyu+ Fg>F,+Fy+ F;+ Fp (27)

Since the air flow is small in this experiment, the inertial
force, the gas flow momentum force, and the viscous resis-
tance were negligible. Therefore

Fu>F,+ Fo—Fg (28)
So the required internal air pressure of the bubble is

90?2

o (29)

1
p> = (4mtrgycost) + po—

(3) Force Analysis at the Rupture Stage

At this stage, the bubble no longer maintains a spherical
surface, which begins to be stretched and develops toward the
ellipsoid, and the bubble quickly ruptures at the tip. The bub-
ble before rupture is also subject to seven forces: surface

Solution n
7 Bubble

a b

!

Airflow

tension, atmospheric pressure, gas flow momentum force, in-
ertial force, viscous resistance, bubble inner pressure, and
electric field force. At this time, the force analysis of the bub-
ble is as shown in Fig. 7c too.

As shown in Fig. 8b, the curved surface of the bubble is
determined by two radius of curvature r; and r,, and the sur-
face force formed by the surface tension should be

F, =2y (i - i) cosf-murg (30)

. n

The atmospheric pressure of the bubble is
Fo = mr3p, (31)

And the bubble inner pressure is
Fo = mp (32)

The expression of the electric field force is the similar to the
previous stage:
logroe

Fg =7z (33)

Fig. 9 (a) Bubble morphology in an electric field at constant air pressure, (b) spinning deposition at constant air pressure; (c) SEM image of the yellow
circle
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Fig. 10 Pulse bubble
morphology: (a) the appearance
of the bubble before the rupture;
(b) the moment of bubble rupture

Due to
Fin2F7+F0_FE (34)
the required internal air pressure of the bubble is

9U?

1 1 1 2
p=z—> {2}/ (— + E) COse-nro] +po— o

Wr% r

3.4 Calculation of air pressure pulse period

From the bubble formation to the complete disappearance
process, the bubble experienced two periods of growth and
rupture. In the growth period, the bubble volume becomes
larger and larger, and accordingly, it is necessary to maintain
a certain gas flow rate. And the growth time is recorded as .
In gas-assisted electrospinning, during the bubble rupture pe-
riod, the bubble breaks and is stretched into a nanofiber in the
electric field. At this time, it is only necessary to maintain the
gas pressure so that the spinning solution does not enter the
gas needle until the liquid layer re-covers the tip of the inner
needle. The time required to rupture to disappear is recorded
as t,,. Thus, the airflow pulse period is

t=ts+1 (36)

At the critical state of growth and rupture, the two radius of
curvature of the bubble are 7| and r,. It can be approximated as

Fig. 11 Spinning reception under
pulsed air pressure (45kv, 12 wt%
PVA aqueous solution)

follows: r, =, where r is the radius of the outer needle. When
the gas flow rate is very low, the bubble is always in the sub-
equilibrium state [38], which can be regarded as the force
balance during the critical rupture of the bubble. So 7, is

2
2ymrgreost
2

U
(p—po + >7rr3—277rr30050

(37)

ry =

from Eq. (35). It can be seen that the hemisphere volume at the
critical rupture of the bubble is
1 4 2

Vg :§'§7rr1r§ :§7rr1r2 (38)

Assuming the inner needle gas flow rate is 0, #, is

"=y (39)

When the bubble breaks in the electrospinning, a crack
point is generated at the thinnest portion of the bubble due
to the effect of the air flow and the electric field force, and
then the liquid film is curled at the break point to form a ring to
move toward the edge. When the electric field force and the
centripetal force of the ring are greater than the surface ten-
sion, the force system is no longer balanced. The ring breaks

to produce droplets, which are stretched into nanofiber in the
electric field.
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Fig. 12 Bubble morphology of different types of needle: (a), (c), and (e) using 8 G-13G, 8G—16G, and 8G-20G needles before bubble rupture; (b), (d),
and (f), using 8G-13G, 8G-16G, and 8G-20G needles the instant of bubble rupture (45 kV, 10 wt.% PVA solution, ¢/ = 100 ms, £2 =2000 ms)

Although the curling speed of the bubble liquid film is  Therefore, the liquid film thickness can be assumed to be
related to the bubble radius and the film thickness, the liquid ~ uniform when calculating [38].
film curling speed fluctuation due to the uneven film thickness There is an empirical formula between the curling speed u ofthe
is not large, according to the experience of the researchers.  liquid film and the radius of curvature R of the bubble [31, 39]:

] AYe; 2

Fig. 13 After half an hour of different needle spinning: (a) 8G—13G needle; (b) 8G—16G needle; (c) 8G—20G needle. (45 kV, 12 wt% PVA solution, ¢/ =
100 ms, #2=2000 ms)
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Fig. 14 Spinning of different
concentrations of spinning
solution: (a) 8 wt% PVA,; (b)
10 wt% PVA; (c) 12 wt% PVA;
(d) 14 wt% PVA (8G-13G
needle, 1/ =100 ms, 12 =

