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Abstract. Structural health monitoring (SHM) is the process of damage identification in mechanical structures which 
encompasses four main phases: damage detection, damage localization, evaluation of damage extent and prognosis of 
residual life. Among the various existing SHM techniques, the one base on electromechanical impedance 
measurements has been regarded as one of the most effective, especially in the identification of incipient damage. This 
technique consists in measuring, with the help of a piezoelectric transducer bonded to the monitored structure, the so-
called electromechanical impedance function which depends on the physical features of the structure (stiffness, 
damping and inertia). Should damage occur, those characteristics change and, as a result, information about damage 
can be perceived in the impedance measurements. For the success of monitoring, the measurement system must be 
robust enough with respect to environmental influences from different sources, in such a way that correct and reliable 
decisions can be made based on measurements. The environmental influences become more critical in some 
circumstances, especially in aerospace applications, in which extreme conditions are frequently encountered. In this 
paper the influence of electromagnetic radiation affecting the piezoelectric transducers and leading cables on 
impedance measurements is examined in laboratory. An aluminum beam, subjected to an electromagnetic field 
generated by a coil, is used as the monitored structure. Damage is simulated by adding mass to the structure. Two PZT 
patches are bonded to the structure. The mass and the applied electromagnetic field are varied. For each test 
condition, the differences between the impedance measurements in two states: without damage and with damage are 
compared. Conclusions are drawn regarding the influence of the electromagnetic field intensity on the monitoring 
effectiveness of the electromechanical impedance technique. 
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1. INTRODUCTION  

 
 SHM techniques have been receiving ever growing interest in aerospace and civil structures, vehicles and 
machines lately (Rutherford et al., 2007). Among the SHM techniques, the method based on the electromechanical 
impedance is considered to be one of the most promising (Park et al., 2003). It is a nondestructive method which 
explores the electro-mechanical coupling property of piezoelectric materials to monitor the occurrence and evolution of 
structural damage. The application of this technique consists in bonding piezoelectric materials, more frequently in a 
form of thin patches, to the monitored structure. The electromechanical behavior of this system can be characterized by 
the electromechanical-impedance, which is a function of frequency, defining the ratio between the input voltage and the 
electrical current. This function depends also upon the mechanical features (inertia and stiffness of the base structure). 
Thus, through the variations observed in the electromechanical impedance, it is possible to assess information about 
structural changes induced by damage. This possibility is due to the electrical impedance of the PZT patch being 
directly associated with the mechanical impedance of structure to with it is bonded. By using the same piezoelectric 
element as sensor and actuator, a smaller number of components and cables has been developed (Park et al., 2003). 
 For the monitoring success of this technique, the system must be robust to environmental variations from 
different sources (Moura Jr, 2004; Moura Jr. and Steffen Jr., 2006). Otherwise, environmental changes could influence 
the measurements, undermining the reliability of the procedure and preventing the use of metrics associated with the 
method. Moreover, the process of monitoring the structural integrity can identify a situation of false positive during the 
evaluation of aircraft structures. So, it is necessary to evaluate the effects caused by electromagnetic fields and the 
possibility of occurrence of this type of diagnosis. For this purpose an aluminum beam was used subject to a magnetic 
field, and to simulate the damages, masses are added to the structure. 
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the quantitative information can be provided by scalar values named damage metrics, which are computed from the 
impedance signals corresponding to two different states. This scalar value used in this paper is described as the "root 
mean square deviation" as defined by Sun et al. (1995) as: 
 

 M ∑
R Z R Z

R Z
           (2) 

where M is the damage metric and  and  are the real parts of the impedance at two different conditions, 
one of them considered as the baseline. The choice of the real part of the impedance functions for computing the 
damage metric is discussed and justified by Raju (1997). 

 
3. METHODOLOGY 
 
 The methodology adopted in the study reported here consists in testing an aluminum beam under 
electromagnetic field. The damage was simulated adding mass (1g and 2 g) on the beam at the point hatched, shown in 
the fig. 3. 
 The specimen bar used has 0.3 m length, approximately. Two piezoelectric transducers, with 0.01 m × 0.02 m 
and 0.127 mm thickness were bonded to the specimen surface. One PZT was bonded near to one of its extremity 
(PZT1) and another at the center (PZT 2) of the beam, as illustrated in the Fig. 3. 
 

