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We analyze the dynamics of paramagnetic particles on a paramagnetic substrate under a rotational magnetic
field. When the paramagnetic particles are subjected to a rotational magnetic field, the rotational plane of which
is perpendicular to the substrate surface, the particles form chain clusters caused by the dipole-dipole interac-
tion between the particles and these clusters display a tumbling motion under certain conditions. In this case,
the angular momentum of the clusters is converted to a translational one through the force of friction acting
between the particles and substrate and, as a result, the clusters move along the surface of the substrate. We
analyze the conditions under which the tumbling motion occurs and the dependence of the translational
velocity of a cluster on the control parameters by the Stokesian dynamics method. Based on the dynamics of
magnetic particles, we propose a method of manipulating nano- and microparticles using a rotational magnetic
field. We demonstrate the manipulation of magnetic and nonmagnetic particles, a carbon nanotube, and a
biological cell.
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It is well known that magnetic colloidal particles sub-
jected to a dc magnetic field form chain clusters along the
field direction. If the direction of the field is rotated, the
clusters rotate, following the field rotation �1–6�. As the fre-
quency of the rotational field increases, the rotating clusters
are dissociated into shorter ones due to viscous drag. How-
ever, when the number density of particles is relatively high,
the short rotating clusters coagulate together to form isotro-
pic disklike clusters in the plane of the field rotation �2�. The
disklike clusters rotate much more slowly than the field ro-
tation. Nagaoka, Morimoto, and Maekawa observed that the
particles near the surface of the disklike clusters form short
rod clusters, which rotate following the field rotation, and
these clusters circulate along the surface of the disklike clus-
ters �2�. This experimental observation suggests that, if mag-
netic particles placed on a magnetic substrate are subjected
to a rotational magnetic field, the rotational plane of which is
perpendicular to the surface of the substrate, a similar motion
to that observed on the surface of the disklike clusters may
be induced along the substrate, which we call a “tumbling
motion” �see Fig. 1�. Although several researchers have in-
vestigated the dynamics of magnetic particles and magnetic
holes �nonmagnetic particles dispersed in magnetic fluid�
placed on magnetically patterned substrates under rotating
magnetic fields recently �7–9�, the tumbling motion of par-
ticles has not yet been reported. In this paper, we study the
dynamics of magnetic particles on a magnetic substrate and
clarify the conditions, under which the tumbling motion oc-
curs. By utilizing the tumbling motion induced by the rota-
tional magnetic field, magnetic particles can be moved along
the surface of a magnetic substrate. The direction of the
movement along the substrate can be altered by changing the
direction of the rotational axis of the external magnetic field
and therefore the particles can be positioned anywhere on the

substrate. Even nonmagnetic particles can be moved if they
are dispersed in a paramagnetic solution such as a magnetic
fluid, magnetic ionic liquid �10�, or aqueous solution of para-
magnetic ions �for instance, gadolinium �III� salt solution,
which has a high magnetic susceptibility and is biologically
benign �11��, in which case the particles behave as magnetic
holes �12�. We propose a method of manipulating nano-
microscale objects utilizing the tumbling motion of particles
induced by a rotational magnetic field and demonstrate the
manipulation of magnetic and nonmagnetic particles, a car-
bon nanotube, and a biological cell.

The analytical system in this study is shown in Fig. 1. We
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FIG. 1. �Color online� Tumbling motion of magnetic particles
along a magnetic substrate induced by a rotational magnetic field. A
cluster composed of magnetic particles on a magnetic substrate ro-
tates following the rotation of the magnetic field. When the fric-
tional force acting between the particle and the substrate is suffi-
ciently large, the cluster moves along the substrate surface.
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focus on the following case: �a� a cluster composed of two
paramagnetic particles is placed on a paramagnetic substrate
and �b� a magnetic substrate extends infinitely both horizon-
tally and downward �see Fig. 1�. Considering the existence
of the magnetic substrate and the demagnetization effect in
each particle, the magnetic dipole moment induced in mag-
netic particle i is expressed by the following equation �5,13�:

mi =
6V� f��p − � f�

��p + 2� f���s + � f�
�� f 0

0 �s
�H , �1�

where H, V, �p, �s, and � f are the external magnetic field,
the volume of a magnetic particle, and the permeabilities of
the magnetic particle, the magnetic substrate, and the solvent
fluid, respectively. The force acting on particle i through the
dipole-dipole interaction with the other particles, Fi

