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Abstract: Delamination is typically barely visible impact damage (BVID) in carbon 

fiber reinforced polymer (CFRP) laminates. It is important to identify initial 

delamination in the early stage. The concept of 2D multi-resolution modal Teager-

Kaiser energy (MRM-TKE2D) was recently proposed to reveal delamination-caused 

singularity in a mode shape for delamination identification with high robustness against 

environmental noise. However, inadequate sensitivity impairs its capability to identify 

initial delamination. A damage indicator needs to be further formulated to characterize 

the presence and location of initial delamination. To address this problem, a scheme of 

decomposing MRM-TKE2D into components is proposed for identification of initial 

delamination. Among the energy components of the MRM-TKE2D for a CFRP laminate 

with an initial delamination, a singular energy component is dominated by the 

delamination and can be determined by its spectral entropy. In the singular energy 

component, energy converges into the delamination region to form a singular peak and 

almost vanishes in other places, from which the presence and location of the initial 

delamination can be characterized by the singular peak. This method is numerically 

verified on CFRP laminates with initial delamination. Its applicability is experimentally 

validated by identifying an initial delamination in a CFRP laminate, the mode shapes 

of which are acquired by piezoelectric actuation using a lead-zirconate-titanate (PZT) 

actuator and non-contact measurement using a scanning laser vibrometer (SLV). 

Numerical and experimental results show that singular energy components are capable 

of identifying initial delamination under noisy environments.  

Keywords: CFRP laminate; Initial delamination; 2D multi-resolution modal Teager-

Kaiser energy; Singular energy component; Piezoelectric actuation; Non-contact 

measurement 



1. Introduction 

Delamination is typically barely visible impact damage (BVID) in carbon fiber 

reinforced polymer (CFRP) laminates. It is important to identify delamination in the 

early stage before initial delamination accumulates and develops to weaken the integrity 

and stiffness of the laminates [1, 2].  

Delamination detection using nondestructive testing techniques such as X-ray [3], 

C-scan [4], ultrasonic imaging [5], strain [6-10], eddy current [11, 12], electrical 

potential [13], thermography [14-17], shearography [18], guided wave [19-23], and 

vibro-acoustics [24-28] methods have been widely developed in the past decades. Their 

common limitation is that the approximate delamination region needs to be known a 

priori [29]. In recent years, delamination identification methods relying on mode 

shapes have attracted increasing attention because global spatial information of the 

laminate is contained within mode shapes. Delamination can cause local changes in the 

derivatives of mode shapes, whereby its presence and location can be characterized. 

Representative studies are as follows. Qiao et al. [30] evaluated and compared three 

typical mode-shape-based algorithms (i.e., the simplified gapped smoothing method 

(GSM), the generalized fractal dimension (GFD), and the strain energy method (SEM)) 

for identification of delamination in composite laminated plates. Araújo dos Santos et 

al. [31] used TV holography to measure mode shapes of a composite laminate subject 

to acoustic excitation. Modal curvature differences of laminates under structurally 

intact and damaged statuses could be used to identify impact-caused delamination. 

Pérez et al. [32] used natural frequencies and modal curvatures of intact and damaged 

composite laminates to formulate a curvature damage factor, by which the location of 

impact-caused delamination could be determined. Cao et al. [33] proposed a new 

concept of multiscale shear-strain gradient for detecting delamination in composite 



laminates. The capability of the proposed concept was validated on a glass fiber 

reinforced polymer (GFRP) laminate bearing a heat-caused delamination. Xu et al. [34] 

formulated the complex-wavelet curvature mode shape for identification of 

delamination in composite laminates. Superior to the conventional curvature mode 

shape, it features higher sensitivity to damage and robustness to noise interference. 

Chen et al. [35] developed a continuously scanning laser Doppler vibrometer (CSLDV) 

to measure vibration shapes of a laminated composite plate with a delamination. Local 

anomalies in vibration shapes could be used to identify the delamination. 

