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a  b  s  t  r  a  c  t

Structural  health  monitoring  (SHM)  systems  with  damage  detection  based  on  the electromechanical
impedance  (EMI)  method  have  received  attention  in recent  decades  because  of  the  simplicity  of the
methodology,  which  is  based on the  use of  small  and  lightweight  piezoelectric  transducers  that  oper-
ate  simultaneously  as  sensors  and  actuators.  Typically,  the  piezoelectric  transducers  used  in  the EMI
method  have  been  thin  PZT (lead  zirconate  titanate)  ceramics,  which  can  be cut  into  different  sizes  and
shapes.  In this  study,  an experimental  analysis  of  the  feasibility  of  low-cost  piezoelectric  diaphragms,
commonly  known  as buzzers,  for damage  detection  based  on  the  EMI  method  is  presented.  Diaphragms
of  different  sizes  were  evaluated  in  aluminum  beams,  and  the  experimental  results  were  compared  with
those  obtained  from  a conventional  PZT  ceramic.  Four  types  of  experiments  were  performed:  sensitivity
HM
mpedance
amage detection
easibility

estimation  using  the pencil  lead break  (PLB)  method,  analysis  of  the  ability  to detect  structural  dam-
age  using  conventional  impedance  signatures  and  damage  indices,  analysis  of  temperature  effects,  and
determination  of the  long-term  reproducibility  of the  results.  The  results  indicate  that  a conventional
PZT  ceramic  and  a diaphragm  of  similar  size  have  similar  reproducibilities  and  sensitivities  to  damage
and  temperature  effects.

©  2015  Elsevier  B.V.  All  rights  reserved.
. Introduction

Piezoelectric diaphragms, which are commonly known as
uzzers, are simple acoustic components that are widely used in a
ariety of electronic devices to produce a sound, such as an alarm,
eep, or ringing. In this study, we performed an experimental anal-
sis of the feasibility of these acoustic components for detecting
tructural damage in structural health monitoring (SHM) applica-
ions based on the electromechanical impedance (EMI) principle.

SHM systems [1,2] are able to detect incipient structural dam-
ge, thereby increasing safety and reducing maintenance costs.
xamples of the various structures that can be monitored include
ridges, aeronautical structures, pipelines, dams and oil platforms.
he detection of damage should be performed using a minimally
nvasive method, known as nondestructive evaluation (NDE) or

ondestructive testing (NDT) [3]. There are many methods for
etecting damage and other changes in structure, such as acous-
ic emission (AE) [4], eddy current [5], Lamb waves [6], methods

∗ Corresponding author.
E-mail addresses: fabriciogb@feb.unesp.br, fabriciogb@ieee.org

F. Guimarães Baptista).

ttp://dx.doi.org/10.1016/j.sna.2015.11.031
924-4247/© 2015 Elsevier B.V. All rights reserved.
based on fiber-optic sensors [7], and comparative vacuum [8]. In
this study, we  focused on damage detection based on the EMI
method, which uses small, lightweight piezoelectric transducers
that are adhered to the monitored structure.

The EMI  method [9–12] is based on the piezoelectric effect.
When a piezoelectric transducer is fastened to a structure, an inter-
action occurs between the mechanical properties of the structure
and the electrical impedance of the transducer. Therefore, it is pos-
sible to detect changes in the mechanical properties of the structure
caused by damage simply by measuring the electrical impedance
of the transducer.

The transducers used in EMI  and other NDT methods have com-
monly been PZT (lead zirconate titanate) ceramics [6,13,14], also
known as piezoelectric wafer active sensors (PWAS) [15], which are
typically fine ceramics coated on both sides with thin metal films
that act as electrodes. Our objective in this study is to experimen-
tally assess the feasibility of piezoelectric diaphragms compared
with conventional PZT ceramics. The piezoelectric diaphragms (or
buzzers) have a simple circular construction consisting of a brass

plate onto which a piezoelectric ceramic disc is fixed. These acous-
tic components are readily obtained and inexpensive, which make
them attractive for other applications besides producing sound.

