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Precise measurement of the attracting force between two polarized spheres inside an electric field indicates
that the rotation of one sphere along the axis perpendicular to the electric field reduces the attracting force
between them. The important difference between the experimental results and the existing theory indicated that
this reduction is due to several factors. In addition to the reduction of polarization due to the free surface
charges, the rotation may also weaken the local field near the rotating sphere, making the main contribution to
the reduction of the attracting force. Moreover, the experiment also suggests that the polarization due to the
molecular polarizability cannot be ignored.
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I. INTRODUCTION

Interactions between rotating dipoles are very important
in the study of electrorheological �ER� and magnetorheologi-
cal �MR� fluids since the particles in these fluids may rotate
under a shearing flow �1–10�. This topic has recently at-
tracted much attention. In a series of papers �11–13�, Wan,
Yu, and Gu �WYG� proposed a theory claiming that the ro-
tation leads to a redistribution of the polarization charges on
the rotating particle surface and hence reduces its dipole mo-
ment. However, up to date, there has been no direct compari-
son between these theoretical calculations and experimental
results. In fact, it is very difficult to compare any experimen-
tal results in ER and MR fluids with their theoretical predic-
tions since the rotation of particles in ER or MR fluids in-
duces significant hydrodynamic force, which may affect the
effective viscosity and weaken the binding between the dip-
loes. Unfortunately, it is virtually impossible in ER and MR
experiments to separate the electric and magnetic effects and
the hydrodynamic effect caused by the same rotation.

To clarify the issue, here we report our experiment, which
directly measured the attracting force between two polarized
spheres in argon gas closely aligned in the applied electric
field. One of the spheres was rotating along an axis perpen-
dicular to the electric field and the other was stationary. This
experiment should be directly comparable with the WYG
theory as the hydrodynamic force is negligible.

According to the WYG theory, as a dipole rotates at an-
gular speed � in the direction perpendicular to the applied
field, the component of its dipole moment along the field
direction is reduced by a factor 1 / �1+ ����2�, where � is the
relaxation time given by

� = ��p + 2� f�/��p + 2� f� . �1.1�

We use �p and � f ��p and � f� to denote the dielectric constant
�conductivity� of the rotating sphere and host medium, re-
spectively. Therefore, the attracting force between our two
spheres should also be reduced by a factor 1 / �1+ ����2�. The
WYG theory also claims that this reduction rate is indepen-
dent of the gap between the two dipoles.

While our experiment found that the interaction was re-
duced when one sphere rotated, there were significant differ-

ences between the WYG theory and our experimental results.
In the case of a rotating copper sphere, the relaxation time
estimated from Eq. �1.1� is extremely small and ���1 in our
experiment. The WYG theory would suggest that the rotation
in our experiment should have little effect on the attracting
force. In fact, our experiment finds that the reduction is sig-
nificant. In the case of a rotating polyamide sphere, we esti-
mate �� �1 from Eq. �1.1�. The attracting force should tend
to zero as fast as 1 / �1+ ����2��1/ ����2. Instead, our ex-
periment seems to suggest that the attracting force is reduc-
ing at a much slower pace. From the above results, we have
to conclude that the WYG theory is insufficient in describing
the interactions between rotating spheres and must be
modified.

The current paper is organized as follows. We will report
the experimental setup in Sec. II and present detailed experi-
mental results in Sec. III. Some theoretical explanations and
suggestions for modification of the existing theory are in
Sec. IV.

II. EXPERIMENTAL SETUP

The device for the experiment is sketched in Fig. 1. Two
spheres of diameter 1.906 cm were arranged vertically inside
a capacitor made of two horizontal electrodes separated by
20 cm. A high voltage up to 50 kV was applied to the elec-
trodes, producing a uniform electric field inside. The bottom
sphere was rested on a microbalance. If there is no electric

FIG. 1. The experimental setup.
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field, the reading on the microbalance was just the bottom
sphere’s weight. In the electric field, the two spheres, made
of either cooper or polyamide, were polarized. The induced
attracting force between them reduced the reading on the
microbalance. Hence we determined this attracting force di-
rectly. The top sphere, which could move up or down to
adjust the gap between the spheres, was connected to a motor
and able to rotate around the horizontal axis up to
2750 rotations per minute �rpm�.

