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ABSTRACT

During recent years, an intensive research activity concerning the application of Lamb waves (LWs) for SHM has
been observed. LWs may be generated and sensed using different types of transducers, and their selection is
essential for the SHM system’s performance. Results of the investigation of three types of transducers based on
macro-fiber composite (MFC) are presented in this paper; two types of commercially available MFC actuators
are compared with a novel type of custom-designed interdigital transducer also based on the MFC substrate. After
a short presentation of the piezoelectric transducer designed for SHM applications, details concerning the proposed
interdigital transducer design are provided. Beampatterns of the investigated transducers are first compared using
numerical FEM simulations, and next, the numerically obtained beampatterns are verified experimentally using
laser vibrometry. In the final part of this paper, advantages and disadvantages of the investigated transducers are
discussed. Copyright © 2012 John Wiley & Sons, Ltd.
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1. INTRODUCTION

Ultrasonic guided waves (GWs) are structure-borne elastic waves that propagate along the structure

confined and guided by its geometric boundaries. During their propagation, GWs interact with geometric

discontinuities and produce reflected waves, which can be detected by appropriate transducers that are also

often used for generating the incident GWs. Despite their complicated nature, GWs have gained importance

in SHM applications, primarily because of their ability to propagate over long distances with little

attenuation. Their additional advantage is selective sensitivity of different GW modes to a variety of

structural defects. For instance, the fundamental symmetric (S0) Lambmode, which has dominant in-plane

components, is sensitive to the through-the-thickness damage, whereas the A0 mode is better suited for

detecting surface damage because of its dominant out-of-plane component. A review and state of the art

of the SHM systems was presented by Raghavan and Cesnik [1].

Lamb wave (LW) transducers used in SHM should be small and light to be integrated into the

monitored structure without influence on its behavior. These requirements are especially important

for applications where aerodynamic or hydrodynamic properties of the structure should remain

unchanged [2]. Additionally, to reduce the system cost, each LW transducer should cover a large area

of the monitored structure, and its cost should be low to make the system economically justified.
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This paper is concerned with piezoelectric transducers capable of generating and sensing LWs in

SHM systems with the aim of efficient damage interrogation. LWs can be excited in planar structures

by using different devices, for example, ultrasonic angle beam transducers [4], electromagnetic

acoustic transducers [3–5], and laser ultrasound systems [6–9]. Many of those transducers do not

comply with the demands of SHM systems because they are bulky (e.g., angle beam transducers), they

are brittle (piezo-wafers), or they generate waves with low energy (e.g., Capacitive micromachined

ultrasonic transducers and electromagnetic acoustic transducers).

Piezoelectric transducers made of lead zirconate titanate (PZT) ceramics are affordable, and their

sizes are relatively small compared with the monitored structure. Thin and preferably flexible

piezoelectric patches capable of generating intensive LWs with high directionality are the most suitable

transducers for SHM systems. Two types of such transducers can be distinguished from the point of

flexibility: the inflexible piezoceramic patches with uniform electrodes and the flexible patches made

of piezocomposites, for example active fiber composites (AFCs) [10–13] and macro-fiber composites

(MFCs) [14–19]. The AFC and MFC devices are usually optimized as actuators and provided with

dense comb-like electrodes. It appears, however, that sparse comb-like electrodes used in interdigital

transducers (IDTs) [20,21] create very interesting properties of mode selectivity. Feasibility of the

IDT for generation of LWs in application to structure monitoring was investigated by Monkhouse

et al. [22,23]. They used polyvinylidene difluoride (PVDF) as piezoelectric material to manufacture

and investigate IDTs with different topologies for SHM applications. PVDF is a very flexible and

cheap material; however, it exhibits considerably weaker piezoelectricity than PZT ceramics.

Moreover, it cannot be used at high temperatures, which may preclude its use in some structures.

This paper is focused on the transducer that may be mounted on the long curved or deformable

thin-walled structures (i.e., blades of wind turbines or airplanes wings). Transducers mounted on such

structure should be elastic or small enough to avoid damage from the structure deformations. Moreover,

they should be able to generate directional wave to avoid reflections from the structures’ boundaries.

In this paper, the authors investigate three different transducers made of MFC substrate, two

commercially available actuators with dense comb electrodes, and a custom-designed IDT with

double-sided sparse interdigital electrodes. Beampatterns of all the three transducers are first calculated

using numerical simulation and are then compared with those measured using laser vibrometer. The

transducers’ beampatterns are compared in terms of the main lobe width and side lobe level. Mode

selectivity is also investigated using time and frequency analysis of the generated waves. The aim of

this work is to find which of the investigated transducers has the best directivity and mode selectivity.