dp, is ex-
pressed as follows �14–16�:
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where rij and �ij are, respectively, the vector directed from
the position of particle j to that of particle i and the angle
between the vectors mi and rij. When magnetic particles are
placed on a magnetic substrate, the images of the particles
are produced in the substrate. The position and dipole mo-
ment vector of the image of particle i, which are denoted by
r

i
* and m

i
*, are given in �13�:
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where ri is the position vector of particle i. ks is defined as
ks	��s−� f� / ��s+� f�. The magnetic force acting on particle
i through the interaction with the substrate, Fi

ds, is expressed
by the summation of the magnetic force through the interac-
tion with the images of the particles produced in the sub-
strate �13�,
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Here, N is the number of particles in the system �N=2 in the
present case�. rij and r

ij
* are the vectors defined as rij =ri−r j

and r
ij
* =ri−r

j
*. The magnetic particle-particle interaction

force �Eq. �2�� is the internal force of the particles’ system
and therefore this force does not contribute to the movement
of the center of mass of the system. The total force acting on
the magnetic particles through the magnetic interaction with
the substrate, on the other hand, can move the center of mass
of the system. Now we divide the total force acting between
a particle and the substrate into the interaction force acting
between a particle and its image and that between a particle
and the image of the other particles. The former is always
perpendicular to the substrate surface �see Eq. �4��, whereas
the latter possesses a horizontal component. However, the

horizontal component of the force acting on particle i
through the interaction with the image of particle j is can-
celed out by that acting on particle j through the interaction
with the image of particle i, which can be confirmed by Eq.
�4�, and, as a result, the total force acting on the magnetic
particles through the interaction with the substrate is always
perpendicular to the substrate surface. This means that the
magnetic force acting on the magnetic particles does not di-
rectly contribute to the movement of the cluster in the hori-
zontal direction. An external horizontal force can be applied
to the system via the friction between the particles and sub-
strate and the cluster can be moved in the horizontal direc-
tion through the tumbling motion as is shown in Fig. 1. As
the permeability of the substrate increases, in which case ks
also increases, the cluster can be moved efficiently in the
horizontal direction since the friction force acting between
the particles and substrate is proportional to the normal
force. However, when ks is very high, the cluster cannot keep
up the tumbling motion due to the strong attractive force
from the substrate. For a smooth tumbling motion, the chain
cluster must consistently repeat a series of standing-up and
falling-down motions along the substrate �see Figs.
1�b�–1�e��. Therefore, to realize the tumbling motion, the
cluster has to be pulled up by the rotational magnetic field
overcoming the attraction from the substrate. Now, we con-
sider the chain cluster composed of two particles, both of
which contact the substrate, and estimate the force acting on
the particles. When the cluster stands up, one particle main-
tains contact with the substrate and the other one is lifted up
�see Figs. 1�c� and 1�e��. Therefore, the total force acting on
the latter particle should be upward. The total force acting on
the particle changes depending on the direction of the mag-
netic field and the maximal value of the y component of the
force is positive when ks�0.84. Therefore, ks should at least
be less than 0.84 to realize the tumbling motion of the clus-
ter. To analyze the efficient conditions for producing the tum-
bling motion in more detail, we carry out a Stokesian dynam-
ics simulation of the particles’ movement. In this analysis,
we introduce additional repulsive forces acting on particle i
induced by the other particles, Fi

rp, and that induced by the
substrate, Fi

rs �17�:

Fi
rp = �
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where d, �i, yi, and ey are the diameter of a particle, the
angle between a magnetic moment and the surface of the
substrate, the distance between the center of particle i and the
surface of the substrate, and the unit vector in the y direction.
We assume that a frictional force acts between a particle and
the substrate when the following conditions are satisfied. �i�
yi�0.55d. �ii� The force acting on the particle has a down-
ward component. The friction force acting between particle i
and the substrate is given by Fi

fs=−�vix / �vix���s�Fd�ex, where
vix, �s, Fd, and ex are the x component of the velocity of
particle i, the coefficient of dynamic friction, the downward
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component of the force acting on particle i, and the unit
vector in the x direction, respectively. Since the diameter of
the particles we focus on ranges from nanometer to mi-
crometer, the inertial effect in the particles’ motions is neg-
ligible �18�. Therefore, the equation of motion can be ex-
pressed as vi�t�=Fi�t� /	, where t, Fi, and 	 are the time, the
total force acting on particle i �=Fi

dp+Fi
ds+Fi

rp+Fi
rs+Fi

fs�,
and the Stokes friction coefficient, 		3�� fd. � f is the dy-
namic viscosity of the solvent. We nondimensionalize the
coordinate, the time, and the force by d, 1 /
, and 3�� fd

