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ABSTRACT 
 
Delamination is a common type of local defect occurring during manufacturing and operating processes 
of composite laminates. Incipient delaminations can accumulate and develop, and gradually weaken the 
integrity and safety of composite laminates. Hence, identifying incipient delamination at the early stage 
is of significance. Modal Teager-Kaiser energy is formulated from a mode shape using the Teager-
Kaiser energy operator, which contains damage features of local defects. In this study, modal Teager-
Kaiser energy of plate-type structures is decomposed into components by singular value decomposition. 
Among the energy components, the singular component can be found where singularity peak appears in 
the defect region. In turn, the singular component can be utilized to characterize the presence and 
location of the delamination. Experimental results show that the singular component in modal Teager-
Kaiser energy is capable of characterizing the presence and location of the incipient delamination in the 
composite laminate. The proposed method can be also applied to identify local defects in other plate-
type structures. 
 
 
 
1. Introduction 
 
Delamination is a common type of local defect occurring during manufacturing and operating processes 
of composite laminates. Incipient delaminations can accumulate and develop, and gradually weaken the 
integrity and safety of the laminates. Hence, detecting incipient delaminations at the early stages is of 
significance[1, 2].  

Nondestructive testing techniques, like x-ray, C-scan, ultrasonic imaging, strain, eddy current, 
electrical potential, thermography, shearography, guided wave, and vibro-acoustic methods have been 
widely developed. However, the approximate regions of defects need to be known a priori[3]. Recently, 
mode shapes have been increasingly utilized for delamination detection as they contain presence and 
location information of local defects. Representative studies are as follows. Solodov et al.[4] discovered 
vibration amplitude in the delamination area could be strongly enhanced at local defect resonance, 
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whereby the delamination could be clearly detected and located. Araújo dos Santos et al.[5] excited a 
CFRP laminate by acoustics and measured its mode shapes by the TV holography. Differences in the 
curvature mode shapes between undamaged and damaged laminates could clearly detect and locate 
impact-caused delaminations. Using natural frequencies and curvature mode shapes of pristine and 
damaged CFRP laminates, Pérez et al.[6] formulated a curvature damage factor that could determine the 
location of the impact-caused delamination. However, for small-sized defects like incipient 
delaminations in composite laminates, it is known that they barely have any effect in ordinary mode 
shapes[4]. Xu et al.[7] formulated a complex-wavelet 2D curvature modal shape that features sensitivity 
to damage and robustness against noise interference, by which incipient delaminations in composite 
laminates can be identified under noisy environments. Recently, Xu et al.[8] proposed a concept of 2D 
modal Teager-Kaiser energy (M-TKE2D) relying on the mode shape of plate-type structures. Small-sized 
local defects, like incipient delamination, can be revealed by the local change in the M-TKE2D. However, 
changes caused by incipient delaminations in the M-TKE2D can be obscured by its global trends and 
become ambiguous for delamination identification. 

The aim of this study is to extract incipient delamination features from the global trends in the M-
TKE2D, whereby local defects in composite laminates can be clearly identified. Addressing this problem, 
a concept of singular component in the M-TKE2D is proposed, whereby presence and location 
information of incipient delamination can be characterized. The applicability of the proposed method is 
experimentally validated on a CFRP laminate with an incipient delamination, whose mode shapes are 
acquired by a laser scanning vibrometer (SLV). 
 
2. Singular Component in Modal Teager-Kaiser Energy  
 
The 1D modal Teager-Kaiser energy (M-TEK1D)[9] was formulated from the mode shape of a beam-type 
structure based on the 1D Teager-Kaiser energy (TKE1D) operator[10], built on which the M-TKE2D for 
a plate-type structure can be expressed as[8] 

2[ , ] ( [ , ])) 2 [ , ] [ 1, ] [ 1, ] [ , 1] [ , 1],E x y W x y W x y W x y W x y W x y W x y                  (1) 
where   denotes the TKE2D operator[11], [ , ]W x y  is the discrete mode shape.  

Due to the property of the TKE2D being sensitive to perturbation in signals[10], local defects are 
supposed to cause local changes in the M-TKE2D in the defect regions. However, changes caused by 
incipient delaminations in the M-TKE2D can be obscured by its global trends and become ambiguous 
for incipient delamination identification. If such local changes in the M-TKE2D can be separated and 
extracted from the whole M-TKE2D, presence and location information of local defects can be 
characterized. Addressing this problem, the M-TKE2D is decomposed into energy components [ , ]i

E x y  
in descending order (superscript 1,2,...,i r  denotes the i-th component) by the singular value 
decomposition (SVD)[12]: 
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where E  is a m n  matrix with rank of r , 1 2{ , ,..., }
m

U u u u  is a m m  matrix, Σ  is an m n  

matrix with singular values 1 2, ,...,
r

    in descending order, 1 2{ , ,..., }
n

V v v v  is an n n  matrix. 

