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ABSTRACT 

The paper investigates an electromechanical impedance (EMI) method and guided wave-based 

method propagation applied to the structural health monitoring of sensors network of thin plates. The 

genetic algorithm based optimized sensors network was used to maximize the area of sensitivity using 

the sensors. The planned calibration experiments performed on square thin aluminium plate with 

attached piezoelectric wafer active sensors (PWAS) at optimized sensors position. The study 

investigates the sensitivity of EMI and guided wave responses to the simulated damage positions of the 

plate. The initial study of the work is to identify the propagation of the waves in aluminum by looking 

at the baseline/pristine structures results. Later, it was observed that Lamb waves interact with the 

obstacle then the scattering and mode conversion takes place and lower amplitude waves get generated. 

Later, by using the ellipse-based approach the information about the damage position in the structures 

is gathered. The EMI method allows us to identify the effect of varying positions of damage in terms of 

damage metric of sensitive sensor positions. The basic idea of vibration based damage detection is a 

significant change in the stiffness, mass or energy dissipation properties. The EMI signature’s sharp 
peaks identify the local structural modes of vibration due to the change in the health of the structure at 

the point of actuator attachment. New comparative approach was applied for the comparison of the EMI 

spectra from the considered sensor network. 

1. Introduction

The safety and comfort are of utmost importance in the aerospace, automotive and other industries. The 

amount of research and development (R&D) in this industry is growing rapidly with sophisticated 

instruments and ideas. The aeroplanes after years of operation experience  fatigue damage, barely visible 

impact damage (BVID), and other type of damage gained over the years. So, identifying the damage is 

important before any fatal incident occurs. The recent advances in the technology help in structural 

analysis and damage assessment. A regular inspection can be carried out with less risk of overlooking a 

critical damage. The structural health monitoring (SHM) techniques are advanced front runners of the 

non-destructive (NDT) techniques. SHM works with the acquisition, validation and analysis of the data 

gathered by sensors deployed on the structure[1]. The crucial issues in making the SHM a common 

solution is the reliability and reduced costs. The SHM technique involves extracting damage sensitive 

parameters, implementing a processing strategy and observation of the SHM system result development 

in order to detect presence or growth of damage. The main aim of the SHM is to give continuous real-

time assessment of the condition of the structure to the structure operator. The SHM target is to ensure 

high degree of safety and structural integrity. 
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Research in this paper focuses on two damage assessment approaches applied to a sensor network. The 

first approach is based on elastic guided ultrasonic waves – the Lamb waves. Lamb waves are elastic 

perturbation that propagates throughout the solid plate with free boundaries. Lamb waves help in 

damage identification by travelling a larger distance in the surfaces without much attenuation [2]. The 

methods by which the Lamb waves are employed for damage detection are pitch catch-and pulse-echo 

methods[3]. The Lamb waves in this research are excited and sensed by piezoelectric sensors arranged 

in a network. Some of the previous work in this area used analytical approach for determining the sensor 

placement[4]. Rajagopalan et al.[5] used an array of circular sensors for locating the damage in the 

structure. An excitation of the Lamb modes for plate structure monitoring was performed using inter 

digital transducer by Monkhouse et al[6]. Salmanopur et al.[7] have proposed optimization taking into 

consideration the different parameters to which the GW based SHM techniques are sensitive. Fendzi et 

al.[8] analyzed that GA algorithm that was independent of the damage localization.The sensors were 

positioned in a 2x3 row column matrix with equal intervals. The time of arrival and difference in time 

of arrival is analysed in identifying the optimised locations.  

