
Vol.:(0123456789)1 3

Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:228 
https://doi.org/10.1007/s40430-023-04127-8

REVIEW

An enhanced approach for damage detection using 
the electromechanical impedance with temperature effects 
compensation

Lorena Lopes Dias1   · Kayc Wayhs Lopes1 · Douglas D. Bueno1 · Camila Gianini Gonsalez‑Bueno1

Received: 15 July 2022 / Accepted: 1 March 2023 / Published online: 31 March 2023 
© The Author(s), under exclusive licence to The Brazilian Society of Mechanical Sciences and Engineering 2023, corrected publication 2023

Abstract
Damage detection is one of the great challenges of the maintenance tasks and it has involved numerous researches to develop 
techniques in the field of structural health monitoring (SHM). Among different techniques, electromechanical impedance 
(EMI) technique has attracted attention due to its important and promising results. However, the sensitivity of this technique 
to variations in environmental conditions can lead to false diagnoses, and the temperature is one of the most critical factors 
for EMI technique. In view of this point, different researchers have developed compensation techniques to minimize the 
effects caused by temperature variation in electromechanical impedance measurements. Another important issue related to 
electromechanical Impedance curves is about the frequency range chosen to be analyzed. Then, the present article introduces 
an improved approach for damage detection by adding a new step for the temperature compensation technique proposed in 
a well-established approach in the literature. The proposal comprises a strategy to select the frequency range to compute 
damage detection indexes, and the technique is demonstrated for an aluminum beam in three different structural conditions: 
corresponding to the healthy and two types of damaged structure. The results are investigated for four different frequency 
ranges. The findings demonstrate the effectiveness of the proposed approach to reduce false alarms in damage detection 
using the EMI technique.

Keywords  Structural health monitoring · Electromechanical impedance · Temperature effects · Temperature compensation 
technique · Experimental data

1  Introduction

Structural Health Monitoring (SHM) is an engineering area 
focused on investigating the structural conditions to detect 
damage mainly in early stages. The idea is that part of those 
accidents caused by structural failure can be avoided [12, 
37].

Electromechanical Impedance (EMI) is the basis of a 
technique used in SHM. It was first suggested by Liang et al. 
[20] and currently there are promising results known in the 
literature. The technique is typically characterized by the 
use of piezoelectric transducers, especially ceramics PZT 
(Leads Zirconate Titanate). They employ the piezoelectric 
effect, associated to the electromechanical coupling between 
structure and PZTs installed on it [9]. The transducer works 
as an actuator and sensor simultaneously, i.e., it excites the 
monitored structure and measures its response [36]. This 
approach basically consists of measuring EMI for the non-
damage condition known as baseline signal. The data is 
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compared with other EMI signals obtained for unknown 
structural conditions [27, 34, 39]. The damage is detected 
when differences are found in those comparisons.

Despite several studies demonstrating the feasibility of 
applying EMI technique, practical problems have prevented 
its efficient and reliable use in real structures, with tempera-
ture effects on the EMI cited as one of the most critical and 
challenging [4]. Electromechanical impedance signals are 
directly affected by changes in properties of structure and 
piezoelectric transducers [1]. Consequently, temperature acts 
as a key factor for the performance of an EMI-based SHM 
system, mainly because it can change both structure and 
PZTs materials properties. Therefore, several researchers 
have investigated different approaches to reduce the effects 
of temperature on electromechanical impedance curves 
through strategies known as compensation techniques. Sun 
et al. [33] use the cross-correlation between baseline and 
unknown electromechanical impedance signals to compen-
sate the changes caused by temperature variations. Lim et al. 
[22] develop a data normalization technique using Kernel 
Principal Component Analysis (KPCA) to improve damage 
detectability under temperature variations. They performed 
experimental tests on a full-scale aircraft wing to validate 
their proposed technique. Park et al. [26] compensate the 
frequency and magnitude shifts in the EMI using a modified 
metric named as Root-Mean-Square Deviation (RMSD). In 
this sense, there are many other researchers who investigate 
different strategies to address this issue, such as Krishna-
murthy et al. [19] who define a coefficient to characterize 
temperature effects in piezoelectric materials from an exper-
imental approach. They successfully implement a tempera-
ture compensation technique, eliminating the temperature 
effects on the PZT sensors, without eliminating the tempera-
ture effects on the structure. Koo et al. [18] determine an 
effective frequency shift (EFS) to compensate the tempera-
ture effects by maximizing the cross-correlation coefficient 
between the baseline electromechanical impedance signal 
and the signals corresponding to the unknown structural 
condition. Grisso and Inman [15] generate a model predict-
ing piezoelectric susceptance slope for different temperature, 
from which they can identify if the differences correspond 
to the temperature effects on piezoelectric transducers or 
damage in sensors (e.g., failure device or partially delami-
nated PZTs). Sepehry et al. [31] introduce a new method 
using artificial neural networks based on radial basis func-
tion (RBF) to compensate for the effect of temperature on 
the damage index of EMI curves. Baptista et al. [4] present 
an experimental study of the effect of temperature on the 
electrical impedance of piezoelectric sensors used in the 
EMI technique, as well as implement the EFS method to 
compensate for these effects.

