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The dynamic interaction between induced strain piezoelectric (PZT) actuators and their host 
structures is often ignored in the modeling of intelligent structures. A more realistic investigation of 
intelligent material systems must account for the dynamic behaviors of integrated actuator/substrate 
systems. In this paper, a generic method for the dynamic modeling of distributed PZT 
actuator-driven thin cylindrical shells has been developed using a mechanical impedance approach. 
The impedance characteristics of a cylinder corresponding to the excitation of a pair of pure bending 
moments have been developed, from which the dynamic output moments (or forces) of PZT 
actuators can be accurately predicted. Direct comparisons have been made between a conventional 
static modeling approach and the impedance method in order to identify the critical differences 
between these modeling methods for thin cylindrical structures. The case studies demonstrate that 
the mechanical impedance matching between PZT actuators and host structures has an impact on the 
output performance of the actuators. The dynamic essence of integrated PZT/substrate systems has 
thus been revealed. 

PACS numbers: 43.40.Vn, 43.40.Ey, 43.38.Fx 

INTRODUCTION 

The use of piezoelectric materials (PZT) as actuators 
and sensors in intelligent structures has drawn much atten- 
tion in the active controls community. An accurate math- 
ematical description of integrated PZT/substrate systems is 
indispensable in the development of practical applications of 
PZT materials in active vibration control and active struc- 

tural acoustic control. One investigation devoted to the mod- 
eling of actively controlled cylinders was based on the lay- 
ered shell theory (Tzou, 1989); in this study, a completely 
distinct layer of the piezoelectric material was used to make 
up a composite cylinder. A more convenient and feasible 
configuration of PZT actuators in adaptive structures is the 
use of segmented piezoelectric patches bonded on or embed- 
ded in host structures. For the modeling of these PZT actua- 
tors locally coupled with shell structures, static approaches 
have been used to estimate the induced loading. Sonti and 
Jones (1991) investigated the performance of the controlled 
cylinder using the piezoactuator control patch and a point 
force for both on- and off-resonance cases. The output per- 
formance of the PZT actuator, however, was not specifically 
studied. The assumption was made in the modeling that the 
dimension of the PZT patch in the circumferential direction 
is kept small relative to the cylinder radius. The curvature 
effects could then be neglected. The static models developed 
from thin plate theory (Crawley and Lazarus, 1991; Dimitria- 
dis et al., 1989; Wang and Rogers, 1991) could then be used 
in smart shell structures. Lester and Lefebvre (1991) applied 
the same assumption in their study and researched both out- 
of-plane and in-plane piezoelectric actuation for controlling 
sound radiation and transmission related to vibrating cylin- 
ders. It is typically assumed in the static models that the 
added mass and stiffness of PZT actuators are insignificant. 

The dynamic interaction between the PZT actuator and the 
host structure is ignored. Thus, the input impedance of the 
actuators and the mechanical impedance of the host struc- 
tures are not included in the modeling. The static analysis 
usually leads to the conclusion that the amplitude of the ex- 
citation force of the PZT actuator is independent of host 
structural dynamics and frequency. 

A more realistic investigation must account for the dy- 
namic properties of the actuators, the actuators have their 
own mechanical impedance. When an active force provided 
by the PZT actuator is applied to a host structure, the PZT 
itself is driven by the force. Therefore, the mechanical reso- 
nance of an integrated PZT/substrate system is the combina- 
tion of the dynamic behavior of the PZT actuator and that of 
the actuated structure. Hagood et al. (1990) proposed a dy- 
namic model based on Rayleigh-Ritz energy formulation. 
The parasite mass and stiffness of the integrated PZT patch 
was included in the governing equation of the system. The 
actively controlled cantilevered beam was tested and favor- 
able results were obtained. As the active control force needs 

to be calculated, the blocking force was used. Liang et al. 
(1993) used impedance analysis in modeling of a PZT 
actuator-driven one-degree-of-freedom spring-mass-damping 
system. The frequency-dependent output performance of the 
PZT actuator was predicted. Rossi et al. (1993) then applied 
the impedance approach to model PZT actuator-driven circu- 
lar rings and performed the experiments for validating the 
theoretical model. Nevertheless, the previous studies related 
to the dynamic modeling for shell structures have so far been 
limited to the one-dimensional systems. For general two- 
dimensional shell structures, the mechanical impedance cou- 
pling in different coordinate directions occurs. An extensive 
investigation is thus highly required. 

