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a b s t r a c t
A method is presented for directed transport of superparamagnetic microbeads (SPBs) on magnetic antidot patterned substrates by applying a rotating elliptical magnetic field. We find a critical frequency for
transport, beyond which the bead dynamics transitions from stepwise locomotion to local oscillation. We
also find that the out-of-plane (HOOP) and in-plane (HIP) field magnitudes play crucial roles in triggering
bead motion. Namely, we find threshold values in HOOP and HIP that depend on bead size, which can be
used to independently and remotely address specific bead populations in a multi-bead mixture. These
behaviors are explained in terms of the dynamic potential energy lansdscapes computed from micromagnetic simulations of the substrate magnetization configuration. Finally, we show that large-area magnetic
patterns suitable for particle transport and sorting can be fabricated through a self-assembly lithography
technique, which provides a simple, cost-effective means to integrate magnetic actuation into microfluidic systems.
Ó 2017 Elsevier B.V. All rights reserved.

1. Introduction
Controlling the motion of small particles using magnetic fields
can provide a simple means for directed transport in lab-on-achip applications [1–4], while enabling useful functionalities such
as sorting of biological materials. Chip-based magnetic actuation
mechanisms are usually based on discrete permanent magnets or
electromagnets positioned near micro-channels, where surfacefunctionalized superparamagnetic microbeads (SPBs) can be influenced using magnetic field gradients [5–13]. However, uniform
particle motion over long distances is not possible using externally
placed magnets due to the inverse-cube dipole field profile that
leads to a nonlinear position dependence of the force profile, and
in the case of localized microelectromagnet arrays, heating can
be a serious problem [9,14]. Therefore, much research has focused
on alternative means for controlling colloidal particles [15–28],
especially with high precision [29]. A promising approach is the
use of micropatterned magnetic substrates that lead to a periodic
local stray field profile that can be modulated using an external
magnetic drive field. By using periodic driving fields, magnetostatic
interactions between SPBs and the substrate can lead to a dynamic
magnetic potential energy surface in which local energy wells
propagate uniformly across a surface. This can be used to induce
magnetic particle transport [30,31] and other dynamical behavior
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[32,33] that can be utilized to achieve functionalities such as particle separation and sorting [16,30,34–36]. In particular, by tuning
the frequency or phase difference between the orthogonal field
components in a rotating field configuration, it has been shown
that ‘‘ratcheting” behavior can be used for multiplexing of polydisperse mixtures of magnetic beads transported across a substrate.
This was achieved using a square lattice of circular soft magnetic
dots whose magnetization profiles are controlled by the external
field [32]. Given the complexity of the interactions, one might
anticipate that there may also be other factors that can control
the dynamics and could be utilized in multiplexed sorting
operations.
In this work, we examine the dynamics of SPBs driven across
magnetic antidot arrays [37–42] by a rotating out-of-plane elliptical magnetic field. We find not only a critical frequency for transport, but also threshold field values demarking the transition
between bead motion and local oscillation, and that the latter
allows for individually addressing magnetic beads with particular
characteristics in a mixture. These thresholds provide a new, simple control parameter for highly selective sorting which can be
used in conjunction with a two-dimensional periodicallypatterned substrate for transport and separation of individual populations of beads interspersed on the same chip. Micromagnetic
simulations are used to calculate the stray field profiles and potential energy landscape, in order to explain the observed behavior
and to understand the impact of the relation between the bead
size and substrate periodicity. Finally, we show that a simple
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floating-transfer technique can be used to fabricate large-area selfassembled hexagonal arrays of polystyrene microspheres that
serve as a lithographic mask to prepare antidot arrays suitable
