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We have designed, fabricated and demonstrated a novel micro-system for programmable magnetic actuation
using magnetic elliptical pathways on Si substrates. Lithographically patterned soft NiFe ellipses are arranged
sequentially perpendicular to each other as stepping stones for the transport of magnetic beads. We have mea-
sured the magnetization curve of the ellipsoid (9 pm x 4 pm x 0.1 pm) elements with respect to the long and
short axes of the ellipse. We found that the magnetization in the long axis direction is larger than that in the
short axis direction for an applied field of <1,000 Oe, causing a force on carriers that causes them to move
from one element to another. We have successfully demonstrated a micro-system for the magnetic actuation of
biomolecule carriers of superparamagnetic beads (Dynabead® 2.8 pm) by rotating the external magnetic field.
This novel concept of magnetic actuation is useful for future integrated lab-on-a-chip systems for biomolecule

manipulation, separation and analysis.
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1. Introduction

Magnetic actuation and programmable control of bio-
molecule carriers in microfluidic channels are important
for chemical and biological analysis [1]. Since the micro
size magnetic beads play an important role as carriers/
labels of biomolecules, external control and programm-
able motion are prerequisites for biomolecule mani-
pulation and analysis [2]. Microfluidic devices provide a
platform for studying single cells or small populations of
cells in ultralow media volumes. In general, microfluidic
devices are passive systems which utilize fluidic behavior
for manipulating biological cells within structures of
micrometer dimensions; this is a field of study closely
related to chemical cytometry [3]. On the other hand,
active micro devices such as current carrying conductors,
permanent magnets and electromagnets utilize magnetic
forces for the manipulation of biomolecule carriers [4-9].

Although there are several existing technologies for the
actuation and programmable control of magnetic beads,
they have limited capability in performing complex mani-
pulations of the magnetic beads. In general, these micro
systems are made up of permanent magnets or electro-
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magnets with dimensions of millimeter size and they
generate small magnetic fields in the fluidic channels,
which do not allow for magnetic fields localized over
micro-scale regions. They are difficult and expensive to
fabricate and also they generate heat, which may damage
to biological entities in the channel [10].

On-chip soft magnetic micro structures are a different
class of manipulation systems, which utilize external mag-
netic fields for control of the magnetic beads in the
microfluidic channels [11]. These systems are less comm-
on in the literature compared to conventional manipulation
systems. These systems are easier to fabricate and integ-
rate with microfluidic channels; moreover there is no heat
generation on-chip. In general, soft magnetic materials
have saturation magnetization of the order of one Tesla,
and if the magnetic geometry is designed such that the
characteristic length scales are of the order of 100 g#m or
less, then the magnetic field gradients are in the range of
10* T/m.

In the year 2010, our group reported a method for
translocation of bio-functionalized magnetic beads using
continuously patterned soft magnetic semi-elliptical ele-
ments [12]. In the report we demonstrated obliquely
patterned soft magnetic semi-elliptical magnetic pathways
for the converging and diverging of bio-functionalized
magnetic beads at the converging site. In the present work,
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we have designed, fabricated and demonstrated a novel
micro-system utilizing discretely patterned elliptical ele-
ments as pathways for programmable actuation of bio-
molecule carriers of superparamagnetic micro beads along
the pathways with respect to an external rotating magnetic
field in the fluidic channel.

2. Theoretical Background for Magnetic
Force on a Magnetic Carrier Bead

The magnetic force on a magnetic bead is proportional
to the product of the field strength and the gradient of the
local magnetic field. The key parameter for the actuation
of magnetic beads using soft magnetic microstructures is
the creation of large local field gradients around the
magnetic elements [13]. If the external magnetic field is
large enough to magnetically saturate the superparamag-
netic magnetic bead, then maximizing the force is equi-
valent to maximizing the magnetic field gradient. If we
neglect the magnetic property of the suspension medium,
the force acting on a magnetic bead is given as follows
[14-16].
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When a circular element is considered instead of an ellip-

tical one in order to simplify the mathematical expression,

equation (1) in polar coordinates (r, 6) is given as

follows;
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Here, F,, Fy are the force components in the radial and
angular rotational directions, respectively, and B,, By are
the radial and angular components of the magnetic field,
respectively.