2
,
respectively, where 
 is the angular frequency of the rota-
tional magnetic field. By nondimensionalizing the equation
of motion, the following three nondimensional control pa-
rameters are derived: the Mason number Ma
	122� f� f
 /M2, which is the ratio of the viscous force to
magnetic force, the nondimensional parameter ks, which rep-
resents the strength of the dipole-dipole interaction between
a particle and the substrate, and the coefficient of dynamic
friction between a particle and the substrate, �s. M is the
magnetization of the particle in the absence of a magnetic
substrate. We integrate the nondimensional equation of mo-
tion numerically for different combinations of the control
parameters based on the procedures used by Mohebi, Ja-
masbi, and Liu �18�.

According to Melle et al. �4�, rotating chain clusters,
which are subjected to a rotational magnetic field, are disso-
ciated into single particles when Ma is greater than 1. As we
mentioned above, to realize the tumbling motion of the clus-
ter, ks should be less than 0.84. Therefore, in this analysis,
we focus on the following conditions: Ma�1 and ks�0.84.
When �s=0 �nonfriction�, the cluster simply rotates around
the center of inertia. The rotating cluster does not move in
the horizontal direction but the cluster moves in the vertical
direction when ks is relatively high. In the case of �s�0, on
the other hand, the cluster moves along the substrate surface
via the tumbling motion. Generally speaking, as �s increases,
the cluster can move more efficiently. The typical movement
of two paramagnetic particles along a paramagnetic substrate
in the case of �s=0.5 obtained by the present simulations are
shown in Figs. 2�a�–2�c� �19�. In the most efficient case, the
translational displacement of the cluster during one cycle of
a rotational magnetic field is 2d, where d is the diameter of
the particle �see Fig. 2�a��. When the system is subjected to a
high-frequency magnetic field �high Ma�, or when the cluster
is placed on a substrate of low magnetic permeability �low
ks�, the translational displacement of the cluster becomes
shorter than 2d �see Figs. 2�b� and 2�c��. Figure 2�d� shows
the nondimensional translational displacement L of the clus-
ter during one cycle of the rotational magnetic field as a
function of the nondimensional parameters Ma and ks, where
the translational displacement is normalized by that in the
most efficient case, that is, 2d. The normalized displacement
of a cluster increases as the frequency �Ma� decreases and
the permeability of the substrate �ks� increases. The depen-
dence of L on Ma and ks in different �s cases is qualitatively
the same as that shown in Fig. 2�d�. It is worth discussing the
dynamics of ferromagnetic particles on a paramagnetic sub-
strate. In the case of ferromagnetic particles, a single particle
can be rotated by applying a rotational magnetic field since
the particle possesses a permanent dipole moment or rema-

nent magnetization and thus the torque acts on the particle
through the interaction between the dipole moment of the
particle and the external magnetic field. The interactive force
between the particle and paramagnetic substrate is always
attractive during the particle’s rotation. Therefore, when the
friction between the particle and substrate is sufficiently
large, a single ferromagnetic particle can be moved along the
surface of the substrate.

We carried out experiments of the movement of magnetic
particles on a magnetic substrate under a rotational magnetic
field �19�. Schematic representations of our manipulation test
cell and experimental system are shown in Fig. 3. Paramag-
netic particles �PMPs� �Dynabeads M-270 carboxylic acid;
Dynal Biotech Ltd.� were dispersed in water. The diameter
and magnetic susceptibility of each particle were, respec-
tively, 2.8 �m and 2.2�10−7 H /m. The test cell was com-
posed of a magnetic film �cobalt-dispersed polyester film�
and the aqueous solution of PMPs, which were sandwiched
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FIG. 2. �Color online� Dynamics of a cluster composed of two
paramagnetic particles obtained by the Stokesian dynamics method.
The coefficient of dynamic friction, �s, is 0.5. �a�–�c� show the
trajectories of each particle: �a� ks=1.0�10−2, Ma=1.0�10−3; �b�
ks=1.0�10−2, Ma=1.7�10−2; �c� ks=6.0�10−4, Ma=1.0�10−3.
The magnetic field rotates in a counterclockwise direction and the
clusters are moved from right to left. The snapshots in each figure
from the right correspond to the 0th, 1.25th, and 2.5th cycles of the
rotational magnetic field. �d� shows the isolines of the translational
displacement L of the cluster during one cycle of the magnetic field,
which is normalized by that in the most efficient case �2d�, as a
function of ks and Ma. L=� 0.2; � 0.4; � 0.6; � 0.8. The solid
lines are guides for the eye.