2000 ms, 45 kV)

u=akR? (39)

where a and b are empirical coefficients.
The bubble can be regarded as an ellipse as shown in
Fig. 8b, and the ellipse circumference is

L =2mr, + 4(r1—12) (40)

In order to ensure that the liquid film can completely dis-
appear, when calculating the liquid film curling speed, we take
the larger radius of curvature 1, to calculate, and then the time
from the crack to the disappearance of the liquid film is

L/4 7y 4 2(ry—1)  7ry+2(r1-1)

t p = —— =
u 2ary” 2ar®

(41)

In summary, if the air pressure is too large, the liquid film
cannot be re-covered after the rupture period. The gas con-
tinues to be output, and the bubbles cannot be formed twice.
Therefore, pulsed airflow was used to control the formation of
bubble regularly in this paper.

4 Experimental results and discussion

4.1 Effect of air pressure time period on bubble
forming and spinning

In this section, 8G needle was used for the liquid supply of
outer layer, and 16G needle was used for the inner layer to
supply air. The spinning solution was 12% PVA with 20 cm
spinning distance and 45 kV voltage. The constant air pressure
of 0.9 kPa and pulse pressure of 10 kPa (/=100 ms, 2=
1000 ms) were applied.

Figure 9 showed the bubble morphology and fiber dispo-
sition on the receiving aluminum foil. The bubble diameter
was larger than the diameter of the inner needle. At this time,
the film of the bubble was very thin, and the size of the bubble
could not easily be controlled. The bubble was easily detached
from the needle tube before its rupture. After the bubble left
the needle, it was easy to directly hit the collector, causing a
large piece of liquid film which did not stretch into a filament
in the deposited fiber, as shown in the area inside the yellow
circle of Fig. 9b. Therefore, the constant air pressure produces
poor quality fibers.
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Fig. 15 (a) Jet morphology produced by a conventional 8G needle at 45 kV; (b) ordinary single 8G needle fiber morphology; (c) the SEM image of the
sample; (d) the statistical distribution of the SEM nanofiber diameter of the sample

When the needle tube supplied constant air pressure and
the pressure is high, the solution cannot cover the air tube
mouth after the bubble burst, so the next bubble was not in-
ducible. At this time, if the pulse gas pressure is applied, the
solution would have enough time to cover the needle during
the gas shut-off period, and when the next pulse gas comes,
there would be enough air pressure to break through the liquid
film to form a continuous liquid disturbance. During the pulse
ventilation, the gas pressure and the flow force are large, and
the solution layer instantaneously breaks, so the bubble has no
time to grow. The bubble morphology is shown in Fig. 10.

When a voltage is applied to a bubble, the bubble subjects to
an upward electric field force, so the size of the bubble in-
creases, and the bubble formed by the moment when the solu-
tion layer breaks and also is elongated. Compared with the
constant air pressure, when the pulse gas is used, the bubble
has a smaller size than the needle tube due to the air pressure in
the tube during the gas-off period. Figure 10a shows the bubble
is in the yellow circle area. Figure 10b shows that the gas is
rushing out at the moment of venting, the bubble instantly be-
comes large and ruptures at the needle, and the edge of the
ruptured liquid film rapidly induced multiple jets.

Compared with using constant air pressure, the pulse gas
does not cause large air bubbles to deposit onto the collector,
and the spinning process can keep stable for a long time.

@ Springer

Experiments showed that when using single needle with a
pulse gas pressure under 0.1 MPa, ¢/ =100 ms and 2 =
1500 ms, the bubbles generated were relatively stable and
suitable for continuous spinning. However, as the spinning
progressed, occasionally there would be small bubbles on
the collector, as shown in yellow circles in Fig. 11. This was
because the liquid film did not stretch into fiber in the air and
directly flied to the collector.

4.2 Effect of needle diameter on spinning process

The gas pressure of bubble liquid film is related to the diam-
eter of gas supply needle, while the size of bubble is affected
by the spinning voltage and spinning stability. Figure 12 a—d
show when the 8G-13G needle and 8G-16G needle were
used for spinning, the bubble morphology and cracking pro-
cess were similar, while the bubble size generated by the 8G—
13G needle was larger than that of 8G—16G needle. When the
8G—20G needle was used, as the inner diameter of gas needle
was small, the size of bubble was small and wrapped by thick
solution. At the moment of ventilation, the solution was
pushed out from a small hole (yellow dot line in Fig. 12).
The gas is ejected from the small hole, while the solution
covered the gas and maintained its original shape, which is
difficult to keep the stable and continuous solution surface.
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Fig. 16 (a) Schematic of bubble
rupture of the airflow-assisted
needle. (b) Jet morphology when
pulsed air pressure is assisted. (c) /
Jet morphology when pulsed air it
pressure is ventilated. (c) Single-
needle pulse pressure deposition.
Fiber morphology. (e) Statistical
distribution of fiber diameter. (f)
Microscopic SEM image of fiber
(12 wt%, t1 =100 ms, £2 = a
2000 ms)

14
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Under the same gas pressure, the larger diameter of inner gas
pipe produced greater pressure on the liquid film. Therefore,
the larger bubbles can be generated.