 
 

Figure 3. Geometry of the specimen and position of the PZT’s. 
 

 The frequency band used to analyze the beam was A: 24 kHz - 34 kHz and B: 34 kHz - 40 kHz. The 
impedance signal acquisition at the tests under magnetic field influence used the following parameter at the impedance 
analyzer (Figure 2): output voltage: 1V and the mean number: 8. The figures 4(a) and 4(b) show the experimental 
apparatus used at the experiments. 
 

(a) (b) 
 

Figure 4. Experimental apparatus: (a) Experimental assembly; (b) Aluminum beam inside the coil field generator and 
added mass. 
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 For generation of the electromagnetic field was applied in the cooper coil by two different voltages: 2 V and 4 
V. According to the Eq. 3, obtained from the Biot-Savard and Ampère laws, the values of the field generated can be 
easily computed. 
 

 
R
NI

B c

2
0μ=               (3) 

 
where μ0 = 1.2566 × 10-6 Tm/A (magnetic constant), N = 18 turns, Ic = Voltage/0,5 Ω, R = 0.04 m (average radius of the 
turns). The voltage values used were 2 e 4 Volts. Thus, from Eq. 3, the electromagnetic fields B were: 1.13094 × 10-3 T 
and 2.26188 × 10-3 T, respectively. 
 
 In the Table 1 the parameters adopted for the tests are showed, as explained before, two PZT patches, two 
masses, two voltages and two frequency ranges were used at the experiments. 
 

Table 1. Feature of the experiments. 
 

PZT Patch Mass Added Voltage Frequency Range 
PZT 1 / PZT 2 - 0 A / B(1) 
PZT 1 / PZT 2 1 g 2 V A / B(1) 
PZT 1 / PZT 2 2 g 4 V A / B(1) 

 
  (1) : A: 24 kHz - 34 kHz and B: 34 kHz - 40 kHz. 
 
 For each experiment, an analysis of the impedance signals was made: baseline versus baseline, baseline versus 
impedance function measured after adding mass and changing the magnetic field applied. Here, the term baseline 
designates the healthy condition (before adding mass or applying the electric field). The first comparison was made to 
evaluate the influence of uncontrolled environmental factors or measurement noise on the impedance signals. The 
second one was made to detect damage caused by the added mass, thus each value of the damage metric was calculated 
using the Eq. 2. 
 
4. DISCUSSION AND RESULTS 
 
 According to the methodology, the specimen was tested under a magnetic field, and measurements of 
electromechanical impedance were made before and after applying the magnetic field and added mass to the beam. To 
obtain the damage metric, just the real part of the impedance functions was treated according to Eq. 2. The impedance 
signals obtained in the several conditions were compared: baseline × baseline and baseline × after adding mass and after 
applying a magnetic field.  
 After analysis of the impedance function of the PZT patch 2 and frequency band B, showed incoherent results 
and peaks, because the data obtained in the experiments are corrupted, so it was decided to use just the frequency band 
A. 
 The results obtained for the PZT patch 2 are showed in the Fig. 5, 6 and 7. In the Fig. 5(a), 5(b), 6(a) and 6(b), 
where the real part of the impedance functions are showed. The first plot is a comparison between the data obtained 
without the addition of mass in the beam, but the electromagnetic field is varied, and the others graphics show a 
comparison of impedance function with addition of mass, but the voltage is 0 V, 2 V and 4 V, respectively. Analyzing 
the results, the first graphic show that there is no difference between the signals obtained in different conditions of 
magnetic field, showing that this environment did not affect the impedance function.  
 In Fig. 5 (b), 6 (a) and 6 (b), it is perceived that the impedance function measure after removing the mass and 
adding mass with 1 g and 2 g each time has a significant modification, and to quantify the change it was used the 
damage metric (Eq. 2). Herewith the Fig. 7(a) was obtained in this plot are the three clear groups which could be easily 
separable, due to the mass addition: 0, 1 g and 2 g. And with this groups it is possible to construct a box plot graphic 
with the values of damage metric showed in the Fig. 7(b), it is easy to distinct the different stages of mass added on the 
structure, which indicates that the electromechanical impedance measurements could detect damage under magnetic 
field. And the standard deviation of the mean value of the damage metric at the different stages showed in the figure 7 
(b) might be caused by the noise from the environment. 
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(a) (b) 
 

Figure 5. (a) Real part of the impedance function, varying the electromagnetic field (0 V, 2 V and 4 V); (b) Real part of 
the impedance function, varying the mass added on the structure and the electromagnetic field was constant (0 V). 