TUMBLING MOTION OF MAGNETIC PARTICLES ON A… PHYSICAL REVIEW E 78, 021403 �2008�

021403-3



between two glass plates �see Fig. 3�a��. The thickness and
magnetic susceptibility of the film were 7 �m and 2.2
�10−8 H /m. We used two pairs of coils, two function gen-
erators, and two amplifiers to generate a homogeneous rota-
tional magnetic field �see Fig. 3�b��. We placed the test cell
on a horizontal plate surrounded by the two pairs of coils so
that the rotational plane of the field was in parallel to the
magnetic film �Fig. 3�b�� and observed the particles’ tum-
bling motion along the peripheral surface of the film �Fig.
3�a�� using a charged-couple-device high-speed video cam-
era, which was connected to both a computer and videotape
recorder. The dynamics of the particles was recorded on both
the hard disk of the computer and videotape. Figures 4�a�
and 4�b� show the movement of chain clusters composed of
two and five paramagnetic particles along the magnetic film.
A magnetic field of 12.7 kA /m, which corresponds to a mag-
netic flux density of 16 mT, was rotated at a frequency of
1.0 Hz in a counterclockwise direction and the clusters were
made to move from right to left, rotating in a counterclock-
wise direction. The above experimental conditions corre-
spond to Ma=0.14 and ks=8.7�10−3. As the theoretical re-
sult suggested, paramagnetic microparticles can be moved in

low-frequency �low-Ma� and high-substrate-permeability
�high-ks� regions �see Fig. 2�d��. It is difficult to compare the
experimental result with the theoretical one from a quantita-
tive point of view since the coefficient of dynamic friction
between a particle and the substrate, �s, is unknown in the
experiment. According to the theoretical analysis, the trans-
lational displacement of a cluster composed of two magnetic
particles during one cycle of the rotational field, L, increases
with an increase in �s; e.g., L varies from 6.4�10−2 to 4.0
�10−1 according to 0.5��s�� in the case of Ma=0.14 and
ks=8.7�10−3, which corresponds to the present experimen-
tal conditions. Note that �s=� means that a particle does not
move in the horizontal direction when the friction force acts
between the particle and substrate. The average displacement
obtained by the above experiment was 1.0, which is greater
than the theoretical value in the most efficient case, that is,
�s=�. This difference may be attributed to a finite-size effect
of the magnetic substrate. As we mentioned in the above, in
our experiment, we used a thin magnetic film and observed
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FIG. 3. �Color online� Experimental system. �a� Manipulation
test cell. A magnetic film is sandwiched between two glass plates.
Solution, in which magnetic particles are dispersed, is introduced
into the test cell and particles are manipulated along the peripheral
surface of the magnetic film. �b� Whole system. The test cell is
placed on a horizontal plate surrounded by two pairs of coils. A
rotational magnetic field is generated by the two pairs of coils, two
function generators, and two amplifiers. The dynamics of the par-
ticles are recorded on both the hard disk of a computer and
videotape.
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FIG. 4. �Color online� Tumbling motions of microparticles in
rotational magnetic fields. The intensity of the magnetic field, which
is rotated in a counterclockwise direction, is 12.7 kA /m. �a� Move-
ment of a chain cluster composed of two paramagnetic particles.
The diameter and magnetic susceptibility of each particle are
2.8 �m and 2.2�10−7 H /m. The magnetic susceptibility of the
substrate is 2.2�10−8 H /m. The frequency of the field is 1 Hz. The
trajectories of the two particles are drawn and the snapshots from
the right correspond to the 0th, 1.8th, and 4.0th cycles of the rota-
tional magnetic field. The scale bar represents 10 �m. �b� Move-
ment of a chain cluster composed of five paramagnetic particles.
The frequency of the field is 1 Hz. The trajectories of the particles
at the tip of the cluster are drawn and the snapshots from the right
correspond to the 0th, 1.8th, and 4.0th cycles of the rotational mag-
netic field. The scale bar represents 10 �m. �c� Movement of non-
magnetic polystyrene particles along a nonmagnetic polystyrene
substrate. The diameter of each particle is 6.0 �m. The particles are
dispersed in a magnetic fluid. The susceptibility of the fluid is 1.2
�10−7 H /m. The frequency of the field is 0.1 Hz. The trajectories
of the two particles are drawn and the snapshots from the right
correspond to the 0th, 2.3th, and 4.0th cycles of the rotational mag-
netic field. The scale bar represents 10 �m.
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the tumbling motion of the particles along the peripheral
surface of the film for a clear visualization of the particles’
dynamics. Therefore, the effect of the field gradient caused
by the finite-size magnetic film on the tumbling motion may
not be negligible. Note that in our analytical system the sub-
strate extends infinitely in both the horizontal direction and
downward. To realize a smooth tumbling motion of a cluster,
the bottom particle of the cluster should not slide along the
substrate during the standing-up and falling-down motions
�see Figs. 2�b� and 2�c��. Even in the case of �s=�, the
bottom particle slides if the magnetic attractive force acting
on it from the substrate is weaker than the upward force
caused by the upper particle, in which case the vertical com-
ponent of the force acting on the bottom particle becomes
upward and, as a result, no friction force acts between the
particle and substrate. In other words, a magnetic force act-
ing on the bottom particle from the substrate has to be strong
enough to prevent sliding. In our experiment, the bottom
particle must have been attracted more strongly due to the
field gradient caused by the finite-size effect and therefore
the cluster moved more efficiently than the theoretical and
numerical predictions. We will be analyzing both theoreti-
cally and numerically the effect of the thickness and depth of
the magnetic substrate on the dynamics of the magnetic par-
ticles in detail.

