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A normal mode expansion method for the vibrational responses of non-homogeneous
linear piezoelectric materials without damping is presented. It can be applied directly to
arbitrary piezoelectric composites, which are widely used in vibrational and acoustic
sensor/actuator/transmitter applications. In the present article it is shown that if the normal
modes are given, the displacement field can be expanded as the linear superposition of
normal modes, while the modal coefficients can be represented in terms of surface and
volume integrals directly over the six types of distributed excitations without solving the
quasi-static solution explicitly. The present treatment is a modification of an earlier work by
Liu [11] using a different definition of the so-called quasi-static solution, and the damping
effect has been neglected for simplicity. A simple example is given to exemplify the
application of the present formulation.
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1. INTRODUCTION

Since the piezoelectric effect was discovered by the Curie brothers in 1880, piezoelectric
materials have been widely used as primary elements in acoustic transmitters, signal
processing elements [ 1], sensors [2], actuators [3], and resonators [4] in both mechanical
and electrical applications. The main feature of a piezoelectric material is its ability to
convert mechanical energy into electrical energy and vice versa. In some cases, the behaviors
of a piezoelectric material can practically be modelled as lumped parameter elements with
the given electrical or mechanical impedances [4]. For a detailed study of the
electromechanical responses of a structure involving piezoelectricity, however,
three-dimensional continuum modelling is required for design purposes [ 5-7]. Mindlin [8]
introduced the linear theory for a piezoelectric solid. Tierstein [9] derived the orthogonality
relation of vibrational modes for a homogeneous piezoelectric solid. For a pure
homogeneous elastic solid without piezoelectricity, it can be shown that, once the normal
modes have been given, the modal coefficients for the displacement field can be represented
in terms of surface and volume source integrals over the distributed excitations [ 10]. In the
present article it is shown that if the normal modes are given, the displacement field can be
expanded as the linear superposition of normal modes, while the modal coefficients can be
represented in terms of surface and volume integrals directly over the six types of distributed
excitations without solving the quasi-static solution explicitly. The present treatment is
a modification of an earlier work by Liu [11] using a different definition of the so-called
quasi-static solution, and the damping effect has been neglected for simplicity.
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2. BASIC EQUATIONS

Consider a linear piezoelectric material occupying the space domain V with its boundary
S, then, the stress tensor 7;; and electric displacement d; are related linearly to the gradients
of displacement vector u;, and electric potential ¢, respectively, as

Tij = Cijklaluk + ekijakﬁﬂs dj = ejklaluk - Sjkak(pa (1,2)

where C;j,; are elastic constants, e;; are piezoelectric constants, ¢j, are dielectric permittivity
constants, and d, means J/0dx;,, i.e., the partial derivative with respect to the /th Cartesian
co-ordinate. As in electrostatics, the negative gradient of the potential field ¢ equals the
electric field intensity. Summation convention over dummy indices is assumed unless
otherwise mentioned. The fundamental law of lincar momentum gives

ai‘[,’j + pfj = puj (3)
and the law of electrostatics gives
0jd; = q, “4)

where p is the mass density, f; is the body force per unit mass, and g is the density of free
charge. By substituting the constitutive equations (1) and (2) into the above fundamental
laws, the governing equations for non-homogeneous linear piezoelectric materials will be

ai(Cijklaluk) + ai(ekijak(P) + Pfj = pii;, )]
aj(ejklaluk) - 51(Sjk5k€0) —q=0. (6)

The above two relations constitute four equations with four unknowns u; and ¢. For the
displacement field u;, the initial conditions at time t = 0 are

(%, 0) = u (),

ij(x, 0) = v9(x). (7

The initial displacement u§ (x) and initial velocity v (x) must be specified as functions of the
space co-ordinates X = (xj, X5, x3) for each point inside the volume V. The boundary
conditions for stress, displacement, normal electric displacement, and electric potential
should also be specified on the boundary surface:

nifij = fj(X, t), X e Sla uj = ﬁj(x, t), X e Sz,
nd; =d(x,t), X€Ss, @=¢(x1t), X€S,, (8)

where S;uUS, = S;US, = S is the boundary surface, and S; S, = S3n S, = 0 is empty,
i.e., there is no intersecAtion between S; and S,, nor between S; and S,. The prescribed
boundary values 7}, il;, d, and ¢ are given functions of the boundary position x and time .
The initial-boundary value problem formulated as equations (5)-(8) defines the most
general case for non-homogeneous linear piezoelectric solid with arbitrary initial conditions
and dynamic excitations.



