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We investigate the cluster formations and dynamics in a magnetorheological fluid under a rotational mag-
netic field focusing on the case of a relatively high volume fraction. We find that isotropic disklike clusters,
which rotate more slowly than the field rotation, are formed at low Mason numberssthe ratio of viscous to
magnetic forcesd and, what is more, we show short rod clusters, which rotate stably thanks to the low Mason
numbers and circulate along the surface of the disklike clusters. The circulation velocity of the surface particles
is much higher than the rotational surface velocity of the rigid disklike clusters.
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MagnetorheologicalsMRd fluids are colloidal solutions, in
which paramagnetic particles of 0.1–10µm in diameter are
dispersed. When an MR fluid is subjected to a dc magnetic
field, a magnetic dipole moment is induced in each particle
and the magnetic particles form chain clusters in the direc-
tion of the external field via the dipole-dipole interactions
f1–3g. If the external field is rotated, the chain clusters rotate
following the field rotation. The dynamics of chain clusters
in rotational magnetic fields has been investigated in detail
experimentally, theoretically, and numericallyf4–11g. Now it
is well known that rotating chain clusters are deformed by
hydrodynamic drag and then becomeS-shaped. As the fre-
quency increases, the clusters are finally broken into shorter
chain clusters. The chain clusters become shorter with an
increase in the frequency and those short clusters coagulate
to form isotropic disklike clusters on the plane of the rotating
magnetic fields f6–8,12–15g. The important parameter,
which governs the dynamics and structures of clusters
formed in MR fluids under rotational magnetic fields, is the
Mason number, that is, the ratio of viscous drag to magnetic
forces acting on a particle,

Ma ;
122m0hv

M2 , s1d

wherem0, h, v, andM are, respectively, the magnetic per-
meability, the viscosity of a solvent, the angular velocity, and
the magnetization of a magnetic particle. It was shown that
in the case of low volume fractions ranging from 10−4 to
0.02, the critical Mason number, at which chain clusters
break up into isolated particles and isotropic clusters are
formed, is approximately 1, irrespective of the volume frac-
tions f8g. In the case of higher volume fractions, on the other
hand, chain clusters coagulate in the lateral direction and
thick chain clusters are formedf1g, and therefore the struc-
tures and dynamics of clusters may be different from those in
the case of low volume fractions. The rotational motion of
rigid disklike clusters, which is caused by the phase lag be-

tween external rotational electric fields of extremely high
frequencies and the induced dipole momentssso-called ro-
tary ER effectd, was investigated and the dependence of the
rotational motions of the disklike clusters on the intensity
and frequency of a rotational electric field was clarifiedf16g.
However, the cluster structures and dynamics formed in an
MR fluid of relatively high volume fractions under a rota-
tional magnetic field have not yet been studied in detail. It is
very important to clarify the cluster formation and dynamics
in external fields not only from a scientific point of view but
also from a practical point of view since they can be utilized
in the fields of nano/microtechnology, biochemistry, biotech-
nology, bioengineering, etc.f17–27g. In this Brief Report, we
investigate the formations of isotropic disklike clusters and
the dynamics of paramagnetic particles in an MR fluid of a
relatively high volume fraction under a rotational magnetic
field.

