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Abstract 

An innovative new control method using guided ultrasonic waves generated and detected by array probes was 

developed as part of a collaborative project between I2M and CETIM. This method allows to excite and receive 

various types of guided waves (with a pilot of modal and directional selectivity) to test large structures, and more 

particularly difficult access areas. It consists in associating guided ultrasonic waves to a system of detection / 

generation of phased matrix array type, which, so far, has been used to produce wave volume and to control 

areas in the immediate vicinity of the probes. Compared to existing methods exploiting the guided waves, this 

new method has an advantage in terms of speed, simplicity and flexibility in the implementation, providing 

opportunities for the control of metallic and composite structures. 
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1. Introduction 

This paper is based on a collaborative project between the I2M laboratory at the University of 

Bordeaux and CETIM at the occasion of the P.H.D. of A. LELEUX defended in November 

2012 ([1] and [2]). It presents an innovative Non-Destructive testing method using guided 

ultrasonic waves generated and detected by one array probe. It provides first promising results 

for the testing of large metallic or composite structures  

2. Technical background and objectives of study 

The use of guided waves for Non Destructive Testing Ultrasonic, though not as easy to 

implement as the techniques using bulk waves, may be advantageous in certain situations. For 

example, guided waves are used to control thin plates (thickness <20 mm) or large structures 

(pipelines, tanks). In addition, they offer the advantage of enabling the inspection of areas not 

controllable with bulk waves (e.g. areas under support or under clamp or on expansion joints, 

crossings of roads, fire walls, etc.). These areas are particularly sensitive to the occurrence of 

event likely to cause early damage: cracking or loss of thickness.  

The best known techniques used primarily in the pipes testing using piezoelectric or 

magnetostrictive effect probes (Figure 1) do not have enough sensitivity and spatial resolution 

to detect defects of small size (<3 mm). Furthermore, the presence of discontinuities, such as 

brackets, collars and walls may strongly disturb detection.  
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Figure 1: Guided wave systems (left : with magnétostrictive probes ; right : piezoelectric) operating on steel 

pipes on wide distances  (~ tens meters) 

Alternative techniques are studied in laboratories, some of which were tested on industrial 

cases (Figure 2). Each of these techniques has drawbacks. Some are limited to control of 

isotropic materials, others have acquisition times and relatively long processing times. Others 

are not flexible to use, either because they do not allow the inspection of the whole 

component without motion of the probe (transducer mounted on a wedge [3], or use of air-

coupled capacitive transducers [4]), or because only one type of wave can be generated and 

detected (EMAT [5], inter-digital transducers [6]), or on the contrary too many modes can be 

simultaneously generated and needs delicate image analysis (piezoelectric patch [7]). The 

objective of our study is to propose an alternative to these techniques that would overcome all 

these limitations. The use of a piezoelectric matrix phased array probe (commercialized by 

IMASONIC [8]) was decided here for generating and detecting guided waves. The expected 

performances of this solution are: selectivity and directionality of the guided modes, high 

detection sensitivity, good spatial resolution of location, the ability to size defects, and a range 

of inspection of the order of one meter between probe and defect, without moving the probe. 

 

 

 

Figure 2 : Some laboratory solutions developed for guided wave testing  
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3 Principle of the method developed 

 

3.1 Reminder about guided waves 

Since the thickness of the structure to be controlled is close to the ultrasonic wave-length, the 

wave propagates along the plate being guided by the latter (Figure 3). In the case of plates, 

these guided waves are called plate waves or Lamb waves. There are two families of modes, 

the symmetric modes (for which the amplitude of the normal surface displacements on both 

sides of the plate have opposite signs) and the anti-symmetric modes (for which these 

movements are equal). Within the same family, there are several modes (S0, S1 ... for 

symmetric modes and A0, A1, for anti-symmetric), which correspond to different 

distributions of displacement fields and constraints, depending on the thickness plate.  

