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ABSTRACT 
 

This paper portrays work for the development of a Lamb wave scanning method for the detection of defects in thin 
plates. The approach requires the generation of an ultrasonic Ao and So-Mode Lamb Wave using an incident transmitter 
excited with a tone burst centered at a near non-dispersive frequency.  With a fixed relative separation both transmitter 
and receiving transducer, remotely scan a specific line section of the plate. The arrival time information coming from 
incident and reflected waves contain information associated with the location of reflection surfaces or potential flaws. 
The Hilbert-Huang transform is applied to the intrinsic mode functions which permit the computation of the signal 
energy as a function of time, proportional to the square of the amplitude of the analytical signal. The arrival times and 
amplitudes of the notch-reflected energy are used to calculate by means of two geometric methods, the coordinates of 
the source of the reflections.  The resulting coordinates outline the extent and relative direction of notches in two 
different scenarios. One is having notches in a 0 to 22.5 degree orientation in respect to the far edge of the plate and two 
with notches of various sizes at a single rivet hole. Results of experiments conducted on 1.6mm-thick Aluminum square 
plates, with an arrangement of notches as described compare favorably with the actual notches. 
 
Key words: Lamb waves, ultrasonic, waveforms, nondestructive evaluation, defect localization. 
 
 

1. INTRODUCTION 
 

Material deterioration is expected within the design life of structures and mechanisms, such as buildings, heavy 
machinery, pipes, offshore structures and aircrafts. Critical loading and temperature conditions are common conditions 
that eventually lead to some degree of deterioration. This deterioration can manifest in forms of internal cracking, flaws, 
corrosion in metallic parts and other forms of damage. Visual inspection has failed to localize and analyze theses forms 
of damage, especially when they are located in hidden regions. The need for rapid and reliable maintenance procedures 
and nondestructive techniques (NDE) that can be applied to large areas of the structure is a wide-ranging concern in 
today’s industry. The use of Lamb waves is a new approach that has potential for improving large area inspections. 
 
One of the advantages of ultrasonic testing by use of Lamb waves is the capability of long range inspections as 
previously recognized by Cawley and Alleyne et al. [1]. They pointed out that the key for the successful application of 
the method is the proper excitation of a single mode at a frequency located in a near non-dispersive region. Kundu et al. 
[2] introduced a scanning technique for composite matter using leaky Lamb waves using a pitch catch mode involving 
and immersed transmitter and a receiver. Their technique was effective in detecting internal defects such as missing 
fibers and fiber breakage. They examined the effectiveness of several modes and found that the Ao mode was the most 
effective for the localization of the flaws. Kim and Song et al [3] studied the relationship between incident angle and 
phase velocity by demonstrating that a given frequency, incidence angle, and plate thickness, several modes may 
propagate with different velocities Lowe et al. [4] studied issues on Lamb wave sensitivity to defects and optimum 
selection of modes as related to defect size and strength of wave reflections. 
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Other studies have focused on sensitivity issues to detect certain forms of damage. Ghosh et al. [5] studied Lamb wave 
propagation in large plates and its use in internal defect detection by computing stress fields inside the plate for different 
lamb modes. Kundu et al [2] investigated the effectiveness of using Lamb waves for the detection of kissing bonds, 
defined as closed cracks under compressive normal stresses. Their technique was based on the proper selection of the 
A1 mode, which proved sensitive to detection using ultrasonic guided waves. Chang and Mal [6] theoretically and 
experimentally investigated Lamb waves propagating in an infinite plate containing a circular hole with or without edge 
cracks. The theoretical analysis was accomplished by means of a hybrid method involving finite elements with special 
boundary condition fields representing Lamb wave modes. Measured time histories and amplitude spectra of the 
transmitted and reflected waves compared favorably with those calculated from the hybrid model. Chang and Mal [6] 
also observed that when Lamb waves pass through a region with cracks or material loss, some energy is reflected back 
due to back scattering and the transmitted waves are modified due to forward scattering. The presence of material loss, 
cracks or other flaws in the path of the incident Lamb waves can be detected and, in principle, characterized by 
analyzing the characteristics of the reflected and transmitted waves. 
 
