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An electromagnetic contactless excitation principle is presented to induce mechanical vibrations on
miniaturized electrically conductive resonant structures to be used as passive sensors. An external coil
arrangement generates a time-varying magnetic field which induces eddy currents on the structure sur-
face. The interaction between the eddy currents and the magnetic field causes forces which can set the
structure into vibration. The principle avoids any contact to the resonator structure to inject current and
only requires the structure to be electrically conductive, without the need for specific magnetic proper-
ties. The principle is attractive for the development of passive sensors operating in environments with
limited accessibility or incompatible with active electronics. A mathematical model of the excitation
principle has been derived and has been supported by means of finite-element simulations. Experimental
demonstration of the excitation principle has been obtained on cantilever and a clamped-clamped beam
miniaturized conductive structures used as resonators. The readout of the vibrations has been performed
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by either piezoelectric and optical methods.
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1. Introduction

Recently, increasing interest has been paid to sensors which can
be contactless interrogated by an external unit. The lack of phys-
ical contact is attractive for applications in environments that are
difficult to access and do not allow for cabled solutions, such as
measurements inside the human body or in packages. Battery-
powered systems are currently the most widespread solution,
where active electronics and energy sources are located on both
the sensing device and the interrogation unit. The main drawback of
these systems is the necessity for periodical recharge/replacement
of the sensor battery. As an alternative, the sensor and associated
circuitry can be battery-less and powered by energy transfer from
the reader [1], or by energy-harvesting from the environment [2].

As a further step, the availability of entirely passive sensing ele-
ments that can be externally excited and interrogated contactless
without requiring active circuitry on board can be very attractive for
a variety of applications. For example, contactless passive sensors
can be desirable in hostile environments that can be incompatible
with active electronics, such as high-temperature environments.
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To this purpose, the exploitation of the resonance measure-
ment principle to develop entirely passive structures used as basic
sensing elements for a wide variety of measurands seems par-
ticularly promising. The working principle of a resonant sensor
consists of measuring the frequency shift of an oscillating mechan-
ical structure that can be brought into resonance using different
actuating techniques, such as electrostatic, magnetic, electrother-
mal and piezoelectric [3]. The resonating principle is effective
because measurement information is carried by the frequency of
the readout signal and not by its magnitude. In particular, the res-
onance frequency does not depend on the specific interrogation
method adopted, making resonant sensing a robust approach for
contactless operation.

In the following, the magnetic actuation principle will be con-
sidered as a mean to contactless excite mechanical resonances in
miniaturized passive structures. Magnetic actuation can be usu-
ally obtained by either using an external static magnetic field and
exploiting the Lorentz forces arising from time-variant currents
driven into conductor paths present in the structure [4-7], or by
using an external time-variant magnetic field that interacts with
magnetic films that need to be deposited on the resonant structure
[8-10]. In the perspective of realization of the sensors in MEMS
technology, the use of magnetic films added on the sensing struc-
ture has the drawback of requiring special materials and dedicated
processing steps. In particular, magnetic films may have compati-
bility limitations with the standard CMOS fabrication process, both
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causing contamination in the existing structure and presenting
adhesion problems [11].

As an alternative, in the present work we investigate the pos-
sibility to exploit a time-variant external magnetic field to induce
vibrations and mechanical resonance on structures that are only
required to be electrically conductive, while they do not require
specific magnetic properties. In this way, the resonant element is
passive and electrically conductive, while the excitation is supplied
externally [12].

The method of electromagnetic excitation has been verified on
three different electrically conductive structures represented by
an aluminum sheet placed on a piezoelectric bimorph cantilever,
a titanium cantilever, and a titanium clamped-clamped beam. At
first, the piezoelectric effect of the bimorph cantilever has been
exploited as a mean to detect the vibrations induced in the attached
aluminum sheet. Subsequently, in the two latter cases, the induced
vibrations have been detected by a contactless optical system pre-
viously developed for the characterization of resonators vibrating
in out-of-plane mode [13]. In the experimental tests, the magnetic
field has been generated by a solenoid with a ferrite core having
a cylinder bar geometry. A mathematical model for the excitation
principle has been proposed and verified by both finite-element
simulations and experimental tests.

