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Magnetic beads play an important role in the miniaturization of clinical diagnostics systems. In lab-on-
chip platforms, beads can be made to link to a target species and can then be used for the manipulation
and detection of this species. Current bead actuation systems utilize complex on-chip coil systems that
offer low field strengths and little versatility. We demonstrate a novel system based on an external rotat-
ing magnetic field and on-chip soft-magnetic structures to focus the field locally. These structures were
designed and optimized using finite element simulations in order to create a number of local flux density
maxima. These maxima, to which the magnetic beads are attracted, move over the chip surface in a con-
tinuous way together with the rotation of the external field, resulting in a mechanism similar to that of a
conveyor belt. A prototype was fabricated using PDMS molding techniques mixed with iron powder for
the magnetic structures. In the subsequent experiments, a quadrupole electromagnet was used to create
the rotating external field. We observed that beads formed agglomerates that rolled over the chip surface,
just above the magnetic structures. Field rotation frequencies between 0.1-50 Hz were tested resulting in
magnetic bead speeds of over 1 mm s for the highest frequency. With this, we have shown that our
novel concept works, combining a simple design and simple operation with a powerful and versatile
method for bead actuation. This makes it a promising method for further research and utilization in lab-
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1 Introduction

Magnetic beads play an important role in the miniaturization
of clinical diagnostics systems. In lab-on-chip platforms,
beads can be made to link to a target species and can then be
used for the manipulation and/or detection of this target.
Current manipulation techniques include for example: target
immobilization, mixing, separation and transport.™

Some of these techniques rely on an external magnetic
field. These use large permanent magnets or coils to manipu-
late beads in a microfluidic environment.>*® However, this
makes it difficult to create high field gradients which are re-
quired to create a force on a paramagnetic bead.” Another
disadvantage is the difficulty to address and distinguish be-
tween several different magnetic functions within one chip.

Local control on the micro-scale can be achieved by using
integrated micro-coils with a typical diameter in the order of
10-100 um.*® Due to their small size and close proximity to
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the microfluidic channel, the field gradient is relatively large.
Drawbacks of this approach are a more complex chip-design
and a lower field strength because this is limited by the cur-
rent through the micro-coils. The current induces Joule
heating which can be a biocompatibility issue."®

To create both a large field strength and a large field gra-
dient, the two methods can be combined. A macroscopic
magnetic field can be used to generate a strong field that
magnetizes the beads. A microscopic field can then be used
to create a local field gradient that determines the location
and direction of the force on the beads. The local field can
be created using micro-coils but a more simple solution is to
use soft-magnetic structures. When placed in an external
field, they focus the field lines and thus increase the local
field strength and field gradient. By careful design of these
soft-magnetic structures, local bead manipulation is possible
by controlling the external field."***

Making a paramagnetic bead move in different directions
is difficult because in general it is only possible to apply at-
tractive forces with a magnet.” The bead will move toward
the magnet and stop when it hits the surface. To keep the
bead moving, one needs to move the magnet. Several exam-
ples of this method exist, but they rely on large moving
magnets5’15’16'

Alternatively, multiple micro-coils can be used in a
stepping stone fashion where the beads “jump” from coil to
coil. This however, requires a complex coil design and
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current control scheme.®'” By smart use of anisotropy effects
in soft-magnetic structures, a similar stepping stone behavior
can be achieved with a rotating external field."®*° A problem
with this non-continuous method is that the beads have to
“jump” across gaps. The length of this gap is critical. When
the gap is too large, the beads will not move. When it is too
small, the speed is limited and there can be crosstalk be-
tween adjacent structures.

We demonstrate a novel continuous bead actuation
method that uses an array of carefully designed soft-
magnetic structures. The beads are attracted toward the local
field gradient maximum of each soft-magnetic structure. By
rotating the external field, this maximum moves along the
channel wall, pulling the beads along, similar to a conveyor
belt. Because we use a rotating field, we also expect to see ro-
tating chains of beads due to a magnetic torque acting on
the chains.”* When this happens in close proximity to a solid
surface and with a force that pushes the chains toward the
wall, the bead chains will start to roll across the surface.?™>*
These two mechanisms can work in tandem to offer a very
simple, robust and reversible actuation method. The main
advantages with respect to existing methods are that no mov-
ing magnets and no discrete control scheme are required
while keeping the fabrication very simple. At the same time,
the method is bio-orthogonal, using a purely magnetic signal,
there is no heating and no electrical field that could cause
ionization.