This paper is organized as follows. Section 2 contains a short presentation of the piezoelectric

transducers with focus on the SHM implementation. Design process of the IDT is shortly described

in Section 3. The results of the numerical simulations are reported in Section 4, and they are compared

with the experimental results in Section 5. Finally, Section 6 presents the authors’ conclusions where

benefits of the MFC-based IDT are discussed.

2. PIEZOELECTRIC TRANSDUCERS FOR SHM

2.1. Piezoceramic patches

Piezoelectric elements made of PZT ceramics are commonly used as transducers for LW generation in

SHM applications [24–28]. Typical PZT transducers used for LW generation are built as piezoelectric

patches attached to the inspected structure. Single PZT transducer generates omnidirectional wave with

relatively high amplitude. Frequency, mode selectivity, and main directions of propagation of that

wave are strongly related to the excitation frequency and patch shape [29]. Multiple transducers

forming ultrasonic phased arrays can be used to achieve directionality of the generated waves

[30,31]; however, complex electronics for signal generation and reception is required [32,33]. Usually,

the size of the piezoceramic patches is below or in the range of 10mm, and in this case, the fragility of

the PZT transducer is not the major drawback. However, if PZT layer is used for larger transducers in

the range of tens of millimeters (e.g., IDT), then they can be easily damaged during integrating process

or by the structure deformation in its normal operation condition. Moreover, in the case of monitoring

the thin and deformable structures, stiff PZT patch can cause local increase of rigidity.

LW TRANSDUCERS MADE OF PIEZOELECTRIC MFC 1139

Copyright © 2012 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2013; 20: 1138–1158

DOI: 10.1002/stc



2.2. Transducers made of piezoelectric fiber composite

Recently, two types of fiber piezoelectric composites suitable for patch transducers have been

developed: the AFCs and the MFCs. The AFCs have been developed by Bent and Hagood from

Massachusetts Institute of Technology (MIT) [10]. The structure of an AFC transducer is shown in

Figure 1(a). It consists of three main layers: one layer of piezoceramic fibers embedded in an epoxymatrix

and sandwiched between two sets of interdigital electrodes [11]. The piezoceramic fibers are produced

through an injection molding process—PZT powder mixed with the wax binder is heated to achieve

the specified viscosity and injected at high pressure into a cooled mold [12]. When dense comb-like

electrodes are placed on the top and bottom of the fibers, a transducer is produced. Dense comb-like

patterns allow for generating directional wave, and epoxy layers make those transducers flexible [13].

Macro-fiber composite transducers, originally invented by NASA [14], are essentially the cost-effective

version of the AFC. The structure of a MFC transducer is similar to that of the AFC and also consists of

three main layers as shown in Figure 1(b).

The main difference between the AFC and the MFC is the shape of the fibers; the AFC’s fibers are

round, whereas the MFC’s are rectangular. The piezoelectric fibers, located in the central layer (active

layer) of the MFC transducer, are diced from piezoceramic wafers [15]. The top and bottom layers of

the transducer consist of electrode patterns. The electrode pattern may vary with the type of the

piezoelectric effect used for wave generation or with the transducer’s shape.

Two main types of MFC transducers are shown in Figure 2 [29]. The first type, illustrated by

Figure 2(a), uses the d31 effect in the piezoelectric fibers with voltage applied through the fibers’

thickness. The second type exploits the d33 effect with voltage applied along the fiber’s length

(Figure 2(b)). The arrows in Figure 2 show the direction of applied electric field.

Similarly to the AFC, the MFC transducers generate the directional GWs, and the use of

piezocomposites makes the transducers flexible.

2.3. Description and design principles of the interdigital transducers

Devices made of piezoelectric fiber composite with dense interdigital electrode patterns have been used

mainly as general-purpose actuators that are not optimized for any operating frequency. IDTs,
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Figure 1. Structure of the (a) AFC and (b) MFC transducers.
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however, if used for generating and sensing LWs, can be designed to excite modes with a specific

wavelength. By adjusting finger spacing in the comb electrodes accordingly to the specific wavelength

in the inspected plate, the transducer will become a mode-selective filter. This LW transducer type has

been first created using PVDF [22,23] and, very recently, using piezoceramic composite [33,34]. The

origin of IDTs can be traced back to the surface acoustic wave (SAW) devices [21]. However, the IDTs

designed for LWs operate at frequencies much lower than 1MHz, whereas the SAW devices are designed

for the frequencies in the range of tens ofmegahertz to several gigahertz. A typical IDT, shown in Figure 3,

consists of three layers: the bottom and top electrodes are separated by the piezoelectric layer.

