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Introduction

Structural health monitoring (SHM) is a young field
which aims at evaluating the ”health state” of various
structures. Its objective is to provide this information in
any given moment, without employing additional person-
nel to do so [1]. SHM components are to be incorporated
into the inspected structure, meaning they are desired to
be small, lightweight and reliable, not to change struc-
ture’s overall performance. Within the scope of SHM ul-
trasonic guided waves (UGWSs) are of particular interest,
as they can travel a long distance with little amplitude
loss, resulting in low cost inspection.

Conventional UGWs excitation techniques are not always
appropriate for SHM, as they are bulky and heavy. Sci-
entists are still looking for new solutions and interdigi-
tal transducers (IDTs) are showing to be a compelling
option for many applications. Their ability of selective
mode excitation is beneficial to many applications, as it
reduces the complexity of result evaluation, as well as it
ensures that majority of the energy is propagating in a
single mode. Another advantage of IDTs is their direc-
tional wave emission capability, meaning the wave can be
focused in the desired direction.

IDTs were focus of numerous previously conducted inves-
tigations. They were first proposed in 1965 by White and
Voltmer [2] and were widely researched for their proper-
ties and possibilities of wave excitation in the following
decade by many authors [3-5]. Since then they have been
applied in many different fields of science and technology.
Besides non-destructive testing (NDT), they are being
used in micromechanical systems, telecommunications,
chemical sensing, piezoacoustics and biotechnology [6].
Stepinski et al. [7] explores different types of interdigital
transducers and their applicability in SHM systems.

This contribution begins with introducing the reader to
the IDTs and their design. Selective mode excitation us-
ing IDTs is focus of the publication. Lastly, two in-house
performed applications are described: damage detection
and possibility of IDT use for acoustic energy transfer.

Ultrasonic Guided Waves

Ultrasonic Guided Waves (UGWSs) can exist when the
propagating medium is a plate, tube, rod or a cylinder.
Their propagation behaviour can be represented as dis-
persion curves with frequency in one axis and wavenum-
ber in the other [8]. Each curve in the figure represents
a different propagating mode. Dispersion curves can be
seen in Figure 1.

Dispersion is a phenomenon that describes UGWSs’ ve-
locity dependency on the frequency. This means that
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Figure 1: Dispersion curves for a 2 mm thick steel plate.

despite the same propagating mode, different frequency
components within that mode can have different phase
or group velocities. Dispersion can also be represented in
a figure as a relationship between phase or group veloc-
ity of a wave and frequency-thickness product (see phase
velocity dispersion curves in Figure 4).

At any given frequency at least two propagating modes
exist, A0 and SO (A stands for antisymmmetric, S for
symmetric). When moving above the first order mode
cut-off frequency, other modes can appear. This can
cause multiple wave packets to overlap, which often ag-
gravates the analysis of the results.

Interdigital Transducers

A typical IDT consists of piezoelectric substrate with
electrodes on both sides. They are shaped as two in-
terlocking comb-like arrays of conductive electrodes, as
it can be seen in Figure 2.

Figure 2: An IDT after laser ablation.

As already mentioned, one of the major advantages for
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using IDTs compared to conventional transducers is their
ability of efficient single mode excitation. The mode we
want to excite is defined by the physical design of the
transducer and the excitation signal. The distance be-
tween adjacent fingers of the IDT has to equal to half of
the desired wavelength.

