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We study the propulsion of superparamagnetic particles dispersed in a viscous fluid upon the application
of an elliptically polarized rotating magnetic field. Reducing the fluid surface tension the particles sedi-
ment due to density mismatch and rotate close to the low recipient confining plate. We study the net
translational motion arising from the hydrodynamic coupling with the plate and find that, above a cross
over magnetic field, magnetically assembled doublets move faster than single particles. In turn, particles
are driven in complex highly controlled trajectories by rotating the plane containing the magnetic field
vector. The effect of the field rotation on long self assembled chains is discussed and the alternating
breakup and reformation of the particle chains is described.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

Dynamical assemblies of superparamagnetic micrometric parti-
cles are attracting increasing attention. The mechanisms that
govern their dynamics have been extensively examined in the past
[1–10]. Particularly, time-dependent magnetic fields have been
used to assemble magnetic non active material in a variety of
structures [11] and to propel microscopic matter in a fluid medium
in motile structures [12]. Arrays might yield highly desired addi-
tional degree of control over their properties [13] and satisfy the
rising demand for the design of artificial externally controlled
structures with direct applications in biomedicine [14–16], in
microfluids stirring [17], and in targeted cargo delivery [18,10,19].

Different strategies have been followed. A noticeable example is
the self-assembly of complex magnetic microstructures suspended
at a water-air interface and subjected to a vertical alternating mag-
netic field [20,21]. These structures denominated ‘‘snakes” arise
from the coupling between surface deformations of the fluid and
the collective response of particles to an external alternating mag-
netic field. These deformations bring particles close enough that
the head-to-tail dipole-dipole attraction overcomes the repulsion
caused by the external field. As a result, chains of particles are
formed with resulting magnetic moments pointing along the
chains. The chains produce wavelike local motion facilitating the
self-assembly process and the component of the magnetic field
parallel to the surface of the water further promotes the chain for-
mation and propulsion [21].

At first sight, for particles immersed in a viscous fluid with low
Reynolds number, any approach based in the application of AC
drives is expected to fail to produce net propulsion because the
Navier-Stokes equations become time reversible [22,23]. However,
to overcome the challenge of low Reynolds number time reversibil-
ity, the interaction between the fluid and a confining plate has
been proposed to propel a rotating particle [24].

We address then an arrangement of similar particles as in Ref.
[21] but in a fluid where they do not float on the liquid air interface,
but sediment due to reduced surface tension and density mismatch
in an aqueous dispersion. The particles close to the lower planar
surface of the container interact through the fluid with the wall.
By applying suitable rotating magnetic fields with controlled time
dependent orientation and strength, we find a way to manipulate
and propel self-organized microscopic particles forming structures
similar to worms assembled or disassembled at will, rotated or
transported in any direction of the plane via magnetic control, per-
forming trajectories that can be easily maneuvered. We also focus
on the propulsion of single particles and of self assembled particle
doublets (dimmers) in the low Reynolds number regime and we
examine the response of particle chains. The paper is organized as
follows: In Section 2 we describe the experimental set up, and in
Section 3 we present first the equations that describe our system
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and following we present the observations and discussion. Conclu-
sions are drawn in Section 4.

2. Experimental

We used as the particle containers, a polystyrene 24-well cell
culture plate (Thermo Fisher Scientific�, optically clear, flat bot-
tom), cut in individual wells. The container (15.6 mm in diameter)
was filled with a couple of drops (� 10 ml) of a diluted deionized
aqueous suspension containing magnetic monodisperse 80 lm
spherical nickel spheres [20]. Experiments made in homemade
containers consisting of a plastic ring, 5 mm inner diameter and
5 mm tall, vertically glued to a microscope glass slide acting as
the container’s bottom, showed no significant differences. The par-
ticles, 80 lm in diameter are still small enough to be suspended
over the water surface by surface tension. To examine the dynam-
ics of magnetic particles close to the liquid-glass interface, sedi-
mentation was induced by slightly reducing water surface
tension, adding a few ll of isopropyl alcohol. After this procedure,
the particles sediment and float at a small distance h above the
horizontal plate due to balance between gravity and hydrodynamic
forces.

