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Manipulation of magnetic nanorod clusters in
liquid by non-uniform alternating magnetic fields†
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It is discovered that a non-uniform alternating magnetic field can induce a translational motion of an
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anisotropic magnetic particle or cluster near a surface. Unlike a permanent magnet pulling a magnetic
particle, the particle moves away from the magnetic source with a periodic fluctuation in its trajectory that
varies with a frequency that is twice that of the field frequency. The moving speed can be tuned by varying
the magnetic field strength and gradient, its alternating frequency, and the particle size. A hydrodynamic
model is developed that can qualitatively explain all of the phenomena observed. Such a simple particle
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manipulation method has a great potential in applications such as cell biology and microfluidics.

1. Introduction
The manipulation of small objects in liquids plays an important role in modern biotechnology. For example, in biomedical
applications, nanoparticles usually act as carriers to load
drugs1 or other cargo2 and are specifically delivered to target
locations. In addition, magnetic nanorods driven by a rotating
magnetic field (H-field) can induce active flow to enhance thrombolysis eﬃciency.3,4 There are several widely used methods to
manipulate small objects in fluids, such as dielectrophoresis,5–7
optical tweezers,8,9 acoustophoresis,10,11 and magnetophoresis.12
The dielectrophoresis method uses electric field gradients for
particle manipulation and has been studied extensively.5–7 The
major limitation of dielectrophoresis is the complexity of the
device and the potential side effects in bio-applications. This is
because complex wiring and cooling systems are needed to
generate strong enough electric fields. Such a large electric field
may also cause undesired chemical reactions that could change
the chemical environment of the target.13,14 Optical methods,
especially the optical tweezers technology, represent another
popular approach for manipulating small objects. This method
uses a focused Gaussian laser beam to trap a single dielectric
particle and can manipulate objects of micrometer or submicrometer scale.8,9 Although it is possible to use optical tweezers
to perform cell separation and sorting, its great challenge is in vivo
applications since most visible laser beams cannot penetrate skin
without damaging it. Acoustophoresis, which uses ultrasound
a
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standing waves to mechanically manipulate particles, is an alternate method. For example, Yasuda et al., used ultrasounds to
concentrate red blood cells in a continues flow.15 Cell and particle
separation using ultrasound technology has also been reported.16
The disadvantage of this method is the limitation of particle size
that it can effectively manipulate. For objects smaller than 1 mm
the primary acoustic radiation force generated by the acoustic
resonator would be equal to the hydrodynamic drag forces
induced by acoustic streaming.10 For larger objects, sedimentation will become a major problem.
Magnetophoresis, or manipulation using a H-field,12 on the
other hand, is a safer and better choice for manipulating
biological particles because the H-field can easily permeate
most mediums, including animal tissues, without causing
trouble. Due to this fact, magnetophoresis is suitable in many
biological applications such as drug, gene, and radionuclide
delivery.17,18 Depending on the H-field properties, magnetophoresis can be categorized as static field manipulation (SFM)
or dynamic field manipulation (DFM). SFM utilizes the magnetic
force on a magnetic particle generated by a H-field gradient. For
instance, the tip of magnetic force microscope (MFM)19,20 or
similar devices can generate a static local non-uniform H-field to
trap a magnetic object in fluids. The object can be transported by
moving the MFM tip and then released by turning oﬀ the H-field
when it arrives at the target location. The other approach which
is suitable for ‘‘lab-on-a-chip’’ devices is to generate a series of
patterned H-field gradients by micro-scaled current conductors
(zig-zag patterns or O-ring grids) with a programmed sequence of
current signals.21–23 The magnetic object could be transported
from one field gradient to its neighbor by a sequence of
trap-release steps. In addition, due to a coupling between the
rotation of a gourd-shaped magnetic particle around its short
axis and the translational displacement along the vertical direction in cholesteric liquid crystal, the height of the particle can be
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manipulated via a static H-field.24 One disadvantage of SFM is
that the devices are usually costly and complicated. To overcome
this limitation, DFM has been developed in recent years. This
manipulation method is based on the fact that a magnetic dipole
will be aligned almost instantaneously with the external H-field.
Thus, a magnetic particle will rotate under a low frequency rotary
or oscillating H-field. With a specifically designed particle shape
and field configuration, the induced hydrodynamic effect of the
magnetic induced rotation/oscillation could be converted into a
translational motion.25–28 For example, chain-like microswimmers
made of linked magnetic beads using DNA could be driven to move
by an alternating H-field. The chain swimmer was first aligned
horizontally by a 9 mT constant H-field and then a 14 mT
sinusoidal H-field was applied in the vertical direction. The
frequency of the sinusoidal H-field was in the range of 10 to
20 Hz. Under the combined fields, the magnetic bead chain
would move like a flagella in the horizontal direction.29 Gao et al.
fabricated a flexible Pt–Au–Agflex–Ni nanowire motor where the
Ni section was connected to the end of a flexible Ag nanowire.30
When a rotating H-field was applied, the Ni section started to
rotate, thus acting as a propeller to push the Ag nanowire
forward. The moving direction could be adjusted by applying a
constant H-field. Kim et al. fabricated a double-bead microswimmer that could be driven using a 100 Hz homogeneous
rotating H-field.25 The double-bead microswimmer consisted of
a 3 mm polystyrene microbead conjugated to a 150 nm magnetic
nanoparticle via an avidin–biotin linker. It could rotate under a
rotating H-field and the small magnetic bead would act as a
propeller similar to the nanowire motor. In all these DFM cases,
two H-fields are required, a constant H-field to guild the motion
direction and an alternating H-field to control the motion of the
particle assemblies. In addition, the particle assembles have to
be designed into a specific configuration.
In this study, we present a novel discovery, the use of a
single non-uniform alternating magnetic field (nuAMF) to
manipulate small magnetic objects in fluids. Diﬀerent from
the manipulation methods introduced above, the manipulation
targets can be arbitrary anisotropic shaped magnetic clusters
(MCs) that spontaneously formed by the aggregation of ferromagnetic Fe3O4 nanorods (NRs). These clusters perform translational motions near substrate surfaces and move away from
the solenoid that is used to generate the H-field. The translation motion induced by nuAMF cannot simply be explained by
the classical magnetic particle manipulation mechanisms. A
theoretical model that combines surface eﬀects and the magnetophoresis force is developed to understand such a motion.

