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ABSTRACT 

Piezoelectric wafer active sensors (PWAS) are small, inexpensive, unobtrusive devices capable of generating and 
detecting Lamb waves in thin-wall structures. PWAS are directly attached to the surface of a metallic structure or 
inserted between the layers of a composite structure. PWAS interact with the structure through surface shear stresses 
that couple the in-plane motion of the PWAS with the in-plane motion of the structure undergoing Lamb wave 
motion. The paper will present a simulation of the Lamb wave interaction between PWAS and host structure using 
analytical solutions in axisymmetric formulation. The Bessel function solutions are used to model the Lamb waves 
emanating from the PWAS. The time domain Fourier transform is used to process the excitation signal into its 
frequency components. The frequency domain excitation is used to modulate the Fourier transform of the Bessel 
function solution in the frequency domain. Inverse Fourier transform is used to return from the frequency domain in 
to the time domain. Simulations will be presented for symmetric and antisymmetric Lamb-wave modes at various 
frequencies and mode numbers. The influence of the mode number and frequencies upon the efficiency of the Lamb 
wave interaction between PWAS and host structure is studied and exemplified with numerical solutions and 
visualizations. Experiments on different kind PWAS and plate material, thickness, and dimension, will be illustrated 
and compared with the simulations. It will be shown that the experimental data are in good agreement with the 
theoretical values. The aim of the paper will be then to evidence that the illustrated method is able to predict the 
Lamb-wave tuning with PWAS transducers in different structures. 
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1. INTRODUCTION 
Structural Health Monitoring (SHM) is an emerging research area with multiple applications in the evaluation of the 
status of structures. The goal of SHM is to develop a system able to listen to the structure and determine if the 
strength of the component is changing. The structural component is instrumented with an embedded system of 
sensors in it that will monitor the health of the material during its service. SHM can be either passive or active. In 
the first case the structure is monitored through passive sensors; i.e. monitoring loads or acoustic emission from 
cracks (Kudva et al.1). Passive SHM is not a reliability method if used alone. Its efficacy is increased if the sensors 
not only “listen” to the structure, but are also used as actuators and sensors. Active SHM interrogate the structure 
health thorough active sensors. Piezoelectric wafer active sensors (PWAS) have been used as active transducers 
bonded to the structure. These transducers, through an electric excitation, can generate Lamb wave in the material 
and, at the same time, can convert strain stimulations in an electric signal. 

1. STATE OF THE ART 
Lamb waves are ultrasonic waves in thin plates. They are guided waves between the upper and the lower surface of 
the plate and can travel over large distances. The propagation of Lamb waves has been extensively studied in the 
past years. The modeling of the propagation of straight and circular crested Lamb waves is well documented2,3,4,5,6. 
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One way to excite Lamb waves into a structure is through strain-coupled transducers that are bonded to the 
structural surface or inserted between the layers of composite structures7. PWAS are strain-coupled transducers that 
are small, lightweight, and relatively low cost. Pitch-catch, pulse-echo, and even phased arrays have been 
experimentally demonstrated with PWAS6.. Under electric excitation, the PWAS undergoes oscillatory contractions 
and expansions which are transferred to the structure through the bonding layer and thus excite Lamb waves into the 
structure. In this process, several factors influence the behavior of the excited wave: the thickness of the bonding 
layer, the geometry of the PWAS, the thickness and material of the structure. The result of the influence of all these 
factors is the tuning of the PWAS with various Lamb wave modes in the material. This phenomenon has been 
studied recently by Giurgiutiu9 who developed the theory of the interaction of a rectangular PWAS with straight-
crested Lamb waves. Lately, Raghavan and Cesnik10 extended these results to the case of a circular transducer 
coupled with circular-crested Lamb waves. Both papers9,10 present some comparisons between the experiments and 
the predicted values of the tuning, but the theoretical models have not been verified experimentally in a systematic 
way. The present paper will present the summary of the methodological methods for the tuning and it will provide 
significant comparisons between the theoretical curves and the experimental data for different kinds of PWAS, 
thickness of the structure, and material types. It will show that the illustrated method is a good tool to predict the 
Lamb-wave tuning with PWAS transducers in different structures. 