The saturated magnetic moment per particle is 2 � 10�7A m2 at
a saturation field of about 0.4 T. The magnetic moment per particle
in the driving fields used in the experiments �10 mT is one order
of magnitude smaller [20]. The motion in the container of the indi-
vidual particles, self-assembled dimmers and chains is monitored
with a zenithal digital camera (Nikon� D3100, 24 frames per sec-
ond), adapted to a stereoscopic microscope (Motic� SMZ 168 TL).
We used a commercial LED lamp with variable intensity as a bot-
tom illumination source. The optical setup, located above the coils
along the z axis, was provided with a variable zoom (5—200X) and
focused close to the solid-liquid bottom interface to record the
position of particles as a function of time. For the image analysis,
the software ImajeJ [25], CUDA Video Spot Tracker [26] and Tracker
Video Analysis Tool [27] were used.

The container was placed in a horizontal glass stage, sur-
rounded by three orthogonal pairs of Helmholtz coils, as shown
schematically in Fig. 1. The pair of coils with vertical axis generates
a vertical magnetic field, Bz, while the other two pairs with the axes
parallel to the x and to the y direction, generate magnetic fields in
the x or y direction. The three pairs of coils are 200, 140 and
120 mm in diameter, generating up to 10 mT (with �3 mT/A). To
apply magnetic fields in the plane perpendicular to the glass slide,
either in the x� z or y� z plane, the corresponding coils were pow-
Fig. 1. Schematic view of the experimental setup, showing the three orthogonal
pairs of Helmholtz coils, the digital video-microscopy camera and the particle
container. See text for details.
ered by a standard two-channel audio amplifier, with each pair of
coils connected either directly to a channel or through a capacitor
in series in order to form a resonant tandem and lower the circuit
impedance. The current in each coil was sensed with an oscillo-
scope measuring the voltage drop on a 1X resistor in series with
the winding. The amplifier is driven by a two-channel Rigol�

DG4062 function/arbitrary waveform generator, generating two
independent signals with arbitrary frequency, amplitude and
phase difference.

After amplification, the magnetic field Biz in the plane i; z with
i ¼ x or i ¼ y generated by the setup, is

Biz ¼ B0i sinð2pf itÞbi þ B0z sinð2pf zt þ hizÞbz; ð1Þ
where B0i and B0z are the AC amplitudes of fields applied in the
x (or y) and z direction, f i and f z the corresponding frequencies, hiz
is the relative phase between the x (y) and the z field components,

which was fixed to hiz ¼ p
2, where bi and bz are the versors in the x

(or y) and z directions. The ellipticity of the applied field, is
b ¼ ðB2

0i � B2
0zÞ=ðB2

0i þ B2
0zÞ, with b 2 ½�1;1�. In this paper we limit

our discussion to f x ¼ f y ¼ f z ¼ 50 Hz, and we therefore define the
field angular velocity as XB ¼ 2p50 Hz.

3. Results and discussion

3.1. Rotating and translating spherical particle in a viscous fluid

The equation for the angular motion of a spherical magnetic
microparticle in a liquid in the presence of an external rotating
magnetic field can be written for negligible Brownian forces, in
the following form [28]

I €u ¼ �c _uþm � B sinðXBt �uÞ
where I is the moment of inertia of the micro particle of magnetic
moment m; u is the angle of rotation and B is the applied sinu-
soidal magnetic field of frequency XB; c ¼ 8pga3 is the coefficient
of viscous angular drag for a spherical particle of radius a in a fluid
with viscosity g.

