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ABSTRACT

It was recently shown in [1-3] that spherical particles
floating on a fluid-fluid interface can be self-assembled, and the
lattice between them can be controlled, using an electric field.
The technique works for a broad range of fluids and particles,
including electrically neutral (i.e., uncharged) particles and
small particles (micro- and nano-sized particles). In this paper
we show that the technique also works for rod-like and cubical
particles floating on fluid-fluid interfaces. The method consists
of sprinkling particles at a liquid interface and applying an
electric field normal to the interface, thus resulting in a
combination of hydrodynamic (capillary) and electrostatic
forces acting on the particles. It is shown that the relative
orientation of two rod-like particles can be controlled by
applying an electric field normal to the interface. The lattice
spacing of the self-assembled monolayer of rods can be
increased by increasing the electric field strength. Furthermore,
experiments show that there is a tendency for the rods to align
so that they are parallel to each other. The alignment however
is not complete. Similarly, the spacing between two cubes, as
well as the spacing of a monolayer of cubes, can be adjusted by
controlling the electric field strength.

1. Introduction

In recent years much effort has been directed to understand
the behavior of particles trapped at fluid-fluid interfaces
because of their importance in a wide range of applications,
e.g., the self-assembly of particles at fluid-fluid interfaces
resulting in novel nano structured materials, micro/nano
manufacturing, the stabilization of emulsions, etc [4-10].

A popular mean used to assemble particles is based on the
phenomenon of capillarity. A common example of capillarity
driven self-assembly is the clustering of cereal flakes floating
on the surface of milk. The floating cereal particles experience
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attractive capillary forces due to the fact that when two such
particles are close to each other, the deformed interface around
them is not symmetric as the interface height between the
particles is lowered due to the interfacial tension. This lowering
of the interface between the particles gives rise to lateral forces
that cause them to come together [10-13].

This technique, however, leads to uncontrollable clustering
of particles, as capillary forces are attractive and increase with
decreasing distance between particles. Capillarity induced
clustering of (uncharged) particles has several deficiencies: (a)
the resulting particle structure is usually not defect free: defects
take place because particles physically block one another and
the formed monolayer lacks long range order, (b) the lateral
capillary forces become insignificant when the particle size is
small (nanoparticle) (more precisely, when the dimensionless
Bond number, which accounts for the particle and fluid
densities, is much smaller than one), thus making particle
assembly using this method restricted to the manipulation of
mesoscale particles (larger than ~10 um) [13-16 ]; and (c) the
lattice spacing is not adjustable.

We recently developed a technique which overcomes all of
the above deficiencies by applying an external electric field
normal to the interface causing particles trapped at the interface
to experience an electrostatic force normal to the interface. This
is a new phenomenon in which the electrostatic force arises
because of the jump in the dielectric properties across the
interface and varies as a% and not because the applied electric
field is nonuniform, where a is the particle radius. (In a
nonuniform electric field particles inside the suspending liquid
experience an electrostatic force, called the dielectrophoretic
force [17,18], which is weaker for small particles, as it varies as
a’). The resulting self-assembly process is capable of
controlling the lattice spacing statically or dynamically,
forming virtually defect-free monolayers of monodisperesed
spherical particles, and manipulating a broad range of particle

Copyright © 2008 by ASME

Downloaded From: https://proceedings.asmedigitalcollection.asme.org on 07/01/2019 Terms of Use: http://www.asme.org/about-asme/terms-of-use


https://core.ac.uk/display/357369694?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

sizes and types including nano-particles and electrically neutral
particles. The electric field causes particles to experience
electrostatic and capillary forces the magnitudes of which can
be adjusted to control the lattice spacing of the formed
monolayer. Since the strength of the electric field is easily
varied with time, the formed microstructure can be changed in
a dynamic fashion.

