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ABSTRACT 
With an increasing use of adhesively bonded joints in the 

industry, there is a correspondingly growing need for the 
inspection of adhered joints. It is necessary to detect defects in 
the adhesively bonded materials such as voids inclusions, 
chemical miscure of the adhesive, or delaminations of the 
bonded layers. In order to use an ultrasonic technique to detect 
these defects, a thorough understanding of the wave 
propagation and wave interaction with the adhesive layer must 
exist. 

The paper presents the testing and modeling of guided 
Lamb waves for disbond detection in adhesively bonded 
layered media using piezoelectric wafer active sensors 
(PWAS). The interaction of the Lamb waves with the bonded 
layer was studied. An aluminum lap joint specimen was created 
and artificial disbonds were introduced in the structure. The 
guided Lamb waves were generated and introduced in the 
specimen using PWAS. The dispersion and attenuation of the 
traveling waves was studied for two cases, across the bond-line 
and along the bond-line. The focus was on the A0 and S0 modes 
of the guided Lamb waves. The two methods used in the 
experiment are pitch-catch (across the bond-line), and the pulse 
echo (along the bond-line). 

 

INTRODUCTION 
Ultrasonic testing of adhesively bonded joints using guided 

waves for both aerospace and automotive applications is 
gaining more and more attention. In the nondestructive 
evaluation of adhesively bonded joints of particular interest are 
the Lamb waves. Lamb wave methods have considerable 
potential for the inspection of adherent assemblies for two 
reasons: they do not require direct access to the bond region, 

and they are much more amenable to rapid scanning than are 
pressure wave techniques. Lamb waves can be excited in one 
plate of a bonded assembly, propagated across the joint region, 
and received in the second plate of the assembly. Inspection of 
the joint then would be based on the differences between the 
signals received on one side of the assembly compared to those 
transmitted on the other side. 

An automated structural health monitoring system is not 
possible using conventional bulk wave transducers. For such a 
system, the sensors must be as much as possible part of the 
structure on which they are attached. New technology using 
piezoelectric wafer active sensors (PWAS)1 is being developed 
based on the piezoelectric ceramic wafers (lead-zirconate-
titanium – PZT). The direct piezoelectric effect is when the 
applied stress on the sensor is converted into electric charge. 
The inverse effect, conversely, will produce strain when a 
voltage is applied on the sensor. In this way the PWAS can be 
used as both, transmitter and receiver. The advantage of such 
sensors is that they are small, unobtrusive, and can be 
embedded in the structure. 

In the past several year researchers started to look more 
and more into the advantages that piezoelectric materials and 
guided waves can bring to the field of nondestructive 
evaluation (NDE). Giurgiutiu and Zagrai2 characterized the 
PWAS for structural health monitoring and developed quality 
assurance techniques. Liu et al.3 investigated the input-output 
characteristic of piezoelectric structural health monitoring 
systems for composite plates. Lee and Staszewski4,5 studied 
Lamb waves for damage detection in metallic structures. The 
reliability of piezoelectric monitoring of adhesive joints was 
studied by Kwon et al.6 A single lap adhesively bonded tubular 
joint was tested during a torsional fatigue test. The results 
showed that the piezoelectric properties of the joint are related 
to the crack propagation. 
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LAMB MODE EXCITATION WITH PWAS 
The excitation of Lamb waves in plate with PWAS 

transducers is studied by considering the excitation applied by 
the PWAS through a surface stress 0 ( ) i tx e ωτ τ= . Applying a 
space-domain Fourier transform analysis of the basic Lamb 
wave equations yields the strain wave and displacement wave 
solutions in the form: 
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The expressions NS, DS, NA, DA are related to the Rayleigh-
Lamb equations for symmetric and antisymmetric Lamb 
modes. Note that p and q depend on ξ, thus increasing the 
complexity of the problem. The integral in Equation (2) is 
singular at the roots of DS and DA. The equations DS = 0 and DA 
= 0 are exactly the Rayleigh-Lamb characteristic equations for 
symmetric and anti-symmetric motions accepting the simple 
roots: 
 0 1 2, , ,...S S Sξ ξ ξ                0 1 2, , ,...A A Aξ ξ ξ  (3) 
corresponding to the symmetric (S) and anti-symmetric (A) 
Lamb waveguide modes. The evaluation of the integral in 
Equation (2) is done by the residue theorem, using a contour 
consisting of a semicircle in the upper half of the complex ξ 
plane and the real axis.  