Different approaches are focused on identifying patterns in 
the measured data, and thus, evaluate the baseline signal from 

those influenced by external conditions, such as temperature 
variations [10, 29]. Huynh et al. [16] develop a radial basis 
function network (RBFN)-based algorithm to filter out tem-
perature-induced variation in impedance signatures for dam-
age monitoring. Huynh et al. [17] propose a principal compo-
nent analysis (PCA)-based algorithm to filter out temperature 
effects on EMI monitoring. Du et al. [11] propose a multitask 
convolutional neural network (CNN) to accurately detect dam-
age over a wide range of temperature variations with limited 
training data. The network consists of a temperature compen-
sation subnetwork to compensate for the temperature effect, 
and a lightweight damage identification subnetwork to detect 
bolt loosening states. Perera et al. [29] develop an innovative 
approach that integrates the EMI methodology with multilevel 
hierarchical machine learning techniques and the use of fiber 
Bragg grating (FBG) temperature and strain sensors to moni-
tor a problem in which effects due to mechanical damage and 
temperature variations are coupled to each other.

However, the use of a temperature compensation tech-
nique can negatively influence the damage detection because 
typically the techniques modify the EMI curves [18, 31]. 
This characteristic introduces an additional challenge for 
damage detection if the EMI is obtained for an unknown 
structural condition in a different temperature in comparison 
with the baseline curve.

In structural monitoring via EMI, the frequency range ana-
lyzed can directly affect the sensitivity of damage detection, 
since selecting an inappropriate frequency range can culminate 
in erroneous damage detection results [24, 30]. In view of this, 
different researchers are focused on identifying the optimal fre-
quency range for detecting and assessing damage. This selec-
tion is usually achieved by trial and error methods or through 
analysis by engineers familiar with the technique [2]. However, 
some authors have created alternative approaches for select-
ing the optimal frequency range. Peairs et al. [28] propose a 
method to select the preferred frequency ranges based on the 
sensor characteristics, even before installing it on the structure. 
The results indicate that characteristics of the structure, not 
the sensor alone, determine the optimal monitoring frequency 
ranges. Annamdas and Rizzo [3] adopt a statistical index to 
measure and compare the sensitivities for various narrower 
ranges within the wide frequency range, in order to find the 
appropriate frequency range for damage detection. Baptista 
and Filho [6] use a modified equivalent electromechanical cir-
cuit to analyze the sensitivity of the PZT transducer in terms of 
the frequency and mechanical impedance of the host structure. 
It is stated that there are frequencies where the sensitivity of 
the transducer is optimal and other frequencies where the sen-
sitivity is minimal. Min et al. [23] propose an innovative tech-
nique for autonomous selection of damage-sensitive frequency 
ranges for the EMI technique using artificial neural networks 
(ANNs). The approach determines the frequency range that 
can be used for effective evaluation of damage severity. Singh 
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and Malinowski [32] propose an innovative standard deviation 
approach for the selection of effective frequency ranges. The 
novice nature of frequency range selection is based on the dif-
ference between healthy and damaged state data.

In this context, the present article introduces a new strat-
egy to select the frequency range used to compute damage 
detection index after employing the temperature compensa-
tion technique previously developed by Park et al. [26]. The 
idea is to reduce the temperature effects on the electrome-
chanical impedance curves in more convenient frequency 
ranges to reduce false negatives, in terms of damage detec-
tion. Experimental data measured for an aluminum beam 
are consider for a temperature range from –10 to 80 ◦ C to 
demonstrate the approach. Two types of damage were con-
sidered in the tests, i.e, a local mass addition and a local 
mechanical cut. The results show the effectiveness of the 
method to select the frequency ranges from undamaged and 
damaged signals previously measured in different frequency 
ranges. The main idea is a strategy to clip EMI measured in 
an environmental temperature assumed as a reference, and 
then, improve the damage detectability when applying the 
Park et al. [26] technique. The findings demonstrate that the 
use of this proposed approach allows one to detect the dam-
age more accurately.

2 � Methodology

2.1 � Electromechanical impedance

Electromechanical Impedance technique commonly involves 
the use of one or more piezoelectric transducers (PZT) act-
ing as sensor(s) and actuator(s), simultaneously. These 
devices provide the dynamic coupling between mechanical 
impedance of the structure and electrical impedance of the 
PZT, which allows one to monitor the structure [24]. This 
general idea is illustrated in Fig. 1.

Liang et al. [20] introduces the admittance Yem(�) shown 
in Eq. (1), and its inverse corresponds to the electromechani-
cal impedance Zem(�) . This equation shows how the struc-
ture impedance Z(�) and the impedance of a piezoelectric 
transducer, ZA(�) , relate to each other to define the electro-
mechanical impedance.

where La , ba and ha are the length, width and thickness of the 
PZT, respectively. 𝜖T

33
 is the dielectric constant of the PZT 

in the 3-3 direction (z) under a constant voltage, d31 is the 
piezoelectric constant, ȲE

11
 is the complex elastic modulus 

of the PZT in the 1-1 direction (x) under a constant electric 
field; and j =

√

−1 is the pure imaginary number [21].