In this paper, we show that it is possible to align two rod-
like particles, floating so that the cylinder generator is parallel
to the interface, by applying an electric field. Also, the average
distance between rods of a monolayer can be increased by
applying an electric field. This is followed by similar results for
cubic particles floating with the contact line pinned at their
sharp edges.

2. Force balance for a particle trapped at the interface

The equilibrium position of a particle in the interface can
be obtained by solving the governing equations for the two
fluids and the momentum equation for the particle, which are
coupled, along with the interface stress condition and a
condition for the contact line motion on the particle surface.
The problem of finding the particle’s equilibrium position itself
is formidable because the vertical capillary force at the line of
contact of the three phases on the particle surface depends on
the slope of the interface which in general requires the solution
of the equations described above, and can be solved
analytically only in simple situations [13,16]. The problem is
even more challenging for a prismatic particle, since the
capillary force depends on whether the meniscus attaches to the
particle on a smooth face with a uniquely determined normal or
at an edge where the normal is undefined, and so the contact
line can become pinned, or both [16,19]. The stability of a
given orientation of a particle is also an important issue, which
can be different for small and large sized particles of
geometrically similar shapes, as the gravity is important only
for the latter.

Although particles used in this study are not spherical, for
simplicity, we will describe results for spherical particles for
which the closed form expressions for the forces and the lattice
spacing can be obtained. Let us consider the vertical force
balance equation for a spherical particle, when an electric field
normal to the interface is present, which, in dimensionless
form, can be written as [1,2]
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Here B= p,_azg/y is the Bond number, WEg =¢qgéea a is

the electric Weber number and f,, f, are dimensionless
buoyancy and vertical electric force coefficients, which are

O(1), but have to be determined. Also, E is the applied electric
field strength (or the RMS value of the electric field in an AC
field), €, €, and g_ are the dielectric constants of the particle,
the upper fluid and the lower fluid, respectively, &, is the
permittivity of free space, and 6; and h, being defined in

figure 1. The force due to the contact line tension and the
particle charge, if present, can also be included in the above
equation.

Figure 1. Schematic of a heavier than liquid hydrophilic
(wetting) sphere of radius a hanging on the contact line at 6.
The point of extension of the flat meniscus on the sphere
determines the angle 6, and h,. The angle a is fixed by the
Young-Dupré law and 6. by the force balance.

Clearly, as the particle radius a approaches zero, the Bond

number B= p,_azg/;/ — 0. In this limit, in the absence of an

electrostatic force, the right hand side of equation (1) is zero
and thus sin(a + &) = 0 or Oc ~x/2—a (see figure 1). This
means that a small particle floats so that the interfacial
deformation is negligible. It can be shown that the lateral
capillary force which arises from the interfacial deformation, in
this limit, is also negligible compared to the random thermal
forces. For particles floating on water, this limit is reached
when the particles radius is approximately 10 um (see [13,16]).
Therefore, groups of small spherical and disk shaped particles
cannot cluster by this mechanism. After reaching their
respective equilibrium positions in the interface, they no longer
substantially deform the interface. Small particles, however,
can interact by other mechanisms some of which are described
below [19]. Furthermore, when particles are partially immersed
in a thin liquid film and their weight is supported by the
substrate below, the arguments just given are not applicable and
the interface deformation can be significant even for small
particles [13].

Another important limiting case is that for which the Bond
number approaches zero, but the electric Weber number does
not. This situation arises, for instance, for small particles when
the magnitude of the electric field is sufficiently large. The
equilibrium position of a particle within the interface in this
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case is determined by the balance of the interfacial and
electrostatic forces. The interface can then be deformed by the
particle, in which case, as discussed below, the lateral (electric
field induced) capillary forces are present and can cause nano
sized particles within the interface to cluster [1,2].

