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Electromechanical Impedance Method for the Health
Monitoring of Bonded Joints: Numerical Modelling and

Experimental Validation

Vincenzo Gulizzi1,2, Piervincenzo Rizzo2,3 and Alberto Milazzo4

Abstract: The electromechanical impedance (EMI) method is one of the many
nondestructive evaluation approaches proposed for the health monitoring of aero-
space, civil, and mechanical structures. The method consists of attaching or em-
bedding one or more wafer-type piezoelectric transducers (PZTs) to the system of
interest, the host structure, and measuring certain electrical characteristics of the
transducers. As these characteristics are also related to the impedance of the host
structure, they can be used to infer the mechanical properties of the monitored
structure. In the study presented in this paper, we utilize the EMI to monitor the
quality of adhesively bonded joints. A finite element formulation was implemented
to predict the electromechanical response of PZT attached to simple adhesively-
bonded joints. The model was coded in Matlab and its results were validated by
comparing them with the results associated with a few case studies implemented
using commercial software. The finite element code was used to model the EMI
measurement of a simple adhesively bonded joint subjected to adhesive layers of
different qualities. Finally, the EMI was validated experimentally. A low cost cir-
cuit was designed and assembled to measure the electromechanical characteristics
of a PZT glued to the structure of interest. We monitored the curing process of
the adhesive forming the joint. This simulates at large the inverse of the degrada-
tion that may occur in bonded joints. The experimental results show that the EMI
technique is able to capture variations of the stiffness of the adhesive layer.
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monitoring, finite element method.

1 Introduction

The use of low-weight, robust and fatigue-resistant adhesive joints in lieu of fas-
tened joints has found application in air, ground and sea vehicles for both commer-
cial and military use. In aeronautical structures, adhesive joints are mainly used to
connect stringers and skin for wings and fuselage as well as for junctions of the
empennage, elevators, tabs and spoilers [Baker and Jones (1988); Higgins (2000);
Baker et al. (2003)]. There are three mechanisms that may lead a bonded joint
to failure: presence of voids or disbond, poor cohesive strength and poor adhesive
strength [Guyott et al. (1986)]. Cohesive failure is characterized by the presence of
the adhesive on the bonded surfaces and it is usually the result of poor joint design,
such as insufficient overlap length, high peel stresses and/or excessive porosity,
due to exposure of the uncured adhesive to humidity. Adhesion failure is instead
characterized by the clear absence of the adhesive on one of the bonded surface
and it is usually due to an inappropriate surface preparation and/or a late appli-
cation of the adhesive. Bond degradation, if left undetected, can lead to reduced
vehicle readiness and increased total ownership costs. The quality assessment of
adhesively-bonded components represents a long-standing challenge in the field of
nondestructive evaluation (NDE). Methods based on the use of ultrasounds [Guyott
and Cawley (1988); Nagy (1991); Nagy (1992); Lowe et al. (2000); Rothenfusser
et al. (2000); Yan et al. (2009)], pulse thermography [Schroeder et al. (2002);
Waugh et al. (2011)] and digital image correlation [Vijaya Kumar et al. (2013)]
were investigated. In particular, the application of guided ultrasonic waves [Lanza
di Scalea et al. (2004a, 2004b); Matt et al. (2005); Todd et al. (2010)] is feasible
for the health monitoring of the joints.

In the study presented in this paper, we utilize the electromechanical impedance
(EMI) method for the structural health monitoring (SHM) of adhesively bonded
components. The objective is to explore the feasibility of the EMI method at cap-
turing bond degradation, i.e. poor bond strength. In general, the method consists
of bonding or embedding one or more wafer-type lead zirconate titanate (PZT)
transducers, hereafter indicates as PZTs, to the material, the host structure, to be
monitored. When subjected to an electric field, the transducer induces low to high
frequency structural excitations which, in turn, affect the transducers electrical ad-
mittance. Since the structural vibrations depend on the mechanical impedance of
the host structure, the measurement of the PZT’s conductance and susceptance can
be exploited to infer the health of the host element [Park et al. (2003); Peairs et al.
(2004); Tabrizi et al. (2012)]. The advantages of EMI-based SHM include: low-
cost, lightweight and sensitivity to stiffness or mass changes in the area near the
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PZT. The interested reader is referred to Park et al. (2003) and Park et al. (2007)
for a complete review of the method.

As discussed in the next section the EMI method was applied to many engineering
systems for SHM purposes. However, its application to bonded elements is limited
to the experimental works of Na et al. (2012) and Malinowski et al. (2014). Na et
al. considered the health monitoring of an adhesively bonded lap joint in a corro-
sive environment. They used small and short adhesively bonded joints subjected to
a corrosive environment to develop a reusable wafer-type sensor. The work, exclu-
sively experimental, was conducted using an AD5933 evaluation board, discussed
in section 5. Malinowski et al (2014) employed the EMI to characterize composites
elements with different adhesive bonds. Samples of the same joint were built with
different types of inclusion (agent contamination, moisture contamination and poor
curing) at each joint. A PZT was glued at the middle of each specimen and the elec-
tromechanical response was measured with an impedance analyzer at a frequency
range containing the natural modes of vibration of the PZT.