LINEAR PIEZOELECTRIC SOLID 425
3. METHOD OF NORMAL MODE EXPANSION

Similar to the normal mode expansion method used for an elastic solid [ 10], we expand
the solutions u;(x, t) and ¢(x, t) of equations (5)-(8) as the summations of two parts:

u(x, 1) = U(x, 1) + Y g,(0)u"(x), ©
P(x, 1) = O(x, 1) + Y. qa(1) 9" (x), (10)

where the bold-face letters u, u" and U denote the vectors (uy, u,, us), (ui, us, u3) and
(U1, U,, Uj) respectively. The first part {U(x, 1), @(x, t)} is the special solution which
satisfies the following quasi-static equations without time-derivative terms:

0i(Cijin 01 Uy) + 0i(erij0x ) = — pf (11)
0j(eju1Un) — 0;(en0c®) = g, (12)
and the non-homogeneous boundary conditions
T =1i(x1), xeS, U; =1(x,1), X€S,,
nD; = c?(x, ), xe8S;, D= p(x,t), xXeS,, (13)

where T;; and D; are the stress and electric displacement corresponding to {U, @},
respectively, i.e.,

Ti;= Cijklal U + ekij5k<15, D;= ejklalUk — ajk(?kdi. (14)

The second parts of equations (9) and (10) consist of superposition of the normal mode
solutions {u"(x), ¢"(x)}, n =1, 2, ..., which are the non-trivial solutions of the following
eigenvalue problem:

0i(CijraO1u) + 0i(ewjor ") + pwpu} =0, (15)
0(ej0iup) — 0;(ep.0r@") = 0, (16)

nti; =0, xeS8, u;=0, xe8,, nd; =0, xeS8s, e"=0, xe8,
(17)

where t}; and dj are the stress and the electric displacement corresponding to {u”, ¢"},
respectively, i.e.,

T?j = Cijklaluﬁ + ekijak(pna d; = ejklalux - 8jkak(pn- (18)

This eigenvalue problem has non-trivial solutions only for discrete values of circular
frequencies w,, n =1, 2, ... . Following the same procedures as Tierstein’s [9], it can be
easily proved that, in the case of w, # w,, by using the mass density p(x) as weighting
function, the mode shapes u™(x) and u"(x) of two different modes are orthogonal to each
other:

J p(x)u™(x) - u"(x)d*v = N,,6,,, (no summation over m), (19)
14
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where dot “-” denotes the vector inner product, J,, is Kronecker’s symbol and
N, = fV pu™ - u"d>v (no summation over m) is the generalized modal mass for the mth mode.
It should be emphasized that the above result holds for the most general case where all the
material properties could be inhomogeneous. In contrast to equation (19), however, there
exists no orthogonality relation between ¢™ and ¢". This is due to the fact that the potential
field is considered to be static in the usual formulation of linear piezoelectricity. Unlike the
displacement field, there is no simple way to get the explicit expression for the quasi-static
part of the potential field. A suitable orthogonal basis for the potential field has been
proposed in reference [11] by the present author. Following a similar derivation as shown
below, the expansion coefficients for the potential field can be expressed analytically only
when a suitable orthogonal basis is adopted [11].

The expansion equations (9) and (10) have already satisfied all the boundary conditions in
equation (8). Upon substituting equations (9) and (10) into the governing equations (5) and
(6), and using relations (11), (12), (15), and (16), we see that equation (6) has been
automatically satisfied, and equation (5) results in

> o), + p(x)03,}u(x) = —pU. (20)

As in a standard treatment of mechanical vibrations, we multiply equation (18) by u™(x) and
integrating over the volume V, we have the decoupled equation of motion for the mth mode:

where F,,(t) is defined as
1 3
Fol) = | pUx 0-u(x)d, (22)
Nu Jv

Note that F,,(¢) is the mth Fourier coefficient of U(x, t). Thus the quasi-static part U(x, ) can
be expanded as

U(x, 1) = ) F,()u"(x). (23)

The initial conditions for g,,(t) can be easily derived as

where 4, and «,, are defined as

o = Ni Lp(x)u?(x)-u?(x)dsv, (25)
= Ni J PO U (x) . 26)

respectively. For later convenience, we introduce the definition of the generalized
co-ordinate g,,(?):

