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The bubble electrospinning is a peerless technology for mass-production of vari-
ous functional nanofibers. During the spinning process, multiple jets are ejected,
which might be interacted with each other. The interaction might result in mass
transfer, energy transfer and force imbalance, all these factors will greatly affect
the mechanical property and morphology of the resultant fibers. A theoretical
model is established to study the two-jets combination during the spinning pro-
cess, the mass conservation and momentum conservation are considered, and the
combined fiber’s diameter and moving velocity are theoretically elucidated. The
present theory analysis can be easily extended to multiple jets interaction.
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Introduction

Bubble electrospinning [1, 2] has attracted more and more attention in the last dec-
ade for its high production, it is a totally peerless technology after the electrospinning tech-
nology [3] for fabrication of various functional nanofibers. It uses an external force (e.g. the
electrostatic force or a blowing air) to overcome the surface tension of the polymer bubble,
which is then broken into millions of tiny jets, fig. 1. The multiple jets fly onto the receptor,
and it will be solidified due to solvent evaporation [4]. The multiple jets in the spinning pro-
cess have made it difficult to control the exact nanofibers’ morphology and mechanical prop-
erties. It was already proved that the mechanical behavior of nanocomposite depends upon
nanoscale structures [5].

Many researchers investigated the behavior of multiple jets in the traditional electro-
spinning [6-9], for example, Theron et al. [6] described the path of multiple jets in the process
of electrospinning, and proposed a model by implementing Maxwell equation. Yang et al. [7]
designed a special aligned multiple jets set-up to meet high liquid throughput requirements. Wu
et al. [8] focused on the parameters influencing multiple jets especially the voltage. The double-
switching voltage was adopted to manipulate multiple jets for enhanced throughput. Varesano et
al. [9] tested several multiple electrospinning set-ups, and Li et al. [10] optimized the multiple
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Figure 1. Bubble electrospinning set-up

needle electrospinning with great success. Wu and Liu [11] further improved the multiple
electrospinning process and a fractal-like spinning process was proposed, however, neither
experiment nor theory was carried out for multiple jets in bubble electrospinning. The interac-
tion between the flying jets will greatly affect the morphology and properties of the obtained
nanofiber membranes, this problem becomes even more serious in the bubble electrospinning,
because millions and millions of flying jets are formed during the spinning process, and there
is no way to control their trajectory when a jet was ejected from a broken bubble.

Bubble electrospinning can produce membranes with nanoscale thickness [12, 13].
Qian and He [12] reported that the fragments of a broken bubble can be directly received as a
nanoscale membrane, no other technology can match this bubble spinning so far.

Thermodynamical model for the jets interaction

During the interaction of the moving jets, there happens the mass and energy trans-
fer, this makes the problems much complex. Inspired by the work [14], the present authors
give the following model as illustrated in fig. 2 to study their interaction.

This section considers only two-strand
moving jets interaction. The law of mass con-
servation requires [14]:

ujgr

AU + TpaU, Ty = mpur? 1)

where r1, Iz, and r are the radiuses of the comb-
ing fibers and the combined fiber, respectively,
p1, p2, and p — their densities, respectively, uj,
Uz, and u — their velocities, respectively. In case

Figure 2. Scheme of combination of multiple that p1 = p2 = p, we have the following relation:
jets in bubble electrospinning

u K2 +u,rf =ur? (2)
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The law of momentum conservation reads [14]:
2 2 2—
O Uy + T, U, Iy U, = Tour U (4)
where Uy, U,, and U are velocity vectors, respectively. When p1 = p2 = p, €q. (4) becomes:
ufr? cosay +uir cosa, = u’r? (5)

where a1 and a» are the inclined angles between the coming jets and the combined jet, respec-
tively, fig. 2.
According to egs. (2) and (5), the combined jet has the velocity:

2.2 2.2
U R°Ccosay +Uust, Cosar
u=h 1 tUslh 2 (6)

W2 +U,rf
and its radius can be calculated:

U2 +u,r?

(7

r =
JuZr? cosa, +uZrZ cosa,

We consider a special case that u; =u, =Uy, L =r =0, and o4 =a, =, €qs. (6)
and (7) deduce to, respectively, the following simple cases:

U=UyCosa (8)
and its radius can be calculated:
2u,r? 2r,

J2ulr? cose,  N2cosa

9)

From eq. (9), it is obvious that:

limr— \Ero (10)
a—0
and
lim r—>o (11)
a—n/2

Equation (10) implies that when the two jets having same radius and same velocity
move parallelly with mass and energy transfer, the final radius is (2ro)*?. However, when the
two jets are interacted perpendicularly (« =/2), the resultant fiber tends to be infinitely
large. This theoretical result can be used for designing a perpendicular bubble spinning for po-
rous fibers.

