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This article deals with the effect of adhesive bond on 
piezoelectric ceramic (PZT) patch-structure interac-
tion system and the resulting effect on admittance  
signature, which has a major impact on the electro-
mechanical coupled phenomena pertinent for the elec-
tro-mechanical impedance technique. The adhesive 
bond acts as an elastic medium which facilitates the 
transfer of stresses and strains developed due to piezo 
displacement and also couples the impedance of PZT 
patch with that of the host structure. In this work, the 
force transfer mechanism is studied along the length 
of the PZT patch as also the variation of the shear 
stress and strain along the bond. This article presents 
a numerical approach to study the inclusion of shear 
lag in the electro-mechanical impedance model 
through commercially available finite element (FE) 
simulation software. The results are compared with 
existing analytical as well as experimental data. Pa-
rametric study of the FE shear lag model is carried 
out to examine the effect of piezo-mechanical para-
meters on the admittance signature. 
 
Keywords: Continuous bonding, electro-mechanical 
impedance, piezo-transducer, shear lag. 
 
THE increasing trend of engineering activities in the  
development and industrial applications of piezoelectric 
transducers has prompted the evolution of effective and 
reliable simulation and design tools. Because of its small 
shape, cost-effectiveness and dual effect (both sensor and 
actuator effect), piezoelectric ceramic (PZT) patches are 
gaining popularity as sensors and actuators for non-
destructive techniques (NDT) and structural health moni-
toring (SHM). In the electro-mechanical impedance 
(EMI) technique, the bonded PZT patch is electrically  
excited by applying an alternating voltage using an  
impedance analyser/LCR meter. This produces deforma-
tions in the patch as well as in the local area of the host 
structure surrounding it. The response of this area is 
transferred back to the PZT patch in the form of admit-
tance (the electrical response), comprising the conduc-
tance (the real part) and the susceptance (the imaginary 
part). Any damage to the structure manifests itself as a 

deviation in the admittance signature, thereby enabling its 
early detection. 
 The major technical difficulty in conducting a success-
ful simulation on piezo-structure system is the lack of  
appropriate tools for modelling the interactions between 
the patch and the host structure, which involves compli-
cated coupling of the mechanical and the electrical  
domains. It is not enough to understand these areas indi-
vidually. However, by capturing the coupled effects of 
these phenomena simultaneously, a step could be taken 
for an efficient and optimized piezo-active model for 
practical applications. This can be made possible by  
using coupled-field analysis through finite element 
method (FEM), which can take care of the interactions 
between the mechanical and electrical domains concur-
rently. The coupled piezo finite element analysis (FEA) is 
available in several commercial FE software packages, 
which makes them a powerful tool in an integrated pro-
cess of designing, prototyping and testing a piezo  
transducer. However, for electro-mechanical coupled 
simulations, there are several ingredients, the major one 
being the format of input of the key parameters. Hence, 
this article aims to model piezo shear lag model using 
ANSYS12 (ref. 1) with modified input of material prop-
erties in the recommended format, resulting in accurate 
piezoelectric analysis for EMI technique. 

Review of FE modelling of PZT-structure  
interaction 

Various FE models on PZT-structure interaction have 
been proposed since the 1990s. Lalande et al.2 provided 
an excellent and insightful review into FE  
approaches for the simulation of PZT–host structure  
interaction. They broadly classified the FE models into 
three categories, namely direct formulation of elements 
for specific application, utilization of a thermoelastic 
analogy, and the use of commercially available FEA 
codes incorporated with piezoelectric element formula-
tion. They attempted the dynamic FEA of ring and shell 
structures using the commercially available software 
ANSYS 5.0. Fairweather3 developed a FEA-based imped-
ance model for the prediction of structural response result-
ing from induced strain actuation. The model utilized FEM 



