
 
 

Proceedings 2018, 1, x; doi: www.mdpi.com/journal/proceedings 

Proceedings  

Structural Damage Location by Low-Cost Piezoelectric 

Transducer and Advanced Signal Processing 

Techniques  

Bruno A. de Castro 1, Fabricio G. Baptista 1, José A. C. Ulson1, Alceu F. Alves 1, Guilherme A. M. 

Clerice 1, Bruno A. Hernandez 2 and Fernando S. Campos 1. 

1 São Paulo State University (UNESP), School of Engineering, Bauru, Department of Electrical Engineering, 

17033-360 Bauru-SP, Brazil; bruno.castro@unesp.br, f.baptista@unesp.br, fernando.campos@unesp.br, 

alceu.f.alves@unesp.br, guilherme.clerice@unesp.br, alfredo.ulson@unesp.br. 
2 University of Bath, Department of Mechanical Engineering, BA27AY, Bath, United Kingdom; 

B.Agostinho.Hernandez@bath.ac.uk 

* Correspondence: bruno.castro@unesp.br; Tel.: +55-14-3103-6115 

† Presented at the 5th International Electronic Conference on Sensors and Applications, 15–30 November 

2018; Available online: https://sciforum.net/conference/ecsa-5. 

Abstract: The development of new low-cost transducers and systems has been extensively aimed in 

both industry and academia to promote a correct failure diagnosis in aerospace, naval and civil 

structures. In this context, structural health monitoring (SHM) engineering is focused on promoting 

human safety and reduction of maintenance costs of these components. Traditionally, SHM aims to 

detect structural damages at the initial stage, before it reaches a critical level of severity. Numerous 

approaches for damage identification and location have been proposed in literature. One of the most 

common damage location technique is based on acoustic waves triangulation, which stands out to 

be an effective approach. This method uses a piezoelectric transducer as a sensor to capture acoustic 

waves emitted by a crack or damage. Basically, the damage location is defined by calculating the 

difference in the time of arrival (TOA) of the signals. Although it may be simple, the detection of 

TOA requires complex statistical and signal processing techniques. Based on this issue, this work 

proposes the evaluation of a low-cost piezoelectric transducer to damage location in metallic 

structures by comparing two methodologies of TOA identification, the Hinkley Criterion and the 

Statistical Akaike Criterion. The tests were conducted on an aluminum beam in which two 

piezoelectric transducers were attached at each end. The damage was simulated by pencil lead break 

(PLB) test applied at four different points of the specimen and the acoustic signals emitted by the 

damage were acquired and processed by Hinkley and Akaike criterion. The results indicate that, 

although both signal processing methodologies were able to perform the damage location, Akaike 

presented higher precision when compared to Hinkley approach. Moreover, the experimental 

results indicated that the low-cost piezoelectric sensors have a great potential to be applied in the 

location of structural failures. 

Keywords: piezoelectric sensors, low-cost sensor, Akaike criterion, Hinkley criterion, signal 

processing analysis. 

 

1. Introduction 

Non-destructive testing (NDT) methods applied in structural health monitoring (SHM) systems 

have been extensively studied to develop low-cost transducers and systems aiming to promote the 

correct failure diagnosis and damage location in aerospace, naval and civil structures [1-3]. 

Traditionally, SHM aims to detect structural damages at the initial stage, before it reaches a critical 

level of severity, ensuring human safety and reducing maintenance costs. In this context, numerous 
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approaches for damage detection and location have been proposed in literature [1, 2]. One of the most 

promising damage location technique is based on the triangulation of acoustic waves (AE) [2, 4-7]. 

Basically, a set of piezoelectric transducers is attached on a host structure in order to capture the 

acoustic waves produced by failures or cracks. In this approach, the damage location is performed 

by a mathematical model which uses the difference of the time of arrival (TOA) of the signals and the 

wave velocity propagation in the component [4-7]. Although this method may be simple, the 

detection of TOA requires complex statistical and signal processing techniques. Based on this, this 

work presented a comparative study between the application of Akaike and Hinkley criteria for TOA 

determination [6-9] using low-cost piezoelectric diaphragms. 

The outline of this article is as follows: section II presents the basics concepts of piezoelectric 

transducers, section III presents the signal processing triangulation by applying statistical criterions 

such as the Akaike and Hinkley. The experimental setup is described in Section IV, and then, in 

Section V the results are discussed. The conclusion of this paper is presented in section VI. 

