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Abstract

A modified equation for charge conservation in electrospinning is suggested, and a nonlinear relation between the electric current of

charged jet and the solution flow rate is obtained.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Electrospinning [1-10] is an economical and simple
method used in the preparation of polymer fibers. The fibers
prepared via this method typically have diameters much
smaller than is possible to attain using standard mechanical
fiber-spinning technologies. This technology is increasingly
becoming very popular in the preparation of polymer fibers
either in the form of individual fibers or non-woven fiber
mats.

Electrospun polymer fibers with diameters in the range
from several micrometers down to tens of nanometers are of
considerable interest for various kinds of applications. It is
now possible to produce a low cost, high-value, high-
strength fiber from a biodegradable and renewable waste
product for various kinds of applications. The porous
structured electrospun membrane as wound dressing [11]
can exudates fluid from the wound, does not build up under
the covering, and does not cause wound desiccation. The
electrospun nanofibrous membrane shows controlled evap-
orate water loss, excellent oxygen permeability, and
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promoted fluid drainage ability, but still it can inhibit
exogenous microorganism invasion because its pores are
ultra-fine. Other examples are thin fibers for filtration
application [12,13], bone tissue engineering [14], drug
delivery [15], catalyst supports [16], fiber mats serving as
reinforcing component in composite systems [17], fiber
templates for the preparation of functional nanotubes [18].

Many experiment data shows a power law relationship
between electric current (/) and solution flow rate (Q) under
the condition of fixed voltage [6,19]:

1~0Q°, (D

where « is the scaling exponent. When ov= 1 the relationship
is isometric, and it is allometric [20-23] when «# 1. The
value of the exponent « is dependent upon the solution.
Theron et al. obtained the mean values of « for different
solutions of PEO, PAA, PVA, PU and PCL [6]. Ref. [19]
reports that in the case of electrospraying of 1-octanol
seeded with sulfuric acid there also exists a power law
relationship between I and Q with an exponent value of 0.5.

2. Allometric scaling relationship between current and
solution flow rate

The charged jet can be considered as a one-dimensional
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flow. Conservation of mass gives

Triup = Q, )

where Q is the mass flow rate, r is radius of the jet, u is the
velocity, p is density.
The equation for current balance reads [4]

2(0+1

2rruc + kmr v E = I, 3)

where ¢ is the surface charge, E is the intensity of the
applied electric field, and [ is the current passing through
the jet, 0 is a constant. When 0 =0, Eq. (3) turns out to be the
classical equation for charge conservation. The value of
parameter 0 depends upon conductivity and polymer
concentration.

Force balance gives
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where p is the internal pressure of the fluid, p is the liquid
density, 7 is viscous force.

Hereby we will apply an allometric approach to the
establishment of a scaling relation between [ and Q.
Allometric approach is in common use in biology [20-
24], but is significantly less familiar in polymer science,
although allometry involves few new ideas, it leads to vast
simpler, more transparent expressions for the interpretation
of many complex phenomena in electrospinning than those
provided by traditional ways in open literature. In our
previous paper [4], we establish an allometric scaling
relation between electric current and voltage, in this paper
we extend our work to the scaling relation between / and Q.

Assume that the intensity of the applied voltage (E) keeps
unchanged during the electrospinning procedure, i.e. E~r°,
and assume that

o~r, ®)

where a is a non-zero scaling exponent.

This assumption concerns processes with mass exchange
between the jet and a gaseous surroundings. In case of zero
mass exchange, i.e. without the evaporation, we have Q=
constant, the scaling exponent becomes zero, such phenom-
enon was studied in our previous publication [4].

From (2) and (3) we have

2(0+1)

I ~ o+ (6)
u~ri2, (7)
and

g~ (8)

Combining (5) and (6), (5) and (8), we obtain

2(6+1)

I~ Qa(2<5+l)’ (9)

and

2(6+1)

I ~ g@=2a5%3=a, (10)
Under the condition of fixed voltage, the relation of I and
Q can be expressed as
2(6+1)
[ = BQw, (11D
where (3 is a constant. The three parameters (0, @ and 6) in
Eq. (11) can be determined experimentally. Measure the

current when solution flow rate changes:

2(6+1)

I, = BO™Y, (12)
26+1)

L = 605", (13)
26+1)

I = BO5™"". 14)

From (12)—(14), the three parameters(8, a and ) can be
easily identified.