In this work, both numerical and experimental tech-
niques were used to verify the actuation method. First, finite
element simulations were used to find the critical geometri-
cal parameters and to optimize them. We then proceeded
with the fabrication of a prototype using PDMS molding
techniques. We experimentally tested the actuation method
in a setup with a rotating field. Here, bead agglomerates
reached speeds of over 1 mm s™* while rolling over the solid
surface. This is a promising result which opens up the way
to a range of new ideas, as discussed in the final part of this

paper.

2 Theory

2.1 Concept

Our magnetic bead actuation method uses an external rotat-
ing field in combination with local soft-magnetic structures.
Using careful design of these structures, the magnitude and
direction of the forces on a super-paramagnetic bead can be
tuned. In Fig. 1 a schematic representation is given of the
magnetic mushroom-shaped structures that were used in
this work.

The soft-magnetic structures have high magnetic perme-
ability and low hysteresis. These allow a uniform external
field to be focussed locally. To generate a force on a super-
paramagnetic bead, a flux density gradient must be present.
The force vector scales linearly with VB> where B is the mag-
netic flux density.® This means that magnetic beads will be
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Fig. 1 Schematic of an array of soft-magnetic mushroom-shaped
structures underneath a solid wall. It shows the different parameters
that were changed in the simulations to optimize the geometry.

attracted to the north and south poles of each individual
structure.

When the external field is aligned with the stem of the
mushroom (¢ = 0°), the north and south poles will be the
top of the hat and the end of the stem of the mushroom
structure. When the external field is orthogonal to the stem
(8 = 90°), the sides of the hat will be the north and south
pole. When the field is rotating, one of the poles will travel
over the circumference of the mushroom hat. This means
that the point of attraction for magnetic beads will also
move over the hat. Because the bead movement is restricted
by the solid surface, the effective point of attraction will
travel over this surface in a straight line. With multiple
mushroom structures in an row, the point of attraction will
move from structure to structure in a continuous way. This
gives rise to a behavior similar to a conveyor belt or to peri-
staltic motion.

When the stem of the mushroom is made very long, it
makes the structure shape anisotropic. This means it has a
preferred magnetization direction. Similarly, when multiple
structures are placed next to each other, this makes the total
geometry shape anisotropic. By tuning the stem length to the
array length, the total shape-anisotropy can be controlled.

2.2 Actuation mechanisms

When placed in an external field, the force Fj, ,, on a single
magnetic bead may be calculated with:®

v
L (1)
’ 2u,

Here, the bead is modeled as a point-dipole with a mag-
netization depending on the local flux density B, the bead
volume V4, and its effective susceptibility yp s, fo is the per-
meability of free space with a value of g, = 47 x 1077 NA™%,
The effective susceptibility depends on the specific magnetic
bead that is used and should be determined experimentally,
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for instance using a vibrating sample magnetometer (VSM).
Independent of the exact beads that will be used, the force
scales with VB>, This means a field gradient must be pres-
ent and the bead will be attracted toward the location of
highest flux density.

A spherical super-paramagnetic bead has no shape-
anisotropy and thus the external rotating field will not im-
pose a torque upon a single bead. However, on clusters
consisting of 2 beads or more, a magnetic torque can be pres-
ent. Consider, for example the case when 2 beads are placed
in an external field B in close proximity to each other. These
beads will have a force acting between them:**

F,

r

3u,\m §
=%(3cosz(a)—l) (2)

‘Fe‘=

2
%sin(%{) 3)

Here, F, and Fy are the radial and tangential force on a
bead respectively (see Fig. 2 for definitions), m,, is the mag-
netic moment of a bead, r is the distance between the beads
and o the angle the external field makes with the line
connecting the two beads. In our situation, the external field
is relatively mild, so there is no magnetic saturation and the
magnetization my, can be calculated with:

|4
m, = Xoeit”b B (4)

Hy

Because the force on both beads will be equal, but in op-
posing direction, the net force will be zero. However a non-
zero torque T will still remain that tends to align the beads
with the external field, which equals:

2 VZ
|T|=r|F,|= %|B|lsin(2a) (5)
T

I
B

ex

E

Fig. 2 Definition of the forces between 2 dipoles in an external field.
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This means that the torque on an agglomerate will scale
with B>, Therefore, the final geometry optimization strategy
was to maximize B> to get maximum torque and VB for the
maximum force.