2.2 � Temperature compensation techniques: 
an overview

Based on the literature, environmental temperature changes 
the EMI curves by introducing cause shifts in frequency 
(horizontal) and magnitude (vertical), as well as peak 
smoothing, which can lead to false positives or negatives 
in terms of damage detection [1, 22, 38]. Then, several 
researchers have investigated different ways to neutralize the 
temperature effects on EMI curves through strategies known 
in the literature as temperature compensation techniques. 
Among the techniques, stands out those developed by Park 
et al. [26], Koo et al. [18], Baptista et al. [4] and Grisso 
and Inman [15] due to their promising result. Although Park 
et al. [26] technique is a promising approach to compensate 
the influence of the temperature on the EMI, it is sensitive 
to the frequency range used to compute damage detection 
indexes. Then, it can fail depending on the range considered, 
and generate false alarms in terms of damage, as shown in 
the following section of this article.

2.2.1 � Park et al. [26] compensation technique

Park et al. [26] present a technique based on an empirical 
approach to minimize the temperature effects on electrome-
chanical impedance-based SHM method. The procedure to 
apply the compensation is based on Va minimization. Va repre-
sents the sum of the real electromechanical impedance changes 
squared and it is defined by Eq. (2). In this technique, k varies, 
taking advantage that the variation in electromechanical imped-
ance is dominated by horizontal shift of impedance peak.

(1)Yem(𝜔) = j𝜔
baLa

ha

[

𝜖
T
33
−

Z(𝜔)

ZA(𝜔) + Z(𝜔)
d31Ȳ

E
11

]

(2)Va =

N
∑

i,k=1

[Re(ZR(�i)) − Re(ZD(�k))]
2

Fig. 1   Schematic representation of a generic system with electrome-
chanical impedance due to a PZT coupled to a mechanical structure
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where N is the number of frequency points, Re(ZR(�i)) is 
the real part of the reference electromechanical impedance 
( ZR ) at i-th frequency and Re(ZD(�k)) is the real part of the 
unknown electromechanical impedance ( ZD ) at k-th fre-
quency (lagged with respect to i), which is computed accord-
ing to Eq. (3). The unknown electromechanical impedance 
ZD(�k) can be generated from the unknown measured elec-
tromechanical impedance using the following relation:

where �S is defined as the average difference between 
reference impedance curve and measured impedance. 
The Re(ZD(�k)) impedance is vertically compensated 
(shifted close to the reference curve) compared to the 
Re(ZD(�k)measured) impedance due to the �S sum. The values 
of (k,i) and �S can be found by numerical iteration by shift-
ing the electromechanical impedance curves to the right-
hand side when considering temperatures above the refer-
ence temperature, or to the left side, for temperatures below 
the reference temperature, until the minimum value of Va 
is achieved. For a better understanding of this procedure, 
the behavior of the electromechanical impedance curves 
during the application of the Park et al. [26] technique is 
presented in Appendix 1. However, if the frequency range 
increases, this technique becomes less effective to com-
pensate the temperature effects and it can fail to detect the 
damage depending on the temperature for the unknown 
structural condition when it is different from the reference 
temperature. This characteristic is demonstrated herein. 
Then, this article introduces a new approach to overcome 
this practical limitation.

In their article, Park et al. [26] analyze the real part of the 
electromechanical impedance and because it is more sensi-
tive to the changes in physical and/or geometric character-
istics in the mechanical systems [5, 7, 18].

2.2.2 � The proposed approach

This article aims to improve the Park et al. [26] technique 
by introducing a strategy to remove parts of the EMI 
curves obtained in a temperature Td which present impor-
tant discrepancies in the EMI real part when comparing 
with the reference signal measured in a temperature Tr . 
These differences of shape are illustrated in the schematic 
drawing shown in Fig. 2, in which two rectangles are used 
to highlight the frequency ranges with higher differences.

The approach considers parts of the clipped EMI curve 
measured in a different temperature Td from the reference 
temperature Tr , in which the EMI baseline signal is previ-
ously measured, and employs the undamaged signal for its 
execution. Then, the following procedure is computationally 
implemented and performed:

(3)Re(ZD(�k)) = Re(ZD(�k)measured) + �
S

•	 Step 1 Consider the frequency ranges and temperatures 
to be used for the application of this new approach. It is 
recommended to consider the entire measured frequency 
range in which the EMI is measured instead of a smaller 
frequency range.

•	 Step 2 Identify the curve peaks in the reference signal to 
remove the influence due to environmental temperature 
when performing the measurements. The procedure is 
done by applying the prominence parameter. The func-
tion takes the signal and finds all local maxima by sim-
ple comparison of neighboring values. The prominence 
of a peak measures how much a peak stands out from 
the surrounding signal and is defined as the vertical dis-
tance between the peak and its lowest contour line. In 
practice, the analyst needs to observe the original curve 
and defines a minimum value to establish this contour 
line. This procedure is employed to avoid detecting small 
peaks associated to the noise influence on the measured 
signal. A greater prominence corresponds to a higher 
EMI peak.

