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efficiency of piezo-impedance
transducer
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Abstract

This article deals with the analysis of the power consumption in the piezoelectric ceramic patch of lead zirconate titanate

and the losses arising from the adhesive bonding with the host structure. When a lead zirconate titanate patch is utilized
as an impedance transducer in the electromechanical impedance technique, it acts both as a sensor and as an actuator

(dual effect) for the range of frequency. Power consumption occurs in two forms. First part of the energy is used to

actuate the lead zirconate titanate patch and produce deformations. The other part of the energy is dissipated within
the piezo-mechanical system due to the internal mechanical loss and the associated heat generation. The determination

of the power consumption characteristics for an active piezo-system is very important for designing an efficient intelli-

gent structure with optimized mass and energy combination. Adhesive bond itself acts as an added stiffness, mass and
damper and plays an important role in mechanical and electrical energy conversion. Hence, a detailed investigation is

needed to characterize the power consumption and energy issues associated with bond layer driven by lead zirconate

titanate patch, which is the main aim of this article.
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Introduction

Integrated induced strain transducers provide the nec-

essary energy for an intelligent system to respond adap-

tively to an internal or an external stimulus. The

transducer power consumption as well as the energy

transfer from the transducer to the host structure and

vice versa is an important issue in the application and

design of intelligent material systems and structures. In

the electromechanical impedance (EMI) technique for

structural health monitoring (SHM), the piezoelectric

ceramic patch lead zirconate titanate (PZT) couples the

electrical and the mechanical parameters simultane-

ously and acts as both sensor and actuator. Here,

although actuation is part of the mechanical interac-

tion, the forces involved are very small. In either case,

for a system with integrated PZT patches, the power

consumed by the patches consists of two parts: the

energy used to drive the system, which is dissipated in

terms of heat (as a result of the structural damping),

and energy dissipated by the PZT patches themselves

because of their dielectric loss and internal structural

damping (Liang et al., 1995).

The power consumption is related to the designated

function of the piezo-system, that is, whether it is used

for shape control, health monitoring, vibration or

acoustic control, as well as the associated electronic

systems, including the power supply itself. In the treat-

ment of this article, the power supply system is not

included in the coupled electromechanical analysis by

assuming that the power supply system can always sat-

isfy the current needs of the actuator, in line with the

assumption of Liang et al. (1994). In vibration control,

the energy supplied to the PZT patch is absorbed by

the structural damping of the mechanical system and

the internal damping and the dielectric loss of the PZT
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actuator. For acoustic control, most of the electrical

and the mechanical energy is used to radiate sound. In

shape control, all the system energy is transferred from

the reactive electric energy into the reactive mechanical

energy (strain energy) but still stored in the electrome-

chanical system. In SHM (especially the EMI tech-

nique), all the electrical reactive energy is converted

into the mechanical reactive energy and vice versa

because of the dual piezoelectric effect.

As a matter of fact, this issue was duly recognized dur-

ing the early development and implementation of PZT

patches. In the beginning, several static modelling tech-

niques were developed to determine the equivalent static

forces or moments (Bailey and Hubbard, 1985; Crawley

and De Luis, 1987; Dirmitriadis et al., 1989; Wang and

Rogers, 1991). The quasi-static analysis using the static

model is not very accurate because the active forces origi-

nated by the PZT patches are harmonic in nature. The

dynamic interaction between the host structure and the

PZT patch exists and affects the performance of both the

structure and the patch. Later on, the impedance-based

analytical model developed by Liang and co-workers

provided a better modelling of the dynamic characteriza-

tion of PZT element–driven systems (Bhalla et al., 2009;

Bhalla and Soh, 2004(b,c); Liang et al., 1994; Zhou et al.,

1996). The frequency-dependent force output behaviour

is accurately predicted by the impedance approach.

The bonding effect on the electromechanical admit-

tance output has been modelled by various researchers

through numerous analytical models (Bhalla et al.,

2009; Bhalla and Soh, 2004(a); Dugnani, 2009;

Giurgiutiu and Santoni-Bottai, 2009; Han et al., 2008;

Huang et al., 2010; Ong et al., 2002; Park et al., 2008;

Tinoco et al., 2010; Xu and Liu, 2002; Yu et al., 2010)

supplemented with experimental verification. All the

studies concluded that the bond layer has significant

impact on coupled admittance signature. Several

numerical investigations on shear lag effect (Giurgiutiu

and Santoni-Bottai, 2006; Jin and Wang, 2011; Liu and

Giurgiutiu, 2007; Yang et al., 2008, 2011; Zhang et al.,

2011) have been reported to accommodate the bonding

effect. However, the effect of the bond layer on energy

transduction characteristics has not been studied.