The outline of our test cell and experimental system is
shown in Fig. 1. The MR fluid used in this study is composed
of paramagnetic particlessM-PVA C22, Chemagen Co.d,
which are dispersed in water. The M-PVA C22 paramagnetic
particles are made of polyvinylalcohol, in which magnetite
grains are suspended. The average diameter of the particles,
which we measured by digital image analysis, is
1.82±0.59mm. The MR fluid was confined between two
glass substrates. The depth of the MR fluid layer was set at
4 mm using nonmagnetic spacer particlesfsee Fig. 1sadg. The
volume fraction of the particles in the present MR fluid was
0.081, which is much higher than that in the previous work
f8g, where the critical Mason number for the breakdown of
chain clusters and the formation of isotropic clusters was
clarified for a volume fraction of 10−4 to 0.02. We confirmed
from the images of particles taken during the experiment that
the clusters formed in the test cell were two-dimensional.
The area fraction of the paramagnetic particles in the test
cell, which was measured from the projection to the plane,
which is parallel to the particles’ layer, was 0.22. A rotational
magnetic field was produced by coils, function generators,
and amplifiersfsee Fig. 1sbdg. The sequence of the experi-
ment is shown in Fig. 2. At first, the MR fluid was placed in
a dc magnetic field for 30 min and then the magnetic field
was rotated. As is shown in Fig. 2, the frequency of the
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rotational magnetic field was increased stepwise from 0.1 to
10 Hz. Note that the intensity of the magnetic field was con-
stant at 12.7 kA/m throughout the whole experiment. In this
case, the average induced magnetic dipole moment in a par-
ticle is 3.0310−20 Wb m. We define the nondimensional pa-
rameterl, which is the ratio of the dipole-dipole interparticle
potential energy to thermal energy,

l ;
umu2

4pm0d
3kT

, s2d

wherem, d, k, and T are, respectively, the dipole moment
vector of a particle, the diameter of a particle, the Boltzmann
constant, and the temperature. The average value ofl in the
experiment was 2279. The cluster dynamics was observed by
a charged-couple-devicesCCDd high-speed video camera,
which was connected to a computer, and was recorded on
both videotape and the hard disk of the computer.

The snapshots of clusters formed in the dc and rotational
magnetic fields are shown in Fig. 3, where the pictures were
taken at the pointssad–sdd indicated in Fig. 2. In the dc mag-
netic field, chain clusters were formed along the fieldfFig.
3sadg. When the frequency of the rotational magnetic field
was as low as 0.1 HzsMa=1.3310−3d, chain clusters rotated
following the magnetic field rotation. Some of the rotating
chain clusters collided with each other in the lateral direction
since the volume fraction of the present MR fluid is rela-
tively high, and, as a result, thicker rod clusters were formed
fFig. 3sbdg. When the frequency was increased to 2 Hz
sMa=2.5310−2d, the rod clusters dissociated into shorter rod
clusters, which finally aggregated to form isotropic disklike
clustersfFig. 3scdg. Here, let us point out that the critical
Mason number, at which the transition in the cluster struc-
tures from anisotropic to isotropic ones occurs, is much
smaller than 1. Rotating clusters were broken into shorter
ones immediately after the frequency was changed from 0.1
Hz to 2 Hz. Those short clusters coagulated to form larger
clusters since the volume fraction is quite high as we men-
tioned, and eventually disklike clusters were formed. Now, in

FIG. 2. Experimental procedure. The frequency of a rotational
magnetic field was increased stepwise. The intensity of the field was
constant at 12.7 kA/m.

FIG. 3. Cluster structures of paramagnetic particles in dc and
rotational magnetic fields.sad dc magnetic field,sbd 0.1 Hz sMa
=1.3310−3d, scd 2 Hz sMa=2.5310−2d, sdd 10 HzsMa=0.13d. The
snapshotssad–sdd are, respectively, obtained at the pointssad–sdd
indicated in Fig. 2. The inset scale bar is 100µm.

FIG. 1. Schematic representations of test cellsad and experimen-
tal systemsbd.
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order to understand the formations of disklike clusters, let us
compare the time scales of the rotations of the induced di-
pole moments and the Brownian translational motions of par-
ticles. The Brownian relaxation time of a colloidal particle is

tB ;
3phR3

kT
, s3d

whereR is the radius of a particle. Supposing that the rota-
tion of the dipole moments follows the field rotation, the
ratio of the Brownian relaxation time to the period of the
dipoles’ rotation becomes 0.17, 3.4, and 17.1 in the cases of
0.1, 2, and 10 Hz, respectively. It is quite apparent that iso-
tropic disklike clusters are likely to be formed rather than rod
clusters once the angular velocity of the rotational field or
the dipole moments becomes higher than the translational
motions of particles. In such high-frequency regions, the ef-
fective interparticle potential energy between the particles
can be considered as the dipole-dipole potential energy aver-
aged over one cycle of the rotational field, which is isotropic
and attractivef16,28g. Therefore, once isotropic disklike
clusters are formed in such high-frequency rotational fields,
they remain stable.