•	 Step 3 Remove the corresponding frequency ranges 
which contain the peaks to eliminate their influence on 
the EMI curves. Figure 3(a) illustrates the real part of a 
generic EMI signal and Fig. 3(b) shows it after removing 
the frequency ranges associated with the peaks. Note that 
there are limiting frequencies flimi

 , i = 1, 2, ..., 2Npk + 2 
for a given number of peaks Npk . The new clipped fre-
quency range fcp considered to evaluate the EMI curve 
in the proposed damage detection process is defined by: 

Nr points to the right and left-hand sides of each peak 
are taken from the original frequency for , obtaining the 
clipped frequency fcp , and the corresponding number of 
points are given by: 

(4)fcp = [flima
, flimb

],

{

a = 1, 3, ...,Npk + 1

b = 2, 4, ...,Npk + 2

Fig. 2   Representation of typical discrepancies between the compen-
sated ( Zd ) and reference ( Zr ) EMI curves
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Nr is obtained by selecting the smallest number of points 
for which the introduced parameter S assumes its approx-
imately stable value, which usually corresponds to a 
numerical variation small than 0.001. S is defined by the 
division between the amplitude of the real part of the 
clipped signal ΔZcp

 and the amplitude of the real part of 
the original signal ΔZor

 , as shown in Eq. (6). The values 
of S are computed for different Nr until it assumes its 
stable value. Figure 4 shows the behavior of S when vary-
ing the number of points removed from the curve and 
highlights the chosen Nr number of points by the biggest 
red circle. 

 where 

•	 Step 4 find the differences in the means (absolute value) 
of the signals compared to the reference curve. The 
frequency fcp is divided into nf  frequency intervals or 
sub-bands, which are employed to analyze the absolute 
difference between the mean value of the reference sig-
nal and the mean value of the unknown signal in that 
sub-band. These frequency intervals, fsub , is defined as: 

(5)Ncp = Nor − 2Nr × Npk

(6)S =
ΔRe(Zcp)

ΔRe(Zor)

(7)ΔZ( )
= max(Z( )) − min(Z( ))

Fig. 3   Signal (a) before and (b) after removing the frequencies asso-
ciated with the peaks, where n = 2Npk + 2

 In the present article are used nf = 21 intervals. Note that 
the standard deviation (Eq. 9) can be computed by con-
sidering Ndif  . However, if nf ≤ 20 , the common statistical 
approach suggests using (Ndif − 1) instead. In practice, 
several computational tests indicate that nf > 20 provides 
accurate results for this proposed approach. Then, Eq. 
(9) is employed to calculate the standard deviation of 
the mean differences vector, Dif, where Dif  is its aver-
age value. 

 where 

 The width of the sub-bands is determined and a tempera-
ture of the electromechanical impedance signal is selected 
to perform the difference analysis. Then, the vector Dif 
of the mean differences (absolute value) is computed for 
each sub-band as shown in Eq. (11), where Z̄R and Z̄D are 
the average values of the two electromechanical imped-
ance signatures ZR(�) and ZD(�) , respectively. 

 where 

(8)
fsub = [fcp1+a∗Ndif

, fcpNdif +a∗Ndif
],

a = 0, 1, 2, ..., nf

(9)
�Dif =

�

�

�

�

�

�

21
∑

i=1

(Difi − Dif )2

Ndif

(10)Ndif = int

(

Ncp

nf − 1

)

(11)
Dif =

{

∣ Z̄R1
− Z̄D1

∣ ∣ Z̄R2
− Z̄D2

∣ ...

∣ Z̄Rnf

− Z̄Dnf

∣

}

Fig. 4   S-parameter curve as a function of Nr and the number of points 
chosen in red ( Nr3)
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 in which Eq. (13) uses the remaining points of the 
clipped signal to determine the average electromechanical 
impedance, which are calculated as: Ncp − (nf − 1)Ndif .

	   The proposed procedure requires to define whether the 
chosen temperature is higher or lower than the reference 
temperature, since the curves of the vector of differences 
presented relatively different behaviors as a function of 
this condition. In the case of temperatures below the ref-
erence temperature, the selected frequency range is deter-
mined by selecting the largest frequency interval whose 
Dif is less than �Dif  . On the other hand, for temperatures 
above the reference temperature, the selected frequency 
range is determined by selecting the largest frequency 
interval whose Dif is less than its average, Dif  . This pro-
cess is repeated for all temperatures chosen in Step 1. 
Lastly, the intersection of all the selected ranges obtained 
for each temperature is determined, thus obtaining the 
final selected frequency range. The step-by-step of this 
stage is introduced in the flowchart shown in Fig. 5.

	   Figure 6 contains the curves of the mean differences 
obtained for an arbitrary signal at a different temperature 

(12)Z̄( )y =

∑

i=fsubx

Z( )(𝜔i)

Ndif

, x, y = 1, 2, ..., nf − 1

(13)
Z̄( )nf

=

∑

i=fsubnf

Z( )(𝜔i)

Ncp − (nf − 1)Ndif

Td above and below the reference temperature. The red 
thick line indicates the selected frequency range, since 
it corresponds to the largest part whose Dif is less than 
�Dif  , for Td < Tr , or Dif  , for Td ⩾ Tr . Note that there are 
some blank spaces, which correspond to the location of 
the removed peaks.

2.3 � Quantitative analysis

Quantitative damage characterization is commonly performed 
using metric indexes [13, 35]. The Mean Square Devia-
tion (RMSD) and Correlation Coefficient Deviation Metric 
(CCDM) are considered in this present article due to their 
simplicity and good results [8, 14]. These damage metrics 
compare two electromechanical impedance signals. One of 
them is obtained for the undamaged structure (reference value) 
and the other one corresponds to the unknown structural con-
dition. The RMSD index is more sensitive to changes in the 
magnitude of EMI curves, whereas the CCDM index is more 
affected by frequency shifts [4].

The RMSD index is computed as presented in Eq. (14). 
The higher RMSD value, the more likely the structure is 
damaged [4, 18, 26].