We also carried out an experiment of the movement of
nonmagnetic polystyrene particles, which were dispersed in
magnetic fluid �19�. We used a polystyrene film of 12 �m in
thickness instead of a magnetic film. When the system is
subjected to an external magnetic field, an apparent dipole is
induced in each particle and the substrate in the opposite
direction to the external magnetic field and therefore the non-
magnetic particles can also be moved by rotational magnetic
fields. Magnetic fluid �W-40; Taiho Industry Co. Ltd.� was
diluted so that the magnetic susceptibility of the fluid became
1.2�10−7 H /m. Polystyrene particles, the diameter of which
was 6.0 �m �4206A; Duke Scientific Corporation�, were dis-
persed in the magnetic fluid. Figure 4�c� shows the move-
ment of two polystyrene particles along the polystyrene sub-
strate, where a magnetic field of 12.7 kA /m was rotated at a
frequency of 0.1 Hz. Based on the apparent dipole moment
m induced in the opposite direction to the magnetic field,
which can be calculated from Eq. �1�, the Mason number Ma
and the nondimensional parameter ks are estimated as Ma
=7.6�10−2 and ks=−4.4�10−2 in the above experiment.
Note that, in a magnetic hole system, ks is negative in gen-
eral. The dynamics of the particles in a negative-ks case is
the same as that in a positive-ks case since L is an even
function of ks. Therefore, nonmagnetic particles can be
moved by a rotational magnetic field under low-Ma and
low-ks �high-�ks�� conditions �see Fig. 2�d��. According to our
theoretical analysis, L under the above experimental condi-
tions varies from 6.5�10−1 to 8.7�10−1, according to 0.5
��s��. The average displacement obtained by the experi-
ment was 9.8�10−1, which is greater than the theoretical
value even in the case of �s=�. This difference is also at-
tributed to the field gradient induced by the finite-size film.

We carried out an experiment of the movement of carbon
nanotubes �CNTs�, in which iron atoms are contained,
Fe@CNTs, along a magnetic substrate �19�. Fe@CNTs were

produced by a chemical vapor deposition method, in which
ferrocene was used as a catalyst. The details of the produc-
tion of Fe@CNTs are explained elsewhere �20�. Fe@CNTs
were dispersed in acetone and sonicated for 1 h. We used a
nickel film as a magnetic substrate, the thickness and mag-
netic susceptibility of which were 10 �m and 2.6
�10−5 H /m. Figure 5�a� shows the movement of a multi-
walled Fe@CNT along the magnetic substrate, where a rota-
tional magnetic field of 12.7 kA /m and 0.5 Hz was applied.
The Fe@CNT was successfully moved from right to left,
rotating in a counterclockwise direction in the rotational
magnetic field.