2. LAMB WAVE PROPAGATION 
For the modeling of a Lamb wave in a plate, we can use a 2-D model in rectangular or cylindrical coordinates. In the 
first case, we consider straight crested wave while in the second case we have circular crested wave. For straight 
crested Lamb waves, the theoretical model is supposed to be z-invariant, where the y direction is across the plate 
thickness and the x direction is within the plane of the plate. Rayleigh-Lamb wave equation is, in both cases, 
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the pressure velocity; cs is the shear velocity; c is the unknown phase velocity, and ξ is the wavenumber in the x and 
r direction respectively. The plus in the equation is for the symmetric case and the minus for the antisymmetric case. 
The phase velocity changes with the frequency and the thickness of the material. For each material exist a threshold 
value, which, depends on the material of the plate and the plate thickness, below which only S0 and A0 modes exist. 
At low frequencies, the A0 mode can be approximated with the flexural wave theory; in this case, the wave is highly 
dispersive and the wave packet spreads out with increasing frequency. At the same frequencies, the S0 can be 
approximated with the axial wave theory. The S0 is non-dispersive and shape of the wave packet is preserved with 
the change of the frequency. 

3. COUPLING BETWEEN STRUCTURE AND PWAS 
Consider Lamb waves generated in a plate through surface mounted PWAS transducers bonded to the plate and 
connected to an alternating voltage source. Due to the alternating voltage applied between the PWAS electrodes, the 
piezoelectric transducer material undergoes an oscillatory expansion and contraction. The transducer is bonded to 
the plate with an adhesive layer. The contractions and expansion of the PWAS is transmitted to the material through 
the bonding layer. Figure 1b shows the PWAS bonded to the plate. Assume the PWAS has elastic modulus Ea and 
thickness ta, the structure has elastic modulus E and thickness t, and the bond layer has shear modulus Gb and 
thickness tb. The bond layer acts as a shear layer in which the mechanical effects are transmitted through the shear 
effects. The interfacial shear stress in bonding layer is expressed through the expression6: 
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Figure 1: Shear layer interaction between the PWAS and the structure: (a) micrograph; (b) modeling 
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Figure 2: Variation of shear-lag transfer mechanism with bond thickness. APC-850 PWAS (Ea =63 GPa, ta = 0.2 mm, la = 7 mm, 
d31 = -175 mm/kV) attached to a thin-wall aluminum structure (E = 70 GPa and t = 1 mm) through a bond layer of Gb = 2 GPa 

Figure 2 shows a characteristic plot of the interfacial shear stress along the length of the PWAS for different 
thickness of the bonded layers assuming Gp = 2 GPa. For thin layer of the bonded material (1µm), the shear stress is 
transmitted to the structure only at the ends of the PWAS. This is the ideal bonding solution, which can be 
considered true as a first approach to the problem. 

4. STRAIGHT AND CIRCULAR CRESTED WAVES 
PWAS transducers are capable of tuning into various guided wave modes. Giurgiutiu9 developed a plane-strain 
analysis of the PWAS-structure interaction using the space-domain Fourier analysis; in this analysis the strain and 
displacement wave solutions for straight crested waves excited by a rectangular PWAS were studied. The basic 
assumption is the z-invariant motion supposing the PWAS is infinite in the z direction. The expression developed for 
strain is: 
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ξS and ξA are the zeros of DS and DA respectively. We can note that these are the solutions of the Rayleigh-Lamb 
equation. The displacement wave solutions for circular crested waves exited by a round PWAS were studied by 
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where (2)
1H  is the Henkel function of order 1 and second type. 

  
Figure 3: Aluminum plate 2024-T3 1.07 mm with square, rectangular and round PWAS 

5. THEORETICAL AND EXPERIMENTAL RESULTS 
The strain equations (1) and (2) were coded into a Matlab program. The program gives the tuning curves of the 
structures for a given PWAS length, plate materials properties and thickness, and frequency range. Pitch-catch 
experiments were performed in which one PWAS served as Lamb waves transmitter and another PWAS served as 
receiver. The predicted values were compared with the experimental results. The signal used in the experiments was 
a Hanning-windowed tone burst with 3 counts. The signal was generated with a function generator (Hewlett Packard 
33120A) and sent through an amplifier (Krohn-Hite model 7602) to the transmitter PWAS. A data acquisition 
instrument (Tektronix TDS5034B) was used to measure the signal measured by the receiver PWAS. Several plates 
were used in the experiments: (1) aluminum alloy 2024-T3 with 1.07 mm thickness and 1222 mm 1063 mm size; (2) 
aluminum alloy 6061-T8 with 3.15 mm thickness and 505 mm × 503 mm size; (3) aluminum alloy 2024-T3 with 
3.15 mm thickness and 1209 mm × 1209 mm size . In each experiment, we used a pair of PWAS at a distance 250 
mm from one another. One PWAS was used as transmitter and the other as receiver. The frequency of the signal was 
swept from 10 to 700 kHz in steps of 20 kHz. At each frequency, we collected the wave amplitude and the time of 
flight for both the symmetric mode and the antisymmetric modes. 