This alone still does not necessarily ensure the single
mode excitation. To efficiently excite a single mode we
need to match the frequency and the wavelength, so that
they are appropriate for excitation of the desired mode.
We also need to make sure they have sufficiently nar-
row bandwidth, otherwise noticeable amplitudes of un-
wanted modes will get excited. In the case of the fre-
quency, this can be achieved by using excitation signal
with sufficient amount of cycles. When narrowing the
wavenumber bandwidth the principle is similar as with
the frequency. To narrow the wavenumber bandwidth,
instead of increasing the number of cycles, the number
of finger pairs of the transducer needs to be increased.
IDT geometry can be represented as a rectangular shape
(see Figure 3). A one-finger-pair and a three-finger-pair
transducers are portrayed in the upper part of the figure.
The lower part of the figure are spatial Fourier trans-
forms of the IDT geometries. It can be seen, that in the
case of three-finger-pair IDT, the -3dB bandwidth of the
main lobe is much narrower than in the case of one-finger-
pair IDT. The bandwidth is narrowed from 1422 m~! to
519 m~!. By adding more fingers to the IDT, we would
be able to decrease the bandwidth even further. This
although, would have the consequence of broadening the
signal in time and spatial domain, meaning wider wave-
packets, with more cycles in it.
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Figure 3: Shape and spatial Fourier transform of two and
six finger IDTs.

This spatial filtering can be visualized when plotted over
phase velocity dispersion curves, e.g. as shown in Figure
4. Dispersion curves were calculated for 2 mm thick steel
plate. Red and greed area on the figures represent excita-
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tion frequency and wavelength, respectively. Excitation
frequency is defined with the frequency of the signal we
use for the excitation of the IDT. Excitation wavelength
depends on the finger pitch of the IDT, in other words,
its geometry.

Placement of the red line on the figure is intuitive. Ab-
cissa represents frequency thickness product, therefore
red line can be simply placed vertically on the figure.
The center excitation frequency is denoted with the in-
tensive red line. Surrounding, semi-transparent red area
is the -3dB bandwidth of the main lobe. It shows the
frequency content of the signal to be excited.

Placement of the green line is not as intuitive, as
wavenumber does not appear on the dispersion diagram.
Nevertheless, there is a relation between frequency and
phase velocity through wavelength (and wavenumber),
therefore we can portray it in the diagram [9)]:

p=—-fd (1)

ul >

It can be seen that there is a linear relationship between
phase velocity and frequency-thickness product. Coeffi-
cient of the linear function is a fraction of the wavelength
(finger pitch) and the plate thickness. From Figure 3 we
can discern the -3dB bandwidth for both, the one-finger-
pair and three-finger-pair transducer and plot them on
the dispersion curves in Figure 4. It can be seen that
the wavenumber ”excitation cone” (green area) gets sig-
nificantly narrower, when increasing the number of the
finger pairs of the transducer from one to three.
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Figure 4: Dispersion curves and excitation points of one and
three finger pair IDTs.

The final ”excitation area” of the transducer is the over-
lap of red and green area. It can be observed that the



area is significantly smaller in case of using three fin-
ger pair transducer. We focused on exciting a single AQ
mode. In case of one finger pair IDT a significant amount
of undesired SO mode is included in this area.

Described analytical findings were validated with nu-
merical finite elements method (FEM) simulation tool
Ansys. Simulation was performed in two-dimensional
space, using plain strain assumption. IDTs were sim-
ulated by applying normal pressure to the area of IDT
fingers. Both, one-finger-pair and three-finger-pair IDT's
were simulated.
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Figure 5: Excited modes for different IDT configurations.

In Figure 5 it can be observed that in one-finger-pair
IDT the SO mode reaches 6.86 % of the A0 mode ampli-
tude, considering the out-of-plane motion of the particles.
When increasing the number of finger pairs to three, the
S0 mode gets suppressed more, reaching only 2.58 % of
the A0 amplitude. In case of in-plane motion, the SO
mode amplitude reaches 29.42 % of A0 mode amplitude
in case of one-finger-pair IDT and only 9.38 % when us-
ing three-finger-pair IDT. These results are as expected:
Increasing the number of finger pairs suppresses excita-
tion of undesired nearby modes. In case of the in-plane
motion, the SO mode is more strongly present, as it nor-
mally exhibits greater in-plane motion.