The current work is focused on analysis of two- 
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FIG. 1. A thin cylindrical shell with surface-bonded PZT actuators. 

dimensional thin cylindrical shells excited by a pair of PZT 
actuators in a pure bending mode. A generic method for the 
impedance modeling of integrated PZT/shell systems will be 
presented. The numerical case studies and comparisons 
based upon a simply supported cylinder will be performed to 
demonstrate the significant difference between a conven- 
tional static modeling approach and the impedance method. 
The results will show that the excitation force of the induced 

strain actuators depends on the mechanical impedance 
matching between the PZT actuators and the cylinder. The 
physics of the dynamic interaction between induced strain 
actuators and host structures will be revealed. 

I. IMPEDANCE MODEL OF INTEGRATED Pz'r/SHELL 
SYSTEMS 

A physical model of a thin cylindrical shell excited by 
PZT actuators is shown in Fig. 1. The PZT patches are as- 
sumed to be perfectly bonded on the internal and external 
surfaces of the cylinder so that a pure bending moment ex- 
citation can be locally created. Figure 2 displays the corre- 
sponding impedance model. The dynamic behavior of the 
cylinder in the x and 0 direction is represented by the direct 
impedance Zxx and Zoo as well as the cross impedance Zxo 
and Zox, respectively. Under the actuation of the moments, 
M x and M0, the angular velocity response of the cylinder at 
the edge of the bonded PZT patches may be described by 
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FIG. 2. A physical model of a PZT actuator integrated with a thin shell 
structure represented by mechanical impedance. 
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FIG. 3. The angular deformation of a cylinder in the x direction, actuated by 
a pair of moments. 
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R 80 

- -(H,•,•M,•+Ho•Mo), 

(la) 

= -(HxoMx+HooMo), (lb) 

where Vfi is the total angular deformation of the cylinder; R 
is the radius of the cylinder. The minus sign indicates that the 
structural reactions are equal and opposite to the output 
forces of the PZT actuator. Here, Hxx and H00 are the direct 
admittance, Hxo and H ox are the cross admittance of the 
cylinder and responsible for the coupling of the input mo- 
ments in the x and 0 directions. The moment admittance is 

defined as 

Hzk = Mz (l,k=x,y). (2) 
Figure 3 shows the geometric deformation of the cylinder in 
the x direction under the actuation of M x . The similar defor- 
mation occurs in the 0 direction. Considering the relationship 
between the translational displacement and the angular de- 
formation of the cylinder, the in-plane displacement, u and 
v, can be expressed by 

h+hp 

x=x 2 

h+hp [ 2 

X-----X 1 

R 80 
0 = 02 

R 80 

, (3a) 
0=0•]' (3b) 

where h and hp are the thicknesses of the cylinder and the 
PZT actuator, respectively. The corresponding in-plane ve- 
locity, ti and b, are then given by 

h + h p 8• ) 8• ) ti- 2 -•x - •x ' (4a) 
x=x 2 x=x I 

h+hp [ 2 R 80 
0 = 02 

R 80 0=01 ] ' (4b) 
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Using the relation of the in-plane force and the out-of-plane 
moment: Mx(o)=(h+hp)Fx(o) and substituting Eq. (4) into 
Eq. (1) results in 

H0x 

Hoo F o =-(h+hp) 2 Hxo 

Z ox Zoo b ' 
(5) 

where the structural impedance Ztk (l,k=x,y) can be de- 
rived from classic shell theory and will be developed later; ti 
and t) need to be solved so that the output force can be 
quantitatively predicted. 