2.3 Parameter optimization

The goal was to have a high yet constant bead velocity along
the wall. Therefore, the geometry was optimized for the max-
imum translational and rotational motion that was equal for
all field orientations. As the force and torque depend on
VB® and B?, we used the finite element method to simulate
the magnetic field. For this, we used the “Magnetic Field,
No Currents” module in Comsol Multiphysics 5.2 which
solves for the magnetic scalar potential. From this, the local
B and H fields can be obtained in order to predict magnetic
bead behavior. 2D Simulations were performed to optimize
the in-plane geometry. 3D Simulations were performed to in-
vestigate the out-of-plane behavior and to confirm the valid-
ity of the simplifications in the 2D case. Because no signifi-
cant differences between the 2D and 3D simulations were
found, we will focus on the 2D simulation results in this
work. The flux density B was prescribed on all external
boundaries with:

sin (@)
cos(0) (6)
0

¥

BX
B=|B,|=B,
BZ

Here B, is the external flux density magnitude and @ is
the angle of the field rotation in the xy-plane. The magnetic
scalar potential was prescribed in a single point to act as a
zero point reference. The non-magnetic materials were
modeled with a relative permeability of s, = 1. Because rela-
tively low field strengths were used, magnetic saturation was
not taken in account and a linear relation between the B and
H field was used:

B = pop,H 7)

Here, H is the magnetic field. At the locations of interest,
the cell size was 1 pm, for more detail, see Fig. 10 in the
appendix.

The motion of magnetic beads in the calculated magnetic
field can be simulated explicitly, by placing the beads in the
computational domain shown in Fig. 1 and modeling the
net force on the beads by integrating the magnetic traction
(computed using the Maxwell stress tensor) on the bead sur-
face, according to the method introduced by Kang et al*
However this approach is computationally expensive, and for
the purpose of this research, a good estimation will already
be sufficient. Therefore we limited ourselves to estimating
the forces and torques on the particles by calculating B> and
VB?.

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Simulation results for 3 different external field orientations. The
magnetization (only inside the mushroom structures) is given in blue
while the magnitude of the VB? parameter is given in red/yellow. As
can be seen by the black arrows that give the direction of the
magnetic force on a dipole, the point of attraction travels with the
rotating field as predicted.
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All the different geometrical parameters were changed in-
dependently to see influence they had on the B and VB” pa-
rameters. As a reference, we used an external field of |B| =
14 mT and a relative permeability for the magnetic struc-
tures of g, = 100.>° The reference geometry had diameter d =
100 pm, number of mushroom structures n = 7, stem length
[ = 200 um, stem width w = 10 um, curvature radius ¢ = 2
pm and pitch p = 125 um. The wall thickness & (see Fig. 1
for definitions) was varied by investigating the parameters at
different proximities ranging from 5-200 pm. Also, 3 differ-
ent external field orientations were investigated: § = 0°, 45°
and 90°. The results of one such simulation can be seen in
Fig. 3.

A qualitative overview of the influence of the different
parameters on B and VB® is given in Table 1. More de-
tailed simulation results on which this qualitative over-
view is based, can be found in the appendix (Fig. 11 and
12).

Looking at the influence of the different parameters,
we can see that increasing the external field strength Bey
has a positive influence on both B and VB> for all field
orientations # and proximities h, therefore, it should be
as high as possible. Increasing the relative permeability u,
only has an influence up until 200. For both B and VB®
the influence is positive, except at proximities of 7 > 50
um for non-zero field orientations. The scale, represented
by the mushroom structure diameter d, has a strong posi-
tive correlation with both B and VB? except for the VB>
parameter at close proximities which shows an optimal
scale. It must be noted here that the proximities were not
scaled together with the mushroom diameter. It does appear
though, that for a certain scale d there exists an optimum

Table 1 Qualitative comparison of the simulation results where the dependence of B and VB? on different parameters (left column) was tested. Two
different values for the proximity h of the beads to the top of the mushroom structure are given. The [+] and [-] symbols represent a positive and nega-
tive dependency respectively, [!] indicates there is a local maximum, [0] means there is no correlation and the [*] indicates an asymptote where the influ-
ence goes to zero as the parameter increases. Double symbols indicate a strong dependency while single symbols indicate a weak dependency. Each
dependency was tested at 3 different external field orientations (red arrow) and at 2 different proximities (blue dots)

n ¥ ¥ _¥* x| %
e -+ [+ |
wstem + + + O -
c ©F O NG o =
p =+ o e+

*I4+* o [+* +*[4+* O

el O (0) (0] (0] (0)
_ e o [ [y
o|- o|- —-|- o
++ 0+ 4 0

This journal is © The Royal Society of Chemistry 2017

Lab Chip, 2017, 17, 3826-3840 | 3829


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c7lc00718c

Open Access Article. Published on 06 October 2017. Downloaded on 7/25/2025 2:34:13 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

excimer laser
ablation

polycarbonate
substrate

PDMS cast 2

filling with
iron particles

PDMS molding 3 PDMS cast 3

-

PDMS molding 1

View Article Online

Lab on a Chip

de-molding PDMS cast 1

\*

de-molding

cutting

Fig. 4 Schematic representation of all the steps in the fabrication process.

proximity or wall thickness. Increasing the number of mush-
room structures n has a positive influence for § = 90° but a
negative influence for # = 0°. The influence of the stem
length e and to slightly lesser extent the stem width Wgiem
has exactly the opposite behavior. This makes these three
parameters ideal to tune the force and torque on beads for
different field orientations. The curvature ¢ has very little in-
fluence for most situations. The pitch p has a positive corre-
lation for a few field orientation/proximity situations, but it
also shows an optimum for many other situations. The opti-
mum appears to lie at a p:d ratio between 1.1-1.3.

