
1 INTRODUCTION 
Because the initial damage of the structure is rela-
tively small and the impact on the structural dynamic 
performance is very small, real-time monitoring of 
the small damage is difficult. At present, most non-
destructive testing methods cannot detect small dam-
age, such as the fundamental frequency method. The 
excitation frequency of the piezoelectric crystal can 
be up to several hundred KHz, so it has great potential 
for the micro damage detection. Due to the simple 
structure, low cost and miniaturization, the piezoelec-
tric crystal is widely used for damage detection. The 
key of structural damage detection is that the structure 
model with high frequency dynamic performance in-
cluding the piezoelectric crystal and high precision 
damage identification algorithm are built. 

Wavelet analysis is a new method for structural 
damage identification. Wavelet analysis technology 
has the function of local analysis and refinement. It 
more fully reveals the data information. Therefore, as 
a tool for signal analysis and processing, wavelet 
analysis technology has obvious advantages in im-
proving the accuracy of structural damage identifica-
tion, and it has been widely used in structural damage 
identification. Al-khalidy et al. successfully identify 
the damage in spring mass damper structure by wave-
let analysis (Al-khalidy A, 1997). Surace et al. give a 
numerical simulation of the dynamic behavior of the 
beam for cracks of varying depths at different loca-
tions along the beam (Surace C, 1994). It is found that 
the outline of the wavelet decomposition coefficient 
will change obviously with the depth of the crack. 
Melhem et al. find that the wavelet transform can be 

more sensitive to two kinds of structural damage 
identification than Fourier transform (MelhemH, 
2003). Wavelet analysis technology has been widely 
used, but the high frequency signal decomposition ac-
curacy is obviously insufficient. Mallat (Li D. J, 
2005) put forward the multi-resolution analysis the-
ory. The high frequency signal can realize a more de-
tailed decomposition and it can make up for the lack 
of wavelet analysis to a certain extent. Wavelet packet 
analysis is used to decompose the wavelet space 
through the multi-layer partition of frequency band, 
and the high frequency part of the multi resolution 
analysis is analyzed in detail. The wavelet packet en-
ergy spectrum is very sensitive to the micro damage 
of the structure, so the time-frequency resolution of 
the signal is greatly improved. As a kind of high pre-
cision analysis method, wavelet packet technology 
has become a hot spot of structural damage identifi-
cation in recent years. The dynamic characteristics of 
simply supported beam model are analyzed by wave-
let packet analysis (Shi C. X., 2009). The results show 
that the wavelet packet analysis has a high sensitivity 
in the damage identification of beam structure. Accel-
eration response of the beam model under two types 
of excitations respectively is analyzed (Cui J., 2010). 
Through the rate of energy change, the recognition of 
the damage of the beam model is realized. Z. L. Wang 
et al. achieve a simple beam damage model in the 
early warning and positioning based on the wavelet 
packet energy change rate (Wang Z. L., 2008). Alt-
hough the nondestructive testing technology has been 
rapid development through the wavelet packet analy-
sis technology, the plate model analysis based on the 
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wave packet is relatively small. The wavelet packet 
analysis technology is mainly focused on identifying 
the existence and location of damage, and the damage 
degree and characteristics are relatively small. In this 
paper, the detection and identification of the board 
structure model damage degree and change based on 
wavelet packet analysis technology are studied. 

In this paper, the dynamic model of the intelligent 
plate with the pasted piezoelectric material based on 
the finite element theory is built. Through the dy-
namic model, the dynamic response signal is obtained 
when the damage has slightly changes. The response 
signal is decomposed by using wavelet packet analy-
sis and the energy spectrum can be obtained based on 
sub signals. By comparing with the full structure en-
ergy spectrum, the rate of energy spectrum can be ob-
tained. Through the rate of energy spectrum, the iden-
tification and detection of damage category and 
damage degree of the intelligent plate is finally real-
ized. 

