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ABSTRACT 

It was recently shown by us 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. In this 
paper we show that the technique can also be used to self 
assemble rod-like particles 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. A rod floating on the fluid 
interface experiences both a lateral force and a torque normal to 
the interface due to capillarity, and in the presence of an 
electric field, it is also subjected to an electric force and torque. 
The electric force affects the rods’ approach velocity and the 
torque aligns the rods parallel to each other. In the absence of 
an electric field, two rods that are initially more than one rod 
length away from each other come in contact so that they are 
either perpendicular or parallel to the line joining their centers, 
depending on their initial orientations. In the latter case, their 
ends are touching. Our experiments show that in an electric 
field of sufficiently large strength, only the latter arrangement 
is stable. Experiments also show that in this case the electric 
field causes the rods of the monolayer to align parallel to one 
another and that the lattice spacing of a self-assembled 
monolayer of rods increases.  
 
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. [1-7].  
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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 
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 move toward one another and cluster [7-10]. 

This naturally occurring phenomenon, however, leads to 
the uncontrollable clustering of particles, as capillary forces are 
attractive and increase with decreasing distance between the 
particles. As a result it produces monolayers that display many 
defects, lack order (both short and long ranged) and whose 
distance between the particles cannot be controlled. In addition, 
such a phenomenon does not manifest itself on particles smaller 
than ~10 μm. These drawbacks seriously limit the range of 
applications one can target using this technique. 

The technique described in refs. [11-13] overcomes all 
these shortcomings (see figure 1) by applying an external 
electric field normal to the interface. The electric field causes 
spherical particles trapped at the interface to experience an 
electrostatic force normal to the interface and since the particles 
become polarized they also repel each other due to the dipole-
dipole interactions. The former is a new phenomenon in which 
the electrostatic force arises because of the jump in the 
dielectric properties across the interface, and not because the 
applied electric field is nonuniform. In fact, an isolated particle 
subjected to a uniform electric field and suspended in a single 
fluid does not experience any electrostatic force. We also recall 
here that an interesting property of this interfacial phenomenon 
is that the electrostatic force thus generated varies as a2, where 
a is the particle radius, and not as a3, which is the case of the 
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well-known dielectrophoretic force [14,15] acting on particles 
suspended in a bulk liquid and under the influence of a 
nonuniform electric field.  It follows that the new interfacial 
electrostatic force is stronger on small particles than the classic 
dielectrophoretic force. In addition, the resulting self-assembly 
process into two-dimensional arrays is capable of controlling 
the lattice spacing statically or dynamically, forming virtually 
defect-free monolayers of monodispersed spherical particles, 
and manipulating a broad range of particle sizes and types 
including nano-particles and electrically neutral particles. 
Indeed, 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.  

 
(a) 

  
(b) 

Figure 1. a. Schematic of the experimental setup used to control 
the self-assembly of particles on a fluid-fluid interface. The 
distance between neighboring particles is controlled by 
adjusting the applied voltage; b. Assembly of glass spherical 
particles obtained by using the device shown in (a) at an air-oil 
interface and with a voltage of 4000 V. The average radius of 
particles is 40.5 μm. Note the long range order, hexagonal and 
expanded lattice, which can be shrunk until the particles touch 
by decreasing the electric field strength. 

In this paper, we apply the above technique to manipulate 
rods floating on an air-oil interface. In our experiments, rods 
float so that the cylinder axis is parallel to the interface and the 
contact line passes through both the cylindrical surface and the 
flat surfaces at the two ends. The problem of a rod floating on 
an interface is complex because in addition to the lateral 
capillary force, a rod also experiences a torque arising from the 
asymmetry of the interfacial deformation. Consequently, its 
interaction with other floating rods is more complex than that 
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between spherical particles. Furthermore, the lateral capillary 
force is different along the normal and parallel directions to the 
rod’s axis. As a result, there are certain stable arrangements in 
which two or more rods are likely to arrange, and which one of 
these arrangements is reached in a given case depends on their 
initial positions and orientations. In this paper we show that 
when an electric field is applied normal to the interface, rods 
become align approximately parallel to each other and the 
lattice spacing average of the monolayer increases with 
increasing electric field strength.  