Gm(t) = gu(t) + Fpu(0). (27)
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The governing equation and initial conditions for g,,(t) are
Gm + O = OpF (@), Gu(0) = 2y qu(0) = K. (28)

According to equation (9), if the normal mode solutions u™(x) of equations (15)-(17) are
assumed to be given by analysis or experiment, the solution for the displacement field u(x, t)
can be expressed in terms of the special solution U(x, ) and modal coefficients g,,. Referring
to equations (21) and (23), both U and q,, will be given with the knowledge of F,,(t), which,
however, depends on the special solution U itself by equation (22). Fortunately, by
substituting equation (15) into equation (22) and taking successive partial integrations with
the usage of equations (11), (12), (18), (14), and (16), the integral in equation (22) of the
unknown integrand over the volume V' can readily be expressed as

14

utpf;dv — J

|4

o"qd’v + J W]'T; — (7U; + ™D — d"P)d?s, (29)

N

where t}' = n;1i; and d™ = n;d} are the surface traction and the normal electric displacement
due to the mth mode shape {u™, ¢™}, respectively, T; = n;T;; and D = n;D; are the surface
traction and the normal electric displacement due to the special solution {U, ¢}
respectively. That is, the coefficient F,,(t) can be expressed as a volume integral over the
body force and free charge excitation plus the boundary integral terms. By using the
boundary conditions in equation (17), the above equation leads to

waranm(t) = J.

14

Wrpfidy + f

Sy

Wrti(x, )d2s — J £76,(x, £) d2s

Sz

— J o"qd’v + J P"d(x, 1)d%s — J d™ ¢ (x, t)d?s. (30
14 S3 Sy

Thus, the function F,,(t) can be expressed as integrals over known quantities. Accordingly,
the unknown special solution U(x, t) is completely determined by equation (23) without
solving equations (11)-(13). Combining equations (9), (23) and (27), the response of the
displacement field is simply

u(x, t) = gu()u"(x). (31)

The generalized co-ordinate g,,(¢) in the above equation is determined by equation (28) with
F,(t) given by equation (30). To further simplify the above formulae and the ensuing
derivations, we introduce the following definitions:

Ap(t) = opF(t),

B.(1)= N, f W () pfi(x, 1)d,
14
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D,(1)= N,;* J P"(x)d(x, 1)d?s,

V() = — lej d"(x) o (x, 1)d’s,

On(t) = — mlj\ @"(x)q(x, )d*v. (32)

The time function A4,,(t) is the combined modal excitation function of the mth mode. The
mechanical quantities B,,(t), T,,(t) and U,,(t) are referred to as the participation factors to
the mth mode due to body force, boundary traction and boundary displacement
respectively. Similarly, the electrical quantities Q,,(¢), D,,(¢) and v, (¢) are referred to as the
participation factors to the mth mode due to free charge density, boundary electric
displacement and applied boundary voltage respectively. With the above definitions, we
obtain

From equations (28) and (32), the governing equation and initial conditions for g,,(t) are
dn + Ondm = An(0,  Gul0) = Zpe  Gu(0) = K. (34)

The combined modal excitation function 4,,(t) can be carried out through equations (33)
and (32). The initial values 4,, and x,, are given by equations (25) and (26) respectively. The
solution of equation (34) is

1 t
(1) = Ty COS Ot + ™ sin Ot + — J A, (7)sin wp(t — 7)dr. (35)
Wy WO Jo

Once the generalized co-ordinate g,,(t) is obtained by the above equation, the displacement
u(x, t) can be determined from equation (31) completely. This is the general solution for the
vibration of non-homogeneous linear piezoelectric solid under various excitations. Six types
of excitations are considered: the body forces, the boundary traction forces, the specified
boundary displacements, the free charges, the boundary electric displacements and the
applied boundary voltages. For the special case of zero initial conditions, i.e., no velocity
and displacement at time t = 0, thus 4,, = k,, = 0, the solution of ¢,,(t) reduces to

qn(t) = i J A (t)sin w,,(t — 7)d7. (36)

When the excitation A4,,(¢) is the unit delta function, the impulse response function h,,(t) of
q.(t) can be determined from equation (36) as

(1) = —- sin ot (37)

m
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and equation (36) can be rewritten simply as a convolution integral of the combined modal
excitation function and the impulse response function:

t

Gu(t) = J Ap(T) hy(t — 7). (38)

0

By the above derivations, a normal mode expansion method of the displacement field for
the non-homogencous linear piezoelectric solid is obtained. It is trivial exercise to check
that when the piezoelectric constants approach zero, the formulation reduces to a normal
mode expansion fomalism for linear but non-homogeneous elastic solids. Of course, the
present method, requires the knowledge of free-vibration solution. If the exact analytical
solution of free-vibration problem does not exist, we may resort to the numerical method,
e.g., finite element method [7]. Once we get the normal mode solution, either analytically or
numerically, the displacement field can be calculated by equations (31) and (35)
accompanied with definitions in equations (25), (26), (32), and (33).