2. Operating principle

In Fig. 1 a schematic diagram of the contactless electromagnetic
method for the mechanical excitation of a conductive structure is
presented. A conductive plane resonator, represented in the draw-
ing by a cantilever, is placed in the region where a magnetic field B(t)
generated by an external coil is present. The origin of the xyz axes is
placed at the intersection of the longitudinal axis of the coil with the
plane of the cantilever, which is assumed to be clamped at its end
on the negative side of the y-axis. The solenoid geometry of the coil
has been selected to produce a magnetic field that on the surface
of the conductor has both vertical and radial components, directed
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Fig. 1. Schematic diagram of the operating principle.

along the z-axis and in the xy plane, respectively. As a first sim-
plifying assumption, the conductive layer can be assumed to be an
infinitely thin surface. If the current Ie(t) driven in the coil is varying
sinusoidally with angular frequency w, assuming a linear behavior
of the core, the magnetic field vector B(t) on the conductive surface
can be expressed in general as

B(t) = Be cos(wt) (1)

where Be is the amplitude of the sinusoidal field due to I¢(t). The
flux @(B) of the magnetic field B through the conductive layer only
depends on the vertical component B; of the magnetic field. With-
out loss of generality, for the scope of the present analysis, it can be
assumed that B; is uniform over an area A of the conductive layer
facing the solenoid.

Therefore, for the Faraday’s law, the following electromotive
force Vj(t) proportional to the time derivative of @(B;) is generated
along closed circular paths on the conductive surface, as reported
in Fig. 1:

do(B;) dB,(t)
Vil =-—47 =g
The electromotive force V;(t) generates eddy currents in the con-
ductive layer. If now a finite thickness of the conductive layer is
considered, the distribution of the eddy-current density along the
thickness, for a given layer material, depends on the excitation fre-
quency [14]. It can be anticipated that, as it will be quantitatively
shown in the following sections, at the frequency of interest in the
present study (in the order of 1 kHz) the electromagnetic penetra-
tion depth in common conducting materials is much larger than
the adopted layer thickness (in the order of 100 um). As a conse-
quence, the eddy-current density does not significantly depend on
the z coordinate, therefore it can be assumed to be uniform through-
out the thickness of the conductive layer. The magnitude and phase
of the eddy-current density J(t) depend on the complex electrical
impedance Z(w) = |Z(w)| exp(j¢(w)) of the conductive layer at the
excitation angular frequency w. Therefore

_ ABe; 0
T S1Z(w)

where S is the equivalent cross-section area of the current path in
the conductive layer. The eddy currents J(t) interact with the overall
magnetic field B(t) generating Lorentz forces per unit volume F(t)
given by the vector product F(t)=J(t) x B(t), which act on the can-
tilever. In this case, the component J, of the eddy-current density
vector along zis zero, therefore the components of the Lorentz force
are

Fx =]sz —]sz =]sz,
Fy = —JxBz +JzBx = —JxBz, (4)
Fz =J><By *]yBx

where the implicit sinusoidal time dependence of all quantities has
been omitted for easier notation.

From Eq. (4) the components Fy and F, combine to create a force
radially oriented in the xy plane, while the component F, acts along
the zdirection. Taking into account the sinusoidal time dependence,
the resulting expression of F;(t) is the following:

= ABe;w sin(wt) (2)

J(t) sin(wt + ¢) = k(w) sin(wt + @) 3)

E;(t) = 3 k(w)Ber[sin(¢) + sin(2wt + ¢)] (5)
where Ber = /B, + BZ, is the magnitude of the sinusoidal compo-

nents of the magnetic field along the radial axis. It can be observed
that the force is proportional to Be; and it is composed of a sinu-
soidal term at angular frequency 2w, plus a DC term dependent on
the phase of the electrical impedance of the conductive layer.

