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Abstract 

 

After the development of SHM technology during the last two decades, it can be 

considered as a quite mature technology. This paper introduces the way to build an 

industrial SHM system implemented for aeronautical application, wind power 

generators or similar sectors. The proposal introduces the equipment on board an 

aircraft or on a wind generator blade. The industrial SHM system operates with Lamb 

waves, piezoelectric transducers, PAMELA SHM™ like electronic architecture, 

industrial computers and wireless communications systems. The processing of the 

signals obtained in the ultrasound tests is carried out on board the aircraft, more 

specifically in the industrial computers with pattern recognition algorithm based on 

fuzzy logic. The SHM system on board aircrafts or wind farms must improve the 

performance and reduce the maintenance costs to ensure its viability.  

 

 

1.  Introduction 
 

“The structural health monitoring market is estimated to grow from USD 701.4 Million 

in 2015 to USD 3407.7 Million by 2022” [1]. A big part of the growth takes place in 

civil aviation. Here, SHM systems can increase the reliability of structures as well as 

reduce the aircraft maintenance cost. Some proposals on the inclusion of SHM systems 

in civil aviation can be found [2]. Even though intensive academic research is running, 

just a few proposals are viable.  

 

SHM system includes sensors, electronic equipment, computers and communication 

systems. The sensors are attached to the structure under test and they provide precise 

information about the state of the structure. The type of sensor included defines the 

SHM technique to apply. The ultrasound technique shows the best relationship between 

the information gathered and the instrumentation used. Hence, it is the most suitable 

technique included in SHM systems for mobile structures [3].  

  

The process to test a structure with ultrasound techniques is the following one. The 

SHM ultrasound system (SHMUS) must generate electric signals to apply them to 

piezoelectric transducers. The transducers turn electricity into acoustic waves that 
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propagate all over the surface of the structures. Same or other piezoelectric transducers 

receive the waves, the direct and reflected ones, and turn them into electronic signals. 

The SHMUS acquire, digitalize, and process the signals with algorithms to determine 

the health of the structure. An SHMUS must be reliable, complete all the monitoring 

stages described, be able to repeat the tests many times, use several techniques and be 

self-verifiable. In addition, it must avoid false alarms and provide sufficient precision to 

carry out the diagnosis of the structures and the prognosis of failures satisfactorily. 

Since SHMUS must be attached to mobile parts, it must be light. The information and 

communication systems transfer the information specified to the maintenance services.  

 

Section 2 introduces the proposal of SHM system for aviation. Next, Section 3, the 

features of embedded SHMUS are described. Section 4 introduces the structure-

monitoring algorithm based on pattern recognition technique. Finally, Section 5 

summarizes the conclusions and further work.  

 

 

2. General scheme of an SHM system for aviation 
 

The general diagram of an SHM system based on the ultrasonic Lamb wave technique is 

composed of on-board systems, remote systems and communication systems. Figure 1 

shows the proposal of SHM system for civil aviation. 

 

Aircraft consist of different components. Some of these structural components are 

critical because they must withstand higher loads or severe operating conditions. 

Specific sensors are considered depending on the technique used to monitor the health 

of the structures. The ultrasound monitoring requires piezoelectric transducers attached 

to the structure. These transducers are small and low cost. Several piezoelectric 

transducers are usually glued to each structure to obtain a full report of them and 

operate with redundancy that avoids failures or deterioration.  

 

As shown in Figure 1, the monitoring of all the piezoelectric transducers in each 

structure requires an SHMUS with enough channels. The SHMUS generates many 

ultrasound electronic signals to apply them to the transducers. At the same time, it 

acquires the signals received in the transducers placed on the opposite side of the 

structure (pitch-catch technique), or in the same emitter transducers (pulse-echo 

technique). PAMELA SHM™ is proposed here as SHMUS. It uses Round-Robin, 

Time-reversal and Beamforming techniques to generate and acquire simultaneously 

ultrasound signals for/from a set piezoelectric transducers glued all over the structures 

to monitor.  
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All digitized information must be transmitted to a series of onboard industrial 

computers. Each one of the computers can be connected to several SHMUS. As soon as 

the signals are received, the industrial computers process them to determine the state of 

the structure. This proposal considers two signal processing levels: local and remote. 

Normally, aircraft structures work properly and rarely suffer damage. Therefore, the 

first level of signal processing, i.e. the local one, only needs to determine whether the 

structure is in a similar condition to the initial state or not. The algorithm for such 

processing requires low computing load and resources. The industrial computer 

analyzes the data gathered in the tests, and by applying pattern recognition algorithms, 

the structures are classified as with or without significant changes. The performance of 

the pattern recognition algorithms is described later.  

 

When the algorithms find significant changes in the structures, the on-board system 

send the data to the remote SHM Control Center (SHMCC). As a result, a 

communication system is required on board. It can be a commercial off-the-shelf system 

or a system that follows some standard of aeronautics (ACARS, for example). The 

communication system transmits information from the on-board SHM systems to the 

SHMCC following an IoT (Internet of Things) type scheme. In the SHMCC, more 

complex algorithms analyze the data and, if necessary, alarms are sent to the owner of 

the structures under test.  