4. EXAMPLE

To illustrate the above we consider the forced shear motion of a piezoelectric plate with
monoclinic symmetry. In Figure 1, the dimensions in both x; and x5 directions are infinite,
e, —o0 <x;< 00, — 00 < x3 < oo. The x3-axis is chosen to be perpendicular to the
plane of mirror symmetry. The thickness of the plate is 2h, —h < x, < h. We assume that
there are no variations for all field quantities along both x; and x5 directions. The
governing equations are [9]

Ceell1,22 + €26(0.22 = piy, Caalz 22 + Caas 25 = pily,
Caaltz 25 + Caas 25 = pis, €26U1,22 — €220,22 = 0. 39)
The given shear stresses and voltage on two side faces are
Ceslir,2 + €262 =01(t), X, =h,
Cesll1,2 + €260.2 = — 05(t), X3 = —h,
o ="Vi(t), xy=h, p=Vy1), x=—h (40)

The signs of stresses o1 and o, are chosen such that the positive directions for them are in
the positive x;-axis. It is clear that only u, is coupled to potential field ¢. We will neglect the
motions of u, and u; in the following.

The normal mode solutions which satisfy the homogeneous BC’s corresponding to
equation (40) will first be solved. For even modal numbers n = 0, 2, 4, ..., the normal mode
solutions are

u"(x) = cos,Xx, @"(x) = e(cosn,x — cosn,h), 41

where 1, = nm/2h, e = e56/¢5,, X = X,. The subscript 1’s for the displacement field and 2’s for
the x,-co-ordinate are omitted in equation (41) and the following expressions. For odd
modal numbers n =1, 3, 5, ..., the normal mode solutions are

u"(x) = sinn,X, ¢"(x) = e[sinn,x — (x/h)sinn,h], 42)
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X3

Vi), 0,(9

Vz ), g, )

Figure 1. Infinite piezoelectric plate of thickness 2h.

where 1, satisfies tann,h = (Cegerz/€36)ah and (n — 1)7/2h <1, < (n + 1)7/2h, and
Co6 = Co6 + €36/225 is the equivalent shear modulus. Following the solution formalism
derived in the previous sections, we can get the general solution easily. According to
equation (31), the general solution could be expressed as

u(x, t) =

OMS

gn()u"(X). (43)

The generalized co-ordinate §,(t) can be calculated by equation (35) as

dn(t) = a)i JI A,(t)sin w,(t — 1)d1, (44)

nJo

where w, = n,¢ is the nth modal circular frequency, and ¢ = (Cg6/p)"/? is the shear wave
speed. We have assumed that the initial conditions are zero. The combined modal excitation
A,(t) is calculated via equations (32) and (33). Because only stress and potential are
prescribed at the boundary, we merely have to evaluate T ,(t) and y,,(¢) in equations (32) and
(33). Although the boundary surfaces involved in equations (32) are infinite in both x; and
x5 directions, we need to only integrate over unit length in both directions. The result of
A,(t) 1s

A,(6) = N, ' [u"(h)o (1) + u"(=h)a>(t) — Vi(©)D"(h) + V() D"(—h)], (45)

where D"(x) = e,6u”y — €,20",, and the generalized mass N, (per unit area) is
h
N, = pJ [u"(x)]* dx. (46)
—h

Equations (41)-(46) constitute the general solution for arbitrary V(t), V,(t), o1(¢) and
a,(t). To give an explicit numerical example, we assume V,(t) = V,(t) = 0 and apply the
triangular transient loads in the x; direction on both sides:

oot/ T, 0<t<T/2,
01(t) = 05(t) = a(t) = oo(l —¢/T), T2<t<T, (47)
0, T<tort<(,

where o is the peak total applied force per unit area, and T is the duration of excitation. It
is obvious that only even modes will be excited. For even modes, the generalized masses are
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No =2ph, N, =ph,n=2,4,6, ..., and the combined modal excitation 4,(t) will be

