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Abstract 
The aeronautical structures operating conditions are subjected to multitude of damage possible initiators 
besides previous failures that could occur in the manufactur. Also the increasingly widespread use of composite 
materials brings their characteristic issues as porosity, delaminations and water absorptions. If we also take 
into account the unique conditions of operation´s security required in the aeronautical sector is understood 
clearly the importance and benefits that any new method may pose. Wherein a structure is able to detect any 
flaws and respond or even adapt so these imperfections do not cause a lowering of the safety of the operation 
would be a turning point in the industry. Also the maintenance is a critical factor in the operation of an aircraft. 
Continuous control of structural integrity also offers the possibility of reducing the time required for 
maintenance and therefore the time that the aircraft may not be operated. Finally note that, in the next coming 
of onboard equipment capable of performing these control tasks outlined above, we are facing what could be a 
real revolution in the concept of aircraft maintenance. Structural testing of aircraft elements and assembly of 
aerospace structures is generally a complex, costly and time-consuming process too. These inspections in many 
cases are now performed manually requiring human presence. For all those reasons AERNNOVA developed a 
methodology for structural health monitoring by use of multiple ultrasonic waves based PAMELA SHM™ system 
wirelessly controlled. The possibility to perform automated NDT tests with no human presence required enables 
a large number of inspections and total test time reduction. The capability of this system to detect and 
characterize the effects on ultrasonic wave responses of several types of damages on different materials as 
metallic or composites structures is utmost importance for efficient and reliable SHM during structure life cycle. 
A study of this capability, tools descriptions and damage detection results are presented in the paper, with the 
recommendations for future actions, aimed to make easier interpretation and identification of these structural 
damages. Several different damage detection methodologies and algorithms will be addressed attending to 
describe the advantages and particularities of each applied to both materials metallic and composites. 
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1.  Introduction 
 
Timely damage diagnosis and characterization in structures before failure is vitally important in the 

aeronautical sector, where the structural integrity must be constantly ensured. All structural 

components of a commercial aircraft are inspected at regular intervals using different evaluation 

techniques that are expensive, complicated and costly. Currently, the service intervals are obtained 

statistically by taking into account the probability of failure. These methods are called predictive 

maintenance since repairs and overhauls are pre-programmed.  

 

If continuous structure monitoring tools were available, predictive methods could be changed to the 

methods based on the assessment of real condition of the structure and the revisions could be made 

when and where they are necessary. Continuous monitoring the location of the damage and the level 

of its severity enables implementing this strategy, which would save both direct maintenance costs and 

time spent on each revision. Moreover, the criteria used to minimize the weight of aircraft result in an 

increased use of composite materials. However, these materials have anisotropic mechanical 

properties, which seriously complicate the inspection process.  

 

Many flaw types, such as, barely visible delaminations, detachment between layers, fiber breakage or 

porosity may result in a serious loss of strength. All these defects could be monitored with SHM 

(Structural Health Monitoring) techniques and systems, which would additionally permit for 

increasing the use of composite materials and using all their advantages. One of the main advantages 

would be significant savings in fuel and the corresponding decrease in CO2 and NOX emissions.  
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Structural testing of aircraft elements is generally a complex, costly and time-consuming process. 

Typical primary components fatigue tests of aircraft structures usually last between one and two years. 

In addition, this process must be interrupted periodically to check the structure integrity, usually using 

non-destructive methods that increase more and more the total duration of the process. Therefore, the 

development of systems that simplify and reduce the currently used techniques and the cost of them 

has to be considered. 

 

2.  Specific instructions 
 

2.1 System Description 
 

The PAMELA SHM™ system [1][2] (developed by AERNNOVA) provides a solution to automated 

structural integrity inspection by means of SHM technique employing ultrasound. This project has 

received funding from the European Union's Seventh Framework Programme for research, 

technological development and demonstration under grant agreement no 284562.  

 

The PAMELA SHM™ consists of a number of portable autonomous units that communicate with 

each other and can be easily managed by one person.With a multiple PAMELA SHM™ system units, 

it is possible to monitor continuously in an automated mode any aircraft structure during fatigue test 

processes, configuring each PAMELA III device to perform different test sequences at different 

instants of time. Besides the capability to monitor in an automated way, the current system offers the 

possibility of embedding a variety of algorithms for automatic control of signals and sensors that can 

be run on-board in real time. Those embedded algorithms enable autonomous scanning at concerned 

areas and recording the component functionality in a buffer storage that can be interfaced by a 

standard computer provided with a commercial operating system. 