The designers of the engineering and space structures

are also concerned with how efficiently a PZT patch

acts as a transducer to transform the electrical energy

into the mechanical energy. Liang et al. (1996) analysed

the power components to interpret the usage of the

electromechanical properties of piezo-transducers in

various applications. They suggested a power factor,

defined as the ratio of the dissipative mechanical power

in the system to the total electrical power supplied to

the patch. This concept was used to optimize the loca-

tion of the actuator (Liang et al., 1995). Stein et al.

(1994) investigated the power consumption of a PZT

actuator integrated with an underwater structure that

radiated sound and evaluated the power requirements

in active acoustic control.

The influence of various loss parameters on the sys-

tem power factor and the system power requirement

was studied in detail by Zhou et al. (1996), who

extended the impedance model to two-dimensional

(2D). Lin and Giurgiutiu (2012) developed a one-

dimensional (1D) guided axial and flexural wave–based

predictive model for computing the power and the

energy transduction between structurally guided waves

and piezo-wafer active sensor (PWAS) through closed-

form analytical expressions. The power and energy

analyses for single PWAS transmitter, single PWAS

receiver and a complete PWAS in pitch–catch set-up

were carried out. Frequency response functions were

derived for voltage, current, complex power, active

power and so on. They concluded that a judicious com-

bination of PWAS size, structural thickness and excita-

tion frequency can ensure optimal energy transduction

and coupling with the ultrasonic-guided waves travel-

ling in the structure. However, they considered only 1D

guided axial and flexural waves for the analysis.

The above literature shows that although a number

of studies have been conducted for power and energy

efficiency, none have explicitly considered the influence

of the bond layer. The recent analytical developments

show that bond layer has strong influence on piezo-

structure system. Therefore, the next section aims to

examine the power consumption and energy efficiency

related to the EMI technique through the continuum-

based piezo-elastodynamic model (Moharana and

Bhalla, 2014) considering all piezo-mechanical proper-

ties of the adhesive bond in a continuous manner along

the bonding area. Hence, taking the advantage of accu-

racy and simplicity of the continuum model, the power

factor and energy conversion efficiency ratio have been

redefined, along with the fact that the shear stress and

inertia effect are considered simultaneously. A modified

coupling coefficient has also been proposed based on

continuum piezo-bond-structure model.

Continuum-based electromechanical

model for modelling the bond effect

The governing dynamic shear lag equation (Bhalla and

Soh, 2004a) for an infinitesimal element of PZT patch,

shown in Figure 1, can be written as

twdx+ dmð Þ€up =
∂T1

∂x
hwdx ð1Þ

where up is the displacement in the PZT patch, dm is

the mass of the infinitesimal element, t is the interfacial

shear stress, T1 is the axial stress in the PZT patch, w is

the width of the patch, l is the half length and h is the

thickness. Bhalla and Soh (2004a) had simplified equa-

tion (1) by ignoring the inertia term (dm)€up. However,
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recently, Bhalla and Moharana (2013) in their new

modelling approach termed as ‘refined model’, solved

equation (1) duly considering both inertia term and

shear stress simultaneously to derive an accurate and

more realistic governing equation, expressed as

u000 + �pu00 � �aqu0 +(1� �a)�pqu= 0 ð2Þ

where �p and q are the shear lag parameters, �a is the

inertia parameter (Bhalla and Moharana, 2013) and u

is the displacement of structure, which is ultimately uti-

lized at the edge of the PZT patch relative to the patch’s

displacement to evaluate the equivalent mechanical

impedance of the structure-bond layer combined sys-

tem, given by

Zeq = Zs
u(x= l)

up(x= l)

ð3Þ

where Zeq and Zs are the equivalent mechanical impe-

dance (including bond effect) and structural impedance

(without bond effect), respectively, and u(x=l) and

up(x=l) are the tip displacements of the host structure

and the PZT patch, respectively.

The final expression of electromechanical admittance

(�Y ) based on the above treatment can be written for a

square PZT as

�Y =
�I

�V
=G+Bj= 4vj

l2

hp

e
T
33
� 2d2

31
�Y
E

1� yð Þ +
2d2

31
�Y
E

1� yð Þ
Za, eff

Zs, eff + Za, eff

� �

�T

" # ð4Þ

where v is the angular frequency, l is the half length, hp
is the thickness of the PZT patch, e

