Finite Element Analysis on Induction-balance Magnetic MEMS Sensor
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Abstract: This paper reports a miniaturized magnetic sensor
using an induction-balance setup to detect pathogens or
antigens. An analysis is performed using the COMSOL®
Multiphysics simulation tool. This novel magnetic particle
biosensor consists of non-spiral planar microcoils arranged in
induction-balance set up to sense the magnetic particles. The
magnetic field lines of the coil are concentrated towards the
inner turns, which increases localized particle detection
sensitivity of the sensor. A comparison with the existing
microcoil configurations is also performed using the finite
element features provided by COMSOL. Power consumption is
lower than existing structures. The microcoil used is a non-
spiral planar microcoil and is similar to a set of parallel short-
circuited conductors. The particular field distribution in the
non-spiral microcoil helps to reduce magnetic flux leakage with
the neighboring components as well. The induction-balance
sensor geometry showcases better performance compared to
existing planar coil biosensor configurations.
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Introduction

The significance of portable biomedical instruments such as
Lab-on-chip (LoC) devices for point of care testing has
increased tremendously nowadays to detect biomolecules such
as pathogens, which cause dreadful diseases. The pathogen or
any other biomolecules to be detected is called a "target" of the
biosensor. In an immunomagnetic assay, a magnetically labeled
antibody interacts with the antigen of a pathogen or toxin under
detection.

The magnetic labels in biosensors are becoming more popular
due to the unique advantages of magnetic sensing techniques.
Planar microcoil based magnetic biosensors help to reduce the
physical dimensions of the system and improve the sensitivity.
The detection of magnetic microbeads is more straightforward,
as the test sample does not have any remnant magnetic field.
Hence, the magnetic microbeads should be non-remnant or
paramagnetic [1]. The beads do not affect the biological
interactions in the sample. Moreover, magnetic microbeads
won't disintegrate during the processing. Therefore, particle
stability is ensured [2, 3].

Biosensors based on magnetic phenomena using planar
microcoils can be easily integrated with a microfluidic chip. As
a result, the miniaturization of microsensor and improved
portability and sensitivity [1, 3]. Therefore, planar microcoil
based magnetic sensors are advantageous among the various
types of magnetic microsensors. The permanent magnets can be
avoided as the microcoil can be used as a source and detector
of a magnetic field. The works so far reported on planar
microcoil sensors are based on conventional planar spiral
microcoils [2, 4, 5].

Figure 1. Micrograph of spiral planar microcoil [5]

Figure 2. Micrograph of non-spiral planar microcoil

Planar microcoils are primarily categorized as spiral and non-
spiral microcoils [6]. In a conventional spiral microcoil shown
in Fig.1, as both contact pads are non-coplanar, a metal via is
required to connect the center turn to the contact lead. Non-
spiral planar microcoil possesses a structure similar to a set of
parallel short-circuited conductors leading to a low series
resistance of the coil. Non-spiral planar microcoil requires only
a single metal layer for microfabrication, as both contact leads
are coplanar. This reduced fabrication complexity of non-spiral
planar coil along with its lower series resistance, and thereby
low Joule heating losses makes non-spiral planar geometry a
better alternative over the conventional spiral type. The
particular field distribution in the non-spiral microcoil helps to
reduce magnetic flux leakage with the neighboring components
as well.

In this work, a finite element analysis of a novel magnetic
sensor is presented, which is performed using COMSOL
Multiphysics simulation software. This novel magnetic particle
biosensor consists of non-spiral planar microcoils arranged in
an induction-balance configuration to sense the magnetic
microparticles [6-8]. The magnetic field lines of the coil are
concentrated towards the inner coil turns, which increases



localized particle detection sensitivity of the sensor. A
comparison with the existing microcoil configurations is also
performed using the finite element features provided by
COMSOL.

Theory and Simulation Setup

A non-spiral planar microcoil, which is the primary component
used for the induction-balance sensor in this work, is simulated
first to study the magnetic field distribution within the coil. 2D
axisymmetric modeling of the coil is developed using
COMSOL, and the simulation domain is shown in Fig.3. Solid
rectangular cross-sections in Fig.3 correspond to the coil turns.
Coil based physics inside the AC/DC module is used for the
modeling, which is generally used to model and solve low-
frequency electromagnetic problems.
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Figure 3. 2D axisymmetric geometry of the non-spiral planar
microcoil

Non-spiral planar microcoil is selected as transmitting and
receiving coils for the induction-balance sensor. Two
transmitting planar microcoils (TX1 Coil and TX2 Coil) and
one receiving microcoil (RX Coil) are employed, as shown in
Fig.4 to achieve an induction-balance configuration. RX Coil is
positioned in such a way to attain primary field suppression in
RX Coil's region. By placing two concentric transmitting coils
in which exciting currents of equal magnitude flow in opposing
directions, a magnetic cavity is created in the region of the
receiving coil. RX coil with a radius, r is positioned at this
cavity region for better sensitivity of detection of the
microbeads. The design of the radius, », and details of
microfabrication and experimental characterization are
discussed in [6, 8].
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Figure 4. Micrograph of the magnetic sensor in induction balance
configuration

The geometrical parameters of the microcoil are listed in Table
1. Here N indicates the number of turns of the coil, w is the
width of the coil turn, g is the spacing between adjacent coil
turns, and 7; is the radius of the innermost turn.

Table 1: Geometrical parameters of the induction balance sensor

Coil name N | w(um)| g (um) r; (pm)
TX1 5 50 50 700
TX2 5 50 50 100
RX 1 30 - 20

Governing Equations and Simulation Methods
Magnetic field distribution in a non-spiral planar microcoil
takes the form of a Bessel function, as shown in Eq.1.