The final geometry was chosen based on these simula-
tion results and the fabrication limitations. The latter put
restrictions on the minimum feature size that could be
used as is discussed in the next section. These parameters
were different from the reference values that were used in
the simulations. The final parameter values that were used
for fabrication as well as the simulation reference values
can be found in the detailed simulation results in the
appendix.

3 Materials and experimental setup
3.1 Chip fabrication

Soft-lithography of PDMS mixed with iron particles was used
for making the chips with soft-magnetic structures that were
used in the experiments. For fabrication of the soft-
magnetic structures, usually electroplated ferromagnetic ma-
terials like iron and nickel are used because of their high

3830 | Lab Chip, 2017, 17, 3826-3840
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magnetic permeability. However, electroplating requires a
current carrying layer during the fabrication process which
complicates the design. Additionally, it can be difficult to
obtain a homogeneous thickness with this method."* There-
fore, we used soft-lithography which is a simpler method
where magnetic particles are molded after mixing them with
a polymer resin.>”?®

A schematic representation of the fabrication steps is
given in Fig. 4. The first step was to make the mold
using excimer laser ablation in a 750 pum thick polycar-
bonate substrate (Sabic Lexan™ film). An Optec Micro-
master KrF laser operating at 247 nm was used for the
ablation. The laser has a top-hat profile that can be
shaped using a mask. To create the mushroom structures,
a rectangular mask was used for the stem and a semicir-
cular mask for the hat. The depth of the structures was
set to approximately 50 pum.

After cleaning the polycarbonate mold with isopropanol, it
was used for PDMS molding. The PDMS resin (Sylgard 184)
and curing agent were mixed in a 10:1 ratio using a Thinky
Are-250 mixer. After degassing, it was poured over the poly-
carbonate mold and degassed again in a vacuum desiccator.
After an overnight bake at 65 °C, the crosslinked PDMS was
peeled off the mold manually using tweezers. This molding
step was used as an additional cleaning step. After 3 repeti-
tions, both the cast and the mold were free from ablation
debris.

Because the PDMS cast was going to be used as a mold for
the next step, it had to be silanized to prevent cross-linking
between the cast and mold and to decrease friction during

This journal is © The Royal Society of Chemistry 2017
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the release step.>® The surface of the PDMS cast was first acti-
vated using a corona discharge (Tantec SpotTEC). Next 100 pl
of 1H,1H,2H,2H-perfluorodecyltriethoxysilane was mixed with
1 ml of alcohol and applied on the activated PDMS surface.
After 5 minutes, it was rinsed in alcohol and baked at 65 °C
for 1 hour.

The silanized PDMS cast was now ready to be used as a
mold. The same procedure as mentioned before was used
for the PDMS mixing, de-gassing, pouring, baking and de-
molding. The new PDMS cast had the same geometry as the
original polycarbonate mold with hollow mushroom
structures.

Next, an abundance of carbonyl iron particles was mixed
with a small drop of pre-mixed PDMS resin. The resulting
paste-like substance was applied over the mushroom struc-
tures in the PDMS cast. The cast with the iron particles was
then placed in a vacuum desiccator to ensure that the iron
particles moved into the mushroom-shaped cavities and no
air-bubbles remained. Then a razorblade edge was pulled
over the cast to get rid of excess iron particles. The cast
was then baked for 15 minutes at 65 °C to fixate the iron
particles. Then an additional amount of PDMS resin (with-
out Fe particles) was poured over the cast to fully cover the
mushroom structures. After another overnight bake, the
new PDMS cross-linked with the cast to form a single piece
of PDMS with included magnetic structures.

Using a custom made mechanical guiding system and a
razorblade, the PDMS chips were cut from the cast. This
was done under a stereo-microscope for better accuracy. The
final cut had to be made very close to the mushroom struc-
tures to minimize the wall thickness. For this, the guide was
used to set the angle between the blade and the horizontal
to approximately 70°. This angle was used to make observa-
tion from above with a microscope more convenient. If the
wall would be straight, it would be fully orthogonal to the
microscope's plane of focus and its surface would be
unobservable. With the concave side-wall, the wall surface
could be observed while focussing on the beads' plane of
motion. Because the mushroom structures were also slightly
concave due to the ablation process, the wall thickness was
roughly constant over the height of the mushroom
structures.