T
33
= e33 1� djð Þ is

the complex piezoelectric permittivity (d being the

dielectric loss factor), YE = YE
1+hjð Þ is the complex

Young’s modulus (h being the mechanical loss factor),

Za is the mechanical impedance of the PZT patch, Zs,eff

is the effective mechanical impedance of the host struc-

ture and �T is the tangent ratio term (Bhalla and Soh,

2004(b,c)). The superscripts E and T denote that the

quantity is considered constant at electric field and

stress, respectively. The main limitation of the above

refined model is that the interaction between the struc-

ture and patch is restricted at the ends of the patch

only. shear lag model, a new continuum-based admit-

tance has been derived by Moharana and Bhalla (2014)

rigorously considering shear transfer phenomena

through the adhesive layer continuously and simultane-

ously throughout the bond area, eliminating the com-

putation of the equivalent structural impedance (Zs,eq),

at (x=l) only (see equation (3)). In this approach, the

dynamic shear lag equilibrium equation was solved for

displacement (u) and strains (Sx and Sy) as

u=A1e
l1x +A2e

l2x +A3e
l3x ð5Þ

where l1, l2 and l3 are the three complex roots of the

governing differential equation and A1, A2 and A3 are

the three unknown coefficients of the solution. Sx and

Sy can be expressed as

S1 = u0px = 1+
l1

�peff

 !

l1e
l1xA1 + 1+

l2

�peff

 !

l2e
l2xA2 + 1+

l3

�peff

 !

l3e
l3xA3 ð6bÞ

S2 = u0py = 1+
l1

�peff

 !

l1e
l1yA1 + 1+

l2

�peff

 !

l2e
l2yA2

+ 1+
l3

�peff

 !

l3e
l3yA3 ð6bÞ

where �peff is the shear lag parameter for 2D case, evalu-

ated as (Bhalla and Moharana, 2013)

�peff = � 2lGs(1+ y)

Zs, eff jvhs
ð7Þ

where hs is the bond thickness.

In the continuum approach, the electric current is

expressed as

�I = 4jv�V
l2

hp
e
T
33
� 2d2

31
YE

1� yð Þ

" #

+ jvd31
YE

1� yð Þ

ðð

A

S1 + S2ð Þdxdy ð8Þ

The second integration is carried out in a continuous

manner using equations (6a) and (6b) (in contrast to

conventional approach). The coefficients A1, A2 and A3

can be determined from the imposed boundary condi-

tion leading to the following final expression

Y =
I

V
= 4jv

l2

hp
e
T
33
� 2d2

31
YE

1� yð Þ

" #

� 8ljvd31YE

1� yð Þ�V Ucon½ � ð9Þ

where Ucon denotes continuum displacement generated

by rigorous integration.

Figure 1. Deformation in bond layer and PZT patch.
PZT: lead zirconate titanate.
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Electrical impedance and power triangle

In general, the impedance term refers to electrical load,

which acts opposite to the electromotive force. The

combined effect of the resistance (R), inductive reac-

tance (XL) and capacitive reactance (XC) in an AC cir-

cuit under an alternating voltage source operating at a

frequency ƒ is shown in Figure 2(a). The impedance tri-

angle for the circuit in series is shown in Figure 2(b)

(Watkins and Kitcher, 2006). The vector representa-

tions of current and voltage for piezo-capacitive circuit

and electrical power triangle have been shown in

Figure 3. Making equivalence of the two similar trian-

gles (Figures 2(b) and 3(b)), we can obtain the follow-

ing relationships between electrical power and electrical

impedance

Ze =R+Xj ð10Þ

Equation (10) can be rewritten in the admittance

form as

�Y =G+Bj=
1

Ze
=

1

R+Xj
ð11Þ

On simplification of equation (11), the conductance

and susceptance terms can be expressed in terms of R

and X as

G=
R

(R2 +X 2)
ð12aÞ

B=
�X

(R2 +X 2)
ð12bÞ

The phase angle between the voltage and current can

be determined as

tanf=
X

R
= � B

G

� �

ð13Þ

The power factor of impedance circuit can be defined

as

cosf=
R

Zej j =
G

Yj j ð14Þ

As evident from Figure 3, the impedance and power

triangles of impedance are similar. We can thus con-

clude that

WD

R
=

WR

X
=

WA

Ze
ð15Þ

where WA, WD and WR are the apparent, active and

reactive power components, respectively. The sign of

angle f must be accounted, for instance, if

(1) f . 0 ) 0 WR . 0 and X . 0 (inductive

impedance)

(2) f \ 0 ) 0 WR \ 0 and X \ 0 (capacitive

impedance)

The next section deals with computation of the

above quantities for a piezo-patch in the EMI

technique.