However, initial delamination can barely cause evident changes in mode shapes or 

their derivatives. With this concern, Solodov et al. [36] selected the specific mode shape 

at the local defect resonance where the vibration amplitude in the delamination region 

could be strongly enhanced, by which means the initial delamination could be clearly 

detected and located. For ordinary mode shapes, Xu et al. [37] recently formulated a 

concept of multi-resolution 2D modal Teager-Kaiser energy (MRM-TKE2D), which is 

the point-wise energy of a mode shape and is capable of identifying delamination under 

noisy environments. However, inadequate sensitivity impairs its capability to identify 

initial delamination. A damage indicator (DI) needs to be further formulated to 

characterize the presence and location of initial delamination. 

Addressing the inadequate sensitivity of the MRM-TKE2D to initial delamination, 

a scheme of decomposing the MRM-TKE2D into components is proposed for 

identification of initial delamination. In a CFRP laminate with an initial delamination, 

its MRM-TKE2D can be decomposed into components by the singular value 

decomposition (SVD). Among these components, a singular energy component can be 

discovered dominated by the delamination, in which energy converges into the 

delamination region to form a singular peak and almost vanishes in other places. 



Thereby, the presence and location of the initial delamination can be characterized by 

the singular peak.  

The rest of the paper is organized as follows. Section 2 formulates the concept of a 

singular energy component for identifying delamination. Section 3 numerically verifies 

the concept of the singular energy component for the identification of initial 

delamination in CFRP laminates. Section 4 experimentally validates the proposed 

method on a CFRP laminate with an initial delamination. The delaminated CFRP 

laminate is excited by high-frequency harmonic waves using a lead-zirconate-titanate 

(PZT) piezoelectric actuator, and its high resolution mode shapes are acquired through 

non-contact measurement using a scanning laser vibrometer (SLV). Although an early 

PZT-SLV system has been used for identification of delamination in composite 

laminates [30], it lacks capability to identify initial delamination due to its low 

excitation frequency and spatial sampling density. In this study, the PZT-SLV system is 

enhanced. High-frequency harmonic waves at kilohertz are generated by a PZT 

piezoelectric actuator to excite a composite laminate, whereby its high-order modes can 

be achieved; synchronously, corresponding high-order mode shapes are measured with 

millimeter-level high resolution by a non-contact SLV to capture details of the initial 

delamination. Section 5 presents concluding remarks of this paper. 

2. Singular energy component for delamination identification  

2.1. Delamination-caused change in mode shapes 

The vibration of a M-ply cross-ply laminate made of 0/90° orientations can be 

expressed as  
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where ( , , )w x y t  is the out-of-plane displacement in the middle surface with time t

and coordinates x   and y  , ( , , )q x y t   is the transverse load on the laminate, 
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midsurface with ( )d  the density of the dth lamina per unit volume, and the 
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the material constants for the dth ply, as can be found in Ref. [38]. 

For a delaminated composite laminate whose delamination region is represented 

by   , reduction in stiffness will be caused by the delamination [39]. Stiffness 

coefficients ( , )uvD x y  of the laminate can be written as 
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where 
I

uvD  and 
D

uvD  represent the stiffness coefficients under the structurally intact 

and delaminated statuses, respectively. 

Substituting equation (2) into equation (1) and rearranging equation (1) [40], we 

have 

4 4 4 2

11 12 66 224 2 2 4 2
2( 2 ) ,I I I I

DF

w w w w
D D D D q f

x x y y t


   
+ + + + = +

    
       (3) 

where DFf  is defined as the delamination-caused force (DF): 
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with 11 11 12 66 12 66 22 22( , ( 2 ) ( 2 ), )I D I I D D I DD D D D D D D D = − + − + −D   denoting the stiffness 

change vector, and 
4 4 4

4 2 2 4

2
( ) ( , , )

w w w
w

x x y y

  
=

   
Θ . 

Regarding the elements of the laminate bearing no transverse load, i.e., =0q  , 

equation (3) becomes 
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( , , )w x y t   can be further written as ( , ) sin( )W x y t   when W   represents a mode 

shape associated with the corresponding natural frequency    

The DF applied on the delamination region is generated by the change in the 

stiffness coefficients induced by the delamination. Conversely, the DF will cause 

singularity of mode shape in the delamination region. However, with an initial 

delamination of only several square centimeters, such singularity can barely be 

observed, even in high-order mode shapes. 