This paper deals with the detection of notches using a line scan approach of ultrasonic Lamb waves propagating in the 
Ao and So mode in thin plates with constant thickness. The approach relies on the generation of narrow-band pulse 
waves with a center frequency in the non-dispersive region of the Lamb-Wave dispersion curve. In this scanning 
approach transmitter and receiver where housed within a Plexiglas bubbler and mounted in a scanning arm where they 
moved simultaneously, the incident angle of the transmitter was set to 14 degrees for excitation of the So mode and 27 
degrees for the Ao mode. The signals acquired from a wide-band ultrasonic receiver set an angle of 14 and 27 degrees 
respectively from the vertical axis, are processed using the Hilbert – Huang transform to determine wave energy as a 
function of time. The points of maximum energy are used to determine arrival times. From the arrival times acquired at 
two different receiver positions, the distances traveled form the source to the flaw, and to the receiver serve as the bases 
for geometrical solutions that will render the flaw location and orientation in the two scenarios discussed. For the rivet 
hole-notch combination an additional analysis is performed, which will identify the region not affected by the wave 
back scattering due to the rivet hole geometry.   
 

 
2. EXPERIMENTAL SETUP 

 
A usual specimen submitted to testing in this investigation is illustrated in Figure 1. The specimens consisted of 6061-
T6 610mm by 910 mm (24 by 36 in.) rectangular Aluminum plates with a thickness of 1.60mm (1/16 in.) and a 1.27-cm 
(0.5 in.) center hole. Various plates were fabricated with two types of notches for those with angle and horizontal 
notches a 0.8-mm depth was set, with lengths of 89 mm (3.5 in.) and 100 mm (4 in.). The other type involved full 
thickness notches ranging form 3.2 mm (1/8 in.) to 25.4 mm (1 in.) long in 3.2mm increments, this notches were 
fabricated in combination to a 1.27-cm (0.5 in.) center hole. Sending a signal from a function generator through a 
continuous amplifier to a transmitter enclosed by a bubbler created the ultrasonic Lamb waves. The wedge incidence 
angle was set at two values 14 degrees and 29 degrees in order to excite the So and Ao mode respectively. The receiver 
was a wide-frequency type housed within a bubbler. The transmitter-receiver arrangement was mounted in a scanning 
arm for simultaneous movement. Transmitter and receiver housing make possible to maintain uniform coupling with the 
plate. The design of both components facilitated the signal analysis, by providing sufficient distance between plate and 
transducer a clear travel time gate will develop between reflections from potential defects.   The receiver signals were 
sent to a data acquisition system through a pre-amplifier. By means of a siphon mechanism the transmitter-receiver 
chambers are filled with water, which in turn create a thin film of water between the plate and each transducer, any 
excess water is drawn by two small vacuum pumps. The scanning table and the acquisition system are controlled using 
NDE acquisition software. The signals collected from the receiver as a function of its position were stored for further 
analysis.  Figure 2 illustrates plate specimens on the scanner system. 
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(a)                      (b)  
 

Figure 1. Schematic of line-scan approach to characterize notches. (a) Schematic of Aluminum plate specimens with 
notches.  (b) Schematic of Aluminum plate specimens with rivet hole and notch. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 2. Scanning system with transmitter and receiver bubbler attached to scanning arm. 
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In order to select the proper choice of frequency to attain near non-dispersive conditions, experimental phase dispersion 
curves were obtained and compared to the classical closed form solution originally published by Viktorov [7].
The experimental curves were obtained from data acquired by sending a rectangular pulse to the transmitter while data 
is collected along a line perpendicular to the transmitter at equally spaced intervals. The double FFT of the data array 
provides three-dimensional information of the propagating wave amplitudes versus frequency and wave number. 
Through the use of standard expressions, the graph is transformed to show the propagating wave amplitudes versus 
frequencies and phase velocity to obtain the experimental phase dispersion curve. This curve is illustrated in Figure 3 
along with Viktorov’s [7] analytical solution using the geometric and materials properties corresponding to the plate 
specimens. A good correlation was obtained. This experiment was also helpful to evaluate the frequency limitations of 
the transmitter and the receiver system. Reasonably good information was obtained for frequencies less than 2 MHz. In 
order to avoid different group and phase velocities, further tests were conducted by sending a 500-kHz tone burst. The 
So and Ao mode propagates at a phase velocity of 5,280 m/s and 2,300 m/s respectively at this frequency. 
 