Electrical power consumption in piezo-

impedance transducer

Apparent power

The apparent power (V�A), WA, in terms of admittance

function can be defined as

Figure 2. (a) Series combination of LCR circuit (the inductance (L), the resistance (R) and the capacitance (C)) and (b) impedance

triangle for LCR circuit.
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Papparent =WA =VI =
V 2

0

2
Yj j ð16Þ

where jY j is the absolute value of the admittance signa-

ture and V and I are the root mean square values of the

corresponding quantity. V0 is the peak excitation vol-

tage given by V0 =
ffiffiffi

2
p

Vrms.

The apparent power is the quantity of power initially

applied to the PZT patch to induce the strain deforma-

tion. As we know, a piezo-patch behaves as a capacitor,

the induced displacement is proportional to the stored

charge, and hence, the apparent power is greater than

the active power.

Active power

The active or the dissipative power (W) WD can be

defined as

Pactive=WD =WA cos f=
V 2

0

2
Re(Y ) ð17Þ

The active power is a measurement of the rate at

which the electricity performs works such as producing

heat, light or mechanical energy. The amount of power

actually consumed in the piezo-system and dissipated

as the dielectric and the structural losses results in the

active or real power. The piezo-capacitance causes the

phase lag between the current and the voltage. The

active power is the power dissipated in the piezo-system

in the form of heat, sound and mechanical deforma-

tions and reflects itself in system through acoustic impe-

dance and structural damping. Some part of power

may be lost due to internal structural damping of struc-

ture, internal damping (h) and the dielectric loss of

piezo-patch (d). The authors have termed all these

losses as mechanical losses collectively.

Reactive power

The vector difference between the apparent and active

power is called reactive power. From Figure 3, the reac-

tive power, WR can be mathematically expressed as

Preactive =WR =WA sin f=
V 2

0

2
Im Y
� �

ð18Þ

The energy stored in the capacitive PZT patch

undergoes periodical reversal. Some of part of the

energy is temporarily stored by itself due its capacitive

nature. Due to this reason, the reactive power of the

piezo-patch continuously flows within it, similar to the

strain energy stored in a spring–mass system.

The relation between the apparent power, active

power and reactive power can be written as

P2

apparent =P2

active+P2

reactive ð19Þ

In order to maintain the constant voltage supply to

piezoelectric system, one needs to ensure meeting a

minimum power requirement, which is called the power

rating, and below which, the PZT patch will ceases to

operate. This is expressed in terms of the maximum

absolute admittance as

Prating =Wrating =
V 2

0

2
max �Yj jð Þ ð20Þ

The influence of the adhesive bond layer on the elec-

trical power components of piezo-structural interaction

system comprising an aluminium block and a PZT

patch shown in Figure 4, with material parameters

listed in Table 1, is analysed in this section. Continuum

modelling approach (Moharana and Bhalla, 2014) has

been employed. Comparison is made with perfect bond-

ing (no adhesive bonding) in order to highlight the

Figure 3. (a) Vector representation of voltage and current on complex plane and (b) power triangle.
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effect of bonding. Finite element simulation (Bhalla

and Moharana, 2013) is used to obtain Zs,eff (equation

(4)) and finally used to obtain Ucon for use in equation

(9). The results shown in Figures 5 to 7 represent appar-

ent, active and reactive power. In Figure 5, the bonding

effect for apparent power is visible as the slope of the

curve and the peak values decrease. From this figure, it

is clear that due to the adhesive bonding, the power

required by PZT patch to initiate the structural defor-

mation is obstructed by the presence of the bond.

Similarly, Figure 7 shows the effect of the bond layer

on the reactive power. It can be observed that the reac-

tive part of the piezoelectric power (equation (18)),

which is the stored charge, is virtually same as apparent

power because the imaginary part of admittance is

almost of the same magnitude as the absolute value of

the complex electromechanical admittance. This indi-

cates the strong reactive nature of electromechanical

system. The piezo-coupled reactive power consists of

the mechanical reactive power related to the mass

(kinetic energy), spring (potential strain energy) and

electric reactive power (electric and magnetic field

energy of capacitors and inductors).

Power consumed by the PZT patch in terms of heat

due to the resistive admittance of the PZT material as

well as the losses in the structure is represented by the

dissipative power component shown in Figure 6. For

the bonding case, the mechanical resistive power is less

Table 1. Parameters of PZT patch, aluminium block and

adhesive bond.

Material Physical parameter Value

PZT patch Electric permittivity e
T
33 (F/m) 1.7785 3 1028

Peak correction factor (C1, C2) 0.898

k=
2d231Y

E

1� yð Þ (N=V2) 5.35 3 1029

Mechanical loss factor h 0.0325
Dielectric loss factor d 0.0224

Aluminium
block

Young’s modulus (GPa) 68.95
Density (kg/m3) 2715
Poisson’s ratio 0.33
Rayleigh damping coefficients
a 0
b 3 3 1029

Adhesive Shear modulus (Gs) (GPa) 1
Mechanical loss factor h9 0.1

PZT: lead zirconate titanate.