5.1. Square PWAS 
Square PWAS 7 mm long, 0.2 mm thick (American Piezo Ceramics APC-850) were used on two aluminum 2024-
T3 plates of different thickness (1.07 mm and 3.15 mm) and one aluminum 6061-T8 plate of 3.15 mm thickness. 

5.1.1. Experiments on 2024-T3 plate with 1.07 mm thickness and 1222 mm × 1063 mm size 
Figure 3 shows the configuration for the square PWAS on the 2024-T3 aluminum alloy plate 1.07 mm thick. The 
PWAS were located at the center of the plate in order to avoid interference with the reflection from the boundaries. 
The group velocity of the S0 mode was detected with no difficulties at each frequency. The A0 mode was followed 
closely at each frequency, but, for frequencies where the wave amplitude was closer to zero, the experimental values 
were more distant from the predicted values. Figure 4 shows the experimental data of the wave amplitude for the S0 
and A0 modes. Figure 5 shows the predicted values of the wave amplitude for the S0 and A0 modes for an effective 
PWAS length of 6.4 mm. For this effective PWAS length value, we obtain the best agreement between experiments 
and predictions. In the development of the theory, it was assumed that there was ideal bonding between the PWAS 
and the plate. This assumption means that the stresses between the transducers and the plate are fully transferred at 
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the PWAS ends. In reality, the stresses are transferred over a region adjacent to the PWAS ends (Figure 2). The 
experimental and theoretical values of the tuning are in good agreement (Figure 4 and Figure 5). The first minimum 
of the A0 mode, both in the experimental graph and in the predicted graph, is found around 210 kHz. At this 
frequency, the S0 mode amplitude is nonzero and increasing. The theory also predicts the S0 maximum should 
happen at the same frequency as the second A0 maximum; this prediction was also verified by the experiments. 
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Figure 4: Tuning: aluminum 2024-T3, 1.07 mm thickness, 7 mm square PWAS; experimental data 

 
Figure 5: Tuning on aluminum 2024-T3, 1.07 mm thickness, 7 mm square PWAS; prediction with equation (1) 
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5.1.2. Experiments on 2024-T3 plate with 3.15 mm thickness and 1209 mm × 1209 mm size  
In this thicker plate, three Lamb wave modes (S0, A0, A1) exist in the testing frequency range. Figure 6 shows the 
group velocity for the S0, A0 and A1 modes. The experimental data is close to the predicted values for frequencies 
up to 550 kHz. Above this frequency, the group velocities of these three Lamb wave modes come into a common 
nexus. Hence, the three waves are too close and too dispersive to be measured accurately. In particular, it was found 
difficult to determine which wave represents the A0 mode and which represents the A1 mode. 
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Figure 6: Group velocity: Aluminum 2024-T3, 3.15 mm thickness, 7 mm square PWAS 
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Figure 7: Aluminum 2024-T3, 3.15 mm thickness, 7 mm Square PWAS, experimental data 

Figure 7 shows the experimental data of the amplitude of the A0, S0 wave, while Figure 8 shows the predicted 
values. The experimental and predicted values are in accordance up to 550 kHz. The S0 maximum is close to the A0 
minimum at around 360 kHz. The A1 mode has also been detected. 
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Figure 8: Tuning on Aluminum 2024-T3, 3.15 mm thickness, 7 mm square PWAS, prediction with Equation (1) 