The piezoelectric layer may be made of piezoelectric polymer (i.e., PVDF [35–37]), piezoceramic

[38], or piezoceramic composite [14,39]. Properties of the piezoelectric layer determine transducer

features such as elasticity, maximal energy, and frequency of the generated waves. The most

significant feature of IDT transducers is the electrode pattern that has a comb/finger-like shape.

Contrary to MFC actuators, IDTs are designed for the excitation of the specific, nominal wavelength

that is determined by the distance between phase electrodes (finger separation) [22,23]. Similarly to

AFC and MFC, IDTs generate bidirectional waves [40,41]. Signal is generated in the direction

perpendicular to the finger electrodes, and the wave divergence (the main lobe width) depends on

the number of fingers and their length.

Two main types of IDT transducers can be distinguished depending on the electrode pattern: the

traditional single-sided IDT (IDT-SS) and the double-sided IDT (IDT-DS) [21].

Generic IDT-SS, presented in Figure 3, has comb-shaped electrodes only on one side of the

piezoelectric substrate, whereas the second side is covered by the ground plate electrode. Three wires

are required to connect electrical signals to the electrodes (two opposite phases and ground), which

means that antisymmetric sources of the phase signals (e.g., sine bursts) have to be used to supply

the interdigital electrodes.

The IDT-DS, shown in Figure 4, has both sides covered by the interdigital electrodes. To simplify

the wiring, the top and bottom electrodes are connected in pairs so that the opposite phase electrodes

are placed over each other. This design requires only two wires and does not need antisymmetric

signal sources. Moreover, the amplitude of the GWs generated by IDT-DS can be higher than that

generated by IDT-SS [21].
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Figure 3. Structure of the single- sided IDT: (a) top electrode, (b) bottom electrode, and (c) cross section.

a b c

V+

V- V+

V-

V+

Piezoelectric Layer

V-

Figure 4. Electrode layout in the double-sided IDT: (a) top electrode, (b) bottom electrode, and (c) cross section.
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3. THE MACRO-FIBER COMPOSITE INTERDIGITAL TRANSDUCER

Motivated by the specific needs of SHM applications for long, thin, and deformable structures,

this paper is focused on flat and flexible transducers that are capable of generating directional

waves and can be easily integrated with monitored structures. Transducers based on AFC and

MFC have similar properties and offer the desired advantages; however, because MFC is

commercially available, it was chosen for investigation. Compared with monolithic PZT transdu-

cers, MFC offers increased flexibility and durability, which makes it an attractive material for a

structurally integrated GW sensor. The specific aim in this paper is to compare properties of

the commercially available MFC actuators with dense electrodes (Smart Material Corp., Sarasota,

Fl, USA) with that of MFC-based IDT provided with comb electrodes designed for a specific

wavelength.

The IDTs presented in this paper are designed to excite the A0 mode in a 4-mm-thick aluminum

plate. This mode exists at a broad band of frequencies; however, the most useful for SHM applications

are the frequency bands characterized by low dispersion, for example the specific frequency band for

which the excited waves travel with approximately constant speed.

This situation occurs at the points where group velocity is either stationary or almost stationary with

respect to frequency, which takes place at the maxima indicated by dots at the dispersion plot shown in

Figure 5. In the studied case, the maximum of the group velocity of the A0 mode in a 4-mm-thick

aluminum plate exists at 329 kHz, and this frequency was chosen for IDT design.

Two standard commercially available MFC transducers were chosen for the tests reported here (the

P1 with d33 effect and the P2 with d31 effect), both provided by Smart Material GmbH, Dresden,

Germany, who also provided a number of MFC-based IDTs with electrode combs designed by us.

Dimensions of the tested transducers are presented in Table I.

The IDT investigated during performed tests has dimensions close to those of the MFC transducers.

The IDT-DS was chosen for the tests because of the higher amplitude of the excited wave and simpler

wiring. The transducer design process was presented in the authors’ previous publications [33,34]. The

layout and the overall dimensions of the designed transducer (further referred to as the IDT-DS4) are

shown in Figure 6.
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Figure 5. Group velocity of a 4-mm-thick aluminum plate.

Table I. Geometric parameters of the transducers used during experiments.

Transducer type MFC-M2814-P2 (d31 effect) MFC-M2814-P1 (d33 effect) IDT-DS4 (d31 effect)

Active length (mm) 28 28 28.2
Active width (mm) 14 14 15
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Properties of the piezocomposite are similar in all investigated transducers (fibers 0.5� 0.2mm). The

electrodes on both sides of the transducers are made of 0.18-mm-thick copper layer. A three-dimensional

model and a photograph of the manufactured IDT are presented in Figure 7.

