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A LINEAR ELECTROMAGNETIC SCANNING
MEMS DEVICE

Cristian NECULA!, Daniel C. COMEAGA?, Octavian DONTU?

The micro-electro-mechanical systems (MEMS) are essentially miniature
devices with a large field of applications including scanning applications. In this
article is presented the numerical modelling process of an electromagnetic scanning
device, from the mathematical modelling step for model solving. The model is an
approximation of a complete electromagnetic model, very complex and difficult to
solve (large computational resources and long calculus time). The model could be
used for a preliminary design phase, the modelling errors being low in the defined
working regime.
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1. Introduction

Most of the conventional micro-electro-mechanical systems
(MEMS) applications incorporate electromagnetic circuits and magnetic materials
as actuating and sensing element. They offer opportunities and open new markets
in information technology, automotive, biomedical fields. These systems involve
miniature coils, obtained through deposition in vacuum, and permanent magnets.
The magnetic materials can be deposited on micro-components and assembled in
micro-devices. Additionally, magnetic MEMS devices with permanent magnets
enjoy the benefits of constant energy stored in magnetic hard materials, which
leads to a reduced energy consumed; also have small dimensions and simple
electronic circuit, compared with an electromagnetic transducer, using only
miniature coils [1-3]. Experimental, numerical modelling, and fabrication
technology for electromagnetic bending-mode cantilever transducers are presented
in [4-6]. The MEMS systems based on magnetic interactions between magnetic
materials and electric coils can be widely used because they offer advantages
compared to electrostatic transducers regarding generated force and displacement.
One common application of MEMS devices is scanning. The scanners are used in
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a large set of application from entertainment (virtual reality devices) to medical
systems (optical system for non-invasive surgery). Also, MEMS scanners are of
special interest for medical imaging applications. Other domains, which benefit
from MEMS scanners development, are confocal microscopy, [7] barcode
reading, [8] fingerprint sensing, [9] optical cross-connects technology [10], optical
coherence spectroscopy [11], printing, light detection and ranging systems for
automotive industry [12]. The first laser scanning mirror using MEMS technology
was announced in 1980 [13]. Previously were studied different technical solutions
for acquiring scanning with different actuating principles (electrostatic,
electromagnetic, electrodynamic, thermal). Each has specific advantages and
disadvantages. The electrostatic principle allows a very low dimension but the
displacements are extremely low [14,15]. Piezoelectric transducers [16,17] using
composite multi-layered structures provide high forces but also a strong increase
of stiffness and the resonant frequencies. The thermal actuation could have large
amplitudes but is difficult to control and is extremely slow [18,19]. The
electrodynamic transducer requests a mobile coil having the difficulty to create
flexible electrical supplying circuits but offer large amplitudes and a linear
behaviour. The electromagnetic system is larger, heavier but with large
deflections and the electrical supply path is fixed.

2. Design and numerical modelling of a magnetic micro transducer
In this study are presented the modelling and the results of numerical

simulation for a magnetic micro transducer type BCMS (bending-mode cantilever
micro transducers).
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Fig. 1. a) 3D CAD maodel of the micro transducer
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It has been studied a concept of cantilever transducer provided with an
array of permanent magnets placed on a rigid and mobile plate connected with the
device rim using four elastic blades, which are constructed of a beryllium copper.
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Fig. 1. b) Dimensions of the micro transducers

The magnets array interacts with the magnetic field produced by electric
current flowing through the planar spiral coil placed on a base plate made of
silicon. The design is based on a previous solution with 1 set of blades and having
a combined type of movements (translation and rotation) for the magnets support.

In order to achieve oscillatory motion, it has to exist an applied force and a
restoring force. The applied force depends on the magnetic field of the coil as
well as the permanent magnetic field of magnets. The applied force is directly
influenced by the array of permanent magnets position in relation to the coil.

During this stage, is supposed the mathematical models that describe
physical effects being coupled only into one "sense™ - the magnetic field does not
change the distribution of electric current in the coil and structural deformations
does not change the magnetic field distribution system.

This is the case of a scanner working below the resonance. The resonant
scanner design will be considered in the next stage and will be subject of another
article. Numerical simulation is conducted on 3D calculation. In the first study is
resolved an overall electro-kinetic problem, to determine the distribution of
electrical current conduction density through the coil, and then is evaluated the
magnetic field produced by this current distribution. The magnetic forces due to
the interaction of this field with the permanent magnets are then computed using a
magnetic field study.

