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Abstract: The interdigital transducer (IDT), developed from surface acoustic wave devices, has been gradually applied to

structural health monitoring systems due to its operating frequency, adjustable frequency bandwidth and low loss. Therefore, it

has a wide application prospect in smart materials and structures. In this paper, the wideband trapezoidal interdigital

transducer (TIDT) was studied for the shortage, narrow bandwidth, of the existing rectangular IDT. The finite element analysis

method was used to optimize the TIDT structure, and the TIDT performance was tested. The preliminary application of TIDT

for structural damage detection was studied by experiments. The results show that TIDT improves damage recognition

accuracy in practical applications and has broad application prospects.
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Since surface acoustic wave appeared in 1965 research
on its devices has made significant progress. The interdigi-
tal transducer (IDT) was first developed from surface
acoustic wave (SAW) devices™™, which are widely used as
filters, sensors, and so on. In recent years, IDT has gradu-
ally been applied to the field of non-destructive testing"’.
For example, Lamb wave IDTs, which apply IDT to the ul-
trasonic non-destructive testing method, can achieve a
large-scale rapid detection with high excitation intensity. It
has been applied in damage detection of plate structure for
its ease of manufacture™. IDT is further being developed in
the direction of broadband, low loss, and high power'®. Al-
though the traditional rectangular IDT has been maturely
applied to surface acoustic wave device research and
non-destructive testing, researchers have gradually discov-
ered limitations of the rectangular IDT'. It cannot be used
at different frequencies due to its narrow bandwidth. Al-
though the adjustable IDT designed based on the rectangu-
lar IDT solves this problem, it is very cumbersome in actual
operation and each experiment needs to change its geomet-
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ric size. In contrast, the trapezoidal interdigital transducer
(TIDT) can effectively solve this problem!®. Compared
with the conventional rectangular IDT, TIDT has the ad-
vantages of low excitation voltage and wide frequency
bandwidth, which allows it to work at different frequen-
cies”!. Tt can choose different base materials according to
different working environment requirements and can design
the size according to actual requirements to get the required
frequency bandwidth. Currently, this wideband characteris-
tic was widely used in driving droplets''” and measuring
the bandgap of phononic crystals!"!! but it is rare to apply
this feature to the study of non-destructive testing. In order
to obtain a wide band suitable for a variety of conditions, it
is of great significance for TIDT to be wused in
non-destructive testing!'*.

In this paper, polyvinylidene fluoride (PVDF) is used as
the base material and the electrode is an Ag electrode.
Compared with a traditional piezoelectric material, it has
the characteristics of wide frequency response, large dy-

namic range, high sensitivity of acoustic and electrical
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conversion, lightmass, and it is flexible, impact-resistant
and easy to form into sheets or tubes. Through the numeri-
cal calculation, the unit voltage strain change value of TIDT
with different substrate thicknesses and substrate materials
was analysed, and the required geometric size was selected
using the results. Piezoelectric ceramic (PZT) substrate and
PVDF substrate TIDTs were manufactured by the selected
size. The actuating and sensing performance of the TIDTs
were analysed and compared with experiments. Finally, the
PVDF substrate TIDT was applied to damage detection.

1 Simulation of Interdigital Structure of TIDT

1.1 Numerical modeling

The schematic diagram of the TIDT structure is shown in
Fig.1. The width of the interdigital electrode and the elec-
trode gap were equal on the same horizontal line. Set the
electrode width at one end unchanged, and observe the ef-
fect on the IDT performance when the electrode width at
the other end changes. Considering the precision of the
screen printing processing method, the electrode width and
the electrode gap were both selected as 0.25 mm at the short
end, and the width of the long-end interdigital electrode
was set to a. Assuming that the dimensions of a are 0.25,
0.5, 0.75, 1, and 1.25 mm, a schematic diagram of each
TIDT was drawn in CAD and imported into COMSOL
Multiphysics to simulate and analyse different sizes of
TIDT.
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Fig.1 Schematic diagram of TIDT

During the simulation, two physical fields of solid me-
chanics and statics were selected to study the TIDT steady
state. Table 1 shows the basic material parameters of PVDF.
The simulation procedure was to fix one end of the TIDT, a
potential was added and then mesh division was performed.
The result of the mesh division is shown in Fig.2. Next, re-
cord the strain change of unit voltage with different sizes of
TIDT was recorded due to the different inclination angles.
Finally, the results obtained from the two TIDTs with PZT
substrate and PVDF substrate were plotted and compared.