5.1.3. Experiments on 6061-T8 plate with 3.15 mm thickness and 505 mm x 503 mm size 
The results on the plate 505 mm × 503 mm, 3.175 mm thick were similar to those on the plate 1209 mm × 1209 mm, 
3.15mm thick except for presence of boundary reflections. The data followed the predicted values quite closely. At 
frequencies between 500 kHz and 700 kHz, both plates showed the presence of three modes, S0, A0, and A1. Figure 
6 shows that at these high frequencies, their group velocities are close to each other and that both the S0 mode and 
the A1 mode are dispersive. The three wave packets are close to each other and a superposition effect starts to 
manifest, e.g., the tail of one wave packet interferes with the head of the next one. This superposition forms apparent 
decreases and increases of the actual packet amplitude. For example, Figure 9 shows the three wave packets at two 
different frequencies, 450 kHz and 570 kHz. At 450 kHz, it is possible to determine the location and amplitude of 
the S0 mode while the superposition effect of the S0 tail with the A0 and A1 modes makes it difficult to determine 
the location and amplitude of the A0 and A1 waves. At 550 kHz, it is possible to determine the location and 
amplitude of S0 and that of a second wave, which could be either the A0 or the A1 mode. The distinction between 
A0 and A1 modes is difficult to determine, because it is difficult to follow their progression along the dispersion 
curves during the change of frequency. The third wave location and amplitude is approximate because the tails of 
the two other modes superpose with the third mode. 

 
Figure 9: Wave propagation from the Oscilloscope at 450 kHz and 570 kHz. 

The effects described above were even more pronounced in the small plate of size 504 mm × 501 mm. Above 450 
kHz, it was difficult to locate the three waves, and the collected data seemed to be more distant from the predicted 



 8

values. Moreover, the signal was disturbed by the reflection from the boundaries. Figure 10 compares the wave 
propagation of a 250 kHz tone burst in two 3.15 mm thick plates of different sizes. The boundary effects were much 
more pronounced in the small plate, where the reflection from the boundary was already affecting the slower A0 
mode. At 570 kHz, the superposition of the waves and the presence of the boundary reflection in the small plate 
made it quite difficult to determine the location and amplitude of the three modes. 

(a)  (b)  

Figure 10: Waves propagation (a) 270 kHz: (b) 570 kHz  

5.2. Round PWAS 
Experiments with round PWAS diameter 7 mm, 0.2 mm thick (American Piezo Ceramics APC-850) were performed 
on two aluminum 2024-T3 plates of different thickness (1.07 mm and 3.15 mm). The results were found to be quite 
similar to those for square PWAS and, for sake of brevity, will not be reported here. 

5.3. Rectangular PWAS 
Rectangular PWAS of high aspect ratio were tested to examine the directional tuning of Lamb waves. Three 
rectangular PWAS of 25 mm × 5 mm size, and 0.15 mm thickness (Steiner & Martin) were used. The experiment 
configuration is shown in Figure 11. PWAS P1 was the transmitter and PWAS P2 and P3 were the receivers. Two 
experiments are reported: PWAS P1 - P2; PWAS P1 - P3. 

 
Figure 11: Aluminum plate 2024-T3 1.07 mm thick with rectangular PWAS 

5.3.1. Transmitter P1, receiver P2 
Figure 12a shows the experimental and predicted group velocity values. The A0 mode has been detected well for 
frequencies below 400 kHz. The S0 mode shows a dispersion behavior in the experimental data at low frequency. 
The experimental data of the tuning is quite different from the predicted values (Figure 12b and Figure 14). For the 
transmission from P1 to P2 the amplitude of the signal was very low compared with that of the other experiments. 
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Figure 12: Plate 2024-T3, 1.07 mm thickness. Rectangular PWAS (P1-P2). (a) Group velocity; (b) Experimental data. 
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Figure 13: Tuning on plate 2024-T3, 1.07 mm thick; rectangular PWAS (P1-P2); experimental data 

 
Figure 14: Tuning on plate 2024-T3, 1.07 mm thick; rectangular PWAS (P1-P2); prediction with equation (1) 
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A new experiment was conducted sweeping the frequency from 25 kHz to 250 kHz at steps of 3 kHz. The intent of 
the new experiment was to visualize the three jumps of the A0 mode as shown in Figure 14. Figure 13 shows the 
experimental values of the wave amplitude for frequency up to 250 kHz taken with steps of 3 kHz. The small steps 
we used to collect the data let us to detect the three maximum in the A0 mode that where not visible in the graph. 
The first two maxima are in accordance with the predicted values, while the third is at a higher frequency than that 
predicted. The S0 maximum is in accordance with the predicted values (Figure 14). The value of the theoretical 
PWAS that best predicts the experimental behavior is 24.8 mm. It is interesting to note that when the receiver is 
along the line of the bigger dimension of the transmitter, the PWAS behaves as a square PWAS 25x25 mm long. 

