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Abstract

This work presents numerical results for the exact dynamic solution of piezoelectric (PZT) smart beams including
peel stresses, which was developed in Part I. Numerical results are presented in details for frequency spectra, natural
frequencies, normal mode shapes, harmonic responses of the shear and peel stresses, and sensing electric charges for a
cantilever beam with a bonded PZT patch to the clamped end. The exact dynamic solution can provide useful data for
benchmarking other methods. The numerical results of the present model including peel stresses (PSM) are also
compared with those obtained using the shear lag beam model and the shear lag rod model. On the basis of the
equivalent forces derived in the static analysis, simple approximate dynamic solutions are obtained and compared with
the exact solutions, and then the application and limitation of the simple approximate solutions are investigated. By
comparing numerical results predicted by the present PSM model with the shear lag models and the approximate
solutions based on the static equivalent forces, effects of the dynamic shear and peel stresses on natural frequencies and
dynamic responses of the smart structures are examined.
© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

In Part I of this work (Tong and Luo, 2003), we developed the exact dynamic solutions for piezoelectric
(PZT) smart beams including peel stresses and for the shear lag models. In this part, we present the nu-
merical results for a cantilever beam with a bonded PZT patch to the clamped end as shown in Fig. 1, and
compare the present PSM model with the shear lag models. Simple approximate dynamic solutions are
developed and compared with the exact dynamic solutions including peel stresses. By comparing with the
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Fig. 2. A smart beam with two symmetrically bonded PZT patches.

exact dynamic solution of the shear lag rod model (SLRM) for smart beams shown in Figs. 1 and 2,
limitations of the approximate dynamic solutions based on equivalent forces derived using PSM and
SLRM are investigated. The following data are used to compute the numerical results except for the
particular indication:

PZT patches: E; =7 x 10" N/m?, e5; = —5.2 N/(mv), t; = 0.001 m, L, = 0.02 m, p = 7800 kg/m>.
Adhesive layers: E, = 3 x 10° N/m?, G, = 1.07 x 10° N/m?, ¢, = 0.0001 m.
Host beam: E, = 7 x 10'° N/m?, & = 0.001 m, p = 7800 kg/m’, L = 0.2, 0.6 m.

The above given data may represent properties of typical piezoceramics and epoxy resin. Definitions of all
mathematical symbols are the same as those in Part I (Tong and Luo, 2003). The smart beam used for
calculating the numerical results is shown in Figs. 1 and 2.

The exact dynamic solutions given in Part I (Tong and Luo, 2003) are expressed in a closed form of the
steady state motion equations rather than in a Fourier series form. The frequency spectra are firstly pre-
sented, and then the resonant frequencies or natural frequencies are determined based on the frequency
spectra. The normal mode shapes, not the same explicit function as usual, are also plotted. We only concern
with dynamic analysis in frequency domain. In light of the exact dynamic solutions, the dynamic behavior
in time domain can also be investigated.

Because of the complexity of the exact dynamic solutions for the PZT based smart structures, ap-
proximate solution procedures have been developed by various authors, e.g., Crawley and de Luis (1987),
Crawley and Anderson (1990), Im and Atluri (1989), Shi and Atluri (1990), Gibbs and Fuller (1992), Rizet
et al. (2000) and Tylikowski (2001). Based on the equivalent forces derived in the static analysis (Luo and
Tong, 2002a,b), simple approximate solution procedures are presented and compared numerically with the
exact dynamic solutions.

To further demonstrate the application and limitations of the approximate dynamic solutions, we also
compare the exact dynamic solutions of the SLRM formulated in Part I (Tong and Luo, 2003) of this work
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(see Appendix A of Part I) with the approximate solutions based on SLRM for two cases, namely, the host
beam with one bonded PZT patch and the host beam with two symmetrically bonded PZT patches shown
in Figs. 1 and 2. Useful conclusions are drawn from analyzing numerical results of the approximate and
exact solutions based on the PSM and SLRM models.

2. Numerical results of a piezoelectric smart beam including peel stresses

2.1. A PZT used as an actuator

Based on the analytical solutions of steady state motions, the actuated dynamic performance can be
investigated by letting the applied forces F and P be zero. In the subsequent analysis, it is assumed that a
voltage of V(= —100sin wt v) is applied to the PZT patch.

2.1.1. Frequency spectrum in terms of the displacements at the free end

For the smart beam shown in Fig. 1, when the length of the host beam is chosen to be 0.2 m, dis-
placements at the free end of the host beam can be calculated using the exact dynamic solutions for each
given frequency of the applied voltage, whose results are plotted in Figs. 3 and 4. When the excitation
frequency approaches to the resonant frequency, both the axial extension and lateral deflection become
unlimited, leading to divergent solutions, and thus natural frequencies of the structure can be found. Figs. 3
and 4 give the frequency spectra in terms of the non-dimensional tip axial extension and lateral deflection.

2.1.2. Natural frequency and validation using the multi-segment shooting method

According to the frequency spectra shown in Figs. 3 and 4, the structural natural frequencies can be
evaluated. The first eight orders of natural frequencies are listed in Table 1, in which, the results obtained by
using the multi-segment shooting method (Tong et al., 2001; Sun et al., 2001) are also given for the purpose
of comparison and verification. When the host beam length is chosen to be 0.6 m, relative differences of the
eight natural frequencies between the exact solution and the results obtained by using the shooting method
are all less than 0.1%. When the host beam length is 0.2 m, the eight natural frequencies predicted by the
shooting method are 1% higher than those of the exact solutions. The examples demonstrate that the exact
solutions are capable of reliably predicting natural frequencies.
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Fig. 3. Frequency spectra in terms of non-dimensional tip extension.
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Fig. 4. Frequency spectra in terms of non-dimensional tip deflection.