Since the measurement was very delicate, we took many
precautions. During our preliminary test, we found that be-
cause of the high local electric field between the two spheres,
some air molecules could be easily ionized when the top
sphere rotated at a high speed. In a dc field, these ionized
charges would attach to the two spheres, producing addi-
tional force and making the precise measurement impossible.
In addition, if there were ionized charges attached to the
sphere surface, the charges did not diminish and the force
between them remained after the electric field was turned off.
As a result, the readings on the microbalance after the elec-
tric field was turned off could not match the bottom sphere’s
weight. Meanwhile, we also found that it was easy to have
dielectric breakdowns inside a vacuum. To solve all these
problems, we placed the whole device inside a glove box,
which was vacuumed first and filled with dry argon gas af-
terwards. The inertial gas reduced the chance of dielectric
breakdown and the electric field between the spheres was not
strong enough to ionize argon molecules. We further
switched to a low-frequency ac electric field in our measure-
ment, instead of a dc electric field. These measures worked
very well. After the electric field was turned off, the reading
on the microbalance returned to the bottom sphere’s weight
precisely. This was an indication that no ionized charges
were attached to the spheres.

The hydrodynamic force on the spheres due to argon gas
was also an issue to be considered. We carefully examined
but did not find any change in the reading on the microbal-
ance when the top sphere rapidly rotated with no electric
field applied. It appeared that because the argon gas had very
low viscosity and the flow inside the gap caused by the ro-
tation mainly was in the horizontal direction, the vertical
hydrodynamic force was too weak to be detected. The mea-
surement of attracting force in the vertical direction was not
affected by the argon gas flow.

III. EXPERIMENTAL RESULTS

A. Rotating metallic sphere: Stationary metallic sphere

We first carried out experiments with two copper spheres.
As shown in Fig. 2�a�, the attracting force decreased rapidly
as the gap increased. In addition, if the frequency of the
applied ac electric field got higher, the attracting force got
smaller. As shown in Fig. 2�b�, the attracting force was pro-
portional to E0

2. The finite-element analysis estimated the fol-
lowing attracting force for two metallic spheres in a dc elec-
tric field �14�:

f = − � fE0
2a6�6d − 4a�/�d4�d − 2a�� , �3.1�

where d is the distance between the two sphere centers, a is
the sphere radium, and � f is the dielectric constant of

media—i.e., the argon gas here. Our experiment has found
that in a low-frequency ac field, the attracting force was
close to

f = − ���e�� fE0
2a6�6d − 4a�/�d4�d − 2a�� , �3.2�

where the constant ���e� decreased with the frequency of the
applied field �e and was smaller than 1.

As shown in Fig. 3, if the top sphere rotated, the attracting
force was reduced. The higher the rotation speed, the more
the attracting force decreased. However, as the gap in-
creased, the rotational effect weakened. For example, for E
=100 V/mm at gap=0.254 mm, the force was 75.6 dyn at
no rotation and down to 55.8 dyn at 2750 rpm, a reduction of
26%; however, at gap=0.381 mm, the force was 53.4 dyn at
no rotation and down to 55.8 dyn at 2750 rpm, a reduction of
9% only. We also noted that as the rotation speed increased,
the reduction got slow. For example, for E=100 V/mm at
gap=0.254 mm, from no rotation to 660 rpm, the force was
down from 75.6 dyn to 62.9 dyn, a 16.8% reduction; how-
ever, from 1750 rpm to 2750 rpm, the force was down from
58.9 dyn to 55.8 dyn, a reduction of 5.2% only. In Fig. 4 we
plot the attracting force versus 1/�.

While our experiment verified that the dipole’s rotation
reduced the dipolar interaction, there were important differ-
ences between our experimental results and the WYG theory.
For the rotational copper sphere, the relaxation time � is
estimated about 10−17 s from Eq. �1.1�. Then even at the
highest rotation of 2750 rpm in our experiment, we only had
��=2.88	10−15. If the prediction was correct, there was no
way for us to detect any change in the attracting force since
the reduction was only of order of 10−29, 1 / �1+ ����2�−1
=8	10−30. In fact, our experiment found that the reduction
was significant.

In addition, the WYG theory predicts that the reduction
rate 1 / �1+ ����2� is independent of the gap between the two
spheres. However, our results indicated that the reduction
rate depended on the gap between the two spheres. If the gap
was smaller, the reduction rate was faster. This gap depen-
dence indicates that the main reduction of the attracting force
is due to the change of local field between the two spheres
when one of them rotates. The WYG theory did not address
this issue.

B. Rotating metallic sphere: Stationary dielectric sphere

After we replaced the lower stationary copper sphere by a
dielectric sphere, the attracting force was considerably re-
duced as shown in Fig. 5. For example, for E=100 V/mm
and gap=0.254 mm, the force was 75.6 dyn for two metallic
spheres at no rotation and only 4.3 dyn now. The rotation
reduced the attracting force as significantly as in the case of
two metallic spheres. For example, for a gap=0.254 mm and
E=100 V/mm, from 0 rpm to 2750 rpm, the force was
down from 4.3 dyn to 3 dyn, a reduction of 30%, compared
with 26% for two metallic spheres. Similarly, as the gap
increased, the rotational effect weakened. For example, for
E=100 V/mm at gap=0.508 mm the force was 3.4 dyn at
no rotation and down to 2.9 dyn at 2750 rpm, a reduction of
14.7%, compared with 30% for the case of gap=0.254 mm.
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We also noted that as the rotation speed further increased, the
reduction got slower. For example, for E=100 V/mm at
gap=0.254 mm, from no rotation to 660 rpm, the force was
down from 4.3 dyn to 3.8 dyn, a 11.6% reduction; however,
from 1750 rpm to 2750 rpm, the force was down from
3.2 dyn to 3.0 dyn, a reduction of 6.3% only. We plotted the
attracting force versus 1/� in Fig. 6.