5.3.2. Transmitter P1, receiver P3 
Figure 15 shows the experimental and predicted group velocity values with P1 as transmitter and P3 as receiver. A0 
and S0 modes were detected well. The A0 mode location was hard to determine in the frequency over 300 kHz. 
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Figure 15: Plate 2024-T3, 1.07 mm thickness; rectangular PWAS (P1-P3); group velocities 

0

4

8

12

16

20

24

28

32

36

0 50 100 150 200 250 300 350 400 450 500 550 600 650 700
Freq (KHz)

Vo
lts

 (m
V)

A0 S0

 
Figure 16: Tuning on plate 2024-T3, 1.07 mm thickness; rectangular PWAS (P1-P3); experimental data 
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Figure 16 shows the experimental values of the wave amplitude for the A0 and S0 modes. Both the A0 minimum 
and the A0 maximum are in accordance with the predicted values. The S0 mode has one maximum in both Figure 16 
and Figure 17 but their location are different. Regarding the tuning, the predicted values were useful in detecting the 
frequency range to be used. The value of the theoretical PWAS that best predicts the experimental behavior seemed 
to be 4.5 mm. 

 
Figure 17: Tuning on plate 2024-T3, 1.07 mm thick; rectangular PWAS (P1-P3). Prediction with Equation (1) 

Table 1: Actual and effective PWAS length 

Real PWAS length Effective PWAS length % of effective PWAS % of non effective PWAS 

25 mm 24.8 mm 99.2% 0.8% 

7 mm 6.4 mm 91.4% 8.6% 

5 mm 4.5 mm 90% 10% 

6. SUMMARY AND CONCLUSIONS 
Simulations and experiments for a plate thick 1.07 mm and three different kinds of PWAS geometry have been 
described. The plate dimension in the experiments was large enough to prevent the superposition of the receiving 
signal with the reflection from the boundary and the thickness was little enough to have only two modes in the 
frequency range investigated. The results of square, round and rectangular (P1 - P2) PWAS were similar. Both the 
velocities group and the tuning experimental data were in accordance with the predicted values. For experiment with 
rectangular PWAS (P1 - P3), the collection of data was more difficult than in the previous experiments. The 
amplitude of the signal was low even if amplified. However the experiments had shown to be in accordance with the 
predicted data, in particular it was possible to find the frequency of the maximum S0 amplitude. 

Simulations and experiments were performed for square and round PWAS and plate thickness 3.15 mm. The size of 
the plate for the experiments was the same of the previous, 1200x1200 mm. In this case, for frequency above 450 
kHz, a third mode A1 was present. Also in these experiments, there were no differences in the results between the 
two different PWAS geometry. In both cases the S0 and A0 velocity values were collected easily up to 450 kHz 
showing to be in accordance with the predicted values. The tuning values showed the same concordance with the 
theoretical values in both cases. For frequency above 450 kHz the presence of the third mode (A1) made more 
difficult to determine both the exact location of the three modes and their amplitude. The trend of the curves of the 
three modes was however the same of the predicted curves. 
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Simulations and experiments were performed for square and round PWAS and plate thickness 3.15 mm. The size of 
the plate for the experiments was this time of small dimensions (500x500 mm). Due to the dimension of the plate, in 
the experiments there was the presence of the reflection from the boundary. However, the experimental data for the 
velocities and the tuning for the S0 and A0 modes were in accordance with the predicted values for frequencies 
below 450 kHz. Above this frequency both the effect of the boundaries and the third mode were not negligible. In 
particular it was difficult to detect the location and amplitude of the S0 mode. All the experiments performed 
showed that it was possible to predict the tuning of different modes both for thin plates of large dimensions and for 
small plates of considerable thickness. 

During the experiments it was noticed that the best concordance between the experimental data and the predicted 
curves was achieved for theoretical PWAS length smaller than that of the real transducer. In particular it was found 
that the smaller the PWAS, the grater was the percentage of non effective transducer. In the table below are reported 
the value of the real PWAS length, the theoretical values used and the percentages of the effective length of the real 
PWAS and the complimentary non effective length. While the rectangular PWAS along its greatest dimension (25 
mm) transmits the stress to the plate very close to its borders, the same PWAS in the smallest dimension (5 mm) 
transmits the stress to the plate at 5% of its length before the borders. The adjustment of the real PWAS length was 
necessary because in the development of the theory, it was supposed that the stress induced by the PWAS was 
transferred to the structure at the end of the PWAS itself. The experiments have shown that the theory must be 
further investigated in order to consider the effective area of the PWAS. 
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