 

2. Electric and capillary forces on particles trapped at 
a fluid-fluid interface 

The capillary and electric forces acting on a particle 
depend on the properties of the fluids and the particle, as well 
as on its position within the interface and the shape of the 
deformed interface. The equilibrium position of a particle in the 
interface can be obtained by solving the governing mass and 
momentum 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 governing 
equations and can be solved analytically only in simple 
situations [10,16].  

The problem is even more challenging for a non-spherical 
particle, since the deformation of the interface and the capillary 
force depend on the direction of the normal to the particle’s 
surface which depends on the location on the surface of the 
particle in a more complex manner than for a sphere [16,17]. 
The stability of a given orientation of a particle is also an 
important issue since a particle can float in one or more stable 
orientations which can be different for small and large sized 
particles of geometrically similar shapes. In addition, it is worth 
noting that the deformed interface around a non-spherical 
particle is non-symmetric and so the lateral capillary force due 
to such a particle depends on the radial direction from the 
particle’s center which makes their clustering behavior more 
complex. In contrast, 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 
from the sphere’s center.  

In general, for a non-spherical particle, the slope of the 
interface at the contact line is not constant, as the direction of 
the normal to the particle’s surface varies. In fact, the slope of 
the tangent to the interface, which determines the vertical 
component of the capillary force acting on the particle, on a 
part of the contact line can be positive (the interface is 
deformed in the upward direction) while on the remaining part 
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it can be negative (the interface is deformed in the downward 
direction). As a result, although the total vertical capillary force 
is still equal to the buoyant weight, the contribution from some 
portions of the contact line to the vertical capillary force can be 
negative and from some other portions positive. The lateral 
capillary force and the torque normal to the interface between 
two or more particles are expected to depend on the shape of 
their deformed interfaces.  

It is well known that two non-spherical particles can attract 
or repel depending on the interface deformation between them, 
i.e., if both particles cause upward or downward deformation of 
the interface, they attract; otherwise they repel. Depending on 
the form of the non-symmetric deformation around them, such 
particles can assemble into several different periodic 
arrangements, e.g., hexagonal or cubic. Also note that even a 
spherical particle can cause a non symmetric deformation of the 
interface if the contact line undulates on its surface [17]. These 
undulations in the contact line can arise because of the surface 
roughness caused by edges and irregular shape, chemical 
inhomogeneities, and Brownian motion. This can result in 
significant lateral capillary forces causing small particles with 
negligible buoyant weight to self assemble. 

 Although the focus of the present study is on rod-like 
particles, it is instructive to consider the behavior of spherical 
particles for which the closed form expression of the forces is 
available. The force balance in the vertical direction can be 
used to show that when the particle radius a approaches zero 
(small particles), the Bond number also goes to zero, i.e. 
B= 02 →γρ gaL , where ρL refers to the density of the lower 
fluid, g denotes the acceleration due to gravity and γ stands for 
the interfacial tension. In this limit, the lateral capillary force 
which arises from the interfacial deformation is negligible 
compared to the random thermal forces, and so the latter force 
cannot cause particles to cluster. For particles floating on water, 
this limit is reached when the particles radius is approximately 
10 μm (see [10,16]). Therefore, groups of small spherical and 
disk shaped particles cannot cluster by this mechanism. After 
reaching their respective equilibrium positions in the interface, 
such particles no longer substantially deform the interface. 
Small particles, however, can interact by means of other 
mechanisms [17]. 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 [10]. 