2.1 Vertical electrostatic force

It is well-known that while an isolated uncharged particle
placed in a uniform electric field becomes polarized, it does not
experience any electrostatic force. This, however, is not the
case for a particle floating at a fluid-fluid interface because of
the mismatch between the dielectric constants of the two fluids
involved (see figure 2), and thus the electric field around a
particle is not symmetric about the fluid-fluid interface [1,2].
Moreover, from symmetry it is clear that the electrostatic force
acting on an isolated spherical particle at an interface can only
be in the direction normal to the interface, but depending on the
parameter values it can be either upward or downward. If the
particle is charged, a coulomb force also acts on the particle. In
addition, when there are other particles present at the interface
they interact with each other via dipole-dipole interactions [20-
25].

_ Electrode

v Fluid

0000 |

Fluid1

_ Electrode

Figure 2. Schematic of the experimental setup used to
control assembly of particles on a fluid-fluid interface. The
distance between neighboring particles is controlled by
adjusting the applied voltage.

We performed numerical simulations to show that the
vertical component of the electrostatic force in a DC field (or
time averaged force in an AC field) acting on a particle can be
written as [2,3]:

£ gL € h
Fey = azgoga[—L—lJ E2 f,(CE 2R 0.2 . (@
gL ¢p ho . . . . .
Here f,(—,—,0.,—=) is a dimensionless function of the
included arguments (6, and h, being defined in figure 4). The

factor [5—'-—1] ensures the fact that the force is zero when
€a

g—'-:l as the fluids dielectric constants are the same in this
€a

case (as noted above, the electrostatic force acting on a particle
in a bulk fluid subjected to a uniform electric field is zero).
Notice that the dependence of the electrostatic force on the
particle radius a is quadratic compared to the cubic dependence
of the dielectrophoretic (DEP) force which acts on a particle in
a non-uniform electric field [17,18 ], and therefore the origin of
the former is different from that of the DEP force experienced
by a particle inside the suspending liquid. The influence of
electrowetting can be included in this analysis by modifying the
effective contact angle [ 26]. Notice that a change in the contact
angle (due to electrowetting) will cause a particle to move
normal to the interface to satisfy the new contact angle
requirement. However, assuming that the only change is in the
contact angle, it will not cause the interface to deform (because
if the interface around the particle is deformed, the particle will
experience a vertical capillary force which will remain
unbalanced since the particle does not experience an additional
external vertical force.).

2.2 Lateral forces between particles

The deformation of the interface due to the trapped
particles gives rise to lateral capillary forces which cause them
to cluster (see figure 1) [11,13]. The attractive capillary forces
arise due to the fact that when two floating particles are close to
each other the interface height between the particles is lowered
due to the interfacial tension. This lowering of the interface
between the particles gives rise to lateral forces that cause them
to come together. The floating behavior of small (micro and
nano) sized particles and prismatic particles is even more
complex because the attractive force does not arise because of
the particle’s buoyant weight, but by other more complex
mechanisms.

As noted earlier, our recent experiments show that an
externally applied electric field can be used to control the self-
assembly process of particles at a fluid-fluid interface, and that
the distance between particles can be varied by changing the
strength of electric field [1,2]. This is a unique approach which
allows the spacing between particles to be controlled
dynamically. Also, when the electric field intensity is of O(10°)
volts/m the electric force is sufficient for manipulating
submicron to nano sized particles as the associated energy is
greater than KT. This is possible because the electrostatic force
normal to the interface, which is balanced by the vertical
capillary force, causes the interface to deform. The electrostatic
force thus plays a role similar to that of the particle’s buoyant
weight in causing lateral capillary forces. In addition, in the
presence of an electric field (uncharged) particles become
polarized and experience repulsive forces arising because of the
dipole-dipole interactions [20,25].

We numerically computed the electrostatic repulsive force
arising due to the dipole-dipole interaction accounting for the
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fact that the fluid’s dielectric constant jumps across the
interface and found that it can be written as [1,2]

4
& a g € h
FD(r):goga(_L+1J a2E2H foEE 22 6,22y (3)

where f, is a dimensionless function of the included

arguments, with the force depending upon the sixth power of a
and on the fourth power of the inverse of the distance r between
the particles. The repulsive interaction force was shown to be
stronger than the random Brownian force indicating that the
externally applied electric field can be used to manipulate
nanoparticles within a fluid-fluid interface.