 

 

Figure 3: Guided waves (Lamb waves) in thin plates 

Compared to bulk waves, the propagation of guided modes has the particularity of being 

dispersive. This dispersion is manifested in two ways:  

- Dispersion of celerity: The celerity of the wave depends on the wave mode in question but 

also on the frequency associated with this mode. Thus, according to the thickness of the plate, 

when a piezoelectric source emits a pulse whose spectrum is centered around a frequency f0, 

it is possible that multiple modes of Lamb be generated (e.g. the first symmetrical mode and 

S0 the first anti symmetrical fashion A0). Moreover, for the same user, the different 

frequency components propagate with different phase velocities. Figure 4 shows the 

variations of the phase velocity as a function of the frequency-thickness product. Thus, for a 

vibration at a frequency of 300 kHz source, four modes can propagate along a 10 mm thick 

plate, at different speeds.  

- Angular dispersion related to the anisotropy of the material: in an isotropic medium, the 

celerity of propagation of a mode is independent of the direction. On the contrary, in an 

anisotropic medium, for the same user, the speed varies against the direction of propagation. 

This is the case for most composites. Figure 5 represents the variations of the propagation 

speed of the first three modes of Lamb (S0, A0 and A1), depending on the propagation 

Symetric Lamb  mode S0, S1, S2 

 

Antisymetric Lamb  mode A0, A1, A2 

 
Wave propagation plane 
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direction. Three plates are shown: an aluminum plate (isotropic), a composite plate 0/45/90/-

45 (quasi-isotropic) and a composite plate 0/90 (anisotropic). 

  
Figure 4: Dispersion of modes versus celerity of guided waves  

 

Figure 5: Angular dispersion in isotropic or anisotropic plates 

These phenomena make the dispersion analysis of the signals and the construction of the 

images inspected more complex, and may limit the performance of damage location. One 

solution may be to work at low frequency, so as to generate a single mode in a frequency 

range where the propagation is not dispersive. However this solution has the disadvantage of 

limiting the size of the defects which can be detected. These difficulties are added, in the case 

of a non-unidirectional source, to the difficulty of locating defects in the plate. The method 

presented in this paper is based on the use of a multi elements probe, offering an alternative to 

solve some of these problems.  

3.2Reminder about array probes 

A phased array probe is composed of a piezoelectric element array (which may be arranged in 

different ways such as linear, array, annular, etc..) Each of which can be controlled 

independently by the electronics. By applying a phase shift of some signals compared with 

the other, it is possible to control the characteristics of the acoustic beam emitted by the 

probe. It may for example be focused or deflected. Similarly, applying a phase shift on the 
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received signals enables selection of an area / direction of listening. Thus, creating more 

sequences of transmission, it is possible to inspect an area of controlled without any motion of 

the probe on the part, to construct an image with a good signal to noise ratio.  

3.3 The new method developed 

 Multielement (also called phased array) sensors have been used for several years in NDT, but 

with a few exceptions [9], their use is often restricted to bulk waves. In the next section, we 

show, in the case of Lamb waves propagating along an isotropic or weakly anisotropic plate, 

the phased array elements can not only select the direction of the emitted beam, and so scan 

all directions around the sensor without moving, but also enable to precisely select the Lamb 

mode to transmit to probe the plate. To create an image, the modal and spatial selection is 

performed during signal reception. The selected mode may be the incident mode, or another 

mode that may be generated by conversion in the interaction with a defect. In addition, using 

a technique of dispersion compensation [10], the array probes can locate quite precisely the 

fault.  

To generate and receive one mode in one direction and then scan the beam in all other 

directions to automatically image the entire component around the probe (Figure 6), 

application of a simple time delay on the piezoelectric elements is not sufficient. When 

transmitting, it is necessary to apply a phase difference between the elements oriented in the 

desired direction of propagation, so as to select the wavelength (and therefore the mode) to be 

transmitted. At the reception, the phase shifts are reapplied to select the mode to be received 

and the direction of listening. This specific protocol was developed and is summarized in 

Figure 7. It is based on algorithms summation of phase signals (PA) method that incorporate 

the specific phase for each element, both the time shift, the frequency shift the angular 

dispersion and 2D spatial apodization.  

 

Figure 6: Principle of operation of the new process developed 
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Figure 7: Pilot protocol and processing applied to a matrix phased array probe having 121 elements  to 

obtain selectivity and directivity of a precise Lamb waves mode. 

 

Figure 8 shows some examples of excitation signals and the signals detected with this 

protocol. The performance of the modal selection in reception are clearly observed, the echo 

associated with desired mode (here S0) is properly filtered.  