In our study, we first implemented an in house finite element (FE) model to predict
the behavior of a PZT attached to a host structure. To the best of our knowledge,
this is the first time that the EMI method was simulated not using a commercial
software. The model was first validated by comparing its results with a FE-based
EMI simulation reported in literature [Bhalla et al. (2012)] and obtained using the
commercial software ANSYS. Then, the effect of the modulus and loss factor of the
adhesive layer on the admittance of the PZT was quantified. Finally, the model was
validated experimentally by monitoring simple aluminum plates stiffened by means
of an aluminum strip. The inverse process of bond degradation was simulated at
large by observing the effect of curing on the electrical properties of a PZT glued
to the plate.

2 Background on EMI

The EMI method exploits the coupling between the electromechanical properties of
a piezoelectric material and the mechanical properties of the host structure to which
the material is bonded or embedded. By using an external voltage v(t) = Ve jωt ,
a patch made of a piezoelectric material is excited at different frequencies. The
electromechanical coupling induces a displacement filed at both the patch and the
structure. The response of the whole system is measured in terms of the current
i(t) = I(ω)e jωt flowing in a circuit connected to the patch and in terms of the ad-
mittance Y (ω) = I(ω)/V . The admittance Y (ω) is a complex quantity consisting
of a real part, the conductance G(ω), and an imaginary part, the susceptance B(ω).
The plot of G(ω) and B(ω) as a function of the actuation frequency represents a
unique signature for the structure, and may serve for its diagnosis. In fact, these
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plots present peaks corresponding to the structural vibration modes, which identify
the mechanical impedance of the structure within the sensing region of the PZT.
The underlying hypothesis of any EMI-based SHM is that any change in the prop-
erties (mass, stiffness, damping, integrity, etc...) of the structure affects this sig-
nature. For illustrative purposes, Fig. 1 shows the signature, i.e. the conductance
as a function of the actuation frequency, of one of the PZTs used in the experi-
ments. The plot refers to free boundary conditions. The peaks at 170 kHz, 245 kHz
and 440 kHz represent the resonant mode of vibration of the transducer within the
100-500 kHz interval.
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Figure 1: Conductance as a function of the actuation frequency of a free PZT.

The use of the EMI technique has emerged as an effective tool for the health mon-
itoring of structures [Park et al. (2003); Bhalla et al. (2012); Ayres et al. (1998);
Soh et al. (2000); Park et al. (2001); Giurgiutiu and Zagrai, (2002)]. Besides the
static approach [Crawley and De Luis (1987)] different models of the PZT-structure
dynamic interaction were proposed to describe the basic principles. Liang et al
[Liang et al. (1994)] developed a one-degree-of-freedom model of such interac-
tion in which the piezoelectric device is modeled as a thin bar of length l, width w
and thickness h, connected to the host structure that is represented by an external
impedance Z. They showed that the admittance of the sensor-structure system has
the following expression:

Y (ω) = jω
wl
h

[
κ̄

ε
33 +

e2
31

c̄E
11

Za

Z +Za

tan(ξ l)
ξ l

]
(1)
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where Z and Za represent the mechanical impedances of the host structure and
the piezoelectric device, respectively; the mechanical impedance Z of a point on
a structure is the ratio of the force applied at a point to the resulting velocity at

that point. In Eq. (1), ξ = ω

√
ρ
/

c̄E
11 is the wavenumber; ρ , κ̄ε

33 and c̄E
11 are the

density, the complex dielectric constant at constant strain and complex stiffness
coefficient of the piezoelectric material, respectively. Zhou et al. (1995) extended
the one-dimensional interaction to model a two-dimensional piezoelectric patch
bonded to a two-dimensional host structure, Bhalla and Soh (2004) proposed a two-
dimensional model based on the effective mechanical impedance, while Annamdas
and Soh (2007) introduced a three-dimensional approach.

3 Finite element modeling

The use of finite elements was proposed to model piezoelectric both for ultrasonic
[Allik and Hughes (1970); Allik et al. (1974); Lerch, (1990)] and smart material
[Crawley (1994)] applications. The commercial finite element software ANSYS
was used to model the electromechanical impedance method by Park et al. (2006),
Liu and Giurgiutiu, (2007), Zhang et al. (2011), Bhalla et al. (2012), Moharana
and Bhalla (2012). In particular, Park et al. (2006) modeled piezoelectric sensor on
a concrete beam with multiple cracks; Liu and Giurgiutiu, (2007) showed the need
for coupled-field elements to model the sensor-host structure interaction; Zhang et
al. (2011) compared the response of a piezoelectric sensor bonded to a cracked
beam obtained by using a 3D ANSYS analysis with those obtained by using Timo-
shenko theory; the study of Bhalla et al. (2012) will be detailed later in this paper;
Moharana and Bhalla (2012) studied the inclusion of the shear lag effect in the
finite element formulation for the EMI.