2. Piezoelectric Transducers and AE Damage Detection 

The piezoelectric effect is the behavior of special materials in which an electrical voltage is 

generated resulting from a mechanical stress (direct effect) and vice-versa (reverse effect). Therefore, 

piezoelectric transductors can work as both sensors or actuators. The basic constitutive relations of 

the direct and reverse piezoelectric effects for piezoelectric materials are given by Equations (1) and 

(2), respectively [12]: 
T

i ikl kl ik k
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where, 
ikld  and kijd  are a piezoelectric constants; 

ijS  is the mechanical strain component;  
klT  is the 

mechanical stress component, E
ijkls  is the elastic compliance under a constant electric field, 

kE  and 

iD are the electric field and electrical displacement components, respectively, T
ikε  is the permittivity 

component at a constant stress and the subscripts , , ,i j k l  represent the natural coordinate system of 

the piezoelectric crystal and take values of 1, 2, and 3. 

  

 Due to the direct piezoelectric effect shown in Equations (1) and (2), this kind of transductor can 

be set as acoustic emission (AE) sensor because waves generate mechanical stress and, therefore, 

electrical voltage. One application of this sensor is the location of failures in metallic structures. 

Material delamination, breakage, impacts, shear, friction or any kind of physical-chemical damage 

would generate ultrasonic waves [2-5], and, therefore, it could be located using such sensors. For 

example, damage in metallic materials generates acoustic waves between 20 kHz and 500 kHz, which 

is easily detectable by this kind of sensors. The transducers used in this work were the piezoelectric 

diaphragms, which have similar characteristics to conventional lead zirconate titanate (PZT) ceramics 

[10, 11]. The piezoelectric diaphragms consist of a circular brass plate, dimensions of 35 mm x 0.2 

mm, and circular piezoelectric ceramic, dimensions of 23 mm x 0.22 mm and attenuation of 3 dB at 

225 kHz [9].  

 

3. Triangulation concept for electric signals and TOA algorithms 

The triangulation concept is usually applied in damage location methodology using acoustic 

emission waves. This concept measures the wave travelling time using a set of different located 

sensors assembled into a damaged structure. A damage, or crack, generates an acoustic wave which 

travels within the structure and the distances between the damage and the different sensors are 

measured, locating the damage. The first sensor ( 1S ) is called the reference sensor, n is the number 

of sensors in the structure and excitation time is the time acquired by the sensors ( snT ), as shown in 

Figure 1. Thus, for the current system, there are ‘n – 1’ measured travelling time differences ( it ). 

(1)

(2)



Proceedings 2018, 1, x 3 of 6 

 

Based on the wave propagation velocity into the structure and on sensor position coordinates        

( , ,si si six y z ), spherical equations can be solved to obtain origin damage coordinates ( , ,x y z ) [5-7]. 

 

 

Figure 1. Schematic visualization of acoustic arrival times on a set of sensors (S1, S2, …, SN)[7]. 

As the time differences ( it ) are known, the number of unknown variables is the same as the 

number of equations. Thus, for each sensor i, for 1 < i < n, the mathematical model generated from 

triangulation concept is given by: 

2 2 2 2

1

( ) ( ) ( ) ( ) 0,

0,

si si si si

s si i

x x y y z z V T

T T t

        


  

,  

In order to precisely determine TOA of an acoustic wave, it is necessary to use robust algorithms 

to process the electrical signals and to calculate the it . Akaike and Hinkley criteria are widely used 

to determine TOA and process signals. 

 

3.1. Hinkley Criterion (HC) and Akaike Information Criterion (AIC)  

Hinkley criterion (HC) and Akaike information criterion (AIC) are algorithms used for acoustic 

wave characterization in which energy and frequency values can vary in a wide range. Both are 

complex algorithms and they can detect changes in wave signal in time, which make them suitable 

for TOA detection arising from acoustic and seismic waves. Both approaches consider the signals as 

autoregressive processes in which each sample is a linear combination of past values [7-9]. The 

Hinkley curve of a signal [ ]y n  is defined as the cumulative sum of all amplitude values, as shown by 

Equation (5):   

 

2
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where NS  and N  are the global energy and the total number of signal samples, respectively. The 

global minimum value found in Hinkley curve is the starting time, i.e. the time in which a sensor is 

initially activated by ultrasound waves. On the other hand, Akaike criterion calculates TOA based on 

the local minimum value at AIC curve [6,7], which is given: 
2 2
(1, ) ( 1, )( ) ( ) ( 1) ( )k k NAIC k kln σ N k ln σ     , 

where 2σ is the variance and N is a number of [ ]y n samples.   