 

The scheme proposed can also be applied to other systems that use thin structures made 

of metal or composite material, as for example wind power generators.  

 

3.  On-board SHMUS system  
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The proposal for the on-board SHMUS can follow a scheme similar to the one in 

PAMELA SHM™. This way, they can generate and acquire signals through multiple 

channels simultaneously [4]. Figure 2 shows the laboratory version of PAMELA 

SHM™, which includes up to 18 generation and acquisition channels. However, about 

six to ten channels would be enough for the on-board version of SHMUS. Figure 2 also 

shows the graphical control interface. Even though the hardware control options would 

be active, the graphical interface would be unavailable in the on-board version.  

 

 

 
Usually, the on-board industrial computer follows a schedule to run the tests. Each 

industrial computer performs the tests with the help of several SHMUS and the 

piezoelectric transducers connected. The tests must be carried out in the appropriate 

conditions: resonance frequency of the piezoelectric transducers, signal waveform, etc. 

 

PAMELA SHM™ can operate on several signal generation and acquisition modes. The 

simple mode is to generate the signal for a transducer and to acquire the signal from the 

same transducer or another transducer glued to the structure.  

 

The Round-Robin mode is one of the modes available. Several consecutive tests are run. 

In each test, the excitation signal is generated in a different channel and applied to a 

different transducer. The response signals for each test are acquired from all the 

transducers simultaneously. This way, when using six transducers, 36 simple tests are 

carried out and, with ten transducers, 100 simple tests will be carried out. The use of 

multiple transducers eases redundancy as well as provides novel information according 

to the position of each transducer. 

 

The Beamforming is other mode available. In this mode, the signals are generated 

simultaneously for all transducers and acquired from all transducers. The delay among 

the generated signals is programmable and, when the signals are applied to an array of 

transducers, the acoustic energy is focused on a specific direction. The test is repeated 

changing the delay, and hence the direction of maximum energy propagation. This test 

mode not only provides the decision capability for the direction but also many response 

signals to ease redundancy.  

 

 

Figure 2. PAMELA SHM™ laboratory hardware version and the graphical control interface.  
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4.  Pattern recognition algorithm 

 
During the daily operation, an SHM process involves the acquisition of large amount of 

data from each structure and the analysis of huge number of signals. As a result, it is 

unfeasible to store all the data acquired during a day and download them afterwards for 

an off-line signal processing. On the other hand, the on-board limited processing 

resources make the whole data exhaustive processing not viable.  

 

Then, this proposal divides the data processing into two processes: remote and local. 

The remote process is out of the scope of this paper. It must be done with one of the 

algorithms that many research groups are developing. The local process must use some 

lightweight algorithm. Its goal is to determine whether the structure is in the pristine 

state or not. Some proposals can be found [5] for the lightweight algorithm. Here, a 

fuzzy logic based algorithm is introduced.  

 

Round-Robin or Beamforming tests are carried out in a first stage, when the structure is 

in undamaged conditions. The acquired signals in the transducers are then digitalized to 

allow the algorithmic post-processing stage begins. Signal features such as the time of 

flight are obtained, which represents the time that the guided wave takes to go from the 

emitter transducer to the receiver. In addition, these signals contain information 

regarding edge and obstacles reflections. Thus, each signal sheds light on the health 

state of the path followed by the guided wave between two transducers. This path is 

unique for each structure and pair of transducers. Then, in the industrial computer, each 

signal is filtered to reduce noise and the time of flight of the peaks of the signals are 

identified. The peaks’ information is unique and representative of the structure’s state, 

such as a fingerprint. All this process is then repeated in pristine state to establish the 

dispersion of the representative peaks in the time of flight due to external factors, such 

as noise or environmental factors. 

 

Next, a trapezoidal fuzzy set is assigned to each maximum and minimum peak, 

following the fuzzy logic fundamentals [6]. Thus, if all the fuzzy sets are then 

transferred to a time axis, as shown in Figure 3, the structure peaks (signal) pattern in 

pristine state is obtained. Figure 3 recreates five significant peaks, two positives and 

three negatives, of the wave front package. Afterwards in the time axis, other seven 

fuzzy sets can be observed, which correspond to three positive and four negative peaks 

that come from a signal reflection. 

 

 

Figure 3. Temporal composition of fuzzy sets of a signal, corresponding to a 

structure’s pristine state: Signal pattern. 
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Regular tests are carried out in a second stage to verify if the structure is still 

undamaged. This stage is considered to take place when the aircraft or the structure to 

be monitorized is in operation. These tests are performed by comparing the maximum 

and minimum peaks of the current signal with the signal pattern. As a result, the degree 

of membership (µ) of each maximum or minimum peak with respect to the 

corresponding fuzzy set is obtained. Since the universe of discourse is the time axis, the 

premises that can be found are: on time, small or large advance, small or large delay, 

and null match. 

 

The calculation of the degree of membership of the whole signal is performed by using 

the minimum operator, typically used in fuzzy logic. Figure 4 shows four cases of 

calculation of the degree of membership for a signal represented by three fuzzy sets.  

