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Summary. Piezoelectric actuators can be used to generate high-frequency elastic waves for damage
identification of materials. This paper provides a comprehensive theoretical study of the electromechanical
behavior of surface-bonded or embedded piezoelectric actuators under inplane electric fields. A modified
one-dimensional actuator model is introduced, from which arbitrarily distributed electric fields along the
actuator can be considered. The model is used to simulate the dynamic load transfer between the actuator
and the host medium and the resulting elastic wave propagation by using the integral transform method
and solving the resulting singular integral equations. Of particular interest is the generated waveform away
from the actuator under different electric fields. An asymptotic analysis is conducted to obtain the far-field
solution of the wave field. The property of the resulting waveform is studied, and the simulation shows that
the direction of wave propagation can be adjusted by controlling the phase distribution of the applied
electric field along the actuator.

1 Introduction

The development of new piezoceramic materials with high electromechanical coupling has
revived intense research and development of new piezoelectric actuators for different structural
applications, e.g., the vibration and noise control of space and aircraft structures, the smart
skin system for submarines, smart sports products, and the non-destructive evaluation (NDE)
of materials [1]-[4]. These new piezoceramic actuators can be easily fabricated in different
desired shapes and can be used in different applications to achieve the highest possible
deformation or force for lowest possible applied voltage. They have the advantages of low cost,
quick response, low power consumption, compactness, and high sensitivity over a large range
of loading frequencies. As a result, in addition to the application in monitoring and controlling
the global behavior of structures, they also show the potential to induce high-frequency wave
propagation in the host structure for damage identification. Unlike the process of vibration
control, damage detection using high-frequency elastic waves usually involves wavelengths
comparable to the size of the actuator and, therefore, requires a detailed understanding of the
local electromechanical field around the actuator.

Due to the presence of the material discontinuity between the actuators and the host med-
ium, complicated stress fields will be generated when external electric fields are applied to the
actuators, which are usually difficult to deal with analytically. Simplified actuator models have
been developed to simulate the actuation process. Crawley and de Luis [5] first analyzed a
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beam-like structure with surface-bonded and embedded thin-sheet piezoelectric actuators to
study the load transfer from the actuators to the host structure. In this analysis, the axial stress
in the actuator was assumed to be uniform across its thickness. Crawley and Anderson [6]
developed a Bernoulli-Euler model of a piezoelectric actuator by considering the linear stress
distribution across the thickness. A refined actuator model based on the plane stress condition
was further studied to investigate the electromechanical behavior of a beam with symmetrically
surface-bonded actuator patches [7]. Plate and shell models have been extensively used in
modelling the electromechanical behavior of piezoelectric structures [8]-[12]. To simulate the
actuation process for cases where the size of the actuators is smaller than the thickness of the
host structure, Wang and Meguid [13] studied the static behavior of a thin-sheet piezoelectric
actuator attached to an infinite elastic medium using a one-dimensional model to investigate the
load transfer between the actuator and the host medium and the stress concentration near the
ends of the actuator. The static electromechanical field of a piezoelectric layer bonded to an
elastic medium with both interfacial and normal stresses being considered has also been studied
[14], [15].

Using elastic waves induced by piezoelectric actuators to detect damage in structures has
received significant attention from the research community. Many researchers have studied
the techniques of generating and collecting diagnostic elastic waves using these actuators to
realize continuous monitoring of structures. Distributed piezoelectric ceramic (PZT) disks
were used as surface actuators/sensors to generate and receive signals to detect damage in
composite structures due to impact [16]. The experimental results showed very promising
features of integrated piezoelectric sensor/actuator systems in structural health monitoring.
The electro-mechanical impedance method was developed [17] for identifying damage by
monitoring the impedance of the structure. This method was used in the health monitoring
of thin-wall structures based on the usage of embedded piezoelectric wafer active sensors
[18]. The results indicated that the developed electro-mechanical impedance method is
suitable for near field damage detection, while guided ultrasonic Lamb waves in conjunction
with the pulse-echo technique are suitable for far-field damage detection.

To study the high-frequency dynamic behavior of a piezoelectric thin-sheet actuator with
the typical wavelength being comparable to or shorter than the length of the actuator, a
one-dimensional model was developed and used to simulate the dynamic actuation process
of an embedded actuator [19]. This model was further extended to surface-bonded actuators
[20] and to include transverse deformation of the actuator [21]. Since the study was targeted
at piezoceramic thin-sheets with electrodes on both sides, the model was limited to the cases
where the applied electric field is uniform along the actuator.