4. NUMERICAL SIMULATIONS

Numerical simulations were performed to indentify properties of the designed IDT-DS4 and the MFC

transducers chosen for comparison. Numerical models of the transducers and aluminum plate were

created in ANSYSMultiphysics software (ANSYS Inc., Canonsburg, PA, USA). Each of the transducers

was placed centrally on a 4-mm-thick aluminum plate with dimensions 500� 500mm. A model of the

structure was built using 20-node brick finite elements (FEs). Fully coupled transient analysis was

performed to simulate piezoelectric effect. The transducers were excited with electrical signals (five-cycle

tone burst modulated with Hanning window, amplitude 100Vp–p) as shown in Figure 8. GW propagation

was simulated in the time interval 80ms.

For the tests, three excitation frequencies were chosen: 330 kHz, which is the nominal frequency for

the designed IDT (maximum on the dispersion plot for the A0 mode in a 4-mm-thick aluminum plate);

425 kHz, the frequency for which the S0 mode’s wavelength is equal to 7.5mm (finger separation); and

100 kHz, which is the low frequency excitation to verify the behavior of the tested transducers at low

frequencies.

Averaged values of the MFC parameters, provided by Smart Material, were used as the properties of

the piezoelectric layer (Tables A1 and A2).

4.1. Beampattern calculation

The response surface method (RSM) [42,43] was applied to calculate beampatterns in all simulations

performed to analyze the dynamic properties of the modeled piezoelectric transducers. During the FE

simulations, rectangular FEs were used, and it was impossible to evaluate the amplitude directly on the

radius of 150mm. The RSM enabled finding approximate maximal nodal velocity for all the

Lt=15 mm

=7.5 mm 
Wt=1.9 mm
We=0.75mm

Figure 6. Top/bottom electrodes layout and dimensions.
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Figure 7. The IDT-DS4 used in the tests: (a) 3D schematic and (b) manufactured prototype.

LW TRANSDUCERS MADE OF PIEZOELECTRIC MFC 1143

Copyright © 2012 John Wiley & Sons, Ltd. Struct. Control Health Monit. 2013; 20: 1138–1158

DOI: 10.1002/stc



measurement points on desired radius by using a set of nodes in the FE mesh located in the close

vicinity to the area with the radius of 150mm. Transformation of coordinates from the Euclidean to

polar system was performed for the selected nodes to minimize geometric irregularities of the RSM

input domain.

The Hilbert transform was used to determine envelopes for time history plots of the vertical nodal

velocity for all selected nodes. Finally, the maximal value for each envelope was found and assumed to

represent the nodal velocity of the generated mode (either symmetric or antisymmetric). This data

was used as an input for the RSM application. An example snapshot for a node is presented in Figure 9(a)

for the IDT-DS4 excited with 100 kHz.

Polynomial metamodel was applied to approximate the relationship between input parameters

(normalized radius and angle) and the maximal value of the envelope. The least squares method was

applied to determine the coefficients of 141 regressors by the use of 1405 known values of envelope

extremes. An example of the response surface generated for the IDT-DS4 excited with 100 kHz is

presented in Figure 9(b). The normalized values of angle and radius from the interval [�1, 1] represent

the variation [�90�, 90�] and [148mm, 152mm], respectively.

4.2. Numerical results obtained for the MFC-P2 with d31 effect

Results obtained from the numerical simulations performed for the MFC-M2814-P2 transducer

presented in Figure 10 show the transducer’s beampatterns for different excitation frequencies. It can

be seen that the GWs generated by that transducer propagate in four perpendicular directions

simultaneously for all considered frequencies. All beampatterns, however, have relatively wide lobes,

which can be observed in Figures 11–13, where besides the shape of the calculated beampatterns, the

calculated divergence angles are presented. Divergence angle, also known as main lobe width, is

calculated as �6 dB amplitude drop for each of the measurement. From Figure 10, it can be seen that
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Figure 9. Example of the beampattern calculation: (a) snapshot of the vertical velocity for a node and (b) extremes
of the envelopes.
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the highest amplitude of the propagating wave occurs for frequency 425 kHz. For this frequency, the

main-to-side-lobe amplitude ratio (MSLR) is 1.3; for lower frequencies, 330 and 100 kHz, this ratio

decreased to 0.84 and 1.1, respectively.

4.3. Numerical results for the MFC-P1 with d33 effect

The second simulation series was performed for the MFC-M2814-P1 transducer, which exhibits d33

piezoelectric effect. The highest amplitude of the generated wave was observed again for excitation

frequency 425 kHz, as can be seen in Figure 14. The main lobe width for that frequency was 31.6�
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Figure 10. Normalized beampatterns of MFC-M2814-P2 at excitation frequencies 100, 330, and 425 kHz.
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(Figure 15). The amplitudes of the waves generated for lower frequencies were approximately two

times lower than those for 425 kHz, and the beampatterns had much wider main lobes (72º for

100 kHz; Figures 16 and 17). It appears that the MSLR also depends on the excitation frequency:

for 100 kHz, this ratio was 10.8; and for the higher frequencies, 330 and 425 kHz, it was reduced to

6.5 and 7.3, respectively.