RESEARCH ARTICLE 
 

CURRENT SCIENCE, VOL. 103, NO. 6, 25 SEPTEMBER 2012 686 

to determine the impedance of the host structure based on 
eigen values and mass-normalized eigen vectors. Lalande 
et al.2 derived the driving point mechanical impedance by 
evaluating the ratio of force to velocity. 
 For the application of the EMI technique, the mechani-
cal impedance obtained could be used to determine the 
admittance signature of the bonded PZT patch as if it 
were measured by an impedance analyser, through the 
impedance-based electro-mechanical coupling equation4,5. 
Initial applications of the above-mentioned models were 
mainly focused on a relatively low frequency of excita-
tion, typically lower than 1 kHz. The FEA-based imped-
ance model was later applied to the EMI technique, 
which involves a much higher frequency of excitation, in 
the order of tens to hundreds kilohertz. Makkonen et al.6 
showed that fairly accurate results could be obtained for 
dynamic harmonic problems by FEM, even up to a  
frequency of the order of gigahertz. With these develop-
ments, the ability of FEM to model the behaviour of a 
PZT-structure interaction in the EMI technique has been 
significantly enhanced. 
 Bhalla7 simulated PZT–concrete interaction via 3D FE 
modelling. One-dimensional impedance model was cou-
pled to the 3D numerical model of the host structure, a 
concrete block. Damage was simulated using the built-in 
crack propagation scheme of ANSYS. A reasonably good 
agreement of electrical impedance between experiment 
and the FEA-based impedance model for an aluminium 
beam, truss and concrete cube was shown (Y. Y. Lim, pers. 
commun.). Bhalla and Soh5 further improved the model-
ling by incorporating interaction by introducing the defi-
nition of effective impedance. In fact, these models were 
semi-analytical since they coupled the impedance-based 
analytical model separately with the FE output consisting 
of the structural displacement response, without including 
the coupled field theory into the FE formulations. 
 Liu and Giurgiutiu8 studied the use of FE model to 
simulate various SHM techniques with PZT sensors. For 
the simulation of the EMI technique, simple models like 
free piezo patch of different shapes and 1D beam with 
PZT patch were studied. For the wave propagation tech-
nique, a long beam with several PZT patches installed was 
excited by tone burst signals and elastic waves propa-
gated along the beam. The existence of a crack caused the 
echo to reflect back. They highlighted the accuracy of 
coupled field analysis by a close agreement of the simu-
lated result with the experimental signature. 
 Liu and Giurgiutiu9 compared the real part of the  
impedance from both the FEA-based impedance model 
(semi-analytical) and the coupled field FE model for a 1D 
thin beam structure to experimental results. The coupled 
field FE model exhibited closer agreement with the  
experimental results. Annamdas and Soh10 presented a 
semi-analytical 3D PZT-structure interaction model in-
corporating the adhesive bond layer. The effect of the 
bonding layer was incorporated collectively in the imped-

ance of the structure by introducing additional impedance 
terms. 