2 DYNAMIC MODEL OF PIEZOELECTRIC 
MATERIAL COUPLED PLATE STRUCTURES 

2.1 Dynamic relationship of substrate 

The displacement field of the substrate in the time do-
main follows the Mindlin plate theory, and the dis-
placement field can be ignored. The displacement 
field can be expressed as, 

, , , , ,                 (1a) 
, , , , ,                 (1b) 
, , , , ,                    (1c) 

Where w x, y, t , θ x, y, t  and θ x, y, t   
denote the transverse displacement of the neutral 

plane, around the Y axis angle, and X axis angle re-
spectively. 

The relationship between strain and displacement 
is expressed as follows: 
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Where  is bending strain and  is shear 

strain. 
When the substrate is isotropic material, the rela-

tionship between stress and strain is, 
σ σ σ τ D ε , σ τ τ D ε    (4) 
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Where σ  is bending stress, σ  is shear stress, E 
is Young modulus, G is shear modulus, μ is Pois-
son's ratio. 

2.2 The stress-strain relationship of piezoelectric 
actuators and piezoelectric sensor 

The piezoelectricity crystal is PZT-5A material. 
When the piezoelectricity crystal acts as actuators, pi-
ezoelectric coupling relationship can be expressed as, 

                        (5a) 
                                (5b) 

Where σ  is stress field andε  is strain field. The 
PZT thickness is very small, so formula (5) can be 
expressed as, 

	 	  , ε 	 	        (6) 
When the substrate and PZT is in coupling state, 

the PZT strain field ε  is equal to the substrate sur-
face bending strain  due to thin PZT, ε

. 
E is the piezoelectric stress constant and d is the pie-
zoelectric strain constant. Q is the elastic matrix. 
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Where, Q Q , Q Q , 

Q  

 is the elastic modulus and  is Poisson's ra-
tio. 

The external electric field E as, 

E
0
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                               (8) 

For the PZT as a sensor, the piezoelectric equations 
are as follows, 
D D D D eε εE          (9) 

Where D is the potential field generated by the sen-
sor.	 , ,  are the components for the direction 
of x, y, and z,ε is dielectric constant of piezoelectric 
plate. Because the sensor is affected by the external 
electric field E is 0. 

                        (10) 

2.3 Finite element modeling 

4 node and 12 degree of freedom rectangular element 
model are chosen. Interpolation of each node, 
w ∑ N ξ, η w                      (11a) 
θ ∑ N ξ, η θ                     (11b) 
θ ∑ N ξ, η θ                     (11c) 
Where w , θ , θ （ i=1,2,3,4 ） are displacement 
components for each node,N ξ, η  is the shape func-
tion matrix, 
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N 1 ξ 1 η                    (12a) 

N 1 ξ 1 η                    (12b) 

N 1 ξ 1 η 	                   (12c) 

N 1 ξ 1 η                    (12d) 
N ξ, η  are put them into the formula (1),(2) and 

(3), 
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Where a is the unit length and b is the unit width. 

2.4 Structure dynamic control equation  

For the Mindlin plate element, the mass matrix and 
the dynamic stiffness matrix are obtained by the 
Hamilton principle, 
k B D B dV B D B dV        (14a) 

m ρN NdV                       (14b) 
For the PZT coupling unit, the additional element 

stiffness matrix is generated. 
k B Q B dV                      (15) 

For the excitation unit, PZT node effect is ex-
pressed as: 
F B Q dEdV                      (16) 

For the sensing unit, the charge generated by the 
PZT in the wave driven, 
q DdV dQ ε dV dQ zB d dV   (17) 

Through the finite element assembly of each unit, 
the time domain control equation of the whole struc-
ture is obtained. 

               (18) 
Where  is the global dynamic stiffness matrix 

 is the damping matrix,  is the mass matrix,  
is the equivalent nodal force matrix generated by the 
actuator., is the nodal displacement matrix. By 
solving the governing equations, the dynamic re-
sponse of the structure, which is prepared for the anal-
ysis, is obtained. 