(a)

10mm 48mm

48mm

PZT patch 10x10x0.3mm 

(b) 

24 mm

Boundary of PZT

patch

Displacements in y-direction

restrained

x

y

z

Displacements in x-direction 

restrained

10 mm

2
4

m
m

BA

CD

Origin of 

coordinate 

system

Figure 4. Comparison of refined model with previous model:

(a) aluminium block structure and (b) finite element model of a

quarter of structure.
PZT: lead zirconate titanate.
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dominant than the perfect bonding case, hence the

active energy dissipation for coupled interaction phe-

nomena gets lowered in the presence of the adhesive

bond. The phenomenon ultimately indicates that the

entire process is mechanically more reactive because

more energy is stored in the PZT patch itself.

The experimental investigation of power component

has been studied for two different bond thickness ratios

(hs/hp = 0.417 and 0.834) for the same aluminium

block shown in Figure 4 (Bhalla and Soh, 2004b).

Figures 8 to 10 represent the experimental apparent,

active and reactive power components with corre-

sponding analytical results based on the continuum

model for different bond thickness ratio. As evident

from these figures, the bonding effect on various power

components measured through the experiments exhibits

similar trend as the analytical power component does.

For higher bond thickness ratio, the apparent, reactive

and active power values are reduced.

The power rating (the maximum power over the fre-

quency range that piezo-patch is expected to operate) is

compared in Figure 11(a) for three different models – the

perfect bond, the refined model (Bhalla and Moharana,

2013) and the continuum model (Moharana and Bhalla,

2014). Figure 11(b) shows the experimental power rating

of piezo-active system with two different types of bond

thickness (hs/hp = 0.417 and 0.834) using continuum-

based shear lag model. It is clearly evident that the analy-

tical power requirement is very close to the experimental

values because of the higher accuracy of continuum

approach. The adhesively bonded PZT patch has lesser

power rating than the idealized perfect bond situation.

The continuum model predicts marginally higher power

rating than the refined model. The piezoelectric materials

have an electromechanical efficiency which indicates the

energy transfer rate between the stored strain and the

electrical energy; however, it is only a material index and

cannot be used to evaluate the effectiveness of piezoelec-

tric actuators integrated in a mechanical material system.
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Figure 7. Reactive power consumption in piezo-impedance

transducer.

Figure 8. Apparent power consumption for two different

bond thickness ratios (hs/hp = 0.417 and 0.834): (a) analytical

signature and (b) experimental signature.

Figure 9. Active power consumption for two different bond

thickness ratios (hs/hp = 0.417 and 0.834): (a) analytical signature

and (b) experimental signature.
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From Figure 12, it is clearly observed that lower power

is dissipated (lowered resonance peak) for adhesive

bonded case because additional losses (due to adhesive

bonding) occur along with other conventional loss (heat,

sound and electrical energy).

The power factor in the electrical theory is defined

as the ratio of the dissipative power to the supplied (or

apparent) power. The power factor of an electrical sys-

tem represents the capability of the electrical network

to convert the supplied electrical energy into heat, light

or mechanical energy. In the case of the PZT patch in

the EMI technique, we can physically interpret the

power factor as the efficiency or effectiveness of the

piezo-patch to induce the mechanical response of the

structure. The power factor of the piezo-driven system

can be defined as (Liang et al., 1994)

cosf=
WD

WA

=
Re �Y jd= 0,h= 0

� �

Y
	

	

	

	

=
G(d=h= 0)

Yj j ð21Þ

The system efficiency defined by equation (21) is used

to evaluate the amount of the energy dissipated due to

the structural damping, that is, the effectiveness of the

PZT patch to excite the mechanical system, as graphi-

cally presented in Figure 12. The adhesively bonded

PZT patch has lower power factor than idealized

perfectly bonded patch. The height of a resonance peak

indicates the effectiveness of the patch to excite that

particular mode. For the bonding case, the peak and

the slope of the curve have been lowered as compared

to perfect bond, which indicates that the overall effi-

ciency of PZT patch degrades in the presence the bond.

The transducer efficiency is an important parameter in

the optimal design of actuator configuration (actuator

impedance) and location.

Figure 10. Reactive power consumption for two different

bond thickness ratios (hs/hp = 0.417 and 0.834): (a) analytical

signature and (b) experimental signature.

Figure 11. (a) Comparison of maximum power requirement

for piezo-structure interaction models and (b) power rating for

two different bond thickness ratios (hs/hp = 0.417 and 0.834).
PZT: lead zirconate titanate.