2. Experimental section
Experiments
The Fe3O4 NRs were synthesized by a facile hydrothermal
method.31 Briefly, a mixture of 75 mL 0.02 M FeCl36H2O and
0.45 mM NaH2PO4 aqueous solution was transferred into a
100 mL autoclave and heated at 160 1C in an oven for 12 h.
When the autoclave was cooled down to room temperature, the
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resulting Fe2O3 NRs were collected by centrifugation at a speed
of 12 000 rpm and washed twice with deionized (DI) water. After
drying in an oven at 80 1C overnight, the Fe2O3 NRs were then
annealed in N2 carried ethanol flow with a flow rate of 50 sccm at
350 1C for 1 h to obtain the Fe3O4 NRs. The Fe3O4 NRs were
characterized by a vibrating sample magnetometer (VSM, MicroSence EZ7) and a scanning electron microscope (SEM, FEI Inspect
F). The Ni NRs/Janus particles were fabricated by the oblique
angle deposition (OAD) method.32 A monolayer of 2 mm diameter
polystyrene bead was first prepared on Si substrates using an
air–liquid interface method.33 To fabricate uniform Ni nanorods,
the bead-coated Si substrates were loaded into a custom-built
electron beam evaporation chamber. Nickel (Ni, 99.95%, Alfa
Aesar, Ward Hill, MA) was deposited at a vapor incident angle
of 861 and at a rate of B0.5 nm s1, monitored by a quartz crystal
microbalance (QCM) facing directly toward the incident vapor. Ni
nanorods of length B1 mm were obtained when the QCM reading
reached 2 mm3. To fabricate Janus particles, the same strategy was
used except the vapor incident angle was set to 01 and the
deposition was stopped when the QCM reading reached
200 nm.34 The Fe3O4 NRs and Ni NRs/Janus particles were
dispersed in DI water with the help of sonication. The Fe3O4 NR
suspension was diluted to a mass concentration of 0.1 mg ml1
and Ni NR/Janus particle suspension was diluted to a mass
concentration of 0.01 mg ml1. During the dispersion, due to
the relatively high concentration and ferromagnetic property of
Fe3O4 NRs, they naturally form small MCs. The suspension was
carefully transported into a rectangular glass capillary tube
(height: 100 mm and width: 2 mm). The tube was placed in the
center of four identical solenoids under a large-working distance
optical microscope (Mitituya FS110) as shown in Fig. S1 of ESI,†
Part 1. The solenoids were driven by two dual channel power
supplies that were modulated by two function generators (Agilent
33220A) to generate a nuAMF of a specific frequency fH from
5 to 160 Hz. The H-field was a function of distance L from
the solenoid’s front surface and was measured for different
input currents as shown in ESI,† Part 1. The sample was placed
L = 4.5 cm away from the front face of the solenoid and, according
to the calibration curve, the maxima H-field generated at
I0 = 2 A was 4.2 mT and the field gradient was 0.13 mT
mm1. The movies of the MCs were obtained by a fast CCD
camera (Phantom v9.1) through the microscope with a 10 or
50 objective lens. During the experiments, the camera recording
speed was set to be at least 10 times the frequency fH. Then the
movies were analyzed using an in-house cluster tracking Matlab
program. The program could track the trajectory of clusters with
area larger than 40 mm2 and record the cluster’s center coordinates (x, y), width W (the length of cluster projected in x-direction)
and height (the length of cluster projected in y-direction) of the
cluster for each movie frame (see ESI,† Part 2 for details).
Numerical simulations
The simulation system features an ellipsoidal magnetic rod
placed inside a 150 mm-thick and 400 mm-wide liquid, and 35 mm
above a solid substrate surface (see Fig. 10 for a schematic). The
long and short axis of the rod are 30 and 10 mm, respectively,
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thus the aspect ratio of the rod is 3.0. An external magnetic field
is generated by a solenoid with total coil number of n = 550, coil
radius Rs = 3 cm, solenoid length Ls = 15 cm. The axis of the
solenoid is 35 mm above the solid substrate. The magnetic rod is
initially placed on the axis of the solenoid and its distance from
the right end of the solenoid is 4.5 cm. The nuAMF generated by
the solenoid along its axis is given by35
2
3
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COMSOL was used.36 Both the torque and force free conditions
 and v at each time step until
are ensured by iterating the o
eqn (5) and (6) are satisfied. Then the position of the magnetic
rod and mesh are updated with velocities obtained using
arbitrary Lagrangian–Eulerian (ALE) method.37,38
The computational domain was discretized using triangular
elements, and the mesh is locally refined near the magnetic rod
surface to ensure computing accuracy of the torque and force.
Multiple remeshing processes were performed to maintain the
mesh quality. Mesh studies had been done to ensure that the
results were independent of the mesh size.