In the study presented in this paper a time-harmonic fully coupled-field finite ele-
ment formulation was employed to model the electromechanical impedance tech-
nique. For a piezoelectric solid occupying the domain Ω with boundary Γ, the
governing equations are obtained by the extended Hamilton’s principle expressed
in terms of the displacement vector u and the electric potential φ [Tiersten (1967)]:

δ

t1∫
t0

[T −H +W ]dt = 0 (2)

where t is the time and T , H and W are the kinetic energy, the electric enthalpy and
the external work defined as:

T =
∫
Ω

1
2

ρ u̇T u̇dΩ (3a)
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H =
∫
Ω

(
1
2

εεε
T cE

εεε−ET eeeεεε− 1
2

ET
κκκ

εE
)

dΩ (3b)

W =
∫
Ω

(
bT u−ρeφ

)
dΩ+

∫
Γ

t̄T udΓ−
∫
Γ

σeφdΓ (3c)

In Eqs. 3, b, ρ and ρe are the body forces, the mass density and the body free
charge density, respectively; t are the prescribed tractions and σ e is the prescribed
free surface density charge; cE , e and κκκε are the elastic stiffness at constant electric
field, the piezoelectric coupling and the dielectric permittivity at constant strain,
respectively; εεε and E are the vectors of the strain components and the electric field,
respectively.

Focusing on the time-harmonic case which is relevant for the EMI technique, for a
finite element Ωe the classical elemental approximation for the primary variables is
introduced as

u(x, t) = Nu(x)δ ue jωt (4)

φ(x, t) = Nϕ(x)δ ϕe jωt (5)

where Nu(x) and Nφ (x) are suitable shape functions for the displacement field and
the electric potential, δδδ

u and δδδ
φ are the complex vectors containing the values

of the element nodal displacement and electric potential amplitudes, respectively,
and ω is the circular frequency. By using the kinematical and the electric gradient
equations, and by replacing Eqs. 4 and 5 into the Hamilton’s principle statements,
we find the following elemental equations of motion and charge:(
kuu−ω

2m
)

δδδ
u−kuϕ

δδδ
ϕ = f (6)

(kuϕ)T
δδδ

u +kϕϕ
δδδ

ϕ = q (7)

where the definition of the mass matrix m, of the stiffness matrices kuu, kuφ , kφφ

and the equivalent mechanical forces f and charges q can be found in Allik and
Hughes (1970).

It is worth noting that piezoelectric materials exhibit losses that need to be con-
sidered in order to model their behavior accurately especially in EMI applications.
This is accomplished by introducing the mechanical, piezoelectric, and dielectric
losses η , γ and χ , respectively, which can be obtained empirically. These coef-
ficients are used to introduce the following complex constitutive matrices able to
model the energy losses [Mezheritsky (2004)]

c̄E =
1

(1− jη)
cE (8)
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ē = dcE (1− jγ)
(1− jη)

(9)

κ̄κκ
ε = κκκ

σ (1− jχ)−dcEdT (1− jγ)2

(1− jη)
(10)

where cE , d, κκκσ are the elastic compliance at constant electric field, the piezoelec-
tric coupling and the dielectric permittivity at constant stress, respectively.

Once introduced the complex constitutive matrices, Eqs. 6 and 7 still hold and
take the material losses into account. It is worth noting that Eqs. 6 and 7 hold
also for purely mechanical behavior provided that the appropriate constitutive law
is applied (zero piezoelectric coupling coefficients).

By using the standard FEM assembly procedure [Bathe (1996)], the discretized
equations for the whole structure are written as:(

Kuu−ω
2M
)

∆∆∆
u−Kuϕ

∆∆∆
ϕ = F (11)(

Kuφ
)T

∆∆∆
u +Kϕϕ

∆∆∆
ϕ = Q (12)

where ∆∆∆
u and ∆∆∆

ϕ contain the nodal displacements and the electric potentials of the
whole structure, respectively. The vectors ∆∆∆

u and ∆∆∆
ϕ are partitioned by collecting

the nodal unknowns which are denoted by subscript 1, and the assigned quantities
which are denoted by subscript 2. Then, Eqs. 11 and 12 can be rewritten and a
condensation procedure [Chen et al. (2012)] is applied to write the equation:(
K−ω

2M
)

∆∆∆
u
1 = F (13)

which is solved for the unknown nodal displacements ∆∆∆
u
1. Once Eq. 13 is solved,

the unknown values of the nodal potential can be calculated and the element nodal
displacements δδδ

u and δδδ
ϕ can be retrieved from the solution. Accordingly, the

stresses and the electric displacement are computed by means of the piezoelectric
constitutive relationships

σσσ = c̄E
εεε− ēT E = c̄EBu

δδδ
u− ēT Bϕ

δδδ
ϕ (14)

D = ēεεε + κ̄κκ
εE = ēBu

δδδ
u + κ̄κκ

εBϕ
δδδ

ϕ (15)

where Bu and Bϕ are obtained by applying the kinematical and electric gradient
operators to the shape functions matrices [Lerch, (1990)].

To apply the finite element to the modelling of the EMI technique, measurement of
the current owing through the piezoelectric transducer when excited with a voltage
across the electrodes is required. Assuming Γe

el is the electroded surface of the
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finite element and n be the corresponding outward unit normal, the electric current
ĩ is calculated as

ĩ = jω
∫

Γe
el

nT DdΓ = jω


∫

Γe
el

nT eBudΓ

δ
u +

∫
Γe

el

nT
κ

εBϕdΓ

δ
ϕ


= jω [ΛΛΛu

δ
u +ΛΛΛ

ϕ
δ

ϕ ]

(16)

The current owing through the piezoelectric device is then calculated as the sum
over all the elements whose surfaces belong to the electrode

I(ω) = ∑ ĩ (17)

By taking the ratio between the current calculated I(ω) and voltage applied V at
each frequency of interest, the electrical admittance Y = I(ω)/V is obtained.