When an external electric field is applied to PZT patches 
along the polarization direction (3), the equation of motion 
of the PZT actuator shown in Fig. 2 may be expressed by 

02u 02u 

pp • =Yp•ii OX 2 , (6a) 
0920 0920 

Pp • -Yp•22 R 002' (6b) 
where the subscript p refers to the parameters of the PZT 
actuator, and 11 and 22 denote the coordinates of PZT ma- 

terials; p is the mass density and ye is the Young's modulus. 
The solution of Eq. (6) is described by 

u-[A sin(kpl•X)+B cos(kp•X)]e jrøt, (7a) 

v = [ C sin(kp22R O) + D cos(kp22R O) ]e j•øt, (7b) 
where A, B, C, and D are unknowns and can be determined 

by the boundary conditions; j symbolizes the imaginary part 
of a complex number; w is the input angular frequency. Con- 
sidering the isotropy of the PZT material in the 1 and 2 
directions yields the wave number: 

2 2 2 • 602 kp = kpl l = kp22 (pp/ypE). (8) 
Applying the displacement boundary conditions, Ux=0=0 
and v 0=0=0 to Eqs. (7), leads to B =D= 0. The unknowns, 
A and C, can be determined from the constitutive equation of 
the PZT actuator at x- lp and 0= Op: 

Ou 1 _ Vp 

pOphp ,php 1 lSy OU __ Pp 1 F 0 
R O0 Y•R Ophp E Yplphp 

+(d31)E ('9) d32 ' 

where lp, Op, and d31(2 ) are the length, the angle, and the 
piezoelectric constant of the PZT actuator, respectively. Note 
that the Poisson's ratio of the PZT material, Vp is introduced 
so that the mechanical coupling of the in-plane motion in 
different directions (x,O) of the PZT actuator can be included 
in the modeling. Substituting Eqs. (5) and (7) into Eq. (9) 
and taking the algebraic operation to rearrange A and C 
yield: 

Ol Zpx x -{- 

C l ol Zpxx •P 
_ d3• 

d32 

Zox Zoo 1 C 0 
Zpoo Zpoo/ 

( Zox Zoo I C o 1-VpCr • + 
Zpoo Zpoo/ 

E, 

where Ct=kp cos(kplp) and Co=k p cos(kpR Op); 
cr=lp/(R Op) is the ratio of the length to the width of the PZT 
patch; Zpx x and Zpo o are the input impedances of the PZT 
actuator in the x and 0 directions, defined as 

kplp 1 
gPxx=Kpx tan(kplp) jto' (11a) 

kpR Op 1 
ZPøø=KPø tan(kpR Op) jto ' (11b) 

with the static extension stiffnesses of the actuator in the x 

and 0 directions, Kpx- yEpR Ophp/lp and 
Kpo=yEplphp/(ROp). Solving for A and C from Eq. (10) 
and substituting it into Eqs. (7), the displacement and veloc- 
ity responses of the PZT actuator are obtained. The dynamic 
force output of the PZT actuator can then be determined 
from Eq. (5): 

Fx= Px ej•t= -- j to(AS •Zxx + CS oZxo)e j•t, (12a) 

F o = P 0 ejwt= -j to(AS tZ Ox + CS oZ oo)e jwt, (12b) 

where St=sin(kplp) and S o=sin(kpROp). Accordingly, the 
amplitude of the line moments per unit length created by the 
pair of PZT patches, 117Ix,(O ) (in N m/m), can be determined 
as 

371x Px(h+hp) to(h+hp)(AStZxx+CSoZxo) _ _ _j 

(13a) 

to(h+h )(AStZox+CSoZoo ) 117io = p ø ( h + h p ) - _ j P 
lp lp 

The distributed line moments are thus expressed by 

Mx=37Ix[ 8(X-Xl)- 8(x-x2)][h( 0- 01) 

(13b) 

192) ] ejø't, (14a) 

M o = ]17/o[ 6( 0- 01)- 6( 0- 02)][h(x-xi) 

-h(x-x2)]e j"'t, (14b) 

where 8(x) and 8(0) are the Dirac delta functions; h(x) and 
h(0) are the Heaviside functions; x l, x2, 01, and 02 are the 
location coordinate of the edge of PZT patches on the cylin- 
der, as illustrated in Fig. 1. 

