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Abstract 

Structural Health Monitoring (SHM) in aircraft structures, currently manufactured mainly 

using composite material is a well-established technique to increase reliability and reduce 

maintenance costs. This is possible, largely, due to the implementation of damage 

inspection algorithms running in dedicated electronic systems to achieve reducing the 

processing time of the big amount of data obtained and to improve the final results. 

The use of electronic embedded devices simplifies the setup of SHM systems, and allows 

managing several simultaneous channels of emission-reception of signals, with its 

corresponding piezoelectric (PZT) transducers connected and stuck to the structure, with 

a spatial distribution which allows analysing the structure thoroughly. The devices can 

autonomously generate and acquire data, process it and obtain damage results, according 

to the algorithm used. 

It is expected that presence of composite materials based on thermoplastic matrix in 

aircraft will increase in coming years, due to its better mechanical features compared with 

thermoset matrix, in aspects such as the possibility of re-conforming once cured, flame 

retardant, high impact resistance, low moisture absorption, ability to use fusion, induction 

or resistance welding, less manufacturing time, etc. 

The thermoplastic material used for these tests has been Tenax®-E TPCL PEEK-HTA40. 

The material is made of 9 layers 0.31 mm thickness each (2.79 mm total nominal 

thickness), with polyetheretherketone (PEEK) matrix and carbon fibre reinforcement. 

The PZTs used have been DuraAct Patch Transducer, 17x13/D10x0,2 from PiCeramic.  

To detect and characterize defects in this type of materials, the RAPID (Reconstruction 

Algorithm for Probabilistic Inspection of Damage) and other types of algorithms have 

been used. The paper deals with the number and the distribution of the transducers, 

making possible to obtain different results of damaged structures compared with its 

pristine state as well as using only data from the current state. 

 

1. Introduction 
 

SHM systems integrate current non-destructive testing (NDT) techniques in structures, 

allowing the analysis and monitoring of their state [1]. This allows to reduce the 

maintenance costs and to increase the security and reliability of aeronautical structures. 
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The goal of this type of technology is to achieve the highest level of automation for 

monitoring and providing data from structures in real time. 

Ultrasounds testing is one of the most used techniques and, particularly, Lamb waves [2]. 

This mechanical elastic waves propagate through a material with small thickness, and 

interact with the material and with the damages on it. Lamb waves are generated by the 

electrical excitation of piezoelectric transducers. These transducers are, additionally, the 

elements used to acquire the signals propagated from another point of the structure. 

To make this type of tests, the use of electronic embedded systems providing capability 

of generating and acquiring signals in multiple channels, as well as internal data 

processing elements, is very useful [3]. These systems allow to set up the parameters of 

the test easily, to make different types of tests, with different input characteristics 

(frequency, amplitude, cycles of excitation, windowing, etc.). 

Initially, and for isotropic materials, it can be used ToF (Time of Flight) based algorithms, 

like Delay-and-Sum algorithm [4][5]. However, to analyse thermoplastic matrix 

composites ToF algorithms are not appropriate, due to its anisotropy, which causes the 

wave velocity is not the same in all directions. Thus, the RAPID (Reconstruction 

Algorithm for Probabilistic Inspection of Damage) algorithm has been implemented. This 

algorithm [6] is based in the comparison between the obtained signals in a transmitter-

receiver transducers pair and a damage probability distribution. 

 

2. Specimen and experimental setup 
 

The components used for the experiment are: a host computer, which works as client and 

server for the test, where the user can configure the test parameters and receive the results; 

the electronic embedded device, composed of an FPGA, a microcontroller and additional 

logic to generate the excitation signals and to acquire the resulting data, connected wired 

or wirelessly to the host computer; and the transducers stuck to the surface of the 

structure, connected to the multiple channels of the embedded device. 

The software developed for this experiment runs over Linux OS and, once the results are 

processed, an XML file is sent to the client system, which in this case is the host computer 

running a LabVIEW application, which shows the results (a 2D image of the currently 

state of the plate). 

The material used is a thermoplastic (polyetheretherketone, PEEK) matrix composite, 

carbon fibre reinforced (Tenax®-E TPCL PEEK-HTA40), with 9 layers with nominal 

thickness of 0.31 mm (2.79 mm total thickness), and stacking sequence [0/90/+45/-

45/0/90/+45/-45/0]. The transducers are DuraAct Patch Transducer, 17x13/D10x0.2, 

from PiCeramic, bonded to the surface with an epoxy adhesive from DELO (AD821). 

The coupons for the tests are depicted in Figure 1. There is a distribution of 12 PZT stuck 

to its surface. The number of considered transducers for each test can be varied from 2 up 

to 12, depending on the desired accuracy of the test. 