4 Numerical results

The 3-D finite element formulation discussed in the previous Section was imple-
mented in Matlab. A 20-node brick element with four degrees of freedom for each
node was used. We first validated and calibrated our model by computing the struc-
tural response of a few systems reported in the literature [Bhalla et al. (2012)] and
by comparing the results. We analyzed a 10 mm x 10 mm x 0.3 mm square piezo-
electric patch freely suspended. The patch was a PIC 151 (PI Ceramics) transducer.
Owing to the symmetry of the problem, only a quarter of the patch was modeled.
The mesh consisted of one hundred 0.5 mm x 0.5 mm x 0.3 mm elements. The
analysis was carried out in the frequency range 100-900 kHz at steps of 100 Hz.
Figures 2a and 2b show the conductance and the susceptance signatures of the free
PZT. The results are compared with those of Bhalla et al. (2012) and they show an
excellent agreement in terms of amplitude and number of peaks.

The PZT-structure interaction presented in Bhalla et al. (2012) was then modelled.
The system consisted of the same PIC 151 patch attached to a 231 mm x 21 mm x
2 mm aluminum plate by means of a 0.03 mm bonding layer between the PZT and
the plate. The system is shown in Fig. 3a. In our model we considered the X-Y
(1-2) plane as the plane of isotropy, in accordance with the specifications of the
manufacturer, i.e. we considered the following compliance coefficients: s22 = s11
= 15.0*10−12 [m2/N]. The conductance signature was calculated in the frequency
range from 30 kHz to 60 kHz and a frequency step of 10 Hz was used. Figure
3b compares the conductance calculated in the present study and the conductance
obtained in Bhalla et al. (2012). The plot shows that most of the frequencies at
which the structural peaks occur are in agreement.
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Figure 2: Finite element modelling of a free PZT. Comparative analysis of the re-
sults obtained by using our finite element model and the results obtained by Bhalla
et al. (2012) using ANSYS. (a) Conductance and (b) susceptance as a function of
the actuation frequency.
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Figure 3: Finite element modelling of a PZT attached to an aluminum plate. (a)
Geometry of the system. (b) Conductance as a function of the actuation frequency
computed by using our finite element model and obtained by Bhalla et al. (2012)
using ANSYS.

Then, we estimated numerically the response of a piezoelectric transducer bonded
to a host structure. Two analyses were carried out. First, we calculated the response
of the same free PZT used in the experimental study to determine its natural modes
of vibration. Second, we computed the response of the same PZT attached to a sim-
ple adhesively-bonded joint. The latter system aimed at evaluating the capability
of the proposed SHM method at capturing variations of the bond stiffness.

The geometry and the mesh of the free PZT are schematized in Fig. 4a. A 10 mm
x 10 mm x 2 mm patch having the same characteristics of PSI-5A4E transducers
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Figure 4: Numerical model of the PSI-5A4E transducer used in the experimental
studies. (a) geometry and mesh of a quarter of the transducer. (b) conductance and
(c) susceptance signatures of the freely-suspended transducer.



30 Copyright © 2014 Tech Science Press SDHM, vol.10, no.1, pp.19-54, 2014

supplied by Piezo System was modeled. The properties of the material are listed
in Tab. 1. Owing to the symmetry of the system, only a quarter of the transducer
was meshed. The conductance and the susceptance signatures of the free PZT are
shown in Figs. 4b and 4c, respectively. The range 100 – 500 kHz was chosen as it
includes the first peaks of resonance of the PZT. Two main peaks are clearly visible
at 175 kHz and 440 kHz.

Table 1: Properties of the PSI-5A4E transducer used in the present study.

Property Symbol Value
Density [kg/m3] ρ 7.8·103

Compliance 10−12[m2/N]

sE
11, sE

22 15.2
sE

33 19.2
sE

12 −4.8
sE

13, sE
23 −5.7

sE
44, sE

55 47.8
sE

66 39.9

Piezoelectric coupling 10−10[C/N] or [m/V]
d31, d32 −1.9
d33 3.9
d15, d24 5.9

Dielectric permittivity [nF/m]
κσ

11, κσ
22 15.5

κσ
33 16.3

Loss factors (100 - 500 kHz)
η 1.0·10−2

γ 0.0
χ 0.2·10−1

Loss factors (60 - 70 kHz)
η 2.2·10−3

γ 0.0
χ 0.2·10−1

The same PZT was glued to a 127 mm x 127 mm x 1.27 mm aluminum plate. A
127 mm x 25.4 mm x 1.27 mm aluminum beam, which plays the role of a stiffener,
was also bonded above the plate. The mechanical properties of the elements are
summarized in Tab. 2, whereas the complete system is shown in Fig. 5a and the
principal dimensions are listed in Tab. 3. The properties of the adhesive are those
typical of a commercial ambient-cure, Devcon 2 Ton Epoxy type. The plate and the
stiffener were meshed as shown in Fig. 5b. Only half of the system was modeled,
and the mesh consisted of 4064 elements. The adhesive layer was also modeled
with 3D finite elements and it was considered linear elastic. The response in terms
of the conductance signature of the PZT was calculated again in the frequency range
60-70 kHz at a frequency step of 10 Hz. The numerical analysis was carried out for
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Table 2: Properties of the aluminum plate and stiffener, the bonding layer of the
PZT and the structural adhesive to be monitored used in the present study.