dx.doi.org/10.1016/j.sna.2015.11.031
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
http://crossmark.crossref.org/dialog/?doi=10.1016/j.sna.2015.11.031&domain=pdf
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Several scientific studies have used piezoelectric diaphragms
s sensors or actuators in various applications. For example, they
ave been successfully used as the frictional element and mechan-

cal vibrator in a piezoelectric clutch mechanism [16], as active
lements in acoustic positioning (track-pad) applications [17], as
ensing elements in a pressure sensor design [18], as ultrasonic
ctuators [19], and as generators of electricity in energy-harvesting
pplications [20]. Diaphragm buzzers have also been used for dam-
ge detection in SHM applications. In [21], the authors used eight
iezoelectric diaphragms for damage detection in an aeronautical
anel based on the EMI  method. A single buzzer has been used in
22] to detect damage in aluminum beams using the EMI  method. In
ddition, the authors conducted a simple comparison between the
esults obtained using the buzzer and a conventional PZT ceramic.
ets of two piezoelectric diaphragms were used in [23] to identify
tructural damage in active plates with indices based on Gaussian
onfidence ellipses of the electromechanical admittance. Damage
etection based on other methods using low-cost diaphragms has
lso been reported [24,25], indicating the feasibility of these simple
coustic components.

Although these studies reported the feasibility of piezoelec-
ric diaphragms for structural damage detection, a more detailed
nalysis and comparison with conventional transducers is still
equired, especially for the EMI  method. Therefore, in this study,
e performed a detailed experimental analysis of the feasibility of
iezoelectric diaphragms for detecting damage based on the EMI
ethod. Tests were performed on aluminum beams, and piezoelec-

ric diaphragms of different sizes were analyzed to determine their
ensitivities to structural damage and temperature effects as well as
he reproducibility of the results. Furthermore, the results obtained
sing the diaphragms were compared with those obtained using a
onventional PZT ceramic.

Our paper is organized as follows: The background of the EMI
ethod is presented in Section 2. Section 3 describes the piezo-

lectric diaphragms and the conventional PZT ceramic device used
n this study. The experimental setup is shown in Section 4. Sec-
ion 5 presents the experimental results. The article ends with the
onclusions in Section 6 and the references.

. Electromechanical impedance (EMI) method

The detection of structural damage based on the EMI  method is
nique because it has a very simple methodology. Fig. 1 shows the
asic configuration of the method in which a PZT patch is attached
o the structure to be monitored.

A measuring system excites the patch and measures its electri-
al impedance (ZE(ω)) over a suitable frequency range. Therefore, in
he EMI  method, the piezoelectric transducer operates simultane-
usly as a sensor (direct piezoelectric effect) and actuator (reverse
iezoelectric effect). The direct and reverse linear piezoelectric
ffects are given by Eqs. (1) and (2), respectively, as follows [26]:

i = diklTkl + �T
ikEk (1)

ij = sE
ijklTkl + dkijEk (2)

here E and D are the components of the electric field inten-
k i

ity and electric displacement, respectively; dikl and dkij are the
iezoelectric constants; sE

ijkl
are the elastic compliance constants at

onstant electric field; �T
ik

are the dielectric constants at constant

Fig. 1. Basic configuration of the EMI  method.
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stress; Tkl and Sij are the stress and strain components, respectively;
and i, j, k, and l have values of 1, 2, and 3 representing the axes of
the natural coordinate system of the piezoelectric material.

Based on the piezoelectric constitutive equations shown in Eqs.
(1) and (2), it is possible to relate the electrical impedance of
a PZT patch, as shown in Fig. 1, to the mechanical impedance
of the monitored structure. Many electromechanical models [27]
have been proposed to relate the electrical and mechanical quan-
tities. A pioneering study was conducted by Liang et al. [28]. in
which the electrical impedance of the PZT patch considering a one-
dimensional assumption is given by

ZE(ω)  = 1
jωa

(�T
33 − ZS(ω)

ZE(ω) + ZP(ω)
d2

31

sE
11

)
−1

(3)

where ZE(ω) is the electrical impedance of the PZT patch at angular
frequency ω, which should vary within an appropriate range; ZP(ω)
and ZS(ω) are the mechanical impedances of the PZT patch and the
monitored structure, respectively; a is a geometric constant that
depends on the shape and size of the patch; j is the unit imagi-
nary number; and �T

