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Abstract

This article reports the numerical study of the one-step faithful replication of micro/nano-scale structures on a fiber

surface using the electrohydrodynamic instability patterning (EHDIP) process. By employing a rigorous numerical

analysis method, conditions are revealed under which the faithful replication of a pattern can be achieved from a

curved master electrode. It is found that the radius of curvature of the fiber plays an important role in determining

the final morphology of the pattern when the destabilizing electric field is dominant in both the flat and patterned

template cases. In general, stronger electric fields and larger radii of curvature of the substrate are favorable for the

faithful replication of the pattern. In addition, theoretical analysis shows that higher aspect ratio

micro/nanostructures can be obtained on curved surfaces by using a master with a much lower aspect ratio. The

results demonstrated in this work aims to provide guidelines for the faithful fabrication of micro/nano-structures on

curved surfaces by the EHDIP process.

This article is protected by copyright. All rights reserved.
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1 Introduction

During the past decade, many experimental [1-12] and theoretical studies [13-29] have been dedicated to understand the

so-called electrohydrodynamic instability patterning (EHDIP) process as this process holds the potential to generate arrays

of self-organized or customized periodic micro/nanostructures. In contrast to the dewetting process that cannot easily be

altered since it is driven mostly by the material properties, the EHDIP method provides a facile and flexible control over the

structure formation where a variety of morphologies such as columns, channels, cavities, and holes can be produced under

different conditions. Similar to the dewetting technique, the application of a laterally varying electric field distribution

generated by using a topologically structured electrode was also demonstrated for the fabrication of microstructures with

resolution at the nanometer scale [4]. Many natural biomaterials have hierarchical surface structures, which are of critical

importance for their biological functions; super-hydrophobicity being one of the prime examples [30-32]. Surfaces from

nature are very often non planar and the recent advances in the fabrication and characterization of micro/nano devices

using the EHDIP process have renewed theinterest in studying the instabilities of thin films on curved surfaces as they

exhibit features distinct from those on planar surfaces. On flat surfaces the electric field engenders columns or

channels-like structures on the film. In contrast, on the curved surface, the force generated by the surface tension created

by the radial curvature, thereonwards called the radial curvature force, acts as a destabilizing influence. Its strength

This article is protected by copyright. All rights reserved.
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measured relative to electric field determines which final morphologies will be formed, which include beads, ridges, or

both. Instability of a film on curved surfaces can produce more interesting three-dimensional hierarchic structures. Figure 1

shows a schematic diagram of a thin film deposited on a fiber under the influence of spatially varying electric fields. The

instability of a thin film is initiated by the radial curvature force and the electrostatic force, whereby some interesting

surface patterns can be generated [33-34]. So far, only the pattern characteristics in a film deposited on the surface of a

fiber under a uniform electric field generated by a flat electrode have been researched.

This article is organized as follows. With the help of 2-D nonlinear numerical simulations, the fabrication of

micro/nanostructures and hierarchical structures on curved surfaces under the influence of spatially varying electric fields is

discussed. A topographically patterned electrode is employed to induce a periodic electrostatic field distribution. The control

of the electric field produces a rich variety of ordered columnar structures such as cone-shape and hierarchical structures.

Through numerical simulation, it is shown that three representative types of multilevel structures can be obtained. The

influence of the radius of the fiber, the radial curvature force and electric field on the final morphology is investigated. In

this case, the influence of the radius of curvature is relatively small so that it is easier to control the customized pattern

formation process by simply controlling the intensity of the applied electric field. Indeed, experiments have shown a facile

manipulation of structures by employing topographically patterned electrodes [35]. These preliminary results show the great

potential of the EHDIP technique for the fabrication of customized micro- and nanostructures on curved surfaces.

This article is protected by copyright. All rights reserved.
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Figure 1. Schematic diagram of a liquid film coated on a cylindrical fiber with radius of R. The initial film thickness and local
film thickness are denoted by hy and h(z, t), respectively. An electric field of voltage V is applied between the electrode and
the fiber separated by a distance d. The height of the electrode protrusions, the width of the electrode protrusions, and

the period of the grating mask are denoted by e, w and /, respectively. (a) front view; (b) lateral view.

