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Elastic Wave Generation by Piezoceramic Patches
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Elastic flexural and longitudinal waves can be generated in structure by using piezoelectric transducers. These
waves may be used to obtain fundamental properties of the medium or to locate flaws. Bulk waves can be created
in a thin piezoelectric plate by applying an electrical signal to interdigital electrodes deposited on each side of
the plate. These transducers can be used to generate ultrasonic bulk waves with a wide range of frequencies and
amplitudes controlled by a number of electrodes and a delayed voltage independently applied to each electrode.
Numerical results demonstrating the finite element simulation of piezoelectric actuators and sensors in generating
and detecting elastic bulk waves are presented. Experimental observations of flexural waves generated by surface
mounted piezoceramic plates are compared with the finite element results. Bulk wave generation and detection
using interdigital electrodes are simulated and their potential application as probes in smart structures is discussed.

I. Introduction

I N some nondestructive examination (NDE) techniques, elastic
waves are used to determine fundamental properties of the ma-

terials or to detect localized damage in the structure. In signal pro-
cessing, bulk waves and surface acoustic waves (SAW) are used
in ultrasonic delay lines and SAW devices. Bulk waves are basi-
cally characterized by two modal types of mechanical excitation,
that is, longitudinal or compressional waves and transverse or shear
waves. The primary means for generating or detecting waves in these
applications are piezoelectric transducers. Surface-mounted piezo-
electric actuators or sensors are the most common elements used to
generate and detect elastic waves. These actuators operate based on
the principle of electric-field-induced strain. Depending on the type
of driving electric field, i.e., dc, ac, or pulse, rigid displacement,
vibrating strain, or transient waves can be developed.

Recent interest in developing smart structures has created new
demands for employing novel NDE techniques as an integral part
of the structure. Damage detection in a structure with desirable res-
olution can be done by mapping the entire structure. For damage
mapping, three types of pulses, constant frequency (CF), frequency
modulated (FM), and combined CF-FM, can be generated by piezo-
electric transducers. A long CF pulse is appropriate for detecting
cracks larger than the wavelength of the signal; this pulse, however,
is not suitable for locating a target precisely or extricating its de-
tail. To obtain more information about the target features, a large
number of frequencies are needed. FM bursts contain more time in-
formation, which may be used to compute echo delays and, hence,
to determine the distance to a target. The combined CF-FM pulses
can be observed in nature in the signals emitted by the mustached
bat. These signals consist of a long CF component followed by a
short FM burst.1 Interdigital (ID) transducers, widely used in SAW
devices, can be employed to generate and to detect ultrasonic bulk
waves. By means of these transducers, it is possible to generate
highly amplified pulses that can be employed in conjunction with
beam steering techniques to probe the interior of an object for dam-
age mapping.2 The flexibility in the periodic arrangement of these
electrodes makes generation of various types of pulses and thereby
damage mapping possible.

The numerical modeling of transient wave propagation has re-
cently attracted attention from investigators. Harumi3 conducted
computer simulation of ultrasonics in solids for the purpose of NDE.
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Sansalone et al.4 studied transient wave propagation by using the
finite element method. Developments in the finite element simula-
tion of waves launched by piezoelectric transducers is rather recent
in origin. Ostergaard and Pawlak5 reviewed the three-dimensional
formulation of finite elements coupled with electroelastic equations
of motion and compared the computational results for calculated
mode shapes, natural frequencies, and frequency response curves
of ultrasonic transducers with experimental data. Friedrich et al.6

applied the finite element method to simulate piezoelectric Lamb
wave delay lines and thereby to compute the electrical impulse re-
sponse of the device. The simulation involved a thin piezoelectric
plate with symmetric electrode structures on both sides of the plate.
Lerch7 performed simulation of piezoelectric media to obtain the
natural frequencies and related eigenmodes of piezoelectric sensors
and actuators.

To develop ID transducers, it is helpful to use computer simu-
lation to predict the characteristics of a given design. Because of
the versatility of this numerical technique, complex geometries and
material properties associated with practical test situations can be
easily modeled. Additionally, different periodic arrangements of ID
electrodes in bulk elastic wave devices can be simulated by the fi-
nite element method, which helps in planning of appropriate NDE
procedures for configurations with sensors/actuators as an integral
part of the structure.