Table 1
Natural frequencies and comparisons with the shooting method
Order  Natural frequency , Differences (%)
Exact solution Shooting method
L=02m L=0.6m L=02m L=0.6m L=02m L=0.6m
1 90.252 8.936 90.436 8.941 0.2038 0.0577
2 560.264 55.988 561.650 55.988 0.2468 0.0640
3 1553.061 156.646 1557.475 156.646 0.2834 0.0670
4 3005.712 306.705 3015.392 306.705 0.3210 0.0699
5 4891.526 506.555 4909.162 506.555 0.3592 0.0719
6 7164.347 755.992 7191.791 755.992 0.3816 0.0735
7 9782.129 1054.827 9815.772 1054.827 0.3427 0.0741
8 12,758.115 1402.852 12,784.638 1402.852 0.2075 0.0748

2.1.3. Steady state motions and normal mode shapes

The structural motions in steady state were given in Egs. (32), (34) and (38) of Part I (Tong and Luo,
2003). When subjected to the excitations of an applied voltage with frequency w, the displacement, velocity
and acceleration at any point of the structure can be found. When the excitation frequency is equal to a
natural frequency, the displacement will become infinite as no damping is considered in the analysis. The
normal mode shape, approaching to the corresponding characteristic function, can be plotted by setting the
value of the excitation frequency very close to the natural frequency. The normal mode shapes of the first
eight orders are plotted in Figs. 5 and 6. The excitation frequencies indicated in both figures are 1.1634%,
0.2070%, 0.0805%, 0.0446%, 0.0288%, 0.0198%, 0.0133% and 0.0082% lower than the corresponding
natural frequencies respectively.

The normal mode shapes shown in Figs. 5 and 6 are similar to those of a stepped cantilever beam with
two different cross sections except for the portion where the PZT patch is bonded. However, the wavelength
of each mode is shorter than that of the stepped beam as natural frequencies of the smart beam are higher
than those of the stepped beam. For example, the first four order natural frequencies of the stepped beam
are 76.02, 476.51, 1336.20 and 2627.55 (1/s), and they are 76.02, 476.38, 1333.88 and 2613.87 (1/s) for the
uniform beam with the same cross section; relative differences of the natural frequency between the stepped
beam and the uniform beam are less than 1%. However, the natural frequencies of the smart beams are
15.77%, 14.97%, 14.11% and 13.04% higher than those of the uniform beam respectively. It can be inferred
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Fig. 5. Normal model shapes of orders 1 to 4.
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Fig. 6. Normal mode shapes of orders 5 to 8.

that the bonded PZT patch affects dynamics of smart beams due to its extra constraints rather than its
geometry and mass.

Figs. 7 and 8 show the host beam extension excited by the same voltage as those used in Figs. 5 and 6.
The extensional deformations are similar to those of the uniform stepped beam when the excitation fre-
quency is lower. However, when the excitation frequency becomes higher, e.g., higher than the seventh
natural frequency, coupling of the longitudinal and flexural vibrations becomes significant, and hence
extensions of the smart beam are different from those of the stepped beam. In this case, the harmonic
responses of the shear stress distributions are also different from those of the lower frequencies or in static
state as will be discussed in the next section.

2.1.4. Harmonic responses on the actuated shear and peel stresses

The shear and peel stress distributions in static state were discussed in the exact static solutions (Luo and
Tong, 2002b). The harmonic responses of the shear and peel stress distributions are shown in Figs. 9-12.
Figs. 9 and 10 demonstrate distributions of the dynamic shear stresses. When the excitation frequency is
lower, distributions of the dynamic shear stresses are similar to those in static state. In the present example,
distribution patterns of the dynamic shear stresses are similar to those of the static shear stresses when
the excitation frequency is lower than the fifth order natural frequency. However, when the excitation
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Fig. 7. Extensional responses related to normal modes of orders 1 to 4.
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Fig. 9. Harmonic responses of shear stress distributions to lower frequencies.

frequency is higher than the fifth order natural frequency, the dynamic shear stress distributions, as clearly
shown in Fig. 10, are different from those in static state.

Figs. 11 and 12 indicate that the distribution patterns of the dynamic peel stresses are the same as those
of the static peel stresses, namely, peel stresses are highly concentrated near the free end and are almost zero
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Fig. 10. Harmonic responses of shear stress distributions to relative high frequencies.
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Fig. 11. Harmonic responses of peel stress distributions to lower frequencies.
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Fig. 12. Harmonic responses of peel stress distributions to relative high frequencies.

in the remaining area. The peek values of the peel stresses occur at the PZT edge in all cases, and thus only
peel stresses near the free end area need to be considered.
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Table 2