2 Mathematical modeling

2.1 Problem formulation

Figure 1 shows a schematic diagram of a dielectric liquid film resting on the surface of a solid cylindrical fiber. A voltage V is
applied between the cylinder and the patterned electrode. The height and width of the electrode protrusions, and the
period of the grating mask are denoted by e, w and /, respectively. The dielectric constant of the film is €. During the
patterning process, the polymer film, heated to a temperature above its glass transition temperature, is treated as a
viscous fluid. Let R denote the radius of the fiber, h, the thin film thickness before wrinkling and d the distance between
the outer electrode and the fiber. In general, the evolution equation for liquid-air interface is derived under the lubrication
approximation. Using the cylindrical polar coordinate system (r, §, z), where the z-axis is aligned along the axis of the fiber,

the continuity equation, the long-wave z and r components of the equations of motion for the film, v, and v,, can be

This article is protected by copyright. All rights reserved.
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expressed as
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which, together with kinematic equation for the interface,
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lead to the following evolution equation for the liquid-air free surface:
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Where R.= R+h is the combined thickness of the film and fiber, h is the film thickness after perturbation, u is the viscosity

of the polymer film. P, and P,, are the first and second partial derivatives of the total pressure P in the film with respect to

z, respectively. The total pressure P includes four contributions: the atmospheric pressure Py, the Laplace pressure P,

the electrostatic pressure P, and the disjoining pressure Py such that [33]

P=R+P, +P, +Py
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Where A and B denote the Hamaker constant and Born repulsion coefficient, respectively and vy is the surface tension. The
destabilizing radial curvature force y/R. together with the electrostatic force is the dominant driving force expected to

break the liquid film into an array micro/nanostructures.

This article is protected by copyright. All rights reserved.
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2.2 Numerical method

In this work, the Level Set Two-Phase Flow application and electrostatic modules in comsoL™ Multiphysics simulation
software package are adopted to simulate the EHDIP process [36-37]. The conservative level set method is an interface
tracking method, which is used for computing multiphase flow problems. The interface between fluids (gas and liquid) is
represented by the 0.5 contour value of the level set function ¢ whose range is between 0 and 1. A smeared out Heavisides
function is chosen such that ¢ < 0.5 for one phase, ¢> 0.5 for the other and the transition is varied smoothly across the

interface. The level set equation is expressed as:

o¢ V¢
—~+U-Vgp=1V-(aVp—p(l—p) —— (6)
o V)

Where 1 is the stabilization parameter. The parameter a controls the interface thickness and should have the same order

as the computational mesh size of the elements where the interface propagates; U is the velocity vector of the interface,

which can be solved by the Navier-Stokes (NS) momentum and continuity equations given by (7) and (8), respectively.

rﬂ@+r(U-V)U=-VP+v-(nVU)+F (7
t
op
—+V-(pU)=0 (8)
p (oV)

Here p is the density, p is the viscosity and P is pressure. F is the volume force caused by the atmospheric pressure P, the

surface tension F;=0kén, and the electrostatic pressure is P,. F=(po+ok+p.;)dn, where o is the surface tension coefficient

(N/m), k is the curvature, § is a delta function concentrated to the surface, and n is the unit outward normal to the

interface. & smoothens the surface tension, which is concentrated at the interface between fluids and is approximated

according to the equation,

This article is protected by copyright. All rights reserved.
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The interface normal vector modulus and the interface curvature are determined by Eq. (10) and Eq. (11) respectively,

\24

n= W (10)

Kk=-V- (V—¢ (11)

In order to realize the level set equations containing curvature in 2D axisymmetric coordinate, the curvature is corrected

by [38]:

K= ¢rr¢z2 +¢zz¢r2 _2¢rz¢r¢z + ¢r

(g2+42)" (g +¢

Where ¢, is the first derivative of ¢ with respect to r, #,is the first derivative of ¢ with respect to z, ¢, is the second

(12)

derivative of ¢ with respect tor, &, is the second derivative of ¢ with respect to z,and ¢ ,is the second derivative of ¢

with respect to r and z.