In the present work, a linear strain tetrahedral finite element
along with a Newmark-Wilson time integration scheme has been
employed to perform numerical simulation of elastic bulk waves
generated by piezoelectric transducers. A detailed finite element
formulation is presented in Ref. 8. Both finite element simulations
of flexural waves generated by surface-mounted piezoelectric plates
and longitudinal waves generated by ID transducers have been stud-
ied. To show the accuracy of the computer simulation, the numerical
outputs of the first case have been compared with experimental ob-
servations. Frequency and amplitude-controlled ultrasonic signals
generated by ID transducers have also been discussed. The poten-
tial application of ID transducers as probes in smart structures for
damage mapping has been studied as well.

II. Bulk Wave Generation
By mounting piezoceramic plates on both sides of a beam and ap-

plying a pulse of potential difference, longitudinal or flexural waves
are produced in the beam. The type of generated waves depends on
the direction of polarization in piezoelectric components and that
of the applied voltage. Alternatively, an ID transducer may be used
to create bulk waves. An ID transducer consists of an array of elec-
trodes or fingers connected alternately to two bus-bars and deposited
on a piezoelectric substrate (Fig. 1). These transducers are used ex-
tensively in ultrasonic delay lines and SAW devices to generate or
detect surface waves. When an oscillatory potential difference is
applied to the electrodes, the transducer generates an electric field

2110



MOETAKEF, JOSHI, AND LAWRENCE 2 1 1 1

that is spatially periodic with its period, 2A, equal to the spacing
of electrodes connected to one of the bus-bars. The developed elec-
tric field, in turn, induces strains in the vicinity of the piezoelectric
surface leading to the generation of elastic waves. In surface wave
propagation, only a small depth of material (on the order of the wave-
length) is disturbed. For an applied impulse type voltage, when the
electrode spacing in an ID transmitter is equal to or close to the
wavelength A of the wave, all mechanical disturbances interfere
constructively. This requires an appropriate frequency for the ap-
plied potential difference. Figure 1 illustrates this correlation. In the
case of an alternating pulse type voltage, to have a constructive inter-
ference, the electrodes spacing must be A/2 and the electrode width
should be A/4. Electrical output signals in an ID receiver can also
be manipulated by a proper arrangement of the array of electrodes.

In addition to surface waves, ID transducers used in SAW de-
vices can generate bulk waves. These waves are usually detrimental
to the performance of such devices, and their presence is highly
undesirable.9 By applying an electrical signal to ID electrodes de-
posited on both sides of a thin piezoelectric plate bulk, waves can be
created. In such a device, called a cross-field type in contrast to an
in-line type of SAW device, electric fields are normal to the surface
of the piezoelectric plate and perpendicular to the wave propagation
path. To generate in-phase bulk waves by a cross-field interdigital
(CFID) transducer, the same coordination between the operating
frequency and the electrode spacing as in in-line transducers must
occur. To reduce the radiated bulk waves that are not in the direction

Input pulse Mechanical disturbance
at electrode 3

Fig. 1 Pulse response of a three-fingered ID transducer.

Receiver

Electrodes:

Time-delay Adjustment: 0 /2 = 7;

Typical Response of
Transmitter Electrod
to an Impulse-type In]

Fig. 2 Time delay adjustment in CFID transducer and amplitude am-
plification of generated longitudinal bulk wave.

orthogonal to the electric field and thus reduce reflected waves, the
piezoelectric plate is required to be thin.

The CFID transducer can be used to generate ultrasonic bulk
waves with a wide range of frequencies. The amplitude of the wave
can be controlled by the number of the electrodes and a delayed
voltage independently applied to each electrode. The delay time,
which is determined by the wave velocity in the piezoelectric plate
and desired wavelength (or electrodes spacing), can be achieved
by an electronically controllable delay line. The wave propagation
is bidirectional, and therefore in SAW devices, wax absorbers are
usually used to suppress the wave transmissions in one direction.
In the case of CFID transducers, a pair of electrodes with opposite
electric fields can perform the task of wave suppression. The time
delay adjustment for the damper needs to be based on its location
and the time delay of each transmitter electrode. The receiver elec-
trodes, which convert mechanical disturbances to output voltages,
can also have an array-type arrangement for the manipulation of the
output signals. The basic principles of operation for a typical CFID
transducer are illustrated in Fig. 2.