It was shown in [11,12] that the above limitation for small 
particles can be overcome by applying an electric field normal 
to the interface. A particle floating at a fluid-fluid interface is 
subjected to an electric force normal to the interface which 
arises because of the mismatch between the dielectric constants 
of the two fluids involved, and thus the electric field around the 
particle is not symmetric about the fluid-fluid interface [11,12]. 
On the other hand, although an isolated uncharged particle 
placed in a uniform electric field inside a liquid becomes 
3
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polarized, it does not experience any electrostatic force. As 
recalled in the introduction, it was shown 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 [14,15]. The origin of the electric force acting on a particle 
at the interface is therefore different from that of the DEP force 
experienced by a particle immersed in a suspending liquid. In 
addition, the influence of electrowetting can be included by 
modifying the effective contact angle [28]. Notice that a change 
in the contact angle (due to electrowetting) will cause a particle 
to move normal to the interface in order 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.). A rod floating 
on a fluid-fluid interface is also expected to experience an 
electric force normal to the interface. The dependence of this 
force on the rod’s geometry is currently not known. 

In the presence of an electric field, the lateral capillary 
force can be significant even when the Bond number 
approaches zero. 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 case is determined by the balance of the interfacial and 
electrostatic forces. The interface can then be deformed by the 
particle, and the lateral (electric field induced) capillary forces 
are present and can cause nano sized particles within the 
interface to cluster [11, 12]. 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 [21,26].  

The deformation of the interface due to trapped particles 
gives rise to lateral capillary forces which cause them to cluster 
(see figure 1) [8,10]. 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. As noted above, the deformation of the interface is a 
result of the net vertical force acting on the particle, which 
includes its buoyant weight and the vertical electric force. 

The electric field also results in the electrostatic repulsive 
force arising due to the dipole-dipole interactions which are 
short ranged (varying as r-4). The attractive capillary forces, on 
the other hand, are long ranged (varying as r-1). The 
dimensionless equilibrium separation, )2( areq , between two 
spherical particles, obtained by equating the repulsive 
electrostatic force and the lateral capillary force is  
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   (4) 

The dimensionless parameters vf , Df  and bf  depend on 
several parameters, and have to be obtained numerically or 
from experimental data. Here fv, Df and fb are the 
dimensionless vertical force, electric repulsion and buoyancy 
force coefficients, and εp, εa and εL are the dielectric constants 
of the particle, the upper fluid and the lower fluid, E is the 
electric field strength and pρ  is the particle density. 

At present, an analysis similar to that presented above for 
spherical particles is not available for rod-like particles; 
particularly, the expressions for the electric and capillary forces 
and for the corresponding torques are not known. However, our 
experiments show that when rods floating on an interface are 
subjected to an electric field they experience dipole-dipole 
repulsive force, as well as an electric torque. 

 
3. Results  
 We next present experimental results for the clustering 
behavior of borosilicate glass rods 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 cross-section 
is circular with the diameter of 48 mm (see figure 1).  

 We first present results for two rods floating on the surface 
of corn oil. The rods were made by cutting borosilicate fibers. 
The diameter of the rods is 39.8 �m, and the length of one rod 
is 255.2 �m and of the second 260 �m. The dielectric constant 
of corn oil is 2.87, its conductivity is 32.0 pSm-1 and its 
density is 0.922 g/cm3. The density of the borosilicate glass 
rods is 2.5 g/cm3 and their dielectric constant is 5.8. A variable 
frequency AC signal generator (BK Precision Model 4010A) 
was used along a high voltage amplifier (Trek Model 5/80) to 
apply a voltage to the electrodes at a frequency of 1 kHz. The 
applied voltage was 5000 V P/P (peak-to-peak). The motion of 
the rods was recorded using a digital color camera connected to 
a Nikon Metallurgical MEC600 microscope. 

As already noted, in our experiments, rods float such that 
their axes are parallel to the interface. In this configuration, the 
interfacial deformation at the contact line on the curved 
surfaces is different from that at the flat ends. Thus, as 
discussed below, the lateral attraction due to capillarity is not 
the same along all radial directions. 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 is 
different, and as a result, the interfacial deformation at these 
4
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surfaces is different. Experiments show that the attractive force 
in the direction perpendicular to the rod’s axis is greater than in 
the parallel direction. 