When u; =u, =Uy, €q. (7) becomes:

2 2
L+
r 1 2

= (12)
Jr2 cosay + 17 cosar,
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When o =a, =a, eq. (12) can be further simplified:

2 2
o+
r=———2_ (13)
J(2 +rf)cosa
For multiple jets interaction, egs. (1) and (4) are modified, respectively:
MO EE + TPpUL TS + - + TP U, FE = mpur? (14)
oL 2Ty T, Uy F2T  + -1, U F2T, =mpur i (15)

where the subscript n imply the n'" jet.

A dynamical model for the system can be established in a similar way as those in
[15, 16], and an instability condition for the spinning process can be theoretically analysed
like those in [17-20]. The stable property is the periodic motion, while the instable property is
a chaotic one. Zhang and He [15] showed chaotic properties of Sirofil yarn spinning, if the
uncertain properties due to environment change and solvent evaporation, an uncertain chaotic
system [21-28] should be considered.

Experimental verification

An experiment was designed, the experimental set-up was shown in fig. 1, multiple
bubbles were formed and broken simultaneously, and the jets are interacted with each other
with different angles. The experimental process is similar to that in [1]. Figures 3 and 4 were
the SEM illustrations of the obtained nanofibers.

2

B
L
S

s
7=

\IA
0,

o
0 um

Figure 3. Fibers obtained by the bubble Figure 4. Fibers obtained by the bubble
electrospinning using 23% polyvinylpyrrolidone  electrospinning using 8% polyacrylonitrile (PAN)
(PVP) aqueous solution, the applied voltage was  solution with DMAC as solvent, the applied voltage
set at 35 kV and the bubble top to the collector was set at 20 kV and the bubble top to the collector
distance was set as 20 cm distance was set as 20 cm

From fig. 4, we found a typical interaction, and the main parameters were given in
fig. 5. We assumed that u,/u, =1, this results in a modification of eq. (7):

I,12 + I,22

r (16)

\/ r2 cosa + I cosa,
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From fig. 5 we have ri = 0.047 um,
r = 0.041 um, r = 0.075 um, a1 = 27.487, and
a2 = 21.965. By eq. (16), we have:

(o 0.047% +0.041°
{/0.047% c0s 27.487° + 0.041 05 21.965°

= 0065579 um (17)

While the experimental value is r = 0.075
um, the 12.5% is reasonable, considering the
assumption u;/u, =1 is very much approxi-

mate. Figure 5. The geometrical relation of the two
combined fibers

Discussion and conclusion

For the first time ever, we have proposed a theoretical model dealing with a complex
combination process of the two moving jets in the bubble electrospinning. This model is able
to predict the combined jet diameter and velocity, shedding a bright light on controlling the
combined fibers in the practical spinning process.

Acknowledgment

The work is supported by Jiangsu R&D Center of the Ecological Textile Engineer-
ing & Technology, Yancheng Polytechnic College under grant No. YGKF202010.

References

[1] Li, X. X., He, J. H. Bubble Electrospinning with an Auxiliary Electrode and an Auxiliary Air Flow, Re-
cent Patents on Nanotechnology, 14 (2020), 1, pp. 42-45

[2] Liu, G. L., etal., Last Patents on Bubble Electrospinning, Recent Patents on Nanotechnology, 14 (2020),
1, pp. 5-9

[3] Liu, L. G., et al., Dropping in Electrospping Process: A General Strategy for Fabrication of Micro-
spheres, Thermal Science, 25 (2021), 2, pp. 1295-1303

[4] Lin, L., et al., Fabrication of PVDF/PES Nanofibers with Unsmooth Fractal Surfaces by Electrospin-
ning: A General Strategy and Formation Mechanism, Thermal Science, 25 (2021), 2, pp. 1287-1294

[5] Dmitriev, A. I., Numerical Model of a Local Contact of a Polymer Nanocomposite and Its Experimental
Validation, Facta Universitatis-Series Mechanical Engineering, 19 (2021), 1, pp. 79-89

[6] Theron, S. A, et al., Multiple Jets in Electrospinning: Experiment and Modeling, Polymer, 46 (2005), 9,
pp. 2889-2899

[71 Yang, Y., et al., Multiple Jets in Electrospinning, Proceedings, 8" International Conference on Proper-
ties & applications of Dielectric Materials, Bali, Indonesia, 2006

[8] Wu, Y.-K., et al., A Double-Switching Voltage: Controlling Multiple Jets in Electrospinning, Materials
Letters, 233 (2018), Dec., pp. 359-362

[9] Varesano, A., et al., Experimental Investigations on the Multi-Jet Electrospinning Process, Journal of
Materials Processing Technology, 209 (2009), 11, pp. 5178-5185

[10] Li, X. X., et al., Multiple Needle Electrospinning for Fabricating Composite Nanofibers with Hierar-
chical Structure , Journal of Donghua University (English Edition), 38 (2021), 1, pp. 63-67