The time-dependent component of the force F,(t) can excite the
cantilever into flexural vibrations. Apart from the geometry, the
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Fig. 2. Simulation of eddy currents and forces on the conductive disc at time of one
the r coordinate normalized to the conductive surface radius.

principle is the same as in electromagnetic acoustic transducers
(EMATs) [15-17] or in direct magnetic generation of acoustic waves
in microsensors [18].In all such applications, however, a static mag-
netic field is generally applied, which is typically done by means
of permanent magnets. On the contrary, the present work inves-
tigates the case where magnets are absent and no external static
magnetic field is applied, i.e. B(t) is a sinusoidal zero-mean field. In
this case, according to Eq (5), to excite a vibration mode of a res-
onator at angular frequency w; the excitation coil must be driven
at an angular frequency w so that w; =2w.

Regarding the static component of the force F;, since the con-
ductive layer is sufficiently thin that the effects related to the skin
depth can be neglected, its electrical impedance Z(w) is predomi-
nantly resistive [19], therefore in the expression (5) ¢ is nearly zero
and no significant DC term in F; is expected.

3. Simulation results

Finite-element simulations on the system geometry described
in Fig. 1 have been executed to study the behavior of the forces
that arise on a conductive structure from the interaction between
the contactless-induced eddy currents and the magnetic field. The
software used is Maxwell 2D by Ansoft, which readily allows to
simulate systems with cylindrical symmetry and with time-variant
electromagnetic sources. Therefore, the geometry used for the
experimental setup has been simplified into a cylindrical symme-
try, modeling the resonator as a conductive disc located under a
linear solenoid. The adopted simplified model, where the conduc-
tive beamis replaced by a conductive disc, is functionally equivalent
to the real one, provided that the disk diameter is equal to the width
of the cantilever. The resonator is a titanium disc (relative per-
meability st = 1.00018 and electrical conductivity o =2.1 x 106 S/m)
with thickness of 100 pwm positioned under the ferrite core in cen-
tral axial position. The excitation solenoid is modeled as one single
equivalent copper winding of 0.1 mm wounded around a cylindrical
ferrite core (r=1000) with diameter and length of 9 and 50 mm,
respectively. The excitation source is an AC cosine current flowing
into the winding with peak amplitude and frequency of 1A and
800 Hz, respectively.

In Fig. 2(a) the vertical axis z represents the symmetry axis of the
cylindrical solenoid and coincides with the z-axis of Fig. 1, while the
r-axis identifies the radial direction. The drawing in Fig. 2(a) shows
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period T of the excitation current: (a) forces and flux lines and (b) eddy currents versus

(i) the solenoid, (ii) the conductive disc, and (iii) the simulated
quantities, namely force vectors F and flux lines of the magnetic
field B. The arrows in the image represent the instantaneous mag-
nitudes of force at one fixed time of the excitation current cycle.
The diagram in Fig. 2(b) represents the magnitude of eddy-current
density vector J in the conductive layer, which is oriented along the
angular coordinate 0, versus the radial coordinate r normalized to
the layer radius Rc. It can be observed that the magnitude of the
eddy-current density increases with increasing the ratio r/R¢ with
an almost linear dependence.