By polarizing the piezoelectric plate in the appropriate direction,
different types of waves (longitudinal, flexural, and torsional waves)
can be generated. However, in the case of dispersive waves, CFID
transducers do not have the desired performance. This is because
of the concurrence of the time delay required for establishing an
electric field to an electrode and the time that it takes the wave to
reach the same electrode. Nevertheless, it should be noticed that the
most important types of waves for industrial ultrasonic applications
are longitudinal and shear waves, which are both nondispersive.

Because CFID transducers do not operate at their fundamental fre-
quency, a certain thickness for resonance is not necessary. However,
to reduce wave reflections, a thin piezoelectric plate is required. For
beam steering, several CFID transducers can be laminated together.
Each lamina may have a different overall time delay, which can be
set in such a way that wave fronts with a higher intensity in a certain
direction, e.g., normal, angled, or focused, can be generated.2 Ow-
ing to the flexibility of the electrodes arrangement, laminated CFID
transducers provide a flexible technique for beam steering.

A CFID transducer can be used as an external probing device
in conventional NDE procedures. Because of its compactness and
its capability for beam steering, it also can be used as a damage
detection constituent in a smart structure. In this application, the
transducer remains fixed within the structure, and through electronic
beam steering, the entire structure is mapped for damage detection.1()

III. Experimental Setup and Apparatus
An experimental setup as shown in Fig. 3 is used to generate the

flexural wave in a 6061-T6 aluminum beam. The beam is clamped
at one end. At the free end, piezoceramic plates of lead zirconate
titanate, PZT-850, are mounted on both sides of the beam. Table 1
shows the material properties for aluminum and PZT-2 (PZT-850 is
equvivalent to the standard PZT-2 according to American Piezoce-
ramics, Inc.). The electroded surfaces of the piezoceramic plates are
bonded to brass strip terminals by cold solder Eccobond 57C. Cold
soldering is required to prevent possible damage from hot soldering
to the piezoceramic and its polarity. To ensure effective conversion
of electrical energy of the piezoceramic plates to the mechanical
energy in the substrate beam, one of the stiffest available epoxies,
Depend II, is used to bond the PZT plates to the beam.

Table 1 Material properties for PZT-2 and aluminum

Elastic Piezoelectric Piezoelectric
compliance, voltage coeff., strain coeff., Dielectric,

m2 /N m2/C m/V N/V2

PZT-2

A 1-6061

cE .^ n -
^22 :

I'

Sn:

11.6 x
3.33

-4.97
14.8 x
45.0 x

14.5 x
-4 74

10~12 #31: -15.1 x 1(T3 di\: -60.2 x 10~12 e M : 4.46 x 10~y

x 10~12 ^33: 38.1 x 10~3 </33: 152 x 10"12 e33: 2.3 x 10~9

x lO"12 ^15: 50.3 x JO"3 r / i s :440 x 10-'2 ——
1Q-'2

10~12

io-12

io-12

x m-12

Density,
kg/m3

p: 7600
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The equipment used for generating and triggering the pulse sig-
nals includes a Hewlett-Packard 3245A universal source and a
Hewlett-Packard 3325B synthesizer/function generator. The Trek
50/750 high-voltage power supply amplifies the generated pulse
before being applied to the piezoceramic plates.

Data acquisition is achieved by a fiber-optic laser interferometer
(Polytec OFV 1000) that measures the voltage proportional to the
transverse velocity of any desired point on the surface. A digital
oscilloscope (Norland Prowler) is used to display the output signal
from the laser interferometer and to transfer these signals (in ASCII
format) to the storage device of a computer. Because of the memory
restriction, every eighth data point is collected by the storage device.