Comparisons of non-dimensional shear and peel stresses at the free PZT edge
Frequency, o Shear stress, t, Peel stress, o, Frequency, o Shear stress, 1, Peel stress, o,
1 —6.72E-05 2.65E-09 450 —5.66E-05 2.03E-05
10 —6.70E-05 2.68E-07 500 —3.26E-05 6.66E-05
20 —6.66E—05 1.11E-06 520 —6.47E-06 1.17E-04
40 —6.45E-05 5.24E-06 540 7.10E-05 2.66E-04
60 —5.85E-05 1.68E-05 550 2.23E-04 5.59E-04
80 -2.73E-05 7.71E-05 570 —4.08E-04 —6.58E—04
85 1.80E-05 1.65E-04 580 -2.44E-04 -3.41E-04
100 —1.25E-04 -1.12E-04 600 —1.64E-04 —1.86E—-04
120 -9.14E-05 —4.69E-05 650 -1.19E-04 -9.98E-05
150 —-8.31E-05 —3.08E-05 700 —-1.06E-04 —7.46E-05
200 —-7.89E-05 -2.26E-05 750 -9.93E-05 —6.19E-05
250 —7.64E-05 -1.79E-05 800 -9.51E-05 —5.39E-05
300 —-7.40E-05 -1.31E-05 900 —8.94E-05 —4.30E-05
350 —-7.08E-05 —6.96E-06 1000 —8.48E-05 —3.41E-05
400 —6.58E-05 2.57E-06 1100 —7.98E-05 —2.45E-05

In static state, the actuated peel stress is equal to zero for the smart beam shown in Fig. 1. As compared
with the shear stresses, the peel stresses are small when the frequencies of an applied voltage are very low.
Nevertheless, the peel stresses become larger with increase of frequencies. Table 2 compares the non-
dimensional peak shear and peel stresses at the free end of the PZT for a frequency range of 1-1100 (1/s).
When the frequency of applied voltage is equal to 1, 10 and 20 (1/s), the non-dimensional peak peel stress is
4,2 and 1 order lower than the non-dimensional peak shear stress respectively. When the frequency is larger
than 60 (1/s), the non-dimensional peak peel stress becomes in the same order as or significantly larger than
the non-dimensional peak shear stress.

Moreover, Figs. 11 and 12 indicate that the peak peel stress induced at a higher natural frequency is
significantly larger than that of the first order natural frequency. For the demonstrated example, the non-
dimensional peak peel stress corresponding to the second to fifth order modes is 5.89, 15.1, 25.6 and 32.7
times of that of the first mode. Corresponding to the first to fifth modes, the peak peel stress is 127%, 97.6%,
94.1%, 92.6% and 91% higher than the peak shear stress respectively (see Figs. 9-12), and absolute values of
the tip deflection all are 1 mm (see Figs. 5 and 6); therefore, the dynamic peel stress may cause edge
debondings of the PZT patch.

In the static analysis (Luo and Tong, 2002a,b), we demonstrated that performance of the PZT actuators
and sensors scarcely rely on the adhesive thickness when it is sufficiently thin. It can be shown that each
order of natural frequency hardly depends on the adhesive thickness when it is very thin.

2.2. A PZT used as a sensor

Based on the analytical solutions given in Egs. (32), (34) and (38), and the definitions of sensing charges
(Lee, 1992), we can find the sensing charge caused by the applied force F = Fsin wt and P = P, sin wt.
Frequency spectra of the sensing charges are shown in Figs. 13 and 14, in which it is assumed that:
Fy =743 x107% x E;h, and Py = 7.43 x E,h*/12.

The natural frequencies can also be found from Fig. 13 or 14, and the results are the same as those
determined from Fig. 3 or 4. The dynamic distribution patterns and the harmonic responses of the shear
and peel stresses caused by the applied forces in the adhesive are the same as those induced by the applied
voltage, and thus are not discussed in details here.
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3. Comparisons with the shear lag models

In Part I of this work (Tong and Luo, 2003), exact dynamic solutions were derived for the shear lag beam
model (SLBM) and the SLRM. To investigate effects of peel stresses on dynamic responses, we mainly
compare PSM with SLBM, as the flexural motion of the PZT patch is not considered in SLRM.

3.1. Comparisons of frequency spectra with the shear lag beam model

Figs. 15 and 16 depict the frequency spectra predicted by using the PSM and SLBM models in terms of
the non-dimensional tip deflection. In Figs. 15 and 16, the host beam length is chosen to be 0.2 m, and
L = 0.6 m respectively. It is clear that, the natural frequencies predicted by SLBM are less than those of
PSM. The dynamic peel strains in SLBM are shown in Eq. (67) in Part I (Tong and Luo, 2003). The energy
transfer peel stresses are not included in SLBM, and thus it yields the lower natural frequency. The fre-
quency spectra in Figs. 15 and 16 also indicate that SLBM underestimates the energy transfer between the
PZT and the host structure. It is noted that, the shorter the host beam or the longer the PZT patch, the less
the underestimations.
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3.2. Comparisons of natural frequencies with the shear lag beam and rod models

Referring to the frequency spectra of Figs. 15 and 16, we can find the natural frequencies predicted by
the PSM and SLBM models. The frequency spectra calculated using the SLRM model, not given here due
to the space limitation, can also be plotted, from which the corresponding natural frequencies are found. It
should be pointed out that, only the first five order and six order natural frequencies are shown in Figs. 15
and 16 respectively for clear presentation. Detailed comparisons of the first eight orders of natural fre-
quencies are listed in Tables 3 and 4.