Figure 12. The efficiency of PZT patch to excite the piezo-

active system.
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Figure 13 illustrates how the power supplied to the

system is consumed, represented by the real part of

admittance (see equation (9)). The real admittance com-

prised four distinct components illustrated in Figure 13.

The first (I) plot results from the perfect bonding case.

This is achieved by assuming that there is (1) no adhesive

bond between the PZT patch and host structure, (2) zero

mechanical damping and dielectric loss (d=h= 0) for

the PZT patch and (3) absence of shear lag mechanism.

The second (II) plot results from the mechanical loss,

which is calculated by assuming zero dielectric loss for

the PZT patch (h 6¼ 0, d= 0) for the perfect bonding

case. The third (III) curve is obtained for the dielectric

loss, estimated by assuming zero internal damping for

(h= 0, d 6¼ 0) the perfect bonding case. The fourth (IV)

plot is obtained by accounting for the shear lag effect cal-

culated by assuming zero mechanical (h = 0) and dielec-

tric loss (d = 0) for PZT patch, but considering the

patch to be adhesively bonded (loss due to bonding is

duly considered).

Energy conversion efficiency of

piezo-active mechanical system

The energy consumption and requirements are funda-

mental concerns for the viability of piezo-active systems

for various applications which are weight and volume

sensitive, such as noise control of aircraft cabins, sub-

marine quietening and the EMI technique for SHM. The

energy conversion factor represents the efficiency of the

PZT patch for energy conversion from the electrical to

the mechanical domain. When a PZT patch is integrated

with an active mechanical system, energy conversion effi-

ciency factor is required to estimate the usefulness of the

piezo-active system, which in turn depends upon the

mechanical damping, intermolecular bonding between

the PZT patch and structure (characteristic of adhesive

bond), structural stiffness, piezoelectric properties of the

patch and the imposed boundary conditions.

Liang et al. (1994) determined the power and energy

variation using 1D EMI model to design an efficient

intelligent structure and illustrated its optimized perfor-

mance in real-life applications by studying the different

components of power (reactive, dissipative) and power

efficiency relationship. They demonstrated numerically

and experimentally that the total energy flow in the sys-

tem produced conversional phenomena of electrical

and thermal energy within the system. They predicted

that in the electromechanical coupling system, it is the

strain energy (which is reactive in nature) which inter-

acts with the system (converse effect, acts as actuator)

and is consumed in the various mechanical phenomena

(damage, failure and thermal loss) in the region of reso-

nance peak. The overused strain energy is converted to

electrical energy (direct effect, as sensor) and manifests

as the coupled admittance signature. The drawback of

this model is that it does not account for the energy

losses due to shear lag effect, besides being restricted to

1D. Hence, power output is over estimated.

The energy dissipation within a PZT patch results

from mechanical loss and electrical loss. The modelling

of these dissipations in the frequency domain analysis is

usually conducted by using complex elastic modulus

YE = YE(1+hj) and complex electrical permittivity

e
T
33
= e

T
33
(1� dj). Some studies (Bondarenko et al.,

1982; Martin, 1974) suggest a third source of energy

dissipation resulting from the ‘imperfection of energy

conversion’, which is depicted by the hysteresis between

the applied electrical field and induced strain. The energy

conversion within a PZT patch involves the conversion

of electrical energy to mechanical potential and kinetic

energy and electrical energy to heat (dissipation).

Figure 13. The real part of coupled signature illustrating how active component of electrical power is consumed in

electromechanical interaction process.
PZT: lead zirconate titanate.
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Later on, Liang et al. (1996) made an investigation

for specifically coupled mechanical and electrical per-

formance and derived a working index for the piezo-

impedance model. Liang and co-workers mainly

focused on the methodology and its utilization in vari-

ous applicable fields such as optimal actuator location,

modal analysis and acoustic power prediction. In a dif-

ferent publication (Liang et al., 1995), a simplified

actuator power factor (c) was derived to obtain the

structural response for changing actuator location and

configuration, expressed as

c=
2phKMy

2

KEVE2
ð22Þ

where h is the mechanical loss factor of structure, y is

the structural response and E refers to applied electric

field. KM and KE are the proportionality factors for total

mechanical and electrical energy and V is the actuator

volume. They concluded that the optimized actuator

power factor is more useful to obtain the structural

response for a different actuator location. The optimized

actuator power factor is also applicable for experimenta-

tion and system optimization of an active control model.

However, the above studies disregarded the presence of

the bond layer. In the following sections, we present

analysis considering the bond layer.