33, d31 and sE
11 are the same as defined before

considering a one-dimensional assumption.
According to Eq. (3), there is a relationship between the

electrical impedance ZE(ω) of the PZT patch and the mechan-
ical impedance ZS(ω) of the monitored structure. Variations in
the mechanical impedance caused by damage or other alter-
ations in the structure, such as cracks, corrosion, and loosening of
bolted connections, cause corresponding variations in the electri-
cal impedance of the PZT patch. Therefore, the structure can be
monitored and damage can be detected by analyzing the electrical
impedance of the patch, which is easily measured.

The electrical impedance obtained from the PZT patch is com-
plex, with a real part (resistance) and an imaginary part (reactance).
Typically, the real part is used for structural monitoring because it
is more sensitive to damage or changes in the structure’s integrity
[29]. The damage detection is performed using a damage index,
which compares two  electrical impedance signatures over an
appropriate frequency range. One of these signatures is obtained
when the structure is healthy and used as a reference, known as
the baseline. One of the damage indices most widely used in the
EMI  method is the root-mean-square deviation (RMSD), which is
given by [1]

RMSD=
ωF

�
ω=ωI

√
[Re (Z2 (ω)) − Re (Z1 (ω))]2

Re (Z1 (ω))2
(4)

where Re(Z1(ω)) is the real part of the baseline signature, Re(Z2(ω))
is the real part of the impedance signature after possible damage,
and RMSD is the index calculated in the frequency range with initial
frequency ωI and final frequency ωF.

In the past, impedance measurements were typically performed
with expensive commercial impedance analyzers, which have
many features not required for the EMI  method. Many researchers
have proposed alternative measurement systems [12,30,31] to sim-
plify the measurement of impedance and lower its cost.

The piezoelectric diaphragms and the conventional PZT ceramic
used in this study are presented in the next section.

3. Piezoelectric diaphragms

PZT ceramics have traditionally been the most common trans-
ducers used in the EMI  method. These ceramics are thin, typically

ranging from 0.1 to 2 mm in thickness. These devices are usually
coated on both sides with metal films functioning as electrodes,
and they are produced in different sizes and shapes. Our proposal
was to experimentally evaluate the feasibility of the use of piezo-
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Table 1
Dimensions and properties of the piezoelectric diaphragms.

Model Brass plate Active element

Diameter(mm) Thickness(mm) Diameter(mm) Thickness(mm) d31(10−12 m/V) sE
11(10−12 m2/N) �T

33/�0

7BB-12-9 12.0 0.10 9.0 0.12 −207 15.8 2100
7BB-20-6 20.0 0.20 14.0 

7BB-27-4 27.0 0.30 19.7 

7BB-35-3 35.0 0.30 25.0 

e
p
s

c
m
i
e
P
b
a

N
s
1
A
U
T
c
i

(
d

d
s
u
a
t
b
d

T
D

Fig. 2. Piezoelectric diaphragm.

lectric diaphragms (buzzers) in the EMI  method; as mentioned
reviously, these diaphragms have been used in various scientific
tudies [16–25].

Piezoelectric diaphragms have a very simple construction. They
onsist of a circular piezoelectric ceramic (the active element)
ounted on a circular metal plate (the diaphragm). The ceramic

s coated with a thin, metallic film (usually silver) that serves as an
lectrode. Typically, the piezoelectric material is barium titanate or
ZT (not pure but doped), and the metal diaphragm is available in
rass (most commonly), nickel alloy, or stainless steel. Fig. 2 shows

 typical diaphragm and descriptions of its parts.
Four diaphragms of different sizes from Murata Electronics

orth America, Inc. (Smyrna, GA, USA) [32] were evaluated in this
tudy; the external diameters (brass plate diameter) ranged from
2 to 35 mm,  and the active element was a type P-7 PZT ceramic.

 conventional PZT-5A ceramic from Piezo Systems (Woburn, MA,
SA) [33] was used as a reference for comparison of the results.
he dimensions and properties of the diaphragms and conventional
eramic are presented in Tables 1 and 2, respectively, where �T

33/�0
s the relative dielectric constant and ε0 is the vacuum permittivity.

