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Abstract 

Pitch-catch technique utilizing Lamb (guided) wave is a common method for detecting structural defects in 

sandwich composites and laminates. The complexity of the Lamb wave propagation, in particular its dispersive 

nature in the anisotropic materials required knowledge related not just the signal processing strategy but more 

importantly the excitation signal selection. Popular approaches for defect detection are based on wave 

attenuation and mode conversion. However, such approaches are insensitive to small defects. The work of paper 

investigates the Lamb wave mode responsible for the dispersive nature of the wave at low frequency. 

Specifically, it experimentally explores the excitation signal in terms of frequency and wave patterns, the choice 

of response features, and the visualisation strategy. Based on the combinations of the selected approaches, it was 

demonstrated that small structural changes in the composites can be detected and even distinguished. The 

approach was applied and implemented on a portable NDT system for defect detection and identifications for 

the composites. 
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1.  Introduction 

One of the most exciting developments in the new commercial aircrafts has been the 

increasing use of composites in the aircraft bodies. New composite materials would need new 

inspection technologies for meeting the industry demands for airworthiness and flight safety.  

Examples of the commonly found defects in composite materials include delaminations, 

disbond, crushed core, and heat damage. For sandwich composites, pitch-catch technique, 

that utilise guided (Lamb) wave are most effective in detecting the common defects. Popular 

commercial instrument could detect the presence of these defects but it is not able to give 

crucial information about the defects, which include types of the defects, the exact location of 

the defects, and the depth of the delamination. This information will be important for 

determining if and how the composite repair can be carried out. Conventional method gives 

yes or no result. Our enhanced Lamb wave based method which not only able to detect the 

defect but also able to distinguish different types of defects in the sandwich composites. The 

key novelty in our method is a modified excitation signal designed to address the dispersion 

effect in the low frequency range. 

Lamb wave method has been used extensively in detecting the defects in composite [1]. One 

of the most critical challenges of this method is on the determination and application of the 

appropriate mode to a particular material and structure. It was concluded by Wilcox [2] that a 

proper Lamb wave mode for defect detection should feature low dispersion, low attenuation, 

high sensitivity, easy excitability, good detestability and easy selectivity. He further pointed 

out that symmetric and anti-symmetric modes were suitable for most applications. Su [3] 

claimed that a narrow bandwidth is able to effectively prevent wave dispersal.  Figure 1 

illustrates the cross-sectional view of the Lamb waves propagate respectively in symmetric 

mode S0 and anti-symmetric mode A0.  
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Literatures related to Lamb waves defect detection were mostly related to the amplitude 

behaviour of the responsive signal in time domain. One of the drawbacks of this method was 

that high attenuation reduces the signal-to-noise ratio thereby has little success in detecting 

less obvious abnormalities.  

Based on the literature survey and our experimental studies, we conclude that a broadband 

signal with a short duration would be effective in detecting wide range of abnormalities in the 

composites. Moreover, excitation signal of low frequency range would lead to low 

attenuation in the response and thus increases the stability and sensitivity in the response of 

the material. However, high dispersion effect resulted from low frequency signal is a 

drawback. On the other hand, amplitude of the response may not be suitable as it results in a 

low signal-to-noise ratio. The phase different, derived from the wave velocity of the response 

wave would be better parameter than the amplitude, as the velocities are influenced by the 

material conditions as suggested by the formulation of the Lamb wave propagation. 

The following session will start with the formulation of the wave propagation to backup the 

theory that group wave velocity is a function of the material condition, followed by the 

experimental studies on the Lamb wave mode. By utilizing the fact that the Lamb wave mode 

is of A0, a new excitation is derived which gives rise to better response signal and hence 

better abnormality detection. The last session introduce the implementation of the new 

method on a portable NDT scanner for composite inspection. 

 

2 Formulation of dispersion curves 

The dispersive property of a composite laminate can be obtained from the Global Matrix 

Method [4]. For isotropic layers, the problem can be depicted by the wave propagation in N  

layers (plies) that are rigidly joined to each other at N-1 interfaces.  

The matrix containing all the variables is given by a 4N×4N matrix as shown in equation (2.1) 

 

���
� ��� ��� ⋯ ��(	
)��� ��� ⋯ ��(	
)⋮ ⋮ ⋱ ⋮�(	
)� �(	
)� ⋯ �(	
)(	
)��

�� ���
�������⋮�	
��

�� = �00⋮0� 
 

(2.1) 

             

where the Cs are arbitrary constants. The dispersive equation is obtained by setting the 

determinant of [A] in equation (2.1) equals to zero, i.e., 

 |�(�, �, ��, ��, ℎ�)| = 0 (2.2) 

Figure 1. (a) Symmetric mode, and (b) Anti-

symmetric mode of Lamb wave. 