The CCDM index is presented in Eq. (15). This index is 
defined as the subtraction between 1 and the cross-correla-
tion coefficient CC , given by [4, 18]

(14)RMSD =

N
∑

i=1

√

[ZD(�i) − ZR(�i)]
2

[ZR(�i)]
2

(15)CCDM = 1 − CC

(16)CC =

N
∑

i=1

[ZR(𝜔i) − Z̄R][ZD(𝜔i) − Z̄D]

�

N
∑

i=1

�

ZR(𝜔i) − Z̄R
�2

�

N
∑

i=1

�

ZD(𝜔i) − Z̄D
�2

Fig. 5   Flowchart showing the step-by-step of stage 4

Fig. 6   Mean differences curves of an illustrative and arbitrary signal. 
Blue-dashed line corresponds to the standard deviation of this vector 
and red solid line represents the selected range limits
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Fig. 7   Experimental setup employed to measure the EMI signals

Table 1   Geometric characteristics of the beam and the PZT

Properties Beam PZT

Length (mm) 500 10
Width (mm) 13 5
Thickness (mm) 3 0.7

Fig. 8   Beam-like structure with a PZT transducer and both types of 
damages (damage 1 and damage 2) considered in this work

Table 2   Selected temperatures for the undamaged and damaged sig-
nals, with the reference signature (24°C) highlighted by a red rectan-
gle

Temperature Undamaged Damage 1 Damage 2
1 -10°C -10°C -10°C
2 4°C 5°C 5°C
3 24°C 25°C 25°C
4 36°C 35°C 35°C
5 52°C 50°C 50°C
6 64°C 65°C 65°C
7 80°C 80°C 80°C

Data presented as number (%)
n Number, (f) Fisher’s exact test

The lower CC value, the greater the difference between the 
EMI curves, implying a higher severity of damage.

3 � Results and discussion

This section presents a description of the experimental tests 
performed to collect the electromechanical impedance signals, 
the selected data and the results obtained after applying the 
Park et al. [26] technique and this proposed new approach.

The experimental tests consisted of collecting electrome-
chanical impedance signals from an aluminum beam with 
a PSI-5H4E piezoelectric transducer from Piezo SystemsⓇ . 
Figure 7 shows a schematic illustration of the experimen-
tal setup. A National InstrumentsⓇ board model NI-USB 
6211 (16 bits) has been used. In addition, the impedance 
analyzer software developed by Baptista and Filho [5], in 
a LabVIEWⓇ environment and a protoboard with a small 
resistor with electrical resistance of 10 k Ω have been con-
sidered to establish the auxiliary electric circuit and, then, 
the data acquisition system.

The aluminum beam was considered in free-free bound-
ary condition and it was inserted into a ThermotronⓇ ther-
mal chamber S-Series to simulate different environmental 
temperatures. Geometric characteristics for both beam and 
piezoelectric transducer are presented in Table 1.

The EMI signals were measured for different temperatures 
in a range from – 10 to 80 ◦ C, which corresponds to a repre-
sentative range of operation for different types of structures. 
An incremental step of 2 and 5 ◦ C was considered for the 
non-damaged and damaged condition, respectively. A sinu-
soidal frequency sweep with an amplitude of ± 5 V in a fre-
quency range of 0–125 kHz was used to excite the structure 
through the PZT. Two types of damage were considered (both 

20 cm from the PZT). The first one is the addition of a 4.89 g 
durepoxy mass (damage 1) and the second one is a 4 mm 
introduced mechanical cut (damage 2), as shown in Fig. 8.

The seven selected temperatures for the undamaged and 
damaged signals are shown in Table 2, and the reference sig-
nature (at 24 ◦ C) is highlighted by a red rectangle. Note that 
different temperatures are considered to demonstrate the pro-
posed approach, and four different frequency ranges are evalu-
ated, as shown in Table 3, where fmin and fmax are the mini-
mum and maximum frequencies for each frequency range.

Figures 9, 10 and 11 show the curves of the real part 
of the electromechanical impedance of the signals with 
and without damage (i.e., damaged and undamaged struc-
ture) at those selected temperatures on the frequency range 
number 4, i.e., with 45 kHz of bandwidth. The real part of 
the EMI is considered to employ this approach because it 
is more sensitive to the temperature effect, in comparison 
with the total electromechanical impedance signal [25]. 
The reference EMI curve is also shown to allows one the 
comparison among the curves, which is due to the tem-
perature, and the differences can be easily identified by a 
visual inspection.
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Table 3   Different frequency ranges (FR) investigated in this article

Number fmin (kHz) fmax (kHz) Band-
width 
(kHz)

1 30 45 15
2 30 60 30
3 30 65 35
4 30 75 45

Fig. 9   Real part of the electromechanical impedance (undamaged 
condition) at different temperatures

Fig. 10   Real part of the electromechanical impedance (damage 1) at 
different temperatures

Fig. 11   Real part of the electromechanical impedance (damage 2) at 
different temperatures

Figures 12, 13 and 14 show the EMI signal after apply-
ing the approach proposed by Park et al. [26]. These results 
respectively present the signals for the undamaged condi-
tion, with damage 1 (added mass) and damage 2 (mechani-
cal cut) for two different frequency ranges, corresponding 

to the bandwidths 3 and 4, i.e., 35 and 45 kHz bandwidths 
(see Table 3). The results for those other bandwidths are 
presented in Appendix 2. The results shown in Figs. 12, 13 
and 14 reveal differences among the curves, mainly when 