Sirohi and Chopra (2000a, 2000b) determined the

power consumption of piezo-active system for surface-

bonded and free PZT patch experimentally, duly con-

sidering the non-liner variation of dielectric permittivity

(eT
33
) and dissipation factor ( tan d) for a particular elec-

tric field. Once the complex electromechanical admit-

tance is calculated, the voltage drawn and current flow

for an active piezo-system can be easily estimated. They

introduced the shear lag correction for strain (e1) vol-

tage relationship by introducing effective sensing length

(Kb), expressed as

e1 =
V0

KbKpS�q
ð23Þ

where Kp and Kb are the correction factors to be taken

into account for shear lag and Poisson’s ratio. S�q is the

circuit sensitivity and V0 is the peak excitation voltage.

The next section carries the analysis for bond layer.

Energy conversion efficiency ratio for

bonding influence on piezo-impedance

system

The energy conversion efficiency (l) can be defined as

the ratio of the total energy used for mechanical

response (from the piezoelectric induced strain) to the

total energy supplied to the system during the piezo-

mechanical interaction phenomena. Mathematically, it

can be expressed as (Liang et al., 1995)

l=
Eusede

Esupplied

ð24Þ

The above ratio represents the inside direction of flow

of physical energy. Therefore, in dynamic applications,

the electrical energy and the power will be averaged

under each cycle of alternating current. The energy lost

per cycle will be in the form of dissipative and reactive

energy, according to which, the loss ratio can be divided

into two categories. The first term is the piezo-dissipa-

tive loss ratio, which is concerned with dissipative power

(loss due to heat, sound, structural damping and dielec-

tric loss) and can be defined as (Liang et al., 1996)

lPZT�str =
Emechanically�dissipative

Etotal�disspiation

=
Re(Pm)

WD

=
G(d!0)

G

ð25Þ

where Pm is the mechanical power, which can be com-

puted as �Yd!0. The second term is the piezo-reactive loss

ratio resulting due to electrically reactive nature of the

piezo-capacitance, which always has tendency to store

energy in the system temporarily. So, it represents the

instantaneous energy conversion factor of the dynamic

piezo-structure system and can be formulated as

lPZT�elec=
Emechanically�reactive

Etotal�reactive

=
Im(Pm)

WR +Im(Pm)
ð26Þ

Again, the average energy dissipated and converted

per cycle is considered for the dynamic case.

Investigating power conversion will also provide infor-

mation on the direction of the energy flow in piezo-

active system. The energy conversion efficiency ratio

defined by equations (25) and (26) is obtained for both

perfect bonding and adhesive bonding case. Figure 14

compares the dissipative loss ratio for the piezo-active

model for perfect bonding and adhesive bonding case.

Again, the continuum model has been used for the

adhesive bonding case. The plot has been restricted to

first two natural frequency range (91 and 106 kHz) for

Figure 14. Dissipative energy conversion efficiency ratio for

integrated piezo-structural model.
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greater clarity. From this figure, it can observed that

for the bonding case, the loss ratio has been low, that

is, lesser energy is dissipated in the form of heat, sound

and damping in the presence of the adhesive bond,

indicating less efficient piezo-structural interaction.

Figure 15 similarly shows the plot for the reactive loss

efficiency ratio. In the frequency range considered (91

and 106 kHz), the reactive energy conversion efficiency

is lesser for perfect bonding. There is an increase in the

efficiency for the bonding case. The reactive energy

conversion efficiency ratio given by equation (26) indi-

cates the instantaneous energy conversion and repre-

sents the real coupled interaction phenomena within

the PZT patch for any dynamic application. As appar-

ent from Figure 15, the reactive mechanical energy is

thus significantly higher for adhesively bonded PZT

patch as compared to the prefect bonding case.

Formulation of modified

electromechanical coupling coefficient

The electromechanical property is the process of phase

transformation of crystals from ferroelectric to para-

electric phase, famously known as the morphic effect. It

is an indicator of the effectiveness of the piezo-patch to

convert the electrical energy to mechanical energy and

vice versa. Theoretically, the electromechanical cou-

pling coefficient can be expressed as (Ikeda, 1990)

K2

eff =

Mechanical energy converted due to piezo deformation

Total electrical energy input

ð27Þ

It can be seen that at lower frequency range, the

force transfer phenomenon is accelerated to 50%–70%

as reported by Liang et al. (1996), so that the energy

delivered from one form to other form is greatly

enhanced. For this reason, the higher value of k2eff at

lower frequency range is generally adapted by manu-

facturers for well-designed piezo-ceramic elements,

whose efficiency of conversion can be maximized up to

95%. So, by definition, the electro-mechanical coupling

coefficient can be defined as the ratio of the converted,

usable energy delivered by the piezo-electric element, to

the actual energy supplied for excitation.

k2eff is frequently used to express the effective

coupling coefficient of an arbitrary resonator.