(1)
where mr = 200 is the relative permeability of the solenoid’s iron
core. The magnetic torque and magnetophoresis force induced
by the solenoid on the rod were obtained from magnetic field
computed using eqn (1).
The flow field u in the system is governed by the Stokes
equation since the Reynolds number is much smaller than 1.0
in our system,
-

ru = 0,

(2)

2-

Zr u  rp = 0,

(3)

where Z is the viscosity of water and p is pressure. The air–
liquid interface is treated as a slip wall, while the substrate is
treated as a no-slip wall. The left and right boundaries of the
system are set as stress-free open boundaries. As mentioned
earlier, the rod exhibits both rotational and translational
motions in a nuAMF. Applying the no-slip boundary condition
on the rod’s surface, the fluid velocity on the rod’s surface is
given by
- -

-

-

 r  (xs  x0),
u(xs,t) = v + o

(4)
-

 r are translational and rotational velocity, x0 is the
where v and o
geometrical center of the rod, and xs is the position of any point
on the rod’s surface.
At t o 0 s, the rod is fully aligned with external magnetic
field and the fluids are stationary. At t = 0 s, the external
magnetic field changes direction and the rod starts to rotate
in the clockwise direction under the eﬀect of magnetophoresis
 r is then
(see Fig. 9(b1)). This rotation with an angular velocity o
driven primarily by the magnetic torque Tmt, which is balanced
by the hydrodynamic torque associated with this rotation Thmt
Ð
~h ¼ ð~
~mt ;
~
T
sh  ~
nÞdS ¼ T
(5)
mt
G xs  x0 Þ  ð~

3. Results and discussion
Fig. 1(a) shows the representative morphology of the Fe3O4 NRs
used in our experiments. These are uniform ellipsoid rods with
an average length of 300  40 nm and an average diameter of
51  7 nm. The magnetic hysteresis loop of these nanorods is
shown in Fig. 1(b) indicating that the Fe3O4 nanorods are
ferromagnetic with a residual magnetization mr E 25 emu g1
(25 A m2 kg1) and a coercivity Hc E 300 Oe. The saturated
magnetization is ms E 80 emu g1, which is less than that of
bulk Fe3O4 materials (92–100 emu g1, or 92–100 A m2 kg1).39
When these ferromagnetic nanorods are dispersed in water,
they will naturally aggregate and form arbitrary shaped MCs
with different sizes. Under our current experiment conditions,
the width of most of these MCs range from 10 mm to 20 mm (see
Movie 1 and ESI,† Part 3 for more experimental data on the MCs
statistics). All of the MCs are stable enough to maintain their
shapes during experiments unless a collision happens. As an
example, Fig. 2(a) shows several representative movie frames of
a MC in water under a nuAMF generated by an alternating
current (AC) with a frequency fH = 10 Hz and a current
amplitude I0 = 2 A. Fig. 2(b) is the SEM image of the indicated
MC. The projected area of the MC is A E 160 mm2 and the MC
consists of thousands of NRs. During this experiment, the
solenoid was placed at the left-hand side. The time interval
Dt between adjacent images in Fig. 2(a) is 0.2 s and the
corresponding movie is shown in Movie 2 (ESI†). One can
observe that when the nuAMF is applied, the MC starts to flip
in and out of the x–y plane while performing a translational
motion toward the right side. The induced translational motion
is mostly along the x-direction with a large x-component speed