Fig. 12   Real part of the electromechanical impedance (undamaged 
condition) using Park et  al. [26] compensation technique for two 
frequency bandwidths: 35 and 45 kHz. Curves for the temperatures 
−10 ◦ C, 4 ◦ C, 24 ◦ C (reference), 36 ◦ C, 52 ◦ C, 64 ◦ C and 80 ◦C



Journal of the Brazilian Society of Mechanical Sciences and Engineering (2023) 45:228	

1 3

Page 9 of 17  228

comparing their peaks and the values in higher frequencies 
for the three different signal types (undamaged, damage 1 
and 2) as the frequency bandwidth increases and details are 
shown in Fig. 15.

The behavior described above is verified because the off-
set of the peak values at high frequencies are greater than 
those ones verified at low frequencies. Consequently, a bet-
ter result in the horizontal axis of the curves (i.e., in the 
frequency) occurs for peaks whose frequency shifts have 
values close to each other. On the other hand, the effective-
ness of the approach to compensate the temperature effect in 
the vertical axis (i.e., in the magnitude) also decreases when 
increasing the frequency range investigated (i.e., the band-
width), mainly due to add a constant value �S for the entire 
analyzed frequency range. This characteristic is confirmed 
by investigating the curves for the three structural condi-
tions: undamaged (healthy) and damage 1 and 2.

The results of a quantitative analysis of this proposed 
technique are presented in Figs. 16 and 17. They show the 
differences between the RMSD (in Fig. 16) and CCDM (in 
Fig. 17) values computed for both damaged and undamaged 
conditions when applying the Park et al. [26] technique and 
using the EMI curve measured at two different temperatures. 

The results are computed for both types of damage and con-
sidering the frequency ranges numbers 3 and 4 (see Table 3). 
Note that the damage is detected for each particular tem-
perature if these indexes of differences are positive values. 

Fig. 13   Real part of the electromechanical impedance (damage 
1) using Park et  al. [26] compensation technique for two frequency 
bandwidths: 35 and 45 kHz. Curves for the temperatures −10 ◦ C, 5 
◦ C, 25 ◦ C, 35 ◦ C, 50 ◦ C, 65 ◦ C and 80 ◦C

Fig. 15   A zoomed view for two frequency ranges of the undamaged 
EMI curve shown in Fig. 12 (lower)

Fig. 14   Real part of the electromechanical impedance (damage 
2) using Park et  al. [26] compensation technique for two frequency 
bandwidths: 35 and 45 kHz. Curves for the temperatures −10 ◦ C, 5 
◦ C, 25 ◦ C, 35 ◦ C, 50 ◦ C, 65 ◦ C and 80 ◦C
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On the other hand, if the index is equal to zero, there is no 
damage, and there is false negative if the index is a negative 
value, i.e., it does not detect the damage due to the influ-
ence of the temperature. The results for the frequency ranges 
number 1 and 2, which correspond to the bandwidths 15 and 
30 kHz, are presented in Appendix 2.

The results for both indexes (RMSD and CCDM) reveal 
that the Park et al. [26] technique allows one to detect both 
types of damage in different temperatures. However, in 
particular at the temperature of 65 ◦ C the RMSD-based 
index (Fig. 16) fails to detect both damage types using the 
frequency range number 4. It also fails to detect damage 
type 2 using the frequency range number 3. In addition, the 
approach fails when using the CCDM-based index corre-
sponding to the temperature −10 ◦ C for the frequency range 
with bandwidth 45 kHz (damage 2, Fig. 17). These cases 
with false negatives in terms of damage detection and their 
corresponding temperatures are highlighted by red circles 
in both Figs. 16 and 17. These results demonstrate that the 
frequency range considered to compute damage detection 

indexes affects the accuracy of the structural monitoring 
when using the Park et al. [26] technique. In addition, the 
results shown that large bandwidths in frequency are more 
susceptible to involve low accurate detections, which can 
imply more false negatives in terms of the damage presence.

3.1 � Analysis of the new approach

The new approach proposed in this article is demonstrated 
by considering the EMI signals presented in Fig.  18, 
which contains the reference signal (measured at 24 ◦C). 
The signals obtained for the temperatures −10 ◦ C and 80 
◦ C are used to employ the approach proposed herein, and 
the procedure is applied for the frequency range number 
3, which corresponds to the bandwidth 35 kHz, without 
loss of generality. This frequency range is arbitrarily used 
to compute the more convenient frequency range based on 
the proposed approach (see Sect. 2.2.2). Figure 18 shows 
the signals obtained after applying Park et al. [26] tech-
nique, and these signals are used to apply the proposed 

Fig. 16   Difference between the RMSD values computed for the sig-
nals in the damaged and undamaged conditions compensated by Park 
et al. [26] technique for the FR numbers 3 and 4. Yellow slanted bar 
hatch depicts damage 1, blue bar with horizontal hatch represents 
damage 2 and red circle indicate the false negatives

Fig. 17   Difference between the CCDM values computed for the sig-
nals in the damaged and undamaged conditions compensated by Park 
et al. [26] technique for the FR numbers 3 and 4. Yellow slanted bar 
hatch depicts damage 1, blue bar with horizontal hatch represents 
damage 2 and red circle indicate the false negatives
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approach. Then, considering the selected frequency range, 
the approach is employed for the EMI signals, as shown 
through the following results.