3 SIGNAL ANALYSIS AND DAMAGE 
INFORMATION EXTRACTION 

3.1 Wavelet packet analysis theory  

Through the multi-level division of signal frequency, 
wavelet packet analysis makes up signal frequency 
resolution defects, which has greatly improved the 
time-frequency resolution. According to the different 
scale actor j,  is divided into subspaces 

∈  orthogonal sum. 
L R ⨁W j ∈ Z                (19) 

Where  is , ∈  wavelet subspace 
The subspace  and wavelet subspace  are 

used in the unified representation of the subspace 
, and , , j ∈ Z, the  decompo-

sition unifies the orthogonal decomposition V
V⨁W . 
U U ⨁U , j ∈ Z               (20) 

SubspaceU  is defined as a child control functions 
u x  , and so to meet the two-scale equation: 
u x ∑ h u∈ 2x k           (21a) 
u x ∑ g u∈ 2x k         (21b) 

Among them g 1 h , and the two coef-
ficient orthogonal. 

When n=0, then 
u x ∑ h u∈ 2x k , h ∈ l       (22a) 

∑ ∈ 2 , ∈      (22b) 
Promote to n ∈ : 

⨁                      (23) 
The sequence n ∈  generated by the 

formula (21) and the formula (22) is called the wave-
let packet based on the basis function . 

3.2 Damage information extraction  

The structure response signal R_00 (t) that decom-
posed by wavelet packet is expressed as, 

∑                    (24) 
Among them, R t  is the decomposed sub sig-

nal of R t , and j, k is the node number and num-
ber of layers of the wavelet packet decomposition 
tree. Each sub-band signal energy is expressed as, 

                     (25) 
So the signal energy variation of the board struc-

ture before and after the injury response in each sub-
signal energy is expressed as, 

1 		 , 1,2,3,… , 2            (26) 

Among them,  and  are the j order sub-
signal energy before and after the structural damage, 
and Γ  is the amount of change. 

Therefore, the amount of energy change of all the 
sub signals in the structural damage before and after 
is expressed as, 

, , … ,                      (27) 

246



4 NUMERICAL SIMULATION RESULTS AND 
ANALYSIS  
 

 

 
 
Fig. 1 Schematic diagram of structure 

 
 

 
 
Fig. 2 the excitation signal 

 
The structure of this paper is shown in Fig.1; the 

substrate is aluminum, Dimensions: length 40cm, 
width 40cm, height 1cm. A, B, C, respectively for the 
actuators, sensors and injuries, among them, A, B of 
the same size, as long 1cm, wide 1cm, high 0.1cm. 
The vertex coordinates of the bottom left corner of A, 
B, C in the xy plane are: (20cm, 0cm), (20cm, 20cm) 
and (30cm, 10cm). The excitation voltage is the cen-
ter frequency of 100kHZ, the five peaks of the maxi-
mum amplitude modulation wave Hanning window 
95V, waveform as shown in Fig. 2. 

To study the effect of the response signal when the 
damage occurs subtle changes in depth, this paper 
simulated the grooves injury response signal in Fig. 1 
in the presence of long and wide are 1cm, the depth 
of 0.5mm, 1mm, 1.5mm, 2mm, and 2.5mm, as shown 
in Fig. 3(a). And the complete structure of the re-
sponse signal is compared, the response signals of 
each damage structure are calculated respectively, 
and the change rate of the energy spectrum of the en-
ergy spectrum is relatively complete under the wave-
let packet decomposition, as shown in Fig. 3(b). As 
seen from Fig. 3(a), it is difficult to extract the feature 
of damage only by the response signal, and from Fig. 
3(b) can see the significantly different of the energy 
spectrum of damage. 8, 9, 11, 14-scale wavelet packet 
signal energy is more sensitive to the depth of 0.5mm 
damage, and the energy spectrum amplitude of scale 
9 is the highest. The amplitude of the energy spectrum 

of 1mm deep damage corresponds to the increasing 
trend, and the maximum is reached at the scale of 14. 
The energy spectrum corresponding to the 1.5mm 
deep damage is larger than that of the scale 1, 4 and 
9, and the other scale changes are smaller, and the am-
plitude is the highest at the scale of 9. The peak of the 
amplitude of the energy spectrum of 2mm deep dam-
age appears at the scale of 11, and the energy spec-
trum amplitude at the scale 5, 9 is sensitive to the 
other scales. The energy spectrum of 2.5mm deep 
damage is higher than that of the 8,14, and the rest is 
generally small, and the majority is negative. In sum-
mary, wavelet packet of the energy bands spectrum of 
plate type structure in a tiny area grooves injury is 
more sensitive, and with the slight changes in the 
depth of damage, the energy spectrum distribution 
and amplitude changes significantly. Therefore, the 
information of the structure concave damage and its 
depth can be characterized by the wavelet packet en-
ergy spectrum. 