Among [ , ]i
E x y , there is supposed to be a singular component dominated by the local defect, where a 

defect-caused singular peak in the M-TKE2D can appear in the defect region. 
 

3. Characterizing Incipient Delaminations in Composite Laminates 
 
3.1 Experimental Setup 
 



 

 
 

The applicability of singular components in the M-TKE2D for characterizing local defects in plate-type 
structures is experimentally validated on a CFRP laminate, whose dimensions are 500 mm × 500 mm × 
1.5 mm in the x-, y-, and z-directions, respectively. The CFRP laminate consists of eight plies; between 
the interfaces of the second ply and the third ply, a small-sized incipient delamination (15 mm × 15 mm) 
was manufactured by inserting a rectangular Teflon sheet when the CFRP laminate was fabricated. The 
50-micrometre-thick Teflon sheet can be regarded as having no thickness compared to the ply. The 
delamination is centered at x=125 mm and y=375 mm, spanning from 117.5 mm to 132.5 mm, 367.5 
mm to 382.5 mm in the x- and y-directions, respectively. In dimensionless coordinates, the delamination 
is centered at   0.25 and   0.75, spanning from 0.235 to 0.265, 0.735 to 0.765 in the    and  
directions. The surface of the plate that belongs to the first ply is defined as the front surface and the 
other surface is the back surface. Outlines of the delamination region are marked in white on the front 
surface. The surface of the CFRP laminate is totally flat in the delamination region, and the delamination 
can be barely visible from the appearance even in a zoomed-in view (Fig. 1(a)). A circular lead-
zirconate-titanate (PZT) actuator with diameter of 10mm is placed at the lower right corner of the back 
surface to excite the CFRP laminate. Meanwhile, a SLV (Polytec PSV-400) is employed to scan the 
whole front surface covered by reflection tapes with 375 × 375 densely-distributed measurement points. 
The experimental setup is shown in Fig. 1(b). 
 

         
(a)                                                                           (b) 

Figure 1. Experimental setup: (a) CFRP laminate with delamination and (b) SLV 
 
 
3.2 Experimental Results 
 
After the modal analysis, the mode shape at the natural frequency of 5309.37 Hz is arbitrarily selected 
and shown in Fig. 2(a). As the TKE operator is susceptible to noise interference, the measured mode 
shape needs to be de-noised first. In this study, the mode shape is decomposed by the discrete wavelet 
transform, by which details containing noise components can be separated and discarded from the mode 
shape and only the approximation of the mode shape is retained. As per Eq. (1), the M-TKE2D is obtained 
and shown in Fig. 2(b), where no evident local change appears to indicate any local defect.  

As per Eqs. (2) and (3), the M-TKE2D is decomposed into energy components i
E , whereby the 

11th energy component 11
E  is found to be the singular component in the M-TKE2D, where a singularity 

peak appears in the delamination region (Fig. 3(a)). In its planform (Fig. 3(b)), the singularity peak 
clearly identifies the delamination centered at   0.25 and   0.75, spanning from about 0.235 to 
0.265, 0.735 to 0.765 in the    and   directions, respectively, which corresponds actual location and 
size of the incipient delamination. 
 



 

 
 

       
(a)                                                                          (b) 

Figure 2. Mode shape (a) and its M-TKE2D (b) 

 

       
(a)                                                                          (b) 

Figure 3. Singular components in M-TKE2D (a) and its planform (b) 
 
4. Conclusions 
 
Delaminations can impair the integrity and safety of composite laminates, thus, detecting incipient 
delaminations is of significance. The concept of the M-TKE2D was newly proposed for delimination 
detection, however, it is not sensitive to incipient delaminaitons. Addressing this problem, this study 
decomposes the M-TKE2D into energy components, and local defects can produce singular components 
in M-TKE2D where singularity peaks appear in defect regions. In turn, such singular components can be 
utilized to characterize the presence and location information of the delamination. As the experimental 
results suggest, the singular components in M-TKE2D possesses the capability to accurately characterize 
incipient delaminations in composite laminates. The proposed method can be also applied to identify 
local defects in other plate-type structures. 
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