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Abstract 

Guided wave technology has been successfully used to inspect and monitor metallic 
structures, such as pipes, in order to detect cracks and corrosion. Commercial systems have 
been released to assess the integrity of metallic (isotropic) structures; however commercial 
applications for anisotropic materials, such as composites, have not been widely established. 
The increase of complexity of the wave propagation and the fact that composite structures 
are composed by areas of different lay-ups, different material properties and thicknesses 
hinders its applicability. 

Guided waves are ultrasonic elastic waves that propagate in solid media. The phase and 
group velocity of these waves are not necessarily the same and they can vary according to 
the frequency, thickness and material properties. This relationship between velocity and 
frequency for a given structure is commonly displayed in graphs called dispersion curves. 
Dispersion curves are an important tool for the analysis and design of any guided wave 
application. These curves provide key information about the propagation characteristics of 
each wave mode and enable the study of signal processing techniques, the creation of new 
transducer arrays and the development of damage detection techniques. Therefore, the first 
step for the deployment of any guided wave application is to know the dispersion curves of 
the structure to inspect. For the case of complex anisotropic structures, like wind turbine 
blades, the theoretical creation of dispersion curves is challenging and time-consuming. So 
in this paper, a new experimental methodology is presented to create the dispersion curves 
directly from the specimen that is going to be inspected. A phased array is developed as a 
pulser/receiver in order to determine the phase velocity of the fundamental wave modes. The 
proposed technique is explained in detail and analytical and experimental analyses are 
presented for an aluminium plate in order to validate the method with a simple structure. 
Using this method for composite structures and its feasibility is also discussed. 
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1 INTRODUCTION 

Guided wave (GW) technology is a growing Structural Health Monitoring (SHM) 
technique. The advantages of this technique are the capacity to scan an area of several square 
metres from a small number of transducer locations and to carry out inspections to structures 
in-service. This allows the system to be permanently installed on the structure enabling it to 
be monitored continuously.  

Guided waves are elastic waves that propagate in solid thin-walled structures. Guided 
waves are susceptible to dispersion. Dispersion curves show the relationship between phase 
or group velocity and frequency. Dispersion curves are an important tool for the analysis and 
design of any guided wave applications, such as the creation of new transducer arrays or the 
deployment of a damage detection technique. 

Dispersion curves for simple isotropic structures are readily accessible through the 
literature and through commercially available software. But for composite structures or 
cambered structures with thickness variation, the acquisition of these curves is more arduous 
and time-consuming. The introduction of anisotropy due to the different ply orientations in 
composites makes the calculation of the dispersion curves more complex. Currently, 
analytical methods are used to create the dispersion curves for composite structures but the 
main disadvantage of these techniques is that inaccuracy of the definition of the elastic 
properties of the composite materials leads to inaccurate results [1]. In this paper, a technique 
for carrying out an experimental dispersion curve extraction directly from the samples is 
proposed. 

 

2 METHODOLOGY 

The proposed experimental technique is based on the guided wave generation through a 
comb array. This kind of array is composed of several transducers equally spaced along a 
direction. Each one has an independent channel, which can be excited independently from the 
other transducers and can acquire data individually. 

The idea of this technique is to calculate the phase velocity of the guided wave using the 
superposition principle of the theory of elastic waves. In order to do this, each transducer is 
excited at different times, where the first one is excited at time t0, the adjacent one is excited 
at time t0+Δt, the following one at time t0+2Δt and so on. So the last transducer will be 
excited at time t0+(n-1)Δt, where n is the number of transducers in the comb array. The 
objective of the method is to determine the time that the wave takes to travel to one 
transducer to the next one. So, by knowing this time and the distance between transducers, 
which is already established, it is possible to calculate the velocity. 

The methodology consists on carrying out a time delay sweep. At each step the waves 
created by each transducer will interact. The resulting superposition is acquired by a single 
transducer at a certain distance, as can be seen in Figure 1. By analysing the maximum 
amplitude of the signal at each step, it is possible to assure that the time that the wave phase 
takes to go form one transducer to the next one is the time delay when the maximum 
amplitude of the acquired signal in this step is the maximum one of all the steps. This is 
because the maximum possible resultant amplitude is when all the waves created by each 
transducer propagate in phase. 

In addition to the time delay sweep, it is also necessary to carry out a phase sweep in the 
input signals. This is because when the wave is propagating from one transducer to the next 
one, the wave is experiencing phase variations and, when it reaches the next transducer, the 
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wave phase is different from the phase of the input signal. 
 

 
Figure 1: Example of the technique for dispersion curve creation. Transducers equally spaced a distance (e) are 

excited at different times with a time delay (Δt) between them. 

 

2.1 Case Study 

The case study was carried out in a 3mm thick aluminium plate. The comb array consisted 
of two transducers spaced 30mm apart and the receiver was placed 1 metre away from the 
array. The transducer length was 13mm. An input signal of 5 sine cycles with a Hann 
window at different frequencies, from 80 to 400 kHz, was used to excite the comb array. The 
purpose of the study was to analyse the resulting wave created by the array at the receiver 
position at different time delays and phases; and therefore to establish the optimum time 
delay and phase at which the maximum amplitude is achieved. This result will be compared 
against a dispersion curve produced by the commercially available software DISPERSE [2]. 
 