IV. Finite Element Modeling
Surface-Mounted PZT Transducer

Figure 4 shows the physical and the finite element models of the
beam. Dimensions of each model are summarized in Table 2. The
finite element model consists of 1200 LST (linear strain tetrahedral)

elements and 4071 nodes. Because of the symmetry about x-y and
x-z planes, only one quarter of the beam is modeled. Additionally,
since the input signal generates disturbance in the form of plane
waves perpendicular to the direction of propagation, in the numerical
analysis a one-element model in the y direction is sufficient. For time
integration, the Newmark-Wilson method with 500 time steps of 2
/xs is used. This time step size has been found to be small enough
to produce negligible numerical damping.

Table 2 Dimensions of aluminum beam and piezoceramic plate

Physical
model

Finite element
model

Aluminum beam
PZT plates

Aluminum beam
PZT plates

Length,
mm

1500
25.4

1498.6
25.4

Width,
mm

25.4
25.4

1.5876
1.5876

Height,
mm

3.175
1.3716
1.5876
1.3716

_ , _ .„ Function Generator
Storage device D'«'M/ OscMosc°Pe & Amplifier

(Computer) Universal Source Laser Interferometer

iP \ | mm g g g gg ..j......

_l [n-m :::: : ^P r

Beam

PZT Plates

Fig. 3 Experimental arrangement: photograph and block diagram.

5mm , , 2.3 mm x 5 mm

|2 |2|5|2|5| |2|

Geometry (not to scale)

Finite element model

Fig. 4 Physical and finite element model of the beam. Number of ele-
ments: 1000 LST; number of nodes: 3409; dimensions: 20 x 0.05 x 0.05
mm; time step size: 0.01 /its; and pulse duration: 0.215 p,s (A = 0.8 mm)
and 0.430 p,s (A = 1.6 mm).

INI

a) Flexural wave configuration

Pulse Duration: 500 \is
No. of Time Steps: 500
Time Step Size: 2 [is

XA=0.0 XD=10L6mm
XB=6.35 mm XE=152.4 mm
Xc-19.05 mm XF=203.2 mm

b) Finite element model

Fig. 5 Geometry and finite element model of transducer.
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Fig. 6 Experimental input pulses and their numerical approximations.
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Fig. 7 Time history of transverse velocity and displacement for a pulse of single sine wave.
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CFID Transducer
The finite element model involves the generation of bulk lon-

gitudinal waves by an array of transmitter electrodes. The CFID
transducer is fixed to an aluminum beam that contains an artificial
defect. The incident and reflected waves are sensed by a pair of
receiver electrodes. PZT-8 is used in the numerical simulation of
CFID because it has a higher piezoelectric coefficient than PZT-2.
Material properties for the aluminum and piezoceramic, given in
Table 3, are utilized in the numerical simulation. Because of sym-
metry, only one quarter of the transducer and the beam is modeled
by a mesh with 1000 LST finite elements (see Fig. 5). Potential
differences of 1 V in the form of a pulse of half a sine wave with
appropriate time delay are established across the thickness of the
PZT at the transmitter electrodes.

To simulate a cavity in the aluminum beam, the material prop-
erties in the region of the cavity were made 100,000 times smaller
than the material properties of the surrounding aluminum. Figure 5a
shows the location of the flaw. The analysis is presented for
various numbers of electrodes and for wavelengths of 0.8 and
1.6 mm.

V. Results and Discussion
The experiment and analysis are conducted for two different input

signals, that is, a single sinusoidal wave and a square pulse. Each
case holds a pulse duration of 500 /zs and an amplitude of 250 V.
The input pulses result in a potential difference of 500 V across the
thickness of each piezoceramic plate. The input in finite element
analysis is in the form of nodal charges equivalent to the supplied
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Fig. 8 Time history of transverse velocity and displacement for a pulse of square wave.
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Table 3 Material properties for PZT-8