for SPB transport. Compared to other approaches for the integration of magnetic patterns in lab-on-a-chip systems, such as optical
lithography on flexible membranes [43] or electron-beam lithography with water based lift-off [44], self-assembled lithography provides a simple and cost-effective method with minimal
lithographic processing. These results demonstrate the possibility
to incorporate simple, low-cost magnetic actuation into microfluidic chip-based platforms to augment or replace conventional actuation mechanisms.
2. Experimental methods
We examined dependence of field-driven microbead transport
(Fig. 1(a)) on symmetry and transport direction using antidot
arrays fabricated by optical lithography. Antidot arrays with square
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and hexagonal symmetry, and center-to-center nearest neighbor
spacing p, were patterned onto thermally-oxidized Si(100) wafers
using a standard lift-off technique. The shape of the antidots was
chosen to be circular to ensure that the holes themselves did not
contribute to the anisotropy of the antidot array [45]. After resist
exposure and chemical development, a 40 nm thick Co layer was
deposited by DC magnetron sputtering at room temperature at
an Ar pressure of 3.0 mTorr. The Co layer thickness was chosen
to be thick enough to produce significant magnetostatic stray fields
[23], without being so thick as to induce topographical texture that
could inhibit bead movement. Following liftoff, the wafer was
coated with a 70 nm thick protective SiO2 layer, chosen to be thick
enough to coat the sidewalls of the Co pattern, while thin enough
to maintain a close distance between magnetic beads and the
underlying Co film [30]. Prior to experiments, the substrate was
cleaned in isopropyl alcohol followed by several rinsing steps in
de-ionized water, and in some cases a peroxide passivation step.
In addition, the beads were suspended in a phosphate-buffered saline (PBS), in some cases with 0.1% (v/v) Tween 20 detergent, in
order to minimize surface adhesion between beads and substrate.
Fig. 1(b) and (c) show scanning electron micrographs of Co antidot arrays with p = 5 lm and hole diameter of 2.5 lm with a
square and hexagonal lattice symmetry, respectively. Vibrating
sample magnetometry was used to characterize hysteresis loops
of the patterned films; we find relatively square loops with a coercivity l0Hc  6 mT, with only weakly anisotropic behavior in the
plane.
Bead motion experiments were performed using commercially
available SPB microbeads with several diameters: Dynabeads
M270 Carboxylic Acid (2.8 lm diameter) from ThermoFisher (catalog number 14305 D), carboxyl magnetic 4.3 lm beads from
Spherotech Inc. (catalog number CM4010), and COOH modified
beads (5.8 lm diameter) from Bangs Laboratories (catalog number
UMC3 N). The magnetic susceptibility has been previously
reported to be v  0:17 for the 2.8 lm [46] and 5.8 lm [47] beads.
Dilute bead suspensions were placed in a polydimethylsiloxane
(PDMS) well on the wafer, and then sealed with a microscope cover
slip. These samples were placed on a customized electromagnet
that was composed of an out-of-plane field air coil and an inplane field quadrupole magnet for applying the magnetic field.
The magnet, powered by two different power amplifiers, can generate an in-plane field (l0 HIP) of up to 50 mT and out-of-plane
field (l0 HOOP) of up to 40 mT, respectively. We applied rotating
out-of-plane elliptical magnetic fields with frequency f, rotating
in a plane oriented at an angle h with respect to the lattice principle
axis (see Fig. 1(a)). The time-dependent field components are given
by as HIP(t) = HIPsinð2pftÞ and HOOP(t) = HOOPcosð2pftÞ, HIP and HOOP
are the in-plane and out-of-plane field amplitudes, respectively.
The range of frequencies used in bead experiments was from
0.25 Hz to 20 Hz or 30 Hz for 2.8 lm SPBs and 4.3 lm SPBs, respectively. Bead motion was observed using a home-built microscope
integrated into the electromagnet stage setup.

3. Results and discussion

Fig. 1. (a) Schematic of the superparamagnetic bead motion experiments. The blue
arrow represents the amplitude of the out-of-plane field HOOP and the red arrow
shows the amplitude of the in-plane field HIP. h is the angle between the HIP
component and the x-axis. (b),(c) Scanning electron micrograph images of Co antidot arrays with square lattice symmetry (b) and hexagonal lattice symmetry (c). p is
the periodicity of the pattern and a is the average diameter of the antidots. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)