The objective of the present paper is to provide a comprehensive analytical study of the wave
propagation induced by piezoelectric actuators bonded to or embedded in an elastic medium
subjected to different high-frequency electric fields. A modified one-dimensional actuator
model, which can simulate arbitrary electric fields along the actuator and contains the effect of
both the longitudinal and the transverse deformations of the actuator, is introduced. Numerical
simulations were conducted to evaluate the property of the resulting elastic wave propagation.
Specifically, two aspects of the work were examined. The first was concerned with the effect of
the geometry, material mismatch, loading frequency and especially the distribution of the
applied electric field along the actuator. The second was concerned with the property of the
resulting waveform at the far-field. An asymptotic analysis was conducted to obtain the explicit
analytical solution of the far-field waveform. The numerical result shows that the propagation
direction of the resulting wave can be controlled by adjusting the phase distribution of the
applied electric field along the actuator.
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Fig. 1. Surface-bonded and embedded actuators

2 Formulation of the problem

Consider the plane strain problem of piezoelectric actuators surface-bonded to or embedded in
homogeneous and isotropic elastic planes, as illustrated in Fig. 1. The actuators considered are
piezoelectric elements in the form of thin sheets. For these elements, the so-called poling
direction is usually along the thickness to enhance the actuating/sensing effect. For the current
problem, the poling direction of the sensor is assumed to be in the direction of the z-axis. The
half length and the thickness of the actuator are denoted as a and h, respectively. The actuator
is subjected to an applied electric voltage across its thickness, which varies along the actuator
and results in an electric field with a frequency  along the poling direction,
E.,= (V- —=V")/h, as shown in Fig. 1. The steady-state response of the system, including the
displacement, strain, stress and electric fields, will generally involve a time factor exp(—iwt). In
the following discussion, for convenience, this factor will be suppressed and only the amplitudes
of the electromechanical field will be considered.

2.1 Modelling of the actuator

For a thin-sheet piezoelectric actuator, when its thickness being small in comparison with its
length and the typical wave length of the generated elastic wave, the axial stress and defor-
mation can be assumed to be uniform across its thickness. The actuator can then be regarded
as a one-dimensional electromechanical element deformed in both longitudinal and transverse
directions. The interfacial normal and shear stresses transferred between the actuator and the
host medium can be replaced by distributed body forces acting along the actuator, as shown
in Fig. 2, in which t and o, represent the shear and normal stresses, respectively. For a
surface-bonded thin-sheet actuator, the transverse interfacial stress between the actuator and
the host medium can be ignored since the actuator is under the traction free condition at the
upper surface.

| > > > > |1

Y Y Y VYV VY Fig. 2. A one-dimensional actuator
< model
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The current study will be focussed on the case where high-frequency electric fields are applied
to the actuator, which result in elastic waves in the host medium with their typical wave length
being comparable to the length of the actuator. Therefore, the inertia effect of the actuator must
be considered in the modelling of the actuator. Based on the assumptions discussed above, the
equation of motion of the actuator along the axial direction can be expressed as

"

de
d—;—i—r/h—i—pawzug =0, (1)

where p, is the mass density of the actuator. Making use of the constitutive relation of the
actuator given in Appendix A, the axial deformation (strain) of the actuator can be obtained by
solving this ordinary differential equation, which can be expressed in terms of the applied
electric field, the interfacial stress and the transverse deformation of the actuator as

a

Y
. p(©) . sinkua+y) [ et
0 =eolw) [ cosku(— b de s SO ok, (¢ - app(@yac, @)
where
a(y) = =24 [Bofa) + Eo(~0) 25 4 [ (a) - B (—a)) 22l (3)
oY - 2F, ° ® coskqa ° ° sinkq,a [’
a

(y) +hE;%—h ad%; ) embedded
ply) =

(y) — he, dE(';y(y) surface-bonded,

where &7 is the transverse strain given by

& = (ug" —ug)/h (4)

£

with 2%, u?" being the transverse displacements at the upper and lower surfaces of the

actuator. In these equations, E,, £/, and e, are effective elastic and piezoelectric constants of the
actuator given in Appendix A, and

ko = ®/Cay, Co = \/Ea/p, (5)

with k, and c, being the wave number and the axial wave speed of the actuator, respectively.
The transverse normal stress of the actuator, ¢, can be determined using the constitutive
relation as

¢4y sinkq(a +y)

a
W)+ G okea

/ p() coska(E —a)dé

oY) = y 6)

C(L
- / PE) coska(E —y)dE + il — 03Ba(y)  embedded
11

0 surface-bonded,

where c{;, ¢§,, ¢4; and e, are elastic and piezoelectric constants of the actuator defined in
Appendix A.