3 ANALYTICAL ANALYSIS 

An analytical model has been developed in order to verify the proposed technique. This 
analysis is based on the adjustment in frequency and wavenumber of the transformed input 
signal using the Fast Fourier Transform (FFT). By knowing the signal at one point and the 
dispersion characteristics of each wave mode, it is possible to reconstruct the wave modes in 
the time domain at any distance [3]. The methodology consists in the reconstruction of the 
wave modes evaluating the phase shifts at each frequency component with the following 
integral, 

  岫   岻  ∫  岫 岻  岫 岫 岻    岻                                          岫 岻 
   

 
where  岫   岻 is the reconstructed wave mode at a distance   from the excitation point,   is 

the time,  岫 岻 is the Fourier transform of the input signal and  岫 岻 is the wavenumber as a 
function of the angular frequency  . The relation between wavenumber and angular 
frequency is extracted directly from the dispersion curves and introduced in the integral. The 
reconstructed signal created by the comb array at a distance   will be the sum of each signal 
created by each transducer which can be modelled by a number of source points. Also, the 
attenuation during the propagation of the waves is taken into account according to the 
following equation [4], 

                                                                            岫 岻 
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where   is the attenuated amplitude after propagating a distance  ,    is the unattenuated 

amplitude and   is the attenuation coefficient (   ⁄ ). Both the wavenumber,  岫 岻, and the 
attenuation coefficient,  , are obtained from the software DISPERSE. 

 

 

   
Figure 2: Wavenumber as a function of frequency for the three fundamental wave modes in a 3mm thick 

aluminium plate. 

 

This analytical approach offers more rapidity to compute the results and flexibility to 
change parameters in comparison with Finite Element Methods. The input parameters that 
can be modified are the number of transducers in the comb array, transducer length, delay 
between transducers, spacing, number of source points per transducer, frequency and shape 
of the input signal, acquisition time and propagation distance. 

 

3.1 Procedure 

The signal created by the array at the receiver point has been created at frequencies 
between 80 kHz and 400 kHz, with steps of 10 kHz. At each frequency, a time delay sweep 
between transducers in the array has been carried out. Estimated initial phase velocity values 
are required at the beginning of the calculation for the first frequency in order to establish a 
range for the time delay sweep; for the following frequencies the calculated velocity in the 
previous frequency step is taken as the initial velocity value for the calculation. So, the range 
of the time delay sweep is 

from  岾            峇   to   岾            峇                                         岫 岻 
where   is the spacing between transducers,    is the initial phase velocity,   is the frequency 
of the input signal and   is the phase in radians of the input signal for the second transducer. 
As mentioned before, variations in phase are experimented in the wave created by the first 
transducer when it reaches the second transducer, mainly for high dispersive wave modes. 
Therefore, a phase sweep has to be carried out in the input signal of the second transducer to 
get more accurate results. The phase velocity is calculated with the optimum time delay 岫     岻 and the optimum phase 岫    岻 using the following equation, 
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                                                                               岫 岻 
3.2 Results 

Figure 3 shows an example of the simulated signal at 240 kHz at 1 metre distance created 
by the analytical model. 

 

 

Figure 3: Simulated signal of S0 and A0 modes at 240 kHz after 1 metre propagation. 

 

An intermediate step is shown below, for the case of the A0 mode at 240 kHz. In the 
Figure 4a, the resulting signals created by the comb array at each time delay are plotted at the 
same time to see the differences in amplitude depending on the time delay. In Figure 4b, the 
maximum amplitude value at each time delay is represented in order to determine the 
optimum time delay which is at the highest value. 

 

 
Figure 4: (a) Signals created by the comb array for all time delay steps of the A0 mode at 240 kHz. (b) 

Maximum amplitude value at each time delay step for the A0 mode at 240 kHz. 

 

Once the optimum time delays and phases have been obtained, the phase velocity of the 
three fundamental wave modes can be calculated using the Equation 4. A comparison 
between calculated values and theoretical values are displayed in Figure 5. 

a 
b 
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Figure 5: Comparison between theoretical phase velocity values produced by DISPERSE and phase velocity 

values calculated using the methodology proposed from the signals created analytically.  

 

4 EXPERIMENTAL ANALYSIS 

4.1 Test Setup 

The specimen is a 4 by 2 metres aluminium plate with 3mm thickness. The comb array 
(composed by 2 transducers) and the receiver have been glued to the plate using the two 
component epoxy paste adhesive Araldite 2011. The spacing between transducers in the 
comb array is 30mm, and the distance between the array and the receiver is 1 metre. The 
equipment used to generate and acquire the waves is the Teletest®. This unit has 24 
independent channels, where only 3 are used for this test (2 for the comb array and 1 for the 
receiver). The transducers used in the experiment are shear piezoelectric elements (d51 type) 
with an active contact area of 13 mm (in the poling axis) and 3 mm (in the perpendicular 
axis) [5]. The element vibration is described in Figure 6. This transducer can be used to 
generate Symmetric (S), Antisymmetric (A) and Shear Horizontal (SH) wave modes. At the 
same time, S and A modes are created in the direction of the poling axis, and SH in the 
perpendicular axis. Two comb arrays oriented at 0ᵒ and 90ᵒ have been bonded to the plate, 
one to evaluate the S and A modes and the other one for the SH mode, see Figure 7.  