 
 

Figure 3. Experimental phase dispersion contour plots vs. analytical solution for Aluminum plate 1.6 mm thick. 

 
The scanning strategy selected was based in the visualization of Lamb wave scattering and reflections from notch and 
hole combination conducted by Osegueda et al. [8], and DeVilla et al. [9]; these animations served as a visualization 
tool. 
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3. DETERMINATION OF SIGNAL ENERGY 
 

The Hilbert-Huang Transform is a recent breakthrough in the analysis of nonlinear no stationary time series analysis 
[10] which allows for the separation of the time series into intrinsic mode functions and a residue. The separation 
consists of a sifting process obtained by detecting the maximum and minimum peaks of the time series, computing of 
the maximum and minimum envelopes through a curve fitting approach, and subtracting the signal from the mean of the 
envelopes. For further details of the sifting process and the determination of the intrinsic mode functions see reference 
[10]. At the end, the intrinsic mode functions have the properties that the numbers of extrema and zero crossings must 
be equal or differ by one, and that at any point in time, the mean value of the envelopes defined by the local maxima 
and local minima is zero [10]. Figure 5 illustrates the results of the sifting process applied to a typical ultrasonic signal 
acquired by the receiver. The first graph is the original signal. The rest of the time series are the intrinsic mode 
functions, Ck, as obtained by applying the algorithms described in [10]. The last time series corresponds to the residue. 
When the Ck’s are added, the original signal is recovered. It should be noted that the effect of the sifting, in context to 
Lamb waves, is filtering the data in a band-pass form. In essence, frequency ranges, whose wave groups may travel at 
different velocities, separate the time series. For example, the experiment phase dispersion curves associated with the 
first intrinsic functions of an array of time series acquired by sending a 500-kHz tone burst to the transmitter and 
collecting data at equally spaced intervals along a line in the direction of the wave propagation is illustrated in Figure 6. 
Noise and the coincidental generation of waves at different frequencies can be controlled limiting the number of 
intrinsic mode functions. 
 

4. LINE SCANNING APPROACH 
 

In order to implement a solution for the angle notch, horizontal notch, and notch characteristics at the rivet hole, 
receiving signals are required along a line that can pick notch-reflected wave energy.  Knowing the arrival times of 
notch-reflected waves, it is possible to use the information of two or more receiver locations to calculate the location of 
points on the surface that cause those reflections.  However, in the case dealing with notch at a rivet hole the data 
measured along a line additionally picks up the scattered waves from the hole geometry.  These would need to be 
separated.  This paper considers a scanning approach along a line that is parallel to the notch orientation, as depicted in 
Figure 1, where the signals from the receiver at the known position can be processed to determine arrival times and 
coordinates of the source of reflections, providing information about the notch geometry.  With the transmitter and 
receiver attached to the scanning arm, and align as illustrated in Figure1, so that the ultrasonic pulse is directed towards 
the receiver.  The scanned line was parallel to the edge and placed so that the ultrasonic pulse is reflected from the notch 
would reflect towards the receiver.  The scanned line was parallel to the edge at a distance from the fault of 178 mm 
from the notch in the case of angle and horizontal notches, and 64 mm for the rivet-notch combination.  A total length 
of 200 mm and 150 mm was scanned for each respective scenario, and measurements were taken at 2mm intervals.  
Such a scanning approach has the potential to be implemented in real-time.  
 