 
An ultrasonic wave-based SHM system consists of many piezoelectric transducers, one or more 

circuits to generate the actuator excitation signals, one or more circuits that acquire the ultrasonic 

signals from the transducers, and a processing system. In the system presented in this paper, these 

components (generation, acquisition, and processing) have been developed and integrated into the 

same electronic instrumentation. PAMELA III can generate any type of excitation signal for up to 12 

piezoelectric transducers. Concurrently, it can acquire the response signals that propagate throughout 

the structure being tested and also perform the signal processing for damage detection in situ.  
 

The Processor Module configures and controls the remaining modules in PAMELA III and performs 

the signal processing required for each analysis algorithm. This module is based on an embedded 

PowerPC processor, which is inside a Virtex 5 field programmable gate array (FPGA) device from 

Xilinx Inc.  

 
Table1. Configurable Characteristics of the Excitation Signal. 

 

Characteristic Value 

Number of channels 12 independent or combined 

Frequency range 30 kHz to 1 MHz 

Voltage range 0 V to 40 V peak-to-peak 

Shape of signal 

Sinusoidal, triangular, Hanning-

windowed signal, white noise, 

sine sweep… 

Delay between signals 0 to 2,500 ns (10 ns step) 

 

The Excitation Module generates the excitation signals for each of the 12 output channels. The shape 

of the excitation signals is digitally synthesized for any desired signal inside the FPGA. An analog 

circuit converts the signals into analog voltages up to 40 V peak-to-peak. This module allows each 



channel to be excited independently of each other. The main characteristics of the excitation signals 

are shown in Table. 

 

The electronic system is designed, manufactured, tested, and enclosed in a composite box. The fully 

assembled system is shown in Figure 1. The printed circuit board has 12 layers and over 800 

components when fully assembled. The overall dimensions are 161 × 161 × 24 mm. PAMELA III 

weighs 283 g (box included). PAMELA III has been designed to carefully avoid any working issues. 

All of the chosen components and assembly process have been selected to be lead free and obey RoSH 

regulations. There is a patent pending on the system. 

 

 
 

Figure 1: The PAMELA III with all electronic components inside the composite box placed over the PhA 

transducer adapter and bonded to the structure to perform SHM testing. 

 

 

The other key component required for the SHM instrumentation is the piezoelectric transducer. This 

critical component is responsible for converting the electrical signals into ultrasonic waves. 

Piezoelectric transducers are also reversible and can convert ultrasonic waves from/into electrical 

signals. There are many types of piezoelectric transducers in many sizes that can be dispersed in a 

structure in many ways. They can be used with both metallic and composite materials. 

 

 

      
 

Figure 2: Integrated PhA transducer showing underside and overhead views (left) and two different types of 

piezoelectric transducer sets: disk and rings (right). 

 

 

PAMELA III connects to the array of 12 piezoelectric discs mounted on the integrated PhAIII 

transducer. The transducer is bonded to the structure using an appropriate epoxy adhesive. PAMELA 

III is then installed on a structure connecting the hardware to the transducer adapter and attaching the 

hardware without any cables. The hardware is electromechanically coupled to and supported by the 

transducer without requiring additional fixtures on the structure.  

The actual system has a major advantage over other systems in development today, consisting in the 

capability of excitate and acquire at  all sensors simultaneusly. This fact gives the system a huge 

power and development capacity on new NDT techniques. 

 



The diverse number of SHM analysis techniques allows for the detection of many different types of 

defects. In metallic structures, it is possible to detect fatigue crack development, corrosion, joint 

debonding, stress corrosion cracking, or impact damage. In composite structures it is possible to detect 

impact damage, delaminations (including growth), and bonding and debonding. 

 

There are many techniques used for damage detection; PAMELA III can implement most of these 

damage detection techniques in any structure that has piezoelectric transducers. The flexibility and 

capacities of the FPGA, which constitutes the core of the electronic device, allows the system to adapt 

itself to different working modes and to perform several tasks in parallel. 

The system is able to control multiple PAMELA III devices simultaneously. In addition, for each 

device, the operator can configure not only a single test type, but a sequence of several tests to be 

performed sequentially. 