4.4. Numerical results for double-sided interdigital transducer with d31 effect

Comparison of the simulation results for the IDT-DS4 presented in Figure 18 shows that the best

performance was obtained for the nominal excitation frequency equal to 330 kHz. The amplitude at this
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frequency is almost two times higher than that obtained at 425 kHz and over 35 times higher than at

100 kHz From Figure 19, it can be seen that the main lobes are characterized by very good MSLR

and narrow divergence angle equal to 30�. For higher excitation frequencies, the beampattern,

presented in Figure 20, remains similar, but well-pronounced side lobes appear at approximately 30�

on both sides of the main lobe. For excitation frequency 100 kHz, the simulated beampattern, shown

in Figure 21, takes the form of a butterfly with wide main lobes (divergence angle up to 86�) and

considerable side lobes.
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Figure 16. Normalized beampattern of the MFC-M2814-P1 at 330 kHz.
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The best MSLR of the IDT-DS4 equal 110 is observed at its nominal frequency 330 kHz; for other

frequencies, it is much lower but still higher than that for the MFC-M2814-P1 transducer: 28 for

100 kHz and 39 for 425 kHz, respectively.

4.5. Numerical results: discussion

Results obtained during the simulation with MFC-2814-P2 showed that the transducer is not able to

generate directional wave (Figure 10). During investigation, an additional series of simulations were
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Figure 19. Normalized beampattern of the IDT-DS4 at 330 kHz.
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Figure 20. Normalized beampattern of the IDT-DS4 at 425 kHz.
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carried with the model of the PZT stack transducer, whose dimensions were the same as the MFC

transducers. Results obtained during these simulations are presented in Figure 22.

It can be seen that in both cases (theMFC and PZT), the transducers generate waves in all four directions

simultaneously, with the main radiation direction and amplitudes changing with the excitation frequency.

Figure 23 provides comparison between the best results from each type of the investigated transducers.

It was defined that the best results should have the highest amplitude related to the highest MSLR.

Because only a single result was chosen from each of the tests, the results for the following excitation

frequencies were also considered: 425 kHz for the MFC-P1/P2 and 330 kHz for the IDT-DS4.

It is visible at a glance that the beampattern generated by the IDT-DS4 transducer has not only the

highest MSLR but also the highest main lobe amplitude and the smallest main lobe width.

The numerical results confirm the conclusions from the theoretical analysis that finger separation

matched to the length of the generated wave amplifies the amplitude of the generated wave for a given

frequency. In all tested frequencies, the calculated divergence angles are similar, but higher amplitude

obtained for the IDT-DS4 leads to better MSLR.

5. EXPERIMENTS

5.1. Experimental setup

The transducers investigated in the experiments were mounted on the 1000� 1000� 4mm aluminum

plate by using Loctite 3430 epoxy bond (Henkel AG & Co. KGaA Henkelstrabe 67, Düsseldorf,

Germany) that was cured before the tests for at least 24 h. The excitation signals were generated by
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Figure 22. Normalized beampatterns of PZT stack transducer at excitation frequencies 100, 330 and 425 kHz.
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transducers.
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the specially designed for SHM applications Piezo-Acquisition System PAS-8000 and PAQ-16000D

from EC-Electronics, Poland. The measurements of out-of-plane vibrations were performed using

the Polytec PSV-400 scanning laser vibrometer (Polytec GmbH Polytec-Platz 1–7, Waldbronn,

Germany) located in front of the tested plate as shown in Figure 24. The vibrometer consists of two

main parts: the PSC-I-400 sensor head and the OFV-5000 vibrometer controller.

To improve the reflective properties of the surface, the measured area was covered with the

retroreflecting material dedicated for laser vibrometry tests. Sampling frequency of the vibrometer

was set at 5.12MHz, and the sensitivity at 20mm/s/V. To suppress the influence of the noise, the

measurements were repeated four times in each point and subsequently averaged and filtered with

bandpass filter with bandwidth 100 kHz (�50 kHz round the excitation frequency). The excitation signals

used in the experiment consisted of five-cycle tone sine burst modulated with Hanning window. The burst

frequencies used in the experiments were the same as in the FEM simulations: 100, 330, and 425 kHz.