4. Experimental Setup 

Two piezoelectric diaphragms (PZT1 and PZT2) were positioned, one in each end, on an 

aluminum beam (2,5 m x 0,075 m x 0,003 m) using cyanoacrylate glue. Thick layers of foam were 

placed under the beam to avoid external vibration or signal interference. Damages in the surface were 

created in four different locations on the beam’s surface using the pencil lead break (PLB) test. The 

experiment was conducted following E976-10 guideline which uses a displacement of mass to 

generate acoustic waves [13]. In other words, a mechanical pencil is pushed against a material until 

the breakage of the graphite. The pushing generates an instantaneous damage and, as consequence, 

(3)

(4)

(5)

(6)
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a microscopic displacement of mass [13]. In this study, four PLB tests were generated in four different 

points (x; y) on the beam surface: (0.5; 0.038), (1.25; 0.038), (0.5; 0.038) and (2.5; 0.038) meters. As the 

aim of this study is to compare the precision of both methods, variation in y direction was not 

performed. After each pushing, TOA from each sensor was acquired and evaluated using Hinkley 

and Akaike criteria. Figure 2 depicts the experiment procedure.   

 

 

 
  (a)                                         (b) 

Figure 2. (a) Experimental Setup and (b) piezoelectric diaphragm. 

Considering the acoustic wave propagation velocity in aluminum, AlV = 2896 m/s [14], and 

Equations (3) and (4), the mathematical model which describes the location of the damage, in x 

direction, is given: 
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where 1t  and 2t  are TOAs calculated via either Hinkley or Akaike criteria and 2,1t  is the 

difference between 1t  e 2t . 

5. Results and Discussion 

Figure 3 illustrates the raw signal arisen from the sensors for x = 0.5 m. In order to summarize 

the results, the data shown here will be related to x = 0.5 m only. 

 
  (a)                                         (b) 

Figure 3. Signals to disturbance at 0.5 m: (a) Total duration; (b) Zoom. 

The low-cost transductors were sensitive to the acoustic waves generated by PLB as impulsive 

signals were acquired, as shown in Figure 3. However, there were uncertainties regarding the 

determination of arrival time of the signal in each sensor, according to Figure 3 (b), which indicate 

the necessity to apply either Hinkley or Akaike to correctly locate the damage.  

According to Figure 4, signal for x = 0.5, the excitation time using Hinkley and Akaike criteria 

were, based on minimum from each curve, 325 µs e 305 µs, respectively. The difference between these 

two criteria is due to the uncertainty in the beginning of the signal acquisition, which is calculated 

using autoregressive algorithms. Based on such excitation times, the location of the damage was 

calculated using Equations (7), (8) and (9) and it is presented on Table 1. 

(7)

(9)

(8)
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  (a)                                         (b) 

Figure 4. Signal analyzed for damage at x = 0.5 m: (a) via Hinkley; (b) via Akaike. 

 

Table 1. Damage location using Hinkley and Akaike criteria. 

Real Damage 

Position (m) 

Position 

 Akaike (m) 

Position 

Hinkley (m) 

Error  

Akaike (%) 

Error 

Hinkley (%) 

0.5 0.47 0.42 6 16 

1.25 1.25 1.21 0 3.2 

2 2.03 2.04 1.5 2 

2.5 2.49 2.52 0.4 0.8 

 

The error using Akaike criterion was lower than Hinkley in all cases, as shown in Table 1. For 

Akaike, the error was between 0 and 6% and for Hinkley between 0.8 and 16%. The averaged error 

was 1.98% for Akaike and 5.5% for Hinkley. Although the error using Hinkley criteria was greater 

than Akaike, the precision of that criteria is still considered good. Considering the beam length, the 

maximum error using Hinkley would be 0.08 m, which does not compromise the damage location 

precision.  

5. Conclusion 

This study aimed to compare two different damage location criteria, Akaike and Hinkley. They 

are used to locate damage using acoustic waves and signal triangulation in metallic structures. The 

differences in the excitation times caused by acoustic waves propagating in an aluminum beam 

instrumented with low-cost piezoelectric diaphragms were analyzed to compare both methods. The 

results have shown that the piezoelectric diaphragms are reliable, and Akaike criterium was more 

precise than Hinkley to locate damage. In future studies, it is necessary to evaluate the efficiency of 

such criteria in damage location in two or three dimensions under temperature variation. 
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