where G represents the surface of the rod and ~
sh is the
hydrodynamic stress tensor. Hence, the rod is torque free
overall. The rotation near a solid boundary (substrate) exerts
a hydrodynamic force Fr on the rod. This force is balanced by a
hydrodynamic drag Ft associated with the translational motion
of the rod. Hence, the rod is force free overall,
Ð
F~tot ¼ F~r þ F~t ¼ G~
sh  ~
n dS ¼ 0:
(6)
To solve eqn (1)–(8) simultaneously and predict the behavior
of the magnetic rod, a commercial finite-element package
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Fig. 1 (a) The representative SEM image of Fe3O4 nanorods. (b) The
magnetic hysteresis loop of the magnetic nanorods.
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Fig. 2 The movie frames to show the motion of MCs when a solenoid is
placed at the left-hand side. (a) The movie of MCs rotating and moving.
The targeted MC is marked with a red circle. The time interval between
adjacent frames is 0.2 s and the scale bar indicates 50 mm. (b) The
corresponding SEM image of the targeted MC in (a). (c) The zoomed-in
out-of-plane rotation of a MC during one period. The size of the images in
(c) is 17 mm  17 mm, and the frame interval is 0.02 s. The cartoon illustrates
the out-of-plane rotation of a MC.

vx = 77 mm s1 and a small y-component speed vy = 8.8 mm s1.
Images of a MC flippping in and out of the x–y plane under
a fH = 5 Hz H-field are shown in Fig. 2(c) with a frame interval
Dt = 0.02 s. Most MCs observed perform a translation motion
with out-of-plane rotations while a few carry out in-plane
oscillation, which means the long axes of MCs is moving back
and forth periodically in the x–y plane. We have performed the
same experiments using individual Ni NRs instead of Fe3O4
MCs, and similar behaviors have been observed (see ESI,† Part 4
and Movie 3 for details), i.e., even for a single Ni NR, when it is
driven by a nuAMF, it also rotates out-of-plane and moves
translationally. However, since the Brownian motion would play
a more important role for small Ni NRs, we will focus on MCs in
this paper. Unlike a permanent magnet pulling a magnetic
object, the MCs move away from the solenoid, and the speed
of the translation motion is closely related to the size of the MC.
More detailed experimental data show that the shape of the MC,
as well as the magnetic field properties such as its frequency fH,
strength |H|, and gradient r|H|, also affect the behavior of the
translational motion. The detailed relationships are
summarized below.
The necessary conditions for the translational motion
The rotation of MCs cannot always induce translational
motions. Our experimental results indicate that there are three
necessary conditions for the translational motion to occur: (a)
the MCs must locate near a substrate surface. The importance
of a substrate surface is experimentally demonstrated in Movie
4 and the details of the experiment is described in ESI,† Part 5.
(b) The H-field must be alternating and strong enough to
induce a rotation; (c) the H-field must be non-uniform. In
addition, the translational motion of a MC is stronger if it
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Fig. 3 Trajectories of the MCs at three diﬀerent field configurations: (a) a
uniform alternating magnetic field; (b) a nuAMF generated by a single
solenoid; and (c) a nuAMF produced by two solenoids.