The magnetic forces are applied, and their effect is evaluated using the
third structural study, and allow to evaluate the deformations of the elastic
structure carrying the magnets array.
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3. Exact analysis for electromagnetic device
3.1. The mathematical model

The electromagnetic field is propagated indefinitely in space and is one of
the main cause of forces, being the base for all electrical actuation solutions. At
high rates, the very fast variation of the electrical and magnetic fields conducted
to a reciprocal influence of them, reflected by associated terms in the Maxwell-
Lorentz equations, other than the field produced by sources (electrical charge and
current flows) [20]. In this case, the process is extremely low so the field
interactions were neglected. Also due to the deformations are very low (of
micrometres order of magnitude) the reciprocal influence could be neglected (the
deformations are not influencing the magnetic field forces and this is not
influencing the current flow through the coil). The electric field is the effect of
electrical potentials applied to the coils terminal and this is producing an electrical
current that crosses the stationary conductor. The electrical current distribution is
producing the magnetic field.

3.2. The stationary electromagnetic field

On the assumption of a stationary regime, the problems of an electric and
magnetic field are separable. The electrokinetic field is described in [20]:

V-(o,VV)=0 (1)

where:
V- is the electric potential [V];
oel - is electrical conductivity [S/m].

This problem is solved only in volume coil. The model boundary conditions are:

a) the coil surface is electrically insulated,;

b) one of the terminals of the coil has a potential V = 0 V (ground) and at
the other terminal is given by electric current density, (Jn = 0,...,5 A/mm?) or an
electric potential.

Each case corresponds to an electronic control method — current or voltage
control. The connection between electric conduction current density and electric
potential is given by electrical conduction in linear environmental, homogeneous
and isotropic J=-c,VV . Electric current density is along with permanent
magnets residual induction, Br [T] the source of the magnetic field [5].

Vx(u','VxA-B,)=J (2)

where:
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A - is the magnetic potential, total vector (is being used the Coulomb
condition of calibration [20] [Txm];

1o = 4nx107 H/m - is the magnetic permeability of vacuum;

ur- is the relative magnetic permeability.

The boundary condition that completes the mathematical model is
magnetic insulation (n x A = 0, where n is the outward normal) along the border
area calculation. The mathematical model (1)-(2) was solved numerically.
Determination of magnetic field actions requires determining of magnetic impulse
tensor (Maxwell), 7,, [N/m?] or determination of magnetic energy density distribution

Wmg [J/m®] and use the theorem of generalized forces, f,,, = V- fng or f,,, =Vw,,

[N/m®]. The magnets array is oriented with the residual induction, Br, in the xOy
plane parallel to the blades (the plane of the elastic blades). The magnetic field
produced by the permanent magnets interacts with the magnetic field produced by
the current flowing through coils. The result is a force that produces blade
deformation. It is really necessary that the force should be repulsive. Blade
deformation is analyzed in terms of stationary study. The transducer substrate is
made of silicon, the coil windings are made of copper and permanent magnets are
made of NdFeB. The PI cantilever has a lower modulus of elasticity, which allows
a large deflection angle. Table 1 illustrates the properties of structural BCM parts.

Table 1
The electric, magnetic and mechanical properties of BCM
Material E [GPa]® n@ r+ [kg/m] @ m,® B [T]® | &® s[S/m] ™
Elastic
blades (P1) 294 0.35 1410 1 — 34 6700
Support 170 0.28 2329 1 — 12.1 —
(silicon)
Winding ;
(copper) 128 0.35 8700 1 — 1 5.998-10
Permanent
magnets 245 0.281 7500 11 1.3 1.05 7.143-10°
(NdFeB) '

(1) Young's modulus; (2) Poisson ratio; (3) Mass density; (4) The relative
magnetic permeability; (5) Residual induction; (6) Electrical permittivity; (7)
Electrical conductivity.

3.3. Solving coupled simulation (electro-kinetic field, magnetic field
and structural problem)

Solving the problem of an electric field is made in the "Electric Currents"
section of Comsol 5.0 software, by declaring as input the voltages applied on
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certain surfaces and lines. In this case, the control voltage Ub = 0.022 V parameter

applied is declared, on one terminal of the coil and also a ground terminal on the
other end of the coil.

A0.02
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Fig. 2. The electrical potential (V)

Using terminals declarations and not only voltage declarations allow to
automatically evaluate the discrete electrical parameters of the equivalent circuit,
(fig. 2). After numerical simulations, it was obtained in the flat coil a maximum

current density of 8.7506 x 10° A/mm?, similar with the limits for printed circuit
boards (fig. 3).
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Fig. 3. Current density norm (A/mm?)
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In the next step, the solver computes the magnetic vector potential,
magnetic field intensity and magnetic flux density and magnetic forces. In fig. 4
are presented the strains and deformations determined by numerical simulation.
The overall force acting on the magnetic matrix produced a displacement blade by
2.13 mm, on Oz direction, with von Mises stress equivalent to 7.498 x 10® N/m?
(fig. 5) close to the von Mises stress limit of 7.50 x 108 N/m? specific to beryllium
copper, for residual induction, Broriented in the Ox direction.

Fig. 4. The displacements of elastic blades (spatial)

The electric current that passes through the coil creates a magnetic field
around it. This magnetic field creates an induced current in the coil, so the
inductance is equal to 0.6 H and the electrical resistance is 0.143 Q.

