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Surface Instability of Soft Polymer Fibers
in Electrospinning

Bo LI Xigiao FENG Shouwen YU
AML, Department of Engineering Mechanics, Tsinghua University, Beijing 100084, China

[ Abstract ] In order to elucidate the observed pattern formation on the surfaces of some
electrospun polymer fibers, we investigate the surface wrinkling of soft fibers
induced by surface charges via linear stability analysis. The analytical solutions
are derived for the critical conditions for the occurrence of surface instability
and the wavelength of the induced surface patterns. It is found that the
instability characteristic can be modulated by varying the surface charge
density. Besides the destabilizing effect of surface charges, surface tension
plays a Rayleigh-like destabilizing role in the surface evolution process. In
addition, the morphological evolution of a soft fiber is demonstrated to exhibit
distinct dependence on its diameter and surface tension.

[ Keywords ) surface instability; polymer fiber; linear stability analysis; electrospinning

1 Imntroduction

Polymer fibers hold great promise for extensive applications in a wide range of engineering
fields. Especially, polymer nanofibers have a large surface area to volume ratio and unique
nanometer scale architecture and, therefore, are good candidates for applications in medicine,
biotechnology, and nanoelectronic devices and systems. Among other, electrospinning has been
proved to be an efficient way to produce nanofibers from molten or solution polymers by applying
an electric field [!). This non-mechanical, electrostatic technique involves the use of a high voltage
electrostatic field to charge the surface of a polymer solution droplet and thus to induce the
ejection of liquid jet with diameter in the range of 100 nm through a spinneret 2

However, experiments evidence that the polymer fibers obtained by electrospinning are prone
to lose their surface stability, which consequently leads to the formation of surface morphologies
on the fibers. On one hand, the surface instability may cause damage or even rupture of the fibers,
placing a limitation to their industrial applications 1 On the other hand, nanofibers with surface
patterns of characteristic wavelength may exhibit some unique properties and find some
technologically important applications. For example, superhydrophobic properties might be
achieved by introducing surface microstructures on the fibers. Although considerable effort has
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been directed toward understanding the morphological evolution of planar surfaces B8 there is a
shortage of investigations on the wrinkling of curved surfaces !, The present paper aims to
elucidate the surface evolution of soft polymer cylinders with surface charges. This issue is of
great interest not only for electrospinning techniques but also for such fields as surface science and

biophysics [,

2 Model

We study the morphological instability of soft polymer fibers with uniformly distributed

surface charges. The material is treated as an incompressible viscous fluid, as in some previous
studies B~ % 1 Refer to a cylindrical coordinate system (r, 8, z), where its origin is located at

the central axial of the originally cylindrical fiber of radius R, as shown in Fig. 1. Let p denote

its surface charge density. The cylinder is assumed to be sufficiently long such that no effect of its

ends needs to be considered.

r
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Fig. 1 A soft cylindrical fiber with surface charges

3 Instability analysis

We adopt the linear stability analysis method, in which a small perturbation is superposed on
the cylinder surface. For a very long cylindrical surface, there exist two possible types of surface
instability, leading to axial and circumferential patterns, respectively. They may occur separately or
simultaneously on its surface, depending upon the surface charge density, the curvature and surface
property of the fiber. The simultaneous occurrence of the two types of instability will lead to a

three-dimensional surface pattern, as illustrated in Fig. 2. Introduce a complete sinusoidal
perturbation in the form of (4, z, 1)=R+5(t)cos(nf)cos(wz) . Here n and @ denote the

circumferential mode and axial wavenumber, respectively, &(f) is the perturbation amplitude
satisfying 5(f)/R <1, and ¢ denotes time. For the linear stability analysis presented here, all
non-linear terms of 5(f) can be neglected.

From the continuity and Navier-Stokes equations simplified with the long wave

approximation, the surface evolution of the fiber is described by ¥
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where V denotes the gradient operator and J the pressure-driven flux in the polymer fiber. J
depends on the pressure p via the relation

J =—rVpl(Gu) (2)

where u is the viscosity of the soft fiber. The pressure p in the fiber involves three

contributions, namely

P=Py+ P+ Pa (3)

Fig.2 Three-dimensional morphelogy of surface instability
where p, is the environmental pressure, p, is the electrostatic pressure originating from the
Maxwell stress, and p;,, =y« is the Laplace pressure, with y being the surface energy density

per unit area and x the surface curvature. Due to the presence of the small sinusoidal
perturbation, the surface curvature x and the outward unit vector n normal to the surface

become
1 (A*-1
x(0, z)= E+ e + @’ |8 cos(nd) cos(wz) (4)
n=e, +5 % sin(nd) cos(wz)e, + Swcos(nd)sin(wz)e, . (5)

where e, e,, and e, are the unit vectors in the radial, circumferential, and axial directions,
respectively.