Fig. 3 shows (a) a comparison between the 7BB-20-6 diaphragm
20 mm)  and the conventional ceramic and (b) the different
iaphragms evaluated.

As apparent from Fig. 3(a) and Tables 1 and 2, the 7BB-20-6
iaphragm has an active element with dimensions and properties
imilar to those of the conventional ceramic. Therefore, this config-
ration allows for a direct comparison between the two transducers
nd an evaluation of the influence of the brass plate of the piezoelec-

ric diaphragms on the results. In addition to the direct comparison
etween the 7BB-20-6 diaphragm and the conventional ceramic,
iaphragms of different sizes were also compared. The experimen-

able 2
imensions and properties of the conventional PZT ceramic.

Model T107-A4E-273

Diameter (mm) 12.7
Thickness (mm) 0.191
d31 (10−12 m/V) −190
sE

11 (10−12 m2/N) 15.2
�T

33/�0 1800
0.22
0.24
0.23

tal procedure used to evaluate these transducers is presented in the
next section.

4. Experimental setup

To assess the feasibility of the diaphragms and compare the
results with those obtained using the conventional ceramic, tests
were performed on 500 × 38.10 × 3.18 mm  aluminum beams. The
transducers were bonded to the beams 30 mm from the beam
ends using cyanoacrylate glue. The transducers installed on the
aluminum beams are shown in Fig. 4.

Four types of tests were performed: assessment of the sensitiv-
ity to damage using the pencil lead break (PLB) method, assessment
of structural damage detection via the EMI  method based on the
electrical impedance signatures and the RMSD index, analysis of
the temperature effects, and long-term reproducibility.

The sensitivity of the transducers to structural damage was
assessed using the PLB method [34,35], which is a formal method-
ology adopted as a standard [36] for the generation of an acoustic
emission source. The test consists of breaking a pencil lead against
a structure or support on which the sensor is installed. The break-
ing of the lead releases an impulsive stress and an elastic wave
with a wide frequency spectrum, which can be used to assess the
piezoelectric transducers. We  used a mechanical pencil and a lead
with a diameter of 0.5 mm  and a length of 2 mm.  The lead was  bro-
ken at a distance of 100 mm from each transducer and an angle
of approximately 40◦ to the structure. The voltage signals from
each transducer were acquired at room temperature using a data
acquisition (DAQ) device (NI-USB-6361) with a sampling rate of
2 MS/s and a passive RC anti-aliasing filter with a cutoff frequency
of approximately 750 kHz, allowing for reliable analysis for fre-
quencies up to 500 kHz. The results were analyzed in the frequency
domain using averaged power spectral density (PSD), which was
calculated using 10 measurements of time-domain signals from
each transducer.

In the second test, the transducers were evaluated using the
conventional RMSD index. Structural damage was  induced in the
structures by adding a metal bolt (steel nut) of 8 × 4 mm and a mass
of approximately 1 g at a distance of 100 mm from each transducer.
Adding a bolt causes a change in the mechanical impedance of the
structure that can be related to damage. This procedure has the
advantage of not causing permanent damage to the specimens.

The EMI  method is highly sensitive to temperature variation
[29,37]. In the third test, to evaluate the performance of the piezo-
electric diaphragms at different temperatures and compare the
results with those obtained using the conventional ceramic, the
beams were heated using a heat gun, and the electromechani-
cal impedance signatures were obtained for temperatures ranging
from 20 to 70 ◦C in steps of 2 ◦C.

Typically, the detection and quantification of damage is per-
formed by comparing two impedance signatures using damage

indices; thus, the reproducibility of the impedance signatures is
important to avoid false-positive diagnoses. Therefore, the last test
examined the reproducibility of the results obtained using the
piezoelectric diaphragms by measuring the impedance signatures
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Fig. 3. (a) The 7BB-20-6 diaphragm and the conventional ceramic and (b) the diaphragms of different sizes evaluated.

ith the piezoelectric transducers.
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Fig. 5. PSDs obtained from the conventional ceramic and the 7BB-20-6 diaphragm
used in the PLB test.
Fig. 4. Aluminum beams w

very 24 h over one week at a temperature of 20 ◦C controlled by
n air conditioner.