Inclusion of shear lag effect on piezo-impedance  
model 

The electro-mechanical behaviour of PZT actuators with 
bond layer is one of the most fundamental issues in the 
EMI technique. The accurate assessment of the shear 
stress and strain distribution around the interfacial bond 
plays a dominant role in the actuation effect being trans-
ferred from the actuator to the host structure. The effi-
ciency of the piezo patch highly depends on the ability of 
the adhesive layer to transfer stress and strain between 
the active and passive constituents. Therefore, it becomes 
an important issue to study the coupled electro-mechanical 
behaviour of these sensors with bonding layers to reliably 
evaluate the relation between the measured signal and the 
local mechanical deformation. 
 Numerically, Xu and Liu11 treated the bonding layer 
between the piezoelectric element and the host structure as 
a spring–mass–damper system. The admittance of Liang’s 
model was computed by incorporating the mechanical 
impedance (Zb) of the bonding layer. The impedance of the 
bond layer was placed ‘in series’ with the structural  
impedance (Zs) of the structure. The analysis itself is not 
realistic as it was not validated with experimental results. 
 A detailed derivation (semi-analytical, where harmoni-
cally excited displacement has been computed from FEA) 
to integrate the shear lag effect into impedance formula-
tion was provided by Bhalla and Soh12 with assumption 
of pure shear deformation of adhesive layer. Their  
parametric study concluded that use of higher shear 
modulus of elasticity and small thickness of bond layer 
for ensuring the accurate transformation of strain. 
 Yang et al.13 simulated the PZT-structure interaction at 
the high-frequency range (up to 1000 kHz) using the 
commercially available FEM software, ANSYS version 
8.1, through the direct use of coupled field elements. Han 
et al.14 observed that dynamic behaviour of piezoelectric 
sensors depends on the bonding condition along the inter-
face between the sensors and the host structure. Both nu-
merical and analytical comparative studies were 
conducted to simulate the two-dimensional electro-
mechanical behaviour of the integrated system. They con-
cluded that the loading frequency should not be too high 
in order to ensure accuracy in the sensor output. Besides, 
the material combination of the sensor and the host struc-
ture needs to be carefully selected in order to improve the 
interaction efficiency. 
 Dugnani15 showed that for a circular PZT patch, the  
effect of the adhesive layer is frequency-dependent and 
that the losses due to the shear deformation of the adhe-
sive layer are large near the first radial resonance. The 
model neglected the inertia terms of the adhesive layer 
and assumed that the piezoelectric sensor was loaded by 
the host structure at the edge. 
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 Huang et al.16 reviewed the development of analytical, 
numerical and hybrid approaches for modelling of the 
coupled piezo-elastodynamic behaviour, including boding 
effect. They highlighted various issues regarding accurate 
characterization of the coupled piezo-elastodynamic  
behaviour between the actuator and the host medium.  
 Tinoco et al.17 carried out a numerical study to under-
stand the effects of adhesive layer on the electro-
mechanical coupling of piezoelectric sensors bonded to 
structures. They identified that the deformations along the 
bonded interface in the sensor and the structure present a 
nonlinear distribution of the strain and displacements. 
Electric potential emitted by PZT sensors when the struc-
ture is subjected to a known force is dependent on the 
thickness of the adhesive layer. The mechanical effects of 
the adhesive thickness are reflected on the strains and the 
electrical effects are reflected on the electric potential 
generated by the PZT sensor. 
 They also performed parametric study for stress and 
strain profile along the bond and found that the shear 
stresses are affected by the length of the sensor. Trans-
mitted shear forces create an effect on the end of the PZT 
sensor, where shear stresses are higher. On the other 
hand, if PZT sensors have smaller lengths, the mecha-
nism to transmit forces is completely via shear stress 
through the interface. 
 Yang et al.18 derived the coupled governing equation 
of the strains of the piezoelectric patch and surface of the 
host structures, including the electro-mechanical coupling 
effect of piezoelectric materials for both the static and 
dynamic case. They numerically simulated the strain ratio 
(piezo to that of structure) (Sp/Sb) and that it matches with 
the theoretical solution reasonably well. They observed 
that the strain at the ends of patch changes abruptly due 
to singularity which cannot be simulated by FE multi-
physics and also studied the effect of circuit resistance on 
shear lag. 
 Jin and Wang19 predicted through their numerical 
simulation that the increase in bonding layer thickness 
will increase the shear stress distribution level along the 
internal of the actuator and decrease the strain concentra-
tion at the tips of the actuator. Besides, the material com-
bination of the actuator and the host structure needs to be 
carefully selected in order to improve the actuator effi-
ciency. 
 Zhang et al.20 derived a coupled EMI model of a  
Timoshenko beam with a pair of PZT patches bonded on 
the top and bottom surfaces, where the bonding layers 
were assumed as a Kelvin–Voigt material. The shear lag 
model was introduced to study the influence of crack  
including inertial forces of both the PZT patch and the 
adhesive layer. They reported two significant results. 
 (1) The inertial forces of PZT patches and bonding 
layers should be considered in the high-frequency band, 
especially for thin-beam structures. Because the EMI 
technique employs high frequency, taking the inertial 

forces into account is necessary when considering a thin-
beam structure. 
 (2) In order to improve the accuracy of damage identi-
fication, the high-frequency band which contains many 
peak frequencies should be chosen. 
 The coupled element-based simulated results have sev-
eral advantages over the conventional uncoupled or semi-
analytical approaches, such as direct acquisition of elec-
trical admittance/impedance and the ability to model the 
PZT patch and the bonding layer as well as changes in the 
ambient temperature simultaneously. Therefore, the next 
section will follow complete modelling of the PZT-
structure interaction, including the bonding layer using 
commercially available FE software, ANSYS 12.0 
through inbuilt coupled field element. Performing the 
harmonic analysis, the outcomes will be compared to  
impedance-based semi-analytical solution model5 as well 
as the experimental signatures21. 