Next, let us focus on the dynamics of the particles, which
formed the disklike clusters. Figures 3scd and 3sdd show dis-
klike clusters of similar size formed in the cases of 2 and 10
Hz f29g. The disklike clusters rotated slowly. The angular
velocity of the disklike clusters was much lower than the
frequency of the rotating field. For instance, the angular ve-
locities of the clusters shown in Figs. 3scd and 3sdd were
0.055 and 0.103 rad/s, respectively. The most significant fea-
tures concerning the disklike clusters are the surface rough-
ness and the movement of the surface particles. The motions
of the particles near the surface are shown in Fig. 4f29g,
which corresponds to Figs. 3scd and 3sdd. Since the values of
the Mason number are, respectively, 2.5310−2 and 0.13,
which are smaller than 1, in the cases of 2 and 10 Hz, the
surface particles can form rod clusters stably and the clusters
can rotate following the external field. The surface in a fre-
quency of 10 Hz was smoother than that in 2 Hz since the
surface rod clusters were shorter in the former case than
those in the latter case. It was clearly observed that short rod
clusters rotated and circulated along the surface, while the
inner particles hardly moved. We measured the circulation
velocities of the surface particlesfsee Figs. 4sad and 4sbdg.
The average circulation velocities at 2 and 10 Hz were, re-
spectively, 45.8 and 57.7µm/s, which were much faster than
the surface velocity of the rigid disklike clusters. The aver-
age circulation speed of the surface rod clustersVc is deter-
mined by the frequencyf and lengthL of the clusters:Vc
=2fL. Expressing the dependence of the cluster length on the
frequency as in the case of low volume fractions,L, fD, Vc
is expressed as follows:Vc, f1+D. According to a theoryf9g,
experimentsf5,6,8g, and numerical simulationsf5,8g for low
volume fraction systems,D=−0.5 and, therefore,Vc, f0.5,
while in the present relatively high volume fraction case, the
value of the power 1+D may be lower than 0.5 since the
dependence ofL on f is different from that in low volume
fraction cases due to the formation of the thick rod clusters.
In fact, if we estimate the average length of the surface rod

clusters from the trajectories of the surface particles, it is
14.7 and 4.6µm in the case of 2 and 10 Hz, respectively,
which suggestsD,−0.7 and thereforeVc, f0.3. We will be
evaluating precisely the power 1+D.

In summary, we studied the cluster formations and dy-
namics in an MR fluid of a relatively high volume fraction
under a rotational magnetic field experimentally using opti-
cal microscopy. We clarified the dependence of the cluster
structures on the frequency of the external magnetic field.
We found that disklike clusters are formed as the frequency
of the external field increases, and we observed the rod clus-
ters rotating and circulating along the surface of the disklike
clusters. These specific features in the formation and dynam-
ics of the rod clusters along the surface of the disklike clus-
ters appear only when the Mason number is smaller than 1,
in which case rod clusters can stably rotate along the surface,
and the volume fraction is high, in which case disklike clus-
ters are formed even when Ma,1. In order to understand the
dynamics of both disklike and surface rod clusters quantita-
tively, we need to estimate the shear stress and torque acting
on the clusters, which we will be investigating in detail. This
rod clusters’ movement along the surface also suggests that
magnetic particles can be manipulated along a magnetic sub-
strate by applying a rotational magnetic field and, what is
more, the direction of the manipulation can be controlled by
changing the rotational direction of the magnetic field.

FIG. 4. Motions of particles along the surface of disklike clus-
ters.sad 2 Hz, sbd 10 Hz. The magnetic field was rotated anticlock-
wise. The solid curves shown in the figures are the trajectories of
the particles we focused on. Symbolsshd and ssd represent the
starting point and the snapshot position of each particle at the indi-
cated time. Whereas the inner particles hardly moved at such a short
time interval, the surface particles formed short rod clusters and
these clusters rotated following the field rotation and circulated
along the surface. The inset scale bar is 20µm.
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