Table 1 Basic material performance parameters of PVDF

. 3 Piezoelectric constant, af/pC-N’l Elastic modulus, Poisson’s  Relative dielectric
Density, p/kg'm .
ds1 ds3 ds» E/MPa ratio, u constant, &/gg
1780 17 21 5.5 2500 0.35 9.5

Note: d5; is the transverse piezoelectric coefficient, ds; is the longitudinal piezoelectric coefficient, and d, is the lateral piezoelectric coefficient
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Fig.2 TIDT mesh division

Fig.3 is the stress-strain diagram in the z-direction of the
TIDT with a substrate thickness #=0.3 mm and ¢=0.5 mm. It
can be found that the stress-strain value of an interdigital elec-
trode with a narrow width in the TIDT is larger than that with a
wider width. Because the narrower the electrode width, the
smaller the electrode gap, the higher the electrode vibration
energy, and the greater the stress-strain value.

1.2 Effect of interdigital structure on TIDT perform-
ance with PZT substrate

The change of strain in unit voltage for TIDTs of differ-
ent sizes with changing PZT substrate thickness is shown in
Fig.4. The abscissa indicates the PZT substrate thickness,
from 0.1 mm to 0.6 mm. The ordinate indicates the unit
voltage strain change value. In the figure, the square icon
indicates a rectangular IDT with a 0.25 mm electrode width
and electrode gap. From Fig.4, the unit voltage strain
change value of the rectangular IDT is larger than that of
other sizes of TIDT and the maximum strain value can
reach 1.25 V' when the substrate thickness is 0.2 mm.
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Fig.3 Stress diagram of TIDT in the z-direction
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Fig.4 Unit voltage strain for different electrode widths and
substrate (PZT) thickness

For TIDT, when a=0.5 mm and the substrate thickness %
= 0.3 mm, the strain change value reaches a maximum of
about 0.83 V. With the increase of the substrate thickness,
the strain change of unit voltage increases at the beginning
and then shows a gradual trend. Then, the strain change
value begins to decrease with the increase of spacing a of
the lower electrode.

1.3 Effect of interdigital structure on TIDT perform-
ance on a PVDF substrate

The change of strain in unit voltage for TIDTs of different
sizes with PVDF substrate thickness is shown in Fig.5. The
abscissa indicates the thickness of the PVDF substrate, from
0.1 mm to 0.6 mm, and the ordinate indicates the strain
change of unit voltage. In the figure, the square icon indi-
cates a rectangular IDT with a 0.25 mm electrode width and
electrode gap. From Fig.5, the rectangular IDT has a larger
unit voltage strain change value than TIDTs of other sizes,
and the maximum strain value is about 0.04 V™',

The unit voltage strain value under the PZT substrate is
more than 20 times higher than the PVDF unit voltage
strain value. This is due to the difference in the material
parameter d3;. The material parameter ds; of the PZT is sig-
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Fig.5 Unit voltage strain for different electrode widths and sub-
strate (PVDF) thickness

nificantly higher than that of the PVDEF. The actuating per-
formance of the PZT-based IDT is higher than that of the
PVDF-based IDT. Therefore, the TIDT of the PZT substrate
is selected for performance verification in the next experi-
ments in this paper.
2  Structural Damage Detection Experiment
Based on TIDT
2.1 Manufacture and actuating performance calibration
of TIDT

Based on the numerical simulation results, a PZT sub-
strate TIDT with a 0.25 mm upper electrode width, 1.25
mm lower electrode width, and 0.3 mm the substrate thick-
ness was manufactured and the actuating performance was
calibrated. The manufacturing method was screen printing.
The prepared PZT substrate TIDT is shown in Fig.6.

Calibration of the actuating performance was carried out
on a 1000 mmx1000 mmx1 mm aluminium plate excited by
an Agilent signal generator and received by a scanning laser
doppler vibrometer (SLDV). The amplitude of the fixed ex-
citation signal was 10 V, and the TIDT was swept and ex-
cited in the 10~800 kHz frequency range. The amplitude of
the five-peak wave of each frequency received in the SLDV

Fig.6 TIDT manufactured by screen printing on PZT
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was normalized based on the maximum value. The ampli-
tude-frequency curve is shown in Fig.7. When the excita-
tion frequency is gradually increased from 10 to 200 kHz,
the amplitude received by the SLDV increases as frequency
increases and reaches a maximum value of about 1 V at 200
kHz. The amplitude is above 80% of the maximum between
100 and 350 kHz, so the frequency bandwidth can be de-
termined from 100 to 350 kHz.

2.2 Preliminary study on damage imaging based on

TIDT

2.2.1 Basic principle of Elliptical imaging method

A series of reflection and refraction phenomena occur
when the guided wave propagates in the plate structure and
encounters defects. The imaging algorithm can reproduce
the location and geometric features of the defect effectively
base on the received defect information. Since the signal
processing method of elliptical imaging method™ is rela-
tively simple and it has no requirements for sensor ar-
rangement, elliptical imaging method is wildly utilized by
researchers in non-destructive testing. This paper used the
elliptical imaging method and its basic principle diagram is
shown in Fig.8. Position D represents the location of the
damage, and position 4 and position S represent the loca-
tion of the actuator and reception sensor, respectively. The
actuator excites the ultrasonic Lamb wave from position 4
to propagate in the aluminium plate. When the Lamb wave
reaches the damage at position D, scattering occurs, and the
sensor receives the scattering signal at position S. During
the whole process, the propagation distance of Lamb wave
is AD+DS; then:

L=AD+DS=c,t D
Where ¢, is the group velocity of the Lamb wave and ¢ is the
propagation time of the Lamb wave.