 

  
A health Identity Matrix for a specific structure is obtained from a set of signals 

performed in a Round-Robin or Beamforming test. This matrix represents the level of 

matching of the current structural state with respect to baseline, which is the pristine 

state. 

 

Next, different cases of health Identity Matrices are showed, assuming the use of six 

piezoelectric transducers. The first row of Tables 1-4 shows the emitter transducer (E), 

whereas the first column shows the receiver transducer (R). The values of these tables 

represent the degree of membership of each signal obtained from a pair emitter-receiver 

between the pristine state and the current state. Tables 1-4 represent four states, from the 

full match with the pristine state to a null match.  

 
Table 1. Matrix example of a structure in pristine state. 

 E1 E2 E3 E4 E5 E6 

R1 1 1 1 1 1 1 

R2 1 1 1 1 1 1 

R3 1 1 1 1 1 1 

R4 1 1 1 1 1 1 

R5 1 1 1 1 1 1 

R6 1 1 1 1 1 1 
 

(a)  

Figure 4. Calculation of the signal membership degree: (a) on time, (b) small 

advance or delay, (c) large advance or delay, (d) null match. 

(b)  

(c)  (d)  

µ = 1 µ ≈ 1 

µ ≈ 0 µ = 0 
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Table 2. Matrix example of a structure in quasi-pristine state. 

 E1 E2 E3 E4 E5 E6 

R1 1 1 1 1 1 1 

R2 1 1 1 1 1 0.7 

R3 1 1 0.9 1 1 1 

R4 0.8 1 1 1 1 1 

R5 1 1 0.7 1 1 1 

R6 1 1 1 1 1 1 

 
Table 3. Matrix example of a structure in the limit of the acceptable state. 

 E1 E2 E3 E4 E5 E6 

R1 0.2 0.8 0.3 0.4 0.2 0.4 

R2 0.4 0.8 0.4 0.6 0.3 0.7 

R3 0.1 0.9 0.3 0.2 0.5 0.5 

R4 0 0.2 0.5 0.3 0.7 0.2 

R5 0.3 0.4 0.3 0.5 0.1 0 

R6 0.2 0.3 0.3 0.4 0.2 0.1 
 

Table 4. Matrix example of a structure in poor state. 

 E1 E2 E3 E4 E5 E6 

R1 0 0 0 0 0 0 

R2 0 0 0 0 0 0 

R3 0 0 0 0 0 0.2 

R4 0 0 0 0 0 0 

R5 0 0 0 0 0 0 

R6 0 0 0 0 0 0 
 

Alternatively, a health Identity Matrix may reveal a problem in the test system. For 

instance, in Table 5 can be observed that the row and column 4 is formed of zero values, 

while the rest of the matrix shows degree of membership values near to the maximum 

(1). In this case, due to channel redundancy, a fault either in the signal generator of 

channel 4 or in the transducer 4 can be identified. 

  
Table 5. Matrix example of a test with a fault in either channel 4 or transducer 4.  

 E1 E2 E3 E4 E5 E6 

R1 1 1 1 0 1 1 

R2 1 1 1 0 1 0.7 

R3 1 1 0.9 0 1 1 

R4 0 0 0 0 0 0 

R5 1 1 0.7 0 1 1 

R6 1 1 1 0 1 1 

 

The differentiation between a structure in similar state to the pristine one and a structure 

with a certain level of modification can be performed by assessing the health Identity 

Matrix.  These matrices use very low memory and thus, they can be regularly 

transmitted to the SHMCC without putting at risk its operation. In the SHMCC, the 

criteria to determine which structures need to be analyzed in depth, due to the 

identification of a significant modification, can be established. Through the 

communication system, the complete guided wave signals, which corresponds to the 

structure to be assessed in depth using a higher capacity algorithm, can be requested.  
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The progressive decrease in the values of the health Identity Matrix shows that a 

degradation is taking place. This information can be used to create alarms prior to the 

failure, which enables the use of prognostic methodologies. In addition, an abrupt 

change, e.g. due to an impact, would also be shown by the health Identity Matrix as a 

sudden decrease of the values between two consecutive tests. 

 

The tests can be repeated at any time, when requested from the on board computers or 

the SHMCC, in order to ensure the validity of the acquired information. Alternatively, 

these tests may be repeated by changing some parameters to obtain a complementary 

information of the structural state such as the type of test (e.g. from Round-Robin to 

Beamforming), the central frequency of the generated signal, and a different waveform 

by using other window functions or number of cycles. 

 

5.  Conclusions 
 

A SHM system for real-world applications in civil aviation or wind power generation 

has been proposed in this paper. An on board system based on PAMELA SHM™ 

architecture is introduced in the design. In addition, a fuzzy logic-based pattern 

recognition algorithm is presented to determine whether a structure is in a similar state 

to the pristine one. 

 

This proposal takes into consideration that the on board systems need to have a low 

power consumption, to have a small size, to be highly flexible, to provide useful 

information, to be able to repeat the tests in different operation modes, and in general, to 

increase the structural safety by decreasing the maintenance costs.  
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