The microparticle rotation is controlled by the interplay
between magnetic and viscous torques and exhibits two distinct
modes of motion: synchronous and asynchronous rotation. Syn-
chronous rotation occurs for low angular frequency of the rotating
field, XB, because the magnetic and viscous torques are in equilib-
rium. It has been shown [28] that the critical frequency of the tran-
sition from the synchronous to the asynchronous rotational mode,
Xcrit , is given by the following expression Xcrit ¼ mB=c. For
XB � Xcrit , the average angular frequency of the particles is

X ¼ XB 1�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� Xcrit=XBð Þ2

q� �
ð2Þ

For a sphere of radius 40 lm, with magnetic moment per unit
mass 0.614 A m2 kg�1 and typical magnetic field strength
B ¼ 2 mT, with c ¼ 2:9��16 N ms for water at room temperature,
we get Xcrit ¼ 2p 33 Hz. The applied field rotates at XB ¼ 2p
50 Hz, therefore the particles immersed in an infinite fluid rotate,
approximately, with an average angular velocity X � 2p 12 Hz,
with no induced translation [28], and the Reynolds number is
Re ¼ a2X

m , where m is the kinematic water viscosity [29], resulting
a low Reynolds number, Re ¼ 0:12.

However, as the particles are actually located near the bottom,
the solid wall induces a coupling between rotational and transla-
tional motion. As a result, a net force appears due to an uneven
drag force on the top and the bottom surfaces of the particle. In
fact, the hydrodynamic interaction between a rotating (or translat-
ing) particle of diameter 2a and an infinite rigid wall at a distance h



Fig. 2. a) Single particle trajectory after successive 	 p
2 rotations of the magnetic

field plane. b) Steady state velocity, v, as a function of B0z for single particles (full)
and doublets (open symbols). c) Position as a function of time for two single
particles (full symbols) as they merge to form a doublet (open symbols). See text.
Inset: Steady state velocity distribution of single particles for B0z ¼ 0:4 mT.
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from its surface was studied extensively [24,29] with several
approximate expressions for the limiting cases a=h � 1 or
a=h � 1, which depend on a;h and X. As the x� y plane is horizon-
tal, if the particle’s angular velocity is X ¼ Xby (X > 0), the presence
of the wall is known to yield a net force towards þbx. Changing the
polarization of the field by p (i:e., setting X < 0) reverses the direc-
tion of the net force (towards �bx). There is also a net torque in the
same direction of the viscous torque (�by), changing in this way the
angular velocity of the particles. A translating particle in the x
direction experiences as well a net opposite force and torque. If
the particle’s angular velocity lies now in the x direction, the par-
ticle displacement results in the �y direction. Therefore, particles
can be driven to perform controlled complex trajectories by apply-
ing magnetic fields with consecutive controlled orientations. In the
next subsection we describe our experimental results for single
particles, doublets and particle chains.

3.2. Results for single particles, doublets and particle chains

We first address the behavior of single particles in an elliptical

magnetic field Biz ¼ B0i sinð2p50 tÞbi þ B0z sinð2p50 t þ p
2Þbz with

B0i ¼ 1 mT, B0z ¼ 0:4 mT (i ¼ x or y).
Panel a) in Fig. 2 shows one of the salient results of this paper, a

single particle trajectory after successive 	 p
2 rotations of the mag-

netic field plane. For fixed field intensity and frequency, the length
of each rectilinear section of the particle trajectory depends on the
time interval between successive field rotations, and in the figure
linear sections lie in the mm range. With our present set up we
can control these trajectories down to �300 lm, and could be
reduced further for lower particle velocities and lower time inter-
val between successive field rotations, providing a strategy for
guiding particles, favoring direct applications as targeted drug
and cargo delivery or stirring in microfluidic devices.