Since the coefficients A and C, as well as the mechani- 
cal impedance of the cylinder in Eqs. (13), are functions of 
the frequency, the moment outputs of the PZT actuator are 
frequency dependent. If the cross impedance Z xo and Z 0x in 
Eq. (10) is assumed to be zero and the Poisson's effect of the 
PZT material is ignored, a decoupled analysis is then ob- 
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tained for one-dimensional rings. The formulation for the 
force output of the PZT actuator expressed in Eq. (12) is 
reduced to 

Z 

Fø= Zq-Zp ypESpd32E' (15) 
where Z is the mechanical impedance of the ring, Zp is the 
input impedance of the PZT actuator, and S p is the cross 
section area of the PZT actuator. Equation (15) is same as the 
formulation that was derived from the circular rings by Rossi 
et al. (1993). The two-dimensional impedance analysis, 
therefore, is applicable to one-dimensional structures. 
Thus far, the dynamic forces and moments of the PZT actua- 
tor have been obtained based upon the impedance character- 
istics of the PZT and the cylinder. The input impedance of 
the PZT actuator is given by Eq. (11). The mechanical im- 
pedance of the cylinder is determined by the inverse admit- 
tance matrix in Eq. (5), which depends on the location of the 
actuators, the structural configuration, the boundary condi- 
tion, and the physical properties. The next section will ad- 
dress the calculation of the admittance of the cylinder actu- 
ated by line moments. 

II. ADMITTANCE CALCULATION OF A CYLINDER 

The general solution of the response of a thin shell ex- 
cited by line moments can be determined by solving the 
following Love equations (Soedel, 1981): 

Lu(u,v ,w) - hti- phii= - qu 
1 8Mn 

2R 80 ' 
(16a) 

Lv(u,v,w)- ht)- phii= -qv-- • 
1 
2 8x ' (16b) 

1 

Lw(u,v,w)-h½-ph½=-qw- • 
8Mx 

R 80 ' 

(16c) 

where q i(i = u,v,w) is the pressure applied along the x, y, 
and z directions normal to the surface of the shell, respec- 
tively. The twisting moment M n is applied about the normal 
(z) direction. h is an equivalent viscous damping factor. The 
operator L i (i--u,o,w) can be evaluated from an eigenvalue 
analysis. Since the transverse modes in a very shallow shell 
are the dominant modes, it is assumed that the inertial effects 
in the in-plane directions are neglected and the loading is 
applied normally to the surface of the shells (Soedel, 1981; 
Leissa, 1973). In the current case, the ratio of the thickness to 
the radius of the cylinder is assumed to be 1/100 and the 
theory for thin shells is thus applied. Only Eq. (16c) is con- 
sidered in the modeling. The modal expansion series solution 
of Eq. (16c) is expressed by 

W-- E E PmnWmn(X,O), 
m=l n=0 

(17) 

where rn and n refer to the axial and circumferential mode 

numbers; Ping is the modal participation factor; Wren(X, O) is 
the eigenfunction. The operator L w is evaluated from the 
eigenvalue analysis: 

TABLE I. Material properties of the PZT (Piezo Systems, Inc., 1987) and 
aluminum. 

yE (N/m 2) /9 d31 ,d32 (m/V) 
(X10 ]ø) (kg/m 3) v (X10 -•ø) •mn 

PZT 6.3 7650 0.3 - 1.66 0.005 

Aluminum 6.9 2700 0.33 N/A 0.005 

2 Lw(wmn) = - phromnWmn , 

where rotan is the natural frequency of the cylinder. Substi- 
tuting Eqs. (17) and (18) into Eq. (16c) and assuming qw=O 
results in 

E E (PhOton q-•I•rnn q-ph 2 (OmnPmn) Wmn(X, O) 
m=l n=0 

i ( •M x &14 o (19) 

For a simply supported cylinder, the eigenfunction Wmn(X , O) 
can be described by 

