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ABSTRACT 
In this work, an impact experiment on a composite plate 

with unknown material properties (its group velocity profile is 

unknown) is implemented to localize the impact points. A 

pencil lead break is used to generate acoustic emission (AE) 

signals which are acquired by six piezoelectric wafer active 

sensors (PWAS). These sensors are distributed with a particular 

configuration in two clusters on the plate. The time of flight 

(TOF) of acquired signals is estimated at the starting points of 

these signals. The continuous wavelet transform (CWT) of 

received signals are calculated with AGU Vallen wavelet 

program to get the accurate values of the TOF of these signals. 

Two methods are used for determining the coordinates of 

impact points (localization the impact point). The first method 

is the new technique (method 1) by Kundu. This technique has 

two linear equations with two unknowns (the coordinate of AE 

source point). The second method is the nonlinear algorithm 

(method 2). This algorithm has a set of six nonlinear equations 

with five unknowns. Two MATLAB codes are implemented 

separately to solve the linear and nonlinear equations. The 

results show good indications for the location of impact points 

in both methods. The location errors of calculated impact points 

are divided by constant distance to get independent percentage 

errors with the site of the coordinate.   

INTRODUCTION 
Structural health monitoring (SHM) can be defined as a 

particular process implemented on the inspected structure to 

identify and assist the damage [1]. In recent years, the SHM 

system of aerospace vehicles has been developed to investigate 

and localize any impact events on their structures. These events 

caused a visible or invisible damage [2]. The AE caused by the 

growth of the fatigue crack is studied extensively using the 

physics based approach [3, 4]. The acoustic emission technique 

is used to localize the source of AE waves, due to stress waves 

using acoustic emission sensors which are fixed at different 

locations on the surface of the material [5]. The most common 

techniques are explained for localization acoustic emission 

sources in plates. Some of these techniques are used only for 

isotropic materials like triangulation techniques, and some of 

these are used for both isotropic and anisotropic materials. Also, 

the advantages and disadvantages of described methods are 

discussed [6]. The source of AE is localized in an isotropic 

plate by determining the difference in arrival time for an array 

of three sensors on a structure. The exact solution for an array 

of three sensors configuration is provided [7]. Many 

methodologies are developed to detect and localize the damage 

on anisotropic materials. These methodologies do not require 

the knowledge of the direction dependent velocity profile of 

propagating wave. For in situ SHM, a new system is used to 

localize the acoustic emission (AE) sources in an anisotropic 

structure by using six piezoelectric sensors and Continuous 

Wavelet Transform (CWT) to determine the time of flight (TOF) 

for every sensor. The impact location and group velocity are 

determined by solving a set of nonlinear equations [8]. A new 

linear technique is developed to localize the acoustic source in 

an anisotropic plate without knowing the direction dependent 

velocity profile using six sensors which are distributed in two 

clusters [6]. 

 Piezoelectric wafer active sensors (PWAS) compared with 

conventional ultrasonic transducers are small, light-weight, 

unobtrusive transducers that can be permanently bonded on 

host structures and could be used both as sensors and actuators 

[9].In this paper, six PWAS transducers are distributed in two 

clusters on an anisotropic plate to localize the AE source using 

two methods. The method 1(linear system) is the new technique 

developed by Kundu et al. The method 2 (nonlinear system) is 

the modified form of the new algorithms by Ciampa and Meo. 

METHODS USED IN THE CURRENT WORK 

Method 1(Linear Technique) 
The new technique developed by Kundu [6] is used to 

localize the acoustic emission source in an anisotropic plate 

using six sensors. These sensors are distributed in two clusters 

with a particular distribution. This technique exists with two 

linear equations to calculate the coordinate of an acoustic 

source point.  
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Figure 1. Six PWAS transducers are mounted in two clusters to localize the acoustic source A. 

To explain this technique, six PWAS transducers 

𝑠1, 𝑠2, 𝑠3, 𝑠4, 𝑠5 𝑎𝑛𝑑, 𝑠6   are distributed on the specimen in two 

clusters. Two pairs of three PWAS transducers are clustered. 

The sensors 𝑠1, 𝑠2 𝑎𝑛𝑑 𝑠3  have the coordinates, (𝑥1, 𝑦1) , 

(𝑥2, 𝑦2) and (𝑥3, 𝑦3), respectively as shown in Figure 1. 