The transducers’ beampatterns were calculated for each of the excitation frequencies on the basis of

the vibrometer measurements (Figure 25). For each of the measured points, the Hilbert transform was

PSV-I-400

OFV-5000
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AL Plate with IDT

Figure 24. Experimental setup used to test designed transducers.
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used to determine envelopes of the snapshots of the out-of-plane velocity. Next, the maximal value of each

envelope was found and used for the beampattern calculation. Finally, the calculated beampatterns were

normalized and smoothed by a moving average filter. In the following discussions, the beampatterns

obtained from the vibrometer data are presented and compared with the simulated ones. Example

snapshots registered at the transducer axis at the distance 150mm from the transducers are also shown.

5.2. Experimental results for the MFC-P2 with d31 effect

Results obtained during the investigation of the transducer MFC-M2814-P2 are presented in Figures 26

and 27.

Comparison of the beampatterns presented in Figure 26 shows that the MFC-M2814-P2 generates

both front and side lobes for all three test frequencies. The front lobes have similar amplitudes for all

three frequencies, whereas the side lobes’ amplitude varies with frequency and achieves its largest

value for 330 kHz. The front lobe width is largest for the lowest frequency, 100 kHz, and it decreases

for the higher frequencies. Variations in the main radiation direction pronounced in the experimental

data presented in Figure 26 are similar to those observed by Callet et al. [29]. At excitation frequency

100 kHz, the MSLR is 1.06, whereas for higher frequencies, this ratio is reduced to 0.4 for 330 kHz and

0.6 for 425 kHz. Experiments show that relatively high mode selectivity was achieved only for the

lowest frequency, 100 kHz, where only a single-mode wave was observed; for higher frequencies,

additional modes appear as it can be seen in Figure 27.

Diagrams provided in Figure 28(a–c) enable comparison of the simulation and experimental data for

the MFC-M2814-P2. Note that the maximal experimentally obtained amplitudes, given in the lower-right

corner of each diagram, correspond to the radius of the largest circle. Those amplitudes were used for

30

210

240

90

270

120

300

150

330

180 0

60MFC-P2@330kHz

MFC-P2@100kHz

MFC-P2@425kHz

2.85 [µm/s]

Figure 26. Normalized beampatterns of the MFC-M2814-P2 at excitation frequencies 100, 330, and 425 kHz.
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Figure 27. Snapshot of the signal measured for the MFC-M2814-P2 at excitation frequency 330 kHz.
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the amplitude normalization of the respective simulated beampatterns. Figure 28(a–c) demonstrates

good agreement between the simulations and experiments in terms of the shape of the generated

beampatterns.

5.3. Experimental results for the MFC-P1 with d33 effect

Normalized results of the experiments that were performed with the MFC-M2814-P1 can be compared

in Figure 29. In the figure, it can be seen that this transducer generated a bidirectional wave in the

directions perpendicular to the electrodes for all of the tested frequencies.

Similarly to the MFC-M2814-P2, in this case, better mode selectivity was observed at the lowest

frequency (100 kHz) where only a single mode could be distinguished with the frequency

corresponding to the excitation. With the change of the excitation frequency, additional modes of

GWs were generated, which can be seen in Figure 30.

Contrary to the previous transducer, the shape of the generated beampattern (Figure 29) changed

with the excitation frequency. For higher frequencies, the bidirectional character of the wave was

preserved; however, additional side lobes appeared with amplitudes and localizations, depending on

the frequency. In this case, the divergence angle could be estimated only for excitation frequency

100 kHz, and it was equal to 55º and the MSLR value was 4.1.

Similarly to the previous transducer, in this case, also a good agreement between the experimental

and simulation data can be observed, especially at the lowest excitation frequency, in Figure 31(a); for

higher frequencies, additional side lobes, which were not present in the numerical data, are visible in

the experimental results. Note, however, that the velocities corresponding to the beampattern

amplitudes, shown in Figure 31, were approximately one order of magnitude lower that those

measured for the MFC-M2814-P2.
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Figure 28. Normalized simulated (dashed) and experimental (solid) beampatterns of the MFC-M2814-P2 for
different frequencies: (a) 100 kHz, (b) 330 kHz, and (c) 425 kHz. Scale in micrometer per second.
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5.4. Experimental results for the double-sided interdigital transducer with d31 effect