Three different initial configurations for the two rods were 
considered. In the first, the rods were parallel to one another 
and oriented perpendicular to the line joining their centers, in 
the second they were parallel to one another and parallel to the 
line joining their centers, and in the third they were 
perpendicular to each other. The initial distance between the 
rods was about 1.5 times their length. Next, we describe the 
behavior of the rods without and with the electric field. In the 
former case, the rods come together under the action of the 
force and torque due to capillarity, and in the latter case we 
show how this dynamics can be altered due to the additional 
presence of the electric force and torque. 

 

3.1 Alignment in the absence of electric field 

Experiments described below show that in the absence of 
electric field, the rods arrange themselves into one of the two 
stable configurations. In the first stable configuration, the rods 
are parallel to each other with their long sides touching, and in 
the second they are parallel to each other with their ends 
touching. The initial configuration of the rods determines 
which one of these stable configurations they evolve to. In the 
presence of an electric field of sufficiently large strength only 
the latter configuration is stable.  

   
t=0    t=10 min 

  
t=13min   t=14 min 
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t=15 min  t=21 min 
Figure 2. Transient positions of two rods floating on the surface 
of corn oil. The electric field is turned off. The rods diameter is 
39.8 μm and the length of the left rod is 255.2 μm and the right 
rod is 260 μm. Initially, the rods are approximately parallel. 
However, as they come closer to one another under the action 
of the lateral capillary force, they rotate so that their upper ends 
come in contact earlier. After coming in contact, the rods 
become approximately parallel again.   

 

Figure 2 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. However, when 
the distance between them is approximately one half of their 
length, they rotate so that the upper ends of the rods come 
closer faster. This indicates that the attractive capillary force 
between the upper ends is larger than between the lower ends, 
and thus the rods are subjected to a net torque causing them to 
rotate so that the upper ends come closer faster. This becomes 
even more clear in the photograph taken at t=13 min. The rods 
continue to come closer and rotate with the rate of approach 
increasing as the distance between them decreases. The upper 
ends of the rods touch at t=14 min, and the lower ends touch at 
t=21 min. In this final configuration, the rods are again parallel 
to each other. It is noteworthy that the final orientation of the 
rods is arbitrary in the sense that it only depends on their initial 
orientations. 

Furthermore, notice that the upper ends of the rods are 
closer than the lower ends which again is the result of the larger 
attractive force between these ends. For the case described 
above, the attractive capillary force between the upper ends is 
larger than between the lower ends because for the rods used in 
our experiments the geometry of the end planes varies, i.e., the 
angle between the normal to the rods’ end planes and the rod’s 
axis varies. In this case, the geometry is such that the attractive 
capillary force between the upper ends is larger than between 
the lower ends. Also note that the torque due to this asymmetry 
becomes significant only when the distance between the rods is 
about one-half of their length causing them to rotate, and that 
when the distance between the rods is larger they remain 
approximately parallel to each other. 
5
 

 

oaded From: https://proceedings.asmedigitalcollection.asme.org on 06/30/2019 Terms of Use
    
t=0   t=240 s  
 

 
t=270 s 
 
Figure 3. Attraction between two floating rods. The parameters 
are the same as in figure 2. The electric field is still turned off.  
Initially, the rods are approximately parallel to the line joining 
their centers. As they come closer, they align so that they are 
approximately parallel to the line joining their centers. In their 
final equilibrium position, the rods maintain this orientation 
and touch each other.   

 

We next consider the case for which the two rods are 
initially approximately parallel to the line joining their centers 
(see figure 3). As before, the rods come closer under the action 
of the attractive capillary force while approximately 
maintaining their initial orientations. The approach velocity 
increases with decreasing distance between the rods. The 
approach velocity for this case is about three times smaller than 
for the case described in figures 2. This indicates that the lateral 
capillary force for this orientation of the rods is weaker. Notice 
that when the rods come in contact at t=270 s they are 
approximately parallel to the line joining their centers. This 
shows that this orientation of the rods is also stable and that if 
the rods are initially parallel to the line joining their centers 
they are likely to come together maintaining this orientation. 