The electric field E and the electric potential y around the fiber satisfy the equations
E=-Vy and Ay =0, where A denotes the Laplacian operator. The electric field contains two
parts, i.e.,

E=E+E (6)

where an overbar and a tilde stand for the quantities in the initial state before perturbation and in
the perturbed state, respectively. In the initial state, one has E =(E,R/r)e,, where Ey=p/¢
with £ being the permittivity of the air or fluid outside the fiber. The electric potential induced by
the perturbation takes the form . .

v =lal (or)+ bK, (wr)]cos(nf)cos(wz) ' 7

where I (wr) and K, (wr) are the first and second modified Bessel functions of the n-th order,

respectively, a and b are constants to be determined. The boundary conditions require that
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nxE =0 on the fiber surface (r=R) and E — 0 at infinity. From these two conditions, we
obtain a=0 and b=0JE,/K, (@R). Hence, the electric field induced by the surface perturbation
can be easily derived via E =-Vi7. Then the electrostatic pressure p,, is calculated to the first

order of the perturbation amplitude & as !!*!

1, g2 __¢E; {1 , S0[K,(@R)+ K, (@R)]

=——¢E
pcl 2 Kn(a)R)

5 > cos(nb) cos(a)z)} (8)

Then from Eq. (3), the total pressure p in the fiber is determined as

gE? n’ -1
P=[Po+%_ 20)"'{7[ R +w2}_

¢E; oK, (@R)+K,, (wR)]
2 K, (@R)

}6 cos(nd) cos(wz) (9)

Substituting Eq. (9) into (1) and applying (2) and (4) leadsto d&/dt=rs . Integrating
this equation, one obtains the temporal evolution equation of surface perturbation:
6(t)=3d,exp(rt) , where &, denotes the perturbation amplitude at r=0. The parameter r
evaluates the growth of surface evolution and is referred to as the growth rate P!, Its analytical

solution is

TZR_3(n_z+wz){_y(nz :1+sz+ ¢E? alK, _l(a)R)+K"+1(a)R)]} (10)
3u\ R R 2 K,(@R)

When 7<0, the amplitude of the initial perturbation will decay exponentiaily with time,
indicating that the fiber surface is stable with respect to the perturbation. When 7 >0, on the other
hand, the fiber surface is unstable and the perturbation amplitude will be exponentially magnified
with time. It can be seen from Eq. (10) that the electrostatic pressure always tends to destabilize
the cylinder surface since K, (wr)>0 holds for any nonzero o.

By setting 7=0 in Eq. (10), a critical state of surface morphological evolution can be
determined and we obtain the critical perturbation of surface instability with a particular mode,
characterized by (n,, @.). For a given fiber radius R, one can obtain the critical charge density

p. above which the fiber surface morphology will become unstable

p. = \/ 267K, (@R)[n* -1+ (0R)'] (11)

oR’[K, (@R) +K,,,(oR)]

When the surface charge density p exceeds the threshold p., the originally cylindrical
fiber will be buckled due to the large electrostatic pressure and an ordered surface pattern will
appear on its surface. Among all possible perturbation modes, the characteristic surface pattern

corresponding to the fastest growth rate is regarded as the most probable mode to appear, denoted
by (n;, @) . It can be determined by
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Then the corresponding characteristic wavelengths in the axial and circumferential directions
are designated as 2n/w, and 2nR/n,, respectively.

4 Examples and discussions

For conciseness, introduce the following dimensionless parameters
T=3urly, ®=wR, A1=20/®, y=p°R/(2e) (13)

Fig.3 shows the dimensionless growth rate 7 as a function of the normalized wavenumber

@ along the axial direction and the mode-number » along the circumferential direction, where
x#=05. It is seen that the critical plane 7T =0 corresponds to a curve of critical modes

(n., @), at which the growth rate is zero. The surface of the soft fiber is unstable in the range of
®€(0, @) and ne(0, n), i.e., above the critical plane 7 =0. The electric field serves as the
main driving force of instability. Due to the perturbation, the electrostatic pressure on the film
surface will become nonuniform and its gradient drives the viscous fluid flow from the troughs
to the crests and increases the amplitude of the perturbation. Noticeably, the fastest growth rate
usually occurs at n=0, as also illustrated in Fig. 4. In other words, the cylindrical fiber tends to
be destabilized with an axi-symmetrical mode. In the sequel, we will mainly address this special

case.

Fig.3 The dependence of the growth rate 7 on the wavenumber @
‘and the mode-number n, where x=05

The effects of charge density and fiber radius on the axi-symmetrical instability characteristic
of the fiber surface are plotted in Fig.5 and Fig.6. It is found that the larger the surface charge
density, the bigger the growth rate. Both the critical wavenumber and the most probable
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wavenumber increase with the increase in the fiber radius R and the surface charge density p’.
Inversely, the normalized wavelengths 4, and A, decrease with the increases in p? and R

but increase with increasing y. When x =0, i.e., the surface charges vanish, the fiber surface
also behaves as a Rayleigh-like instability due to surface tension. This indicates that, on a

cylindrical surface, the surface tension plays a destabilizing role in the surface evolution, which is

different from the planar or even spherical surface. Furthermore, the Rayleigh-like instability ['*

takes on a relative long wavelength ( 242nR ) , while the surface charges suppress the wavelength.

In addition, the present model predicts that positive and negative surface charges act as the same

MEERFRENRDEEIFR

role in destabilizing the fiber surface.

Fig. 4 The variation of the growth rate T versus the wavenumber &

for different mode-number n,where y =05

10
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Fig.§ The variation of the growth rate 7 versus the wavenumber &
for different y, where n=0
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