Without the exact mathematical expressions for B, and
By, it is qualitatively noted that a bead subjected to a
rotational magnetic field rotates along the edge of the
pattern with its rotation synchronized with the field
rotation, as schematically shown in Fig. 1(a), due to the
rotational force component in equation (2). The move-
ment of the bead from element A to neighbouring ele-
ment B, as schematically shown in Fig. 1(b), is governed
by the radial forces between two elements at points P,
and P,. When the magnetic field B at P, and P, is assum-
ed to be proportional to the magnetization M of each
element, A and B, respectively, the force is approximately
dependent on M? at each point from equation (2).
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Fig. 1. (Color online) Schematic drawing of carrier move-
ment: (a) rotation in a pattern, (b) trans-moving from element
A to neighbouring element B.

3. Experiment

3.1. Fabrication of magnetic pathways

The soft magnetic NiFe elliptical magnetic pathways
were patterned on the silicon substrate by using conven-
tional photolithography and lift-off techniques. The pro-
cess is shown schematically in Fig. 2. Firstly, the patterns
were drawn using AutoCAD software and a chromium
metal mask of the desired pattern is created by conven-
tional electron beam lithography and used to mask the
pattern on the Si substrate. Using the metal mask, an
inverse image is created on the photoresist layer coating
of the Si wafer using a mask aligner. The sample is ex-
posed to UV light through the metal mask and then rinsed
with developer and DI water to stencil the pattern onto
the photoresist-coated wafer.

A thin layer of NiFe film (100 nm) was deposited over
the patterned area on the Si wafer using a sputtering pro-
cess. After the permalloy (NigoFeyy) layer has been de-
posited, the wafer is immersed in acetone, which can
dissolve the photoresist layer. Once the photoresist is
dissolved by the liquid, the NiFe layer over it gets 'lifted
off, leaving the NiFe patterns that were deposited onto
the substrate itself, which forms the final pattern on the
wafer [17].

3.2. Magnetic bead monitoring setup

The control of superparmagnetic beads along the ellip-
tical pathway in the fluidic cell was conducted in a quasi-
hydrostatic environment. The fluidic cell of 1 x 1 x0.2

—

Si Substrate

PR coating UV exposure

g Development
with mask

NiFe film

deposition Lift-off Result

Fig. 2. (Color online) Photolithography and lift-off process for
patterning the magnetic pathway.
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Fig. 3. (Color online) Experimental setup for bead placement,
including a rotating external magnetic field, the fluid cell con-
taining the patterned sample, and an optical microscope con-
nected to a CCD camera to study the magnetic bead
movement on the NiFe elliptical pathways.

cm® was fabricated using polydimethylsiloxane (PDMS)
to keep the solution on the silicon substrate, and covered
with a glass slide. A system for injecting the diluted
magnetic beads solution into the fluidic cell was arranged
by tubing the inlet and outlet of the fluidic cell. A weak
flow of the suspension was used to trap magnetic beads
near the elliptical elements. The motion of the magnetic
beads on the pathways was observed through an optical
microscope connected with a computer, as shown in Fig. 3.

3.3. Rotating magnetic field for magnetic force

The driving force for the magnetic bead motion on an
elliptical pathway was achieved by the rotational mag-
netic field. The rotating magnetic field was produced by
ferrite core solenoids which were arranged along mutual-
ly orthogonal axes (x-y) with respect to the wafer surface,
as shown in Fig. 4. Two current sources were controlled
by Labview software to supply sinusoidal waveforms to
each solenoid coil. The current sources along the ortho-
gonal axes were adjusted to have a 90° phase difference,
as H.=i cos(wt) and H,=j sin(w?), in order to gene-
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Fig. 4. (Color online) Block diagram of rotating magnetic
field system with integrated x-y ferrite core solenoids.

rate a rotating magnetic field in the x-y plane. The
maximum field of 7.9 kAm™' can be obtained by applying
2 A of current to each of the ferrite core solenoids [12].