Element Property Symbol Value

Aluminum

Density [kg/m3] ρp 2.7·103

Young modulus [GPa] Yp 68.9
Poisson ratio νp 0.3
Mechanical loss factor ηp 4.4·10−4

Bonding layer

Density [kg/m3] ρb 1.0·103

Young modulus [GPa] Yb 1
Poisson ratio νb 0.4
Mechanical loss factor ηb 0.5·10−2

Structural adhesive

Density [kg/m3] ρad 1.0·103

Young modulus [GPa] Yad 2.5
Poisson ratio νad 0.4
Mechanical loss factor ηad 0.5·10−1

Table 3: Geometrical properties of the adhesively-bonded joint system.

Element Dimension Value [mm]

plate
width wp 1.27·102

length lp 1.27·102

thickness hp 1.27

stiffener
width ws 2.54·101

length ls 1.27·102

thickness hs 1.27

adhesive layer
width wad 2.54·101

length lad 1.27·102

thickness had 0.36

PZT
width lPZT 10.00
length lPZT 10.00
thickness hPZT 2.00

PZT’s bonding layer
width lb 10.00
length lb 10.00
thickness hb 0.03
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Figure 5: Numerical model of a lightweight adhesively bonded system. (a) geom-
etry of the PZT glued to an aluminum plate stiffened with an adhesively bonded
aluminum strip. (b) system mesh considered in the model. Mesh element size for
the plate: 1.67 mm x 1.67 mm x 1.27 mm; mesh element size for the PZT: 1.67 mm
x 1.67 mm x 2 mm; mesh element size for the bonding layer between the PZT and
the plate: 1.67 mm x 1.67 mm x 0.03 mm; mesh element size for the bonding layer
between the strip and the plate: 1.67 mm x 1.67 mm x 0.36 mm.

different properties of the structural adhesive in order to investigate the ability of the
EMI technique to detect degradation in the quality of the adhesive layer. Two case
studies were simulated: 1) different values of the Young modulus Yad at a given
loss factor ηad ; 2) different values of ηad and fixed Young modulus. The results
relative to both cases are presented in Fig. 6, which shows the conductance as a
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Figure 6: Conductance as a function of the excitation frequency at (a) different
values of the Young modulus and at (b) different values of the loss factor of the
bonding layer. (c) close-up view of the conductance as a function of the excitation
frequency for four different values of the loss factor of the bonding layer.
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function of the excitation frequency. The value Yad = 100% refers to an adhesive
fully cured whereas lower values of the Young modulus indicate an adhesive that
deteriorated. Figure 6a shows that the increase of the Young modulus causes a shift
of peaks towards higher frequencies. This is expected since stiffness and resonance
frequencies are directly proportional. On the other hand, the decrease of the loss
factor induces a very small increase in the peaks’ amplitude and makes the signature
curve sharper, as shown in Fig. 6b and in the close-up view of Fig. 6c. This agrees
with the fact that a less damped structure usually has higher peaks’ amplitude. This
small increase visible in Fig. 6c may be hardly noticeable when two experiments
of the same setup will be run.

We did not reduce the Young modulus and did not increase the loss factor any
further because the linear elastic model would not capture the viscous effects that
prevail over the elastic effects during the early stage of curing.

5 EMI measurements

The measurement of the electrical impedance of a piezoelectric device is conven-
tionally conducted using bulky equipment such as the HP 4192A or other com-
mercial systems such as the Agilent E4980 LCR meter. A decade ago, Peairs et
al. (2004) proposed to use a Fast Fourier Transform (FFT) analyzer and the in-
expensive electrical circuit schematized in Fig. 7. The electrical impedanceZPZT

was calculated dividing the voltage across the PZT by the current flowing through
it. The authors showed that in the frequency domain, if the resistance RS is small
compared to ZPZT , the electrical impedance can be approximated as:

ZPZT = RS
Vi

Vo
(18)

where Vi and Vo are the Discrete Fourier Transforms (DFTs) of the voltage sup-
plied to the circuit vi and the voltage across the sensing resistor vo, respectively.
It is known [Peairs et al. (2004); Baptista and Filho (2009)] that the use of the
simplified circuit: 1) provides an approximation of the actual impedance and the
discrepancy increases with the increase of the excitation frequency; 2) requires an
amplifier when the resistor RS is very small; 3) necessitates a FFT analyzer. To
measure external complex impedances, Analog Device developed an impedance
converter system (AD5933 board) where the external impedance is excited by a
known frequency, the response signal is sampled by an onboard analog-to-digital
converter and a DFT is processed by an onboard digital signal processing engine.
However, this device can be used up to 100 kHz, it can process up to 1024 sam-
ples, and the impedance range that can be measured depends on the value of the
internal resistor [Overly et al. (2007); Park et al. (2007); Park et al. (2008); Na
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et al. (2012)]. Baptista and Filho (2009) presented a method that, according to the
authors, eliminates some of the previous drawbacks. The method uses a data acqui-
sition (DAQ) connected to a PC and driven in LabView, and a resistor connected to
the piezoelectric device used for EMI measurements.