Table 3 presents the natural frequency comparisons for the host beam with a length of 0.2 m, and Table 4
for the host beam with a length of 0.6 m. In Tables 3 and 4, Error (b) and Error (r) columns refer to the errors
of natural frequencies predicted by SLBM and SLRM as compared to those of the PSM. It can be seen that,
the natural frequencies predicted by PSM are larger than those predicted by both SLBM and SLRM models,
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Table 3

Comparisons of the natural frequencies for the host beam length of 0.2 m
Order Natural frequencies, @ (1/s) Error (b) Error (r)

PSM SLBM SLRM

1 90.25 81.26 84.84 9.96 5.99
2 560.26 501.84 522.81 10.43 6.68
3 1553.06 1388.24 1441.73 10.61 7.17
4 3005.71 2690.24 2783.33 10.50 7.40
5 4891.53 4404.26 4542.43 9.96 7.14
6 7164.35 6519.40 6723.01 9.00 6.16
7 9782.13 8975.60 9341.97 8.24 4.50
8 12,758.12 11,227.30 12,418.01 12.00 2.67

Table 4

Comparisons of the natural frequencies for the host beam length of 0.6 m
Order Natural frequencies Error (b) Error (r)

PSM SLBM SLRM

1 8.94 8.65 8.77 3.24 1.90
2 55.95 54.09 54.84 3.32 1.98
3 156.54 151.24 153.35 3.39 2.04
4 306.45 295.95 300.02 3.43 2.10
5 506.19 488.53 495.15 3.49 2.18
6 755.44 728.77 738.45 3.53 2.25
7 1054.05 1016.49 1029.68 3.56 2.31
8 1401.81 1351.54 1368.60 3.59 2.37

and the natural frequencies predicted by SLRM are larger than those by SLBM. When the host beam length
is 0.2 m, the errors of the natural frequency predicted by SLBM are about 10%, and the errors of SLRM are
less than 8%. When host beam length is 0.6 m, errors of the natural frequencies predicted by SLBM are in a
range of 3-4%, and those of SLRM are about 2%.

Comparing the natural frequencies predicted by the PSM model and the SLBM/SLRM models, we can
conclude that the peel strains in the adhesive layer provide the smart structure with extra constraints, and
therefore both shear lag models give lower natural frequencies.

The reasons why the natural frequencies predicted by SLRM are larger than those by SLBM can be
explained as: (a) the flexural motion of the PZT patch is not modeled in SLRM, and thus the structural
stiffness increases, which leads to higher natural frequencies; (b) as the PZT mass is ignored for the
structural flexural motion in SLRM, a decrease in structural mass also leads an increase in natural fre-
quencies.

3.3. Dynamic responses of the shear stresses predicted by the shear lag model

3.3.1. Shear stresses of the shear lag beam model

Shear stresses defined in Egs. (9) and (10) in Part I (Tong and Luo, 2003) of this work are the same as the
shear stress expressions of SLBM, but the dynamic displacements of PSM are different from those of
SLBM. When the structure is in static state, the boundary conditions of the smart beam shown in Fig. 1 for
PSM are the same as those for SLBM. Hence, the statically actuated shear stresses of the smart beam in
Fig. 1 predicted by SLBM are the same as those of PSM. When the excitation frequency of the applied
voltage is low, the shear stresses predicted by both models are also the same, e.g., when the excitation
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frequency is less than 10 (1/s), the difference of peak shear stress predicted by SLBM and PSM is less than
0.001%. When the excitation frequency is 40 and 60 (1/s), the peak value of the non-dimensional shear stress
predicted by SLBM is —6.45 x 10~> and —5.85 x 107>, whose absolute value is 0.262% and 3.57% higher
than that of PSM respectively. The distribution patterns of shear stresses for both models are the same.
However, when the excitation frequency becomes high, the difference of shear stresses between SLBM and
PSM can be very large, and it becomes too large to conduct a comparison when the excitation frequency is
close to a resonant frequency. It is worthwhile noting that, when the adherends of smart beams are not
identical, shear stresses in static state predicted by PSM and SLBM are different.

3.3.2. Stress distributions in harmonic responses predicted by the shear lag beam model

When the excitation frequency is close to a resonant frequency, non-dimensional shear stress distribu-
tions in harmonic responses are shown in Figs. 17 and 18. Each curve in the figures represents an individual
normal mode corresponding to a natural frequency between order 1 and order 8.
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Fig. 17. Harmonic responses of shear stress distributions to lower frequencies predicted by the shear lag beam model when L = 0.2 m.
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Fig. 18. Harmonic responses of shear stress distributions to higher frequencies predicted by the shear lag beam model when L = 0.2 m.
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A comparison of the distributions of the dynamic shear stress of PSM shown in Figs. 9 and 10 reveals
that the distribution patterns predicted by SLBM are similar to those of the static shear stress only for the
first three vibration modes. When the excitation frequency is higher, the shear stresses may not peak near
the PZT free edges. When the vibration mode is equal to the eighth order frequency, distributions of the
shear stress predicted by SLBM is different from those of lower modes due to significant coupling between
the extensional and flexural motions.

In static state, when two PZT edges are free, distributions of the actuated shear stresses come in an anti-
symmetric form. Because of the existence of the inertial forces in dynamics, shear stresses no longer form
anti-symmetrically, which can be readily understood by considering the dynamic equilibrium conditions of
the PZT patch.