Theory of coupled piezoelectric analysis 

FE-based direct piezoelectric analysis comes under the 
category of coupled field analysis since it considers the 
interaction or coupling between two disciplines of engi-
neering, namely structural mechanics and electricity.  
Basically, two methods of coupling are used for FEA to 
evolve coupled matrix equation, i.e. strong or simultaneous 
coupling for piezoelectric analysis, and weak or sequential 
coupling for high-temperature acoustic applications. 
 The electro-mechanical constitutive equations for lin-
ear piezoelectric material behaviour can be written as22 
 

 3 33 3 31 1,TD E d Tε= +  (1) 
 

 1
1 31 3,

E

T
S d E

Y
= +  (2) 

 

where T1 is stress, d31 the piezoelectric strain displace-
ment, S1 and D3 the actuating strain along axis (1) and  
the piezoelectric charge displacement respectively, E3 the 
electric potential along axis (3), and 33

Tε  the electric per-
mittivity matrix at constant stress. 
 However, the piezoelectric material parameter format 
suggested in the IEEE Standard22 is drastically different 
from the ANSYS format23. The IEEE Standard specifies 
standard 1 × 6 format for stress matrix as {σx, σy, σz, σyz, 
σxz, σxy}. ANSYS, on the other hand, uses the standard 
structural mechanics format where the order is {σx, σy, 
σz, σxy, σyz, σxz}. Material data are considered in the IEEE 
format with the polarization along the Z-direction (or 3), 
the longitudinal direction as X (or 1), and the transverse 
direction as Y (or 2), as shown in Figure 1 a. In ANSYS, on 
the other hand, the polarization direction is Y, the longitudi-
nal direction X, and the transverse direction Z, as shown in 
Figure 1 b. Thus, the supplied material data must be trans-
formed appropriately. Some of the term conversions are 
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discussed here. Anisotropic elastic compliance matrix in 
IEEE standard format (polar axis Z-axis) is 
 

 

11 12 13

21 22 23

31 32 33
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55

66

0 0 0
0 0 0
0 0 0

.
0 0 0 0 0
0 0 0 0 0
0 0 0 0 0

S S S
S S S
S S S

S
S

S

⎡ ⎤
⎢ ⎥
⎢ ⎥
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⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 (3) 

 

On the other hand, according to ANSYS format, this can 
be written as 
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31 32 33
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 (4) 

 

In addition to converting the elasticity data from the 
IEEE format to the ANSYS format, it must also be  
rotated so that the polarization direction will be Y rather 
than Z, that is, Z and Y terms need to be interchanged: 
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 (5) 

 

The piezoelectric strain coefficient matrix in IEEE stan-
dard input is 
 

 

31

32
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.
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0 0
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d
d
d

d
d

⎛ ⎞
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟
⎜ ⎟⎜ ⎟
⎝ ⎠

 (6) 

 

Rearranging the rows of eq. (6), the matrix in the ANSYS 
format will be 
 

 

31

32

33

42
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0 0
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.
0 0 0
0 0

0 0

d
d
d

d
d

⎛ ⎞
⎜ ⎟
⎜ ⎟
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⎜ ⎟
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 (7) 

Finally, Y being the direction of polarization instead of Z 
must be accounted for; hence the transformation can be 
presented as 
 
 x y z x z y 

 

11 21 31 11 31 21

21 22 23 21 23 22

31 32 33 31 33 32

41 42 43 61 63 62

51 52 53 51 53 52

61 62 63 41 42 43

.