PZT-8

Elastic
compliance,

m2/N

Sf,: 11.5 x 10~12

^22- -'• ' x 1U

5f3:-4.8x 10-12

?E • i ^ ^ ^ i n ~ 1 2

Piezoelectric
voltage coeff.,

m2/C

#31 : -10.9 x 10~3

^33: 25. 4 x 10~3

£15: 28.9 x 10-3

Piezoelectric
strain coeff.,

m/V

d3\: -0.97 x 10~12

^33: 225 x JO" l 2

d\5: 330 x 10~12

Dielectric,
N/V2

en: 7.96 x 10~9

£33: 5. 31 x 10-9

Density,
kg/m3

p: 7600

5£:31.9x 10-'2

<s^ • ^0 4 v 10~' 2
^66- JU"4 X 1U

voltage. These charges are obtained from a static analysis with the
desired potential difference (voltage) as input.

Figure 6 shows the input pulses along with their numerical ap-
proximations. The experimental data represent the voltage applied
to each electroded surface of the PZT plates. The numerical plots,
which are for point A (Fig. 5), are the results of input nodal charges
equivalent to the experimentally applied voltage. The plots are nor-
malized with respect to the absolute maximum of the experimental
input. It can be seen that input signals in the experiment are closely
approximated by the numerical output voltage. All experimental
data are reduced and least-square smoothed. This data reduction is
in addition to the one that is the result of memory restrictions in the
computer storage device.

Time histories of the transverse velocity and displacement for the
inputs of single sine and square pulses are shown in Figs. 7 and 8,
respectively. The checkpoints include two positions (A and C) on
the piezoceramic plate and another two on the aluminum substrate
(E and F). Each curve was first normalized using its maximum am-
plitude. Calculated data were then normalized using the maximum
value of the corresponding experimental results (see Appendix A).
The experimental results for the velocity are numerically integrated
to obtain the displacement profiles.

The velocity and displacement profiles for the positions located on
the piezoelectric plate indicate that all of the piezoceramics points
experience simultaneous deformation. Furthermore, it can be no-
ticed that the profiles for points A and C are inverted. The dispersive
wave propagation in the aluminum substrate and delayed response
for the far-field points can be observed from the time history plots.
The velocity-time profile for points E and F clearly shows the exci-
tation of high frequencies as a result of the leading and trailing edges
of the input pulses. The excitation appears at two different times with
a time delay almost equal to the input pulse duration. Because of
the sharper gradient change, the high-frequency excitation is more
apparent for the case of a square pulse input.

The results from the finite element analysis, compared with those
from the experiment, exhibit steeper and quicker response. In addi-
tion, according to the velocity and displacement profiles for points E
and F, the disturbance propagates faster in the finite element model
than in the physical one. The higher wave speed is attributed to the
higher stiffness of the finite element model because of the limited
number of degrees of freedom. Appendix B demonstrates the effect
of mesh refinement (the number of elements used in the current nu-
merical analysis has been found to be efficient, and the contribution
of a more refined mesh to the improvement of the results has turned
out to be insignificant).

Note that the velocity measurements in the experimental model
by laser interferometer are position measurements at some points on
the surface. The experimental measurement, therefore, involves two
components, one resulting from the transverse motion of the points
and one resulting from the deformation or strain that occurred at
that position. In contrast, the velocities obtained by finite element
analysis only involve the former component of the experimental
measurements. Briefly, the experimental measurement provides La-
grangian information, whereas the numerical analysis yields Eule-
rian output. Since through numerical analysis enough information
in Eulerian form is available, it is possible to derive numerical data
in Lagrangian terms. It can be shown, however, that the difference
between transverse velocity in Lagrangian and Eulerian terms is on
the order of the strain.11 Considering the very large magnitude of
transverse velocity in comparison with the strain, it is realized that
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Fig. 9 Output voltage, longitudinal strain, and displacement at the
receiver for different number of electrodes.

the aforementioned difference is trivial. Therefore, comparing the
velocities in numerical Eulerian form with those measured experi-
mentally does not introduce significant errors.