Before starting measurements, we applied a large HIP, to saturate the film magnetization along the same direction as the inplane component of the subsequent rotating magnetic field, hence
initializing the domain pattern. A rotating field was then applied as
described above, and the bead trajectories were tracked in real
time using a camera affixed to the microscope. Fig. 2(a) and (b)
show the average velocity v of SPBs as a function of f for bead diameter d = 2.8 lm on the square lattice sample of Fig. 1(b), with the
field rotating in the xz plane. Though the motion was more or less
uniform for all beads in each experiment, surface adhesion causes a
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Fig. 2. Velocity as a function of frequency for SPB diameter of 2.8 lm at (a) HOOP = 5.2 mT and HIP = 1.85 mT, 2.75 mT. (b) HOOP = 5.2 mT, 13 mT and HIP = 2.75 mT. The dashed
lines are the analytical model calculations the 2.8 lm. (c) The critical frequency as a function of HIP under HOOP = 5.2 mT for 2.8 lm diameter SPBs. (d) The critical frequency as
a function of HOOP at HIP = 2.75 mT with 2.8 lm diameter of SPBs. Critical threshold of both HIP and HOOP for both (e) h = 0 ° and (f) h = 45°. The blue dot means that we can
observe the bead transport and the red cross means that SPBs just oscillate back and forth. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

small fraction of beads to remain immobile; hence, we only consider measurements for those beads that have continuously moved
for 10 s. Average velocities were obtained as the mean of the individual velocities of approximately 80–140 beads under each experimental condition. Fig. 2(a) shows mean v and standard deviation
(plotted as an error bar) versus f at a fixed HOOP and two different
HIP values, while Fig. 2(b) shows mean v versus f at fixed HIP and
two different HOOP values. The results show similar behavior, with
a linear increase of mean v with f up to a critical frequency fc, followed by a dropoff, as also reported previously in periodicallypatterned substrates [30]. This phenomenon could be explained

the fact that most of the beads cease to move (at least 80%) at
higher drive frequency and only oscillate back and forth.
We analyzed the relationship between v and f, using a magnetophoretic transport model introduced previously [30,32,33]. The
basic concept is that the rotating field causes a periodic rotation
of the induced magnetization in the SPB, leading to a periodic
potential landscape due to the magnetostatic interaction between
the particles and the field gradients generated by the underlying
substrate. In this model, the bead jumps from hole to hole along
the pattern up to a critical frequency, beyond which the hydrodynamic drag begins to dominate and the bead position tends to

M. Ouk, G.S.D. Beach / Journal of Magnetism and Magnetic Materials 444 (2017) 218–226

221

oscillate in a local spatially-oscillating potential well rather than
jumping from one well to the next. The average velocity in this
model can be described analytically by [30]:

(

v¼

x 2pp for x 6 xc
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
ðx  x2  x2c Þ 2pp for x > xc