The second approach reported here uses electromechanical impedance (EMI). The impedance analyzer 

in EMI technique applies a harmonic voltage signal across the PZT patch which produces deformations 

in the patch as well as in the local area of the host structure[9]. It has been found that a frequency range 

with higher mode density exhibit higher sensitivity due to the large coverage of structural dynamic 

information. The higher density of modes implies that effective dynamic interaction over that frequency 

range[10]. Soh et al. [9] introduced the concept of mechanical impedance based on effective velocity 

instead of drive point velocity. Giurgiutiu and Zagrai[11] contributed to the EMI using analytical and 

numerical methods across PZT terminals. A misinterpretation of the damage may happen due to slope 

shifts or peak shifts between healthy and damage in EMI signatures was proposed by Annamdas et al 
[12] and Soh et al.[13] identified the damage quantification based on the signatures root mean square values 

(RMSD) of damage with baseline healthy signature results. Mahmoud et al.[14] analysed PWAS 

(Piezoelectric wafer active sensors) with the resultant spectrum of healthy structure is compared with 

damaged using RMSD and damage detection index (DDI). In this paper the designed sensor network 

was used with both mentioned approached. Dedicated signal processing algorithms were developed and 

tested for sample with added masses for simulating damage. 

 

2. Experimental set-up 
 

 
Figure 1. Optimised sensor locations 

The studies were made on an aluminium plate of dimensions 100x100x0.1 cm3 (Figure 1). The plate was 

marked with a grid of 10 x 10 cm each for positioning the sensor (Figure 2). The sensors were disc of 1 



 

 

 

cm diameter made of SONOX P502 material (CeramTec, Germany). Their arrangement was defined by 

Kudela et al.[15] A custom made generation-acquisition device was used for guided wave investigations 

(Figure 2). Wave for various frequencies and number of cycles in the excitation pulse were tested.  

Firstly the pristine conditions were measured. The values obtained are recorded as healthy values of the 

plate. Later the masses are added to simulate damage and investigate the efficacy of the damage 

assessment algorithms. Firstly, the group velocities of the waves were estimated, because later they are 

used for damage localization purposes. In order to learn about the behavior of the waves in the 

considered specimen also the scanning laser Doppler vibrometry (SLDV) was used in order to visualize 

the propagating waves and their interactions with discontinuities. 

 

  

   a)      b) 

 

Figure 2. Experimental setup with plate; a) PZT’s and the device for guided waves analysis; b) – 

zoom in of the plate with sensors (in circles) and additional masses 

The investigations for EMI method were performed with IM3570 Impedance Analyzer (Figure 3). Free 

sensors were measured before placing them on the plate, and later the sensors at the plate without and 

with the additional mass. The measurements were made at constant room temperature of 23°C.  
 

 

 
Figure 3. EMI analyzer with sensor measurements 

3. Guided waves study 
 

The guided waves study comprised of SLDV and piezoelectric sensor measurements. Two masses were 

considered placed at the same time on the sample at (50, 50) and (70, 20) positions (Figure 1).  For 

SLDV sensing the wave was exited with the sensor closest to the center (no 5). The measurements were 



 

 

 

made on the pristine side of the plate, so in the results the locations of sensors and masses are mirrored 

with respect to Figure 1. The interaction with the mass is clearly visible in the wavefront propagation at 

50 μs (Figure 4). The wave is partly reflected back to sensor 5 and partly propagates farther with locally 

reduced amplitude. The interaction with the second mass is not yet visible at this time instant as this 

mass is placed further. At 100 μs (Figure 5) one can observe the wave farther from the source as well as 

slower guided wave mode that needs more time for propagation. The interaction with the second mass 

is also not obvious at this visualisation. What is interesting is the interaction of the faster wave with the 

sensor is visible. The wave experience mode conversion to a mode with shorter wavelength. Most 

probable this is S to A mode conversion. 

 

 
Figure 4. SLDV measurement - guided wave propagating at 200 kHz from sensor 5 at 50 μs after 

excitation; visible interaction of the wave with the additional mass 

 

 

 
Figure 5. SLDV measurement - guided wave at 200 kHz propagating from sensor 5 at 100 μs after 

excitation; visible interaction of the wave with sensor 1 (in circle) 



 

 

 

In order to visualise the discontinuities in the sample a root mean square (RMS) imaging was applied. 

It allowed to indicate the masses locations and some of the sensors (Figure 6). In the next step the ellipse-

based damage localisation algorithm was applied for testing the sensor network performance [8]. Firstly, 

the simple case was chosen. The signal gathered by the SLDV at the location of sensor 4 was processed. 