According to this technique: 

 

𝑥3 =  𝑥1 + 𝑑  

𝑥2 =  𝑥1                                        (1) 

𝑦1 =  𝑦2 + 𝑑  

𝑦3 =  𝑦1  

Based on this technique, the distance between the acoustic 

emission source 𝐴( 𝑥𝐴, 𝑦𝐴  ) and the sensor 𝑠1 𝑜𝑟 𝑠4 should be 

much larger than the distance d (vertical or horizontal distance 

between two sensors in one a cluster). The inclination angles of 

the lines between point A and the sensors 𝑠1, 𝑠2 𝑎𝑛𝑑, 𝑠3 are 

assumed to be the same. Based on this assumption, the group 

velocities of AE signals received by these three sensors are also 

approximately the same (see equations 2 and 3). 

 

𝜃1 ≈ 𝜃2 ≈  𝜃3                                     (2) 

 𝑐𝑔1 ≈ 𝑐𝑔2 ≈  𝑐𝑔3                                  (3) 

 

The angle 𝜃 can be expressed by: 

 

𝜃 ≈ 𝑡𝑎𝑛−1(
𝑦1−𝑦𝐴

𝑥1−𝑥𝐴
) ≈ 𝑡𝑎𝑛−1(

𝑦2−𝑦𝐴

𝑥2−𝑥𝐴
) ≈ 𝑡𝑎𝑛−1(

𝑦3−𝑦𝐴

𝑥3−𝑥𝐴
)  

                                                (4) 

Based on this assumption the wavefront of propagating signals 

received by cluster sensors is assumed to be circle as shown in 

figure 2.  

    

Figure 2. The wavefront of signals received by sensors 𝒔𝟏, 𝒔𝟐 𝒂𝒏𝒅 𝒔𝟑. 
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The AE signals are received by PWAS transducers 

𝑠1, 𝑠2 𝑎𝑛𝑑 𝑠3 at the time of flight  𝑡1, 𝑡2  𝑎𝑛𝑑 𝑡3, respectively. 

The propagating distances (K) and (F) between the orbits of 

sensors 𝑠1 𝑎𝑛𝑑 𝑠3  and between the orbits of 𝑠1 𝑎𝑛𝑑 𝑠2 , 

respectively are given by: 

 

𝐾 =  ∆𝑡13  ×   𝑐𝑔1  = 𝑑 × 𝑐𝑜 𝑠 𝜃                    (5) 

 

𝐹 =  ∆𝑡12  ×   𝑐𝑔1  = 𝑑 × 𝑠𝑖𝑛 𝜃                     (6) 

 

𝑡𝑎𝑛 𝜃 = (
∆𝑡12

∆𝑡13
)                                 (7) 

 

(
𝑦1−𝑦𝐴

𝑥1−𝑥𝐴
) = (

∆𝑡12

∆𝑡13
)                               (8) 

 
Where ∆𝑡12  is the time difference between the signals 

received by sensor 𝑠1  and  𝑠2 .  ∆𝑡13  is the time difference 

between the signals received by sensor 𝑠1 and, 𝑠3. In the same 

manner, it can be doing for the second cluster ( see equation 9). 

 

(
𝑦4−𝑦𝐴

𝑥4−𝑥𝐴
)  = (

∆𝑡46

∆𝑡45
)                              (9) 

 

The two linear equations 8 and 9 are solved to get the 

coordinate of acoustic emission source 𝐴(𝑥𝐴, 𝑦𝐴). 

 

Method 2 (Nonlinear Technique) 
In this work, the new algorithm developed by Ciampa and 

Mie [8] to localize the acoustic emission source in the 

composite material is evoked and used in a modified form. Six 

PWAS transducers are embedded in two clusters (the same 

mounted sensors used in the method 1) as shown in figure 1. 

The inclination angles 𝜃1, 𝜃2 𝑎𝑛𝑑 𝜃3 and the group velocities 

𝑐𝑔1, 𝑐𝑔2 𝑎𝑛𝑑 𝑐𝑔3  of sensors  𝑠1, 𝑠2 𝑎𝑛𝑑 𝑠3  are assumed to be 

the same. The sensors of the second cluster  𝑠4, 𝑠5 𝑎𝑛𝑑 𝑠6 are 

also assumed to have the same inclination angles and group 

velocities (see equation 10). 