4. Approximate analysis of dynamics for a smart beam based on equivalent forces

Crawley and de Luis (1987) directly applied equivalent forces derived from their static analysis to dy-
namics. In their opinion, when PZT patches are significantly thinner than the host beam, the PZT mass and
geometry could be ignored, and thus the applied voltages to the PZT patches only excite the host beam.
Similarly, Gibbs and Fuller (1992) concluded that, a single actuator is mathematically equivalent to equal
and opposite moments, and simultaneously equal and opposite in-plane forces located at both ends of the
actuator.

We showed in the static analysis (Luo and Tong, 2002a,b) that, the actuated equivalent forces based on
the shear lag models can lead to large errors in analyzing flexible structures; therefore, the equivalent force
expressions derived in the static analysis are employed here. The PZT mass and geometry (0.5-2 mm thick)
are included in the approximate solutions for investigating its effects on dynamics.

To obtain the reasonable and concise equations, we neglect the adhesive thickness (0.05-0.2 mm,
Anderson et al., 1977; Tong and Steven, 1999) and mass in the following derivations.

4.1. Formulation of the approximate dynamic solutions based on equivalent force

In our analysis, the theoretical fundamentals are based on that, peel stresses are highly concen-
trated near the small free end areas and almost zero in the remaining areas. In majority of the PZT
patch, w;, —w; =0, or w, = w; = w,, where wy is the flexural displacement of the neutral layer of a
smart beam where the PZT patch is bonded. This is also the assumption in our derivation of the
equivalent forces based on the equilibrium differential equations. The present equivalent forces cor-
relate extremely well with the exact static solutions to PZT smart beams including peel stress (Luo
and Tong, 2002a,b).

Although the dynamic solutions are derived only to the model in Fig. 1, the analytical procedure can be
applied to other host beams with bonded one PZT patch or two PZT patches. It can also be extended to the
smart beam with the distributed PZT patches.

Solutions to section I of the host beam can be given by

Unpr = Uiy SIn Q1 Wt = Wy SIn Q1 (1)

Ui =Apsinfy &+ Aypcosfé

- %” B,[(Byy cosh B,& + By sinh B, + Bys cos f,& — By sin B,¢)] )

W = (Bpi sinh ,& + B,y cosh B,& + By sin ,& + By cos f,€)
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where,

@ Er}
=/ = || 220 3
ﬁp awp’ & P 3mT ( )

Solutions to section II of the host beam are

Unptr = Uiy 510 Q24,,, Wonr = Wiy sin 4, 4)
Unhll = Ahl sin ﬁslé + Ah2 COS ﬁslé (5)
Wi = By sinh f8,& 4+ Bjy cosh §,E + Bz sin f3,E + Bja cos f§,E

When only the actuated performance are considered, the boundary conditions are
Section I of the host beam:

du,

E=0:Uu=0 ¢=1: dg’:(erseqm
d*w,
Wt =0 dézhl = —(&n — Eeqanr) (6)
AW, _0 d&* W _ .
where,
Ne dN 12Me dM

Sequ = ﬁa gequ = Enh;lz (7)

In Eq. (7), Neyav and M, 4 are the equivalent actuated forces given in the exact static solutions (Luo and
Tong, 2002a,b). It should be noted that the definitions of non-dimensional parameters are different.
Section II of the host beam:

o QU o L-L, AUy _
E=0: R =ey, C(=u,= L, | de =0
& Wy & Wt
= — y = 0 8
dé o a2 (8)
d3 VVnh[[ - s d3 I/Vnhll _
& @ &
Substituting the boundary conditions at £ = 0 into the motion equation of section I, we have
Unt = Ap sip paé— %ﬁp[3p1 (cosh B,& — cos f,&) + Bya(sinh B¢ + sin f8,¢)] )
W = By (sinh B¢ — sin f,&) + Bja(cosh ,& — cos f,€)

Substituting the boundary conditions at £ = 1 into the motion equation of section I, we obtain:

Ap1 Py cos B — %hﬁf,[Bpl(sinh B, +sin B,) + Byy(cosh B, 4 cos )] = (en — €eqan) (10)

. . 1
By, (sinh f, 4-sin f8,) 4 B,y (cosh §, 4-cos ) = — F (em — ogant)
» (11)
3o

Byi(cosh B, +cosf,) + By (sinh B, —sin ) = — 3
P
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Integration constants 4,;, B, and B, are solved from Eqs. (10) and (11):

(SN - Sequ) - %h (F»M - Sequ)
A, = 12
o ﬁsl Cos s1 ( )
By=22,  p,=t2 (13)
p Ap
A, =2(cosh f,cos B, + 1)
1 ) .
Apr = — [(es — Eeqart ) P, (sinh B, — sin ) — eo(cosh B, + cos ﬁp)]
B, (14)
1 . .
A, F [—(ex — &eqars) B, (cosh B, + cos B,) + eo(sinh B, + sin 8)]
P

Substituting the boundary conditions at £ = 0 and £ = a, into the motion equations of section 11, we can
solve:

1
Upyy = ————cos f(a, — E)e
it f‘sl Slnﬁslap >1( ! )AN ﬁ é 3 [)J ‘C/ (15)
. . cos sin
Wt = =% (sinh ,¢ + sin f,€) + =2 (cosh B,¢ + €08 B,E) + = 6y + 216y
Ah Ah ﬁh ﬁh
where,
4, = 2(cosh f,0, cos 0, — 1)
1 . .
Ap = — [By(sinh f,a, cos B, 4- cosh B0, sin B0, ) e
h
+(sinh 3,0, sin 3,0, — cosh 3,0, cos f,a, + 1)eo] (16)

