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Abstract: Electromagnetic excitation of acoustic
resonator sensors is a novel method with distinct
advantages over piezoelectric resonators. A much wider
range of transducer materials can be utilized, and remote
excitation of resonant vibrations in a wide variety of
different mode shapes is possible. These resonant modes
display similar quality factors and characteristics as
piezoelectric transducers and can be applied for mass
detection and liquid phase sensing.
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A. Introduction

In recent years, microacoustic sensors have started to
employ a wider variety of ultrasonic transducers. Besides
the traditional piezoelectric  quartz  resonators,
microfabrication technology has allowed to develop new
excitation mechanisms, such as the piezoelectric film
bulk acoustic wave resonator (FBAR) and the capacitive
micromachined ultrasonic transducer (CMUT). A third
transducer mechanism based on electromagnetic
excitation and detection of acoustic waves has been
known as the electromagnetic-acoustic transducer
(EMAT) principle for several decades. Miniaturizing the
excitation setup and applying it to micromachined
resonator devices allows us to employ this technology as
a microacoustic sensor as well [1-5].

Our work has focused on the study of suitable
resonator materials, appropriate excitation and detection
setups, as well as the characterization of these sensors for
different applications in mass detection and liquid phase
sensing. The classic EMAT advantages of remote
excitation and detection of acoustic waves remain, while
microfabrication technology allows for the utilization of a
wide variety of resonator materials, ranging from pure
metal samples, coated polymer films to silicon or glass
elements. Furthermore, it is possible to excite different
modes of vibration with the same or a similar setup.
Flexural plate modes, face shear modes, and thickness
shear modes can be used for sensing different properties.

In this contribution, we present the most recent work
on design and simulation of the setup and the most
suitable modes of vibration, as well as some measure-
ment results to evaluate and verify our conclusions.

B. Design and simulation results

B.1. Theoretical Considerations

For the excitation of these vibration modes, eddy
current generation is utilized. The eddy currents are
induced in the conductive substrate or a conductive layer
of the resonator element, e.g., by a planar coil. A
superposed static magnetic field generates Lorentz forces
that put the element into vibration. The resonator
vibrating in the magnetic field induces a secondary
voltage in the primary coil, which can be measured in the
impedance of the coil. The impedance behavior is
therefore related to the resonant mechanical behavior.
The resonances, which are successfully excited by the
specific setup, can thus be measured and tracked for
Sensing purposes.

The mechanical resonator can be modeled as an
electrical series resonance circuit. This circuit is electro-
mechanically coupled with the eddy currents, which can
be modeled as a transformer coupling. The primary coil
results in a mutual inductance with the induced eddy
currents, therefore a complete electrically equivalent
circuit has been developed for this type of transducer [7].

B.2. Design Challenges

Fig. 1 shows the basic measurement setup. With a
vertically perpendicular static magnetic field, a planar
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Fig. 1. Model of the excitation and detection setup with current
in primary coil inducing eddy currents in the resonator.
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Fig. 2. Possible modes of vibration for membrane type
transducer elements.

coil will always generate in-plane Lorentz forces, which
favors the excitation of shear modes. Changing the
magnetic flux to a lateral distribution will generate out-
of-plane forces, suitable for flexural plate modes (Fig. 2).

The second aspect of designing a suitable excitation
setup is the actual mode shape. Shear modes in both
isotropic and anisotropic elastic plates show a
fundamental distribution of diagonal, circular, or radial
nature. Higher harmonics and combinations of these
fundamental modes can be utilized as well. A similar
distinction can be made for flexural plate modes.

In order to excite these different mode shapes, a
suitable Lorentz force distribution is necessary. The force
distribution is directly dependent on both the magnetic
field direction as described above and the flow direction
of the eddy currents for planar transducer surfaces. The
currents are primarily a mirror image of the excitation
current flow. Therefore, different coil layouts, as circular
and quadratic spiral coils, will excite different modes of
vibration (Fig. 3). Additionally, we have proposed and
shown the application of alternated magnetic fields, e.g.,
with two discrete permanent magnets attached to each
other side by side, to enhance desired and eliminate
unwanted force components [8].

Further design considerations include the application
of an excitation layout and a detection coil. In that case,
the excitation layout does not require a coil-like element.
We have also designed and fabricated linear, meandrous
and toroidal conductors for this purpose and are currently
working on a suitable measurement setup.

B.3. FEM simulation

To investigate the different resonator elements and to
find and examine suitable eigenmodes, we have utilized
COMSOL  Multiphysics

the FEM software 3.3.

Fig. 3. Two coil designs and magnet placement for radial (left)
and diagonal (right) force distribution.
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Fig. 4. Fundamental diagonal face shear mode at 81 kHz for
aluminum resonator with mesa structure.

This software is also being used to model the excitation
mechanism accurately.