The interfacial shear stress t and the transverse deformation & of the actuator will deform
the host medium and result in elastic wave propagation. Since the actuator is integrated into the
host medium, to determine 7 and &7, the coupling between the actuator and the host medium
must be considered.
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The stress and displacement fields of the host medium can be represented in terms of 7 and &
by solving an elastodynamic problem with 7 and ¢ being regarded as the applied boundary
load and deformation. For convenience, the derivative of ¢ with respect to y will be used in the
following discussion and is denoted as

"2
=2, 7
o) =5 7
By using the Fourier transform with respect to y, which is defined as
= Sy 1 | — —1isy
da(s) = g@)e™dy, gly) = o d(s)e ds, (8)

this problem can be solved and the dynamic stress and strain fields in the host medium induced
by the applied 7 and &7 can be determined,

ey<y,0>|mm——ﬁ[ [ wem-cac+u [ 4,(5)%2@_5)0;4, (9)
%(y,omzm:—%[ [ @mty-aaz+a [ ¢(€f)n3(y—é)dé} (10)

where u is the shear modulus of the host medium and %;(y), n2(y) and n3(y) are known
functions given in Appendix B.

¢ and 7 can be determined from the continuity condition between the actuator and the host
medium, given by

PZ(Q) = sy(y,O), O-Z(y) = O-Z(yvo)v |Z/| <a, (11)

where ¢,(y,0), 0, (y, 0) are the resulting dynamic fields in the host medium and the superscript

a” represents the actuator. Substituting (3), (6), (9) and (10) into (11), the continuity condition
between the actuator and the host medium can be expressed in terms of integral equations as

g [ 1l = &)+ ub(@aty - a5 [ ey cosiy(: - aja
Y
1
o [ POwsk(E e =a), bl <a. (12
1] a [
o [ Oty = ) + ety - Naz -2 [ g@ra
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« Yy
im0 + b costale )

—a

=c560(y) —e5:E:(y), |y| < a embedded. (13)
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Detailed evaluation of the kernels indicates that these equations are singular integral
equations of the first kind, which involve a square-root singularity of = and ¢ at the ends of
the actuator. The general solution of 7 and ¢ can be expressed in terms of Chebyshev
polynomials as

o) =S ATy /a1 — v,
J=0
o) = BT /o)1~ e

J=1

(14)

with T} being Chebyshev polynomials of the first kind and A; and B; being unknown constants
to be determined.

If the expansions in Eq. (14) are truncated to the (N — 1)th term and Egs. (12) and (13) are
satisfied at the following collocation points along the actuator:

-1
N -1

y' = acos n, 1=12,...,N, (15)

2N linear algebraic equations in terms of A; and B; can be obtained, from which the unknown
coefficient {c} = {A0,41,...,An_1,B1,B2,... ,BN,l}T and 7 and ¢ can be calculated.

2.2 Elastic wave propagation resulting from the actuator

The resulting elastodynamic field and the wave propagation in the host medium due to the
actuator can be obtained in terms of {c} as discussed in the previous subsection. By
applying the inverse Fourier transform, the stress field in the host medium can be deter-
mined such that

1 N 7 1 N X
—,?ZAJ/Hl(&z)P}(s,y)ds—k—zZBj/Hz(s,z)P}(s,y)ds, (16)
J=0 0 J=1 0
1L 7 RN
7.(0,2) = =5 A [ Hals. 2P} s.0)ds — 15 > B, [ Hi(s,2)PH (s, ), (7)
J=0 3 =1 3
sgn o 7 SgT(2) 1t r 5
02 (Y,2) ZA,/H5 s,2)P (S y)ds + 2 ZBJ'/ He(s,2)P; (s, y)ds, (18)
=09 =1

where P}(s,y), Pi(s,y), Hi(s,2), Hz(s,2), H3(s,2), Ha(s,2), Hs(s,2) and Hg(s,2) are known
functions given in Appendix B.