The third investigated transducer was the custom-made IDT-DS with the d31 piezoelectric effect made

of the same substrate as the MFC-M2814-P2. The IDT-DS4 was designed to work at a particular

nominal frequency (330 kHz), but for comparison with the MFCs, it was excited with the same

frequencies as the transducers presented earlier. The beampattern characteristics of this transducer, shown

in Figure 32, demonstrate its ability to generate a bidirectional wave in the direction perpendicular to its

comb electrodes.
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Figure 30. Snapshot of the measured signal at excitation frequency 330 kHz for the MFC-M2814-P1.
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Figure 31. Normalized simulated (dashed) and experimental (solid) beampatterns of the MFC-M2814-P1 for
different frequencies: (a) 100 kHz, (b) 330 kHz, and (c) 425 kHz. Scale in micrometer per second.
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Figure 32. Normalized beampatterns of the IDT-DS4 at excitation frequencies 100, 330, and 425 kHz.
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Similarly to the simulation results, the best performance of the transducer was observed at frequency

330 kHz. Time and frequency domain analysis of the results shows that three modes were generated at

excitation frequency 330 kHz: the A0 and S0 modes at frequency 330 kHz and a weak S0 mode at

425 kHz, which was the symmetric mode corresponding to the electrodes spacing as shown in Figure 5.

This mode was excited by the small amount of energy present in the higher frequency band of the

330 kHz burst. The S0 modes propagate with higher speed (4.8 and 4.1 km/s, respectively) than the

A0, which has a velocity of 3.1 km/s (Table B1). The calculated MSLR at frequency 330 kHz was

4.6, and the divergence angle was equal to 34� (Figure 32).

The result obtained at frequency 100 kHz is very difficult to interpret because the amplitude of the

generated wave is very low. From Figure 33(a), it can be seen that the maximal amplitude for 100 kHz

is 10 times lower than that for 330 kHz, and the beampattern does not indicate any well-pronounced

directionality. At the highest frequency, the main lobe is better pronounced, but the main lobe

amplitude is lower than at frequency 330 kHz, and additional side lobes are also visible. Also at this

frequency, besides the modes related to the excitation frequency, the slow mode related to the electrode

spacing can be distinguished (A0 at 330 kHz).

Comparison of the simulation and experimental results for the IDT-DS4, presented in Figure 34(a–c),

shows very good agreement between simulations and experiments for the nominal frequency. Also for

frequency 425 kHz, the beampatterns are similar including the presence of additional side lobes generated

at the edges of the transducer.

6. DISCUSSIONS

Experimental results have shown that properties of all considered transducers vary with the change of

excitation frequency. For further discussion, only those frequencies where the highest MSLR and the
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Figure 33. Snapshot of the signal measured for the IDT-DS4 at excitation frequency 330 kHz.
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Figure 34. Normalized simulated (dashed) and experimental (solid) beampatterns of the IDT-DS4 for different
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best mode selectivity could be observed have been chosen. In the results presented in this paper, such

situation occurs at low frequencies (100 kHz) for the MFC-M2814-P1/P2 transducers and at frequency

330 kHz for the IDT-DS4. These are compared in Figure 35, providing the beampatterns with the highest

MSLR generated by the investigated transducers during experiments, with a scale factor for the

amplitudes equal 1.28 mm/s.

In Figure 35, it can be seen that the best directionality in terms of side lobe level, among the

investigated transducers, was achieved by the IDT-DS4, which had the MSLR approximately 5,

whereas the MFC-M2814-P1 had approximately 4, and the MFC-M2814-P2 had only 1. Also, the best

directionality in terms of the divergence angle was observed for the IDT-DS4 that had the main lobe

width of 34�. This can be compared with 55� for the MFC-M2814-P1 and 67� (50� side wave) for

the MFC-M2814-P2.

On the basis of the performed tests, only a qualitative comparison may be carried out because only a

single transducer of each type was tested. The transducers were bonded manually in different positions

on the plate, which may have lead to differences in bond quality between the transducers and the plate.

To reduce the negative influence of these factors, multiple tests should be performed, and then on the

basis of statistical analysis, a quantitative comparison could be performed.

Experimental results confirm the numerical results in terms of the beampatterns shape;

however, contrary to the numerical results, the highest amplitude among the tested transducers

was generated by the MFC-M2814-P2. In the experiments, it was two times higher than that

generated by the IDT-DS4 and over six times higher than the amplitude of the MFC-M2814-P1.

The source of this difference may be any of the factors mentioned earlier (bonding quality

and material properties of the plate or of the piezocomposite) as well as imperfections of the

numerical model.

The major differences observed between the numerical and experimental results are the differences

in the amplitude level at different frequencies, which is especially visible for IDT-DS4. To identify the

influences of selected parameter that may be the source of those, the influence of the bonding layer on

the generated wave was investigated using FE simulations.

An additional layer of glue (50 mm thick) was added between the IDT-DS4 and the aluminum plate,

and for such model, the simulations for all three frequencies were repeated. Results obtained during

these simulations are compared with the original results in Figure 36.