4. Results and Discussion

4.1. Directional magnetization of elliptical elements

As stated in section II, the trans-moving actuation of
magnetic bead carriers is dependent on the direction of
magnetization of the elliptical element. The inset of Fig.
5(a) shows the lithographically patterned NiFe (9 pm x 4
pm x 0.1 um) ellipse elements for measuring the di-
rectional magnetization, of which the dimensions are the
same as those of the pathway element. For the maximum
magnetic field ranges of +3,000 Oe, and + 100 Oe,
respectively, Fig. 5(a), (b) show the normalized magneti-
zation of the patterns measured along the long and short
axis directions by vibrating sample magnetometer (VSM).
The saturation field is ~5 Oe for a 0.1 um thick thin film,
as shown in Fig. 5(c). However, the saturation fields in
the long and short axis directions are 500 Oe and 2000
Oe, respectively, due to a smaller demagnetization factor
in the long axis direction than that of the short axis
direction. It is clearly evident that the magnetization in
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Fig. 5. (Color online) Magnetization curves of the elements measured in the long and short axis directions. Inset: lithographically
patterned NiFe ellipse elements (9 pm % 4 pm x 0.1 pm) for the applied field ranges of + 3,000 Oe (a), and £ 100 Oe (b); (c) mag-

netization curve for 0.1 pm thick thin film.
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the long axis direction in larger than that in the short axis
direction for an applied field <1,000 Oe. With larger
magnetization in the long axis direction, it is noted that
the carrier bead in element A in Fig. 1(b) will trans-move
to element B by considering the force between elements
A and B via equation (2).

4.2. Actuation of carrier along stepping stone elements

Fig. 6 shows the discretely arranged elliptical pathways.
When an external magnetic field (~100 Oe) is applied, the
superparamagnetic beads will be magnetized partially and
attracted to the fully saturated poles of the NiFe elements,
where stronger stray fields will be produced in alignment
with their long axes and weaker stray fields with their
short axes.

As shown in Fig. 6(a-f), we have demonstrated the
motion of magnetic beads (Dynabead®M 280) of size 2.8
um [18] on the patterned NiFe elliptical pathways. The
inhomogeneous stray magnetic fields will govern the
motion of the magnetic bead along the elliptical magnetic
pathways. When rotating the magnetic field in the clock-
wise direction, the magnetic bead moves around the peri-
meter of the NiFe ellipses and jumps from one ellipse to
another.

4.3. Linear transport of chain of magnetic beads

We demonstrated the linear transport of a chain of mag-
netic beads using elliptical magnetic pathways as shown
in Fig. 6(a-f). For this experiment, we firstly prepared a
chain of magnetic beads by applying an external magnetic
field to the diluted magnetic bead solution. When a high
magnetic field is applied, the superparamagnetic magnetic
beads get attracted to each other due to dipolar inter-
actions between the magnetic beads and form a chain of
magnetic beads. Later, we injected the chain of beads into
the fluidic channel under a magnetic field containing

Fig. 6. (Color online) (a-f) Magnetic beads jump from one
ellipse to another as the external magnetic field rotates in the
clock wise direction.
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Fig. 7. (Color online) (a-f) Linear transport of a chain of mag-
netic beads with respect to the external rotating magnetic
field.

elliptical magnetic patterned pathways. The chains of mag-
netic beads are attracted immediately to the saturated
poles of the magnetic elliptical elements. The linear trans-
port of the chain of magnetic beads was observed through
an optical microscope by rotating the external magnetic
field in the clockwise direction. As show in Fig. 7(a-f) the
chain of magnetic beads jumps from one ellipse to another
ellipse along the pathway as the external magnetic field
rotates in the clockwise direction.

5. Conclusion

We have successfully designed, fabricated and demon-
strated a novel micro-system for the magnetic actuation of
biomolecule carriers of superparamagnetic micro beads
(Dynabead®M 280) on discretely patterned soft magnetic
elliptical magnetic pathways. Lithographically patterned
soft NiFe ellipses (9 um x 4 uym x 0.1 pm) are arranged
sequentially orthogonal to each other as pathways for the
transport of magnetic beads. The magnetization curve of
the ellipsoid (9 um % 4 pm x 0.1 um) elements with
respect to the long and short axis of the ellipse is mea-
sured and it is found that the magnetization in long axis
direction is larger than that in the short axis direction for
an applied field of <1,000 Oe, causing a force which
drives the movement of carriers from one element to
another. The generation of inhomogeneous stray fields on
the magnetic pathway governs the motion of the magnetic
beads with respect to the rotating magnetic field. Also, we
have demonstrated linear transport of a chain of magnetic
beads on the elliptical pathways, which can be a useful
technique for the translocation of biomolecule carriers
with a high aspect ratio. The versatility in the design of
magnetic pathways safeguards a precision control of the
magnetic beads with respect to the external rotating
magnetic fields. This system provides a new platform for
future biomolecule separation and manipulation by using
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magnetic beads on a single chip.
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