 

(a) (b) 
 

Figure 6. (a) Real part of the impedance function, varying the mass added on the structure and the electromagnetic field 
was constant (2 V); (b) Real part of the impedance function, varying the mass added on the structure and the 

electromagnetic field was constant (4 V). 
 

(a) (b) 
 

Figure 7. (a) Damage metrics for the experiments in the electromagnetic field environment; (b) Box plots of the damage 
metrics. 
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 The Table 2 presents the values of the damage metrics after added mass on the structure with different 
magnetic field as explained in the methodology in the Table 1, where DM is the results of the equation of damage 
metric (Eq.2). And these results are used to building a meta-model for verification of the electromagnetic field effect. 
The results presented in Fig. 8(a) and 8(b) are for the analysis of the main effect, it shows that the greatest contribution 
of the isolated effect of the mass than the electric field. Observing the graphic of cross effects (Fig. 8(b)), it is possible 
to notice that the voltage presents a slight inclination and the mass presents a great variation.  

 
 

Tabela 2. Damage metric values for PZT Patch 2 and frequency band A. 
 

Exp. Number Mass [g] Voltage [V] DM 

1 0 0 1.55 
2 0 2 2.98 
3 0 4 3.06 
4 1 0 59.09 
5 1 2 60.14 
6 1 4 61.02 
7 2 0 91.75 
8 2 2 89.66 
9 2 4 88.99 
19 0 0 1.61 
20 0 2 2.72 
21 0 4 3.69 
22 1 0 59.11 
23 1 2 60.31 
24 1 4 61.10 
25 2 0 91.23 
26 2 2 89.82 
27 2 4 88.60 
37 0 0 1.63 
38 0 2 3.06 
39 0 4 3.87 
40 1 0 58.99 
41 1 2 60.62 
42 1 4 61.27 
43 2 0 90.90 
44 2 2 89.58 
45 2 4 88.72 

 
 

 
 The Fig. 9(a) shows the distribution of residuals versus fitted values, while Fig. 9(b) shows the same 
distribution on a log-normal distribution curve. As previously observed in Figs. 9(a) and 9(b), the residues are 
distributed following a normal distribution with low amplitude. To confirm this fact the histogram of the residues is 
showed in Fig 10. 
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(a)  (b) 
 

Figure 8 – Graphics of the main effect of the Meta-model; (a) Graphic of the isolated effects; (b) Graphic of cross 
effects. 

 
 The figure 11 show the data from the meta-model were obtained and analyzed by MINITAB. As described by 
the program, the meta-model has R-Sq = 100,0% and  R-Sq (adj) = 100%, representing a huge potential for 
representation of the meta-model of the second degree by experiments. The table 3 presents the results of the program 
of the adjusted values in a margin of 95% confidence. 
 

   
(a)  (b). 

 
Figure 9. (a) Distribution of residuals versus fitted values; (b) Distribution of residuals by the normal probability curve. 

 
 

 
 

Figure 10. Histogram of Residuals. 
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Estimated Regression Coefficients for MD
 
Term               Coef  SE Coef        T      P 
Constant         1.2896  0.30300    4.256  0.000 
Mass            72.5019  0.52481  138.148  0.000 
Voltage          0.7737  0.26241    2.949  0.008 
Mass *Mass     -13.8849  0.23872  -58.165  0.000 
Voltage*Voltage -0.0228  0.05968   -0.383  0.706 
Mass*Voltage    -0.5582  0.08440   -6.614  0.000 
 