This way, the external computer manages the operation of all PAMELA III devices within the system, 

and retrieves the temporal waveforms acquired by each device for every test performed. Thereby, 

different inspection sectors of an aeronautical component can be monitored simultaneously with 

identical PAMELA III devices, configured with different tests sequence lists. So, several PAMELA III 

devices can be running simultaneously checking continuously the structure integrity without human 

intervention.  

However, in many occasions it is not necessary to transmit all the temporal acquired data from 

PAMELA III devices to the external computer, since PAMELA III devices offer local processing 

capabilities. In these cases, only the outputs of the processing algorithm must be transmitted.  

One of the most important issues of the PAMELA SHM™ system is the communication performance. 

Devices could be connected by Ethernet or by Wireless. The Wireless connection of multiple devices 

creates a Mesh net where data flows to the control PC above it. The environment of working (closed 

structures, metallic parts, and so on) must be taking into account. The system has been tested into 

closed 3-bays wingbox demonstrator provided with a small aperture between contiguous bays used to 

pass the power supply cables as shown in figure 3. 

 

 

 

 

Figure 3: PAMELA SHM System installed on a 3-bays wingbox demonstrator 

 

 



2.2  Impact and Damage detection capabilities 
 

2.2.1 System Functionalities. 

 

PAMELA III is designed to be able to produce all types of excitation signals and route them to the 

piezoelectric transducers. Using the PAMELA control and configuration software the signal 

characteristics and parameters to be sent to the hardware can be selected.  

 

The system can perform several types of tests: passive, simple, round robin, transmitter beamforming, 

transmitter focusing, and plane front, with selectable wave velocities, sampling frequency and number 

of samples per test. The excitation signals are fully configurable in shape, frequency, amplitude and 

number of pulses. The type of excitation signals includes sine, sine sweep, impulse, uniform white 

noise and arbitrary, with several windowing as Hamming, Hanning and Flat. 

 

Although AERNNOVA has developed an integrated transducer for the SHM system development, 

PAMELA device can work with any configuration and type of sensors / actuators just providing a 

connection thereof to the input/output channels of the device. This allows the system to adapt to a 

wide variety of applications. 

 

Several PAMELA devices could be connected to work in pitch-catch mode where one devices excite 

their transducers and one or more devices receive the direct signals propagated to them. This 

functionality allows to all the devices to work in pulse-eco mode as one single device increasing the 

number of effective channels. 
 

SHM systems often include an impact detection capability, as sensors must be able to measure the 

energy generated by an impact to estimate the damage in the structure. When using ultrasonic waves, 

the previous requirement is no longer needed, as it is possible to measure damage in the structure 

afterwards. In passive mode, PAMELA III listens on all the transducers for a signal with amplitude 

that is greater than a previously set threshold level. After an impact, any of the aforementioned SHM 

techniques can be used to determine the severity of the defect. In figure 4 is shown the results of a 

damage detection algorithm activated after a row of impacts. The front edge of the plate and four 

impact damages are clearly identified. 

 

 

      
Figure 4: Aluminum flat panel with 4 several impact damages (left) and an image obtained with the 

PAMELA SHM System (right). 

 

PAMELA devices, in addition to the capability of performing tests and transmitting  the collected 

data to the controller, have the capability of perform local data processing or pre-processing 

(reduction, normalization, pattern recognition, feature extraction, etc.). Local data processing 

decreases the data traffic over the network and allows CPU load of the external computer to be 



reduced. Even it is possible that PAMELA devices are running autonomously performing scheduled 

tests, and only communicates with the controller in case of detection of structural damages or when 

programmed. Each PAMELA device integrates a software management application (SMA) that allows 

to the developer downloading his own algorithm code and adding the new data processing algorithm 

to the device. The development of the SMA is done in a virtual machine with an Ubuntu Linux 

distribution including all necessary software tools to perform the entire cycle of development. Eclipse 

IDE (Integrated Development Environment) is used to develop the SMA project and to write the code 

of each data processing algorithm [3]. An example of basic damage index estimation using delay and 

sum algorithm and its results are provided at 2.2.2 section. 

 

2.2.2 First Results on Damage Detection. 

 

Many different damage detection and characterization could be use with PAMELA SHM System 

because of its flexibility and capability to be re-programmed to work on multiple different ways. 