𝑐𝑔1 ≈ 𝑐𝑔2 ≈  𝑐𝑔3  

𝑐𝑔4 ≈ 𝑐𝑔5 ≈ 𝑐𝑔6                                  (10) 

The triangulation algorithm is used to calculate the coordinate 

of an acoustic emission source [10] (see equation 11). 

 

(𝑥𝑖 − 𝑥𝐴)2 + (𝑦𝑖 − 𝑦𝐴)2 − [(𝑡𝑖 + 𝑡𝑜)𝑐𝑔𝑗]2 = 0  

𝑖 = 1, 2, … ,6          , 𝑗 = 1, 4  

                                               (11) 

The above equation is a set of six nonlinear equations with five 

unknowns (𝑥𝐴 , 𝑦𝐴 , 𝑐𝑔1, 𝑐𝑔4 , 𝑡0 ). The unknown variables are 

the AE source location (𝑥𝐴 , 𝑦𝐴) , the group velocities of the 

signals received by the PWAS transducers of the first and 

second clusters, 𝑐𝑔1𝑎𝑛𝑑, 𝑐𝑔4 , respectively, and the trigger 

delay, 𝑡0 . The known terms are the sensors coordinates (𝑥𝑖 , 𝑦𝑖) 

and the time of flight of signals received by sensors 𝑡𝑖. 

EXPERIMENTAL SETUP AND TOF OF AN AE SIGNAL 
  

Experimental Setup 
The following experiment is implemented to predict the AE 

sources which are generated by a pencil lead break at different 

points on the plate. In this experiment, a composite plate 500 

mm ×500 mm with unknown lay-up and thickness instrumented 

with six PWAS transducers as shown in figure 3. The AE 

signals are received by these sensors and recorded by two 

oscilloscopes. Table 1 illustrates the coordinate of PWAS 

transducers. In this work, the AE are generated at five points 

across the plate. Table 2 shows the real coordinate of 

investigated points. The worked area, PWAS transducers and 

the real location of AE source points on the plate are illustrated 

in figure 4. 

 
Table 1. PWAS transducers coordinates. 

PWAS No. #1 #2 #3 #4 #5 #6 

x(mm) 30 0 30 152 130 150 

y(mm) 128 155 152 30 30 60 

 

 

Table 2. Real coordinates of impact point.  

Point No. #1 #2 #3 #4 #5 

x(mm) 195 155 255 135 27 

y(mm) 190 190 230 230 30 
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Figure 3. Experimental setup. 

 

Figure 4. The specimen configuration. 
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 The Time Of Flight (TOF) Of The AE Signals 
 

The TOF of the AE signals is determined at the starting 

point of these signals. The Continuous Wavelet Transform 

(CWT) of the signals are calculated with AGU-Vallen Wavelet, 

a freeware software program [11]. This program has a Gabor 

function as the “mother” wavelet. The CWT plot is very helpful 

to determine the features of a signal (time of flight (TOF), 

frequency, and amplitude). The TOF is indicated at frequency 

140 kHz (The TOF is still constant at frequencies above the 

frequency 140 kHz). Figure 5 shows the waveforms of AE 

source point#1 received by the six PWAS transducers. The 

CWT are determined for the analysis window (part of the signal 

contains the incident wave) to indicate the TOF of this signal. 

Figure 6 shows the contour diagram and the time projection of 

the wavelet coefficients (WT) for the AE signals of source 

point#1 received by PWAS tranceducers#1, #2 and #3. The 

TOF can be indicated from the CWT plots.  

 

 
 

Figure 5.The waveforms for signals of acoustic source point #1. 
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Figure 6.The contour diagram and the time projection of the WT for the AE signals of the source point#1 

received by PWAS transducers #1, #2 and #3. 
 

RESULTS 
Five AE sources points with known coordinates were 

calculated (twice) experimentally using two different methods. 