W(x,O)=sin(mrr/l)x cos n(0- ½), (20) 

where ½ is the relative angular location of the input moment 
with respect to the coordinate system and l is the length of 
the cylinder. Substituting Eq. (20) into Eq. (19) and using the 
usual modal expansion technique yields: 

ß ' 2 •ot, P rnn q- 2 •mn) mn -[- (.0 mnP rnn -- Fmn ej (21) 

where the equivalent forcing function, Finn , is of the form 

Fmn-phNm n Wmn(X,O) 

where 

8Mx 8M o ) dx d O, (22) R • +R 80 

f o' f o'.• m rcx Nmn -- sin2 l cos 2 n( O- ½)R dx dO 

Rlrc/2 (n•O), =Rlrr (n=0). (23) 
In the case of ½=0, Eq. (22) becomes 

= Cx Rrrm lflx + 371o Fmn l phNmn In R rrm 
X (sin n 0• - sin n 02), (24) 

where Cx=cos(mrrxi/l)-cos(mrrx2/l). In the case of 
½= rr/2n, 

Cx 

Fmn2=phNmn Rm rc _ In • o) In Mx +Rm rr 

X (cos n 02- cos n 0• ). (25) 

In particular, when ½=0 and n=0, the effective force 
function is reduced to 
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C x m 

Fmo--ph 12 ( O•- 02)1• x . (26) 
The solution of the governing equation (21) is expressed by 

FmneJ( wt- Cbmn) 
Pmn (t)-- 2 ?(1 (O)/O)mn)2 2 2 2 (.,O m n -- ) Jr- 4 •m n ( (.,O / (.,O mn ) 

(27) 

with the phase shift, 

2•mn(wlwmn) 
tan- • (28) l _ ( rO/ rOmn) 2 , 

where •mn is the modal damping coefficient. The transverse 
displacement response of the cylinder is thus obtained: 

w(x,O,t) = • • (Finn 1 cos nO+Finn 2 sin nO)sin(mrr/l)xe j(•øt-•mn) 
2 ?[ 1 ((.O/O)mn)2 2 •2 2 m= 1 n= 0 O)mn - ] +4 mn(O)/O)mn) 

(29) 

Substituting Eq. (29) into Eq. (1) and recalling the definition 
of the admittance in Eq. (2), the direct admittance at the 
middle point of the edge of the PZT actuator can be deter- 
mined as 

4 w rr 

phR Opl 3 Z Z m=l n=l 2 2 sin[n(02 0 )/2]) rn½ x - • 

tl A mn 

X e j( rr/2- •mn) (30) 

and 

4to • • (n2CxSx[1-cos n(Oi-02)]) Hoo=phlprr2R 3 Z • mAmn rn=l n=l 

X eJ( rr/2- Cbmn) (31) 

where Sx=sin[mrr(x • +x2)/(2l)] and Arn n is given by 

Am n 2 ?( l ( O)/O)mn)2 2 •2 2 =O)mn -- ) +4 mn(O.}/O.}mn). 

Similarly, the cross admittances are obtained by 

4to • • (mCxSx[1-cos n(O•-02)]) HxO=phOpR2l 2 Z n•l Am n ' rn=l = 

(32) 

X eJ( rr/2- •bmn) (33) 

and 

Høx=phrrR2llp • Yl rn=l = nCx2sin[n( 0 2-- 0•)/2]) A rnn 

X e j( rr/2- •m,). (34) 

TABLE II. The geometric size of the PZT actuator and the cylinder (unit: 
mm). 

Length Radius Angle 
I R 0p(degree) Thickness 

PZT 80 200 6 0.2, 0.5, 1.0 

Cylinder 700 200 360 2.0 

III. NUMERICAL EXAMPLES AND DISCUSSION 

The simply supported thin cylinder used in the case 
study is made of aluminum and its geometric configuration is 
shown in Fig. 1. The material properties of aluminum and 
PZT (Gl195) are listed in Table I and their geometric param- 
eters are given in Table II. In the case study, two geometric 
parameters, the thickness of the PZT (hp=0.2, 0.5, 1.0 mm) 
and the location of the PZT on the cylinder (x• = 310, 100 
mm) are examined. The purpose is to identify the effect of 
the input impedance of the PZT and the structural impedance 
on the moment outputs of the PZT actuator and to determine 
how they influence the response of the cylinder. 