We conducted an analysis to determine the capillary forces
between two particles in which the dynamical effects were not
considered [1,2]. Analysis further assumed the interfacial
deformation to be small, the electric force on the particles was
estimated numerically by assuming that the interface was not
deformed, and the electric force on the fluid interface and the
resulting deformation were neglected. Based on this analysis,
we concluded that in the presence of an electric field, particles
experience repulsive electrostatic forces which are short ranged
(vary as r*), and attractive capillary forces which are long
ranged (vary as r%). The dimensionless equilibrium separation
Teq /(2a) between two particles, obtained by equating the

repulsive electrostatic force and the lateral capillary force is

3
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The dimensionless parameters f,, fp and fp themselves

depend on several parameters, and have to be obtained
numerically or from the experimental data.

2.3 Non-spherical particles

As noted above, if the buoyant weight of a spherical
particle is not negligible, the vertical capillary force, which
arises because of the deformation of the interface, is needed to
keep it floating. The deformed interface around an isolated
spherical particle is symmetric about the vertical passing
through its center, and thus the lateral capillary force that arises
due to this deformation is independent of the radial direction.
The deformed interface around prismatic and non spherical
particles, however, is not symmetric, and consequently their
clustering behavior is more complex.

In general, for non-spherical and prismatic particles
deformed interface is such that the interface slope at the contact
line on the particle’s surface varies, as the direction of the

normal to the surface varies. In fact, on a part of the contact line
the slope of the interface can be in the upward direction, and for
the remaining part it can be in the downward direction. Notice
that the slope of the interface determines the direction of the
capillary force which acts on the particle. Thus, the magnitude
of the vertical component of capillary force varies along the
contact line, and its direction on a portion of the contact can be
in the downward direction. As a result, although the total
vertical capillary force is still equal to the buoyant weight, the
contribution of some sections of the contact line to the vertical
capillary force can be negative and for some positive.

The above implies that two particles can attract or repel
depending on the interface deformation between them, i.e., if
both particles cause upward or downward interface deformation
of the interface, they attract; otherwise they repel. Depending
on the form of the asymmetric deformation around them, such
particles can assemble into several different periodic
arrangements, e.g., hexagonal or cubic.

Also note that a small particle, with negligible buoyant
weight, can cause an asymmetric deformation of the interface if
the contact line undulates on its surface [19]. These undulations
in the contact line can arise because of the surface roughness,
caused by edges and irregular shape, chemical inhomogeneities,
and Brownian motion. At present, analysis similar to that
presented in the previous subsection for spherical particles, is
not available for non-spherical particles.

3. Results

We next present experimental results describing the
clustering behavior of rod-like and cubic particles floating on
the surface of corn oil. Experiments were conducted in a device
for which the distance between the electrodes is 8 mm and the
diameter of the circular cross-section is 48 mm (see figure 2).

3.1 Rod-like particles

In our experiments the rod-like particles float with their
generator parallel to the interface. In this configuration, the
interfacial deformation varies along the contact line. In fact, the
interfacial deformation at the contact line on the curved
surfaces can be quite different from the deformation at the flat
ends. Notice that although the contact-angle condition is
satisfied at both the curved and flat surfaces, the direction of
the normal at the two surfaces can be quite different, and as a
result, the interfacial deformation at these surfaces can also be
different. Consequently, the lateral attraction due to capillarity
is not the same along all radial directions.

In the absence of an externally applied electric field rods
cluster, but since the interfacial deformation caused by particles
is asymmetric, they arrange in certain preferred orientations
that depend on their initial positions as well as orientations. In
the presence of an externally applied electric field, when the
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electric field magnitude is sufficiently large, rods become
aligned and are approximately parallel to each other.