 

 
 
 
 
 
 

4.2 Procedure 

For versatility reasons, individual data sets have been acquired for each transducer of the 
array, exciting firstly just one transducer and then the second transducer. Post-processing 
calculations are carried out to superpose the individual signals in order to get the resulting 
signal from the entire comb array. The advantage of exciting only one transducer at time is 
that the time delay sweep between transducers can be deployed during the post-processing 
step, saving time during the experimental test. 

Figure 6: Schematics of the transducer. (a) Undeformed, (b) Deformed 

Poling Axis 
Piezoelectric material 

Ceramic protection 
(a) (b) 
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Figure 7: Image of the experiment setup. Two comb arrays (longitudinal and transversal to the poling axis). 

A Python script has been developed to assess the acquired signals and to control the 
commercially available data acquisition Teletest software in order to conduct the entire 
experiment automatically. Input signals of 5-sine-cycles Hann-windowed bursts with centre 
frequencies from 80 kHz to 400 kHz with steps of 10 kHz are used to excite the array. Also at 
each frequency, a phase sweep is carried out in the input signal of the second transducer, 
from 0 to    radians with steps of    ⁄  radians. After the completion of the experiment, the 
signals from each transducer are combined applying different time delays between them. The 
time delay values applied in this sweep are in the range specified in equation (3). 

4.2 Results 

The datasets acquired during the experiments have been processed using Matlab. 
Examples of the signals obtained experimentally are shown in Figures 8 and 9. 

 
Figure 8: Experimental signal of S0 and A0 modes at 240 kHz after 1 metre propagation. 

 
Figure 9: Experimental signal of SH0 mode at 240 kHz after 1 metre propagation. 
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The same intermediate step as in Section 3.2 is shown for the experimental case in Figure 
10. 

 
Figure 10: (a) Signals created by the comb array for all time delay steps of the A0 mode at 240 kHz. (b) 

Maximum amplitude value at each time delay step for the A0 mode at 240 kHz. 

 

After the analysis of all the experimental signals, the phase velocity values for the S0, A0 
and SH0 are shown in the following Figure. 

 
Figure 11: Comparison between theoretical phase velocity values and phase velocity values calculated using the 

methodology proposed from the signals acquired experimentally.  

 

5 CONCLUSIONS 

In this paper, an experimental technique is proposed to determine the phase velocity of the 
fundamental wave modes of a thin walled plate using a comb array. The technique consists 
on the analysis of the phase and the excitation time delay between transducers in the comb 
array. The concept is to get the optimum phase and time delay excitation with which the 
waves created by each transducer in the array propagate all in phase. A formula to calculate 
the phase velocity with these two parameters is provided. 

An analytical analysis has been developed to simulate the signals created by the comb 

a b 

S
0
 

SH
0
 

A
0
 



 

9 
 

array and evaluate the feasibility of the proposed method. The phase velocities calculated 
from these pure wave mode signals correlate to the theoretical values generated from 
DISPERSE. For the case of the experimental analysis, individual data sets have been 
acquired from each transducer of the comb array. Post-processing calculations have been 
used to superpose the signals with different time delays. The results obtained predominantly 
agree with the theoretical values. For the A0 mode, the agreement is good; but for the cases of 
S0 and SH0 the values are slightly higher, around 4% of the phase velocity value. The spikes 
in S0 mode are due to the high speed of this mode, where small variations in time delay result 
in big variations in velocity. At higher frequencies, the agreement between experimental and 
theoretical values is high; this is because the time delay range, equation (3), is smaller so the 
results are more accurate and also because the operation frequency of the transducer is better 
above 200 kHz, in contrast with the values at lower frequencies where the experimental 
signals are more distorted.  

Further investigations will be carried out to minimise these variations and also to 
determine the dispersion curves for a composite plate. Due to the anisotropic nature of the 
composites, the wave velocity depends on the propagation direction, so it would be necessary 
to evaluate several directions in order to have a representative velocity profile. The advantage 
of this empirical technique is that the dispersion curve creation can be carried out without 
knowing the material properties and stacking sequence of the composite structures, which in 
many cases are difficult to get due to the confidentiality between manufacturers. The final 
objective of this technique is to be applied in a real composite structure, such as wind turbine 
blades, where the velocity of the wave modes is difficult to calculate analytically; so the 
purpose is to use firstly the arrays to get the dispersion curves from the structure itself and 
then adapt the parameters of the same arrays choosing the most suitable point of the extracted 
dispersion curves to monitor the structure.  
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