2.2. Multi-resolution 2D modal Teager-Kaiser energy 

The MRM-TKE2D, denoted as NE  , was recently proposed to reveal delamination-

caused singularities in mode shapes of CFRP laminates, with high robustness against 

environmental noise [37]. The concept of MRM-TKE2D can be formulated by two steps. 

In the first step, a measured mode shape [ , ]W x y   is decomposed by the discrete 

wavelet transform (DWT) [41]. By dilating and translating a mother wavelet function 

( , )x y  at level j , we obtain the wavelet function: 

- -
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Similarly, the scale function , , ( , )j k l x y  can be dilated and translated from ( , )x y : 

- -

, , ( , ) 2 (2 ,2 ); , , .j j j

j k l x y x k y l j k l −= − −                     (7) 



Spanned by , , ( , )j k l x y  , [ , ]W x y   can be decomposed the into the first to the Nth 

levels: 

1
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where NA  is the approximation at the Nth level, and jD  is the detail at the jth level. 

Details of the DWT can be found in Ref. [41]. At a satisficing level N , by discarding 

details jD  ( 1,...,j N= ) that contain noise components and retaining approximation 

NA  that contains delamination features, the measured mode shape [ , ]W x y  can be de-

noised.  

In the second step, the 2D Teager-Kaiser (TKE2D) operator [42, 43], denoted as 

2D , is applied on the NA , whereby the MRM-TKE2D is formulated: 
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The MRM-TKE2D is the point-wise energy of a mode shape and is robust to noise 

interference. In the MRM-TKE2D, the delamination can cause local change in the 

delamination region, from which delamination features can be revealed for 

identification. 

2.3. Singular energy component dominated by delamination 

For initial delamination, however, delamination-caused changes in the MRM-

TKE2D are usually slight. Such slight changes can be obscured by the fluctuant global 

trends of the MRM-TKE2D and become ambiguous for delamination identification [37]. 

With this concern, a scheme of decomposing the MRM-TKE2D is proposed in this study, 

by which means delamination features can be extracted from the delamination-

dominated component. As matrices of the MRM-TKE2D are not necessarily square, the 

SVD instead of the eigendecomposition is used for matrix decomposition [44]: 
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where NE  represented by an m n  matrix with the rank of R  is decomposed into 

components [ , ]r

NC x y   ( 1,2,...,r R=  ), 1 2{ , ,..., }m=U u u u   is an 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. For an intact laminate, the first several energy 

components approximately constitute the global trend of NE , and subsequent noisy 

energy components are dominated by residual noise in NE  . However, when the 

laminate bears a delamination, an energy component dominated by the delamination 

appears, which is assumed to be distinct from other energy components. In this energy 

component dominated by the delamination, namely the singular energy component, 

energy is supposed to converge into the delamination region to form a singular peak 

and almost vanish in other places, whereby the presence and location of the initial 

delamination can be characterized by the singular peak. 

3. Proof of concept 

3.1. Numerical specimen 

An eight-layer CFRP symmetric cross-ply laminate made of 0/90º orientations is 

considered as a specimen, the dimensions of which are 500 mm × 500 mm × 3 mm in 

the x-, y-, and z-directions, respectively. The boundary conditions for all edges of the 

laminate are free. The laminate is modeled by the finite element (FE) software ANSYS 

with eight-node hexahedral elements whose dimensions are 1.25 mm × 1.25 mm × 

0.375 mm in the x-, y-, and z-directions, respectively. The elastic modulus in 0º and 90º 

are 11E  92 GPa and 22E  8 GPa, respectively; in-plane shear modulus, Poisson’s ratio, 



and material density are 12G  2.9 GPa, 12  0.33, and   1400 Kgm-3, respectively. 

An initial delamination is modeled by inserting a small-sized non-thickness interface 

between interfaces of the second and third plies; on the non-thickness interface of the 

delamination, the coincident nodes in adjacent but separated elements are distributed. 

The delamination is centered at x=125 mm and y=375 mm (illustrated in figure 1). 