According to the proposed approach, the important part 
of the procedure is to identify the peak values in the real part 
of the EMI. Figure 19 shows the curve for the reference tem-
perature (24 ◦C), and the peaks are highlighted by red symbols 
( × ). Note that even small peaks are identified by employing 
the prominence equal to 2, and their associated frequencies 
are accurately determined based on their corresponding posi-
tion in the frequency vector. Based on the S × Nr plot, and 
the proposed parameter S achieves a numerically stable value 
when considering Nr ≈ 300 points. The corresponding values 
are shown in Table 5 (see Appendix 3 for details).

Figure 20 shows the considered signal parts after remov-
ing the peak values influence, i.e., the clipped curves. Note 
that a higher influence of the peak values is still verified for 
the signals at Td . The curves of the means differences are 
obtained by considering Ndif  equal to 1224 points. Figure 21 
shows the vector Dif for the temperature −10 ◦ C (left-hand 
side) and 80 ◦ C (right-hand side), and note that different 
behaviors are verified when comparing them with each 
other. These behaviors suggest that different strategies need 
to be applied to select the frequency range depending on the 
temperature in relation to the reference temperature (i.e., if 
it is higher or lower than the reference temperature). Then, 
the employed procedure considers the frequency range 
selection based on the temperature, such that it corresponds 
to the range in which the values of Dif are smaller than its 
standard deviation �Dif  if Td < Tr . On the other hand, if 
Td ⩾ Tr , the selected frequency range corresponds to the 
range in which the values of Dif are smaller than its mean 
Dif  . Using this strategy of selection, it is possible to evalu-
ated more accurately the EMI signals measured at different 
temperatures.

The strategy employed to select the frequency range is 
also applied to those different temperatures for the undam-
aged system, i.e., 4 ◦ C, 36 ◦ C, 52 ◦ C and 64 ◦C.

Figures 22 and 23 present respectively the re-computed 
RMSD and CCDM-based indexes considering the selected 
frequency ranges. Note that the results demonstrate that both 
types of damages are detected for all those temperatures. i.e., 

Fig. 18   Real part of the electromechanical impedance (undamaged 
condition) after applying Park et al. [26] compensation technique in 
the frequency range number 3 (bandwidth 35 kHz). They are used to 
employ the proposed approach

Fig. 19   Reference signal (real part of the EMI) and peak values iden-
tified

Fig. 20   Clipped EMI curves. Left-hand side: curves at the reference 
temperature, and right-hand side: curves for three different temperatures

Fig. 21   Curves of the absolute differences of the means for the tem-
perature −10 ◦ C and 80 ◦ C. The yellow region represents the selected 
frequency range, which is 39.72 to 51.89 kHz for Td = −10 ◦ C and 
31.82 to 53.71 kHz for Td = 80 ◦C
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the false negatives are eliminated. Only the indexes results 
for frequency ranges number 3 and 4 (i.e., bandwidths 35 
and 45 kHz) are shown in this section, since these were the 
only ones that showed false negatives. The recomputed indi-
ces of frequency range number 2 (bandwidth 30 kHz) are 
presented in Appendix 1. However, the new approach cannot 
be applied to frequency band number 1 (bandwidth 15 kHz), 
since its S-parameter curve has not stabilized, as can be seen 
in Appendix 3.

Theoretically, if the EMI curve is smooth and multiple 
sharp peaks are not verified in the measured frequency 
range, the technique performance can be reduced. However, 
Liang et al. [20] note that the EMI exhibits well defined 
peaks (resonance) of the electromechanical system occur 
for each frequency in which the actuator impedance and the 
structural impedance matches to each other. Then, in prac-
tice this proposed approach can be successfully employed if 
there are matches between the actuator and structural imped-
ance, which requires to properly select the PZT actuator for 
each particular structure.

4 � Conclusions

This work introduced an enhancement in the temperature 
compensation technique proposed in the literature to use the 
electromechanical impedance technique for damage detection. 
The EMI curves for different frequency ranges are evaluated, 
which allows one to contribute to the practical application of 
the technique in monitoring real systems. The compensation 
of the temperature effects were investigated for an aluminum 
beam including different conditions, which correspond to the 
damaged and undamaged structure in four different frequency 
ranges, resulting the bandwidths 15, 30, 35 and 45 kHz.

The experimental results demonstrated that when using a 
classical technique from the literature, a less effective per-
formance can be observed if the frequency range increases, 
in the sense of compensating the temperature effects on the 
EMI curves. However, the proposed approach reduces these 
effects, and it is demonstrated for the three different struc-
tural conditions evaluated herein (non-damage, damage 1 and 
2). The findings are observed in both vertical (magnitude) 
and horizontal (frequency) compensation. Furthermore, 
both RMSD and CCDM-based indexes demonstrate that the 

Fig. 22   Difference between the RMSD values computed for the sig-
nals in the damaged and undamaged conditions after applying the new 
approach for the FR numbers 3 and 4. Yellow slanted bar hatch depicts 
damage 1 and blue bar with horizontal hatch represents damage 2

Fig. 23   Difference between the CCDM values computed for the sig-
nals in the damaged and undamaged conditions after applying the new 
approach for the FR numbers 3 and 4. Yellow slanted bar hatch depicts 
damage 1 and blue bar with horizontal hatch represents damage 2
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proposed procedure to select the frequency range for the tem-
perature compensation technique improves the damage detec-
tion by eliminating those false negatives obtained through the 
original technique from the literature. In this sense, the pro-
posed approach can contribute to establishing more efficient 
structural health monitoring systems involving EMI signals 
measured in different environmental temperatures.