d d d d d dx x
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d d d d d dz z
d d d d d dxy xz
d d d d d dyz zy
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Hence, the final strain co-efficient matrix in the ANSYS 
format is 
 

 

31
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0 0

d
d
d

d
d
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In the same manner, the dielectric permittivity matrix at 
constant strain can be expressed in the ANSYS format 
(for polarized Y-axis) as 
 

 
22

11

33

0 0
0 0
0 0

ε
ε

ε

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

. (9) 

 
The FE discretization is performed by establishing nodal 
solution variables and element shape functions over an 
element domain which approximates the solution, that is 
 
 { } [ ] { },u T

cu N u=  (10) 
 

 { } [ ] { },V T
cV N V=  (11) 

 
where {uc} represents the structural displacements within 
the element domain in the x, y and z directions, and Vc is  
 
 

 
 

Figure 1. A piezoelectric material sheet with axes according to the 
(a) IEEE standard and (b) ANSYS format. 
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Figure 2. Finite element model of 1D PZT-structure interaction. 
 

Table 1. List of material properties used in the finite element shear lag model 

  Property  PZT patch 
Parameter Symbols Host structure (PIC Ceramic25) in IEEE format Adhesive 
 

Density ρ 2715 kg/m3 7800 kg/m3 1,000 kg/m3 
Poisson ratio υ 0.33 0.34 0.3 
Young’s modulus YE 68.59e9 N/m2  5.09e9 N/m2 
Dielectric loss factor tanδ  0.02 
Compliance matrix  [SE]  S11 15.0 × 10–12 m2/N 
   S12 19.0 × 10–12 m2/N 
   S13 –4.5 × 10–12 m2/N 
   S22 –5.7 × 10–12 m2/N 
   S44 39.0 × 10–12 m2/N 
   S66 49.4 × 10–12 m2/N 
Electric permittivity matrix  [εT

33]  εT
11 1.75 × 10–8 F/m 

   εT
22 1.75 × 10–8 F/m 

   εT
33 2.12 × 10–8 F/m 

Piezoelectric strain coefficients [d]  d31 –2.10 × 10–10 m/V 
   d32 –2.10 × 10–10 m/V 
   d33 5.0 × 10–10 m/V 
   d24 5.80 × 10–10 m/V 
   d15 5.80 × 10–10 m/V 

Damping  η 1e-9 α 0 6e-9 
   β 3e-9 

 
the electrical potential within the element domain. [Nu] 
and [NV] are the shape functions for structural displace-
ment and electrical potential of the considered element 
respectively. {u} and {V} are the vectors of nodal dis-
placement and nodal electrical potential respectively. 
 Expanding the terms, 
 

 
1

1

1

0 0 0 0
[ ] 0 0 ... 0 0 ,

0 0 0 0

n
u T

n

n

N N
N N N

N N

⎡ ⎤
⎢ ⎥= ⎢ ⎥
⎢ ⎥⎣ ⎦

 (12) 

 
and 1 2[ ] ( ... ),V T

nN N N N=  (13) 

where structural displacement can be presented as 
{u} = [ux1, uy1, uz1 ,..., uxn, uyn, uzn]T and electric nodal dis-
placements as 
 
 

 { }

1

2

.
.

.

.

n

V
V

V

V

⎧ ⎫
⎪ ⎪
⎪ ⎪
⎪ ⎪⎪ ⎪= ⎨ ⎬
⎪ ⎪
⎪ ⎪
⎪ ⎪
⎪ ⎪⎩ ⎭

 (14) 
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The strain and the displacement matrix are correlated for 
both structural and electrical DOF as follows: 
 
 {S} = [Bu]{u}, (15) 
 
 {E} = – [BV]{V}, (16) 
 
where {Bu} and {BV} are the strain displacement matrices 
for structural degree of freedom (DOF) and electrical 
DOF respectively, as given by 
 

 