The resulting elastic wave given by Eqgs. (16)—(18) is very complicated. To evaluate the
property of wave propagation, the asymptotic behavior of the wave at far-field is studied. A
polar coordinate system (R, ) will be used in the analysis, which is related to (y,2) by

y=~Rcosl, z=Rsinl (19)

with the origin of the coordinate system being at the centre of the actuator. Let us consider the
resulting o, (y,2) in the host medium for the case involving a surface-bonded actuator. In the
far-field, when R > 1, 0,(y,2) can be written as
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ds

/90 ZZV}JJ'(SCL)Sﬁ(lCZ +2a2)671€(asin€7iscos6)
(252 — B*)* — 4s2app

N
7, (y,2) = ZAJ{
J=0

—00

X 2]\]]1(]‘1(8&)(282 _ k2)efk(ﬁsi1107iscosﬂ)
- / 53 dsy, (20)
K (252 — )" — 4s2af
where J; is the Bessel function of the first kind and
_1 n
( 2) j=2n+1
NJI - n+1 (1)
Sk .
21 ’

where o and f§ are defined in Appendix B. It is well-known that F(s) = (2s* — %)% — 4s2af will
be zero at s = +w/cr, —w/cp with cg being the speed of the Rayleigh wave. As a result, the
integrand has two singular points, which correspond to the Rayleigh wave propagating along
the free surface. Since the Rayleigh wave will decay exponentially with the distance from the
free surface, it will be ignored in the far-field solution.

The steepest descent approximation [22] is used to evaluate the far-field behavior of the stress
field. For the integration given in Eq. (20), for a large R the dominant contribution to the
integration comes from the vicinity of the saddle points of the exponents, which can be
determined by d(asin 0 — iscos0)/ds = 0 and d(fsin 0 — is cos ) /ds = 0. This is because the
real parts of the exponential functions are relatively small except in this area. The accuracy of
this approximation improves with increasing R. For Aq(s) = asin 0 — is cos 0, the saddle point
sp can be determined as sy = K cosf. In applying the steepest descent approximation, the
original path of integration is deformed to that along the path of steepest descent of Ay(s)
running through its saddle point. Along the path of steepest descent 4y (s) can be expanded in a
Taylor series
Jos) = H5)lscg, + 505 = 302 (), - (22)
It can be proved that, along this path, the value of Ay(s) — A(s)|
positive. Therefore, a real variable 7y can be introduced as

will always be real and

S=Sp

1
5 (5 = 50)° 2 (8)lms, = £5. (23)

Ao can then be expressed as
ho(8) = A(8)ls—s, + 13- (24)

Similarly, for the function 2;(s) = fsin0 — iscos0, the saddle point can be determined as

s1 = kcos 0, and 1; can be expressed along the path of steepest descent as
21(8) = A(8) ], 1 (25)

with ¢; being real and given by

1
5 (S - 81)2)“/1/(8)‘3:31 = t?‘ (26)
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Substituting Egs. (23) and (26) into Eq. (20), the integration can be reduced to

oo
713/«‘ s _R2 ds
o (1,2) Z A { g, &R, / o FE <dt0> dto}

—00

N RJ. T 2 ds
=3 A G e 0 [ et 2 Jant, (27)
=0 e !
where
ONYT:(sa)sB (k% + 242
Fi(s) = J J( )ﬁ( ) 28
J

(252 — B2)? — 4s2af

. 2N}lJj(sa)(2s” — k*)
Gile) = (252 — 2)* — ds%af @9)

To calculate ds/dt, for the first integration in (27), the direction of the integral path in the
s-plane should be determined. In general, s can be expressed as

s =50 + rpe’®. (30)

Since

PG [——) 31)
K sin® 0

from Eq. (23), {2 can be expressed as

1 1 ;

If2 _ 7”26‘2L00 em/Z. 32
0727 Ksin?0 (32)
Because 2 is real, it can be concluded that

0o = —m/4, 72 =2Ksin®0f2. (33)
Therefore,

ds dm —in/4 _ . —in/d

/4 = V2K sin fe~"™/*. 34

dio dio —e sin Oe (34)

Similarly, ds/dt; in the second integration can be determined as

dS 'm/4.