Occasionally, two particles get close enough so that the dipole–
dipole attraction between them forms a steady doublet, and both
particles move together in the fluid. Fig. 2 b) shows in full (open)
symbols the velocity of single particles (doublets) as a function
of B0z for B0x ¼ 1 mT. For both single particles and doublets, the
velocity increases with B0z, and saturates at B0z > 0:8 mT to
approximately vS 
 3:0 mm s�1 for single particles and at
B0z > 1:2 mT to vS 
 6:6 mm s�1 for paired particles. Therefore,
the velocity of doublets saturates at about twice the saturation
velocity of a single particle, but at low fields there is a crossover
and doublets are slower than single particles. Probably, at high
B0z the doublets have large enough magnetic moments and one
particle can rotate over the other increasing their linear propulsion
until it becomes limited by viscous drag. However, a full descrip-
tion of these mechanisms is still lacking. We note that these paired
particles differ from the doublets studied by P. Tierno and coau-
thors [30,31], formed by two micron-size spherical paramagnetic
particles with two different radii, coated with streptavidin. In their
work, the doublets were dispersed in water and driven by an exter-
nal precessing magnetic field. In panel c) of Fig. 2 we plot the posi-
tion as a function of time of two single particles as they merge to
form a doublet, increasing their velocity immediately after pair for-
mation. The inset in Fig. 2 c) shows the velocity distribution of sin-
gle particles in stationary state for B0z ¼ 0:4 mT, where the mean
velocity is V ¼ 2:6 mm s�1 with a dispersion r ¼ 0:5 mm s�1. The
spherical particle velocity for fixed XB depends on its diameter
2a and on the distance of the particle surface to the wall h
[24,29,32]. Therefore the velocity distribution may be related to
size, shape and distance to the wall distribution, leading to possible
particle merging, as shown in panel c) of in Fig. 2.

We focus now on particle aggregates. It is well known that the
interaction between a pair of magnetic particles, k; l at a distance
rk;l is maximally attractive (repulsive) for particles with magnetic
moments parallel (normal) to rk;l. Martinez Pedrero et al. [33] have
shown that the average of the dipolar potential energy between
two colloids in a rotating magnetic field in the x; z plane is attrac-
tive, leading to chain formation along the x direction while single
particles in the chain may keep rotating at high enough magnetic
fields. In contrast, the effective potential results repulsive in the
orthogonal y direction, tending to separate chains. As a result,
the application of an elliptical AC field forms elongated agglomer-
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ations or chains of paramagnetic particles that show rich dynami-
cal behavior.

We now address the dynamics of self assembled particle chains

in an elliptical magnetic field Byz ¼ B0y sinð2p50 tÞbi þ B0z

sinð2p50 t þ p
2Þbz with B0y ¼ 1 mT and B0z ¼ 0:4 mT. Fig. 3a) shows

a snapshot of the assembled stationary chains. At low fields, long
chains are not able to translate, even though single particles or
doublets are easily propelled. The mechanism is still an open ques-
tion, but it is probably related to inhibited rotation of particles in
the chain due to long range magnetic interactions. Once the sta-
tionary chain formation is achieved, the y field component,
Fig. 3. a) Snapshot of self assembled chains for B0z ¼ 1 mT and B0i ¼ 0:4 mT. b)
Snapshot immediately after rotating the plane containing the elliptically polarized
field in p

2. The inset shows the chain lengths histogram for this snapshot. c)
Superposition of both a) and b) snapshots showing the rotation of chain segments
around their center of mass. For clarity, the initial chains are shown in light grey
and the segments in dark grey lines. See text
By ¼ B0y sinð2p50 tÞ, is turned off and the x field component,
Bx ¼ B0x sinð2p50 tÞ with B0x ¼ B0y is applied. This results in the
abrupt p2 rotation of the plane containing the total applied magnetic
field vector, from the y� z to the x� z plane. As shown in Fig. 3 b)
the long chains do not rotate to align the particles with the field
plane. Instead, the chains break into short fragments that follow
the field orientation. Panel b) is a snapshot of the fragmented
chains immediately aligned in the new field direction; the inset
shows the chain length histogram for this snapshot, with an aver-
age length of (235	 15)lm. Fig. 3 c) is a superposition of both a)
and b) snapshots (initial chains in light grey and fragments in dark
grey lines) clearly showing the rotation in p

2 of chain segments
around their center of mass and interestingly, keeping their centre
of mass in its original chain position.