The mathematical model in the finite element analysis represents
an ideal model with a perfect and immediate bond between the piezo-
ceramic plates and the aluminum beam, thus, neglecting the entity
of adhesive epoxy. The model, additionally, ignores any physical
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source of energy dissipation or response retardation that leads to
damping or hysteresis. Ignoring such kinds of effects and invoking
simplifications in the mathematical model, in addition to the numer-
ical errors originating from the spatial and temporal discretization
of the model, lead to differences between the experimental and nu-
merical results. This discrepancy in the results is more significant
in the case of square pulse input, which, as mentioned before, is
a result of the sharper gradient change and the overshoot arising
from the numerical time integration, a behavior similar to the Gibbs
phenomena.12 However, the finite element output, especially the
lower-frequency waves, is in overall good agreement with the ex-
periment.

Only numerical simulations of elastic waves generated by a CFID
transducer are presented. From Fig. 9 it can be seen that increasing
the number of electrodes amplifies the output signals. The amplifi-
cation is proportional to the number of electrodes. An impedance
mismatch at the interface of the PZT transducer and the aluminum
beam leads to the reflection of the incident energy; therefore, only
some percentage of the incident energy is transmitted to the alu-
minum beam. Similarly, the wave sensed by the receiver is only part
of the wave reflected at the flaw.

VI. Conclusion
Numerical simulation of elastic waves in a beam generated by

surface-mounted piezoelectric plates has been presented. Consid-
ering the dispersive feature of flexural waves, excellent qualitative
agreement between the numerical output and the experimental data
has shown that the finite element simulation can be utilized for de-
signing a CFID system.

Frequency and amplitude-controlled ultrasonic signals generated
by CFID transducers have been discussed. The potential application
of CFID transducers for damage detection in a structure and elec-
tronic beam steering to map the interior of the structure has been
studied. To demonstrate the feasibility of using CFID transducers for
the generation of frequency and amplitude-controlled bulk waves,
the behavior of a CFID system has been simulated using the finite
element method.

Appendix A: Nonnormalized Experimental and
Numerical Results for the Flexural Waves

Nonnormalized experimental and numerical results for the flexu-
ral waves are plotted in Fig. Al . Although the results obtained from

the experiment and the finite element analysis are qualitatively in
good agreement, quantitatively they are different. The major cause
of this dissimilarity is the lack of accurate material properties for the
physical model. The piezoelectric and elastic data provided by the
manufacturer of the PZT-2 piezoceramic plates are different from
those of standard PZT-2. Finite element analysis with the manufac-
turer's data shows significant quantitative discrepancy with exper-
imental results. Thus, the numerical results presented throughout
are based on the material properties for standard PZT-2 as given in
Table 1. The manufacturer's piezoelectric and elastic data are sum-
marized in Table Al for reference but are not used in the numerical
simulations.

Note that an important parameter in the characterization of piezo-
ceramics is the d^ coefficient, which expresses the ratio of the strain
developed in a piezoceramic to the applied electric field. Identical
piezoceramics often differ in terms of degree of poling and compo-
sitional homogeneity, which greatly affects the <r/33 coefficient. The
difference between experiment and calculated results is attributed
to this coefficient.

Appendix B: Effect of Mesh Refinement
on the Velocity of Wave Propagation

When a physical model is spatially discretized by finite elements,
the finite element model exhibits a higher than actual stiffness be-
cause of the limited number of degrees of freedom. By increasing the
number of elements, the model becomes more flexible. The higher
than actual frequencies are excited by a pulse-type loading. Because
of the dispersive nature of the flexural wave, high-frequency waves
propagate with a velocity higher than the actual velocity. As a result,
refinement of the mesh in a finite element model of flexural wave
problems not only affects the amplitude of the waveforms but also
reduces the propagation velocity of the waves (Fig. Bl).

Table Al Properties for PZT-850

Elastic compliance,
m2/N

Sfi: 15.3 x 10-'2

S£: 17.3 x 10~12

Piezoelectric,
m2/C

£3i : -12 .4x 10-3
 t

#33:26.0 x 10~3

Dielectric,
m/V

^31 : -175 x 10~1 2

^33: 450 x 10~12

Density,
kg/m3

p: 7500
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Fig. Al Transverse velocity-time profiles at various positions.
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Fig. Bl Effect of mesh refinement on the speed of wave propagation.
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