1 . .
Ay = — [P, (sinh 0, sin B0, + cosh 0, cos B, — 1)ey
h
+(sinh S0, cos f,0, — cosh f5,0, sin ,0,,)€¢)

In Egs. (9) and (15), the unknown intersectional forces between sections I and II can be solved by the
continuity and smooth conditions of the host beam:

AW (1) dW,u(0)

Ui (1) = U (0), - W (1) = Wy (0), e de (17)
Utilizing Egs. (9), (15) and (17), the intersectional forces can be solved by
2&m + Poég = Coneqau
Porey + Porey + Pozep = Congegan + ComEegam (19)
where,
S sinh f8,sin 8, sinh 8, sin f3,0,,

ﬁf)(cosh B,cos B, +1) B3 (cosh B0, cos o, — 1)
B sinh 8, cos 8, — cosh f3,sin f3, _sinh B0, cos B, — cosh o, sin B0,
ﬁ;(cosh B,cos B, +1) B} (cosh B,a, cos B0, — 1)

12 —
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sinh f8, cos 8, + cosh ,sin B, sinh f8,a, cos o, 4+ cosh f,a, sin S,

21 =

B,(cosh B, cos B, + 1)

P sinh f8,sin 8, B sinh 3,0, sin B0,
2 ,Bf,(cosh B,cosp, +1) B3 (cosh B,a, cos B, — 1)
o _tanf,  cospz,
o ﬂsl ﬁsl sin ﬁslap
p sinh 8, cos 8, + cosh f3,sin 3, _tan B
" 2| Blcoshp,cosf, + 1) Ba
7 sinh 8,sin 8,
Pp=—75—
2 B,(cosh 8, cos B, 4 1)
tan B, ry | sinh 8, cos B, 4+ cosh f,sin f, tan
oy =——-, comw = = —
" Ba M2 Bleosh,cosf, + 1) B
sinh 8, sin 8,
CimM = — 9}
B,(cosh B, cos B, + 1)
o sinh 8, cos f8, + cosh 8, sin 3,
Com

B,(cosh B, cos B, + 1)

Py (cosh f, cos 0, — 1)

The steady motions of sections I and II are shown in Eqgs. (9) and (15), in which, ey, &, and ¢, are
determined by Egs. (18) and (19).

4.2. Numerical comparisons with the exact solutions

Fig. 19 gives comparisons of the frequency spectra between the approximate and exact dynamic solu-
tions for PSM. It can be seen that the natural frequency of each order predicted by the approximate
solutions are lower than that of the exact dynamic solutions, with an error of more than 10%. It should be
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Fig. 19. Frequency spectra predicted by the approximate and exact solutions (L = 0.2 m).
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noted that the mass and geometry have been considered in the approximate solutions. It can be shown that,
the natural frequencies predicted by the present approximate solutions are only slightly higher than (less
than 1%) those of the uniform cantilever beam with no bonded PZT patch for this case. Therefore, it is
further confirmed that the bonded PZT patches affect dynamics of smart structures due to the extra
constraints rather than the geometry and mass. Fig. 20 is another example of the frequency spectrum
comparisons when the host beam length is 0.6 m, and the natural frequency differences are about 5%. It is
evident that the approximate solutions yield a large error of the natural frequency and may not be directly
used to represent a general dynamic analysis of flexible structures.

When the excitation frequency is very low, non-dimensional tip displacements are shown in Figs. 21 and
22. This case may be considered as the quasi-static state. Fig. 21 shows that, when w < 30 1/s, the errors of
the tip deflection predicted by the approximate solutions are less than 10%, which is mainly caused by use of
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Fig. 20. Frequency spectra predicted by the approximate and exact solutions (L = 0.6 m).
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Fig. 21. Tip deflections predicted by the approximate and exact solutions (L = 0.2 m).
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Fig. 22. Tip elongations predicted by the approximate and exact solutions (L = 0.2 m).

the static equivalent forces. When the excitation frequency becomes higher, the results of the approximate
solution can be significantly different from those of the exact solutions. This indicates that the approximate
solution may be only used in quasi-static state.

The comparison of the tip extension between the approximate and exact dynamic solutions is shown in
Fig. 22. Fig. 22 reveals that, when the frequency is low (lower than the first natural frequency), the error of
the approximate solutions for extension is in the range of 4-7%, which is also due to the error introduced in
the static equivalent forces. Therefore, the approximate solutions only give the quasi-static results in ana-
lyzing the dynamic responses. In addition, the coupled flexural motion must be included in the extensional
motion. Otherwise, the non-dimensional tip elongation predicted by the approximate solution is constant,
leading to a large error within the excitation frequency range in Fig. 22.