For comparison of modeling approaches, the static line 
moment calculation is based upon a flat PZT patch, because 
the dimension of the PZT patch in circumferential direction 
is kept small relative to the cylinder radius, thus the curva- 
ture effects can be neglected (Sonti and Jones, 1991; Lester 
and Lefebvre, 1991). This is a reasonable approximation 
from the experimental point of view. In the current numerical 
examples, the circumferential size of the PZT patch is much 
smaller than that of the cylinder, (R Op)/R- 1/10, hence flat 
PZT patches are used in the static calculations. There are 

10 '4 , 

10 4 

10-6 

. 1', [ / ', ,,- _ 

[ ..... i," ,,' '": 'h :' - ............... t"' ::/ t 

i•: ;: ',: .:-"' •i! ..... ß ......... 
/'• ./i.:,!i ..... ..:::."' :, ,,,. ..... ß .... 

10 4 t 200 31• 400 500 600 700 800 
Frequency (Hz) 

FIG. 4. The admittance characteristics of the simply supported cylinder 
(hp =0.5 mm). 
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10 4 
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FIG. 5. The direct impedance of the cylinder and the PZT actuator, hp=0.2 
mm. 

several formulas for the actuation of PZT patches on two- 
dimensional structures (Dimitriadis et al., 1989; Wang and 
Rogers, 1991; Crawley and Lazarus, 1991). One formula de- 
veloped from the laminated plate theory (Wang and Rogers, 
1991) is used here. 

Figure 4 shows the variation of the amplitude of the 
force admittance with frequency. The peaks of the curves 
correspond to the resonant frequencies of the original cylin- 
der. When the PZT actuator is much thinner than the cylinder 
(he=0.2 mm and hp/h = 1/10), the input impedance levels of 
PZT are much lower than those of the cylinder, as shown in 
Fig. 5. The corresponding amplitude of the dynamic mo- 
ments is nearly constant over the whole frequency band, as 
illustrated in Figs. 6 and 7 (he=0.2 mm). This result is ex- 
pected because relatively small PZT patches "planted" in the 
substrate do not significantly stiffen the cylinder. On the 
other hand, the host structural dynamics do not yet apply a 
strong influence on the actuator moment outputs. In this case, 
the dynamic interaction between the PZT actuator and the 
cylinder may be ignored. The active moments given by the 

FIG. 7. The moment outputs of the PZT actuator in the axial direction. 

static model agrees with that predicted by the impedance 
model. 

With increases in the thickness of the PZT actuator up to 
hp-l.0 mm (hp/h--0.5), the input impedance of the PZT 
actuator matches with the structural impedance of the cylin- 
der in the circumferential direction, which is displayed in 
Fig. 8. The moment outputs of the PZT actuator is greatly 
strengthened at these matching points. Figure 6 demonstrates 
that the amplitude of the dynamic moments, M 0, is several 
times higher than the constant moments predicted by the 
static approach at some resonance frequencies of the system. 
The thicker the PZT patches, the greater the increment of the 
amplitude of the moments. It should be noted that although 
the axial impedance Zxx in Fig. 8 is not matched by the input 
impedance Z po o, the axial moment output 3•/x also goes up, 
as shown in Fig. 7, because of the coupling effect due to the 
cross impedance and the Poisson's ratio. In addition, Figs. 5 
and 8 show that for the cylinder, the mechanical impedance 
in the axial direction is different from that in the circumfer- 

ential direction. This implies that the different actuation is 

impedance model 

...... static model .. 06 I 
• 10• 

Z 

10 4 
200 300 400 500 600 700 800 

Frequency (Hz) 

FIG. 6. The moment outputs of the PZT actuator in the circumferential 
direction. 