Finally, we carried out the manipulation of a sheep’s red
blood cell �RBC� using a rotational magnetic field �19�.
RBCs were separated from a sheep’s whole blood by cen-
trifugation and then dispersed in phosphate buffer saline
�PBS; pH 7.4�. Ferromagnetic particles �FMPs� of 2.0 �m in
diameter �CFM-20-10; Spherotech Inc.� were dispersed in a
different PBS after washing them with PBS several times,
and the particle solution was filtered to remove aggregated
particles. The particle solution was added to the RBC solu-
tion and, after shaking the mixed solution gently for 30 min
at room temperature, the solution, in which FMP-RBC hy-
brids are dispersed, was introduced between the two glass
plates for experiment. We used an iron film as a magnetic

FIG. 5. �Color online� Manipulations of a carbon nanotube and
a red blood cell. The intensity of the rotational magnetic field is
12.7 kA /m. �a� Movement of an iron-containing multiwalled car-
bon nanotube �Fe@CNT� along a magnetic substrate, the magnetic
susceptibility of which is 2.6�10−5 H /m. The frequency of the
field is 0.5 Hz. The trajectory of the tip of the Fe@CNT is drawn
and the snapshots from the right correspond to the 0th, 1.1th, and
2.0th cycles of the rotational magnetic field. The scale bar repre-
sents 5 �m. �b� Movement of a sheep’s red blood cell to which two
magnetic particles are attached. The diameter and magnetic dipole
moment of each particle in the field are 2.0 �m and 1.3
�10−19 Wb m. The magnetic susceptibility of the film is 1.0
�10−4 H /m. The frequency of the field is 0.5 Hz. The trajectories
of the two magnetic particles are drawn and the snapshots from the
right correspond to the 0th, 1.0th, and 2.1th cycles of the rotational
magnetic field. The scale bar represents 5 �m.
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substrate, the thickness and magnetic susceptibility of which
were 10 �m and 1.0�10−4 H /m. Figure 5�b� demonstrates
the manipulation of a sheep’s RBC, to which two FMPs were
attached, in a rotational magnetic field of 0.5 Hz. The mag-
netic dipole moment of each particle in the magnetic field
was 1.3�10−19 Wb m. The cell was manipulated success-
fully by the rotational magnetic field.

In summary, we used Stokesian dynamics simulation to
analyze the tumbling motion of magnetic particles on a mag-
netic substrate in a rotational magnetic field theoretically and
clarified the dependence of the rotational motion of clusters
composed of magnetic particles on the Mason number Ma
and nondimensional number ks. We also carried out experi-
ments of the movement of PMPs, nonmagnetic particles, an
Fe@CNT, and a FMP-RBC hybrid, and found that they can
be manipulated along magnetic substrates by utilizing the
tumbling motion induced by a rotational magnetic field.
Since the experimental conditions are not exactly the same as
those of theoretical and numerical analyses, that is, the mag-
netic substrate extends infinitely both horizontally and down-
ward in the theoretical and numerical analyses, whereas thin
films were used in the experiments, a perfect quantitative
agreement between the theoretical and experimental results
was not obtained. In the case of a film of finite size, the local
magnetic field is deformed and a magnetic field gradient is
induced due to the finite-size effect, and therefore magnetic

particles are more firmly attracted to the substrate, which is
favorable for the actual manipulations. However, it was con-
firmed by experiment that, when Ma is low and ks is high, a
smooth tumbling motion of magnetic particles is realized,
which coincides well with the theoretical and numerical re-
sults. We will be investigating the tumbling motion of clus-
ters along a magnetic substrate of finite size theoretically,
numerically, and experimentally. We are convinced that bio-
molecules which are attached to magnetic particles and
fullerenes in which magnetic atoms are contained can also be
manipulated using the present method. Three-dimensional
manipulation of nano- and microsized objects will be pos-
sible by using three pairs of magnets. The present manipula-
tion method is so simple that it can easily be combined with
other manipulation methods �21–34� and therefore will make
a substantial contribution to progress in a wide range of sci-
ence and technology.
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