Now we consider a case that the PZT patch in Fig. 1 is not fixed to the clamped end. Natural frequency
predicted by the approximate solution is the same for the cases: (a) free two PZT ends, and (b) fixed one
PZT end and free the other end. The two cases are also studied using the multi-segment shooting method.
The results given in Table 5 were obtained using the method developed by one of the authors (Tong et al.,
2001 and Sun et al., 2001). The comparison between the exact solutions given in Table 1 shows that there
exists an excellent agreement between the exact solutions and the numerical method. Table 5 gives com-

Table 5
Comparisons of natural frequency for the free PZT ends and the fixed PZT one end
Order Natural frequency w, Differences (%)
(a) Free two PZT ends (b) Fixed one PZT end and free
the other end
L=02m L=06m L=02m L=06m L=02m L=06m
1 89.510 8.916 90.436 8.941 1.0248 0.2797
2 552.689 55.803 561.650 55.988 1.5956 0.3307
3 1522.597 156.051 1557.475 156.646 2.2394 0.3798
4 2921.892 305.374 3015.392 306.705 3.1008 0.4339
5 4703.758 504.064 4909.162 506.555 4.1841 0.4917
6 6819.889 751.801 7191.791 755.992 5.1712 0.5544
7 9293.075 1048.267 9815.772 1054.827 5.3251 0.6219
8 12,220.220 1393.088 12,784.638 1402.852 4.4148 0.6960
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parisons of natural frequency for the free PZT ends and the fixed PZT one end. When the host beam length
is 0.6 m, the differences of the first eight order of natural frequency are all less than 1%. When the host beam
length is 0.2 m, the differences of the first two order of natural frequency are less than 2%. The present
results illustrate that, when the PZT edge is free from the clamped end, the natural frequencies only
decrease slightly, and hence the extra constraints, leading to higher natural frequencies, are mainly caused
by the PZT motions.

5. Application limitations of the approximate solutions

The previous section shows that the approximate dynamic solutions could estimate the dynamic res-
ponses only when the excited frequency is very low for flexible structures. When the host beam-to-PZT
thickness ratio R, is very large, the approximate dynamic solution based on the static equivalent forces may
be available in light of the work conducted by Crawley and de Luis (1987), Crawley and Anderson (1990),
Im and Atluri (1989) and Shi and Atluri (1990). In this section, we will further investigate the limitations of
the approximate dynamic solutions by comparing the exact and approximate solutions using the SLRM.

When PZT mass is ignored, the natural frequencies based on the approximate solution are the same as
those of the uniform beam. The natural frequencies and the dynamic responses predicted by the exact and
approximate solutions will be illustrated for smart beams shown in Figs. 1 and 2.

5.1. A cantilever beam with one bonded PZT patch

Figs. 23 and 24 plot the first three natural frequencies vs. thickness ratio R;, predicted by the exact
solutions of SLRM given in Appendix A of Part I (Tong and Luo, 2003) and approximate solutions for a
cantilever beam with one bonded PZT patch when L = 0.6 m shown in Fig. 1. In both figures, the frequency
is scaled by dividing the thickness ratio R;, for clarity.

Fig. 23 gives the comparison of the first natural frequency. When the host beam-to-PZT thickness ratio
Ry, is equal to 1, the difference between the exact and approximate solutions is 3.69%, and it is less than 1%
when Ry, is larger than 15. The second and third natural frequencies predicted by the exact and approximate
solutions of SLRM are shown in Fig. 24, whose differences have a pattern similar to that of the first natural
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Fig. 23. The lowest natural frequency predicted by the exact and approximate solutions when L = 0.6 m.
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Fig. 25. The lowest natural frequencies predicted by the exact and approximate solutions when L = 0.2 m.

frequency. The differences of natural frequency predicted by the exact and approximate solutions slightly
decrease for the second and third order frequencies.

The differences of natural frequency predicted by the exact and approximate solutions are not only
related to the host beam-to-PZT thickness ratio, but they also depend on the host beam-to-PZT length ratio
R;,(=L/L,). Fig. 25 compares the first order natural frequency predicted by the approximate and exact
solutions of SLRM when L is 0.2 m or R;, = 10. It can be seen that, when the host beam-to-PZT thickness
ratio Ry, is equal to 1, the difference between the exact and approximate solutions is 10.4%; it is 5.44%,
3.42%, 2.49% and 1.96% when R;, = 5, 10, 15 and 20 respectively.

Only when the PZT patch is significantly thinner and shorter than the host beam, the approximate
solutions possess the sufficient accuracy for natural frequency of smart beams. The natural frequency
predicted by the present approximate solution appears to have little difference from those of the uniform
beam for all of the above cases, even though it includes the PZT mass and geometric size. It can also be
drawn that the bonded PZT patches with relative soft adhesive provide smart structures with extra con-
straints rather than the mass and geometric sizes.
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Fig. 26. The lowest natural frequencies predicted by the exact and approximate solutions for the host beam with two symmetrically
bonded PZT patches when L = 0.2 m.

5.2. A cantilever beam with two symmetrically bonded PZT patches

When the host beam are symmetrically bonded with two bonded PZT patches as shown in Fig. 2, exact
solutions of SLRM can be transferred to two cases, namely, extensional motion and flexural motion of the
host beam, see Appendix A in Part I (Tong and Luo, 2003) of this work. Here, we present flexural motion
only due to the space limitation. It is assumed that voltages of V,, = (V; — 15)/2 = —100sin wt(v) are ap-
plied to the PZT patches.

Fig. 26 illustrates the natural frequency of the host beam with two symmetrically bonded PZT patches
predicted by the approximate and exact solutions when L = 0.2 m. When the host beam-to-PZT thickness
ratio R, is 1, 5, 10, 15 and 20, the lowest natural frequency predicted by the approximate solution is
15.33%, 9.14%, 6.10%, 4.58% and 3.67% lower than that predicted by the exact solution of SLRM res-
pectively.