3. Conclusion

We obtain a scaling relation between electric current and
solution flow rate, which is able to describe a complex
dynamic process from the theory, and it requires less
empirical or semi-empirical input. Of course the authors
understand that no matter how rigorous, some experimen-
tally verification is needed to validate the model. A
thorough such experimental work is under way and the
results will be reported in future.

Acknowledgements

The authors thank for an unknown reviewer for his
careful reading, some of his views are absorbed in this
revised version. The work is supported by grant 10372021
from National Natural Science Foundation of China.

References

[1] Wan YQ, Guo Q, Pan N. Thermo-electro-hydrodynamic model for
electrospinning process. Int J Nonlinear Sci Num Simul 2004;5:5-8.

[2] He JH, Wan YQ, Yu JY. Allometric scaling and instability in
electrospinning. Int J Nonlinear Sci Num Simul 2004;5(3):243-52.

[3] He JH, Wan YQ, Yu JY. Application of vibration technology to
polymer electrospinning. Int J Nonlinear Sci Num Simul 2004;5(3):
253-61.

[4] He JH, Wan YQ. Allometric scaling for voltage and current in
electrospinning. Polymer 2004;45(19):6731-4.

[51 Qin X-H, Wan YQ, He JH, et al. Effect of LiCl on electrospinning of
PAN polymer solution: theoretical analysis and experimental
verification. Polymer 2004;45(18):6409-13.

[6] Therona SA, Zussmana E, Yarin AL. Experimental investigation of
the governing parameters in the electrospinning of polymer solutions.
Polymer 2004;45:2017-30.



J.-H. He et al. / Polymer 46 (2005) 2799-2801

[71 Demir MM, Yilgor I, Yilgor E, Erman B. Electrospinning of
polyurethane fibers. Polymer 2002;43:3303-9.

[8] Ganan-Calvo AM. The surface charge in electrospraying: its nature
and its universal scaling laws. J Aerosol Sci 1999;30(7):863-72.

[9] Feng JJ. Stretching of a straight electrically charged viscoelastic jet.
J Non-Newtonian Fluid Mech 2003;116:55-70.

[10] Shin YM, Hohman MM, Brenner MP, Rutledge GC. Experimental
characterization of electrospinning: the electrically forced jet and
instabilities. Polymer 2001;42:9955-67.

[11] Khil MS, Cha DI, Kim HY, Kim IS, Bhattarai N. Electrospun
nanofibrous polyurethane membrane as wound dressing. J Biomed
Mater Res Part B: Appl Biomater 2003;67B(2):675-9.

[12] Jacobson, M. The nonwovens industry meets the filtration business,
Nonwovens Industry, 1991.

[13] Tsai PP, Schreude-Gibson H, Gibson P. J Electrost 2002;54:333.

[14] Li WJ, Laurencin CT, Caterson EJ, Tuan RS, Ko FK. Electrospun
nanofibrous structure: a novel scaffold for tissue engineering.
J Biomed Mater Res 2002;60:613-21.

[15] Kenawy ER, et al. J Control Release 2002;81:57.

[16]
(17]
[18]
[19]
[20]
[21]

[22]

[23

[t

[24]

2801

Jia H, et al. Biotechnol Prog 2002;18:1027.

Kim JS, Reneker DH. Polym Compos 1999;20:124.

Bognitzki M, Hou H, Ishaque M, Frese T, Hellwig M, Schwarte C,
et al. Adv Mater 2000;12:637.

Fernandez de 1a Mora J, Loscertales IG. The current emitted by highly
conducting Taylor cones. J Fluid Mech 1994;260:155-84.

West GB, Brown JH, Enquist BJ. A general model for origin of
allometric scaling laws in biology. Science 1997;276:122-6.

Kuikka JT. Fractal analysis of medical imaging. Int J Nonlinear Sci
Num Simul 2002;3:81-8.

Kuikka JT. Scaling laws in physiology: relationships between size,
function, metabolism and life expectancy. Int J Nonlinear Sci Num
Simul 2003;4:317-28.

Kuikka JT. Fractal analysis of day-to-day variation of heart rate and
blood pressure: a case report. Int J Nonlinear Sci Num Simul 2005;
6(2):101-6.

He JH, Chen H. Effects of size and pH on metabolic rate. Int
J Nonlinear Sci Num Simul 2003;4:429-32.



	Scaling law in electrospinning: relationship between electric current and solution flow rate
	Introduction
	Allometric scaling relationship between current and solution flow rate
	Conclusion
	Acknowledgements
	References