B, (r,@):Zaan (k.r)cos(n8) )
n=0
Here a, is an arbitrary constant, and J, is the n™ order Bessel
function.

The sensor geometry is built using 2D axisymmetric modeling
in the COMSOL® Multiphysics, as shown in Fig.5 and used to
perform finite element analysis of the sensor. AC/DC module
is used to performing this sensor simulations. Coil based
physics modules are inserted to model the characteristics of the
transmitting and receiving microcoils. The current applied to
the coils is always in the out-of-plane direction for 2D
axisymmetric modeling. Therefore, the capacitive (in-plane)
coupling is neglected for this type of model. A homogenized
multi-turn option is selected under the coil-based physics
module. The conduction current or the induced current is
assumed to flow only in the coil turns. The electrical
conductivity o is set to zero in the dielectric regions with no
induced current density.
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Figure 5. 2D axisymmetric modeling of the induction-balance
sensor

At boundaries between the microcoils and air media, the normal
component of the magnetic field (B:) and the tangential
component of the electric field (£,) are continuous. As E, is
continuous across the boundary and zero within the microcoil
conductors, E, is zero at the boundary. As the normal
component of magnetic field intensity vanishes within the
conductors, B:is zero at the boundary. Therefore, the tangential
electric field and normal magnetic field must be equal to zero
at the boundary.

A current, .o, is applied to the transmitting coils using the
"external current density" feature under the "magnetic field"
physics, resulting in an external current density. J. in the
direction of the coil turns as per Eq.2.

Jo = et )
Here N is the number of turns that are specified, and A4 is the
total cross-section area of the coil domain.

In the sensor characterization, ferromagnetic microparticles are
modeled as circular domains filled with Iron oxide material.
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The iron oxide material properties are taken from the Material
library feature available in COMSOL. The microparticles or
microbeads are shown as MP array in Fig.5. The permeability
of the particles is set to 6000. Aluminum is selected as the
material for the coil domains, whereas the surroundings are
filled with air.

Simulation Results and Discussion

A current of 10 mA is applied at a frequency of 10 kHz
considering biomedical sensing applications. Fine physics-
based meshing is applied to the geometry, as shown in Fig.6,
and the resulting field distribution is shown in Fig.7.
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Figuré 6. Schematic after meshing
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Figure 7. Magnetic flux distribution of non-spiral planar
microcoil with five number of turns

Figure 8. Magnetic flux density distribution in 3D view
The induced magnetic field is observed to be maximum at the
edge of the innermost turn, as shown in Fig.7. The field
gradually decreases towards outer turns due to the particular

current division in non-spiral planar microcoils, which is
different from the conventional spiral planar microcoils.

The magnetic field distribution in the sensor is simulated for an
input excitation direct current of 100 pA, which is shown in
Fig.8. The observed magnetic flux density is of the order of
micro Tesla at the interface of microparticle array and exciting
coils, as shown in Fig.8 and Fig.9. Magnetic beads near to the
inner coil turn of the transmitting coils are magnetized to higher
values than those near to the outer turns. The magnetization
acquired is of the order of 50 A/m, which is much lower than
the saturation level. Saturation levels are of the order of kA/m
for iron oxide microbeads [9].
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Figure 9. Magnetic flux density distribution along with the microbead-
coil interface

The current in the RX coil is simulated by applying a
microparticle solution over the coil surface. The applied
microparticle solution approximately contains ten iron oxide
microparticles. Input currents are varied from 10 pA to 500 pA,
and current in the RX coil is simulated for each case, as shown
in Fig. 10. The presence of microparticles is found to cause an
induced current at the RX coil. The magnetic microparticles
modulated the induced current by more than two orders of
magnitude.
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Figure 10. Induced current at the RX coil as a function of the
input currents

The performance comparison of various planar coil sensors
shown in Table 2 indicates that the proposed induction balance
sensor showcases a good detection sensitivity with a better limit



of detection and fabrication easiness. The fabrication of the
induction-balance sensor requires a single metal level
lithography, which is a significant highlight of this design.

The primary performance parameters of a magnetic sensor are
its sensitivity and limit of detection [9]. The limit of detection
(Lp) of a magnetic sensor is the minimum number of
microbeads that can be detected using the sensor. Iron oxide
microbeads of 1 um diameter are taken as the label particles for
the induction-balance sensor. Table 2 shows that the induction-
balance sensor provides a better limit of detection compared to
other planar microcoil based sensors under consideration. The
receiving coil current obtained with this limit of detection is 0.1
pA, shown as the sensitivity (S) in Table 2. The sensitivity is
comparable with the other considered sensors based on planar
microcoil. In Table 2, r, denotes the particle radius in pm. Ny
represents the number of metal layers required to fabricate the
sensor.

Table 2: Comparison of the induction-balance sensor with some of
the existing magnetic biosensors based on planar microcoils
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Conclusions

A magnetic sensor based on non-spiral planar microcoils using
the induction balance principle is studied. The resulting
magnetic field distribution and output current are analyzed. The
induction-balance sensor is found to produce the highest
sensing currents of the order of micro Amperes with a better
limit of detection of 10 particles. Fabrication easiness is another
advantage of the induction-balance sensor. It requires only a
single metal level for microfabrication. In contrast, a
conventional planar microcoil based sensor requires a minimum

of two metal levels. An improved sensing current can be
obtained with amplifier circuits, which is the future scope of
this work.
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