When the host beam length is 0.6 m, or a relatively short PZT patch is used, the lowest natural frequency
predicted by the approximate solution is 5.31%, 3.23%, 2.18%, 0.94% and 0.61% lower than that of the
exact solution of SLRM, when the host beam-to-PZT thickness ratio Ry, is chosen to be 1, 5, 10, 30 and 50.

It can be seen that the natural frequency of the host beam with two symmetrically bonded PZT patches is
apparently higher than the host beam with one bonded PZT patch, which further indicates the extra
constraints induced by the extra PZT patch motions.

When the length of the host beam with two bonded PZTs is 0.6 m and the thickness ratio Ry, is larger
than 30, the errors of natural frequencies predicted by the approximate solution are less than 1%. However,
the errors of dynamic responses predicted by the approximate solutions of SLRM are not as small as those
of frequencies. When the host beam deforms in pure bending actuated by the applied voltages, the non-
dimensional tip deflections for R;,, = 30 and 50 predicted by the approximate and exact solutions of SLRM
are shown in Figs. 27 and 28. Although the errors of natural frequency predicted by the approximate
solution are less than 1% for these cases, both non-dimensional tip deflections predicted by the approximate
solution are about 13% higher than those of the exact solution when the excitation frequency is low, and the
error increases with the excitation frequency. When the excitation frequency is close to the natural fre-
quency, the error increases dramatically, which indicates that the approximate solution is not suitable in
this case.
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Fig. 27. Non-dimensional tip deflections predicted by the exact and approximate solutions when thickness ratio R;, = 30 and length
ratio R;, = 30.
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6. Discussion
6.1. Effects of the shear and peel stresses

It can be seen from Table 2 and Figs. 11 and 12 that, when the PZT smart beams are excited by the
applied voltage, peel stresses are normally not equal to zero, and their peak values may be as large as or
larger than those of the peak shear stresses. Eq. (67) in Part I (Tong and Luo, 2003) shows that, dynamic
peel stress exists in the SLBM even though it is not taken into account in the original model.

When a structure vibrates at a relatively low frequency, the flexural motions are dominant. The flexural
motions of PZT patch and host beam are different, particularly near the free PZT edge. When the peak peel
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stresses are less than the dynamic peel strength of the adhesive, they prevent the PZT patch from peeling off
from the parent structure. The existence of peel stresses provides an extra constraining effect for the smart
structure and then increases the natural frequencies of the PZT smart structures. When the peak peel
stresses are larger than the dynamic peel strength the PZT, debondings will be developed, which may
eventually lead to loss of structural controllability.

Dynamic effects of shear stresses on smart structures are similar to those of peel stresses. It can be in-
ferred that, the actuated shear and peel stresses do not only excited the parent structures, but also provide
extra constraints. That is why, natural frequencies predicted by the exact solutions of PSM and SLRM are
remarkably higher than those of the approximate solutions, and PSM gives higher natural frequencies than
SLBM and SLRM.

The concept of the extra constraining effect induced by the shear and peel stresses also gives a good
explanation to behaviors of dynamic debondings. It is known that an edge debonding can significantly
decrease natural frequencies of a smart structure while an interior debonding does not. Kim and Jones
(1996) also demonstrated this phenomenon in investigating the PZT actuated delamination. When the
excitation frequency is low, the stresses concentrates near the PZT free edge, and hence the extra constraint
can be relieved by an edge debonding and not an interior debonding. Seeley and Chattopadhyay (1998,
1999) concluded that the debonding length is a critical factor and an increase in debonding length intro-
duces local and global deformations that have a significant effect on the mode shapes and frequencies,
which is also verified by Tong et al. (2001) and Sun et al. (2001). As stress redistributions occur in the event
of PZT edge debonding, a longer debonding causes more noticeable stress redistributions, which in turns
affects the extra constraints, and then eventually affects the mode shapes and natural frequencies.

6.2. Dynamic balance

In static state, the shear and peel stresses for the free PZT ends are the balanced force system respec-
tively. In dynamic analysis, if the inertia forces are included in the free body diagrams, the equations of the
dynamic equilibrium can be set up following the procedure of the static equilibrium equations. In con-
sidering the dynamic balance of the PZT patch, the dynamic shear and peel stresses are no longer the
balanced force system as existence of the axial and transverse inertial forces. The higher the excitation
frequency, the larger the unbalanced excitation forces. Therefore, the approximate solutions are only ap-
plicable if the excitation frequency is low, even though the PZT patches are much thinner and shorter than
the host beam.

7. Conclusions

The present exact dynamic solutions to PZT smart beams take into account peel stresses in adhesive and
give more accurate results of frequency spectra, natural frequencies, normal mode shapes and dynamic
responses.

The energy transfer stresses between PZT patches and parent structures do not only excite a smart
structure but also provide extra constraints which lead to higher natural frequencies. In dynamic analysis of
the PZT smart structures, peel stresses must be included in the PZT smart beam models, especially for
flexible structures and debonding analysis.

When the PZT patches are much thinner and shorter than the host beam, approximate solutions of
the shear lag models give reasonably accurate natural frequencies but not dynamic responses. The peel
stress can only be neglected for the case of very thin and short PZT patches as well as low excited
frequency.
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In light of distributions of the peel stresses, the approximate solution procedure is developed by utilizing
the present equivalent forces. The PZT patch mass and geometry and the coupled motions are also con-
sidered in the formulation. It provides better estimation for the quasi-static analysis.
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