It is visible that for low frequencies, the bonding layer significantly damps generated waves

(Figure 36(a)). However, for higher frequencies, the opposite effect is observed: the generated signals

have higher amplitudes than the ones observed without the presence of bonding layer. Those changes

also affect the amplitude–frequency characteristics of the transducer, as presented in Figure 37.

If the beampatterns shown in Figure 37 are compared with those obtained for the model without

bonding layer (Figure 18), it can be seen that the difference between the amplitudes of the signal

generated at 330 and 425 kHz is minimal. However, the shapes and the calculated divergence angles

for all of the studied frequencies remain the same.
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Figure 35. Experimental beampatterns of the investigated transducers.
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A series of numerical and experimental tests are currently performed by the authors with the aim of

identifying and explaining the influence of the bonding layer as well as other factors on the properties

of LWs generated by the IDT.

7. CONCLUSIONS

In this paper, two transducer types built using the MFC substrate with different electrodes, that is, the

standard dense electrodes and the IDT-DS electrodes, were compared using numerical simulations and

experiments. Both types of the investigated transducers were in the form of thin and flexible patches

suitable for SHM applications. Two types of the MFC substrates were used for the transducers with

dense electrodes, the d33 polarized for MFC-P1 and the d31 for MFC-P2, whereas the d31 MFC

was used for the IDT-DS transducer.

The results of numerical simulations and experiments presented in this paper showed the superiority

of the IDT transducer in comparison with the other two types, which, for its nominal frequency, has the

narrowest main lobe linked with relatively high amplitude and has the lowest level of side lobes.

Moreover, the IDT-DS showed mode selectivity related to the distance between its electrodes matched

to the wavelength of a particular wave mode (A0 at 330 kHz).

This means that the MFC-based IDT-DS is a better choice for SHM applications than the MFC-P1

and MFC-P2 with dense electrodes. High amplitude and the possibility of tuning up operating

frequency to the frequency where dispersion of the excited mode is minimal make the IDT very

suitable for long-range ultrasonic testing. Until now, the IDT transducers have been manufactured

using the PZT ceramics or PVDF as piezoelectric layer, which results in brittle (PZT) or weak (PVDF)

transducers. The authors have proven that the IDT-DS concept, presented in this paper, unifies the

advantages of the IDT and MFC because it enables manufacturing flexible transducers capable of

generating high-amplitude waves characterized by high directionality.
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Appendix A: Piezoelectric properties of composites used in simulations.

Table A1. Piezoelectric properties of d31-type composite used in IDT-DS4 and MFC-M2814-P2.

cE11= 3.94� 1010 Pa cE22 = 2.03� 1010 Pa cE33= 3.25� 1010 Pa
c
E

12 = 1. 29� 1010Pa c
E
13 = 0.83� 1010 Pa c

E
23= 0.53� 1010 Pa

cE44= 0.55� 1010 Pa cE55 = 0.55� 1010 Pa cE66= 1.31� 1010 Pa
e31 =�7.12C/m2 e33 = 12.1C/m

2 e32 =�4.53C/m2

e24 =�17.03C/m2
e15 =�17.03C/m2

r= 7000 kg/m3

e
e

11 = 237.2e0C/V/m e
e

22 = 237.2e0C/V/m e
e

33= 143.4eoC/V/m

Table A2. Piezoelectric properties of d33-type composite used in MFC-M2814-P1.

c
E
11= 3.94� 1010 Pa c

E
22 = 2.03� 1010 Pa c

E
33= 3.25� 1010 Pa

c
E

12 = 1. 29� 1010Pa c
E
13 = 0.83� 1010 Pa c

E
23= 0.53� 1010 Pa

cE44= 0.55� 1010 Pa cE55 = 0.55� 1010 Pa cE66= 1.31� 1010 Pa
e31 = 13.62C/m

2
e33=�4.1 C/m2

e32 = 0.55C/m
2

e24 =�17.03C/m2 e15 =�17.03C/m2
r= 7000 kg/m3

e
e

11 = 141.2e0C/V/m e
e

22 = 141.2e0C/V/m e
e

33 = 141.2e0C/V/m

Appendix B: Group velocities and respected Time Of Flight (TOF) of the A0, S0, and A1 modes.

Table B1. Group velocities and respected TOF of the A0, S0, and A1 modes at tested frequencies

corresponding to the dispersion plots in Figure 5.

Mode

100 kHz 330 kHz 425 kHz

Velocity (km/s) TOF (ms) Velocity (km/s) TOF (ms) Velocity (km/s) TOF (ms)

S0 5.3 28.2 4.8 31.4 4.1 37.0
A0 2.8 54.2 3.1 47.9 3.1 48.0
A1 — — — — 2.3 66.1
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