If the propagation time ¢ and the group velocity ¢, are
known, then the propagation distance L can be determined.
Using an ellipse with points 4 and § as the foci, the damage
must be on the elliptical trajectory according to the geo-
metric relationship of the ellipse. Similarly, using another
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Fig.7 Normalized amplitude of the five-peak wave excited by

TIDT at different excitation frequencies

point S’ as the receiving point to obtain another ellipse, the
intersection of the two elliptical trajectories is the location
of the damage.

When considering different excitation receiving sensors,
(x; y;) indicates the excitation position and (x; ;) indicates
the receiving position; the damage position is (x, y). From
the triangular geometric relationship, the time from the ex-
citation position after damage reflection to the receiving
position can be expressed as,

. e = 0= F Y= 0, m (g

G

Ly

Where #;(x, y) represents the time from the ith sensor to the
Jth sensor via (x, y). Set S,-j(tw’j) to the amplitude of the sig-
nal through the damage (x, y); total addition of the ampli-
tude can be used to represent the signal intensity at point (x,
»). Total amplitude addition is an imaging method that adds
the amplitudes of each discrete point (x, y) in the plate to
obtain the amplitude of the defect position. The principle is
as follows:

NOEDIND I G ®

Where N indicates the number of sensors and the remaining
(N—1) sensors after each sensor excitation serve as signal
receiving sensors to receive signals. The process of repeat-
ing N sensors can obtain a total of N (N—1)/2 signals and
the intensity of the N (N—1)/2 signals is the signal strength
of the point (x, y) where the defect is located; thatis [ (7).
2.2.2  Experimental facilities

To verify the feasibility of TIDT for structural damage
detection, it was used as an actuator to excite the signal.
The experiment was carried out on a 1000 mmx1000 mm
x1 mm aluminium plate. The TIDT was attached to the
centre of the aluminium plate (0.5, 0.5), and the damage
position was (0.4, 0.5). A five-cycle sinusoidal signal
modulated by a Hanning window with a 300 kHz centre
frequency was excited by a signal generator, and a power
amplifier was connected to amplify the voltage. The sinu-
soidal signal modulated in this experiment was narrow
bandwidth. At the same time, since it was a pulse signal, the

Damage (D)

Fig.8 Schematic diagram of ellipse positioning
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damage position information can be effectively reflected in
the damage detection. The signal was received by an SLDV
perpendicular to the surface of the aluminium plate. A pho-
tograph of the experimental apparatus is shown in Fig.9.
2.2.3 Results of the experiment

Fig.10 shows a waveform diagram received at 200 kHz.
The first small wave packet represents the S, mode. At 150
kHz, the S, mode is not obvious, but as the frequency in-
creases, the S, mode has an increasing trend and the S,
mode begins to show dispersion. As the frequency increases,
the 4, mode begins to decrease, but there is almost no dis-
persion.

The aluminium plate was scanned by SLDV, and reflec-
tive paper was passed at the test point. To ensure accuracy
in the experiment and avoid possible measurement errors, a
total of six data sets were tested in this experiment. Signals
for no damage and damage were tested for selected points.
The scanning point is shown in Fig.9. When selecting a test
point, care was taken to ensure selecting the relative hori-
zontal angle. The angle of the selected point could be dif-
ferent from the horizontal direction to improve the received
signal.

The excitation frequency was adjusted to 200 and 250
kHz and the measured six sets of data were imaged by the
elliptical positioning method with the result shown in
Fig.11. There are three points in the vicinity of (0.4, 0.52),
which are the damage positions calculated by the elliptical
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Fig.9 Photograph of the damage imaging experiment
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Fig.10 Typical waveforms received at 200 kHz
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Fig.11 Diagram of ellipse imaging result

imaging method according to the received signal at 200 and
250 kHz; the distance from the actual damage location (0.4,
0.5) is 20 mm. The imaging results are basically no differ-
ent, indicating that the TIDT has a wide bandwidth charac-
ter. The damage localization result may be affected by the
accuracy of the TIDT production and paste process and the
imaging method, so there are some errors. The experimental
results show that TIDT has feasibility for non-destructive
testing for structural damage.

3 Conclusions

1) TIDT has the advantages of wide frequency bandwidth
and its imaging effect is different at different frequencies.

2) It can be used for non-destructive testing of structural
damage, but the imaging accuracy is slightly low and needs
further optimization.
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