In the main panel of Fig. 4 we plot the number of particle chains
N registered in consecutive numbered frames, as a function of time,
for cases where the total number of particles (the total area of dark
pixels) is conserved. The typical length of the chain segments
increases as N decreases over time. This result indicates that the
particles agglomerate forming longer chains, actively stimulated
by the rotating field [34].

Successive chain fragmentation and recombination was exam-
ined: Particles gradually reorganize in the steady applied AC mag-
netic field, and after a given time interval a new p

2 field rotation is
applied. The peaks in N indicate high chain fragmentation, i:e: large
number of short chains, and occur after each sudden plane field
rotation. Alternating breakup and reformation of the particle
chains is shown in Fig. 4 where short vertical arrows indicate the
field rotation. Points labeled a) and b) correspond to the snapshots
shown in Fig. 3 a) and b) respectively. It is interesting to note that
reformation from fragments to longer chains occurs approximately
in a power law time regime as was found in Ref. [34] for clustering
of Ni and Fe micrometer-sized particles dispersed in a fluid under
the action of rotating magnetic fields. Following these findings, the
time decay of N (for the interval 9 s—13 s) was fitted to a power
law function NðtÞ / ðt � t0Þ�a. that resulted satisfactory with
a ¼ 0:422, as shown in the red line in the figure.

The controlled rotational dynamics of a single magnetic particle
chain in an infinite fluid domain was addressed experimentally
[35] and theoretically [36]. A diluted uniformly distributed super-
Fig. 4. Number of particle chains N registered in consecutive frames and plotted vs
time. The rapid increase in N (chain fragmentation) correlates with every sudden
change in the orientation of the plane containing the magnetic field vector,
indicated in the figure by short vertical arrows. The time decay of N (for the interval
9 s—13 s) was fitted to a power law function (see text) shown in red line. Points a
and b indicate the time position of the snapshots shown in Fig. 3 a) and b)
respectively.
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paramagnetic colloidal suspension was exposed to a strong, DC
magnetic field until the suspended magnetic particles formed iso-
lated magnetic particle chains, parallel to the field direction. The
magnetic field was then rotated and the isolated chains rotated
in order to remain oriented in the field with the field. Observations
and calculations showed that for low viscous drag the complete
chain rotates as a rigid rod following the field. But, as the viscous
drag torque increases above the driven magnetic torque, the chain
periodically fragments and reforms [32,37]. Although our present
experimental array is different, a qualitative similar process may
be leading to fragmentation.

4. Conclusions

We have studied the propulsion of soft magnetic particles dis-
persed in a viscous fluid upon the application of an elliptically
polarized rotating magnetic field. Our approach was effective: we
induced particle sedimentation by slightly reducing the surface
tension of water and allowed the particles to interact with the con-
fining plate through hydrodynamic flow provoked by magnetically
assisted particle rotation. We found that above a low cross over
vertical magnetic field, �1 mT magnetically assembled doublets
move faster than single particles. We showed that the abrupt rota-
tion of the magnetic field from the x� z to y� z plane and vice
versa drives particles to describe complex controlled trajectories.
The effect of the field rotation on long self assembled chains pro-
duces and alternating very fast breakup and power time law refor-
mation of particle chains, similar to the behavior of other
clustering mechanisms in magnetic colloidal suspensions. The
chains break up in short segments that rotate around their center
of mass to align in the new field direction, keeping the centre of
mass in its original chain position. In future work a gradual plane
rotation would allow control of the trajectories geometry, making
this strategy promissory for applications in cargo delivery by single
particles or by doublets, or in microfluids stirring.
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