 

Figure 1. Distribution of the transducers. a) Plate A (240x320x2.79). b) Plate B (300x300x2.79). 

 

3. RAPID algorithm 
 

RAPID (Reconstruction Algorithm for Probabilistic Inspection of Defects) algorithm is 

one of the data processing algorithms proposed for the detection of damages in 

composites [5]. This algorithm is based mainly on two factors: the NSDC (Nonlinear 

Signal Difference Coefficient), which indicates the possible damage existing between a 

pair of transducers, and the elliptical spatial distribution Eij, which assigns a value to each 

point of analysis according to its position with respect to the path on a pair of transducers. 

The damage index between two signals from two different states is obtained through the 

NSDC. There are two different mathematical methods to obtain it: the Correlation 

Coefficient Method (CCM) and the Scaling Subtraction Method (SSM), each of them 

with its particular properties according to a different type of variation in the signal [7]. 

 

3.1. Correlation Coefficient Method 

 

In this case, the NSDC is obtained by the statistical correlation coefficient ρXY between 

the signals. The greater the variation due to a damage, the correlation value will be smaller 

and, therefore, the value of the indicator increases. Thus, the NSDC between a pair of X, 

Y transducers is obtained as follows: 

 
𝑁𝑆𝐷𝐶𝑋𝑌 = 1 − 𝜌𝑋𝑌 = 1 −

𝐶𝑋𝑌

𝜎𝑋𝜎𝑌
 (1) 

 

 
𝑁𝑆𝐷𝐶𝑋𝑌 = 1 −

∑ (𝑋𝑘 − 𝜇𝑋)(𝑌𝑘 − 𝜇𝑌)𝐾
𝑘=1

√∑ (𝑋𝐾 − 𝜇𝑋)2𝐾
𝑘=1 √∑ (𝑌𝐾 − 𝜇𝑌)2𝐾

𝑘=1

 (2) 
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where 

𝐶𝑋𝑌: covariance between signals. 

𝜎𝑖: standard deviation of the signal i. 

𝐾: number of samples. 

𝜇𝑖: arithmetic mean of the samples of the i. 

It should be mentioned that this indicator is not too sensitive to a linear variation of the 

amplitude in the signals, but it is a good indicator if there is a loss of proportionality. 

However, the correlation coefficient is sensitive to a change in frequency or a variation 

in flight time [7] 

 

3.2. Scaling Subtraction Method 

 

In this case, the NSDC is obtained through the Scaling Subtraction Method (SSM). This 

value is obtained by calculating the area between the signals from the integration of their 

difference. 

However, the lack of scalability of the signals due to the difference of amplitude in the 

excitation and to the non-linearity of the material, makes necessary a previous scaling of 

the signals (Figure 2). Thus, the loss of proportionality becomes evident, obtaining an 

indicator of damage according to the non-linearity of the material. To do this, the signals 

are scaled by the following corrections: 

 

 
𝑋(𝑡)𝑠 =

𝑋(𝑡) − 𝑜𝑓𝑓𝑠𝑒𝑡

𝑠𝑐𝑎𝑙𝑒
 (3) 

 

where: 

𝑋(𝑡)𝑠: temporal value of the amplitude of the signal. 

𝑠𝑐𝑎𝑙𝑒 =  
𝑋(𝑡)𝑚𝑎𝑥−𝑋(𝑡)𝑚𝑖𝑛

2
 : value which normalizes the maximum value of the signal to 1. 

𝑜𝑓𝑓𝑠𝑒𝑡 =  𝑋(𝑡)𝑚𝑖𝑛 + 𝑠𝑐𝑎𝑙𝑒: value which centres the signal at zero. 

 

Figure 2. Signal without scaling (left) and scaled signal (right). In black, high amplitude signal (12 

Vpp). In red, low amplitude signal (8 Vpp). 



Once the previous values are obtained, it is possible to obtain the SSM indicator. The 

SSM is obtained by subtracting the signals sample by sample, and then performing the 

squared mathematical integration of its difference (Figure 3). Thus, the equations used 

are the following: 

 𝑆𝑆𝑀𝑋𝑌(𝑡) = 𝑋𝐻(𝑡) − 𝑌𝐿(𝑡) (4) 

 

 
𝑁𝑆𝐷𝐶𝑋𝑌 =

1

𝑛𝑇
∫ 𝑆𝑆𝑀𝑋𝑌

2 (𝑡)𝑑𝑡
𝑛𝑇

0

 (5) 

where: 

𝑆𝑆𝑀𝑋𝑌: is the difference sample by sample between the signals (𝐻 means High 

Amplitude, 𝐿 means Low Amplitude). 