= 2k sin Oe~ (35)
Making use of the following result:

_Ri2 o E %
/ e = (Y (36)

the analytical solution for the far-field elastic wave can be determined as

ZA [f(j 0 \/7 i(KR—%) 1,0, 0)\/f i(kR—) Nl
+ZB @fgg 0 \/ﬂ EED 1 1405, 0)\/? f<’°R-->}N}. (37)
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Similarly, the far-field solution of the stress components ¢, and of can be obtained as

ZA [fw 0 \/ﬂ i(KR-Z) +£50, 0)\/? kR——)}Nl
+ZB 726, 0) \/ZTK D 1 150, 0)\/% B,

ZA 156,00y 2 00 o5, ) | 2

ZnK x 27k
*ZB 10, 0\ +£1a(, 0) [ e " }sz,
where
—1)"
( ,) j=2n+1
N2 = 2i
J (71)71
5 j=2n
and the functions f;(j,0), ¢ = 1,...,12 are known functions given in Appendix C.
. . . . .
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For the special case that ¥ = 0 and 2— o0, the following solution can be directly obtained:

N . . N . .
14 - W - W- ) 4% )
(7); _ ZA] 1(7) oK n 2(7) o~ | _ ,uZB] 30) oK _ 9 2(7) o~k , (41)
= | || o 2| |
o = ﬁ:A' W4(7') oK _ WZU) otk | _ MEN:B‘ WSU) —iK: _ 9 W2(7') o~k (42)
<72 T el 27| TR ERs
N . . N . .
W ) w: ) . W )
o, = ZAJ' 6(7) oK _ 7_(1)671@ n #ZBj Ws() omike | 9(7)671@ ’ (43)
25| ] el 25| ] ]
where K, = K|2|, k, = k|2|, and the constants W;(y), ¢ = 1,...,9 are known functions given in
Appendix C.

3 Results and discussion

This section is devoted to the discussion of the wave propagation induced by piezoelectric
actuators bonded to and/or embedded in an elastic medium under different electric fields. In

N 'I'."#‘
AT
s L
e

Fig. 6. The stress field induced by a
surface-bonded actuator for ka = 3.0
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shear and transverse stresses. Figure 3 shows the effect of the material mismatch g = n&/2E,,
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Y —11.5 x 10°(Pa), ¢\¥ = 2.56 x 10'(Pa),

E/1 —?, and the length-to-thickness ratio of the actuator v = a/k upon the amplitude of

addition to the study of the influence of the geometry of the actuator, the material mismatch
and the loading frequency, efforts are also made to determine the effect of the distribution of
Wave propagation in the host medium generated by the actuator is governed by the interfacial
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0.03 . T . T . T .
— yla=0 numerical result
| yla=5 numerical result |
--- y/a=10 numerical result
— yla=0 asymptotic result
002k A« ... y/la=35 asymptotic result

, —-. y/a=10 asymptotic result

0 . I f / Fig. 9. The far-field stress induced by
40 45 50 55 60  a surface-bonded actuator for
Za ka = 10.0

the interfacial stress ¢, = 0,./0p of a surface-bonded actuator for the case where ka = 2.0 and

I
0o/pg = 1, with op :yeaEz. The normalized interfacial shear stress increases with decreasing g
and v. The result indicates that a shorter and/or stiffer actuator will generate relatively higher
interfacial shear stress. In comparison, a longer and/or softer actuator will result in a shear
stress distribution more concentrated at the tips.

Figures 4 and 5 show the effects of ¢ and v upon the amplitude of the interfacial stresses
‘TZz =0y, /op and ¢f = o,/op of an embedded actuator for the case where ka = 2.0 and
0./pm = 1. Similar results can be observed for the interfacial shear stress although the effect of
q is not as significant as that for the surface-bonded actuator. The interfacial normal stress

increases with increasing material mismatch g and decreasing length-to-thickness ratio v.

3.2 Complete wave field

The complete wave field in the host medium can be determined based on the interfacial stresses.
Figure 6 shows the amplitude of the resulting elastic wave near a surface-bonded actuator
under uniform electric fields, GZ = 0, /0p, for the case where ka = 3.0, v =20, ¢ = 0.71, and
0./pr = 1. Stress concentration can be observed around the tips of the actuator. The stresses
reduce gradually with the distance from the actuator and eventually form a Rayleigh wave,
which propagates with a constant amplitude along the surface of the host medium. Figure 7

W
W \“Q\?}ﬁ?’,
N

5
¥
% A

W
S
AR

Fig. 10. The stress field induced by a
surface-bonded actuator for ka = 4.0
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0.05
0.04
0.03

!