The electrical impedance signatures were obtained using the
easurement system proposed in [31] with a multifunction DAQ

evice (NI-USB-6361) operating at a sampling rate of 2 MS/s
nd a personal computer running LabVIEW (National Instruments,
ustin, Texas, USA). The transducers were excited with a chirp sig-
al at 1 V of amplitude, and the signatures were obtained in the

requency range of 0–500 kHz in steps of 2 Hz.
The results are analyzed and discussed in the next section.

. Results and discussion

.1. Pencil lead break (PLB) test

The signals obtained from the PLB test were analyzed in the
requency domain by computing the PSD. A comparison of the
SDs obtained from the conventional ceramic and the 7BB-20-6
iaphragm, which has a piezoelectric element of similar size, is
hown in Fig. 5.

As shown in Fig. 5, the PSDs obtained from the conventional
eramic and the 7BB-20-6 diaphragm exhibit similar trends. This
mportant result indicates that a piezoelectric diaphragm with an
ctive element with dimensions similar to those of a conventional
ZT ceramic has a similar frequency response. Comparing the two
esults, the conventional ceramic has a higher PSD at frequencies
elow approximately 15 kHz. In contrast, the diaphragm provides a
igher PSD at high frequencies. However, both transducers exhibit

 decreasing trend in their PSDs as the frequency increases.

The results obtained from the other diaphragms of different

izes are shown in Fig. 6.
As in the previous result, the PSDs obtained for the other

iaphragm sizes show similar trends. At frequencies below approx-
Fig. 6. PSDs obtained from the piezoelectric diaphragms of different sizes used in
the PLB test.
imately 35 kHz, the smallest diaphragm (7BB-12-9) provides the
lowest PSD, and the 7BB-27-4 diaphragm provides the highest PSD.
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Fig. 7. Real parts of the impedance signatures of the conventional ce

owever, at high frequencies, the largest diaphragm (7BB-35-3)
rovides the lowest PSD, and the 7BB-20-6 diaphragm provides
he highest PSD.

According to the results reported in [35], the damage indices
alculated using the electrical impedance signatures exhibit trends
imilar to those of the PSDs obtained using the PLB test. The RMSD
ndices obtained from the conventional ceramic and piezoelectric
iaphragms for the purposes of detecting and quantifying struc-
ural damage are presented and discussed in the next section.

.2. Structural damage detection

The feasibility of a transducer for detecting structural damage
an be verified based on the damage indices. We used the RMSD
ndex, which was calculated using Eq. (4), and the real part of the
mpedance signature was used to improve the sensitivity to damage
29].

Fig. 7 shows the real parts of the electrical impedance signa-
ures obtained from the conventional PZT ceramic and the 7BB-20-6

iezoelectric diaphragm for the structure in a healthy condition
t 30 ◦C. Although the impedance signatures were measured over
he wide frequency range of 0–500 kHz, two sub-bands, i.e., (a)
0–50 kHz and (b) 290–300 kHz, are shown for comparison.

Fig. 8. Real parts of the impedance signatures of diaphragms 
and the 7BB-20-6 diaphragm in the two sub-band frequency ranges.

The resonance peaks are more pronounced at low frequencies
in the conventional ceramic and less pronounced in the diaphragm.
There are also changes in some resonance peaks, probably due to
the brass plate. At high frequencies, the two impedance signatures
exhibit similar trends, although the resonance peaks are more pro-
nounced in the diaphragm.

The real parts of the impedance signatures of piezoelectric
diaphragms of different sizes in the sub-bands of (a) 40–50 kHz
and (b) 290–300 kHz are shown in Fig. 8.

The 7BB-20-6 diaphragm provides an impedance signature
with more pronounced peaks than those of the other diaphragms.
The 7BB-35-3 diaphragm (the largest diaphragm) produces the
least pronounced peaks. At high frequencies, only the 7BB-20-6
diaphragm presents noticeable resonance peaks.