0 0

0 0

0 0
{ } [ ] ,

0

0

0

u T
u

x

y

zB N

y x

z y

z x

∂⎡ ⎤
⎢ ⎥∂⎢ ⎥

∂⎢ ⎥
⎢ ⎥∂
⎢ ⎥

∂⎢ ⎥
⎢ ⎥∂
⎢ ⎥=
∂ ∂⎢ ⎥

⎢ ⎥∂ ∂
⎢ ⎥

∂ ∂⎢ ⎥
⎢ ⎥∂ ∂
⎢ ⎥
∂ ∂⎢ ⎥

⎢ ⎥∂ ∂⎣ ⎦

 (17) 

 
and 
 

 [ ] { } .V T
V

y
x
yB N
x
y
z

∂⎡ ⎤
⎢ ⎥∂⎢ ⎥
∂⎢ ⎥= ⎢ ⎥∂
⎢ ⎥∂⎢ ⎥
⎢ ⎥∂⎣ ⎦

 (18) 

 
By the application of the variation principle, the coupled 
FE matrix for can be expressed as21 
 

 
[ ] [0] { } [ ] [0] { }
[0] [0] { } [0] [0] { }
M u c u

v v
⎡ ⎤ ⎧ ⎫ ⎡ ⎤ ⎧ ⎫

+⎨ ⎬ ⎨ ⎬⎢ ⎥ ⎢ ⎥
⎣ ⎦ ⎩ ⎭ ⎣ ⎦ ⎩ ⎭

 

 

  
[ ] [ ] { } { }

{ } { }[ ] [ ]

Z

Z T d

K K u F
v LK K

⎡ ⎤ ⎧ ⎫ ⎧ ⎫
+ =⎢ ⎥ ⎨ ⎬ ⎨ ⎬

⎩ ⎭ ⎩ ⎭⎢ ⎥⎣ ⎦
, (19) 

 
where {u} is the vector structural displacement, {v} the 
vector of nodal electric potential (the dot above a vari-
ables denotes time derivative), {L} is the vector of nodal, 
surface and body charges, [Kz] the piezoelectric coupling 
matrix and [Kv] the dielectric conductivity. [cu] and [cv] 
are the structural damping and dielectric damping respec-
tively. [M] denotes the structural mass and {F} presents 
the structural force developed due to coupled piezo  
deformation. 

Coupled-field analysis using ANSYS 12.0 

In the FEA-based impedance modelling, the PZT patch is 
assumed to be under steady state harmonic forces applied 
at the ends of the patch as represented by 
 
 { } { }0 e ,j tF F ω=  (20) 
 
where F0 denotes the magnitude of the force, j is the 
imaginary number, ω the angular frequency and t the 
time. The resulting displacement could then be defined as 
 
 0{ } { }e .j tu u ω=  (21) 
 
Thus, the drive point mechanical impedance (at one of 
the loading points) can be conveniently evaluated as 
 

 ,FZ
u

=  (22) 

 
where the velocity u  can be derived by differentiating 
the displacement. In the present case, a full harmonic 
 

 

 
 

Figure 3. Effect of adhesive on PZT-structure interaction model. a, 
Conductance versus frequency. b, Susceptance versus frequency. 
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analysis is carried out to ensure higher accuracy. For the 
FE modelling, plane 13 and solid 5 elements are chosen 
for 2D and 3D modelling respectively. The excitation of 
the PZT patch in this study is well within the linear range 
as in the EMI technique due to the use of very small volt-
age (typically 1 V rms). Effect of hysteresis is also  
assumed to be negligible due to the use of a relatively 
thin and small patch with very low voltage of excitation. 
For piezoelectric analysis, one needs to couple the bottom 
and top nodes with volt degree of freedom. Applying volt 
degree of freedom on the coupled nodes and performing 
the harmonic analysis, the resultant output can be  
extracted as reaction force (–Q) labelled as AMPS from 
time-history post processor of ANSYS 12.0. 
 For obtaining current, one has to consider the negative 
of the charge (Y. Y. Lin, pers. commun.) and differentiate 
it with respect to time, that is 
 
 ( )e j t

r jQ Q Q j ω− = − +  

 

 d( ) ( )e
d

j t
r j

QI I I j
t

ω−
= = −  (23) 

 

 
 

Figure 4. Comparison of coupled field numerical result with that 
from other analytical models. a, Conductance versus frequency. b, Sus-
ceptance versus frequency. 