For ideal bonding between the PWAS and the plate, the 
shear stress in the bonding layer and the corresponding space-
domain Fourier transform are:  

[ ]0( ) ( ) ( )x a x a x aτ τ δ δ= − − + ,  

[ ]0 2 sina i aτ τ ξ= −  (1) 
Hence, the strain-wave solution becomes: 
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Similarly, the displacement wave solution is obtained as: 
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Equations (4) and (5) can be viewed as a superposition of 
waveguide Lamb modes. In this case, the contribution of each 
mode in these equations can be expressed in the general form: 
 ( )( , ) i x tA x t G E F e ξ ω

ξ ξ
−= ⋅ ⋅ ⋅  (6) 

where G is a numerical factor representing the PWAS 
transducer power transmitted to the structure; Eξ is the 
excitability function of mode ξ,; and F is the Fourier transform 
of the excitation. 

Lamb wave mode tuning is important because various 
Lamb wave modes are sensitive to various types of damage. 
Our research has shown that S0 Lamb mode is more sensitive to 
through the thickness cracks. The S0 mode’s reflection from a 
through the thickness crack is several times stronger than that 
of the A0 mode. On the other hand, the A0 mode is more 
sensitive to corrosion and delamination damage. 

EXPERIMENTAL RESULTS 
The paper will address two cases: first a helicopter blade 

was instrumented and tested and second an aluminum lap-joint 
specimen was fabricated, instrumented and tested. In both cases 
the purpose was to successfully send and receive guided waves 
(Lamb waves) through adhesively bonded materials. 

Case1: helicopter blade 
A helicopter main rotor blade was instrumented with an 

array of PWAS sensors as shown in Figure 1. The array 
consists of 15 sensors disposed in five columns and three rows. 
The sensors on the first and the third row are mounted along the 
bond line (see Figure 1) while the sensors on the second row 
are mounted on the skin of the blade. The capability of 
successfully sending Lamb waves from one sensor and 
receiving the signal one the other sensors was investigated. A 
schematic of the instrumentation setup is presented in Figure 1 
along with the location of the PWAS sensors on the main rotor 
blade. 
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Figure 1 (a) Location of the PWAS on the helicopter blade; (b) 

schematic of the instrumentation setup 

The instrumentation setup consists of an HP 33120 signal 
generator to generate the excitation signal, a Tektronix TDS210 
digital oscilloscope to collect the signal from the PWAS, and a 
computer to store and analyze the signal. In our preliminary 
investigation we sent and received signals using an array of 15 
PWAS, some used as transmitters, other used as receivers. 
Using the signal generator, a 3-count sinusoidal burst signal at a 
frequency of 330 kHz was sent from sensor A1 and received at 
sensors B1 and C1 along the bond line, as shown in Figure 2a. 
Also the same signal was sent from sensor A1 to sensor B1, B2 
and B3 across the bond line as shown in Figure 2b. This shows 
clearly the possibility of sending and receiving surface Lamb 
waves along and across the bond line of a helicopter blade. It 
should be noticed the attenuation of the amplitude of the signal 
received at sensor B3 due to the fact that is traveling across two 
bond lines (Figure 2b). The same attenuation is observed also 
for Lamb waves traveling along the bond line, the further the 
sensor from the transmitter the smaller is the amplitude of the 
received signal (Figure 2a). 
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Figure 2 a) Surface-guided Lamb waves received at (a) sensors B2 & 
C2 (100 mm apart) when excited from sensor A2 along the 

bond line (b) received at sensors B1, B2 & B3 when excited 
from sensor A1 across the bond line 