Table 2 shows that the temperature for undamaged and 
damaged conditions can exhibit a small difference. The 
results demonstrate that differences around 1 ◦ C between 
them do not affect the performance of this proposed tech-
nique. However, the maximum limit of this difference is not 
investigated in this present study. Then, a good practice for 
applying this proposed approach is to measure the EMI for 
both undamaged and damaged (i.e., unknown structural con-
dition) conditions at the same temperature.

Appendix 1 Overview on the Park et al. [26] 
compensation technique

This appendix shows the EMI curves when applying the 
Park et al. [26] temperature compensation technique. Fig-
ure 24 shows the real part of the EMI obtained for the alu-
minum beam in the undamaged condition in two different 
temperatures (10 and 30 ◦ C) and 4 different stages of the 
method (i.e., iterations). The values of Va and �S for each 
iteration are shown in Table 4. After the first iteration the 
difference in the vertical axis reduced by summing �S to the 
curve. This parameter presents a small variation even after 
multiple iterations, as shown in Table 4. This character-
istics is verified because �S is computed by the difference 
between ZR and the measured signal shifted horizontally.

Park et al. [26] verified that it is possible to detect dam-
ages in the incipient phases, even considering temperature 

variations from 25 to 75 ◦ C, with a step of 12.5 ◦ C. The 
experiments were carried out in different frequency ranges 
according to the monitored structure: carbon steel beam 
(70–80 kHz), bolted pipe joint (70–80 kHz), gears (190–220 
kHz), and composite-reinforced structure (54–63 kHz).

Appendix 2 Results for the frequency ranges 
numbers 1 and 2 (Table 3)

Figures 25, 26 and 27 show the EMI signal after apply-
ing the approach proposed by Park et al. [26]. These fig-
ures contain, respectively, the signals for the undamaged 

Table 4   Values of Va and �S in each iteration

Iteration Va [ Ω2] �
S [ Ω]

0 4242589.902 −17.486
1 970046.711 −17.571
101 593727.990 −17.486
202 143901.751 −17.401

Fig. 24   Real part of electromechanical impedance at different itera-
tions of Park et al. [26] technique: 10 °C (black continuous line) and 
30 °C (blue-dashed line)

Fig. 25   Real part of the electromechanical impedance (undamaged 
condition) using Park et  al. [26] compensation technique for two 
frequency bandwidths: 15 and 30 kHz. Curves for the temperatures 
−10 ◦ C, 4 ◦ C, 24 ◦ C (reference), 36 ◦ C, 52 ◦ C, 64 ◦ C and 80 ◦C
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condition, with damage 1 (added mass) and damage 2 
(mechanical cut) for two different frequency ranges, cor-
responding to the bandwidths 15 and 30 kHz. The values 
of the difference between the RMSD and CCDM of the 
signals for both damaged and undamaged conditions are 
shown in Figs. 28 and 29. Figure 30 shows similar results 
regarding damage detection (i.e., no false negatives) for 

the frequency range number 2 (bandwidth 30 kHz) after 
applying the new approach. On the other hand, Appendix 
3 shows that this approach can not be successfully applied 
by considering the frequency range number 1 because a 
stable value of S is not achieved.

Fig. 26   Real part of the electromechanical impedance (damage 
1) using Park et  al. [26] compensation technique for two frequency 
bandwidths: 15 and 30 kHz. Curves for the temperatures −10 ◦ C, 5 
◦ C, 25 ◦ C, 35 ◦ C, 50 ◦ C, 65 ◦ C and 80 ◦C

Fig. 27   Real part of the electromechanical impedance (damage 
2) using Park et  al. [26] compensation technique for two frequency 
bandwidths: 15 and 30 kHz. Curves for the temperatures −10 ◦ C, 5 
◦ C, 25 ◦ C, 35 ◦ C, 50 ◦ C, 65 ◦ C and 80 ◦C
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Fig. 28   Difference between the RMSD values computed for the sig-
nals in the damaged and undamaged conditions compensated by Park 
et al. [26] technique for the FR numbers 1 and 2. Yellow slanted bar 
hatch depicts damage 1 and blue bar with horizontal hatch represents 
damage 2

Fig. 29   Difference between the CCDM values computed for the sig-
nals in the damaged and undamaged conditions compensated by Park 
et al. [26] technique for the FR numbers 1 and 2. Yellow slanted bar 
hatch depicts damage 1 and blue bar with horizontal hatch represents 
damage 2
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Appendix 3 Analysis of the S‑curve

Table 5 shows the values of S for each frequency range. 
Note that it is numerically approximately a constant value 
(around 103 ) for the frequency ranges 2, 3 and 4. However, 
its variation is more significant for the frequency range 
number 1.

This behavior suggests that the approach can not be suc-
cessfully applied when using this frequency range. Then, 
the evaluation of the parameter S is an important part of this 
proposed strategy to select the frequency range.
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