ZPZT

RSvi

vo R1

R2
-

+ -

R2

R1

vo

Figure 7: Circuit proposed by Peairs et al. (2004).

In our study we expanded the approach proposed by Baptista and Filho (2009).
We connected an external auxiliary circuit to a National Instrument (NI) PXI run-
ning under LabView software, containing a function generator and a digitizer. The
unknown impedance was calculated by measuring the frequency response of the
circuit containing the impedance and an appropriate resistor. The whole system is
schematized in Fig. 8a and its equivalent circuit is shown in Fig. 8b. The input
signal was generated by a NI PXI-5421 Arbitrary Waveform Generator (AWG);
the input and the output signals were acquired by a NI PXI-5122 digitizer, and con-
trolled by a user-interface designed in house. We used a chirp signal to excite the
circuit connected to the PZT. The signal can be analytically expressed as:

x0[n] = Asin
[

2π

fs
n
(

f2− f1

2N
n+ f1

)]
(19)

where fs is the sampling frequency, Nis the number of samples, A is the amplitude,
and f1 and f2 are the start and the end frequency, respectively.

The digitizer sampled the analog input signal x1(t) and the analog output signal
x2(t), and stored the corresponding digital input signal x1[n] and digital output sig-
nal x2[n]. By using the FFT algorithm the DFTs X1[k] and X2[k] were calculated.
These two complex arrays had N elements. The k-th element had a frequency equal
to (k−1) fres where the frequency resolution fres was equal to fres = fs/N. Finally,
the frequency response function (FRF) H[k] is computed by means of the cross
power spectrum S12[k] and the auto power spectrum S11[k] as:

S12[k] = X∗1 [k]X2[k] (20)
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Figure 8: (a) scheme of the system used to measure the unknown impedance
Zunknown of a piezoelectric device. (b) equivalent circuit to the system shown in
Fig. 8a. The FRF of the circuit is measured to calculate the unknown impedance
Zunknown.

S11[k] = |X1[k]|2 (21)

H[k] =
S12[k]
S11[k]

(22)

where X∗1 [k] is the complex conjugate of X1[k]. In order to mitigate the effect of
the noise and to obtain a more accurate FRF compared to a single measurement, an
average of the FRF H[k] was calculated as follows: given the value of the averaged
H̄(i−1)[k] at the (i− 1)-th measurement, the value of the average H̄(i)[k] at the i-th
measurement was given by

H̄(i)[k] =
H̄(i−1)[k] · (i−1)+H(i)[k]

i
(23)
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where H(i)[k] is the FRF at the i-th measurement. In this way, it was not necessary
to store all the measurements in order to calculate the average.

The relationship between the transfer function H[k] and the unknown impedance
Zunknown was obtained by using the equivalent circuit shown in Fig. 8b. In the circuit
x1(t) and x2(t) represent the voltages measured by the digitizer; RS is the resistor
that controls the voltage across the unknown impedance Zunknown chosen such that
the maximum voltage does not exceed the linear range of the PZT; r0 and r1 are
the resistances of the cables connected to the auxiliary circuit; Zin is the internal
impedance of the DAQ device and consists of a resistance RP in parallel with a
capacitance CP. Since the input signal was acquired very close to the user-defined
signal x0(t), we safely assumed that x0(t)∼= x1(t), which implied that X0[k] = X1[k].
From the circuital scheme of Fig. 8b, the DFT X1[k] of the input signal and the DFT
X2[k] of the output signal are related as follows

X2[k]
X1[k]

= H[k] =
Zin[k]Zunknown[k]

(RS + r0)(r1 +Zin[k])+Zunknown[k](RS + r0 + r1 +Zin[k])
(24)

Equation (24) is solved for the unknown impedance Zunknown

Zunknown[k] = H[k] =
H̄[k](Zin[k]+ r1)(RS + r0)

Zin[k]− H̄[k](RS + r0 + r1 +Zin[k])
(25)

The unknown impedance Zunknown was then calculated with Eq. 25 where H[k] was
replaced with H̄[k] that is the FRF measured and averaged with the system devel-
oped in this study. The electrical impedance Zunknown was obtained as a complex
number consisting of the real part, the resistance Runknown, and the imaginary part,
the reactance Xunknown. In Eqs. 24 and 25, Zin is the internal impedance that has the
following expression

Zin[k] =
(

1
RP

+ j2πk fresCP

)−1

(26)

Finally, we computed the electrical admittance Y as the inverse of the Zunknown
calculated with Eq. 25.

6 Experimental results

First, we bonded a 10 mm x 10 mm x 2 mm PSI 5A4E transducer, manufactured by
PiezoSystem to the center of one edge of a 127 mm x 127 mm x 1.27 mm aluminum
plate. Free boundary conditions were reproduced by placing the plate on a soft
plastic layer. The unknown impedance is now the PZT patch bonded to the host
structure and it depends on the patch-structure interaction. The conductance and
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the susceptance of the system are presented in Figs. 9a and 9b, respectively. The
graphs are overlapped to the case of the free PZT. Since the PZT does not resonate
within this range, the peaks are relative to the modes of vibration of the structure.
A close-up view of the range 60-70 kHz is presented in Figs. 9c and 9d. This range
still contains a considerable number of peaks and is far enough from the natural
modes of vibration of the PZT.
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Figure 9: (a) conductance and (b) susceptance signatures of the free piezoelectric
patch and of the same patch bonded to the aluminum plate. Close-up view in the
frequency range 60-70 kHz of (c) the conductance and (d) the susceptance sig-
natures of the free piezoelectric patch and the piezoelectric patch bonded to the
structure.