The density and viscosity are calculated from

pP=pt (pz _p1)¢ (13)
p= i+ (et = 1) P (14)
Where p; and p, are the fluid densities of the air and polymer film; u; and u, indicate the dynamic viscosities of the air and
the polymer film. The electric field is solved using the Laplace’s equation for the voltage assuming that there is zero free

charge in the bulk fluid:

V-VV =0 (15)

This article is protected by copyright. All rights reserved.
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The electrostatic pressure can be described by the following equation:

P =-05¢5,(¢, -DE; (16)

Figure 2 shows the geometry, boundary conditions and mesh of the two-dimensional model. Without loss of
generality, only four periods of the pattern on the master electrode are shown here. For a patterned electrode, a DC
voltage is applied between the bottom (boundary 3) and the top electrode with electrical potential (boundaries 7, 8, 9...21,
22 and 23). The boundary conditions for the fluid flow are: (a) no slip at boundaries 3, 7, 8, 9...21, 22 and 23; (b) periodic
boundary on boundaries 1, 2, 4 and 6; (c) initial fluid interface at boundary 5. In order to simulate a periodic structure, it is
necessary to introduce periodic boundary conditions at boundaries 1, 2, 4 and 6. The sources 1 and 3 corresponding to the
destinations 4 and 6, respectively. The expressions for the sources are the pressure in the fluid P and the flow velocity U.
Two-phase flow is in the form of conservative level set. Properties of the polymer liquid used in the simulation are

presented in Table 1.

Figure 2. Schematic diagram introducing the geometry, boundary conditions and mesh of the two-dimension model in 2D

Accepted Article

axisymmetric coordinate.

Table 1. Properties of the material used in the numerical simulations.

This article is protected by copyright. All rights reserved.
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Simulated dynamic | pensity (kg/m?) Dielectric Surface
viscosity (Pa-S) constant tension (N/m)
1 1000 2.5 0.038

3 Results and discussions

3.1 Numerical result of the faithful replication of the patterned electrode

The detailed time evolution of the EHDIP process on the fiber surface with a patterned template is shown in Figure 3.

Simulation results show a two-dimensional periodic microstructure induced by a patterned electrode with protrusion height

and width of 20 nm. The period | of the protrusion is 60 nm and the radius of the fiber is 200 nm. The gap d between the

electrodes is 100 nm. The initial polymeric film thickness is 40 nm. The applied DC voltage on the top electrode is 150 V

and the bottom electrode is grounded. Initially the polymer film surface is flat as shown in Figure 3(A). As the spatial

heterogeneity of the electrostatic field is introduced by the patterned top electrode, the polymer liquid grows upwards firstly

under the protrusions of the top electrode due to the higher electric field in those areas as shown in Figure 3(B). The

resulting uplifted polymer experiences a greater electrostatic force as the polymer approaches the top electrode, pulling the

polymer fluid further towards the protrusion of the top electrode as shown in Figure 3(C). The growing polymer touches the

surface of the top electrode and is stopped from moving further upwards as indicated in Figure 3(D). Instabilities in the film

on the fiber under a spatially varying electric field are shown here to engender ordered micro/nanostructures. In this

particular case, nanostructures with width of around 28 nm (full-width at half-maximum) and depth of 80 nm can be created.

This article is protected by copyright. All rights reserved.
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Figure 3. Spatiotemporal evolution of a 40 nm thick polymer liquid interface on fiber with radius 200nm. The height e of

=

the electrode protrusions, the width w of the electrode protrusions, and the period / of the grating mask are 20 nm, 20 nm

and 60 nm, respectively. The applied voltage is 150 V and the gap d between the electrodes is 100 nm. Red color

represents the polymer liquid, and the blue color represents air.
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Figure 4. Electrostatic field distribution and pressure distribution on the surface of the film at the initial stage. The broken

black line is used to characrerize the the initial pressure located at the surface of the polymer film. The broken blue line is

used to characrerize the initial electric field strength located at the surface of the polymer film.