Fig. 3 shows the diagrams of the vertical and radial components
fzand f; of the Lorentz force at different values of distance h between
the resonator plane and the ferrite core normalized to the radius Rg.
The forces f; and f; are the results of the integration of the forces per
unit volume F; and F; = /F2 + FJ% of Eq. (4) over a vertical cross-
section whose length is the radius of the conductive layer. The forces
are plotted normalized to the maximum value of the radial force.
For the adopted dimensions, the radii R and Rc of the ferrite core
and the conductive disc, respectively, are equal. The resulting verti-
cal component f, of the force presents a maximum for a normalized
distance of 0.08. This behavior is qualitatively justified considering
that the amplitude of the current density | decreases monotonically
when the distance increases, while the amplitude of the radial mag-
netic field Ber increases from a null value up to a maximum and then
decreases.
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Fig. 3. Simulation results of the normalized vertical and radial forces f, and f; versus
the normalized distance.
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Fig. 4. Simulation results of the cantilever resistance and reactance at different
frequencies.

Table 1
Phase values of Z(f) calculated using the simulation results of Fig. 4

Frequency Impedance phase (°)
6Hz 0.0004
60Hz 0.0045
600 Hz 0.0448
6 kHz 0.4478
60 kHz 4.4676
600 kHz 36.9501

The impedance Z(f) associated to the eddy-current closed paths
on the conductive layer as a function of the frequency has also been
evaluated by simulations. The impedance is assumed to be modeled
by a resistance R in series with a reactance X, both of which may
depend on frequency. The simulator employs an energetic method
to evaluate both R and X [20].

Fig. 4 shows the simulation results for the resistance R(f) and
the reactance X(f) computed at different frequencies ranging from
6 Hz to 600 kHz, while in Table 1 the resulting phase ¢ of Z(f) is
derived. It can be observed that, at least up to 6 kHz the phase shift
¢ is well below 1° which implies that the behavior of the conductive
discis essentially resistive. This result, in turn, justifies the assump-
tion made in Section 2 about the independence of the eddy-current
density J on the z coordinate [19].

4. Experimental setup

Two different experimental setups have been employed to verify
the described principle. Fig. 5 shows a detailed diagram of the first
experimental setup used, where an aluminum thin sheet has been
applied on a piezoelectric bimorph cantilever with dimensions of
15mm x 1.5 mm x 0.6 mm. A waveform generator (Agilent 33220A)
with low harmonic distortion feeds a purposely developed power
amplifier to drive the exciting coil up to a maximum peak-to-peak

Sinusoidal
Waveform
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(AG33220A)

Power
DU’ Amplifier

Piezoelectric
bimorph cantilever

Spectrum
Analyzer
(HP4195A)

non-magnetic
Charge  sheet
Amplifier

Fig.5. Diagram of the experimental setup employed with the piezoelectric bimorph
cantilever.
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Fig. 6. Diagram of the experimental setup employing the optical characterization
system.

amplitude of 110V. The solenoid coil is composed of about 1000
turns of copper wire of 0.1 mm diameter wounded around a cylin-
drical ferrite core (Fair-Rite no. 3078990911) with diameter and
length of 9 and 50 mm, respectively. A frequency characterization
of the coil has been performed by means of an impedance analyzer
(HP4194A), resulting in a series resistance Rs of 150 2 and a series
inductance Ls of 223 mH measured at the frequency of 1 kHz. The
signal from the piezoelectric bimorph cantilever has been condi-
tioned by a charge amplifier with a gain of 0.3 x 10'2F-1, and the
output signal V, has been fed to a spectrum analyzer (HP4195A) for
readout.

For the tests carried out on metallic beam resonators, a differ-
ent setup has been used which does not include the piezoelectric
bimorph as the vibration detector. The setup is based on an opti-
cal system previously described in [13] whose block diagram is
shown in Fig. 6. In the current setup, the system generates a swept-
frequency excitation signal EX which is converted to a sinusoidal
signal V¢ by a Phase-Locked Loop (PLL) and fed to a power amplifier
of gain G to drive the coil at frequency f. The mechanical vibrations
of the resonator are detected by means of an optical triangula-
tor composed of a laser diode and a position sensitive detector.
The readout signal from the triangulator undergoes synchronous
undersampling to derive the real and imaginary components of
the frequency response of the resonator. By properly setting the
internal synchronization mechanism REF, a synchronous demod-
ulation is performed locking on the component at frequency 2f of
the readout signal. The processing is equivalent to a synchronous
demodulation with lock-in detection. To allow simultaneous mag-
netic excitation and optical detection, one side of the metallic
resonator has been faced to the excitation coil, while the opposite
one has been used as a reflecting surface for the laser.