In figure 4 we present the case where initially the rods are 
approximately perpendicular to each other. They rotate under 
the action of the capillary torque (acting normal to the 
interface) to become parallel to each other, and afterwards their 
behavior is similar to that for the case described in figure 2 (not 
shown).  

This shows that the preferred arrangement for the two rods 
(with a larger basin of attraction) is to align parallel to each 
other with their broad sides touching. Also, as noted above, the 
lateral capillary attraction between the rods for this 
 Copyright © 2008 by ASME 
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configuration is greater as the approach velocity is larger. 
However, if the rods are initially approximately parallel to the 
line joining their centers, they maintain this orientation while 
coming closer. After joining, they remain parallel with their 
ends touching.  

   
t=0 t=60 min 

  
t=120 min t=270 min 
Figure 4. Attraction between two floating rods. The parameters 
are the same as in figure 2, except that initially the rods are 
approximately perpendicular to each other. The electric field is 
still turned off.  The rods rotate to become approximately 
parallel to one another at t=270 min. Their motion after that 
point is similar to that in figure 2, and is thus not shown in this 
figure. 

 

3.2 Alignment in presence of an electric field 

We next consider the influence of an electric field normal 
to the interface on the motion and orientation of the rods as 
they come closer under the combined action of the electric and 
capillary forces. In figure 5 we consider the initial 
configuration which is similar to that in figure 3. The two rods 
are attracted to one another because of the attractive capillary 
forces, and their approach velocity increases with decreasing 
distance. As the rods come closer, they align along the line 
joining their centers. They touch at t=7 min 30 s. The approach 
velocity is approximately the same as for the case without 
electric field (see figure 6). This indicates that for this 
orientation of the rods the repulsive dipole-dipole force 
between the rods is relatively small, and does not significantly 
influence the rods’ motion. 
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t=0 min   t=7 min                 

  
t=7 min 30 sec     
Figure 5. Attraction between two floating rods in the presence 
of the electric field. The device shown in figure 1 is subjected 
to a voltage of 5000 V. The other parameters are the same as in 
figure 3. As the rods come closer, they align along the line 
joining their centers. They maintain this orientation until 
touching. 

 

  
Figure 6. The distance between the rods’ tips is plotted as a 
function of time for the experiments shown in figures 3 and 5 
(with and without electric field). The rods are aligned parallel 
to the line joining their centers. Notice that the trajectories for 
the cases with and without the electric field are approximately 
the same. The voltage applied to the device is 5000 V. 
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t=0 min   t=27min 

  
t=28 min  t=34 min 

  
t=35 min   t=35 min, 30 s   

 
t=36 min 
Figure 7. Attraction between two floating rods in presence of 
an electric field. The voltage applied is 5000 V. The other 
parameters are the same as in figure 2. Initially, the rods are 
approximately parallel, but when they are closer, they rotate so 
that the lower ends come in contact first. After coming in 
contact, the rods rotate so that the angle between them increases 
with time. In the final configuration, the rods align parallel to 
the line joining their centers with their ends touching. 
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Figure 8. Distance between the rods’ closest ends shown as a 
function of time in presence of an electric field, for the 
experiments shown in figures 2 and 7. Initially, the rods are 
oriented approximately perpendicular to the line joining their 
centers. Notice that the approach velocity is reduced in the 
presence of the electric field. The voltage applied is 5000 V. 