Without loss of generality, by introducing the dimensionless coordinates 
500

x
 =  and 

500

y
 = , the delamination is centered at  = 0.25 and  = 0.75. Scenarios I, II, and 

III (listed in Table 1) with decreasing delamination areas of 40 mm  40 mm, 30 mm  

30 mm, and 20 mm  20 mm respectively are considered for numerical verification.  

 

Figure 1. Delaminated CFRP laminate with dimensions in millimeters. 

 

Table 1. Damage Scenarios I-VI 

 I II III IV V VI 

x (mm) 105-145 110-140 115-135 115-135 115-135 115-135 

  0.21-0.29 0.22-0.28 0.23-0.27 0.23-0.27 0.23-0.27 0.23-0.27 

y (mm) 355-395 360-390 365-385 365-385 365-385 365-385 

  0.71-0.79 0.72-0.78 0.73-0.77 0.73-0.77 0.73-0.77 0.73-0.77 

SNR (dB) 80 80 80 70 60 50 

 



3.2. Singular energy component 

By modal analysis, the high-order mode shapes in the z-direction are extracted from 

out-of-plane displacements of 401 × 401 densely-distributed nodes on the back surface 

with the interval being 1.25 mm; for generality, each mode shape is of a unit maximum 

amplitude. To simulate the environmental noise effect on measured mode shapes, white 

Gaussian noise is added to the noise-free mode shapes to constitute noisy measured 

mode shapes with signal-to-noise ratio (SNR) 80 dB. Taking Scenario I for illustration, 

the 21st out-of-plane mode shape at 956.8 Hz is arbitrarily selected, the MRM-TKE2D 

at the fourth DWT level 4E  can be obtained by equations (8) and (9) and is shown in 

figure 2, where the delamination causes barely any pronounced features indicative of 

delamination. As per equations (10) and (11), components decomposed from 4E  are 

also shown in figure 2. Among these energy components, the first four energy 

components constitute the global trend of the MRM-TKE2D (weights of 
1

4C  and 
2

4C  

are 78.13% and 9.43%, respectively); the seventh energy component 
7

4C  can be found 

as the singular energy component because it bears a sharply rising singular peak that 

appears in the delamination region and almost vanishes in other places; subsequent 

energy components become noisy because they are dominated by residual noise in 4E . 

 



 

Figure 2. MRM-TKE2D and its components for Scenario I. 

 

However, it is time consuming to inspect energy components one by one to find 

the singular energy component. To improve efficiency, the spectral entropy [45] of each 

energy component is calculated to determine the range in which the singular energy 

component could appear: 

, 2 ,

1

log ( ),r r r

x x g x g

g

SE p p
=

= −                     (12) 

, 2 ,

1

log ( ),r r r

y y g y g

g

SE p p
=

= −                     (13) 

,
2

r r

x yr

N

SE SE
SE

+
=                           (14) 

where , , ,

1

/r r r

x g x g x s

s

p F F
=

=    and , , ,

1

/r r r

y g y g y s

s

p F F
=

=    are the proportions for the gth 
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r

y gF   that are calculated from the middle row and 

column in matrix [ , ]r

NC x y  by the fast Fourier transform (FFT) in x- and y-directions, 

respectively; 
r

xSE  and 
r

ySE  are the corresponding spectral entropy whose values are 

between 0 and 1; the mean value of the 
r

xSE   and 
r

ySE   is defined as the spectral 



entropy for the rth energy component [ , ]r

NC x y , denoted as 
r

NSE .  

As per the definition of the spectral entropy [45], wider distribution of the Fourier 

counterparts in the frequency spectrum produces higher value of spectral entropy, 

because more information is included. The spectral entropies of the MRM-TKE2D 4E  

for Scenarios I, II, and III are calculated by equations (12) to (14) and shown in figure 

3. It can be seen from figure 3 that the spectral entropies can be divided into three 

statuses indicated by two grey dashed lines, namely the global trend status, the transient 

status, and the noise status. In the global trend status with r  ranging from 1 to 4, the 

spectral entropies are of low value because MRM-TKE2D components concentrate in a 

narrow frequency band. In the transient state with r  ranging from 5 to 10, values of 

the spectral entropies increase rapidly because more uncertain information is introduced 

and is distributed in a wider frequency band. Singular energy components for Scenarios 

I, II, and III can be found in this status. In the noise status with r  exceeding 10, the 

MRM-TKE2D components are totally contaminated by noise which is evenly distributed 

in the entire frequency spectrum. Eventually, the spectral entropies approach the upper 

limit in this status. 