The roughness that resulted from the cut was in the order
of the bead size: 1-5 um. To reduce it, a drop of PDMS resin
was placed onto the surface which was then placed onto a
polycarbonate substrate. It was pressed down to minimize
the thickness of the additional layer. After baking, the chips
were released with tweezers, resulting in an optically clear
surface.

The final geometry that was used in the experiment is
as follows. With our fabrication method, a wall thickness
of 20 pm was obtained. Using the parameter optimization
from the simulations, the optimal mushroom diameter for
this wall thickness was 100 pm with a pitch of 120 pm.
The minimum stem width that resulted in a correctly
molded structure was 15 pm. Stem lengths were varied be-

This journal is © The Royal Society of Chemistry 2017
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tween 100-300 pum. For the experiments described in this
work, a geometry was used with stem width 15 um and
stem length 250 um. The iron powder has a relative perme-
ability of around 20.*° The number of mushroom structures n
was 19. The total length of the mushroom array was therefore
2.3 mm. All the used values are also depicted in the simulation
results in the appendix. A photo of the finished chip can be
seen in Fig. 5(b).

3.2 Setup and experimental protocol

In the experiments, an existing octopole setup®’ (see
Fig. 5(a)) was used to create the external rotating magnetic
field. This was done by controlling the current through the
coils. Because the rotation was in the horizontal plane, only
4 poles were required. The rotational frequency f was varied
between 0.1-50 Hz. The flux density of a single pole was
varied between 1.4-14 mT. This resulted in a maximum
flux density of 30 mT in the central area when opposite
poles were working in tandem. Super-paramagnetic beads
with a diameter of 2.8 um (Dynabeads M-270 carboxylic
acid) were suspended in water inside a circular container
that also held the chip with the magnetic structures. The
beads were suspended in de-ionized water with a concen-
tration of 2 x 10® ml™". This concentration was fairly high

(b)

Fig. 5 (a) - The octopole setup with 4 out of 8 magnetic poles
installed, the coils are located below the orange tape. In the center is a
reservoir that holds the chip. (b) - The finished chip with 19 mushroom
structures held between tweezers.
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in order to quickly get formation of agglomerates. Bead
movement was observed using an optical microscope and a
camera that recorded at a 640 x 480 resolution in grayscale
at a framerate of 30 Hz.

In the experiment, after injecting the suspended beads
into the container, the field was turned on and aligned with
the mushroom stems. This caused the beads to form up into
chains aligned with the external field. Beads that were within
approximately 500 pm of the mushroom structures were
attracted toward these structures. After 1 minute at t,, the
field rotation was turned on and the actual experiment was
started.

4 Results and discussion
4.1 Experiment observations

In the experiments, different rotational frequencies were
tested. Frames from the captured videos can be found in
Fig. 6. The actual videos from the experiments can be found
in the ESIj Typically, during an experiment, free floating
beads formed up into chains that rotated in phase with the
external field. Beads on the chip surface formed agglomerates
of different shapes and sizes. These agglomerates also
followed the rotation of the external field which caused them
to roll over the chip surface. The rotation and horizontal mo-
tion would stop immediately when the field rotation was
turned off. Also, when the rotation was reversed, the agglom-
erates would likewise reverse their rotation and direction of
motion.

At low frequencies (<0.5 Hz), sometimes rolling ag-
glomerates were observed to make a small jump. This oc-
curred both in the forward and in the backward direction.
At higher frequencies, this was not observed. At higher
frequencies (=10 Hz), large agglomerates created vortices
that dragged along smaller agglomerates, especially at the
start of the experiment when many agglomerates were
present. The agglomerates frequently changed shape by
splitting up into smaller agglomerates or recombining into
larger ones.