Then, a few experiments were conducted to prove the feasibility of the EMI method
to monitor adhesively-bonded joints. The same plate described above was stiffened
with an aluminum strip bonded to a plate, as shown in Fig. 10. We prepped the
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surface of the plate and the stiffener according to the recommendations of the adhe-
sive’s manufacturer; the surfaces were abraded by means of sand paper to increase
the bonding surface. The structural adhesive was a commercial Devcon 2 Ton
Epoxy type. Soon after the placement of the stiffener above the plate, we mea-
sured the electromechanical response of the PZT every 10 minutes for 12 hours.
Figure 11 presents the results associated with two frequency ranges: 10 – 80 kHz
which contains all the resonance peaks of the host structure below the natural fre-
quencies of the PZT patch; 60 – 70 kHz which is representative of the behavior
of the conductance with respect to different modulus’ values of the adhesive and
with respect to which the numerical results are compared. Figure 11a shows the
conductance as a function of the excitation frequency relative to three different in-
stants, namely the first (the baseline) and the last measurements, and after 6 h. The
narrower range 60-70 kHz is shown in Fig. 11b. The signature varied significantly
with time, especially within the first six hours. Between t = 6 h and t = 11 h 50 min
the response did not change significantly in shape but rather shifts horizontally and
becomes sharper. In particular, many peaks seem to increase in amplitude and to
move towards higher frequencies. This is due to the increase of the Young modulus
and the decrease of the damping characteristics of the adhesive.

Figure 10: Auxiliary circuit where the PZT transducer is bonded to the aluminum
plate with the stiffener.

Figure 12 shows a waterfall plot containing the conductance measured during the
experiment. We want to emphasize that the curing process can be considered at
large the inverse of the degradation process. All the ridges visible in this waterfall
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Figure 11: Conductance signature of the PZT bonded to the aluminum plate with
the stiffener at t = 0 h, t = 6 h and t = 11 h 50 min. (a) frequency range from 10 kHz
to 80 kHz. (b) closeup view in the range 60-70 kHz.
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Figure 12: Variation with time of the conductance signature of the PZT bonded to
the aluminum plate with the stiffener. (a) frequency range from 10 kHz to 80 kHz.
(b) closeup view in the range 60-70 kHz.
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Figure 13: RMSD as a function of time during the curing time. RMSD calculated
for two frequency ranges: (solid line) 10-80 kHz, (dashed line) 60-70 kHz.

plot show a significant increase toward higher frequencies. This shift is particularly
evident within the first five hours. In the last seven hours of curing, the shape basi-
cally remains unchanged whereas the frequencies and the amplitudes of the peaks
change. This is clearly visible in the close-up view presented in Fig. 12b which
shows the development of the ridges relative to five structural peaks. New peaks are
visible after 2-3 hours and then steadily increase in amplitude. This means that as
the adhesive cures, the stiffened plate develops more vibration modes which trans-
late into more peaks in the conductance signature. We note that the variation of the
ridges’ frequency is less than 1 kHz, which means that the measurement system
needs to possess sufficient resolution in order to capture the variations of the bond
quality.

In the EMI technique the assessment of damage is sometimes carried out by means
of statistical indices. In the present study we considered the Root Mean Square
Deviation (RMSD) [Soh et al. (2000); Giurgiutiu and Rogers (1998); Giurgiutiu et
al. (1999)], defined as

RMSD(%) =

√√√√√√√
N
∑

i=1

(
Gk

i −G1
i

)2

N
∑

i=1

(
G1

i

)2
·100 (27)

where Gk
i and G1

i are the i-th data-sample of the conductance associated with the
k-th measurement and the baseline measurement, respectively; N is the number
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of frequency points considered. In this study the baseline is represented by the
measurement at t = 0 h. Figure 13 shows the RMSD as a function of the curing time
for the two frequency ranges considered. Clearly, in the first four hours of curing,
there was the largest change in the value of the index; after that, the index changed
less and tended to reach a constant value. It is worth noting that the behavior of the
curves and the final percentile variations are similar, irrespective of the frequency
range considered. As such, the 60-70 kHz range can be used as representative of
the wider 10-80 kHz range.

7 Comparison between numerical and experimental results

In order to carry out a comparative study between the numerical model and the
experimental results, we considered the free PZT, first. Figures 14a and 14b show
respectively the numerical and the experimental conductance and susceptance sig-
natures. There is a very good agreement between measured and computed data.
The slight discrepancy at 436 kHz vs 431 kHz may be due to the fact that not all
the parameters of the constitutive matrices used in the finite element model were
available the manufacturer.