has a more anisotropic shape. A constant and strong enough
H-field will pull the MCs towards the solenoid, which is
opposite to the phenomena we observed. Also, the field
strength |H| must exceed a critical value for the MCs to rotate.
For the experiments we performed, when the field frequency
fH = 10 Hz, we found that the minimum amplitude of current I0
needed to move the MCs was about 0.5 A. A detailed relationship between the motion of MCs and I0 will be discussed later.
The second condition, the need of non-uniform H-field, is
validated by experiments with three field configurations as
shown in Fig. 3. First, a pair of solenoids were used to produce
a uniform alternating H-field as shown in Fig. 3(a). The
currents passing through the two solenoids had the same
amplitude I0 = 2 A, and they were in-phase. According to our
measurements and the calculation of the solenoid’s H-field
shown in ESI,† Part 1, the center between the two solenoids has
no field gradient. The trajectories of MCs are plotted in
Fig. 3(a). Most MCs perform random motion, but a few MCs
move towards one solenoid. However, when the left solenoid was
removed, all of the MCs started to move away from the right
solenoid as shown by the trajectories in Fig. 3(b). According to
our measurement, there is a field gradient of 0.26 mT mm1 in
this case. Numerical calculation also verified this fact. In addition, if the left solenoid was placed back, but an out-of-phase
current was applied as shown in Fig. 3(c), all MCs moved toward
the upper left corner. This is possibility because the sample
might not be exactly placed at the center of solenoids. The shape
of the MCs also plays an important role in the observed
phenomena. For all the MCs spontaneously formed in the
suspension, they have irregular shape, thus most of them can
be driven by the nuAMF to move. We also tested the behavior of
magnetic Janus particles. Two types of Janus particles were
fabricated: spherical Janus particles by depositing a 200 nm Ni
thin film onto 2 mm diameter polystyrene (PS) beads, and rod
Janus particle by depositing a 1.2 mm-long Ni nanorod on the PS
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beads of same size. After being dispersed in water, under the
same field conditions as those MCs in Fig. 3(b), we observed that
the Ni rods rotated and moved translationally while the spherical
Janus particles mainly performed random walk (See Movie 3,
ESI†). Therefore, we conclude that a more anisotropic shape
of the MCs helps enhance their translational motion under
a nuAMF.
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Double frequency eﬀect
In order to understand the detailed motion behavior of MCs
under a nuAMF, we have performed systematic analysis on the
motion trajectories of selected MCs. All of the results indicate
that at low field frequency, the movement of the MCs exhibits
periodic behavior, and the period is closely related to fH.
Fig. 4(a) shows a representative displacement curve S(t) of a
MC driven by a fH = 5 Hz H-field. S(t) increases almost linearly
with respect to t but also with notable fluctuations. By fitting
the data with a linear relationship S(t) = vt + S0, we observe that
the MC was moving at a speed v = 76.9  0.1 mm s1 and
S0 = 43.6  0.8 mm. The residual DS(t) =S(t)  vt  S0 represents
the position fluctuation of the cluster and is plotted in Fig. 4(a).
A close inspection of DS(t) indicates that it has a periodic
behavior. To better understand this behavior, a fast Fourier
transform (FFT) was used to analyze DS(t), and the FFT amplitude (denoted as |F|) is plotted as a function of frequency f in
Fig. 4(b). A very interesting phenomenon is observed; at
f = 2nfH, where n is a positive integer, such as f = 10, 20, 30 Hz. . .,
etc., sharp spectral peaks appear, indicating that the fluctuation in
the MC’s motion is related to the harmonics of the applied H-field.
In particularly, at f = 2fH = 10 Hz, the spectral peak is the highest and
sharpest, indicating that the MC’s motion has a strong 2fH component. The FFT analysis of other MCs at this frequency also
confirmed that the nuAMF-induced motion exhibits a fluctuation
with a major frequency twice that of the field frequency fH. Such a
displacement is consistent with the MC’s width fluctuation due to
the out-of-plane rotation. For this reason, the MC’s width shares

Fig. 4 The detailed analysis of the trajectory of a single MC at fH = 5 Hz
and I0 = 2 A. (a) The plots of displacement S(t) and the residual DS(t).
The straight line is a linear fit. (b) The FFT of DS(t). The strongest peak is at
f = 10 Hz = 2fH.
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exactly the same behavior with the DS(t) as shown in the width plot
in Fig. S4 in ESI,† Part 2. However, as the fH increases, the FFT
spectral peaks of the fluctuation start to change slightly: a sharp
peak at the base frequency f = fH appears in addition to its higher
order harmonics. Fig. 5 shows the FFT spectrum of the width W of
the MCs from four independent experiments. Most of the applied
frequencies fH are chosen to be prime numbers to avoid any
interference from the line frequency. When fH r 60 Hz, the
strongest FFT peak is located at f = 2fH. However, when fH 4
60 Hz, the position of the strongest FFT peak shifts from 2fH to
fH. In the FFT spectrum of the fH = 43, 83 and 127 Hz cases, a
peak at f = 120 Hz is shown and this may due to the contamination from the illumination light.
The eﬀect of the driving current I0, field frequency fH, and
cluster size A
Since the H-field generated by one solenoid is a function of the
distance L and the driving current I0 (see ESI,† Part 1), it is not
easy to keep either |H| or r|H| fixed while changing the other.
Instead, we performed a systematic experiment with diﬀerent I0
for a fixed fH = 10 Hz at the same location to investigate how
MCs move under diﬀerent field conditions. Four diﬀerent MCs
with projected areas A = 30, 36, 140, and 160 mm2, were chosen
to be tracked and analyzed. The resulting translational speed v
vs. I0 is plotted in Fig. 6(a). When I0 is low (I0 o 0.5 A), the MCs
would not move but only vibrate. As I0 increases, all MCs start
to move and the moving speed v increases monotonically with
I0. When I0 reaches a relatively large value, v approaches a
constant. When the cluster’s projected area A is larger, the
saturation speed v is greater. In the FFT analysis, we show that
the motion of the MCs is closely related to the out-of-plane
rotation and the applied field frequency fH plays a decisive role.
Such a rotation must be induced by the interaction of H and the
MC via the magnetic torque m0H  m. Clearly such a torque will
be balanced by an induced hydrodynamic torque to keep a
constant rotational frequency. Note that increasing |H| would
not change the rotational frequency of the MC. Rather in our
experiment, since the change of I0 simultaneously increases
|H| as well as r|H|, we suggest that the change of r|H| plays a
critical role for Fig. 6. This is confirmed in our theoretical
model below.
Since the motion of the MCs is closely related to the applied
fH, it is important to systematically understand how fH changes
the motion speed v. By systematically increasing fH while
keeping I0 = 2 A, we obtained the relationship between v and
fH as shown in Fig. 7. We find that such a relationship depends
on the MC size. A statistical plot of v versus fH for diﬀerent sized
MCs is shown in Fig. 7(a). For diﬀerent sized MCs, the v versus
fH relationship follows a similar trend: when fH increases
initially, v increases dramatically; then v reaches a maximum
value when fH increases to a threshold value fm
H; when fH
increases further, v gradually decreases, till it approaches to
zero when fH Z 140 Hz. The threshold frequency fm
H depends on
the MC’s area A: fm
H decreases when A increases. A similar
relationship is also observed from a single magnetic NR as
shown in Fig. 7(b). Though the speed of the magnetic NR is
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Fig. 5 The FFT of the width W of a moving MC for fH = (a) 5 Hz, (b) 43 Hz, (c) 83 Hz, and (d) 127 Hz. Here I0 = 2 A. The frequency peaks are indicated by
diﬀerent symbols: O: 2nfH, D: 120 Hz, *: fH.