0.02
0.01 }
(AR %
"1",{?« 45 Fig. 11. The stress field induced by a
surface-bonded actuator for
0 ka = 10.0

shows the amplitude of ¢ = 6. /gp in the host medium caused by an embedded actuator under
a uniform electric field for the case where ka = 3.0, v = 20, ¢ = 0.46, and p,/py = 1. In this
case, recognizable wave propagation in both the axial and transverse directions can be
observed. Figure 8 shows the amplitude of 67 = 6. /05 in the host medium caused by the same
embedded actuator discussed in Fig. 7 for higher frequency (ka = 20). A stronger wave
propagation in the z-direction can be observed. This is caused by the higher transverse stress o,
along the actuator-host interface due to the high loading frequency.

3.3 Far-field wave propagation

The analytical solution of the far-field wave propagation by the steepest descent approximation
provided a clear description of the property of the generated wave propagation. In order to
validate the accuracy of the obtained far-field solution, ¢/* = ¢ /o5 induced by a surface-
bonded actuator determined by the asymptotic solution given in Egs. (37)—(39) and (41)—(43) is
compared in Fig. 9 with that of the complete solution using the integral equations (16)—(18) for
the case where ka = 10.0, g = 0.5, v =20 and p,/py = 1. A uniform electric field is applied to
the actuator. The very good agreement shows the high accuracy of the obtained asymptotic
solution. Figures 10 and 11 show the far-field wave propagation induced by a surface-bonded
actuator for the case where ¢ = 0.5, v = 20 and p, /py = 1, for loading frequencies ka = 4 and

0.02 —

— y/a=0 numerical result
— yla=0 asymptotic result 7
- yla=5 numerica] result
0.015 ... yla=35 asymptotic result —
--- y/a=10 numerical result
—- yla=10 asymptotic result |

g 0.01

0.005
0 . I . I . I . Fig. 12. The far-field stress induced
40 45 50 55 60 by an embedded actuator for

7la ka = 4.0
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zla 50

k4() Fig. 13. The stress field induced by an

40
60 >0 yla embedded actuator for ka = 4.0

ka = 10, respectively. It can be found that the wave is mostly along the direction with
0 = 25 — 30° with respect to the z-axis.

Figure 12 shows the comparison of the stress ¢/ = ¢/, /a5 induced by an embedded actuator
predicted by the asymptotic solution with the stress by the complete solution for the case where
ka =4.0,q =0.5,v =20 and p,/py = 1. Very good agreement is observed. Figure 13 shows
the far-field wave propagation, ¢.*, for the case where ka =4.0, ¢ =0.5, v =20 and
0./py = 1. In this case the wave propagates mainly along the 2 direction. Figure 14 shows the
corresponding result for a higher frequency ka = 10.0. It is observed that the wave is now more
focussed in the z-direction.

3.4 Wave propagation caused by electric fields with varying phases

In the above discussion, the actuator is excited by a uniformly applied electric field F.. It is now
well-understood that phased array actuators can generate specific waves propagating in desired
directions by controlling the phase distribution among actuators. For the current problem,
simulation is conducted to study whether thin-sheet actuators can generate wave propagation

Fig. 14. The stress field induced by an
embedded actuator for ka = 10.0




Wave propagation generated by piezoelectric actuators 169

Fig. 15. Wave propagation induced
by a surface-bonded actuator for
ka =5.0

in specific directions by controlling the phase distribution of the applied electric field. The
electric field applied to the actuator is assumed to be

Ez (y) _ Egeika sin Hsy7

where EY is the constant amplitude of the applied electric field, and 0; is a steering angle.

Figure 15 shows the local wave field near a surface-bonded actuator caused by an electric
field with varying phases for the case where ka =5.0, 05 =30°, ¢ =0.5, v =20 and
0./py = 1. Tt is interesting to observe that in this case the wave is the strongest along a
specific direction. Figure 16 shows the corresponding local wave field near an embedded
actuator for the case where ka =5.0, 0; =30°, ¢ =0.5, v =20 and p,/py = 1. Similar
phenomena can be observed.