5. Experimental results

With the experimental apparatus described in Fig. 5, the con-
ductive layer placed on the piezoelectric bimorph cantilever has
been excited at five different frequencies, namely 700, 720, 735,
750, and 770 Hz. In this frequency range the current circulating in
the coil is 37 mA rms with a peak-to-peak applied voltage of 110 V.
The results obtained from the five different excitation frequencies
are, in the following, labeled with sequential numbers from 1 to 5,
respectively. Fig. 7 shows the superimposed view of the measured
spectra of the readout signal V, in the five excitation conditions.
For each of the labeled excitation conditions, two peaks, one in the
lower frequency band and the other in the higher, are detected in
the spectra of the readout signal.
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Fig. 7. Superimposed view of the spectra of the readout signal V, in the case of no
drops on the piezoelectric bimorph cantilever tip.

In the high part of the frequency range the peaks are detected at
twice the excitation frequency as expected, i.e. at 2f. The envelope of
the peaks at 2f shows a resonance trend with resonance frequency
fr at 1470 Hz, corresponding to an excitation frequency f of 735 Hz.
The measured resonance frequency f; is in good agreement with the
value derived from the independent measurement of the real part
of the electrical admittance G=Re(Y) of the piezoelectric bimorph
cantilever, carried out with a HP4194A impedance analyzer, taken
as reference and shown in diagram A of Fig. 8. In Fig. 7, peaks are
also visible in the low part of the frequency range correspond-
ing to the different values of the excitation frequency f. According
to the theory illustrated in Section 2, peaks at the excitation fre-
quency f are unexpected. The presence of such peaks, considering
the evidence that they are all similar in amplitude irrespective of
the excitation frequency, can be reasonably attributed to the cou-
pling through parasitic elements between the excitation coil and
the readout circuit.

To further verify that the piezoelectric bimorph cantilever is
indeed mechanically excited, drops of paint have been used as load-
ing masses on the tip of the cantilever in order to decrease its
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Fig. 8. Electrical conductance diagram of the piezoelectric bimorph cantilever in
the case of no drops (A) and with two drops (B) on the tip.

resonance frequency. The drop masses are estimated in the order of
a milligram, i.e. much lower than the cantilever rest mass, yet their
accurate value is irrelevant here, since they are merely intended as
a convenient mean to induce a detectable downshift of the res-
onance frequency without appreciably perturbing the vibration
mode shape. Diagram B in Fig. 8 shows how the resonance fre-
quency, measured by the impedance analyzer, has decreased by
adding a mass equivalent to two drops of paint.

After mass loading, the spectra of the readout signal V, have
been measured again for excitation frequencies of respectively 660,
670,680,690, and 700 Hz. In this case the current in the coil is 40 mA
rms with peak-to-peak voltage of 110V.

Fig. 9 shows the envelopes of the peaks at 2f for the unloaded
and loaded cases. For the case with mass loading the envelope is
centered at 1361 Hz, whichis in good agreement with the resonance
value identified by the conductance measurement reported in plot
B of Fig. 8.

Subsequently, the experimental tests have been conducted
using the experimental apparatus of Fig. 6 with a titanium
cantilever as the resonator. The cantilever has dimensions of
100 pm x 10mm x 1.4 mm. Titanium has Young’s modulus E of
105 x 10° Pa, mass density p of 4940 kg/m> and electrical conduc-
tivity o of 2.1 x 108 S/m. Preliminarily, the cantilever resonance
frequency has been evaluated by analyzing the time response of the
cantilever to an applied mechanical impulse. A resonant frequency
of about 700 Hz has been thereby estimated which is in good agree-
ment with the analytical model which, for the first flexural mode,
predicts:

fo=0.55966, | EL _ 7451z
pL3

where L and I are, respectively, the length of the cantilever and the
moment of inertia of the section [21].