 

The SMA described on section 2.2.1 is used to integrate a damage detection algorithm where all 

acquisition data is processed in the device sending back just the image generated. Therefore the 

damage index estimation for each observation point O (xo, yo) of the grid is calculated using Equation 

(1), where N is the number of piezoelectric transducers, R and E represent receiver and emitter 

respectively, H(SER(t)) is the analytic representation of the signal using the Hilbert transform and 

 is the theoretical signal associated to the observation point O (see [4] for additional details 

about each term in this equation). 

 

  (1) 

The result of the algorithm will be a 2D array with the damage index estimation assigned to each 

observation point of the grid. Figure 5 and 6 shows test of this algorithm.  

 

 
Figure 5:  Aluminium plate with transducer and ROI identified (left) and 2D image (right) obtained using 

PAMELA SHM of the damaged panel on left side.  



 
Figure 6: 3D image obtained using PAMELA SHM of the damaged panel on figure 5a) 

 

 

Similar algorithms have been developed for composite panels. In this case, algorithms require 

different signal conditioning because of the special characteristics of the material, and the 

anisotropy should be taken in count. Different directions of propagation have different 

velocities so calculations require more complex algorithms. On figure 7 a flat composite panel 

and the results of different image generation algorithms are shown. 

 

        
Figure 7: Composite flat plate with transducer and ROI identified (left) and 2D images (center&right) 

obtained using several detection algorithms on damaged panel. 

 
Many other different algorithms for identification purposes can be developed and show the flexibility 

of the system. Generations of simpler image as the classic form of radar to identify discontinuities 

from the point of inspection as shown in figure 8. 

 

 
 

Figure 8: 2D image generated by “discontinuities detection radar” 



PAMELA SHM System allows “ad-hoc” solutions with no need of using the PhA III integrated 

transducer. As an example, a complex structure build with one aluminum stringers and a silicone skin 

has been analized. By using the A0 mode and just one piezoelectric is possible to detect mass-loss or 

damage on the silicone skin as well as objects place on the structure. (See figure 9) This allows to 

analize the union between this structure and the ribs where is place. 

 

                            
Figure 9: Morfing skin (left) with a superficial object (center)  

and a damage on the silicone layer (rigth) 

 

The selection of a proper propagation mode of the Lamb wave and the excitation signal needed allows 

to obtain accurate results without complex data process. In this case, just some noise filters and 

envelopes are used to obtain an representative image (figure 10) of the stringer analized where the 

damage on silicone layer and the superficial mass are identified. 

 

 

 
Figure 10: 2D Image for inspection of morfing skin 

 

 
The generation of images is useful and easily interpretable tools but pattern recognition on the 

acquired signals can be a quickly and accurately way to identify and characterize different types of 

damage too. 

 

Figure 11 shows a representation sample by sample of the amplitudes of pre-injury signals versus 

amplitudes of the signals after damage occurs where every point XY correspond to: 

 

X=Amplitude of sample n of signal A; 

Y=Amplitude of sample n of signal B; 

 

White graphs show the case when signals A and B are pre-damaged signal and the red ones when 

signal A is pre-damaged signal and signal B is the post-damaged signal. Figure 11a shows two 

corrosion levels made on a metal panel, while figure 11b shows two sizes of drilled damage. Can be 

observed that the slope of the red plot increases with increased corrosion an, also, the dispersion of the 

samples in figure b increases when a greater damage is present. 

 



 
 

Figure 11a: Patern obtained for corrosion on flat metal panel 

 

 

 
 

Figure 11b: Patern obtained for hole on flat metal panel 

 

 
In addition to providing information on the severity of a defect this methodology allows easy 

identification of the type of damage present on the plate. 

 

 

 

 

CONCLUSION 

The paper describes PAMELA SHM System as a fully integrated system capable of work in 

many different modes and configurations to perform NDT techniques for maintenance and SHM 

applications. Flexibility and adaptability of PAMELA device allow it to be use on a multiple 

PAMELA SHM System or as an advanced electronic tool for further developments on NDT field. This 

new approach provides multiple advantages, as described in the paper. All the features and the 

interesting preliminary results obtained using several methods for detection in different materials and 

geometries make the system very attractive for all kind of SHM applications and a powerful platform 

for further developments. 
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