ð1Þ

where p is the center-to-center distance between adjacent magnetic features (holes), and xc = 2pfc is related to the ratio of magnetic force to viscous drag. In Eq. (1), v remains positive even for
x > xc , but its value decreases dramatically, and experimentally
the SPBs are observed to be immobilized (oscillating about a fixed
position) [30]. We fitted the experimental data with Eq. 1 (dashed
curves) showing that this model describes the bead transport
well.
From the fits, we extracted the critical frequency fc, which corresponds to the peak in the average velocity versus frequency data.
Fig. 2(c) and (d) show the dependence of fc on HIP for fixed HOOP
(Fig. 2(c)) and on HOOP for fixed HIP (Fig. 2(d)), for beads with
d = 2.8 lm. It is found that there is a sharp threshold for the amplitude of both field components, below which the beads are immobile, and above which the beads can be transported. We note
that fc is independent of field amplitude above this threshold.
However, there exists an upper threshold in HIP, which occurs near
the coercive field of the patterned film. This observation suggests
that when HIP exceeds this threshold, both the induced bead magnetization and the film magnetization (and resulting free pole configurations near the antidots) reverse sign together, so that the
potential energy minima remain fixed in position rather than
translating stepwise from one antidot edge to the next.
Fig. 2(e) and (f) map out the field parameter space in which
bead motion is observed, using a rotating field frequency of 1 Hz,
which is below fc, and varying the in-plane and out-of-plane field
components. Results are shown for the transport of 2.8 lm SPBs.
A blue circle indicates that most of the SPBs could be transported
in each magnetic field combination, whereas a red cross indicates
that the beads oscillate back and forth locally rather than exhibiting stepwise translation. In addition, the working ranges or threshold values for both HIP and HOOP also significantly depend on the
angle of HIP when comparing Fig. 2(e) and (f), in which the rotating
field plane and transport direction is along h = 0° and h = 45° with
respect to the x-axis, respectively.
Next, we examine the dependence of fc and the thresholds in
both HIP and HOOP on SPB size and symmetry of the antidot pattern.
Fig. 3 (a) shows v as a function of f at HOOP = 5.2 mT and
HIP = 1.85 mT for three cases: 2.8 lm SPBs on the square anti-dot
array, 2.8 lm SPBs on the hexagonal anti-dot array, and 4.3 lm
SPBs on the square anti-dot array. The three curves are qualitatively similar; however, the dropoff in v above fc is much less
pronounced for the larger bead, whose diameter approaches the
antidot lattice spacing, suggesting that another transport mechanism exists at higher frequencies, such as bead rolling [48–52].
The fc of each case is 3.0 Hz, 2.0 Hz, and 2.5 Hz for 2.8 lm SPBs
on square symmetry, 2.8 lm SPBs on hexagonal symmetry and
4.3 lm SPBs on square symmetry, respectively. Therefore, fc has
only a slight dependence on these parameters within the examined
range.
Although fc is rather weakly dependent on bead size, HIP and
HOOP exhibit critical values that are more sensitive to bead and
substrate parameters. Fig. 3(b) and (c) show the working ranges
for the transport of 4.3 lm SPBs and of 2.8 lm SPBs as a function
of magnetic field components: HIP and HOOP on the square antidot array and the hexagonal anti-dot array, respectively, at 1 Hz.
Fig. 3(a), as well as a comparison of Fig. 2(e) and Fig. 3(c), show that
the lattice symmetry does not significantly influence the fc or the
critical field values in the cases that the hole-to-hole spacings are

Fig. 3. (a) Velocity as a function of frequency at SPB diameter of 2.8 lm and 4.3 lm
at HOOP = 5.2 mT and HIP = 1.85 mT on the square antidot array and on the
hexagonal antidot array. Critical threshold of both HIP and HOOP for both (b)
4.3 lm diameter beads on the square antidot array that is magnetized along h = 0°
and (c) 2.8 lm beads on the hexagonal antidot array that is magnetized along the
h = 0° direction.

similar. By contrast, comparison between Fig. 2(e) and Fig. 3(b),
which show the behavior for the 2.8 lm and 4.3 lm SPBs on the
same square lattice, reveals a significant difference in the upper
threshold for HIP for different bead sizes. We expect this difference
to be related to the different magnetic volume, possibly in conjunction with a different volume susceptibility due to different magnetic loading used by different manufacturers When comparing
Fig. 2(e) to Fig. 3(b) and (c), the transportation of 4.3 lm SPBs on
the square anti-dot array are generally observed in a wider range
of applied fields.
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Fig. 4. The relaxed micromagnetically-computed magnetization configuration for (a) h = 0° and (b) h = 0° and magnetostatic potential energy landscape for (c) h = 0° and (b)
h = 45°.