Figure 4 shows the diagram of pressure and the electric field strength distribution at the film surface at the initial

stage as shown in Figure 3(A). Both the electric field distribution and the pressure distribution follow a sinusoidal profile.

This article is protected by copyright. All rights reserved.
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The electric field strength underneath the center of the protrusion is much larger than in other areas, such that a larger

electrostatic force is exerted on the film surface. Accordingly, the internal pressure in this region is lower than in other

areas as seen in Figure 4. Figure 3 shows the volume fraction of air. While the position of the air-polymer film interface

appears clearly, one can obtain an even sharper interface by plotting the 0.5 level of the same quantity using a filled

contour plot in order to characterize the dimension of the nanostructures. This type of filled contour plot is adopted in the

following figures.

3.2 Fabrication of three characteristic hierarchical patterns

As with many biological surfaces, hierarchical patterns on curved surfaces are the basis for the formation of

super-hydrophobic or self-cleaning surfaces. Therefore, simulation results concerning three characteristic hierarchical

patterns formed on curved surfaces are shown. Figure 5 shows the nonlinear evolution of a polymer film with thickness 30

nm on the fiber with radius 100 nm under a patterned top electrode with pattern periodicity 100 nm. The width and the

height of the downward protrusions of the patterns shown in the top electrode are 60 nm and 30 nm, respectively. The

applied voltage is 200 V and the gap between the electrodes is 100 nm. A similar growth pattern as in Figure 3 can be seen,

except for the growth of a secondary grating, which is composed of both small humps of 12 nm wide (full-width

half-maximum FWHM) and 14 nm high and larger structures of 30 nm FWHM and 70 nm height as shown in Figure 5(E).

These composite columns grow toward the top electrode. This behavior arises from the onset of a larger electrostatic force

difference emerging at the boundaries of the polymer columns. The polymer material at the boundaries is rapidly

depleted, leaving residual polymer between the columns as shown in Figure 5(C). As the process is developing, the residual

polymer forms small humps, hence the multilevel structures obtained in one step as shown in Figure 5(D-E).

This article is protected by copyright. All rights reserved.
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AOls l“(lps D2ps E10ps

Figure 5. Spatio-temporal evolution of a 30 nm thick polymer liquid interface on the fiber with radius of 200 nm. The height
e of the electrode protrusions, the width w of the electrode protrusions, and the period | of the grating mask are 30 nm, 60 nm
and 100 nm, respectively. The applied voltage is 200 V and the gap d between the electrodes is 100 nm. Red color represents
the polymer liquid, and the blue color represents air.

Figure 6 shows the nonlinear evolution of a polymer film with thickness 20 nm on the fiber with radius 100 nm under
a patterned top electrode with pattern periodicity of 180 nm. The width and height of the downward protrusions of the
patterns shown in the top electrode are 90 nm and 30 nm, respectively. The applied voltage is 250 V and the gap d
between the electrodes is 120 nm. Two small humps are grown and are located between adjacent protrusions. The image
in Figure 6(E) is the snapshot of the quasi-equilibrium structures after the interface evolves for a short time but before the

coalescence of the larger ridge and small humps on both sides.

This article is protected by copyright. All rights reserved.
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Figure 6. Spatio-temporal evolution of a 20 nm thick polymer liquid interface on the fiber with radius of 200 nm. The height
e of the electrode protrusions, the width w of the electrode protrusions, and the period | of the grating mask are 30 nm, 90 nm
and 180 nm, respectively. The applied voltage is 250 V and the gap d between the electrodes is 120 nm. Red color represents
the polymer liquid, and the blue color represents air.