 

 

 

Figure 8: Examples of signals transmitted and received by the PA method using a matrix probe having 

121 elements and 0.45 MHz frequency. 

Transmission mode and direction control,  
filtering the desired mode from one direction 

 
Algorithm of addition of signals having different phases 

 

 

Examples of signals transmitted to generate S0 at 600kHz in an Al plate4mm thick: 

Examples of signals received and processed for a 450kHz excitation in Al plate4mm thick: 
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Furthermore, in addition to the protocol applied in the real-time acquisition and processing, a 

post-processing tool is applied for improving the spatial location of the fault. This is the 

method of compensating the dispersion [10] which transforms a distorted signal and spread 

over time, due to the natural mode dispersion (Figure 9 - left). The principle is to convert the 

time domain signal into a signal represented as a function of the propagation distance, taking 

into account of the speed of each of the group of frequency components of the measured 

signal. Thus, the result, depending on the propagation distance (Figure 9 - right) signal, allows 

to accurately find the position of the defect.  

 

Figure 9: Example of output after processing with dispersion compensation of S0 mode at 0.5 MHz of 

an edge echo sent and received by PA method with a matrix probe having 121 elements. 

          Left: signal without compensation                    Right: signal with compensation 

4 Application on metal and composite plates 

Most tests were performed on metal plates (aluminum, steel) or composite (carbon epoxy) 

samples. Here we present for illustration two examples of a composite part and a metal 

component.  

The ultrasonic equipment used consists in:  

- A multi-channel transmitter-receiver (up to 128 channels) with an arbitrary function 

generator multichannel OPEN LECOEUR Electronics, PC controlled device;  

- A matrix probe  IMASONIC: 121 (11x11) of piezoelectric elements with a size 4x4 mm and 

a pitch of 5 mm. Each element has a center frequency equal to 0.5 MHz and a bandwidth (at -

20 dB) of from 0.3 to 0.7 MHz. The dimensions of the probe are of 54x54 mm²;  

- Control and processing software specifically developed for this purpose by A. Leleux in his 

PHD thesis at the I2M;  

4.1 First example: detection of an impact damage on composite plate having curved 

stiffeners 

The aerospace test part is made of 4 composite stiffeners. It is 4 mm thick and has a slight 

curvature. Damaging was produced in the middle of the “plate” by impact calibrated between 

two stiffeners. Two measurements are made. For the first (Figure 10 a), the probe and the 

impact are aligned parallel to the direction of the stiffeners. In the second measurement 

(Figure 11), the alignment of the probe and the impact are perpendicular to the direction of 

the stiffeners, and the impact is hidden behind one of them. In the frequency band usable by 

Generation and detection of S0 mode with PA method on a plate AL 4mm thick at 500kHz, echo coming from the edge 
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the probe, the S0 appears the most suitable. It is energized from the center frequency of 0.5 

MHz ( 14 mm ) by a burst of 12 cycles.  

At the first measurement, by listening on the plate 360°, the result (Figure 10 b) shows the 

detection of the impact and the rear edge of the plate, and on the sides, the edges of the plate 

and stiffeners. The two stiffeners near the probe are not distinguishable because they are in 

the "dead zone" of the probe (pulse-echo mode). We also note the detection, on the upper side 

of the image, of a hole of diameter 5 mm, present on the plate. It is detectable even if it does 

not completely stand out of the echo of the stiffener, which it is close. This allows us to see 

that the S0 mode is both sensitive to the presence of stiffeners, impact damage and holes. 

However, it fails to collect information in other directions than parallel or perpendicular 

directions to the stiffeners. This can be explained either by the anisotropy which prevents 

proper mode propagation in such directions, or by the fact that oblique incidence of 

ultrasound beams on the stiffeners deflects them and prevents any reflection in the direction 

back to the probe. One can also think that the curvature of the plate (perpendicular to the 

direction of the stiffeners) favor the propagation of waves in these directions. As we can see 

in the picture (Figure 10 b), damage and different parts (stiffeners, hole plate edges) of the 

composite are positioned correctly with a maximum deviation of ± 10 mm. The dimension of 

the impact of the image is 50 x 20 mm. The resolution is limited by the wavelength and the 

directivity of the probe which causes a certain curvature of the images.  