 

Figure 3. Spectral entropies of MRM-TKE2D components for Scenarios I, II, and III. 



 

3.3. Delamination identification by singular energy component 

In transient statuses for Scenarios I, II, and III, their seventh energy components 

are found to be the corresponding singular energy components, shown in figures 4(a), 

(c), and (e), with their planforms in figures 4(b), (d), and (f), respectively. It can be seen 

from figure 4 that the energy in each singular energy component converges into the 

delamination region to form a singular peak and almost vanishes in other places. In the 

planforms, those singular peaks clearly characterize the presence and locations of the 

delaminations: the identified delaminations are centered at  =  0.25 and  =  0.75, 

spanning about 0.08 (Scenarios I), 0.06 (Scenarios II), and 0.04 (Scenarios III) in both 

 −   and  −  directions, respectively, which correspond to the actual locations and 

sizes of the delaminations. It is worth mentioning that a pair of orthogonal ridges of 

each singular peak propagate in the  −   and  −  directions, because the MRM-

TKE2D are totalled in these two directions as shown in equation (9). 

Worth to be noted, best frequency of excitation for delamination identification is 

structure-dependent, and for each structure it needs to be carefully selected after trials 

to acquire best modes that are sensitive to damage. It is also worth noting that the initial 

delaminations in Scenarios I, II, and III are too slight to cause the change in the natural 

frequency (956.8 Hz) of the intact laminate. 

 

(a)                       (c)                     (e) 



 

              (b)                       (d)                     (f) 

Figure 4. Singular energy components for Scenarios (a) I, (c) II, and (e) III, and their 

planforms (b) I, (d) II, and (f) III. 

 

3.4. Robustness against noise interference 

To verify the robustness of the singular energy component against environmental noise 

interference, noisier levels with lower SNRs are considered. Scenario III with the 

smallest delamination size 20 mm  20 mm is associated with decreasing SNRs 70 dB, 

60 dB, and 50 dB, denoted as Scenarios IV, V, and VI, respectively (listed in Table 1). 

It can be seen from Scenario IV with SNR 70 dB (shown in figures 5(a) and (b)) that 

the singular peak clearly designates the presence and location of the delamination as 

the results of Scenario III (figures 4(e) and (f)). When the noise intensity is increased 

to SNR 60 dB in Scenario V (shown in figures 5(c) and (d)), the singular energy 

component becomes noisier but its singular peak can still be identified by increasing 

the DWT level to 5. However, when the noise level increases to SNR 50 dB in Scenario 

VI (shown in figures 5(e) and (f)), the singular peak becomes ambiguous because of 

other fake peaks caused by the noise, even at a higher DWT level of 6. Thus, SNR 60 

dB can be regarded as the noise tolerance of the proposed method in this numerical case. 



With such limit SNR, the singular peak becomes less pronounced to evidently indicate 

any damage when the delamination size decreases. Thus, the minimum delamination 

size could be detected by the proposed method is 20 mm  20 mm in this numerical 

case.  

 

(a)                       (c)                     (e) 

 

              (b)                       (d)                     (f) 

Figure 5. Singular energy components for Scenarios (a) IV, (c) V, and (e) VI, and their 

planforms (b) IV, (d) V, and (f) VI. 

 

It is worth noting that the computational efficiency of the proposed method is 

mainly determined by the DWT in equation (8). Higher DWT level requires more 

computing time: it takes 10.4, 13.1, and 15.8 s to do the DWT in Scenarios IV, V, and 

VI with respective levels of 4, 5, and 6. On the other hand, for all numerical scenarios, 

total computation time of 0.1 s is almost the same to do the computation in equations 

(9) to (11). The computation was done in Matlab using an ordinary desktop computer 



that has 16 GB of RAM and an Intel i7-9700 CPU with 8 cores. Therefore, the proposed 

method requires low computational costs and is of high efficiency. 