A 7.49x10°

Fig. 5. The von Mises stress of elastic blades



64 Cristian Necula, Daniel C. Comeaga, Octavian Dontu

3.4. The modal behavior

In designing and obtaining the most dynamic control, it is essential to
perform a modal analysis. The purpose of these experimental research was to
prevent the structural instability that may occur under normal operating
conditions. It is important to avoid using the electromagnetic transducer under
operating conditions around these frequency ranges to reduce the risk of entering
the resonance zone. The modal analysis is the method for determining the modal
parameters corresponding to the magnetic matrix flexible structure (frequency,
damping and modal) for all of its own oscillation modes in the field of interest.
The aim was to get the frequency response of the transducer. Any dynamic
deformation produced in its structure is represented by a weighted sum of the
forms of its own oscillation modes.

Evaluation is important because quasi-static scanning systems are
designed to operate at frequencies of up to 80-90% of the first resonance
frequency. However, there is also the possibility of creating a scanning system
that is viable at the resonant frequency of the flexible structure, with the
advantage of very large displacements even at significantly lower input force
amplitudes compared to the static mode. Not every kind of oscillation can be
used. In this case, it is of interest only the ways in which the surface of the area
with magnets does not deform significantly, while at the same time assuring an
oscillation movement thereof around an axis (but a known translational movement
of the axis).

Before going through the modal analysis methodology, the type of matrix
loading with permanent magnets should be determined. During the design stages,
we encountered a problem with the force system acting on the magnetic matrix.
There has been a question of choosing between the following methods of action:

a) the use of a concentrated load;
b) application of a distributed force across the magnetic matrix surface.

If a distribution load is applied, the resulting force is obtained by
calculating the magnetic matrix area, the force arm being measured between its
centre of gravity and its reference point. The experimental study was conducted
using a focused parameter model to obtain a quick calculation solution. The
applied method was as follows: Embed the flexible structure at the opposite end
of the matrix with magnets.
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To determine the proper modes corresponding to the resonance
frequencies and the electromagnetic fields, we use the Eigenfrequency module in
the Comsol program. As mentioned before the model is valid as time as the
movement is far under the resonant behaviour. The useful frequency range for
transducer control is limited by the first eigenfrequency. In fig. 6 a),b) are
presented the first two resonances, the control frequency being limited to 615.83
Hz, covering the necessary frequency range.

Frequency =615.83 Hz Froquency=iod L

b)
Fig. 6. The first two resonances a) f~615.85 Hz b) f~994.1 Hz

The purpose of this modal analysis is to obtain the most efficient dynamic
control to achieve a prototype electromagnetic transducer. It is necessary to avoid
structural instability that may occur under normal operating conditions. For a
more accurate analysis of how the transducer behaves in relation to the frequency,
we have increased the resolution across the frequency range to accurately
determine the resonance area of the electromagnetic transducer.

Fig. 7. The stages of resonance evaluation and determination of mechanical response
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Before performing the numerical simulations, we determined the elastic
modulus specific to the CuBe alloy. Frequency response was also derived
experimentally. The elastic blade was fixed on an oscillating system (using
piezoelectric actuation) to measure the oscillation response with a differential
laser vibrometer.

The laser beam was focused at the free end of the blade. Laser beam
oscillations were received with an accelerometer. The laser vibrometer is part of
an MSA400 microsystem analyzer, which also contains a signal generator, the
spectral response frequency of the mechanical transmissibility was obtained,
which allowed the evaluation of the resonance frequency, the final result
concluded by the elastic modulus evaluation (the density was calculated by
measuring the mass and volume of a sample from the same material).
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Fig. 8. The characteristic between velocity and control voltage in relation to the frequency range;
micro transducer response in the frequency

As a result of the measurements, the electromagnetic transducer reaches
the resistance area at a peak frequency of 615.83 Hz. The speed response for the
elastic blade is 50.14 [(mm/s)/V] fig. 8. The response obtained in the resonance
frequency determined a magnetic matrix shift equal to 0.0138 mm (mm/V).
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Fig. 9. The characteristic between displacement and control voltage in relation to the frequency
range; the micro transducer response in the frequency

4. Conclusions

In this study was performed mathematical modelling and numerical
simulation of electromagnetic interactions that occur in a cantilever transducer
with elastic blades, in quasi-stationary study conditions, used for low-frequency
linear scanners. The deflection of flexible blades can be controlled by adjusting
the electric current in the flat coil. The stationary electromagnetic field model and
the structural model are one-way couplings. Therefore, the electromagnetic forces
represent input data used in the structural analysis. The 3D modelling can give an
estimate within the meaning orders of magnitude of electrodynamic forces and
mechanical deformations. Modal analysis is essential in the designing and
dynamic control of a BCM, to avoid structural instability that can occur in normal
working conditions.
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