Afterwards, the resonator has been excited by means of the same
coil used in the previous setup, while the movement has been mea-
sured by the optical system. The displacement of the beam has been
measured by driving the excitation coil with a sinusoidal current of
87 mA rms in the range 225-425 Hz, while the readout signal from
the triangulator has been read at 2f, i.e. in the range 450-850 Hz.

As in the previous experiment, minute drops of paint have been
used as loading masses on the tip of the cantilever to decrease the
resonance frequency. Fig. 10 shows the frequency response of the
cantilever tip displacement normalized to its peak value in the cases
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Fig. 9. Superimposed view of the envelopes at frequency 2f of the readout signal V,
in the case of no drops and two drops on the piezoelectric bimorph cantilever tip.
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Fig. 11. Normalized peak amplitudes of the frequency response at resonance versus
the distance of the excitation coil.

of no drops, one drop and two drops, respectively. As expected the
resonance frequency fres progressively decreases with increasing
the amount of the added mass.

By means of a micrometric stage the distance between the coil
and the cantilever has been varied and for each distance the fre-
quency response of the resonator displacement has been measured.
Fig. 11 shows the frequency response amplitudes measured at res-
onance, normalized to the maximum value, as a function of the
distance. A non-linear decreasing trend can be observed with a
decrement of about 97% over a distance variation of 4.5 mm.
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Fig. 12. Schematic drawing of the clamped-clamped beam.
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Fig. 13. Variations of the frequency response of the clamped-clamped beam.

Fig. 12 shows a schematic drawing of a further resonator geome-
try employed to verify the principle. In this case, a tunable resonator
has been built using a 100-pwm thick clamped-clamped tita-
nium beam with lateral dimensions of 17 mm x 1.4 mm mounted
between two clamping holders. By applying an axial tension to the
beam, the resonance frequency can be changed.

A measurement with no axial tension has been performed by
exciting the coil in the range 950-1200 Hz with a current of 26 mA
rms, detecting a resonance frequency of 2070 Hz as shown in curve
A of Fig. 13. In the same figure the curves labeled B-D show
the frequency response of the resonator displacement with three
increasing axial tensions applied. As expected, when the axial ten-
sion of the beam is increased a corresponding frequency up-shift is
observed.

6. Conclusions

In this work the possibility to induce vibrations in a contact-
less way on conductive and non-magnetic structures by an external
time-changing magnetic field has been analyzed and experimen-
tally demonstrated. The force acting on the structures arises from
the interaction between the eddy currents, induced in the conduc-
tive layer by the time-changing magnetic field, and the magnetic
field itself. This approach, besides avoiding any contact to the res-
onators to inject current, does not require a static magnetic field,
therefore the need for poling magnets is avoided. The theoreti-
cal predictions have been first confirmed by simulations, and then
experimentally verified on prototypes of miniaturized structures.
The proposed principle can be in general applied to measure a large
variety of physical quantities which can cause a predictable shift in
the resonant frequency of a suitable miniaturized structure. Exam-
ples can be for instance tensile strain, which in turn can be used to
measure force and pressure, or added amount of mass, which could
yield to microbalance sensors. The activity is now investigating the
effect of the geometrical parameters of the resonant structures on
the excitation mechanism, and the possibility to also readout the
vibrations via the electromagnetic effect. A first attempt has been
proposed in [22] based on an additional dual-coil arrangement,
which applies and senses a probing magnetic field at higher fre-
quency and exploits it to measure the magnetic field generated
by oscillation. Perspective applications of the work is to transfer
the principle to microfabricated structures working as passive and
robust sensing elements that can be contactless interrogated over
a short range.
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