4. Experimental validation 

4.1. Experimental set-up 

The applicability of the singular energy component for identifying initial 

delamination is experimentally validated on an eight-ply CFRP (GG204P IMP503 42) 

symmetric cross-ply laminate made of 0/90ºorientations. The dimensions of the CFRP 

laminate are 500 mm × 500 mm × 3 mm in the x-, y-, and z-directions, respectively. To 

manufacture an initial delamination, a square Teflon sheet (15 mm × 15 mm) was 

inserted between the interfaces of the second and third plies when the CFRP laminate 

was fabricated. The delamination is centered at x=125 mm and y=375 mm, spanning 

from 117.5 mm to 132.5 mm and 367.5 mm to 382.5 mm in the x- and y-directions, 

respectively. In the dimensionless coordinates, the delamination is centered at  = 0.25 

and  = 0.75, spanning from 0.235 to 0.265 and 0.735 to 0.765 in the  −  and  −

directions, respectively. The experimental specimen and set-up are shown in figure 6. 

The CFRP laminate is suspended by two strings in its two upper corners, to simulate 

free boundary conditions for simplicity and repeatability of experiments [46]. It is worth 

mentioning that the proposed method can be applied to laminates with other boundary 

conditions, because the concept of MRM-TKE2D is independent of boundary conditions 

[37]. The surfaces of the CFRP laminate are entirely flat and the delamination is barely 

visible from the appearance, even in the zoomed-in view in figure 6. Outlines of the 

delamination location are marked in white on the front surface (the surface of the 

laminate that belongs to the first ply is defined as the front surface and the other surface 

is the back surface). At the geometrical center of the front surface, a circular PZT 

piezoelectric actuator with the diameter of 10 mm is placed to generate high-frequency 



harmonic wave to excite the CFRP laminate. Synchronously, a SLV (Polytec PSV-400) 

is employed to scan the entire back surface covered by reflection tapes with 375 × 375 

densely-distributed measurement points whose interval is about 1.33 mm. For clearer 

illustration, a schematic of the enhanced PZT-SLV system for initial delamination 

identification in the CFRP laminate is illustrated in figure 7. The enhanced PZT-SLV 

system with high frequency and high resolution can facilitate identification of initial 

delamination. 

  

Figure 6. Experimental specimen and set-up: delaminated CFRP laminate and enhanced PZT-

SLV system. 

 

 

Figure 7. Schematic of enhanced PZT-SLV system for delamination identification in CFRP 



laminate. 

 

4.2. Experimental results 

After modal analysis over a broad frequency range [47], mode shapes can be 

acquired by the SLV. A high-order mode shape at 5309.37 Hz is selected and shown in 

figure 8(a) with a unit maximum amplitude. The MRM-TKE2D at the sixth level 6E  

for the measured mode shape is obtained by equations (8) and (9), shown in figure 8(b), 

where no evident feature appears to indicate any delamination feature. To find the 

singular energy component, 6E   is decomposed into components by equations (10) 

and (11), whose spectral entropies are calculated by equations (12) to (14) and shown 

in figure 9. It can be seen from figure 9 that the global trend status, the transient state, 

and the noise status are divided by two grey dashed lines. The singular energy 

component can be searched from the 11th to the 23rd energy components. 

 

(a)                                  (b) 

Figure 8. (a) Measured mode shape and its (b) MRM-TKE2D. 

 



 

Figure 9. Spectral entropies of MRM-TKE2D components.  

 

Among these energy components (figure 10), the first five energy components 

constitute the global trend of the MRM-TKE2D (weights of 
1

6C  , 
2

6C  , and 
3

6C   are 

37.81% 18.22%, and 6.63%, respectively). The 11th energy component that converges 

into the delamination region is determined as the singular energy component (figure 

11(a)). In its planform (figure 11(b)), the singular peak clearly shows that the 

delamination is centered at  = 0.25 and  = 0.75, spanning from about 0.235 to 0.265 

and 0.735 to 0.765 in the  −   and  −  directions, respectively, in good agreement 

with the actual location and size of the initial delamination. 