𝑛: is the number of considered periods for the integration. 

𝑇: period of the signal. 

 

 

Figure 3. The coloured area is the difference provided by the SSM method. 

 

In addition to its sensibility to the loss of proportionality of the non-linear material, the 

SSM also provides good results with changes in the amplitude (signal attenuation). 

 

3.3. Spatial distribution and Damage Index calculation 

 

The spatial distribution (elliptical and linearly decreasing from the direct path, placing 

the transducers in the foci) considers that the probability of a defect causing the alteration 

of the signal is greater the closer it is to the direct path between the pair of transducers 

(Figure 4). 



 

The following equation rules the spatial distribution, for the point of analysis P(xp, yp) 

and the transmitter i and receiver j: 

 

 
𝐸𝑖𝑗(𝑥𝑝, 𝑦𝑝) = [

𝛽 − 𝑅𝑖𝑗(𝑥𝑝, 𝑦𝑝)

𝛽 − 1
] (6) 

 

The factor Rij is obtained by: 

 

 
𝑅𝑖𝑗(𝑥𝑝, 𝑦𝑝) = {

𝑅𝐷𝑖𝑗(𝑥𝑝, 𝑦𝑝)          𝑠𝑖 𝑅𝐷𝑖𝑗(𝑥𝑝, 𝑦𝑝) <  𝛽

0                              𝑠𝑖 𝑅𝐷𝑖𝑗 (𝑥𝑝, 𝑦𝑝) ≥ 𝛽
 (7) 

 

where: 

 
𝑅𝐷𝑖𝑗(𝑥𝑝, 𝑦𝑝) =  

√(𝑥𝑝 − 𝑥𝑖)2 + (𝑦𝑝 − 𝑦𝑖)2 + √(𝑥𝑝 − 𝑥𝑗)2 + (𝑦𝑝 − 𝑦𝑗)2 

√(𝑥𝑗 − 𝑥𝑖)2 + (𝑦𝑗 − 𝑦𝑖)2
 (8) 

 

Thus, the distribution is limited by the parameter β (which controls the size of the ellipse, 

and therefore, the area of influence of the signal), and the factor RDij(xp, yp), which is the 

ratio between the distance of the indirect path and the distance of the direct path. 

Finally, by combining the values on (2) -NSDC using CCM- or (5) - NSDC using SSM- 

and (6), the sum of the contribution of all signals in the point to be analysed (damage 

index) is calculated as follows: 

 

 

𝑃(𝑥𝑝, 𝑦𝑝) =  ∑ ∑ 𝑁𝑆𝐷𝐶𝑖𝑗𝐸𝑖𝑗(𝑥𝑝, 𝑦𝑝)

𝑁

𝑗=1,𝑗≠𝑖

𝑁

𝑖=1

 

 

(9) 

 

Direct Path 

Indirect Path 

𝑇(𝑥𝑖, 𝑦𝑖) 

𝑅(𝑥𝑗 , 𝑦𝑗) 

𝑃(𝑥𝑝, 𝑦𝑝) 

Figure 4. Elliptical distribution of the RAPID algorithm. 



4. Experimental tests 
 

4.1. Type of test performed 

 

The generation and acquisition of the signals is performed by a round-robin test, which 

consists of performing simple tests consecutively in all available channels, alternately 

changing the excitation channel between the available transducers, starting in the first 

transducer and cycling through the rest, and acquiring the received signals by the rest of 

transducers. 

 

4.2. Tests using data from pristine state of the structure. 

 

The detection of damages in this type of tests is possible by comparing the information 

of a previous state of the structure (pristine state) with the current state. Thus, making the 

comparison between the signals previously acquired and the acquired in the current test, 

the damage can be detected using any of the two methods to estimate the NSDC. 

 

 

 a) b) c) d) 

Figure 5.  a) plate A pristine state; b) plate A with damage [x=60, y=170; c) plate B pristine state; d) 

plate B with damage [x=150, y=70]. 

 

To perform the tests, a damage with a piece of blu-tack has been simulated (Figure 5). 

The excitation signal for the test was a sine wave of 1.5 cycles, with an amplitude of 12 

Vpp, and frequency of 380 kHz. Two tests have been performed, using the same 

parameters, but first analysing pristine state and then, simulating a damage and 

performing another test, to finally compare the data from both tests using RAPID. 

Figure 6 depicts the results using 12 transducers. The image shows the damage located in 

an accurate location, with a small deviation from the actual position (Table 1). This 

method is very robust to changes in the frequency of excitation (Figure 7). 