S = 0.5847   R-Sq = 100.0%   R-Sq(adj) = 100.0% 
 
 
Analysis of Variance for MD 
 
Source          DF   Seq SS    Adj SS   Adj MS         F      P 
Regression       5  35414.7  35414.75  7082.95  20715.87  0.000 
  Linear         2  34243.0   6569.81  3284.90   9607.53  0.000 
  Square         2   1156.8   1156.79   578.39   1691.66  0.000 
  Interaction    1     15.0     14.96    14.96     43.75  0.000 
Residual Error  21      7.2      7.18     0.34 
  Lack-of-Fit    3      6.1      6.12     2.04     34.64  0.000 
  Pure Error    18      1.1      1.06     0.06 
Total           26  35421.9 

 
Figure 11. Results from the analysis of meta-model data obtained and analyzed by MINITAB 

Table 3. Predicted response for new design points using model for MD 
 

Point Fit SE Fit 95% CI 95% PI 
1 1.2896 0.303000 ( 0.6595;  1.9197)   (-0.0800;  2.6592) 
2 2.7457 0.251628 ( 2.2224;  3.2690)   ( 1.4219;  4.0695) 
3 4.0191 0.303000 ( 3.3890;  4.6492)  ( 2.6495;  5.3887) 
4 59.9066 0.251628 (59.3833; 60.4299)   (58.5828; 61.2304) 
5 60.2462 0.251628 (59.7230; 60.7695)   (58.9224; 61.5701) 
6 60.4031 0.251628 (59.8799; 60.9264)  (59.0793; 61.7270) 
7 90.7539 0.303000 (90.1238; 91.3840)   (89.3843; 92.1235) 
8 89.9771 0.251628 (89.4538; 90.5003)  (88.6532; 91.3009) 
9 89.0175 0.303000 (88.3873; 89.6476)   (87.6479; 90.3870) 

10 1.2896 0.303000 ( 0.6595;  1.9197)  (-0.0800;  2.6592) 
11 2.7457 0.251628 ( 2.2224;  3.2690)   ( 1.4219;  4.0695) 
12 4.0191 0.303000 ( 3.3890;  4.6492)   ( 2.6495;  5.3887) 
13 59.9066 0.251628 (59.3833; 60.4299)  (58.5828; 61.2304) 
14 60.2462 0.251628 (59.7230; 60.7695)  (58.9224; 61.5701) 
15 60.4031 0.251628 (59.8799; 60.9264)   (59.0793; 61.7270) 
16 90.7539 0.303000 (90.1238; 91.3840)   (89.3843; 92.1235) 
17 89.9771 0.251628 (89.4538; 90.5003)  (88.6532; 91.3009) 
18 89.0175 0.303000 (88.3873; 89.6476)   (87.6479; 90.3870) 
19 1.2896 0.303000 ( 0.6595;  1.9197)  (-0.0800;  2.6592) 
20 2.7457 0.251628 ( 2.2224;  3.2690)  ( 1.4219;  4.0695) 
21 4.0191 0.303000 ( 3.3890;  4.6492)   ( 2.6495;  5.3887) 
22 59.9066 0.251628 (59.3833; 60.4299)  (58.5828; 61.2304) 
23 60.2462 0.251628 (59.7230; 60.7695) (58.9224; 61.5701) 
24 60.4031 0.251628 (59.8799; 60.9264)  (59.0793; 61.7270) 
25 90.7539 0.303000 (90.1238; 91.3840)   (89.3843; 92.1235) 
26 89.9771 0.251628 (89.4538; 90.5003)  (88.6532; 91.3009) 
27 89.0175 0.303000 (88.3873; 89.6476) (87.6479; 90.3870) 
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5. CONCLUSION 
 
 In this work the effects of electromagnetic fields was studied associated with electromechanical impedance 
signals in the process of monitoring of damages detection. It was considered the increase of the intensity of an 
electromagnetic field to the monitoring process (adding mass).  
 Looking at the regression model, there was a great influence of the mass factor for the monitoring process. It 
was observed in the experiment that the monitoring of structural changes did not suffer significant influence on the 
variation of electromagnetic field. This fact can be observed both by the coefficients of the meta-model based on 
regression, as the graphs of main effects.  
 However, this applications should be revised using others structure, using structural variation (mass) and 
environmental variation (intensity of electromagnetic field). 
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