 



Figure 10. MRM-TKE2D and its components. 

 

 

 (a)                                 (b) 

Figure 11. Singular energy component in (a) MRM-TKE2D and (b) its planform. 

 

To explore the effectiveness of the proposed method for different excitation 

locations and frequencies, excitation at another natural frequency of 3504.68 Hz is 

applied to the lower right corner of the laminate. Corresponding mode shape is shown 

in figure 12(a) with a unit maximum amplitude, whose MRM-TKE2D at the sixth DWT 

level 6E  shape is obtained by equations (3) and (4), shown in figure 12(b). The 11th 

energy component is found by the spectral entropies, in which energy converges into 

the delamination region to form a sharply rising singular peak and almost vanishes in 

other places (figure 13(a)). Thus, the presence of the delamination can be well detected. 

In its planform (figure 13(b)), the location and size of the delamination is well 

characterized to be centered at  = 0.25 and  = 0.75, spanning from about 0.235 to 



0.265 and 0.735 to 0.765 in the  −  and  − directions, respectively. The location and 

size of the delamination identified in figure 13 corresponds well with that in figure 11, 

substantiating that the proposed method is adaptive to different excitation locations and 

frequencies. Worth to be mentioned, it takes 13.7 s to do the DWT in equation (8) and 

0.1 s to do the computation in equations (9) to (11). 

 

(a)                                  (b) 

Figure 12. (a) Measured mode shape and its (b) MRM-TKE2D. 

 

  

 (a)                                 (b) 



Figure 13. (a) Singular energy component in MRM-TKE2D and (b) its planform. 

 

For the specimen of CFRP laminate used in this study, the minimum delamination 

size can be detected by the method is 15 mm  15 mm at the actual noise level during 

the measurement in the laboratory. For identification of smaller delamination, the 

delamination-caused singular peak will probably become less pronounced; besides, 

denser spatial sampling of laser scanning will be time consuming. 

Worth to be mentioned, for real-word structural components including composite 

laminates, damage identification methods relying on laser scanning will encounter 

some difficulties, such as costs and agility to carry a SLV for industrial applications, 

identification of damage in structures in use, accessibility to structural components that 

are not easy to inspect. With these concerns, Park et al. [48] have discussed the 

applicability of laser scanning to delamination detection in wind turbine blades. As the 

SLV has long-range inspection up to 10s of meters, it can be carried on a vehicle to 

inspect real structural components. For structures in use, inspected components need to 

suspend operation for inspection, which requires fast scanning strategy to reduce 

scanning time. For structural components in locations that are not easy to directly 

inspect, laser beams scanning on surfaces of inspected components could be reflected 

from the SLV by mirrors. 

5. Concluding remarks 

It is difficult to identify initial delamination in the early stage, which is typically BVID 

in composite laminates. Recently, the concept of the MRM-TKE2D was proposed to 

reveal delamination-caused singularity in a mode shape for delamination identification 



with high robustness against environmental noise. Addressing the inadequate 

sensitivity of the MRM-TKE2D to initial delamination, a scheme of decomposing the 

MRM-TKE2D into components is proposed in this study to resolve this problem. The 

singular energy component among the energy components can be found for 

identification of initial delamination. The capability of the proposed method is validated 

by numerical and experimental results. Some concluding remarks follow. 

(1) For spectral entropies of energy components of the MRM-TKE2D, its singular 

energy component appears in the transient status, in which the values of the spectral 

entropies increase rapidly because more uncertain information is introduced and 

distributed in a wider frequency band. 

(2) In the singular energy component that is dominated by the delamination, energy 

converges into the delamination region to form a singular peak and almost vanishes in 

other places, whereby the presence and location of the initial delamination can be 

characterized. 

(3) For initial delamination identification, high-frequency harmonic waves at kilohertz 

are generated by a PZT piezoelectric actuator to excite the laminate, whereby high-

order modes can be achieved. Synchronously, corresponding high-order mode shapes 

are measured at millimeter-level high resolution by a non-contact SLV to capture details 

of the initial delamination. Thereby, the enhanced PZT-SLV system with high frequency 

and high resolution facilitates the identification of initial delamination. 
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