In order to quantify the bead transportation characteris-
tics, the apparent agglomerate circumference was compared
to the lateral motion. Using the recorded video frames, two
points in time were chosen from which the agglomerate po-
sition, length and width were manually obtained. Care was
taken to select a time interval over which there was a signifi-
cant and uninterrupted motion of the agglomerate. The ve-
locity was then calculated by dividing the lateral movement
by the time difference. The circumference of the agglomer-
ate C, was obtained using a Ramanujan approximation of
the circumference of an ellipse:

C, = 2(3(@ )= 3l ) (1, +3w,) 8)

The values for [, and w, were obtained from the
average agglomerate length and width over the two

3832 | Lab Chip, 2017, 17, 3826-3840
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Fig. 6 Captured video frames from an experiment, the external field is
turned on at t = O s, rotating at 10 Hz. Agglomerates form and start to
roll over the surface, the yellow contour shows the position of 3
agglomerates in the first frame (a). The movement of these
agglomerates can be seen in the subsequent frames (b-e). The
complete video files can be found in the ESI.}

points in time. The agglomerates ranged in diameter be-
tween 20-240 pum. Smaller agglomerates were observed,
but they did not move long distances. Instead they
tended to stick to the substrate surface or they merged
with other agglomerates.

As can be seen in Fig. 7, the agglomerates moved faster
at higher frequencies, reaching speeds of up to 1 mm s™*
at 50 Hz. In this case, the total length of the array which

This journal is © The Royal Society of Chemistry 2017
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was 2.3 mm was covered in approximately 2.1 s. We pre-
dicted 2 different mechanisms by which the beads could
be moved over the surface (see section 2). The first one
was the field gradient causing a force on a dipole (eqn
(1)). For each half field rotation, the point of attraction
would move from one mushroom structure to the next.
Therefore, the agglomerate would move over the chip sur-
face with a velocity of 2 times the mushroom structure
pitch times the field rotation frequency: v, = 2 pf. This ef-
fect is independent of agglomerate size, as long as the vis-
cous drag on the agglomerates is sufficiently low, which
we assume here. The prediction of this mechanism is
depicted in Fig. 7 by the horizontal lines at 25, 125 and
500 um s ' for 0.1, 0.5 and 2 Hz respectively. The predic-
tions for higher frequencies fall outside the graph. Only a
few cases are close to this prediction and only for the
lower frequencies of <0.5 Hz.

The maximum velocity of a bead due to the magnetic gra-
dient can be calculated by comparing the magnetic force
(eqn (1)) to the drag force using Stoke's law for a sphere mov-
ing through a fluid:

Fb,d = 6myrbvb (9)

Here, Fy, 4 is the drag force on a bead, 7 is the dynamic vis-
cosity of the surrounding liquid (equal to 10~ Pa s for water
at room temperature), 1}, is the bead radius and vy, is the bead
velocity. From our simulations, we can estimate that VB> = 2
T> m™ in close proximity to the wall. For spherical beads
with a 2.8 um diameter, the volume is V}, = 4/3n° = 11.5 pm.
In previous work,** the effective susceptibility of similar
beads was measured to be yp ¢ = 1.52. After plugging in all
values we get a maximum magnetic force of 13.9 x 107> N
resulting in a maximum velocity of 0.5 mm s'. Because we
observed bead velocities up to 1 mm s~ and because our pre-
dicted velocity for a field rotation of 0.5 Hz does not match,
another mechanism must play a role.

The second mechanism was that the rotating field
would impose a torque on the agglomerates, causing them
to roll over the chip surface. If this torque is large
enough, the agglomerate rotational frequency will be the
same as that of the external field. In this case the lateral
velocity should be equal to the agglomerate circumference
times the frequency of rotation: v, = C,f. These predic-
tions have also been plotted in Fig. 7 and it can be
clearly seen that for f = 0.1 Hz and f = 0.5 Hz, almost all
the experimental results coincide with this prediction.
From this, it can be concluded that for frequencies of
<0.5 Hz, the agglomerates rotated at the same frequency
as the external field. For higher frequencies of 10 Hz and
above, even though it was not directly observed due to
limitations in the camera frame rate, the results suggest
that the agglomerates rotated at a lower frequency than
the external field.

Looking at the length to width ratio of the agglomer-
ates in Fig. 7(b), it can be seen that they all fall within

3834 | Lab Chip, 2017, 17, 3826-3840

View Article Online

Lab on a Chip

1:1.25 and 1:3. In order to understand why the agglom-
erates had this range of aspect ratio and why they could
follow the rotational frequency of the external field only
up to 0.5 Hz, additional simulations on the agglomerate
torque were performed, the results of which are discussed
subsection 4.2.

It should be noted, that not all beads were always mo-
bile. Some beads stopped and started moving again several
times. After 1 minute, a layer of immobilized beads could
be seen on the surface. The beads could be removed by rins-
ing the surface after the experiment. It is unclear whether
this is a magnetic or chemical effect. It could be the case
that the beads adhere well to PDMS surface of the chip. Al-
ternatively, the local magnetic field could be such that it
only attracts the beads at certain locations, effectively trap-
ping them. Possible causes for this effect could be the
roughness of the fabricated magnetic structures or the influ-
ence of the beads on the local magnetic field which was not
implemented in the simulations. However, we do not believe
that this is the case because we observe a uniform layer of
immobile beads. If it was indeed a chemical effect, a way to
solve this would be to coat the PDMS surface with a bead-
repelling material. The beads themselves have a dispersive
coating, so the same coating potentially could be used on
the chip surface. Another solution might be to use non-
spherical beads. If for instance ellipsoidal beads are used,
the individual beads will be subject to a torque due to their
shape-anisotropy, which makes them less likely to become
immobile.