Figure 3 represents the signal received at locations B1, C1, 
D1, and E1 when the PWAS at A1 was excited in the frequency 
band 1-500 kHz. These signals traveled over the bond area, 
consisting of the two titanium layers plus the adhesive in 
between. However it is remarkable that signals of good quality 
and strength are observed in spite the small size of our PWAS 
devices. Also noticed in Figure 3 is how frequency affects the 
amplitude of the signal transmission. This aspect is important 
for designing PWAS installation that is tuned to certain Lamb 
modes. Figure 3 shows that, at relatively low frequency, good 
signals are received. However, as indicated by the Lamb 
theory, these signals are of the flexural type (A0) and thus 
highly dispersive. Of considerable interest are the signals of 
axial type (S0), which have a lower dispersion rate, and hence 
are better suited to ultrasonic NDE. In the bonded region, we 
observe that the S0 Lamb waves are preferentially excited in the 
300-450 kHz range. This fact is very encouraging because the 
S0 modes have very little dispersion at 300-450 kHz and hence 
could be use in the pulse-echo mode. 
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Figure 3 Lamb waves traveling (a) along the bond line; (b) outside 

the bond line 

The attenuation of the signals when traveling along the 
bond line is presented in Figure 4. From the two graphs 
presented it can be seen that the attenuation of the A0 mode is 
much less than the attenuation of the S0 mode. Also, we 
observed that the adhesive layer has a higher influence on the 
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S0 mode. Looking at the Figure 3a vs. Figure 3b, bond line vs. 
outside the bond line, the amplitude of the S0 mode is much 
smaller for the Lamb waves traveling in the bond line. This is 
expected since the adhesive layer will absorb part of the energy 
and the signal that arrives at the sensing PWAS is much weaker 
than the original excitation signal. 
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Figure 4 Attenuation of the (a) A0 mode Lamb waves traveling along 

the bond line; (b) S0 mode Lamb waves traveling along the 
bond line 

Considering now the wave signals transmitted from the 
PWAS at A2 and received at PWAS B2,…, E2 (outside the 
bond line), we observed that the optimal excitation frequency to 
excite the S0 Lamb mode appeared in the 250-400 kHz 
frequency band (Figure 5).  
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Figure 5 Optimal frequency band for transmitting and receiving 

surface Lamb waves 

This is explainable through the Lamb wave theory because 
in the area between two bonding lines the material thickness is 
much less than in the bonded area. To illustrate this Figure 5 
presents the raw signals collected on sensor B2 and C2 when 
sensor A2 was excited with a 300 kHz sinusoidal tone burst, as 
discussed earlier. The amplitude of the signal collected by the 
sensor B2 is the highest one, since sensor B2 is closest to the 
transmitter, and the amplitude of the signal is smaller and 
smaller as we get further away from the sensor A2 (the 
transmitter). 

Case2: lap-joint specimen 
An aluminum lap-joint specimen was fabricated using two 

aluminum 2024T3 stripes as shown in Figure 6. 
 

75 mm 

80 mm 

Bond line 

Simulated 
disbonds 

1220 mm 
 

Figure 6 Lap-joint specimen consisting of two aluminum stripes 
bonded together. Artificially disbonds were introduced in 
the specimen 

The two aluminum stripes are 80mm x 1220mm, and 
75mm x 1220mm with a thickness of 1mm. They were bonded 
together using an epoxy paste adhesive, Loctite Hysol EA 
9309.3NA. The overlap of the two aluminum stripes is 20mm. 
The disbonds were artificially created using Mylar polyester 
film that was introduced between the two aluminum stripes and 
produced a discontinuity of the adhesive layer. 

Next, the specimen was instrumented with an array of 
PWAS sensors as presented in Figure 7. 
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Figure 7 Location of the PWAS on the lap-joint specimen 

The sensor array has 11 columns and three rows (A, B, and 
C). One row of sensors (A) is located on the top aluminum 
plate, the second row on the bond line (B), and the third row is 
located on the second aluminum plate (C). The spacing 
between each column of sensors is 100 mm and the distance 
between PWAS on row A and PWAS on row B is 30mm. The 
distance between PWAS on row B and PWAS on row C is 
28mm. 