Since the rotating sphere was made of copper in our ex-
periment, according to the WYG theory, the relaxation time �
was still 10−17 s and the reduction of the attracting force
remained as 1/ �1+ ����2�, negligible. Similarly, the experi-
ment found again that the reduction rate depended on the
gap, a clear indication that this reduction was mainly from
the weakening of the local field as a result of the rotation of
the metallic sphere.

C. Rotating dielectric sphere: Stationary dielectric sphere

After we replaced both copper spheres by dielectric
spheres, the attracting force further reduced. As shown in

Fig. 7, for example, for E=100 V/mm and gap=0.254 mm,
the force was 1.8 dyn now for both dielectric spheres, com-
pared to 75.6 dyn for two metallic spheres and 4.3 dyn for
one metallic sphere and one dielectric sphere. The rotation
reduced the attracting force significantly. As the gap in-
creased, the rotational effect got weak, but at a speed much
slower than that in two previous cases. For example, for E
=100 V/mm at gap=0.254 mm, the force was 1.8 dyn with
no rotation and down to 1.4 dyn at 2750 rpm, a reduction of
22%; however, at gap=0.381 mm for the same electric field,
the force was 1.0 dyn at no rotation and down to 0.8 dyn at
2750 rpm, a reduction of 20%, slightly smaller than 22%. To
see the behavior in �→
, we plotted the attracting force
versus 1/� in Fig. 8.

Since polyamide has resistivity around 1012 � cm, the re-
laxation � was estimated in the order of seconds from Eq.
�1.1�. At the highest rotation of 2750 rpm, we had ��
=288�1 in our experiment. The attracting force should tend
to zero as fast as 1 / �1+ ����2��1/ ����2. Instead, as shown

FIG. 2. The attracting force between two me-
tallic spheres. �a� The relationship between the
force and the gap. �b� The relationship between
the force and electric field.
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in Fig. 8 the attracting force was reducing at a much slower
pace. This indicates that the WYG theory is incomplete in
considering the reduction mechanism.

The experiment also found that the reduction rate of the
attracting force weakly depended on the gap in this case.
This is consistent with the following picture. A rotating di-
electric sphere also weakens the local field at its neighbor-
hood, but it does not affect the local field as strongly as a
conducting sphere.

IV. DISCUSSION AND CONCLUSIONS

The microbalance used in our experiment had a readabil-
ity of 0.01 mg, which was about 10−7 N. Therefore, the mi-
crobalance was not a significant source for error here. The

main sources for error were the measurement of the gap and
the voltage applied. The mechanical gauge to measure the
gap could have a 2%–3% error while the applied voltage
could have a 2%–3% error. Therefore, all together, the error
bar for our experimental results was about 5%.

The important differences between our experimental re-
sults and the WYG theory lead us to believe that the WYG
theory is insufficient and must be modified. Here, we outline
our suggestions for a theoretical explanation and possible
modifications for the WYG theory.

The current WYG theory only considers the redistribution
of the free surface charge on the rotational sphere. It is clear
now that this is insufficient. As stated before, when the ro-
tating sphere is metallic, ���2.88	10−15; if the prediction
by the WYG theory was correct, there was no way for us to

FIG. 3. The attracting force
between two metallic spheres ver-
sus the rotation speed.

FIG. 4. The attracting force
versus 1/� for two metallic
spheres.
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detect any change in the attracting force. On the contrary, the
experiment found the reduction was significant. We suggest
that when a sphere rotates, the rotation may also weaken the
local field at its neighborhood. It is well known in the study
of ER fluids that the attracting force between two near-
touching conducting spheres is deeply related to the en-
hanced local field between the gap �15�. The rotation induced
reduction of local field seems to be the main reason for the
reduction of attracting force with a rotating metallic sphere.
This suggestion also explains why the reduction rate is so
sensitive to the gap with a rotating metallic sphere. When the
rotational sphere is dielectric, the local field is still weak-
ened, but not as significantly as in the case of rotating me-
tallic sphere. Therefore, in the case of a rotating dielectric

sphere, the reduction rate of the attracting force is not as
sensitive to the gap as in case of a rotating metallic sphere.