Fig. 5. The cross-sections of potential wells for 4.3 lm SPBs and minimum position (red circle) tracking at two different magnetic fields (a) the red area and (b) the blue area
in Fig. 3 (b). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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To understand the transport phenomena in more detail, we performed micromagnetic simulations of the magnetization patterns
in the various cases, and computed magnetostatic potential landscapes as a function of field rotation angle and amplitude. In the
micromagnetic simulations, the systems were divided into
4  4  40 nm3 cells, and material parameters consistent with bulk
Co were used: saturation magnetization Ms = 1.4  106 Am-1,
exchange stiffness constant A = 3  10 11 Jm1, and the magnetocrystalline anisotropy was set to zero because of the polycrystalline nature of the Co films. DW structures were calculated
micromagnetically through the Mumax micromagnetic framework
[53], and they were used as an input file to compute the stray field
B(r) as a function of position r. The magnetostatic potential energy
of SPBs was approximated by integrating the dipolar energy density MB over the bead volume. In this step, we assumed that
the bead magnetization M ¼ vB, and the volume susceptibility v
was taken as 800 kAm1 T1, suitable for commercial SPBs [54].
The relaxed magnetization configurations after saturating the
film along h = 0° and h = 45° with respect to the x-axis (principal
direction) are represented in Fig. 4(a) and (b) respectively. Fig. 4
(c) and (d) also show the energy surface for 4.3 lm SPBs on the
antidot array, without applying a magnetic field, for both the
h = 0° and h = 45° cases, respectively. The direction h of HIP causes
different remnant magnetic states, and the different states have a
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significant influence on the magnetostatic potential energy landscape. In the h = 0° case, the potential wells are much deeper than
in the h = 45° case, and the magnetic force in the h = 0° case is likewise expected to be greater than in the h = 45° case.
Fig. 5(a) and (b) show several cross-sections of potential wells
for 4.3 lm SPBs at two different magnetic field conditions: the
red area and the blue area in Fig. 3(b). The SPBs are located at
the minimum position of the potential well, where the magnetic
force vanishes and hence the bead is at an equilibrium position.
The tracking of the two minimum positions differs. In Fig. 5(a),
the minimum position is slowly moving to the right, but the position is hard to determine between 180° and 215° and it is divergent. This phenomenon is different from that in Fig. 5(b), in
which the positions continuously move to the right. These graphs
clearly show two different types of bead movements: transportation and oscillation. In addition, the magnetostatic potential well
in Fig. 5(a) is shallow and it is insufficient to support the transport
of SPBs when the magnetic field is below the threshold value.
Otherwise, the magnetostatic potential well is deep and can provide the large magnetic force needed to move SPBs in the magnetic
field that is described in Fig. 5(b). Thus, these graphs show why
there are thresholds in the magnetic field.
Fig. 6(a)–(c) represent the relaxed magnetic configuration of a
hexagonal anti-dot array and magnetostatic potential wells

Fig. 6. The relaxed magnetization configuration and magnetostatic potential well at (a) d/p = 0.4, (b) d/p = 2.4, and (c) d/p = 5.8. (d) The depth of the magnetostatic potential
well as a function of the diameter to periodicity ratio (d/p).
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computed for several values of the ratio d/p of bead diameter to
center-to-center spacing of the antidot lattice. Calculations are
shown for d/p values of 0.4, 2.4, and 5.8. The shape of the potential
well depends on the ratio, and the depth of potential well is shallow at both the low ratio and the high ratio limits. Fig. 6(d) shows
the depth of the magnetostatic potential well as a function of d/p.
At low ratio regime, where the period of the antidot array is larger
than the diameter of SPBs, the magnetic force acting on the SPBs
gradually strengthens as the diameter of SPBs increases up to a
maximum, and then decreases with further increase in d/p. This
can be understood in the limits: at small bead diameter, the magnetic potential decreases rapidly with bead volume. However, as
the bead diameter becomes much larger than the feature size on
the substrate, stray fields from adjacent holes are integrated over
the bead volume, ‘‘smearing” out the potential. The numerical
results suggest the existence of an optimum ratio for d/p, in the
present case corresponding to 2.4.
Based on the observation that the critical field thresholds
depend on bead size, one can use this phenomenon as a means
to sort multi-bead mixtures of monodisperse beads with different sizes using an appropriately chosen rotating field. Fig. 7
shows sequential snapshots taken every 2 s on the square antidot array shown in Fig. 1(b) in the case of a rotating field applied
in the xz plane. Here, a mixture of 2.8 lm and 4.3 lm diameter
SPBs was placed on the substrate, and the field amplitudes were
chosen to be intermediate between the transport thresholds for