_ [otyph. n=0,
An([) - {(_l)n/Zza(t)/ph’ n=246.... (48)

To express the results in dimensionless forms, we define the references for various physical
quantities:

20,h T3
0= Tolt _%0f0 _ the reference for deflection,
C66 2ph
@ = e,60/¢,2, = the reference for potential, (49)

0 = 0o/2 = the reference for stress,

where T, = 2h/c is the one-way travel time for shear stress wave propagating through the
plate thickness. The generalized co-ordinates can be expressed in the dimensionless forms:

To/ t\?
Bl < T/2
3T<TO>’ 0<t<Ty
oG LTV T ¢ [tV Toft)
f) = = (=) - — ) —=—==), TR<t<T,
Golt) = =5 12<T0 27T, To T\T,) ~3T\T, /
T t T T <t
To\2T, 4T,/) =
N qa(t)
W(l) =
g(t) 5
D"t 1T t
( e JLANL L JE LAY | 0<t<T)p
n°m T nnT 0
—1y%4 t 2T t T 1T t
_ (=0T 2)2 -+ — sinnn| o — o | — — O sinnm — |, TR2<t<T,
n°m T nnT T, 2T, nt T T,

(=14 T, 9 s t T , t , t T T <t
~— - — | 2sinna|— —— | —sinnn — —sinnn| — — — | |, <t
P T "\T, 2T, T, "\Ty T,

(50)
n=246, ...
The scaled displacement, potential and stress can then be expressed as
i) ="y G (cos ™™ (51)
ulx = = -
S I FE T
) -
300 = 2 — i~ ah o, (52
~ 021(X, 1) Y .. NmX
G(x, 1) = =—2n ) nq,,(t)smﬁ. (53)

o n=2,4.6, ..
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Figure 2. Scaled stresses for different t. =—s=—1t = 02T, —+— t = 04T; ----- t=06T,
t=10T,.
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Figure 3. Scaled displacement for different . —=— t =02T,, t=04Ty;, ----- t=06T,
t =08T; t=10T; t=12T; i t = 14T ; t=16T,.

In Figure 2, we show the stress distributions at various times ¢ for the case in which
duration T is set to be 0-2T,. Note that x = h means the upper surface, and x = — h means
the lower surface in Figure 1. In the beginning, as the transient shear forces are applied at
the boundaries, the stress waves travel from two sides into the solid. The amplitude of the
stress wave is exactly equal to that of excitations. At time t = 0-2T,, when the excitations
stop, the wave fronts reach the depth 0-4h, which is equal to the product of wave speed ¢ and
time 0-2T . At time t = 0-6T 5, when the upward and downward travelling waves coincide in
space, the stress waves cancel out, and this solid is temporarily in a stress-free state. For
t =T = 02T, the stress distribution will repeat itself with the interval of T;, which can be
easily checked by equations (49) and (52). When the stress waves impinge on the boundary,
the reflected stresses are reversed.

In Figures 3 and 4, the corresponding displacement and potential distributions at various
times t are shown. As the stress waves travel back and forth, the elastic deformation also
travels back and forth with a steady rigid-body motion. It is easily checked that the scaled
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Figure 4. Scaled potential for different t. ——s——1t = 02T, t=04Tg; ----- t=06T,; t=

0-8T; t=10T,.

amplitude of elastic deflection is 0-05. Note that the propagation speed of electric
disturbance is also the equivalent shear wave speed c. In fact, in the piezoelectric equations
(5) and (6), the speed of light is assumed to be infinity.

5. CONCLUSION

The normal mode expansion formulation for non-homogeneous linear piezoelectric
solids is developed. It can be shown that, with the given normal modes, the displacement
field can be expanded as the linear superposition of normal modes with the modal
coeflicients represented as surface and volume integrals over the exciting source functions.
Six types of excitations are considered. These results can be used as a foundation for modal
testing methods and for general dynamic analysis for linear piezoelectric materials. Because
the theory covers generally non-homogeneous materials, it can be applied directly to
arbitrary configuration of elastic-piezoelectric composites, which are widely used in the
vibrational and acoustic sensor/actuator/transmitter applications. A simple example is
given to exemplify the application of the present formulation.
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