The curves in Fig. 8 also suggest that it is incorrect to
assume that the polarization just comes from the free surface
charge and surface current, which has the relaxation time
estimated by Eq. �1.1�. In fact, there must be additional po-
larization due to the molecular polarizability, which has a
different relaxation time. Theoretically, if both �p and � f are
vanishing, the spheres can still be polarized due the molecu-
lar polarizability. For dielectric materials, a simple harmonic
model can be used �16�. The equation of motion for an elec-
tron of charge −e and mass m bound by a harmonic force
−m�0

2r and acted on by an electric field E is

FIG. 5. The attracting force
between a rotating metallic sphere
and a stationary dielectric sphere
versus the rotation speed.

FIG. 6. The attracting force versus 1/� for a
rotating metallic sphere and a stationary dielectric
sphere.
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m�r + 
r + �0
2r� = − eE , �4.1�

where r is the displacement of the electron from its equilib-
rium position and 
 measures the damping force. This model
provides the polarization and the dielectric constant. The re-
laxation time for this molecular polarization is

�0 = 1/
 . �4.2�

Similar to the derivation in the WYG theory �12�, we assume
that under a rotation perpendicular to the field direction, the
induced dipole from molecular polarization, pm, is subject to
the equation

dpm/dt = � 	 pm − �pm − pm0�/�0, �4.3�

where pm0 is the dipole moment from the molecular polar-
ization before the rotation, which is in the field direction—

i.e., the z direction. If we take � in the x direction, the solu-
tion of Eq. �4.3� is given by

pmz = pm0/�1 + ���0�2�, pmx = − pm0���0�/�1 + ���0�2� .

�4.4�

On the other hand, the reduced dipole from the free surface
charge is given by

pfz = pf0/�1 + ����2�, pfx = − pf0����/�1 + ����2� ,

�4.5�

where � is given in Eq. �1.1� and pf0 is the dipole moment
from the free surface charge before the rotation, which is in
the z direction.

FIG. 7. The attracting force between two di-
electric spheres versus the rotation speed.

FIG. 8. The attracting force
versus 1/� for two dielectric
spheres.
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The stationary sphere has the dipole moment pt= pf0
+ pm0 in the z direction. The attracting force between these
two spheres along the z direction is now reduced to

f =
f f

1 + ����2 +
fm

1 + ���0�2 , �4.6�

where f f =3pf0pt / ��d4� and fm=3pm0pt / ��d4�, respectively.
Here d is the distance between the two spheres and � is the

dielectric contact of the argon gas. For polyamide materials,
�0 is estimated around 10−4–10−5 s. Then since in our ex-
periment ��0�1, the second term in Eq. �4.6� is almost un-
changed with � while the first term is significantly reduced
with � up to 2750 rpm. This explains the behavior in �
→
 shown in Fig. 8.

We must emphasize that our above explanations and sug-
gestions are preliminary. A correct theory requires combining
all above mechanisms together.

�1� W. M. Winslow, J. Appl. Phys. 20, 1137 �1949�; U.S. Patent
2,417,850 �1947�.

�2� F. E. Filisko and W. E. Armstrong, U.S. Patent 4,774,914
�1988�.

�3� M. Whittle and W. A. Bullough, Nature �London� 358, 373
�1992�.

�4� R. Tao and J. M. Sun, Phys. Rev. Lett. 67, 398–401 �1991�.
�5� T. C. Halsey, Science 258, 761 �1992�.
�6� J. Rabinow, AIEE Trans. 67, 1308 �1948�; U.S. Patent

22575360 �1951�.
�7� J. D. Carlson, U.S. Patent 4,771,407 �1988�.
�8� J. M. Ginder and L. C. Davis, Appl. Phys. Lett. 65, 3410

�1994�.
�9� A. J. C. Ladd, J. Chem. Phys. 88, 5051 �1988�.

�10� L. Lobry and E. Lemaire, J. Electrost. 47, 61 �1999�.
�11� J. T. K. Wan, K. W. Yu, and G. Q. Gu, Phys. Rev. E 62, 6846

�2000�.
�12� J. T. K. Wan, K. W. Yu, and G. Q. Gu, Phys. Rev. E 64,

061501 �2001�.
�13� J. P. Huang, K. W. Yu, and G. Q. Gu, Phys. Rev. E 65, 021401

�2002�.
�14� R. Tao, Q. Jiang, and H. K. Sim, Phys. Rev. E 52, 2727

�1995�.
�15� N. Felici, J. N. Foulc, and P. Atten, in Electorheological Flu-

ids, edited by R. Tao and G. D. Roy �World Scientific, Sin-
gapore, 1994�, pp. 139–152.

�16� J. D. Jackson, Classical Electrodynamics, 3rd ed. �Wiley, New
York, 1998�, pp. 309–316.

INTERACTIONS BETWEEN A ROTATING POLARIZED… PHYSICAL REVIEW E 72, 041508 �2005�

041508-7