Figure 17 shows the far-field wave propagation by a surface-bonded actuator for different
steering angles 05 for the case where ka = 10.0, ¢ = 0.5, v =20 and p,/py = 1. In frames
(a)—(d), the steering angles are 0s = 0°, 30°, 60°, 90°, respectively. Different wave fields can
be obtained by changing the steering angle. For example, for 0; = 0°, the wave propagates
mainly along 0 = +25° with respect to the z-axis. However, for 0; = 30°, the direction
changes to 0 = 20° with respect to the z-direction. For 05 = 90°, the direction of propa-
gation is along 0 = 25° with respect to the z-axis. Figure 18 shows the generated wave field
far away from an embedded actuator with different steering angles 65 for the case where

52>
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Fig. 16. Wave propagation induced

710 by an embedded actuator for
yla 10 ka = 5.0
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B : : Fig. 17. Wave propagation induced
-60  —40 -20 0 20 40 60 by a surface-bonded actuator for
d yla ka = 10.0

ka =10.0, ¢ = 0.5, v =20 and p,/py = 1. Frames (a)-(d) correspond to 05 = 0°, 30°, 60°,
90°, respectively.

4 Conclusions

An analytical solution and numerical simulation are provided to investigate the wave propa-
gation induced by piezoelectric actuators surface-bonded to or embedded in an elastic medium
under in-plane electric loads. The effect of the phase variation of the applied electric field along
the actuator is considered. Based on the use of a one-dimensional actuator model, the dynamic

i . . ' Fig. 18. Wave propagation induced
-60 —40 -20 0 20 40 60 by an embedded actuator for
d yla ka = 10.0
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load transfer between the actuator and the host medium is studied. The steepest descent
approximation is used to conduct the asymptotic analysis of the resulting wave field to identify
the far-field waveform. The property of the resulting waveform is studied and the simulation
shows that the direction of wave propagation can be adjusted by controlling the phase dis-
tribution of the applied electric field along the actuator.

Appendix A
Effective material constants

The electromechanical behavior of piezoelectric materials can be described by

o’ fc? ¢ % 0 0 07 & 0 0 e
ol ¢ ¢ ¢ty 0 0 0 & 0 0 e .
o4 ¢4 % & 0 0 0| & 0 0 e E“
Yy
G (=|0 0 0 i 0 0 |q2 -1 0 el 0 fq
o, 0 0 0 0 ¢4 02 e 0 0 )
o, 0 0 0 0 0 o2, 0 0 0
and
- T
0 0 e &
0 0 et &
D, o v 00
0 0 e & . E,
D, 0 23 O
=10 ex 0 2el, o+ Y
D, 0 0 2%
e 00 267 E,
0 0 0 262,

where ¢ = (¢{; —c,)/2 and the superscript “7”” denotes the transpose of the matrix.
According to the current actuator model, the following condition should be satisfied under
the plane strain deformation:

a __
g, = 0.

For piezoelectric materials with their direction of polarization being along the z-axis, the stress
component ¢;; can be obtained, by substituting the above equations into the constitutive
equation, as

a _ a I a
o, —E'aay +Ee —edi.,

where
cf embedded
Ezz = cf.
¢§, — - surface-bonded,

(oA
Cs3
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ey embedded
€q = .
a e?, — e 13 surface-bonded
13 33 4 )
33

B = {c(f? embedded
a 0 surface-bonded.

Appendix B
Useful functions in the integration

The kernels in integral equations (9) and (10) are

00 2 _
/ Msin s(E —y)ds embedded
0

[~

)

o

mly—¢) = 2k2sp

(252 — k2)* — 4s2af

sins(& —y)d¢ surface-bonded,

k2
0

Ts(=y +20)
ny(y — &) = { LITSIHS@ —y)ds embedded

0 surface-bonded,

0

()2 2
1 FOm—AsSe) e
n3(y — &) = {kz f ™ sins(é —y)ds embedded
0 surface-bonded,

where y = s% + f and

Vs? — K? |s| > K Vs? — k? Is| >k
o= =
WK —s2 |s|<K ik~ |s|<k,

K:(D/CL, lﬁ:a)/CT7
with ¢, and ¢y being the longitudinal and transverse shear wave velocities of the elastic med-
ium, respectively.

The functions used in Eqgs. (16)—(18) are given by

2 2
W okl _ s pob embedded
Hi(s,z) = 9 2\ o—al2] _ (962 _ 1.2\, Ble]
2spl(k ‘*‘2“( )e — (25" — k")e” "] surface-bonded,
(25 — )" — 4s%af
(202 + k%) (s> + B7) —ale] ~Blel
Hy(s.2) =4 — 5 e + 2sfe embedded
0 surface-bonded,
2 2
78(8 2+ ﬂ ) e*“\z| + sﬁeflf‘z‘ embedded
Hs(s,z) = .