We next present results for two rods floating on the surface
of corn oil. The diameter of the rods is 39.8 um, and the length
of one rod is 255.2 um and of the second 260 um. Two
different initial orientations of the rods are considered. We first
consider the cases for which the electric field is not present.

t=15 min t=21 min
Figure 3. The transient positions of two rods showing attraction
between them. The electric field is not present. The rods
diameter is 39.8 um and the length of the left rod is 255.2 um
and the right rod is 260 pm. Initially, the rods are
approximately parallel. But, when they come closer, they rotate
such that the upper ends come in contact earlier. After coming
in contact, the rods become approximately parallel.

Figure 3 shows the case in which the two rods are initially
approximately parallel to each other and the line joining their
centers is perpendicular to the rods. The rods maintain this
approximate orientation as they come closer. But when the
distance between them is smaller, they begin to turn so that the
upper ends of the rods are closer. This becomes more clear in
the photograph taken at t= 13 min. The rods continue to come
closer and rotate, and the rate of approach increases with
decreasing distance between them. The upper ends touch at

t=14 min. The lower ends continue to come closer and touch at
t=21 min. In this final configuration the rods are again parallel
to each other, but the upper ends of the rods are closer than the
lower ends. This is probably due to the fact that the end planes
for one of the rods, or both, are not completely normal to the
rod’s axis. This asymmetry makes the interfacial deformation
caused by the upper ends of the rod to be such that the
attractive capillary force between them is larger than between

the lower ends.
t=0 t=270s

t=20 minutes

Figure 4. Attraction between two floating rod. The parameters
are the same as in Figure 3. Initially, the rods are approximately
parallel with their flat ends facing each other. As the rods come
closer, they align so that they are approximately parallel to the
line joining their centers. They maintain this orientation until
touching, but after touching they rotate and are no longer
parallel.

We next consider the case for which the initial positions
and orientations of the two rods are such that they are
approximately parallel to the line joining their centers (see
Figure 4). The rods come closer under the action of the
attractive capillary force while approximately maintain their
initial orientations. The approach velocity increases with
decreasing distance between the rods. Notice that the rods are
approximately parallel when they come in contact at t=270 s,
but afterwards they rotate slightly and are no longer parallel
(see Figure 4 at t=20 min). This occurred because the end
surfaces of the two rods were not completely perpendicular to
the rods’ axes.
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t=37min

t=0 min

t=37min, 30sec t=45min

t = 65min

Figure 5. Attraction between two floating rod in the presence
on an externally applied electric field. The voltage applied is
5000 V. The other parameters are the same as in Figure 4. As
the rods come closer, they align so that they are approximately
parallel to the line joining their centers. They maintain this
orientation until touching, but, as in Figure 4, after touching
they rotate and form an angle. The approach velocity is reduced
by the electric field.

In Figure 5 we consider the initial configuration of Figure
4, but in the presence of an electric field normal to the
interface. The two rods still attract because of the attractive
capillary force, and come closer with increasing time and touch
at t=37 min 30s. They approximately maintain their initial
orientations, i.e., remain oriented along the line joining their
centers. Furthermore, after touching they rotate and are no
longer parallel to each other. The only influence of the electric
field is on the approach velocity which is smaller in the
presence of the electric field.

t=20 min

t=27min

t=28 min

t=32min t=34 min

t=35min, 30 s

t=36 min

Figure 6. Attraction between two floating rods in the presence
on an externally applied electric field. The voltage applied is
5000 V. The other parameters are the same as in Figure 3. In
the beginning, the rods are approximately parallel, but when
they are closer, they rotate so that the lower ends first come in
contact. After coming in contact, the rods rotate so that the
angle between them increases with time. In the final
configuration, the rods are aligned parallel to the line joining
their centers.
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In Figure 6 we consider the influence of electric field on
the attraction of rods when their positions are such that the rods
are approximately perpendicular to the line joining their
centers. As was the case in Figure 3, the rods come closer with
increasing time and when are away from each other they
remain parallel. The approach velocity is smaller than for the
case when the electric field is not present. This shows that the
electric force between the rods is repulsive. However, as
before, when the distance between is smaller than a critical
values they rotate and the lower end of the two rods come in
contact. Once this happens, the rods begin to rotate so the angle
between them increases to 180 degrees. This is the opposite of
the case shown in Figure 3, without the electric field, where the
angle decreased. This shows that the influence of the electric
field is to rotate the rods so that they align to form a line with
their ends touching.