Figure 7 shows the ordering of the hierarchic nanostructures when the patterned electrode has a lower aspect ratio.
The polymer film thickness is 50 nm; the fiber radius is 100 nm and the patterned top electrode with pattern periodicity of
600 nm. The width and height of the downward protrusions of the patterns shown in the top electrode are 400 nm and 20
nm, respectively. The applied voltage is 250 V and the gap between the electrodes is 150 nm. The images in this figure are
also snapshots of the quasi-equilibrium structures after the interfaces evolve for a long time but before the coalescence of
the adjacent structures. Experimentally, the quasi-equilibrium structures could be fixed permanently by cross-liking the
polymer at this stage. Figure 7(D) shows a pair of larger columns and one small hump formed under each protrusion. A pair
of small humps is formed between adjacent protrusions in the master electrode. The high electric field strength under the
protrusions reduces the length scale of the instability locally and thus produces the three ridges under each protrusion
while a larger electrostatic force difference exists at the boundaries of the polymer columns, resulting in the formation of

two small humps under the cavity.

This article is protected by copyright. All rights reserved.
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In summary, we have demonstrated through simulations that three characteristic hierarchical patterns can be obtained by
a proper control of EHDIP process parameters. It is found that the final multilevel morphology is determined by the initial
film thickness, electrode spacing, distance of the electrode protrusions, aspect ratio of the electrode protrusion. All above
characteristic hierarchical patterns can be attributed to the spatially over-modulated process where features of the
template pattern cannot be faithfully transferred into polymer, which is an undesirable feature of the process for the
normal micro/nano-replication process [39]. In these three over-modulated processes, two critical conditions must meet.
One is the mass parameter vy, i.e. the ratio of practical mass volume on the requisite mass volume, should be less than 1
and the other is that the corresponding modified maximum unstable wavelength should be smaller than half of the
characteristic length. Furthermore, in order to achieve hierarchical structures, smaller aspect ratio of the electrode protrusion

is also necessary.

AO0s B2ps C3ps DSps E 7 ps

Figure 7. Spatio-temporal evolution of a 50 nm thick polymer liquid interface on the fiber with radius of 200 nm. The height
e of the electrode protrusions, the width w of the electrode protrusions, and the period | of the grating mask are 20 nm, 400
nm and 600 nm, respectively. The applied voltage is 250 V and the gap d between the electrodes is 150 nm. Red color

represents the polymer liquid, and the blue color represents air.

This article is protected by copyright. All rights reserved.
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3.3 The influence of radii of curvature

The EHDIP process was simulated on fiber surfaces with different radii of curvature in order to characterize the

influence of the curvature of the fiber on the final morphology of the generated structures. Results are shown in Figure 8. In

the simulation, the polymer film is 200 nm thick, the gap between the electrodes is 460 nm and the applied voltage is 550 V.

The radii of curvature for the cases of Figures A to E are 200 nm, 500 nm, 700 nm, 1um, 10 pm, respectively. Figure 8(A)

shows an array of cone like structures in the thin film rested on a thin fiber with a 200 nm radius. In this case, there is still

some residual film in the areas between the cone structures, which means the film is not completely depleted. The radial

curvature force plays an important role in maintaining the stabilization of the film against the electrostatic force and

therefore has a negative contribution to the nanostructures formation. When the radius of the fiber is increased to 500 nm as

shown in Figure 8(B), four higher ridges are formed under the flat electrode so that the film is nearly depleted in the areas

between the ridges. The period of the formed ridge structures is the same as in Figure 8(A). Furthermore, when the fiber

radius is increased to 700 nm as shown in Figure 8(C), four ridges are still formed in the film but the middle two ridges are

shifted towards the center point. This shift becomes more pronounced when the radius of curvature is increased to 1 um as

shown in Figure 8(D). In this case, the outer two ridges have a little shift towards the center point as well. In addition, the

width of the outer two ridges also becomes larger. Finally, when the radius of curvature is dramatically increased to 10 pm,

the middle two ridges have merged into one single column. At the same time, the outer two ridges have grown into two

thicker columns as shown in Figure 8(E). In this case, the three columns are also periodically with a period larger than in

Figures 8(A) and 8(B). In general, smaller radii of curvature help improving the resolution of the formed structure but, in

some cases, non-periodic and hierarchic structures can be formed.