Six PWAS transducers with particular distribution were used 

with these two approaches. Two linear equations exist with the 

method 1. These equations were solved using MATLAB code 

to find the calculated coordinate (𝑥𝐴, 𝑦𝐴) of the AE source 

point. Based on the method 2, the second MATLAB code was 

implemented to solve a set of six nonlinear equations with five 

unknowns (𝑥𝐴 , 𝑦𝐴 , 𝑐𝑔1, 𝑐𝑔4 𝑎𝑛𝑑, 𝑡0 ). These equations can be 

solved using error-minimization routine (the MATLAB used 

function is fminsearch). In this code, the expression of the 

objective function is given by equation 12: 

 

𝑓𝑐𝑛𝑠 = ∑ (𝑥𝑖(𝑖) − 𝑥)2 + (𝑦𝑖(𝑖) − 𝑦)2 − (𝑐𝑔1 ∗ (𝑡𝑖(𝑖) +3
𝑖=1

𝑡0))2 +  ∑ (𝑥𝑖(𝑖) − 𝑥)2 + (𝑦𝑖(𝑖) − 𝑦)2 − (𝑐𝑔4 ∗ (𝑡𝑖(𝑖) +6
𝑖=4

𝑡0))2                                          (12) 

The location error (𝜑)  of calculated point coordinate is 

determined by using the equation 13 [7]. 

 

𝜑 = √( 𝑥𝑟𝑒𝑎𝑙 − 𝑥𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  )2 +  ( 𝑦𝑟𝑒𝑎𝑙 − 𝑦𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  )2   

                                               (13) 

In the equation 13,(𝑥𝑟𝑒𝑎𝑙 ,  𝑦𝑟𝑒𝑎𝑙) is the real impact location and, 

(𝑥𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 , 𝑦𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑) is the calculated impact location of 

the same point. The percentage error of calculated coordinate is 

determined using the equation 14. 

 

Percentage error =
location error(φ)

(A)
 ×  100%         (14) 

 

In the equation 14, A is the length of the straight line 

between the sensors 𝑠3 and 𝑠4 as shown in figure 7. With the 

equation 14, the percentage error of the calculated AE source 
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point becomes independent with the location of the reference 

point. 

Table 3 shows the real coordinate of five AE source points, 

the calculated coordinate of these points using method 1 (linear 

algorithm), the location errors and the percentage errors. The 

results of using method 2 (nonlinear algorithm) are shown in 

Table 4. The results of both algorithms are close to each other. 

The error in the calculated location is due to the error in 

determining the TOF, and the assumption of making the sensors 

in one cluster have the same group velocity. The source 

location results for five AE source points on the worked area of 

the plate are shown in figure 7. 

. 

.

 
 

Figure 7. Source location results on the worked area. The distance A is the straight line between  

PWAS transducers 𝒔𝟑 and, 𝒔𝟒.  

 

 

Table 3. The results of localization AE sources using the method 1 (linear algorithm). 

AE source 

points 

Real coordinate  

(x , y) mm 

Calculated coordinate 

(x , y) mm 

Location error 

(𝜑) mm 

Percentage 

error % 

Point #1 (195, 190) (194.4, 191.1) 1.28 0.74% 

Point #2 (155, 190) (152.8, 190.5) 2.23 1.29% 

Point #3 (255, 230) (256.5, 227.5) 2.93 1.70% 

Point #4 (135, 230) (134.7, 229.1) 0.92 0.53% 

Point #5 (27, 30) (28, 30.5) 1.3 0.75% 

 

A 
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Table 4. The results of localization AE sources using the method 2 (nonlinear algorithm). 

AE source 

points 

Real coordinate 

 (x , y) mm 

Calculated coordinate 

(x , y) mm 

Location error 

(𝜑) mm 

Percentage 

error % 

Point #1 (195, 190) (192.4, 190.3) 2.6 1.5% 

Point #2 (155, 190) (152.2, 190.1) 2.15 1.24% 

Point #3 (255, 230) (251.3, 229.8) 3.7 2.13% 

Point #4 (135, 230) (135.6, 231.65) 1.8 1.04% 

Point #5 (27, 30) (27.1, 29.9) 0.9 0.52% 

 
 

CONCLUSION 
An impact experiment was implemented to localize the 

acoustic source points on an anisotropic plate with unknown 

mechanical properties. Six PWAS transducers were distributed 

in two clusters to receive the generated AE waves due to pencil 

lead break. The continuous wavelet transform (CWT) of the 

signals were calculated to indicate the TOF. Two different 

methods were used to localize the acoustic sources. Two linear 

equations exist with method 1 which they solved by MATLAB 

code to find the calculated coordinate of acoustic source points. 

The same investigated impact points in method 1 are calculated 

by method 2. The second MATLAB code was implemented to 

solve the nonlinear equations of method 2 to find the location 

of these impact points. Both of these methods yielded good 

results. The strength of used methods and the accuracy of 

determining the TOF reflected positively on the calculated 

results.  
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