Finally, the electro-mechanical admittance can be ob-
tained by 
 

 .IY
V

=  (24) 

 
With the aid of ANSYS 12.0, the electric current can be 
directly compared with the admittance signature from the 
EMI technique (with V  = 1 V), saving the trouble of 
converting the mechanical impedance into electrical  
admittance through the impedance-based electro-
mechanical coupling equation as required in the FEA-
based semi-analytical impedance models. 

Modelling, results and discussion for 2D coupled  
analysis 

Figure 2 presents a 2D FE model, where a host structure 
(48 × 10 mm) is bonded with a PZT patch (5 mm × 
 
 

 
 

Figure 5. Effect of bond thickness on electro-mechanical admittance 
signature. a, Conductance versus frequency. b, Susceptance versus fre-
quency. 
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Figure 6. Effect of shear modulus of bond layer on electro-mechanical admittance signature. a, Conductance versus frequency. b, Susceptance 
versus frequency. 

 
 

 
 

Figure 7. Effect of damping of bond layer on electro-mechanical admittance signature. a, Conductance versus frequency. b, Susceptance versus  
frequency. 

 

 
 

Figure 8. Effect of sensor length on electro-mechanical admittance signature. a, Conductance versus frequency. b, Susceptance versus frequency. 
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Figure 9. Isometric view of one-fourth of aluminium block (48 mm × 48 mm × 10 mm) adhesively bonded with PZT patch modelled in 
ANSYS12.0 workspace. 

 
 
 

 
 

Figure 10. Comparison of signatures of perfectly bonded PZT–host structure system and adhesively bonded PZT-structure interaction system, 
both obtained numerically. a, Conductance (G) versus frequency. b, Susceptance (B) versus frequency. 

 
 

 
 

Figure 11. Comparison of signature of 3D numerical results with analytical and numerical results of Bhalla and Soh12. a, Conductance (G) versus  
frequency. b, Susceptance (B) versus frequency. 
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0.3 mm) with the help of epoxy adhesive of thickness 
0.03 mm. Though the structure is 2D, the PZT-structure 
interaction is 1D in nature. The material properties of the 
PZT patch and the structure listed in Table 1 were used 
for modelling in the ANSYS 12.0 workspace. Due to 
geometric symmetry, only one half of the piezo structural 
system (24 × 10 mm) has been modelled. The conver-
gence study was done, resulting in a suitable element 
mesh size of 0.5 mm. Comparison between the outputs of 
PZT-structure interaction system with and without adhe-
sive (perfect bonding condition) is shown in Figure 3. It 
can be clearly observed from the figure that the presence 
of the bond layer has significant influence on the admit-
tance signature in terms of shifting of peaks downwards 
in the conductance (G) plot and change in the slope of the 
susceptance (B) plot. It has also been observed that the 
imaginary part (B) of the numerically simulated  
admittance signature is negative contrary to actual observa-
tion because of interval error in the ANSYS processor. 
The susceptance plot reported by Yang et al.13 was possi-
bly incorrect because material properties were not input 
in proper ANSYS format. The result from the present 
 
 

 
 

Figure 12. Effect of bond layer thickness on electro-mechanical  
admittance signature by 3D coupled analysis field. Conductance (G) 
versus frequency. b, Susceptance (B) versus frequency. 