these two bead sizes. The frequency of the driving field is about
1 Hz, and it is below the fc of both sizes of SPBs. When the magnetic field is applied at a specific value that is higher than the
threshold HIP for 4.3 lm (circles) and lower than that for
2.8 lm, we can see that 4.3 lm SPBs are transported, whereas
SPBs 2.8 lm simply oscillated back and forth. This demonstrates
that the SPBs can be sorted through their own threshold values
in the magnetic field.
Finally, we show that a simple, inexpensive large-area patterning can be achieved using self-assembled microsphere lithography
to prepare antidot arrays that can be used for bead transport and
separation. Fig. 8 shows a scanning electron micrograph of a
40 nm-thick Co layer patterned into a hexagonal antidot array with
p = 1 lm and hole size of 0.8 lm. This pattern was formed by
microsphere lithography, where monolayer ordered arrays of polystyrene microspheres were used as a lithography template. The
diameter of polystyrene particles is 1 lm and reactive ion etching
was conducted to tailor spacing sizes before depositing the thinfilm over layers [55–61].
Fig. 8 shows that bead transport and size-based separation
can be achieved reliably on this substrate, where we examine
the rotating-field-driven motion of 2.8 lm and 5.8 lm beads.
As anticipated from the simulations summarized in Fig. 6(d),
we find similar critical frequency and field behavior in the transport behaviors for the large d/p limit that is applicable for the
experimental case examined here. As in the previous cases
examined above, fc and threshold values in both HOOP and HIP
depend on the size of SPBs d. To examine the d dependence on
the threshold, we performed similar experiments as above to
identify the field thresholds and critical frequencies. As shown
in Fig. 8(b), fc is located around 1.5 Hz and 2.5 Hz for 2.8 lm
and 5.8 lm, respectively. In the case of HOOP, the thresholds
are found to be 1.1 mT and 0.8 mT for 2.8 lm, and 5.8 lm,
respectively. Thus, the fc as well as the threshold of the HOOP
can be used for selective transport of one subpopulation of SPBs.
Fig. 8(c) shows snapshots during bead transport, in which sizebased sorting on the microsphere lithograph-patterned substrate
is achieved by tuning HOOP to a value intermediate between the
thresholds for the two bead sizes. As is evident in the images,
the larger 5.8 lm beads can be transported reliably along the x
direction while the smaller beads remain stationary.

4. Conclusions

Fig. 7. Optical microscopy images showing a series of SPB movement snapshots
taken every 2 s with 2.8 lm beads indicated as green circles and 4.3 lm beads as
black circles when the field (HIP = 1.2 mT and HOOP = 2.7 mT) is rotating counterclockwise at 1 Hz. (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article.)

In summary, we have studied the motion of fluid-suspended
SPBs across a well-ordered magnetic structure consisting of periodical two-dimensional lattices of holes in a magnetic film. Our
experiments have revealed critical frequencies and related threshold values in both HIP and HOOP. We determined that these thresholds are related to the depth of magnetostatic potential and find a
dependence on bead size and substrate periodicity, and have
explored these parameters experimentally and through modeling.
Finally, we demonstrated that these parameters have different values according to the magnetized direction, the symmetry of pattern, and the diameter of the SPBs and that they can be used for
the SPB separation in multi-bead populations. The possibility to
design large-area patterned films using not only conventional optical lithography but also self-assembled microsphere lithography,
opens up the possibility for inexpensive magnetically-textured
landscapes that can be integrated over large-area lab-on-a-chip
device. In addition, these results suggest further possibilities for
more sophisticated directed sorting, in which anisotropic transport
such as differing thresholds along different directions in a
periodically-patterned structure might be used in conjunction with
appropriate periodic driving fields to preferentially direct different
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Fig. 8. (a) Scanning electron micrograph for a Co anti-dot arrays fabricated through microsphere lithography. The average diameter of the periodic anti-dot array is  0.8 lm
and periodicity of array was 1 lm. (b) The critical frequency as a function of HOOP at HIP = 4.84 mT with 2.8 lm and 5.8 lm of SPBs. (c) Series of optical microscopy images of
SPB movement showing snapshots acquired every 2 s with 2.8 lm beads and 5.8 lm beads when the rotating magnetic field (HIP = 4.84 mT and HOOP = 0.9 mT) in the clockwise direction at 1 Hz. We note that the microscope resolution does not permit the antidot structure of the patterned substrate to be seen in the images in panel (c).

beads along different directions, which is a topic for future
research.
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