The result is depicted in Figure 7. For the visualisation the wave velocity has to be known. It was 

estimated as 5100 m/s, so it represents the faster S wave. For comparison the slower (A) wave velocity 

was estimated at about 3000 m/s. 

 

 
Figure 6. SLDV measurement - RMS index calculated for guided wave signals (200 kHz) gathered at 

the sample surface; visible interaction of the waves with masses and some of the sensors 

The damage index plotted at Figure 7. Has few local maxima that align according to elliptical shape. 

The smallest ellipse corresponds to the location of the mass that is closest to sensor 5. The second ellipse 

(with highest values) corresponds to the edge reflection of the wave, and the third ellipse is related to 

the second mass. Larger ellipses should be associated with other wave modes (A mode) and later arriving 

wave reflections of the waves from edges and possibly from the sensors. 

 

 
Figure 7. Damage localisation result based on two sensor locations and SLDV measurements 

sensors 

sensors 

masses 



 

 

 

After successful test run of the algorithm on the SLDV signal the ellipse-based algorithm was used with 

signals gathered by all 9 piezoelectric sensors (Figure 8Figure 9). The result indicates the location of 

additional masses. Ellipses crossing the mass locations are clearly visible. However they do not add up 

at this locations to such extents as in other areas (around (0.5 0.65) point). It meant that the reflections 

from the masses are relatively weaker and possibly not all sensor pairs provide relevant ellipsis that add 

up. 

 

 
Figure 8. Damage localisation result based on piezoelectric sensors network 

4. EMI study 
 

The EMI spectra were gathered for 9 sensors. In the first case the mass was placed near sensor 5 at (50, 

60) position according to grid in Figure 1. The second case involved two bigger masses placed at the 

same time, one at the same (50, 50) position, and second at (70, 20). The researchers using EMI 

technique apply various indices in order to compare the gathered spectra. The indices are used for 

damage detection and quantification by applying them to parts or whole spectra. According to previous 

research, the popular damage indices are root mean square (RMS) its deviation (RMSD), or the 

correlation coefficient (CC)[16]. It is expected that the behaviour (values increase or decrease) of suitably 

chosen indices is somehow related to damage state of the inspected structure. In research reported here 

a new index was proposed and tested. The conductance (G) spectra were treated as vectors and their 

similarity was assess based on normalised scalar vector product defined as: 

 𝑉𝑃(𝑣,𝑤) = (𝑣∙𝑤)2(𝑣∙𝑣)(𝑤∙𝑤)     (1) 

 

In the considered case the v vector is the G spectra gathered from the sensors when the mass was attached 

at the surface, while the w vector is the G spectra for a referential measurement (without mass). Before 

calculating the VP index the spectra were rescaled with frequency vector to remove the frequency 

dependent trend of the conductance spectra. Also, smoothing of the spectra was performed with the 

moving average filter. From definition, if w=v the VP index returns unity indicating the highest 

similarity.  

 



 

 

 

 
Figure 9. EMI result for conductance (G); two cases of additional masses were studied and compared 

with respect to referential case using MAC index. 

The VP result for the single and two masses case are shown in Figure 9. In the case of centrally located 

mass, its presence did not influence the responses of sensors 1, 2 and 6-9. The index value is close to 

one. Lower values are seen for sensors 3-5, with the lowest value for sensor 5 which is the closest to the 

added mass. After putting two masses the VP index drops further from senor 5 that is closer, while for 

farther away sensor 4 there is a rise of similarity tending to unity. 

 

5. Conclusions 
 

In the reported work a designed distributed sensor network was analysed in the context of damage 

detection using the guided waves and electromechanical impedance. The SLDV study showed that not 

only wave reflection from masses are present but also wave are converting at the sensors locations. This 

allowed to learn the phenomena better and foresee that in the signals gathered by the sensor network not 

only mass- and edge-reflected S and A waves are present. The ellipses-based algorithm allowed to 

indicate the locations of mass placed at the sample surface. The sensor network was also used for 

detection using EMI technique. The new index for comparing the spectra was proposed. Sensitivity to 

closely located mass was observed. The presented studies allowed to test the network and developed 

detection algorithms. Further research will focus on more realistic damage scenarios and fibre reinforced 

composite samples. 
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