25B(2s% — k2)(e "Rl — o~ Fl)

53 surface-bonded,
(282 — B7)° — 4s2ap
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2 p2)2
Hy(s,2) = Gl —2spePFl embedded
0 surfaced-bonded,

2 2
ookl _ %_M embedded

4s2ape=Rl — (252 — k2)e PRI
(252 — B2)? — 4s20

Hs(s,2) =

surface-bonded,

Hy(s,2) = { (s* + f*)(—e ¥ +e7Pl)  embedded
" 0 surface-bonded,

and

(=1)"sin(sy) j=2n

Pi(s,y) = JJ(SG’){ (=1)"cos(sy) j=2n+1,

(—=1)"sin(sy) j=2n+1

P?(S,y) = J](S(l){ (_1)” cos(sy) J=2n.

Appendix C
Functions for far-field stresses

The functions in the far-field solution in Egs. (37)-(39) are given by
(k% — 2K? cos 6°) sin 0J;(K sin 0)

5 embedded
fl (j7 0) = ;
g;n(](b? surface-bonded,
k2 sin 0 cos® 0.J;(k sin 0) embedded
) — .
£20.9) 97;(‘(7(’))0 ) surface-bonded,
(k% — 2K cos? 0)(2K? sin 0% — k2)J;(K sin 0)
56,0 =4~ KT d embedded
0 surface-bonded,
£46,0) = { —2k? sin 0 cos 0°J;(K sin 0) embedded
Y 0 surface-bonded,
2 _ 9k anc 0) win AT (K
(k* — 2K* cos 92) sin 0J;(K sin 0) embedded
S50, 0) =19
g;n(j(,gi) surface-bonded,
k2 sin 0 cos? 0.J;(k sin 0) embedded
5:0) = g;((yg))e ) surface-bonded,
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— 2K2sin® 0)%J;(K sin )
£2(5,0) = { 5% 5 0 embedded
surface-bonded,
fo0.0) = { 2k? sin 0 cos? 0J;(k sin 0)  embedded
i surface-bonded,
—iK?sin® 0 cos 0.J;(K sin ) embedded
j,0) =
FoU g4(] 0 surface-bonded,
2 2
i(2K? sin® 0 — k2) cos 0.J;(K sin 0) embedded
J10(,0) =
gri(‘] 0 surface-bonded,
2 2
6.0) { i(2K?sin® 0 — kz) cos 0J;(K sin 0) embedded
surface-bonded,
£, 0) { i(2K? sin® 0 — k?) cos 0J;(K sin )  embedded
1 0 surface-bonded,
with

m(0) = (2K?sin 0 — k*)* — 4k sin® 0] cos 0]/ k2 — K2 sin® 0,

‘ ‘ ( Vk2sin® 0 — K2 ksinf > K
n(0) = (2K?sin® 0 — k*)* + 4ik> sin® 0] cos 0|
(—i)VK2 —k2sin>0  ksin0 < K,
9107, 0) = 2KJ;(K sin 0) sin 0] cos 0|V k2 — K2 sin® 0(2K” sin® 0 4 k* — K?),
927, 0) = 2k J;(k sin 0) sin 0 cos® 0(2k” sin® 0 — K*),
934, 0) = —2KJ;(K sin 0) sin 0| cos 0|V k% — K2 sin® 0(2K* sin® 0 — k?),
944, 0) = 4iK>J;(K sin 0) sin® 0 cos® 0V k2 — K2 sin® 0

9507, 0) = —iJ;(k sin )| cos 0| (2k? sin® 0 — k?)*.
The functions in Egs. (41)-(43) are given by

_ 2 _ 12
. WJ\G embedded
W) = —2N1J;(K)VEk? — K2k*K
' 5 surface-bonded,
(2K — k2)
_ Ji(k)N} embedded
2(7) = 2N}J;(k), Ws(j) = NiJj(k)  surface-bonded,
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JE)EE — 1

Ws(j) = OK2L2 R

—J;(K)N} embedded

Wa(j) = N1 (K)VIE—K%k

ORI surface-bonded,

~ Ji(E)(2K? — K)k?
W5(j): ,/( )( Kz ) le7

K*J;(K)N? embedded

Ws(j) = ANV (K)WVRE—K°K

) surface-bonded,

(2K? — k*)J;(k)N? /2 embedded

Wz(j) = AN (KW -KPK?

e surface-bonded,

Ws() = (2K* — KAWL (KONZ,  Wo(j) = (2K — K2)J;(k)N?.
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