 
 

 
 
Fig.3a the depth of damage and the integrity of the structural 
response signal 

 
 

 
 

 
Fig.3b wavelet packet energy spectra of various depth damage 
relative to full structure (%) 

 
Secondly to study the effects of subtle changes in 

the damage area to the response signal, this paper 
simulated the square grooves injury response signal 
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in Fig. 1 containing 1mm in depth and length were 
1cm, 1.1, 1.2, 1.3, 1.4 cm and 1.5 mm, as shown in 
Fig. 4(a). The energy spectrum of the response signal 
corresponding to the damage in the wavelet packet 
decomposition is shown in Fig. 4(b), 

 
 

 
 
Fig.4a the different length of injured and intact structure re-
sponse signal 

 
 

 
 
Fig.4b the length of damage relatively complete structure of 
wavelet packet energy spectrum graph percentage change (%) 

 
Fig. 4(a) is also very difficult to identify the char-

acteristics of the damage, and in Fig. 4(b) with signif-
icant differences. Response signal corresponding to 
the concave injury of 1.1 cm in length at scale 1, 4 
and 9 of the energy spectrum amplitude is obvious, 
and scale 9 reached its peak. 1.2cm edge length that 
corresponds to the total signal energy spectrum am-
plitude variation is relatively stable, and the ampli-
tude is small, only the scale 8, 9 relatively to other 
scales is larger, and in scale 9 reached its peak. The 
energy spectrum of 1.4cm edge is similar to that of 
1.3cm, and is slightly higher than that of 1.3cm. 1.5 
cm in length of the corresponding signal of each order 
energy spectrum in scale 2, 6, 9, 13 changes in the 
amplitude of compared with other scale is larger, and 
the four scales of the corresponding energy spectrum 
amplitude difference is small, the scale 9 amplitude 
slightly higher. Overall, with the damage area gradu-
ally increasing, the variation of the energy bands 

spectrum appear decline first, corresponding to 1.2 
cm length of the square concave injury response sig-
nal to minimum, thereafter, gradually increased. And 
the energy spectrum of the response signal corre-
sponding to the damage also has a significant differ-
ence in the distribution and amplitude of the response 
signal. To sum up, the same depth of concave damage 
in the presence of small differences can also be well 
recognized by the wavelet packet energy spectrum. 

5 CONCLUSION 
Through the establishment of pasted on the surface of 
the pressure material for electrical coupling of a smart 
structure dynamics model, in the plate surface in the 
presence of a small area of the dent damage and the 
extent of the damage occurred in small changes to the 
respectively to simulate the model, get the response 
signal of the sensor. by extracting each contain the 
damage of the structure of the response signal of 
wavelet packet energy spectrum, and compared with 
complete structure, and according to the energy spec-
trum of the index plate structure in the characteriza-
tion of different types, different degrees of damage, 
so as to realize the damage identification of plate 
structure. The results show that the wavelet packet en-
ergy spectrum can be very intuitive to characterize the 
impact of structural damage contained in the distribu-
tion and magnitude of the energy of different fre-
quency bands. Thus, the damage degree and the cate-
gory of the plate structure are well recognized, which 
is the traditional method of detection based on modal 
analysis and natural frequency cannot be achieved. 
Can foresee, with the continuous improvement and 
development of the theory of wavelet analysis and 
structural damage, wavelet packet analysis technol-
ogy will be more and more widely used in the damage 
detection of engineering structures. Finally, the re-
search results of this paper will provide a theoretical 
basis and reference index for structural health moni-
toring and damage diagnosis in practical engineering 
applications. 
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