This article is protected by copyright. All rights reserved.
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A B C D E

Figure 8. Spatio-temporal evolution of a 200 nm thick polymer liquid interface deposited on a fiber with different radii. The
applied voltage is 550 V and the gap between the electrodes is 460 nm. Red color represents the polymer liquid, and the

blue represents air.

Figures 9(A) to 9(F) show the formation of structures for a polymer film of 40 nm thickness induced by a flat template
with applied voltage of 100 V. The gap between the electrodes is fixed at 80 nm. In the case of a radius of curvature of 50
nm as shown in Figure 9(A), there are four ridges formed with the middle two ridges about to merged together. As the
radius of curvature is increased to 60 nm as shown in Figure 9(B), five ridges are formed but still not distributed
periodically. Furthermore, for a radius of 100 nm or larger as shown in Figures 9(C) to 9(F), standard periodic structures are
formed with a conic shape, and then with a columnar shape thereafter. Smaller radii of curvature have a stronger impact in
maintaining the stabilization of the film, making it difficult for the electrostatic force to destabilize the film. As the radius of

curvature decreases the electrostatic force is more prominent and therefore dominates the EHDIP process.

More simulation results show that, for patterned electrodes, the faithful replication of the top electrode pattern is
only obtained when the applied gradient driven flow wins over the spinodal flow based on the characteristic length scale.

Thus, in general, the final morphology depends on the fiber radius R as well. Figure 10 shows the simulation results of

This article is protected by copyright. All rights reserved.
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EHDIP process under different radii of curvature when a patterned electrode is used. As can be seen from Figure 10(A),
when the radius of the fiber is 50 nm, the pattern on the electrode cannot be replicated faithfully. As the radius of the fiber
is increased to 100 nm, the periodic pattern is well replicated into the polymer. For R=1 um as shown in Figure 10(D),
columnar shape structures are obtained with steep sidewall and large aspect ratio of 2.5. In summary, the large number
of simulations carried out in this study all point to a general conclusion that a small radius of curvature force is
unfavourable for the faithful replication of the patterned template. Figure 11(A) shows the diagram of pressure distribution
at the film surface at the initial stage as shown in Figure 10. The pressure distribution follows a sinusoidal profile and the

influence of the radius of the fiber on the mean pressure. With the increase of the fiber radius, the mean pressure

Figure 9. Simulations for a 40 nm thick when (a) R= 50 nm, (b) R=60 nm, (c) R=100 nm, (d) R=200 nm, (e), R=1um, (f),

decreases as shown in Figure 11(B).

R=5um. The applied voltage is 100 V, the electrode distance is 80 nm. Red color represents the polymer liquid, and the blue

colour represents air.

This article is protected by copyright. All rights reserved.
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Figure 10. Simulations for a 40 nm thick when (a) R= 50 nm, (b) R=100 nm, (c) R=200 nm, (d) R=1 um. The applied voltage is

123V, the electrode distance is 100 nm and the width and height of the patterned template are the same at 20 nm. The

period of the patterned template is 60 nm. Red color represents the polymer liquid, and the blue colour represents air.
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Figure 11. (a) Initial pressure located at the surface of the polymer film as shown in Figure 10, (b) Relationship between the

median pressure and the radius of curvature.

4 Concluding remarks
In summary, we have demonstrated through rigorous numerical simulations that customized micro/nanostructures can be

successfully obtained on curved surfaces by using the EHDIP process. It is found that the final surface morphology is

This article is protected by copyright. All rights reserved.
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sensitive to the curvature radius of the fiber when the destabilizing electric field is dominant. In order to achieve the

faithful fabrication of the customized patterns on the master, a large radius of curvature of the substrates as well as

stronger electric voltages are favorable. The fabrication results show that microstructures with large aspect ratio can be

achieved by using a master with a low aspect ratio, which indicates the great advantage of the EHDIP process in terms of

savings in fabrication costs and time in producing a master with such characteristics. The results reported in this work

provide a good guidance for the fabrication of micro/nanostructures on curved surfaces by using the EHDIP process, which

has the great potential to fabricate micro/nanostructures with hierarchical shapes.
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