4.2 Agglomerate torque

The resulting torque on an agglomerate from dipole inter-
actions can be calculated using eqn (2), (3) and (4). This
was done by prescribing a roughly elliptical shape with a
hexagonal packing structure for the agglomerates. For
spherical beads with a 2.8 um diameter, the volume is V;
= 4/3nr* = 11.5 um. In previous work,*” the effective sus-
ceptibility of similar beads was measured to be yperr =
1.52. Using a flux density of |B| = 30 mT which was the
maximum for our setup, eqn (4) then yields a magnetic
moment of my, = 4.17 x 107> Am? for each bead. We then
calculated the interaction between each possible bead-to-
bead combination. Summing up all interactions, gave the
total force on each bead F,. Fig. 8 gives the result of
such a calculation. The total torque with respect to the
agglomerate center T, was calculated by summation over
all the beads.

T,=%r xF, (10)

b=1

Here 1 is position vector of the bead with respect to the
agglomerate center and F, is the total force acting on the
bead due to dipole interaction.

This journal is © The Royal Society of Chemistry 2017
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axis and the external field.

In Fig. 8 it can be seen that the particles in the outermost
layer have a large resulting force compared to the inner parti-
cles. This is because there is an r* dependency (see eqn (2)
and (3)) so only the neighbouring beads have a significant in-
fluence. Beads that are surrounded by 6 neighbours are
pulled in all directions equally because of symmetry. But
beads on the edge of the agglomerate are not in a symmetri-
cal position. This behavior can be compared to the surface
tension of drop and an additional effect is that it keeps the
agglomerate together in a stable way.
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For circular agglomerates with a hexagonal packing
structure, the resulting torque was zero. However, for el-
liptical shapes, the torque was non-zero, this shows that
a shape-anisotropy is required to generate a torque. This
explains why no moving circular agglomerates were ob-
served in the experiments. The maximum torque is
reached when the misalignment between the external field
and the long axis is 45° and the long axis of the agglom-
erate will tend to align with the external field. Because
the torque increases with misalignment, a stable rotation
can be obtained if the external field is rotated at suffi-
ciently low rotation frequency. At increasing frequency, an
increase in viscous torque will be balanced by an in-
creased phase-lag between the agglomerate main axis and
the external field orientation. When the phase-lag be-
comes greater than 45°, the agglomerate will no longer
be able to rotate at the same frequency as the magnetic
field.

In order to estimate this maximum rotational fre-
quency, the total viscous torque on different agglomerates
was estimated. For this, the agglomerates were modeled
as a single stable shape, not taking in account the shape
of individual beads and their interactions. This was done
using finite element simulations, performed with the lam-
inar flow module in Comsol Multiphysics 5.2. A hemi-
spherical domain was used with a symmetry boundary on
the plane of rotation. The agglomerate was modeled as
an elliptical disc with thickness equal to the bead diame-
ter. The edge was rounded with a curvature radius equal
to the bead radius. The rotation of the agglomerate was
modeled by prescribing the velocity on the agglomerate
surface.

[,=14pm
[,=25um
300 -
[,=42um
200 -
[,=70um
100 - [,=104pm
1,=171 Mm Ia=280“m
0 | |
0 100 200 300 400 500 600 700 800 900

Agglomerate circumference [um]

Fig. 9 Predictions of the maximum rotational frequency based on the magnetic torque due to dipole-dipole interaction and simulations of the
viscous drag on rotating agglomerates. Agglomerates with the same length are connected by black lines, their shape and size is depicted by the

red ellipses.
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The resulting total shear stress on the agglomerate sur-
face was then used to calculate the total torque acting on
the agglomerate due to viscous forces. This resulting
torque scales linearly with the rotational frequency. Using
this, the rotational frequency can be found, at which the
viscous torque equals the maximum magnetic torque for a
given agglomerate. Results for this maximum frequency
are plotted in Fig. 9. It must be noted here that this maxi-
mum frequency is only a rough estimate where we assume
that the agglomerate is stable. For the study of agglomer-
ate formation, stability and break-up, centrifugal forces,
bead-to-bead friction, bead-to-bead magnetic forces and vis-
cous forces on individual beads should be taken in
account.