Fig. 6 (a) The translational speed v of MCs and (b) a single Ni NR versus
diﬀerent I0. Here fH = 10 Hz.

significantly smaller than that of the MCs. Such a frequency
dependent relationship is closely related to how the MC could
follow the change of the applied field, i.e., how fast the magnetization m of the MC can follow H(t). We find that when fH
increases, especially when fH is in the range of 100–200 Hz, not
all of the MCs are moving away from the solenoid. A large
percentage of the MCs actually moves to the opposite direction.
Statistics have been calculated on the moving direction of MCs,
as shown in Fig. 8. When the fH is low (o100 Hz), most MCs
(80–95%) are moving away from solenoid. When fH Z 120 Hz,
the amount of MCs moving away from solenoid and the amount
moving towards solenoid is about the same, B33%, while the
other 33% MCs remain stationary. This statistic clearly demonstrates that at high fH, MCs can hardly react to the field change.

This journal is © The Royal Society of Chemistry 2017

Fig. 7 (a) The plot of the translational moving speed v of diﬀerent sized MCs
and (b) a single Ni NR as a function of nuAMF frequency fH. Here I0 = 2 A.

Theoretical explanations
According to classic hydrodynamic theory, if a MC is performing a rotational motion in a bulk solution, due to the small
Reynolds number (the maximum Reynolds number is calculated to be less than 0.01 based on the cluster velocity shown in
Fig. 7(a)) and the symmetry of its rotation, its rotation should
not induce a translational motion. However, if such a rotation
occurs near a wall, the wall will break the rotational symmetry,
and could induce a translational motion.40,41 According to our
experiments, the MCs are very close to the bottom substrate
(within 10 mm distance). Hence, the substrate is very likely to
play an important role in the MCs’ translational motion. Therefore, we hypothesize that such a translational motion is caused
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alternating H-field reverts its direction, the MC can rotate
either forward or backward depending on the thermal noise.
However, the alternating magnetic field (non-rotating) used in
our experiments is not uniform and has a non-zero gradient
along its center axis. The symmetry of the rotation direction in
an alternating H-field could be broken by the non-uniformity of
the field and cause persistent out-of-plane rotation of the MCs.
Such a persistent rotation can be induced jointly by the
magnetic torque and the magnetophoresis force in a nuAMF
(see ESI,† Part 6). To simplify the problem, we approximate the
MC as a rigid ellipsoid with a permanent magnetic moment m.
Fig. 9(a) shows the strength of the nuAMF used in the experiments during one period of AC input. When the MC is placed in
an external H-field, it experiences a magnetic torque,
-

-

-

Tmt = m0m  H,

Fig. 8 Statistics of the MCs’ moving direction for diﬀerent fH. Black: not
moving; red: moving away from solenoid; blue: moving towards solenoid.
Here I0 = 2 A and a cluster will be classified as not moving when its speed is
smaller than 1 mm s1.

by the nuAMF induced persistent out-of-plane rotation of the
MC near a wall (see Fig. 9).
A key observation from our experiments is that most of the
MCs rotate in the same direction during their out-of-plane
rotation. Typically, to induce persistent out-of-plane rotation
of a magnetic cluster or chain in one direction, a rotating
H-field is required. Non-rotating uniform alternating H-fields
generally cannot independently induce persistent rotation in
any direction. This is because once the MC becomes aligned
with the external field, the magnetic torque exerted on it
vanishes and the cluster maintains its orientation. When the

(7)

where m0 is the magnetic permeability of vacuum. Driven by this
torque, the cluster will rotate till m is aligned with H.41–43 As
- mentioned before, once the cluster is fully aligned with H, Tmt will
become zero. At this very moment, the out-of-plane rotation is
driven by the magnetophoresis force and the hydrodynamic interactions between the MC and substrate, as shown in Fig. 9(b). The
magnetophoresis force Fmp can be expressed as44,45
 2
1
~ ;
F~mp ¼ m0 wm Vp rH
2