All the acquired time series were processed using the Hilbert-Huang transform and the information was converted to 
signal energy using equations (1) through (5) and using the first three intrinsic mode functions.  Figure 3 a) illustrates 
the signal wave energy for a horizontal notch while b) illustrates the wave energy for the hole-notch arrangement, as a 
function of time for all points along the scanned line.   The horizontal axis corresponds to the time interval number, and 
the y-axis corresponds to the artificial offsets to visualize all the points along the line.  The figure illustrates bumps 
corresponding to wave energy at different times.  The first major bump corresponds to the front wave arriving at the 
receiver locations.  The second major bump corresponds to a wave energy combination of scattered waves from the hole 
and reflected energy for the notch.  The rest of the waves correspond to secondary reflection form the edges.  It should 
be noted that the trigger was synchronized with the pulse leaving the function generator.  There is at time delay 
corresponding to 50 µs (310 time steps) or the time it takes a wave to travel through the water medium into the 
Aluminum plate after the trigger, and from the plate through the water into the receiver.  The peaks of the energy 
provide the information of the arrival times along the wave pathways, and since the receiver and the transmitter 
positions and the propagation velocity are known, distance along the pathways can be determined.  Figure 4 illustrates 
the arrival times of energy peaks that are above a given threshold.  Figure 5 illustrates the maximum amplitude of the 
wave energy scattered by the hole versus the receiver position, corresponding to a control plate wit the hole without a 
notch.  These graphs illustrate that the arrival times due to hole back scattering occur from 40 to 95 mm along the scan 
line.  Reflections due to the notches would occur outside this region.   
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(a) 
 
 
 
 

 

 
 
 

(b) 

Figure 4. (a) Left: Wave energy display for horizontal notch along points of a typical scan. Right: Energy pulse arrival 
times. (b) Left: Wave energy display for hole-notch along points of a typical line scans. Right: Energy pulse arrival 
times. 
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5. SOLUTION OF NOTCH LOCATION 
 
Coordinates of points on a notch that causes reflection can be obtained using the times of flight of the incident and 
reflected waves from a fixed transmitter to a receiver at two different points. The approach is documented in 
reference [9]. However this approach required iterative methods to solve the resulting geometric problem, as well 
as decreasing the signal energy as the receiver moves away from the receiver. An alternative idea is to 
simultaneously move transmitter and receiver at a fixed distance, and to apply two geometrical methods (Geometric 
Method I and Geometric Method II). 
 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
                                      (a)        (b) 
    
 

Figure 5. Geometric representations of reflected patterns. (a) Geometric method I.  (b) Geometric Method II. 

 
 

Geometric Method I. 
 

The approach considered by the Geometric Method I, takes into account the simultaneous movement of transmitter T 
and sensor S along the scan line s. The algorithm considers the transmitter and sensor to be fixed relative to one and 
other, along the Y – axis at a distance denoted by do, refer to Figure 1. The transmitter excites Lamb waves of a stable 
mode in the non-dispersive region, where waves propagate radially at a constant phase velocity. After performing 
energy analysis to obtain the arrival times of the incident wave and the reflected wave from a flaw F1 F2, the distances 
d1 and d2 where calculated. 
  
Depending on the orientation of the flaw in respect to the far edge of the plate, certain conditions can be expected if the 
reflection obtained is from the same flaw, distance d1 and d2 are constant for a horizontal flaw, as for flaws with different 
orientation, the angle β between the line F1F2 and s will remain the same see Figure 5 (a).   
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The equations describing the distances and solution for the angle β are described as follows: 

iiiii SFFTd +=                                              (1) 

22
iiiii

ii

dSFFT
MF =

+
=                   (2) 

s

dd
Sin

2
12 −=β                             (3) 

 
Where,  subscript i refers to the points where d1 and d2 were calculated, taking values of 1 or 2 
 

id   is the distance from transmitter to fault and sensor. 

iT   is the transmitter position 

iF  is the point of reflection at  the fault line 

iS  is the sensor position 

ii MF  is the bisector distance of iii SFT∠  

 
Once the orientation of the flaw (β) has been obtained, the equations describing the flaw in Cartesian coordinates are 
readily determined by the following equations: 
 