10 7 

10 6 

10 4 

10 2 
2OO 300 400 500 600 700 800 

Frequency (Hz) 

FIG. 8. The direct impedance of the cylinder and the PZT actuator, h e = 1.0 
mm. 
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FIG. 9. The effect of the location of the actuator on the circumferential 

impedance and the moment output (hp= 1.0 mm). 

generated in the axial direction and in the circumferential 
direction, i.e., ]f/x 4: ]f/0, as illustrated in Figs. 6 and 7. 

The influence of the location of the PZT actuator on the 

host structure on its dynamic output is examined in Fig. 9. 
When the location of the excitation points changes, the me- 
chanical impedance of the cylinder varies; accordingly, the 
moment output of the PZT actuator changes. Since the fre- 
quencies corresponding with the peaks of the moments are 
the resonant frequencies of the entire PZT/shell system, the 
variation of the peaks due to the location change of the ac- 
tuator reflects the dynamic performance shifts of the original 
cylinder. When the PZT actuator is placed on the different 
locations on the host cylinder, it applies the different stiffen- 
ing effect on the system. Hence, the location of the PZT 
actuator is a critical factor affecting the excitation of the 
actuator on vibrational modes of the system. If the center of 
the PZT patch is intended to be placed on the nodal line of a 
certain mode of a host structure, this mode can't be excited. 
This issue will be further addressed in the following discus- 
sion of the dynamic response of the integrated system. 

For the convenience of comparing different modeling 
approaches, a scaled displacement is defined by 

Wnormal = w/d 1,(2) V (35) 

so that the effect of the electric parameters of PZT actuators 
in the modeling can be eliminated. The displacement re- 
sponse of the cylinder is picked up at x=300 mm and 
0=90 ø. As the thickness of the PZT actuator increases, the 
natural frequencies of the integrated PZT/cylinder system 
move up, which is accurately predicted in the impedance 
model. Figure 10 displays the differences in the displacement 
responses of the cylinder predicted by the static model and 
by the impedance model, respectively. The resonant frequen- 
cies of the integrated system are shifted to a higher value 
compared with that of the original cylinder. The correspond- 
ing amplitude of the response decreases. It can be explained 
that thicker PZT patches bonded on the surface of the cylin- 
der stiffen the cylinder, which leads to the variations in the 
performance of the original structure. The intensity of these 
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FIG. 10. A comparison of the displacement response of the cylinder pre- 
dicted by the static model and the impedance model, respectively (x=310 
mm and 0=90 ø). 

changes depends on the extent of the impedance matching 
between the PZT and the cylinder. When the response hap- 
pens to be picked up at the nodal line of the 4th mode of the 
original cylinder (x=310 mm and 0=15ø), a significant dif- 
ference is observed between the different modeling ap- 
proaches. The static model apparently misses this mode, as 
shown in Fig. 11. The developed impedance model, however, 
picks up this mode. In fact, the dynamic performance of the 
original cylinder has already been shifted by the added PZT 
actuator and the sensor location (x=310 mm and 0= 15 ø) is 
not the real nodal line of the 4th mode of the integrated 
system. The frequency response function of the entire struc- 
ture thus reflects this 4th mode. 

IV. SUMMARY 

A theory development using impedance modeling 
method for the actuation of two-dimensional structures has 

been performed. The impedance method reveals physics of 
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FIG. 11. A comparison of the displacement response of the cylinder pre- 
dicted by the static model and the impedance model, respectively (x=310 
mm and 0= 15 ø, hp= 1.0 mm). 
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the dynamic interaction between the actuators and host struc- 
tures, therefore, it gives more accurate prediction of the out- 
put moments of induced strain actuators than the conven- 
tional static approach. 

The output moments (or forces) of induced strain actua- 
tors are strongly related to the input impedance of the actua- 
tors and the mechanical impedance of the host structure, and 
they are frequency dependent. 

When the actuator input impedance levels approach or 
match with the host structural impedance levels, the dynamic 
performance of the original shell structure is altered because 
of the stiffening effect of the integrated PZT actuators. The 
intensity of the stiffening effect varies with the location and 
the thickness of the PZT actuators. 
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