We focus on the FEM results for a round aluminum
resonator with an active circular mesa structure of 15 mm
diameter. This element was cast to form the energy
trapping mesa structure in the center and dimensioned to
fit the existing planar coils. As seen in Fig. 4, the first
diagonal face shear mode appears at 81 kHz for this
element. However, the primary shear mode is superposed
by a slight out-of-plane movement, induced by the
element geometry. This out of plane movement is also
evident in the experimental results, where we get
additional damping in liquid environments due to
compressional waves being generated by the out-of-plane
movement. The 2nd harmonic of this diagonal face shear
mode can be found at 171 kHz and can also be detected
in actual measurements. A slight vertical component in
the active area is also evident here (Fig. 5), resulting in a
similar resonant behavior.

For our liquid phase experiments, we have utilized
two different modes of vibration, the circular face shear
mode and a radial flexural plate mode (Fig. 6). Both
modes are very different in the behavior in a fluid
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Fig. 5. Second harmonic of the diagonal FSM at 171 kHz with
slight vertical displacement in the center.
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Fig. 6. Fundamental circular face shear mode at 142 kHz with no out-of-plane component for liquid property sensing (left) and
efficiently excited radial flexural plate mode at 295 kHz for liquid volume sensing.

environment. The circular FSM shows no out-of-plane
vibration both in the eigenmode and in the excitation
analysis. The acoustic energy is well trapped in the
central mesa structure. This behavior is ideal for sensing
the liquid properties, such as viscosity and density, with
shear waves. There is primarily only viscous damping of
this resonance, additional damping due to destructive
interference of compressional waves is minimal. The total
volume and mass of the liquid on the resonator has no
significant influence on the sensor response, and a direct
proportional relationship between the density viscosity
product and the frequency shift of the resonance can be
established. These results have also been achieved by
other groups, and similar conclusions could be drawn.
Circular FSM or torsional plate resonators are suitable
sensor devices for measuring liquid properties and
distinguishing between different fluids [9].

The radial flexural plate mode on the other hand is
dominated by out-of-plane components of the vibration.
Due to the coupling with a radial shear movement, the in-
plane forces generated by a circular spiral coil are highly
efficient at exciting this mode of vibration. The vertical
movement radiates compressional waves into the liquid
and is thus highly sensitive to the surface level height of
the liquid. This device is suitable for measuring small
samples of liquid volume with high precision. The
influence of liquid property changes is negligible
compared to the effect of the liquid height [10]. This
simulation and the modeling have been employed for
silicon transducers, aluminum and other metal elements,
and polymer films. The anisotropy of some of these
materials influences the possible mode shapes, but does
not directly affect the excitation of the resonances.

To verify the simulated modes of vibration, we have
recently started to characterize the different resonances
using a Polytec Microsystem Analyzer, a laser vibrometer
and stroboscope system for both out-of-plane and in-
plane measurements.

C. Measurement results

Our liquid phase experiments focused on the
aluminum mesa-shaped resonator (inset Fig. 8) and the
comparison of different modes. The results have proven
to be as expected, with the circular and diagonal FSM
achieving the best results in distinguishing between
different liquids and measuring density and viscosity,
while the flexural modes are most sensitive to the liquid
volume.

Fig. 7 shows a fundamental resonance in air of a
diagonal face shear mode at 217 kHz. A liquid dampens
this resonance noticeably, however the frequency shift of
a few kHz can still be measured. Better results can be
achieved with the radial flexure resonance at 288 kHz
and the circular thickness shear mode at 1.5 MHz, each
suitable for the abovementioned measurement
modes (Fig. 8). We have focused on the most recent
measurement results in [10].
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Fig. 7. Diagonal face shear mode in air at 217 kHz.


http://dx.doi.org/10.3728/ICUltrasonics.2007.Vienna.1522_lucklum

Proceedings of the International Congress on Ultrasonics, Vienna, April 9-13, 2007, Paper ID 1522, Session R26: Transducer technology
doi:10.3728/ICUltrasonics.2007.Vienna. 1522 lucklum

A: 1Z1 SCALE 188 mo/div REF 13.9 o 14.2789 & fQ: |2 SCALE S8 ma/div REF 35.9 0 36.1812 o
B: 8z SCALE 18 me/div REF -18 m® EB: ézl SCALE 28 °§div REF —-28 =

| 287.7525 kHz

©1.525805 MHz|
: Crl

e

Hid

VAC 175.94 mVolt IAC  12.972 mA gé

Dc e B B B B B B B B
CENTER 287.7625 kHz 0SC 588 mvalt SPAN 1 Pl Ll LR R H45

kHz  CEWTER 1.525 MHz 05C 588 muolt 5

Fig. 8. Measured radial flexural plate resonance in air at 288 kHz (left) of the aluminum resonator (inset) and circular thickness
shear mode resonance in air at 1.5 MHz (left) displaying similar behavior as the circular face shear mode at 142 kHz.
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