)( βSinMFSX iiii ⋅−=          (i = 1,2)                           (4) 

 )()
2

( βCosMF
d

SY ii
o

ii ⋅+−=        (i = 1,2)                               (5) 

 
Geometric Method II 

 
For this method the data input, experimental setup, and nomenclature of terms reminded the same as for Geometric 
Method I. However this method involves the analysis of a trapezoid like shape constructed by the propagation and 
mirror reflections of the waves. In this method the distance corresponding to d1 and d2 will equal di = TiFiSi measured at 
a point Si along the scan line, this distance will also represent the distance SiRi.  The point Ri represents the mirror image 
of the path TiFi assuming as the axis of symmetry the fault line F1F2 see Figure 6 (b).  We denote β as the angle between 
the fault line F1F2 and the direction of the scan line Si in which the receiver moves.  Knowing that TiSi ⊥  Si, and, due to 
the properties of reflection, RiTi ⊥  Fi; therefore, the angle ∠  RiTi Si between RiTi and TiSi is also equal to β.  
  
Due to the properties of reflection and when i assumes values of 1 and 2 corresponding to any pair of points, the 
distance R1R2 is equal to T1T2 = s. Since T1T2 || S1S2, the line T1T2 is at an angle β to the reflection line F1F2, hence 
R1R2 is also at angle β from the reflection line; see Fig. 4. If from R1 and T1 we draw the lines R1R′ and T1T′ that are 
parallel to F1F2 (and which are hence orthogonal to R1T1 and R2 T2), then we conclude that R1R′ = T1T′ = s ⋅ sin (β) 
hence: 
R2 T2– R1T1 = R1R′ + T1T′  = 2s ⋅ sin (β) 
If we denote an average of R1T1 and R2T2 by M, we can thus conclude that R1T1= M –s⋅sin (β) and 
 R2 T2 = M + s⋅sin (β). 
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Figure 6. Schematic of developed geometry for Method II. 

 
If the triangle ∆R1T1S1, R1T1 = M - s ⋅ sin (β), ∠  R1T1S1 = β,  T1S1=d0, and R1S1=d1; therefore, the Law of Cosines leads 
to  
 

 

 
(6) 

Similarly,  

 

 
(7) 

Subtraction (3) from (4), we conclude that: 

 

 
(8) 

hence for  

 

(9) 

we get the formula: 
  

(10) 
  

(11) 
 
 
Once these formulas have been established a quadratic equation in terms of the unknown sin2 (β) is introduced, along 
with expressions that will make possible a representation of the flaw points in Cartesian coordinates.  Where i  = 1, 2 
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Coordinates of Reflection points R1, R2 

  
 

(16) 

 
Coordinates of Mid points M1,M2 

 

 
(17) 

Coordinates of the Fault line F1,F2 

 

 

 
 
 

(18) 

 
Receiver and Transmitter Coordinates 
 

 
 Receiver Position X-axis = XSi 

= XT i  

 Receiver Position Y axis = Y Si 
= YT i 

 
(19) 

 

 
6. LOCALIZATION RESULTS 

 
The generation of So and Ao Lamb Wave modes were possible by manipulating the incidence angle on the transmitter, 
both modes were centered at a 500 KHz frequency. This method proved favorably to detect a hole – notch combination 
and notches with different orientations respectively.  Figure 7 illustrates the amplitude of the waves scattered by the 
hole combined with reflections from notches of different sizes, versus receiver position.  It should be observed that the 
location of the maximum value shifts to the right as the notch size increases.  The figure also illustrates the receiver 
locations that were used to implement the location of the notch.  In all cases, the points pertaining to the notch 
reflections were between 100 mm and 120 mm. 
 