To prove successful transmission and reception of Lamb 
waves, the pitch-catch method was used. In this case one 
PWAS was used as a transmitter and another PWAS as a 
receiver. The instrumentation set-up is shown in Figure 8. An 
HP 33210 signal generator was used to produce a 3-count 
sinusoidal tone burst with a frequency of 390 kHz. The wave 
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traveled through the specimen and was capture using a 
Tektronix TDS210 digital oscilloscope  
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Figure 8 The instrumentation set-up used in the pitch-catch 

experiment: (a) location of PWAS on the lap-joint 
specimen; (b) schematic of the instrumentation set-up 

An issue that needs to be addressed when dealing with 
Lamb waves is the dispersion of the Lamb waves. Typical 
dispersion curves for Lamb waves propagating in plates are 
shown in Figure 9 and Figure 10. 
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Figure 9 Wave speed dispersion curves in plates for symmetric 

Lamb waves, S0 
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Figure 10 Wave speed dispersion curves in plates for antisymmetric 

Lamb waves, A0 

At lower frequency-thickness products, only two Lamb 
waves type exist: S0, which is a symmetrical Lamb wave 
resembling the longitudinal wave; and A0 which is an 
antisymmetrical Lamb wave resembling the flexural waves. 
The disadvantage of Lamb waves is that they are highly 
dispersive, the wave speed varies with frequency. However the 
S0 mode at low frequency-thickness values shows less 
dispersion than the A0 mode. The last part of the paper will 
address the propagation and dispersion of S0 mode Lamb waves 
in bonded aluminum specimen. 
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Figure 11 Traveling S0 mode Lamb waves: (a) wave traveling in 

single layer aluminum from PWAS 4a to 7a; (b) wave 
traveling along the bond line from PWAS 4b to 7b 
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The results shown in Figure 11 clearly demonstrate the 
capability of our PWAS to send and receive Lamb waves in the 
aluminum material itself and along the bond line. Figure 11a 
shows the waves traveling in the aluminum from PWAS 4a to 
PWAS 7a. Figure 11b shows the waves traveling along the 
bond line from PWAS 4b to PWAS 7b. It can be observed that 
for the waves traveling in the aluminum layer there is 
attenuation of the signal as the distance increases but the 
dispersion is very little. However, the Lamb waves traveling 
along the bond line show a strong dispersion even for the S0 
mode, as shown in Figure 11b. This is to be expected because 
of the adhesive layer. 

Figure 12 presents the attenuation of the Lamb waves 
traveling in the aluminum layer only and along the bond line. 
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Figure 12 Attenuation of the S0 Lamb wave mode traveling outside 

the bond line and along the bond line 

The energy of the signal traveling along the bond line is 
less than the energy of the signal traveling outside the bond 
line, thus the signal is weaker, the adhesive layer absorbing part 
of the energy of the transmitted wave. 

CONCLUSION 
The paper presented the general mathematical principle 

behind the propagation of Lamb waves and how Lamb waves 
are introduced in metallic structures. Next we addressed the 
problem of sending and receiving Lamb waves in adhesively-
bonded structures using embedded piezoelectric wafer active 
sensors (PWAS). Two cases have been considered: first, a 
helicopter blade with bonded titanium C-sections that was 
instrumented and tested, and second, an aluminum lap-joint that 
was fabricated, instrumented and tested. 

We demonstrated that embedded PWAS could be used for 
successfully sending and receiving Lamb waves across the 
bond line. We have also demonstrated that PWAS can be used 
to send Lamb waves along the bond line. We noticed that the 
attenuation along the bond line is stronger than outside the 
bond line. This strong attenuation was especially observed for 
the S0 Lamb wave mode. For the A0 Lamb wave mode, the 
attenuation along the bond line was less pronounced. These 
observations are useful for developing a disbond detection 
method using wave leakage and acusto-ultrasonic techniques. 
However, further work needs to be done in order to understand 

and determine how the Lamb waves interact with the bond 
layer, how dispersion and attenuation of the excitation signal 
will affect the measurements. 
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