We then compared the PZT-plate interaction and the results are presented in Fig.
15, again in terms of the conductance and the susceptance. The agreement between
numerical and experimental results is not as good as for the free PZT since the
numerical results present peaks with higher amplitude. This may be attributable to
one or more of the following factors: 1) the numerical analysis was computed under
free boundary conditions; in the experiments the plate laid on a bench table; in the
future this issue can be easily solved by hanging the test object from the roof, for
example. 2) the size and the thickness of the glue may not be the same and difficult
to control. 3) the actual strength of the glue may not be the same as hypothesized
in the FEM simulation. Nonetheless, the number and the distribution of the peaks
and the general behavior of the two curves match.

Finally, the numerical and the experimental results relative to the adhesive joint
are compared. Figure 16 displays the numerical result presented in Fig. 9a asso-
ciated with the fully cured specimen (Yad=100%) overlapped to the experimental
data. Similar to the previous case, the numerical response shows a sharper signa-
ture whereas the position and the number of the peaks agree. In order to compare
the numerical and the experimental progression of the bond quality, Fig. 17 is pre-
sented. Figure 17a shows the experimental conductance at t = 6 h, 8 h, 10 h, 11 h
50 min. The response is shown only for the last 6 hours since we believe that the
linear elastic model cannot model fresh adhesive appropriately, i.e. depict the early
stage of curing. While curing, the adhesive of the joint becomes stiffer and less vis-
cous and this is visible in the behavior of the peaks that occur at higher frequencies
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Figure 14: Comparison between experimental and numerical results for the (a)
conductance signature and the (b) susceptance signature of the free PZT.
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Figure 15: Comparison between experimental and numerical results for the (a)
conductance signature and the (b) susceptance signature of the PZT bonded to the
plate.
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Figure 16: Comparison between experimental and numerical results for the (a)
conductance signature and the (b) susceptance signature of the PZT bonded to alu-
minum plate with the stiffener at the end of the curing.
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Figure 17: Conductance as a function of the actuation frequency: (a) experimental
results associated with four instants of curing, namely at t = 6 h, 8 h, 10 h, 11 h
50 min. (b) numerical results associated with four values of the adhesive’s Young
modulus. (c) numerical results associated with four values of the adhesive’s loss
factor.
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Figure 18: Comparison between (a) the value of the RMSD index calculated using
the last measurement of the curing as the baseline, and the value of the RMSD
index as function of the (b) Young modulus and (c) loss factor of the adhesive.
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and increase their amplitude. Figure 17b shows the conductance as a function of
the excitation frequency predicted numerically when the loss factor is kept constant
and the Young’ modulus deteriorates. Similarly, Fig. 17c shows the numerical pre-
diction of the conductance when the loss factor changes and the Young’s modulus
remains constant. In accordance with the experimental results, we note that the
increase of the Young modulus at a given loss factor tends to shift the modes of
structural vibration towards higher frequencies. On the other hand, the decrease of
the loss factor at a given Young modulus tends to sharp the signature.

Finally, Figure 18 shows how the RMSD may be employed as an index of the
degradation of the joint. Figure 18a shows the index as a function of the reverse
curing time, and it was calculated by considering the last measurement as baseline.
The instants at the beginning of the curing may depict at large a poor joint. Fig-
ures 18b and 18c show the RMSD index calculated for the decreasing value of the
Young modulus and the increasing value of the loss factor, respectively. As one
may notice, a 30% variation in the Young modulus leads to a much higher value of
the RMSD with respect to the same percentile variation of the loss factor. The dis-
agreement between the numerical and the experimental results have already been
discussed above. Nonetheless, we can conclude that the trend and the behavior of
the signature with respect to different properties of the bonded joint were captured.

8 Conclusions

In the study presented in this paper the electromechanical impedance (EMI) method
is utilized to monitor an adhesively bonded system representative of a lightweight
small component used in the aircraft industry. The structural health monitoring
approach hypothesizes that a wafer-type lead zirconate titanate transducer attached
to the structure to be monitored can assess the quality of the bond. In fact, when
subjected to an electric field, the transducer induces structural excitations which, in
turn, affect the transducers electrical admittance. As the structural vibrations de-
pend on the strength of the bond, the measurement of the transducer’s admittance
can be exploited to assess the quality of the bond itself. Overall, the proposed
methodology has the advantage of any EMI-based structural health monitoring
strategy: low cost and sensitivity to material changes in a localized area around
the sensors.

A finite element model was first implemented to predict the admittance of the trans-
ducer employed to monitor joints subjected to varying conditions of the adhesive
layer. To the best of our knowledge, this is the first time that an ad hoc finite
element model implemented to predict the electromechanical coupling between a
wafer-type transducer and a host structure. In fact, previous researchers have used
commercial software to model the EMI method. The model was then verified by
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a series of experiments aimed at monitoring the curing progress of an adhesive
layer between an aluminum plate and an aluminum strip. The bond was realized by
means of a commercial two-part epoxy and the curing process was monitored for
about 12 hours. The results demonstrated that as the curing progresses, the charac-
teristics of the electrical conductance change. The experimental results were also
interpreted by comparing them to the numerical results obtained with the finite ele-
ment model. We found that most of the experimental and the numerical results are
in good agreement with each other; any discrepancy is likely related to the bound-
ary conditions and the exact knowledge of the size, thickness, and strength of the
adhesive layers used to glue the PZT and to bond the stiffener to the plate.

An ongoing study is evaluating the repeatability of the methodology by considering
a large pool of samples. Future studies shall instead consider the effect of the
temperature on this specific application.
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