As illustrated in       
       Figure 8 the results of processing the receiver signals acquired along the scanning line, are consistent with the 
actual location of the faults. However it could be appreciated that for plates with a hole-notch combination within a 
length of 1/8’’ – 1/4‘’ an over prediction of the fault is experienced.  The acquired signals were processed with the 
Hilbert-Huang transform to determine the signal energy as indicated in Section 3.  After correcting for the time-delay 
associated with the trigger and wave arrival into the plate, the times of flight and the amplitudes of the scattering and 
reflected waves from hole and notch were obtained (Figure 5).  The geometric approach as described in Section 5 was 
implemented for the times of flight corresponding to the range of 100 to 120 mm, a region affected by the notch as 
illustrated in Figure 7.  The results in        
       Figure 8 include a depiction of the actual shape of the hole- notch arrangement, angle, and horizontal notch. The 
overlap line indicates the points where the geometric methods determined a source of reflection. 
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Amplitude Profile 7/16’’ Rivet 
Hole 

Energy Profile 7/16’’ Rivet Hole 
 

Amplitude Profile 1/8’’ notch 

Energy Profile 1/8’’ notch 
 

Amplitude profile ¼ ‘’ notch 
 

Energy Profile1/4’’notch 

Amplitude profile ¾’’ 
 

Energy profile ¾’’ 
 

Energy profile 7/8’’ 

Energy profile 7/8’’ Amplitude profile 1’’ Energy profile 1’’ 

Figure 7 Amplitude of scattered and reflected wave energy form hole with a notch along line scan. 
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     (a) 1/8’’ Notch Geometric Method II   (b) 1/8’’ Notch Geometric Method I    (c) 1/4’’ Notch Geometric Method II 

                  
  
 
 
 
 

 
 
 
 
      (d) 1/4’’ Notch Geometric Method I  (e) 5/8’’ Notch Geometric Method II     (f) 5/8’’ Notch Geometric Method I 
 
 
 
 
 
 
 
 
 
 
     (g) 3/4’’ Notch Geometric Method II     (h) 3/4’’ Notch Geometric Method I   (l) 7/8’’ Notch Geometric Method II 
                       
  
 
 
 
 
 
                                
 
 
       (m) 7/8’’ Notch Geometric Method I    (n) 1’’ Notch Geometric Method II    (o) 1’’ Notch Geometric Method I 
       
       Figure 8 Notch localization results, using the Geometric Method I and II. 
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 Figure 9. Localization results using Method I and II at an angle and horizontal. 
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7.CONCLUSION 

 
This paper has described a Lamb-wave scanning method that relies on the generation of So and Ao modes and the 
simultaneous movement of a transmitter-receiver arrangement, for the detection of notches at different orientations and 
simulating different scenarios. Two principal methods, Geometric Method I and Geometric Method II were utilized to 
determine coordinate points on a flaw line, by utilizing the arrival time information.  
The results obtained and illustrated in Figure 9 confirm the improvement in signal energy as the transmitter moves in 
accordance to the receiver, thus demonstrating a reduction in signal attenuation and improvement in sensitivity. Another 
advantage attributed to this new approach, is the small length and time efficient scans that most be performed in order to 
acquire all necessary data.  
 In the case were a hole-notch arrangement was inspected amplitudes of the notch reflected energy outside a region 
affected by the back scattering from the hole was used to calculate coordinates of the source of the reflection. Line cans 
were conducted on various rectangular thin Aluminum plates with a center hole and various full-thickness notches 
ranging from 1/8’’ to 1/4’’in long. The resulting coordinates outline the extent and relative direction of notches in these 
two different scenarios. One is having notches in a 0 to 22.5 degree orientation in respect to the far edge of the plate and 
the other is with notches of various sizes at a single rivet hole. Results of experiments conducted on 1.6mm-thick 
Aluminum rectangular plates, with an arrangement of notches as described compare favorably with the actual notches. 
 
The following conclusions are stated on the proposed scanning approach: 

•  The location of the notch was always detected and correctly outlined. 
•  The extent of the flaw was accurately predicted of all the notches.  
•  The extent of the flaw was over-predicted of the shortest notch. 
•  The orientation of the predicted flaw was always in agreement with the actual notch orientations. 
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