(8)

where wm is the volume-averaged susceptibility. The direction of
this magnetophoresis force is independent of the direction of
the H-field and always points toward the solenoid as shown in
Fig. 9(b). Because of the small H-fields applied in the experiments,
this force is so small that the associated magnetophoresis velocity
is at least an order of magnitude smaller than the translational
velocity caused by the rotation. However, it can introduce a torque
to rotate the MC through the hydrodynamic interactions between

Fig. 9 The translational and rotational motion of a magnetic cluster (MC) driven by low-frequency nuAMF. (a) External alternating H-field as a function of
time. (b) Force and toque analysis of a MC in an AC H-field. (c1–c2) Pressure distribution on the MC surface at t = t1 and t3 moments. Initially, the magnetic
moment of the MC aligns with the external H . By time instant t1, H changes to the new orientation, which is opposite to its original orientation. The MC
experiences a magnetophoresis force Fmp pointing toward the solenoid. This F mp induces a weak hydrodynamic torque T mp on the MC, which drives it to
rotate in the clockwise direction (see c1). Once the MC deviates from its original orientation, it experiences a magnetic torque T mt caused by H , which
further drives its clockwise rotation. Consequently, the MC shows persistent rotation and moves away from the solenoid (t = t3 and c2) as a surface
walker41 until it fully aligns with the external magnetic field H (t = t4).
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the MC and the substrate. As shown in Fig. 9(c1), when the cluster
moves toward the solenoid, the pressure on the left side is higher
than that on the right side. This unbalanced pressure induces a
clockwise net torque Tmp on the cluster, thus forcing it to rotate in
the clockwise direction. Hence, for an aligned cluster, when the
H-field changes direction, the subtle magnetophoresis force effectively steers the cluster to rotate in the clockwise direction and
outweighs the effect of thermal noise. As a result, the cluster
exhibits a persistent out-of-plane clockwise rotation.
Once we understand the cause of the MC’s persistent out-ofplane rotation, we can analyze their translational motion as
shown in Fig. 9(b). When t o 0 s, the cluster is fully aligned
with the external H-field. By the moment of t = t1, the direction
of the external nuAMF changes by 1801, but the magnetic
torque Tmt is close to zero. As explained above, steered by the
magnetophoresis force Fmp, the cluster slowly rotates in the
clockwise direction. Once the cluster deviates from its original
orientation (t = t2), Tmt increases dramatically. This Tmt further
drives the cluster to rotate in the clockwise direction, which
tends to realign its m with the external H. The hydrodynamic
torque associated with this rotation (denoted by Thmt) balances
Tmt and the cluster is torque-free overall. During this realigning
rotation (t = t3), the hydrodynamic interactions between cluster
and substrate generate a force Fr on the cluster due to the
imbalance of the x-component of the pressure forces on the left
and right portion of the MC’s surface (see Fig. 9(c2)). This Fr
drives the MC to move away from the solenoid. The cluster’s
translational speed v is determined by the balance between the
drag force Ft (induced by the translational motion of the MC),
and the force Fr because the cluster is force-free overall. This
translational motion of the cluster lasts until the cluster
becomes fully aligned with the external H(t = t4).
To validate our hypothesis, we simulated the actuation of an
ellipsoidal magnetic rod by a nuAMF in two-dimensional space
(see Numerical simulations for details). For the low-frequency
situation, a rigid elliptical magnetic rod with a major radius Ra
of 15 mm and a minor radius Rb of 5 mm is placed 35 mm above
the substrate. An external nuAMF is applied by a solenoid
placed on the left-hand side with an input AC with the amplitude I0. Initially, the m of the rod is aligned with H, pointing in
the positive x-direction, and the liquid around it is stationary.
Fig. 10 shows the simulation results of cluster motion in one
period of a nuAMF with fH = 20 Hz and I0 = 2 A. In one AC period
t(0.05 s), the MC rotates 3601 in a clockwise direction to realign
itself with H. Fig. 10(b) shows the orientation of the rod as a
function of the rotation time (the orientation angle y is defined
in Fig. 10(b)). The rod shows two sharp angular changes in the
clockwise direction near t = 0.15t and 0.65t, each corresponding to a rotation of the rod by 1801 to realign with the
magnetic field H. Note the duration of these rotations of the rod
is short compared to the period of nuAMF H. Fig. 10(c) shows
the x-direction displacement S of the rod from its original
position during one period of nuAMF. The increase/decrease
of S means the rod moves away/toward the solenoid. It is
interesting to note that S only changes when y changes, i.e.,
the rod translates only when it rotates. During each clockwise
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Fig. 10 Simulation results of the motion of a magnetic cluster in one
period of low-frequency nuAMF. (a) The external nuAMF. (b) The angle
between the cluster’s magnetic moment and the horizontal plane. (c) The
cluster’s displacement. (d) The cluster’s translational velocity.