Agglomerates with smaller length are able to follow
the rotation of the external field up to higher frequen-
cies. For an agglomerate with given length [,, the closer
it approaches a circular shape, the slower it will be able
to rotate. One reason is the reduction of shape-
anisotropy and hence the reduction in magnetic torque.
But also the viscous torque increases as the surface area
increases. For larger agglomerates, there exists an opti-
mum length-to-width ratio around 1:3. Higher length-to-
width ratios will result in a lower maximum rotational
frequency.

These results compare well to the experiments. The
most observed agglomerate aspect ratio was slightly lower
than 1:3, but this could be a stability effect which was
not taken in account in our simulations. The agglomerate
shape in the experiments was not a perfect elliptical disc.
At high frequencies, the viscous shear forces might be
high enough to deform or even break apart the agglomer-
ate. Also the presence of a nearby wall would increase the
viscous torque but this was not included in this analysis.
Looking at the maximum rotational frequency versus the
agglomerate size, it can be seen that smaller agglomerates
could follow the external field rotation up to higher fre-
quencies than the larger agglomerates. This is most clearly
seen in our experiments performed at 10 Hz and to a
smaller extent at 50 Hz. (see Fig. 7) The predicted maxi-
mum frequencies are higher than the experimentally ob-
served frequencies, but again, this is probably due to the
increased viscous effects from the wall that were not
taken into account in the calculations. Additionally, at
higher frequencies, the magnetic field strength will reduce
in our experimental setup as it takes a finite amount of
time for the poles to magnetize in response to the cur-

rent. This will cause the magnetic torque to be
overestimated for high frequencies. Still, we see a good
qualitative agreement between the experiments and
calculations.
4.3 Outlook

In this work, we have shown the basic operating principle
of how an external rotating field can be used in conjunc-
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tion with local soft-magnetic structures to linearly actuate
magnetic beads. We believe that this method can be used
in many lab-on-chip applications. When functionalized
magnetic beads are used, they can be used as carriers for
biological molecules. Our method can then be used to ar-
range transport between different sites that provide for
instance injection, mixing, reactions, detection and selec-
tion. This can be done without the need for fluidic
pumps.

In our case, an array length of 2.3 mm was used, but
in our setup, lengths up to 5 mm are possible and multi-
ple arrays can be stacked or placed side-by-side. Also a
larger setup is possible. The mechanism can easily be
used on curved walls or serpentine channels to cover a
larger area. Also channels that form loops or traps are
possible. Additionally, a mixing chamber could be
envisioned with rotating agglomerates in order to counter-
act long diffusion times. This could also work using non-
functionalized beads where the beads are used as a pump
to drive the fluid.

For our experiments, we used a rather complex
octopole setup. However, to create a rotating magnetic
field, a permanent magnet and a rotor suffice. This makes
the method feasible to be used outside of a laboratory en-
vironment, adding to the applicability of the method.

5 Conclusions

We have shown a new method for the actuation of ag-
glomerates of magnetic beads in a microfluidic environ-
ment, using an external rotating field. By careful design
of magnetic structures just below the surface of a micro-
fluidic chip, the local magnetic field will show a motion
that can be used to move magnetic beads similar to a
conveyer belt. We have parameterized the structures in or-
der to find the optimal geometry using finite element sim-
ulations. Our experiments correspond well with these sim-
ulations. Two regimes of operation were observed, at low
(<0.5 Hz) frequencies, the agglomerates rotate at the same
frequency as the external field and they roll over the sur-
face without slip. At higher frequencies (=10 Hz), the ag-
glomerate rotation was slower than the external field,
most probably due to viscous effects and interactions with
the wall. Still, transport velocities up to 1 mm s were
observed over a distance of 2.3 mm. With this we have
shown that the concept works and could be a potential
candidate for application in lab-on-chip applications. Fur-
thermore, we believe that our concept could be expanded
upon. Using smart design of the geometry, functions like
mixing or target selection could be possible using similar
magnetic structures and a rotating field.
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A Simulation mesh
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Fig. 10 Overview of the mesh that was used in the 2D simulations for a 13 mushroom array with mushroom hat diameter d = 100 um, the
smallest element size was 1 pum.
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B Simulation results
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Fig. 11 Results of all the 2D simulations for different field orientations and positions, part 1/2. The green vertical line denotes the value that was

used in the experiments, the dashed red line denotes the simulation reference value.
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Fig. 12 Results of all the 2D simulations for different field orientations and positions, part 2/2. The green vertical line denotes the value that was

used in the experiments, the dashed red line denotes the simulation reference value.
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