Figure 13 a—c show the fiber deposition on the collector
using 8G-13G, 8G-16G, and 8G-20G, respectively. When
spinning with 8G-13G and 8G-16G needles, they could
produce large disturbance on the surface of the solution,
and the thickness of fiber deposition was large. However,
as shown in Fig. 13b, the spinning with 8G-16G needle
was unstable, and more small bubbles were generated on
the collector (shown by the yellow circle), mainly because
the fragment liquid film generated by the needle was quite
thick. When the fragment liquid film deposited on the col-
lector, it did not fully stretch into nanofibers in the electric
field, which in turn affected the quality of the fiber mem-
brane. The spinning using 8G-20G needle is shown in
Fig. 13c. As the volume of gas from the airhole was small,
the gas disturbance on the surface of the solution was rela-
tively small and the gas impulse to the liquid film was weak.
There were no fragment liquid film flies to the air and hardly
any small bubbles on the collector. But the spinning efficien-
cy was relatively low as the effect of gas assisting was not
good. However, due to the small diameter of 8G—20G

[y

N| / AR
] / | ¢
o / et

b
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#FF Y12 (nm)

needle, the clogging phenomenon was easy to occur, which
made it difficult to spin continuously for a long time.

4.3 Effect of solution concentration on spinning
process

In the gas-assisted electrospinning process, solution concentra-
tion and solubility have strong influence on its viscosity and
viscous bubble, thereby affecting the formation of bubble liquid
film in the electric field. In this experiment, the PVA solution
was adopted to investigate the effect of concentration on spin-
ning, and the results were shown in Fig. 14 a—d. Figure 14a
shows the jet deposition morphology at 8 wt.% PVA. The vis-
cosity of the solution was small, and the bubbles were easily
detached from the needle. Though the pulse gas was applied,
the bubbles often directly break away from the needle and hit
the collector before rapture. Therefore, a large liquid film ap-
peared on the collector. When using a 10 wt.% PVA solution, as
shown in Fig. 14b, due to the small viscous force, the gas flow
tended to make liquid film with continuous bubbles at a certain
pressure. And at the moment of ventilation, many bubbles di-
rectly flied to the collector. Therefore, a lot of solution was not
fully stretched, resulting in poor quality nanofibers. Figure 14c
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Fig. 17 Spinning fiber
morphology of the four-needle
array; (b) SEM image of fiber; (c)
statistical chart of fiber diameter
distribution
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shows when the concentration was 12 wt%, the spinning pro-
cess was more stable, and bubbles rarely presented on the col-
lector. This was because when the viscosity of the solution
reached a certain level, the gas pressure can make the liquid
film rapture during ventilation. The liquid film had a good
fluidity to cover the gas pipe mouth quickly. The gas pressure
during the gas-closing period was not enough to make the lig-
uid film rupture again, so the formation and fracture of the
bubbles could be well controlled. After the liquid film ruptured,
the gas force was insufficient, so only a small amount of liquid
film was torn to form fragments and flied to the collector. With
the well-controlled spinning voltage and distance, good results
have been obtained. With 14 wt.% PVA, the spinning efficiency
was low. Although no small droplets appeared on the collector,
the viscosity of the solution was large, which deteriorate the
fluidity of the liquid film as show in Fig. 14d. When the top
of a bubble breaks, the solution cannot cover the pore, which
makes the generation of bubbles unstable, resulting in unsus-
tainable spinning.

4.4 Production improvement by gas-assisted needle

For the ordinary 8G single needle at 45 kV, because the needle
was large, the charge density of the liquid surface was
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insufficient. In the absence of gas disturbance, it was difficult
to spontaneously induce the jet. It was necessary to use the
needle tip to move the liquid surface at the beginning to give a
disturbance to the surface of the solution, and this could start
the spinning. Moreover, the number of jet streams generated
during the spinning process was only 1-2, as shown in
Fig. 15a. Since there was no disturbance on the solution, it
was not possible to splash droplet, and the film on the collector
was relatively flat (Fig. 15b) with 0.06 g for half an hour
spinning. The fiber diameter distribution diagram was shown
in Fig. 15d, and most of the fiber diameters were distributed
between 150 and 250 nm.