 

   
t=0   t=150 min 

 
t=360 min 
Figure 9. Attraction between two floating rods in presence of 
an electric field. The voltage applied is 5000 V. The remaining 
parameters are the same as in figure 2. Initially, the rods are 
approximately perpendicular to each other. However, they 
rotate to become approximately parallel to the line joining their 
centers.  The rods’ behavior being the same as in figure 3 after 
t=360 min, the dynamics after that time is not reproduced here. 
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In figure 7 we consider the influence of the electric field 
on the attraction of two rods initially parallel and aligned 
approximately perpendicular to the line joining their centers. 
The rods come closer as time increases, with an average 
approach velocity about 1.4 times smaller than without the 
electric field, the latter case being described in figure 2. This 
decrease in the approach velocity is due to the repulsive dipole-
dipole force between the rods. When the distance between the 
rods is greater than the rod length they remain approximately 
parallel, but when the distance is smaller than about one half of 
the rod length they rotate and the lower ends first come in 
contact. This was also the case in figure 2 without the electric 
field (although the upper ends came in contact first). Once the 
rods touch, they begin to rotate so that the angle between them 
increases. This is the opposite of what took place in figure 2, 
where the angle between the rods decreased. Here, in contrast 
the angle between the rods continues to increase until it 
becomes 180 degrees. The influence of the electric field is thus 
to align the rods so that in their equilibrium position they are 
parallel to the line joining their centers with their ends 
touching. We postulate that this rotation is due to an electric 
torque which arises because of the dipole-dipole interaction 
between the rods. From symmetry, the electric torque must be 
zero when the rods are parallel or perpendicular to each other. 

We now seek to further verify that the influence of the 
electric field is indeed to align the rods along a common line. 
For this purpose, we consider the initial configuration in which 
the two rods are approximately perpendicular to each other (see 
figure 9). The rods rotate to become parallel to the line joining 
their centers, and afterwards their behavior is similar to that 
described in figure 7 (not shown in figure 9). We may therefore 
conclude that the preferred stable arrangement of two rods in 
the presence of electric field is to align parallel to the line 
joining their centers, with their ends touching. We remind the 
reader that the lateral capillary attraction between the rods 
makes them align perpendicular to the line joining their centers. 
This indicates that for the case shown in figure 9 the torque due 
to the electric field was sufficiently strong to overcome the 
torque due to capillarity. 

We also considered the influence of the electric field on 
two rods that are initially in contact, with their long sides 
touching. The dipole-dipole repulsion causes the rods to move 
away from each other to a distance of about one rod diameter. 
The rods stop moving when this separation is reached. In some 
cases, two ends of the rods separate while the other two ends 
remain joined, thus resulting in the rods forming a “V” shape 
(see figure 10). The angle between the rods increases with 
increasing electric field strength and is larger for longer rods. 
After the electric field is turned off, the angle between the rods 
decreases and the rods return to their original equilibrium 
configuration. In some cases, the angle increases to 180 degrees 
and the rods become parallel. In these cases, even after the 
electric field is removed, the rods remain parallel to the line 
joining their centers with their ends touching.  
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(a) 0 V                      (b) 2000 V, after 5 min    

  
 (c) 3000 V, after 15 min  (d) 5000 V, after 30 min  

Figure 10. Repulsion between two rods with their long side 
touching when a voltage is applied to the device. The rods 
assume a shape which looks like the letter “V”. The angle 
between the rods increases with increasing voltage.    

4. Conclusions 
Experiments show that two glass rods floating on the 

surface of corn oil cluster under the action of lateral capillary 
forces that arise because of the deformation of the interface. 
Since rods are also subjected to a torque due to capillarity, they 
come together either with their long sides touching or with their 
ends touching. In both cases they are parallel to each other.  

In the presence of an electric field of sufficiently large 
magnitude, two rods released about one and half rod lengths 
away from each other arrange themselves to form a single line, 
i.e. they become parallel to the line joining their centers and 
come in contact so that their ends touch. This equilibrium 
arrangement is independent of their initial orientation. The 
electric field causes a rod on the interface to experience an 
electrostatic force normal to the interface. In addition, in an 
electric field the rods become polarized and interact with each 
other via dipole-dipole interactions. This results in a repulsive 
force and a torque. Furthermore, although the electric field 
causes rods to align parallel to each other, the direction of the 
alignment is not determined by the electric field which is 
normal to the interface. In experiments, the final direction of 
alignment depends on the rods’ initial orientations. 
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