numerical analysis is compared with the 1D models con-
tributed by Liang et al.4 (no bond layer), Bhalla and Soh11 
(with bond layer) and Bhalla et al.24 (with bond layer) in 
Figure 4. 
 For the sake comparison, only the absolute value of  
susceptance has been considered. Further, in order to  
investigate the characteristics of basic piezo-ceramic 
properties and their effects on the signature, a parametric 
study was carried out. Figure 5 shows the variation of 
admittance signature with alternation of bond thickness. 
By altering the bond thickness to lower values, the peaks 
of the admittance plot were found to reduce significantly. 
Similarly, the effect of other parameters like shear 
modulus and damping of the bond layer is depicted in 
Figures 6 and 7. It is apparent from Figure 7, that the  
mechanical loss factor has negligible effect on admittance 
signature. 
 Figure 8 shows the effect of sensor length on the ad-
mittance spectrum. In real part (conductance), the reso-
nance peaks are shifted towards the left with higher peak 
value as the sensor length increases. On the other hand, in 
the imaginary part (susceptance) the peaks of the curve 
have changed abruptly. Hence, it can be stated that due to 
the increase in sensor length, the mechanics of PZT-
structure interaction has changed. 

Modelling, results and discussion for 3D coupled 
analysis 

In this section, the coupled field FEA is extended to the 
3D PZT-structure interaction system. A simple rectangu-
lar aluminium block of size 48 × 48 × 10 mm was consid-
ered as the host structure in this study. A 10 × 
10 × 0.3 mm PZT patch was considered to be bonded at 
the centre of the block. This is numerically simulated in 
the ANSYS 12.0 workspace as shown in the Figure 9. 
The bonding layer (0.03 mm thick) was also modelled. 
Again, taking advantage of the geometrical and loading 
symmetry, only one-fourth of the system was modelled. 
The significance of the proposed FE shear lag model is 
that the patch is simulated as to be ‘mechanically-
bonded’ to the aluminium block through the bonding 
layer by merging the interfacial nodes between the patch 
and the bonding layer as well as between the structure 
and the bonding layer before applying the voltage for 
piezoelectric analysis. Merging of the nodes ensures  
that the interfacial nodes will mechanically transfer the 
displacements and strains to the host structure. The signa-
ture obtained from the dynamic harmonic analysis of  
the PZT–host structure action is shown in Figure 10. 
From this figure, it can be observed that in both conduc-
tance (G) and susceptance (B) plots, the admittance curve 
has acquired much lower values compared to perfect 
bonding condition (where the adhesive is completely  
ignored). 
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Figure 13. Effect of shear modulus of adhesive on electro-mechanical 
admittance signature obtained through 3D coupled field analysis. a, 
Conductance (G) versus frequency. b, Susceptance (B) versus Frequency. 
 
 
 These numerical outcomes are compared with semi-
analytical and experimental results of Bhalla and Soh12, 
as shown in Figure 11. For the sake comparison, the  
absolute values of susceptance are considered and plotted. 
Both the real part as well as imaginary component have 
good agreement at the resonance peaks. However, the 
peak values tend to be lower than those by using a semi-
analytical approach. Some parametric studies were car-
ried on the variation of signature with piezo-mechanical 
properties. The effect of bond layer thickness and shear 
modulus of the bond layer on admittance signature  
are shown in Figures 12 and 13 respectively. The altera-
tion of shear modulus of the adhesive greatly affects the 
piezo admittance signature (both G and B), as shown in 
Figure 13. The observations are similar to those for the 
1D model. 

Conclusions 

This article describes the coupled field analysis covering 
2D and 3D FE models with inclusion of proper coupling 
of the structural and the electrical degree of freedom for a 

high range of frequency in kilohertz. The proposed FE 
model is adapted for ANSYS 12.0 by carrying out appro-
priate changes in parameters from IEEE format to 
ANSYS format. This is an improvement over the previ-
ously reported work of Yang et al.13, where this part was 
ignored. The simulated signature from 2D numerical 
model is good enough to capture the effect both in con-
ductance and susceptance plots. For the 3D case, the EMI 
signatures match more or less with experimental and the 
previous existing semi-analytical signatures. Supportive 
parametric study is followed by altering piezo-mechanical 
parameters as well as bond conditions. The advantage of-
fered by the coupled field analysis is that it furnishes the 
results directly, without the necessity of analytical com-
putation on the ANSYS output to obtain admittance sig-
nature as used in previous studies. However, currently it 
is advised to use the real part (G) only, since B (suscep-
tance) is found to be negative in value. However, if B is 
to be used, its sign needs to be changed by multiplying 
with (–1). 
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