(a) 0 volts,

(b) 5000 volts

Figure 7. The figure shows that rods floating on the surface of
corn oil cluster. When a voltage of 5000 V is applied, the
distance between rods increases and they align approximately
parallel to each other.

In Figure 7 we consider the case in which many rods are
sprinkled on the corn oil surface. The figure shows that in the
absence of the electric field rods cluster but there is no overall
pattern. This is consequence of the fact that when the distance
between the rods is of the same order as the rod size they
physically block each other, preventing them from organizing
in a pattern. The distance between rods increases when a
voltage of 5000 V is applied. The resulting electric also causes
the rods to align parallel to each other. The figure also shows
that there is tendency to form lines with the tips of the rods
touching. However, the alignment is not complete because of
the presence of the neighboring rods and relatively large
variation in their length.

3.2 Cubic particles

Figure 8 shows that a cubical particle floats such that the
contact line is pinned at its top sharp edges. The floating
behavior of prismatic particles is therefore different from that
of a spherical particle because the contact line is pinned at the
sharp edges [16], and can remain pinned even when an electric

field normal to the interface is applied. This is shown in Figure
8 for the case of two cubes which cluster under the action of
capillary forces when the electric field is not applied. After the
electric field of sufficiently large magnitude is applied, the
cubes separate and the distance between them increases with
increasing electric field strength (see Figure 9). Also, since the
interfacial deformation caused by a cube is asymmetric, they
arrange in certain preferred orientations.

Figure 10 shows that in the absence of an externally
applied electric field cubes cluster, but when an electric field of
sufficiently large magnitude is applied the cluster is broken.
The figure also shows that spacing of the monolayer can be
controlled by changing the electric field strength. Since the
contact line remains pinned at the sharp edge, the
electrowetting effect is not present [26] (the contact angle,
however, can change because the vertical electrostatic force on
the particle [1,2 ].).

(a) 0 volts, (b) 2000 volts, (c) 4000 volts

Figure 8. The floating behavior of two cubes (size ~ 150 pum) is
shown. The lattice distance between the cubes increases with
electric field strength. The contact line is pinned at the upper
edge of the cubes, and remains pinned even when the electric
field is present.

6 _
r'a
3 i
<
0 T T 1
0 2000 4000 6000
woltage (wolts)

Figure 9. The dimensionless distance between two cubes is
plotted as a function of the applied voltage. Notice that there a
critical voltage at which the two cubes separate.
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(a) 0 volts,

(b) 3000 volts,  (c) 5000 volts

Figure 10. An assembled monolayer of cubes. In the absence
of the electric field cubes cluster. When an electric field normal
to the interface is applied the lattice spacing increases with
increasing electric field strength. The contact line is pinned at
the upper edge of the cubes, and remains pinned even when the
electric field is present.

4, Conclusions

Experiments performed using rod-like and cubic particles
show that the distance between them and their relative
orientations can be controlled by applying an electric field
normal to the interface. The electric field causes particles on
the fluid/fluid interface to experience an electrostatic force
normal to the interface. In addition, particles become polarized
and interact with each other via dipole-dipole interactions,
which for the particles trapped on the interface is repulsive. The
distance between the particles is determined by the balance of
the attractive capillary forces and the repulsive dipole-dipole
forces. In the presence of the electric field, the preferred
orientation for rod-like particles is to align parallel to each
other, and form lines with their ends touching.
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