 



 

Figure 6. Results of the test comparing data from pristine state with current one for 12 PZTs.  

a) CCM for Plate A. b) SSM for Plate A. c) CCM for Plate B. d) SSM for Plate B. First and second 

values of the cursor are the coordinates of the damage. Third value is the damage index for the 

point (its absolute value depends on the method). 

 

 a) b) c) d) 

εx 
|63 − 60|

60
 = 5 % 

|63 − 60|

60
 = 5 % 

|150 − 160|

160
 = 6.25 % 

|150 − 160|

160
 = 6.25 % 

εy 
|162 − 170|

170
 = 4.7 % 

|162 − 170|

170
 = 4.7 % 

|76 − 70|

70
 = 8.57 % 

|70 − 70|

70
 = 0 % 

Table 1. Relative error between real position and obtained position of the damage  

 

 

Figure 7. Damage location with different frequencies of signal excitation (250, 300, 350, 400 kHz) 

for the Plate B using 12 PZT.  



Finally, by varying the number of transducers, it is possible to obtain different results for 

the detection of the damage (Figure 8). The damage is better located if it is on a direct path 

between transducers. 

 

 

Figure 8. Damage detection according to number of selected transducers (7, 6 and 4, respectively) 

using the same frequency. 

 

4.3. Tests using only current data of the structure. 

 

Previous paragraph presents the results using the information of the pristine state of the 

structure. However, it is possible to detect and locate damages in the structure even 

without this information. In this case, and to avoid the lack of previous information of the 

structure, the system makes two test with different parameters of amplitude (high level 

and low level), obtaining two different sets of data as inputs for the RAPID algorithm. 

For these tests, a real damage has been made in the Plate A (0.8 mm depth, 7 mm 

diameter), and on the Plate B the damage has been simulated again with blu-tack. (Figure 

9). For the detection of the damages, a test with Vhigh = 12 Vpp and Vlow = 8 Vpp, 35 cycles 

of excitation and a frequency of 380 kHz has been performed. 

 

 

 

 

 

 

 

 

 

 

 

a)                                                  b)                c) 

Figure 9. a) Simulated damage on Plate B [x= 70, y= 105]. b) Real damage on Plate A [x=115, y= 

120]. c) Detail of the real damage on the Plate A. 

 

 



 

 

 Simulated damage Real damage 

εx 
|82 − 80|

80
 = 2.5 % 

|127 − 115|

115
 = 10.43 % 

εy 
|107 − 105|

105
 = 1.9 % 

|123 − 120|

120
 = 2.5 % 

Table 2. Relative error between real position and obtained position of the damage in a no-pristine 

state information test. 

 

 

The results for this type of tests depend, mainly, on the frequency of excitation, with a 

better detection if this frequency is closer to the frequency of resonance of the PZT. 

Moreover, the greater number of considered transducers, the better location, as well as 

the location of the damage in a direct path between transducers (Figure 11)[8]. 

 

 

 

Figure 11. Detection of the real damage by varying the number of transducers. The cross is on the 

actual position of the damage. 

 

 

Figure 10. Results comparing data from high amplitude signal excitation with low amplitude, for 12 

PZTs. At left, simulated damage on Plate B. At right, real damage on Plate A. 

 



4.4. Tests execution time. 

 

The results described in the previous paragraphs show that the accuracy of the damage 

detection increases as the number of considered transducers increases. The damage 

detection with RAPID algorithm has a computational cost which depends, mainly, on the 

size of the grid of the image, and the number of transducers to consider. In addition, to 

get an appropriate image, it is only necessary to consider the number of samples 

corresponding to the first cycles of the signal on arrival at the receiver transducer, which 

is where the evidence of non-linearity caused by damage is best obtained [9]. Considering 

these parameters fixed, the time of execution using both methods (CCM and SSM) is 

alike. Figure 12 shows the percentage distribution for a standard test, which average time 

consumption is around 30 seconds. 

 

Figure 12. Percentage distribution for a test using 12 PZT. 

 

5. Conclusion 
 

The integration of the RAPID algorithm in dedicated SHM electronic devices allows to 

detect damages in thermoplastic matrix composite plates. However, the accurate location 

of the damage requires the use of a high number of sensors, with the consequent increase 

in price, wiring weight and computational cost, among other factors. 

Therefore, it is necessary to determine a compromise between the number of transducers 

and the quality of damage detection, since with a relatively small number of sensors and 

their correct distribution in the structure to be analysed, it is possible to determine the 

presence of damage, although not the accurate location. 

In addition, the possibility of integrating the algorithms inside the device allows to 

develop specific applications for SHM, as well as converting it into an autonomous 

embedded system that, by configuring it correctly, allows the minimum human 

intervention, obtaining highly valid structural diagnoses. 
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