[11] Wu, Y. K., Liu, Y., Fractal-Like Multiple Jets in Electrospinning Process, Thermal Science, 24 (2020),
4, pp. 2499-2505

[12] Qian, M. Y., He, J. H., Collection of Polymer Bubble as a Nanoscale Membrane, Surfaces and Interfac-
es, 28 (2022), Dec., 101665

[13] He, J. H., et al., The Maximal Wrinkle Angle During the Bubble Collapse and Its Application to the
Bubble Electrospinning, Frontiers in Materials, 8 (2022), Feb., 800567



Liu, H.-Y., et al.: Interaction of Multiple Jets in Bubble Electrospinning
1746 THERMAL SCIENCE: Year 2023, Vol. 27, No. 3A, pp. 1741-1746

[14] He, J.-H., et al., Quasistatic Model for Two-Strand Yarn Spinning, Mechanics Research Communica-
tions, 32 (2005), 2, pp. 197-200

[15] Zhang, L. N., He, J. H., Periodic and Chaotic Motion in Sirofil Yarn Spinning, Fibers & Textiles in
Eastern Europe, 16 (2008), 2, pp. 27-29

[16] Zhang, L. N., He, J. H., Resonance in Sirospun Yarn Spinning Using a Variational Iteration Method,
Computers & Mathematics with Applications, 54 (2007), 7-8, pp. 1064-1066

[17] He, J. H., et al., Nonlinear Instability of Two Streaming-Superposed Magnetic Reiner-Rivlin Fluids by
He-Laplace Method, Journal of Electroanalytical Chemistry, 895 (2021), Aug., 115388

[18] He, J.-H., et al., Periodic Property and Instability of a Rotating Pendulum System, Axioms, 10 (2021), 3,
10030191

[19] He, C. H., et al., Hybrid Rayleigh -Van der Pol-Duffing Oscillator (HRVD): Stability Analysis and Con-
troller, Journal of Low Frequency Noise, Vibration & Active Control, 41 (2021), 1, pp. 244-268

[20] Tian, D., et al., Fractal N/MEMS: from Pull-In Instability to Pull-In Stability, Fractals, 29 (2021), 2,
2150030

[21] Chen, C. L., et al., Design of Extended Backstepping Sliding Mode Controller for Uncertain Chaotic
Systems, International Journal of Nonlinear Sciences and Numerical Simulation, 8 (2007), 2, pp. 137-
145

[22] Yau, H. T., et al., Synchronization Control for a Class of Chaotic Systems with Uncertainties, Interna-
tional Journal of Bifurcation and Chaos, 15 (2005), 7, pp. 2235-2246

[23] Lin, J.-S., et al., Synchronization of Unidirectional Coupled Chaotic Systems with Unknown Channel
Time-Delay: Adaptive Robust Observer-Based Approach, Chaos, Solitons and Fractals, 26 (2005), 3,
pp. 971-978

[24] Yau, H. T., Generalized Projective Chaos Synchronization of Gyroscope Systems Subjected to Dead-
Zone Nonlinear Inputs, Physics Letters A, 372 (2008), 14, pp. 2380-2385

[25] Yau, H. T., Nonlinear Rule-Based Controller for Chaos Synchronization of Two Gyros with Linear-
Plus-Cubic Damping, Chaos, Solitons and Fractals, 34 (2007), 4, pp. 1357-1365

[26] Lin, C. J.,et al., Chaos Suppression Control of a Coronary Artery System with Uncertainties by Using
Variable Structure Control, Computers & Mathematics with Applications, 64 (2012), 5, pp. 988-995

[27] Yau, H. T., et al., Comparison of Extremum-Seeking Control Techniques for Maximum Power Point
Tracking in Photovoltaic Systems, Energies, 4 (2011), 12, pp. 2180-2195

[28] Chen, J. H., et al., Design and Implementation of FPGA-Based Taguchi-Chaos-PSO Sun Tracking Sys-
tems, Mechatronics, 25 (2015), Feb., pp. 55-64

Paper submitted: December 28, 2021 © 2023 Society of Thermal Engineers of Serbia.
Paper revised: March 8, 2022 Published by the Vin¢a Institute of Nuclear Sciences, Belgrade, Serbia.
Paper accepted: April 2, 2022 This is an open access article distributed under the CC BY-NC-ND 4.0 terms and conditions.


http://www.sciencedirect.com/science?_ob=IssueURL&_tockey=%23TOC%235300%232004%23999809995%23445009%23FLA%23display%23Volume_19,_Issue_4,_Pages_699-1022_(March_2004)%23tagged%23Volume%23first%3D19%23Issue%23first%3D4%23Pages%23first%3D699%23last%3D1022%23date%23(March_2004)%23&_auth=y&view=c&_acct=C000050221&_version=1&_urlVersion=0&_userid=10&md5=0cae6a081a41b156ac4d295e0a1008ea
http://www.vin.bg.ac.rs/index.php/en/