Figure 16a is a schematic diagram of the instantaneous
rupture of the liquid film. When using the pulse gas flow,
the liquid film breaks, the edge of the liquid film would pro-
duce many small protrusions, likely to induce jets in the elec-
tric field. If the electric field energy is sufficient, a plurality of
jets could be induced. Figure 16 b— show that there were 2—4
jet strands during the gas-off period and 5—6 jets were gener-
ated at the moment of ventilation, indicating that under the
disturbance of the gas, more jets could be generated at a lower
voltage energy. As the disturbance level at the needle was
relatively high under the pulse gas, the spinning distance and
voltage did not adjusted to the optimal parameters, so there
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Fig. 18 (a) Picture of the needle;
(b) gas-free auxiliary 8G array 16-
pin electrospinning half-hour
deposition fiber morphology; (c)
statistical analysis of fiber
diameter; (d) SEM image of

sample
=
g
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#4142 (nm)
were droplets on the spun film, as shown in Fig. 16d. The half- To improve the gas-assisted electrospinning yield, we in-

hour spinning mass was 0.17 g, which was nearly three times  crease the number of needles by using trapezoidal array four-
that of ordinary 8G needles. Figure 16e was a fiber diameter ~ needle needle. The pressure was 0.1 MPa, ¢/ =100 ms, 2=
chart of the SEM image, and it can be seen that more than 70% 800 ms, liquid supply was 4 ml/h, spinning voltage was 45 kV,
of the fiber deposition diameters were between 150 and  spinning distance was 20 cm, and good spinning effect was
250 nm. obtained. Figure 17 shows the aluminum foil after spinning

Fig. 19 (a) Half-hour deposition
effect of 16-needle airflow
assisted needle fiber; (b) SEM
image of the sample; (c) statistical
analysis of fiber diameter
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deposition, exhibiting the good morphology without any
small droplet. This was mainly because the pressure and gas
flow were smaller and the gas bubbles were stable after the air
pressure was dispersed by the four needles. Using these pa-
rameters for spinning, the mass of half-hour deposited nano-
fiber was 0.483 g, which was about three times than that of a
single-needle electrospinning can produce. The interaction be-
tween the needles in the array has played the role. The charge
density of the single needle was low, and the energy obtained
by each needle jet was small. Compared to the single needle,
although the spinning efficiency of each needle was reduced,
the stable batch spinning has been achieved by increasing the
voltage. It can be seen from Fig. 17¢ that 80% or more of the
fiber diameter distribution was between 100 and 250 nm.

Figure 18a shows the spinning device with 16 needles. The
fibers deposited without pulse gas after half an hour is shown
in Fig. 18b. Because the needle was stationary, and the jets
directly repelled each other, it can be found that in the red
circles the deposited fibers are uneven. Without being aerated
for half an hour, the mass of deposited fiber was 0.27 g.
Figure 18c showed a statistical analysis of the sample fibers.
It can be seen that the distribution of fiber diameters was
relatively large, and most of them were centered between
150 and 300 nm.

Figure 19 showed the fibers produced using gas flow as-
sistance relative to Fig. 18. The gas pressure was 0.1 MPa,
t1 =100 ms, 2 =600 ms, liquid rate was 14 mL/h, spinning
voltage 45 kV, and distance 20 cm. With these parameters, we
had achieved good result, no dripping and uniform fiber de-
position. After half-hour continuous spinning, the process was
still stable, and the half-hour produced 1.26 g fiber (7.4 times
of gas-assisted single-needle) which was 4.7 times of the air-
free electrospinning needle. Further increasing the voltage can
improve the fiber output. As can be seen from Fig. 19¢, the
fibers were all distributed between 100 and 350 nm, with 60%
of the fiber diameters being between 150 and 250 nm.

5 Conclusions

Multi-needle electrospinning was further optimized to im-
prove the production efficiency of nanofibers of per unit nee-
dle. The authors designed a coaxial pulse gas-assisted
electrospinning device, which uses gas to regularly disturb
the bubble, causing the bubble break at the tip to maintain
multiple jets. The experimental results show that (1) constant
gas-assistance is not easy to obtain a stable jet; (2) pulse gas
pressure can better control the formation and rupture of bub-
ble; (3) low-concentration solution has low viscosity, and air
bubbles can easily separate the solution from gas pipe port and
fly to collector; (4) if tracheal port is too small, gas pressure is
insufficient to break the liquid film; and (5) the efficiency of
16-pin gas-assisted electrospinning needle is 4.7 times higher

@ Springer

than that of the air-free spinning process. This research pro-
vides a new idea for the high-efficient production of
nanofibers.
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