rotation of the rod, the rod generally moves away from the
solenoid (sharp increase of S) due to the hydrodynamic interaction
between the rod and the substrate. Such rotation-depended translation of the rod exhibits a fluctuation in S with a 2fH frequency
similar to the experimental observation. Moreover, we note that
the rod moves toward the solenoid with a small back step (see the
decrease of S near t = 0.15t and 0.65t) at the beginning and end of
each rotation process. Such a weak backward movement is caused
by the imbalance of the pressure distribution on the rod’s surface
(see ESI,† Part 7 for details). This 2fH translational movement of
the rod also generates two spikes of translational velocity v in one
period t, as shown in Fig. 10(d).
Fig. 11 shows the width W of the rod projected on the
horizontal plane as predicted by our simulation and measured
experimentally. Both results from simulation and experiment
show two sharp downward spikes in one period of nuAMF, each
corresponding to one 1801 out-of-plane rotation of the rod. In
contrast, when the rod is aligned with H its projected width
remains close to the major diameter of the rod, similar to the
observation from experiments (see Fig. 11(b)).
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Fig. 11 Evolution of the width of a magnetic cluster projected onto the
horizontal plane over several periods of AC magnetic field (fH = 5 Hz or
t = 0.2 s). Inset (a) show the definition of the projected width of the cluster.
Inset (b) is the representative experimental result compared with simulation data. The two downward spikes correspond to the rapid alignment of
the cluster with the external magnetic field once it rotates away from the
01 or 1801 orientation (see Fig. 10b). The projected width maintains its
maximal value most of the time, indicating that the cluster is fully aligned
with the low-frequency magnetic field studied here.

The eﬀects of current amplitude I0 and field frequency fH on
the average translational speed v of the magnetic rod have also
been studied. The simulation results of the translational speed
v for diﬀerent I0 show a similar trend as the experimental
observation (Fig. 6). Fig. 12(a) shows that, when I0 is small
(I0 r 0.5 A), the rod exhibits no translational motion. This is
because H, and hence Fmp, generated by the current is too weak
to ensure that the rod keeps rotating in the same direction
when the direction of the magnetic field changes. Once I0 is
large enough (I0 4 0.5 A), the rod starts to exhibit a persistent
out-of-plane rotation and translates away from the solenoid. As
the I0 increases further, v deceases slightly due to the increase
of Fmp, which tends to drive the rod toward the solenoid. As
shown in Fig. 12(b), the translational speed v of the rod
increases linearly in the low to intermediate frequency regime
(0 Hz o fH o 60 Hz). Such a rapid raise of v is expected as
higher fH means more out-of-plane rotations of a cluster in the
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same time period. When fH is too high, the translational
motion of the cluster becomes weak, similar to the experimental observation (Fig. 7). This can be understood as follows.
In a nuAMF H with a suﬃciently high frequency ( fH Z 80 Hz),
the period of the nuAMF H is too short for the cluster to realign
itself with the H-field. Specifically, before the cluster rotates
1801 in a clockwise direction, it is forced to rotate back
(counter-clockwise) toward its original orientation by the changing direction of H (see ESI,† Part 8 and Movies 5 and 6). Hence,
the cluster can no longer persistently rotate in one direction
and its net translational motion is eliminated.
It is useful to explore how the shape of MCs aﬀects their
movement. Here we perform simulations in which the aspect
ratio of the ellipsoidal MCs is 1.0 and compare their translation
with MCs with aspect ratio of 3.0 (see Fig. 12(b)). We find that,
under the same magnetic field, when the aspect ratio of a MC
decreases, its translation weakens (see ESI,† Part 9). This trend
is consistent with the translational dynamics of surface walkers
revealed by previous researchers.40

4. Conclusion
In conclusion, we discovered a novel method to manipulate
magnetic clusters near a solid surface using a nuAMF. Experiments show that MCs will move away from the solenoid, which is
diﬀerent from the case of a magnetic particle pulled toward a
permeant magnet. Our systematic experimental results show that
there are two necessary conditions for such a directional movement to happen. First, the H-field must be strong enough to rotate
the MC. Second, the H-field must be non-uniform. The movement
can be easily induced for geometrically more anisotropic particles.
With further analysis, we found that the MCs’ time dependent
displacements show periodic behaviors and such behavior is
closely related to twice the frequency of the driving field. The
moving speed of the MCs also depends on the strength and
gradient of the driving H-field, the frequency of the driving
H-field, and the size of the MCs. A hydrodynamic model is
developed to understand the mechanisms of the MCs’ behaviors
and the theoretical predications match our experimental results
quite well. This directional manipulation method has advantages
when compared to other manipulation methods. For example, it
is easy and cheap to implement and requires much weaker H-field
strength than traditional magnetic field manipulation methods.
Such a simple particle manipulation method has a great potential
in applications such as cell biology and microfluidics.
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