These results reflect the mechanical impedance and static capac-
itance of the transducer, which depend on transducer size. Small
transducers have low mechanical impedance (ZP(ω)) in relation
to the mechanical impedance of the host structure (ZS(ω)) and,
according to the results reported in [38] and as per Eq. (3), a high

ZS/ZP ratio results in less variation in the electrical impedance
(ZE(ω)) and, therefore, less pronounced resonance peaks. In con-
trast, large transducers have a higher static capacitance (C0) and
therefore a lower capacitive reactance (1/jωC0), which also results

of different sizes in the two  sub-band frequency ranges.
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ig. 9. RMSD indices obtained from the conventional ceramic and the 7BB-20-6
iaphragm.

n smaller resonance peaks, especially at high frequencies (ω), as
an be understood by examining Eq. (1). Therefore, in general, it is
xpected that small and large transducers provide less significant
esonance peaks in their electrical impedance signatures, which
s consistent with the results shown in Fig. 8. However, in the
articular case of piezoelectric diaphragms, a more detailed analy-
is requires the development of an appropriate electromechanical
odel to consider the geometry and the effect of the brass plate,
hich is beyond the scope of this study.

In addition to pronounced resonance peaks, the transducer must
e able to detect changes in these peaks due to the presence of
amage. To evaluate the sensitivity of the transducers to damage
hroughout the frequency range, the RMSD index was  calculated
sing Eq. (4) over the entire frequency range of 0–500 kHz in 5-
Hz sub-bands. Damage was induced in the structures according
o the procedure described in Section 4. Fig. 9 shows the RMSD
ndices obtained from the conventional ceramic and the 7BB-20-

 diaphragm, and the results obtained for diaphragms of different
izes are shown in Fig. 10.

Both the conventional ceramic and the 7BB-20-6 diaphragm
rovide RMSD indices with similar trends and amplitudes, present-

ng alternating bands of higher and lower sensitivity throughout the
requency range. In addition, the indices tend to decrease as the fre-
uency increases. This result is consistent with the PSDs shown in
ig. 5.

As shown in Fig. 10, among the analyzed diaphragms, the
BB-20-6 diaphragm has the highest RMSD index over the entire
requency range except in some sub-bands and at low frequencies,
here the 7BB-27-4 diaphragm showed a higher index. In gen-

ral, the 7BB-12-9 and 7BB-35-3 diaphragms have lower indices.
hese results are consistent with the PSDs shown in Fig. 6. As

iscussed above, it is expected that small and large transducers pro-
ide impedance signatures with less pronounced resonance peaks
nd therefore lower damage indices [38]. However, a detailed the-
retical analysis is beyond the scope of this study.

Fig. 10. RMSD indices obtained from the diaphragms of different sizes.
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As the EMI  method is sensitive to temperature variation [29,37],
we analyzed temperature effects, which are presented and dis-
cussed in the next section.

5.3. Temperature effects

Temperature variations cause shifts in both the frequency and
the amplitude of the resonance peaks of the electrical impedance
signatures. To analyze and compare the effects of temperature
on the signatures obtained from the piezoelectric diaphragms,
26 impedance signatures were measured at temperatures rang-
ing from 20 to 70 ◦C at steps of 2 ◦C according to the procedure
described in Section 4.

The results obtained from the conventional ceramic were com-
pared with those obtained from the 7BB-20-6 diaphragm, which
has a piezoelectric element and dimensions similar to those of the
ceramic. For example, shifts in the frequency and amplitude can
be observed in the resonance peak at approximately 40.5 kHz. The
real parts of the impedance signatures obtained from the conven-
tional ceramic and the diaphragm are shown in Figs. 11 and 12,
respectively.

According to Figs. 11 and 12, the shifts in frequency and ampli-
tude are similar between the two  transducers. As the temperature
increases, the amplitude and frequency of the resonance peak
decrease. The shift in frequency for a temperature increase from
20 to 70 ◦C is −700 Hz for the conventional ceramic and −690 Hz
for the diaphragm. With respect to the amplitude of the peaks, the
maximum variation is approximately −23 � (−24%) for the ceramic
and approximately −10 � (−13%) for the diaphragm.

For the temperature increase from 20 to 24 ◦C, the shifts in
frequency and amplitude in the signatures obtained from the
diaphragm are more uniform than those in the signatures obtained
from the conventional ceramic. Uniform shifts with temperature
variation are desirable in some compensation methods [29,37].