Applications of Interdigital Transducers
within Structural Health Monitoring

SHM is defined as periodical observation of a structure
to monitor its changes. It can be done through various
approaches, one of the most prevalent techniques is the
use of the UGWs. A reference (baseline measurement) of
an intact structure is recorded and later compared with
newer measurements of the same structure. If the signal
sufficiently changes, this could be an alert for a potential
damage of the structure [10]. SHM is commonly used to
monitor structures such as bridges, buildings, pipelines,
air-crafts, turbine blades, etc.

SHM is a very diverse field, which merges and needs mul-
tiple scientific disciplines for its operation. First, IDTs
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are employed for crack detection, quantification and lo-
calization in a thin steel plate. Second, use of IDTs for
wireless energy transfer in order to power sensor nodes is
explained. Sensor nodes are commonly placed over the
inspected object in a real life application.

Crack Detection, Localization and Quan-
tification

In the first application of IDTs within SHM we focus on
detection, localization and quantification of a crack in a
thin metal plate. According to previous studies, notch
is a good approximation of a crack, that can emerge in
a real-life structure. Using the three finger pair IDT, a
single AQ wave mode was excited. When encountering a
notch, a part of the incident wave converts to SO mode,
another available mode at the excitation frequency. An-
other part of the incident wave gets transmitted past the
notch as A0 mode. The rest of the incident wave is re-
flected in the opposite direction as A0 and SO mode [11].
A sketch of the experiment can be seen in the Figure 6.
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Figure 6: Sketch of the experiment.

The notch evaluation was done through FEM simulation,
as well as experimental validation. Two millimeter thick
steel plate was used in both. From the signal acquired in
the evaluation point following observations can be made:

e Notch detection: Presence of SO mode in the sig-
nal indicates existence of a notch in the inspected
structure.

Notch localization: Knowing the time of flight of
each mode, a position of the notch between trans-
mitter and the receiver, can be estimated.

Notch quantification: From the amplitude ratio of
both modes, depth of the notch can be estimated
(see Figure 7).
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Figure 7: Relation between amplitude ratio and notch
depth.
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Discrepancy between numerical and experimental result
in Figure 7 was analyzed. The reason for it is unidi-
rectional scattering of waves after notch interaction in
two-dimensional simulation, which does not happen in
the experiment.

Wireless Energy Transfer

SHM systems consist of many sensor nodes placed on
various location over the inspected structure to gather
information about its integrity. One of the challenges of
SHM is powering of the sensor nodes. Current solutions,
such as powering with electrical wires or batteries, are
increasing weight of the structure and maintenance cost.
Due to IDTs low weight and flexibility they might be a
good candidate for the role of acoustic energy delivery
as well. Previous study on the topic of acoustic energy
delivery using UGWSs has suggested that using IDTs in
comparison with round omni-directional transducers im-
proves transmission efficiency [12].

In the scope of already performed investigations authors
of the article managed transmitting small amount of
power using IDTs. Sketch of the system is portrayed
in Figure 8.

(4]

Figure 8: Sketch of an energy transmission system.
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Although, current results are not satisfactory, therefore
careful considerations of different aspects of the trans-
mission system are necessary:

0. Use of piezoelectric transducers with good piezoelec-

tric constants.

. Transducers are operating at the resonance fre-
quency.

Good bonding between transducers and the waveg-
uide.

When supplying the energy continuously a standing
wave might form in the waveguide. In that case ap-
propriate placement of receiving transducer is nec-
essary.

Resonance of the transmitting and receiving circuits.

Use of a propagating wave mode appropriate for en-
ergy transmission.

Conclusion

Fundamental principles of IDT operation and their use
have been presented in this contribution. Selective mode
excitation using IDTs has been explained. Dependence of
the quality of a single mode excitation and its relation of
IDT’s geometry has been analyzed and numerically vali-
dated. Lastly, two applications of IDTs within the SHM
have been presented: crack detection, localization, quan-
tification and wireless energy transmission using UGWs
and IDTs. IDTs have show to be useful not only as a
mean for damage inspection, but potentially also as a
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tool for energy delivery. This could help SHM systems
function cost efficiently.
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