  

Figure 10: Detection, by transmitting and receiving S0 mode 0.5 MHz, of edges and stiffeners of a 

composite plate 4 mm thick, with a hole of 5 mm diameter and  impact damage: photograph of the 

sensor positioned on the plate (left), normalized-amplitude image obtained after post-processing 

(right).  

During the second measurement, we send ultrasound in only the direction along which the 

impact is located, perpendicularly to the stiffeners. Figure 11 b shows the positions of the 

probe, the impact damage and two stiffeners. S0 mode and the frequency used (0.5 MHz) 

enable to visualize the presence of the impact that is yet hidden behind the stiffener with 

respect to the probe. The resolution is improved because the impact is closer of the probe. The 

estimated dimension is 30 x 20 mm  
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Figure 11: Detection, by transmitting and receiving S0 mode 0.5 MHz, of edges and stiffeners 

of a composite plate 4 mm thick, with a hole of 5 mm diameter and impact damage: 

photograph of the sensor positioned on the plate (left),  image  with normalized amplitude 

obtained after post-processing (right).  

 

4.2 Second example: fault crack type detection on a steel plate 

 

To simulate this type of fault, we have machined in a plate of carbon steel (C40) of 2 mm thickness 

several notches of different depths and lengths, with distance between the ends being fixed to 50 mm 

(Figure 12).  

 

Figure 12: Notch-type defects introduced in carbon steel plate of thickness 2 mm and  1012 x 1198 

mm wide  

Some tests are conducted to know the detectability of notches. Figure 13 shows that with the 

probe 11 * 11 matrix elements, the through slits 10 mm are easily detected. However, the 

notches or non-through 2 mm are optimally detected only for certain positions of the probe. 

As in the first previous test, this is related to the orientation of notches versus the direction 

inspected by the probe. In order to be detected, a discontinuity (fault, end of the part, stiffener, 

etc ...) should reflect to the probe a portion of the incident signal it receives from it. The laws 

of diffraction are such that certain discontinuities, due to their size or orientation will not be 

able to return enough ultrasonic signal to the probe. Furthermore, some guided modes do not 
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interact (or very weakly) with some discontinuities, due to mismatch between the stress field 

that they produce and the geometry of the discontinuity. There are three possibilities to 

improve the sensitivity of detection of these discontinuities:  

Issue a mode whose wavelength is smaller (ie, the S0 mode at higher frequency, or the A0 

mode). This would require a probe having an inter-element pitch smaller than 5 mm and / or a 

suitable bandwidth.  

- Selecting and receiving a different output mode (e.g. S0 incident and A0 received). This 

would require further development of the post-processing done so far.  

- Apply other signal processing (synthetic fields, TDTE) to detect small defects and increase 

the spatial resolution.  

 

                                                                           
                               (a)                                                                               (b) 

     
                     ( c)                                                                                 (d)                                     

Figure 13: Images obtained for different positions of the probe facing the notches n°2, n°3, n°4 and 

n°5. (a) probe placed facing the notch n°4. (b) A probe placed on the perpendicular bisector of the 

notches n°2 and 3. (c) A probe placed on the perpendicular bisector of the notches n°2 and n°5. (d) A 

probe placed opposite the notch n°3.  

5 Conclusions and perspectives 

The collaborative project between I2M laboratory at the University of Bordeaux and CETIM 

helped to develop an innovative non-destructive testing method based on the use of a phased 

array probe for generating and detecting guided waves. This paper describes, through some 

tests, a potential application of this method on metal or composite components for rapid 
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inspection of large structures, including remote testing of areas where access of the probe is 

not possible or very difficult.  

Globally, the PHD thesis of A. LELEUX showed that for metallic and composite structures 

having no strong anisotropy (quasi-isotropic in the plane of the plate-like sample), total 

auscultation of the structure with the guided waves can be carried out from a unique probe 

position, over a range of about one meter. In the case where the material of the part under 

inspection is strongly anisotropic, motion of the probe is necessary so far. The use of methods 

less sensitive to anisotropy of material appears essential, and this track can be exploited to 

adapt this technique to control various types of composites. The method presented can also be 

improved, in particular by increasing the spatial resolution of detected faults with optimized 

probes, focusing ultrasonic beams or guided waves or by exploiting the modal conversion that 

usually occurs during the interaction between a guided mode and damage. 
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