The results obtained from the other diaphragms are similar
to those obtained from the 7BB-20-6 diaphragm; therefore, the
impedance signatures of the other diaphragms are not shown.
The shifts are also uniform with respect to the temperature varia-
tion. The maximum frequency and amplitude shifts were −620 Hz
and −35%, respectively, for both the 7BB-12-9 and 7BB-27-4
diaphragms and −610 Hz and −44%, respectively, for the 7BB-35-3
diaphragm.

In addition to the temperature effects, it is important to con-
sider the reproducibility of the impedance signatures obtained
from the piezoelectric diaphragms. The results of the long-term
reproducibility tests are presented in the next section.

5.4. Reproducibility of the results

Because damage detection in the EMI  method is usually based
on a comparison of two  impedance signatures where one is used
as a reference, the measuring system and the piezoelectric trans-
ducers must show reproducibility in the impedance signatures.
Therefore, in the last test, the impedance signatures obtained from
the 7BB-20-6 diaphragm were measured every 24 h for one week
and compared with those obtained from the conventional ceramic.

The impedance signatures of the two transducers were obtained
at a temperature of 20 ◦C using the same measuring system [31]
to ensure that any variation in the signatures could be primar-
ily attributed to the transducers. To evaluate the reproducibility
of the impedance signatures, the RMSD index was calculated for
each signature adopting the first one as the baseline. The indices

were calculated in the frequency range of 35–40 kHz, which pro-
vided a high RMSD index for the two  transducers, as shown in Fig. 9.
Because the structure is healthy, low RMSD indices are expected,
indicating good reproducibility among the signatures.
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Fig. 11. Temperature effects on the impedance signatures obtained from the conventional ceramic.

Fig. 12. Temperature effects on the impedance signatures obtained from the 7BB-20-6 diaphragm.

Fig. 13. Real parts of the impedance signatures obtained from (a) the conventional ceramic and (b) the 7BB-20-6 diaphragm for measurements performed over one week.
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Fig. 14. RMSD indices obtained from the conventional ceramic and the 7BB-20-6
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http://ieeexplore.ieee.org/lpdocs/epic03/wrapper.htm?arnumber=6317234.
[21] C.G. Gonsalez, S. Silva, M.J. Brennan, V. Lopes Jr., Structural damage detection
iaphragm for measurements performed over one week.

The real parts of the impedance signatures obtained from the
onventional ceramic and the 7BB-20-6 diaphragm for measure-
ents performed over one week are shown in Fig. 13(a) and (b),

espectively. A narrow frequency range is displayed to facilitate
omparison.

As shown in Fig. 13, the two transducers provide good repro-
ucibility. Some variations were observed in the impedance
ignatures. However, these variations are small and similar
etween the two transducers. A comparison of the reproducibility
etween the two transducers can be accomplished by calculating
he RMSD indices. Fig. 14 shows the RMSD indices obtained when
sing the first impedance signature (Day 1) as the baseline.

The indices obtained from the two transducers for the healthy
tructure are low compared with those obtained for the damaged
tructure in the same frequency band, as shown in Fig. 9. For
he damaged structure, the RMSD indices were greater than 700,
hereas for the healthy structure, the indices were lower than 50,

ven after the one-week test period, indicating good reproducibility
f the results.

. Conclusions

In this study, we presented an experimental analysis of the feasi-
ility of low-cost piezoelectric diaphragms for detecting structural
amage based on the electromechanical impedance method.

The experimental results indicated that the piezoelectric
iaphragms are able to detect structural damage: They present
amage indices with values similar to those of a conventional
ZT ceramic of similar size. Furthermore, both transducers showed
imilar behaviors with respect to temperature effects and the
eproducibility of the results.

Therefore, this study supports the use of piezoelectric
iaphragms, which are inexpensive and readily available, for
esearch in the field of monitoring systems based on the elec-
romechanical impedance principle. However, these results are
nly valid under the experimental conditions of the study. The via-
ility of these diaphragms in large or different material structures
nd involving excitation signals of different types or amplitudes
equires further research.
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