      

The expressions for each of the term in [A] are obtained by simplifying the Navier’s 

displacement equations of motion and Hooke’s Law with boundary conditions. In the 

expression (2.2), Lamb wave frequency ω is related to the wavenumber k and plate geometry 

(hn), for a given material (λn, µn). In an implicit expression, the dispersion equation has 

infinite roots, corresponding to the dispersive curves of infinite Lamb modes, respectively. 

Solving expression (2.2) with known 

material properties and velocities gives 

the dispersion curves, which is a plot of 

phase velocity against frequency or 

frequency-thickness. The dispersion 

curves can be used to explore the various 

wave modes that are expected for a 

given excitation frequency and material 

thickness. In a Lamb wave, at least two 

wave modes can be observed; the 

symmetrical mode S0 and the anti-

symmetrical mode A0 as illustrated in 

Figure 2.   

The dispersion curves illustrate two 

distinct velocity dispersion 

characteristics of Lamb waves. Firstly, 

the velocity dispersion in a single mode 

is due to the frequency dependency of a single Lamb wave mode. Different frequency 

components in a single Lamb wave mode travel at different speeds, thus the wave packet 

spreads as it propagates. Secondly, the velocity dispersion among multiple modes exists due 

to different modes travelling at different speeds at each given frequency [5].  

In conventional ultrasonic methods based on the reflection or scattering by defects, the 

smallest defect detectable is dependent on the wavelength. Low frequencies are incapable of 

detecting small defects, while high frequency signals have high attenuation. On the other 

hand, the defect detection capability of the Lamb wave inspection method does not simply 

depend on the reflection of waves from the defects, but also on the interaction between the 

waves and the defects. The presence of a defect changes the peak amplitude corresponding to 

a particular Lamb wave mode, which is typically exploited in the popular Lamb wave based 

NDT tools. 

 

3.  Determination of Lamb wave mode 

As discussed in the previous section, the Lamb wave could be excited to propagate in the 

plate in both S0 and A0 modes. One of the modes would be dominant depending on the 

excitation frequency, plate thickness, and material condition. It would be useful if we know 

which mode is being excited in the plate as explained in the later section. 

The experimental method for determining the Lamb wave mode is as follows. An excitation 

ultrasonic probe excited a 3mm laminates transversely with a one full cycle 38 kHz 

sinusoidal wave. A pair of opposed receiver probes sandwich the laminate at a distance of 17 

mm from the excitation probe. Figure 3 shows the schematic diagram of the probes 

arrangement. The time-history of the transverse displacements is shown in Figure 4. It can be 

S0 

Figure 2.  Example of dispersion curves on multi-ply 

laminate [5]. 



seen that at 30µs, receivers R1 and R2 sense the transverse displacement of the

wave in opposite direction – one senses compression and the other expansion.

wave propagating predominately in anti

 

 

4.  Excitation with low broadband frequency

We would use an excitation signal

material conditions are more sensitive to different frequencies.

frequency will allow a better wave propagation than high frequency because of low attention. 

However, as one can see from Figure 

wave propagates in such a manner that higher frequency wave travels faster than those low 

frequency wave. Therefore a chirp wave excitation signal with a decreasing frequency should 

produce better responses than one with an increasing frequency.

An experiment was set up to evaluate the 

frequencies. The excitation frequency range is from 10kHz to 40kHz. The t

CHRS 1-3 panel [6]. The area of defect being test is a 

the laminate is clearly separated from the core

shown in Figure 5. 

(a) Swept-frequency 10kHz to 40kHz
Figure 5. Responses in phase shift to the machined core honeycomb

 

Figure 3.  Transmitter Tx excites with 

sinusoidal wave while a pair of  receivers

R2 sandwich a 18 ply 3mm thick laminates are a 

distance 17 mm from the Tx

R1 and R2 sense the transverse displacement of the

one senses compression and the other expansion. It suggests the 

predominately in anti-symmetric or A0 mode. 

 

broadband frequency 

excitation signal of a broadband frequency for the reason that 

s are more sensitive to different frequencies. We further assume that low 

frequency will allow a better wave propagation than high frequency because of low attention. 

Figure 2 that low frequency A0 mode is highly dispersive. 

wave propagates in such a manner that higher frequency wave travels faster than those low 

irp wave excitation signal with a decreasing frequency should 

produce better responses than one with an increasing frequency.  

An experiment was set up to evaluate the responses of the increasing and deceasing swe

. The excitation frequency range is from 10kHz to 40kHz. The test specimen is a 

. The area of defect being test is a disbond or machined core where only 

is clearly separated from the core. The results of the two frequencies modes

 

10kHz to 40kHz (b) Swept-frequency 40kHz to 10Khz
Responses in phase shift to the machined core honeycomb (CHRS 1

with a cycle of 

receivers R1 and 

hick laminates are a 

mm from the Tx. 