Experimentally, it can be measured from fundamental

resonance or at any overtone and can be expressed as

(Seacor Piezo Ceramics, 2012)

k2eff =
f 2a � f 2r

f 2r
ð28Þ

where fa and fr are the frequencies at anti-resonance

and resonance points respectively.

The coupling coefficient can be calculated for the

various modes of vibration. For SHM, the piezo-

mechanical coupling coefficient for 1D excitation (lat-

eral and longitudinal) can be defined as (Mason, 1966)

k31 =
d31
ffiffiffiffiffiffiffiffiffiffiffiffi

e
T
33
SE
11

q ð29Þ

where e
T
33

and SE = 1=YE are the two complex terms,

which can be split into real and imaginary parts. The

real part of the conversion factor indicates the capabil-

ity of a PZT material to convert electrical energy to

mechanical energy and vice versa. The imaginary part

reflects the energy dissipation and should remain posi-

tive according to the sign convention used in a thermo-

dynamic system (Liang et al., 1996). Liang et al. (1995)

proposed the modified electromechanical coupling coef-

ficient to take care of all the losses (piezoelectric and

mechanical), which is expressed as

k2eff =
d31(1� ihem)½ � d31(1� ih�

em)

 �

YE(1+ jh)½ �
e
T
33

1� jdð Þ

 � ð30Þ

Figure 15. Reactive energy conversion efficiency ratio for integrated piezo-structural model.
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where hem is the piezo-mechanical loss factor for active

system. The approach was improved but not realistic as

the force/strain transfer between the PZT patch and the

structure through the bond layer has been ignored.

They redefined the coupling coefficient introducing a

complex piezoelectric constant d(1+ ihem) to describe

the hysteretic behaviour, where hem is the piezo-

mechanical loss factor which was measured experimen-

tally as

hem = 0:034+ 2:923 10
�5f ð31Þ

where f is the frequency (Hz) and h�
em is the complex

conjugate of hem.

The electrical energy input from the piezo-capacitor

can be expressed mathematically as

Eelect =
1

2
CV 2 ð32Þ

where C=(kre0lb)=t; kr is the relative dielectric permit-

tivity and e0 is the electrical permittivity for vacuum.

For PZT materials of grade PIC 151 (PI Ceramic,

2010), following values are considered for present

derivation

kr = 2400 and e0 = 8:853 10
�12 F=m

Total mechanical energy stored in PZT patch due to

piezo-mechanical displacement is given by

Emech=
1

2

ð

V

T1S1dV ð33Þ

where T1 and S1 are axial stress and strain along

x-direction, respectively, and the stress (T1) can

expressed as

T1 = YE(S1 � L) ð34Þ

where free piezoelectric strain L= d31E3.

Hence, from equations (33) and (34)

Emech=A

ð

l

YE(S1 � L)S1

h i

dl ð35Þ

Now, we can define coupling coefficient (k2eff ) for

mechanical to electrical energy conversion as

k2eff =

A
Ð

l

YE
11
(S1 � L)S1

h i

dl

1

2
CV 2

ð36Þ

This modified coupling coefficient (k2eff ) is derived with

consideration of the energy loss due to shear lag along

with all the complex conjugates (dielectric and mechan-

ical loss) of piezo properties and is thus more accurate

and realistic than previous model (equation (30); Liang

et al., 1996). The value for k2eff has been estimated for

the conversion of mechanical energy to the electrical

energy and vice versa at first natural frequency

(91 kHz). For mechanical to electrical energy conver-

sion, the coupling coefficient is found to be 0.1545, and

for electrical to mechanical energy conversion, it is esti-

mated as 6.4737. The value of k2eff for mechanical to

electrical energy conversion is low because the shear lag

phenomena play a significant role due to the presence

of adhesive bond.

Conclusion

This article has presented the electrical requirements of

the proposed piezo-bond model and investigated its

real-life utility and applications in the area of modelling

of active piezo-structure interaction. Different compo-

nents of input power have been determined for adhe-

sive effect using continuum-based modelling approach.

For better understanding of the piezo-structure coupled

interaction mechanics, various energy conversion effi-

ciency ratios and a new modified electromechanical

coupling coefficient have been derived, which further

aid in effective understanding of the piezo-

elastodynamic model and can facilitate optimum use of

PZT patch for various purposes such as activation and

damage detection duly considering the bond layer. In

general, the presence of the bond layer lowers the active

or the useful power consumption of electromechanical

systems.
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