Figure 4. At 30us, R1 and R2 sense 

displacement of the propagating wave in opposite 

direction. 

R1 and R2 sense the transverse displacement of the propagating 

It suggests the 

band frequency for the reason that different 

We further assume that low 

frequency will allow a better wave propagation than high frequency because of low attention. 

mode is highly dispersive. The 

wave propagates in such a manner that higher frequency wave travels faster than those low 

irp wave excitation signal with a decreasing frequency should 

he increasing and deceasing swept- 

est specimen is a 

machined core where only 

. The results of the two frequencies modes are 

 

frequency 40kHz to 10Khz 
CHRS 1-3). 

 the transverse 

wave in opposite 



The same experiment with the two types of swept-frequencies has been conducted on the 

other defects type such as delaminations, and crushed core. It is clear that the decreasing 

frequency mode allows more distinctive and stable responses, which otherwise would be 

compromised by the dispersive nature of the Lamb wave travelling in anti-symmetric mode.   

 

4.  Detection of defects 

The response of the excitation wave after it passes through the materials is computed for the 

phase shift over a range of frequency (Figure 6). 

Such processed response is proven more stable 

and repeatable than if the response is computed 

in term of the amplitude, which is often the case 

for the state-of-the-art systems. 

The detection of the defects is by way of 

referencing instead of measuring the response of 

the signal to the material. The method of 

identifying the defects is by way of direct 

comparison of the test results obtained from a 

reference board with known defects. The 

responses collected from the inspection are 

compared with the phase shift profile in real 

time during the actual inspection. The defect type is determined based on the best match of 

the profile with the tolerance set in the teaching phase. 

 

  

 

 

Figure 6.  Phase shift of the responses. 

Figure 8.  Scanned result on a CHRS panel 

showing defects and types of cores in colour. 
Figure 7.   PiCaScanner is a NDT system 

that allows the user manually scans the 

area of interest for defects. 



The methods described above have been implemented in a portable system called 

PiCaScanner (Figure 7). It consists of a laptop, a DAQ unit and a pitch-catch probe 

embedded with a position transmitter.  With PiCaScanner, the inspection area can be defined 

before the actual inspection using a position transducer attached on the aircraft surface and 

the inspection probe embedded with a position sensor. The actual inspection area on the 

aircraft is mapped on to the screen of the PiCaScanner. The position transducer and encoder 

allow the linear coordinates of the probe relative to a defined frame on the aircraft surface to 

be determined. The area is then gridded with a user-chosen numbers of uniform rows and 

columns to form the display panel. Each of the grid boxes is to display the inspection result of 

the corresponding points on the actual aircraft surface. In the actual inspection operation, the 

user scans the inspection area with the probe and the processed results are displayed bit by bit 

in the grid boxes. The results of the inspections are illustrated with colours corresponding to 

the defect types assigned during the teaching stage.  

Here we present the capability of the PiCaScanner in distinguishing defects of different types. 

If we take CHRS [6] panel as a reference panel and the locations of every type of defects are 

known, we can acquire the responses of the lamb wave for each of the defect types and assign 

them with a colour. As we scan the panel with the probe, the types of the defects as well as 

the location of the defects are recorded and displayed. A map similar to the C-scan is thus 

obtained as shown in Figure 8. It can be seen that PiCaScanner is able to distinguish the core 

types (Nomex is indicated in pink and fibreglass in blue), the machine core (disbond between 

laminate and core, coloured in yellow), pillow insert (delamination in the laminates marked 

in orange), potted core (crushed core displayed in light blue), and splice core (crack in the 

core doted in red). The shapes of the individual defects, as shown in the figure are not so 

accurately represented. This is mainly due to the pixel size setting and the speed of the 

scanning. Smaller pixel size and slower scanning speed will allow a more accurate 

representation for the shapes and locations of the defects. Total set up and scan time for an 

area of 200 mm by 100 mm is about 15min.  

 

To scan an area of an actual part of an aircraft (Figure 9), the position transducer of the 

PcCaScanner is first attached on the aircraft. After the area (within the sensing range of the 

transducer) is defined using the probe, the area can then be scanned manually until the same 

area mapped on the laptop is covered with colours.  

 

Figure 9.  Inspection of an aircraft honeycomb panel using PiCaScanner. 

 



5.  Conclusions 

The excitation signal of swept-frequency range below 40kHz is used for detecting the 

abnormalities in the composites. The swept-frequency is set in decreasing order to eliminate 

the dispersion effect of the wave which propagates in the anti-symmetric mode. The response 

is processed in term of phase-shift to detect the velocity changes due to the material 

conditions. The new method has been implemented and tested on the standard reference 

panels as well as actual aircrafts composite components.  It is shown that the small difference 

in materials conditions can be detected and even identified with a new pitch-catch scanning 

system. 
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