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Abstract: Carbon fiber reinforced polymers (CFRP) are extensively employed in the aerospace industry due to 

their excellent properties. Delamination damage occurring at critical locations in CFRP can seriously reduce 

the safety of in-service components. The detection and localization of delamination damage using Lamb waves 

hold significant potential for widespread application in non-destructive testing. However, the choice of 

damage localization algorithm may produce different delamination damage localization results. This research 

presented an IRAPID (improved reconstruction algorithm for probabilistic inspection of defects) method 

derived from the ORAPID (original reconstruction algorithm for probabilistic inspection of defects) method, 

aiming to improve the accuracy and reliability of delamination damage localization. Three CFRP bending 

plates, including a healthy bending plate and two bending plates with delamination damage sizes of Φ20 mm 

and Φ40 mm, were prepared in the experiment, respectively. The detection experiment of the CFRP bending 

plate using lead zirconate titanate (PZT) as a transducer to excite and receive Lamb waves was conducted, and 

the influence of excitation signal frequency on the performance of the proposed method was discussed. Under 

the condition of excitation signal frequency of 220 ~ 320 kHz and step size of 10 kHz, the accuracy of the 

delamination damage localization method proposed in this paper was compared with that of the existing 

methods. The experimental results indicate that the IRAPID algorithm exhibits good stability in the localization 

of delamination damage across the frequency variations range considered. The localization error of the IRAPID 

algorithm for delamination damage is significantly lower than that of the DaS (delay-and-sum) algorithm and 

the ORAPID algorithm. As the size of the delamination damage increases, so does the localization error. The 

accuracy of delamination damage localization is lower in the X-axis direction than in the Y-axis direction. By 

averaging the localization results across various frequencies, we can mitigate the potential localization errors 

associated with single-frequency detection to a certain extent. For the localization of delamination damage, 

Lamb waves at multiple frequencies can be employed for detection, and the detection results at each frequency 

are averaged to enhance the reliability of localization. 

Keywords: Lamb wave; CFRP bending plate; delamination damage localization; IRAPID algorithm 

 

1. Introduction 

CFRP exhibits a range of significant advantages, such as high specific strength, high specific 

stiffness, excellent design flexibility, outstanding damping performance, and prolonged fatigue life 

[1,2]. As a result, they are extensively employed in sectors like aerospace, military equipment, marine, 

and automotive industries [3–6]. In the manufacturing process of aerospace equipment, more than 

50% of the components are made of CFRP. For instance, in the overall structure of the Boeing 787 

Dreamliner, the proportion of CFRP used is as high as 57%, thereby achieving a fuel savings of 15-

20% [7]. 53 % of the total volume of Airbus 350 WXB aircraft is made of CFRP, which reduces the 

aircraft's weight, thereby fuel consumption has been cut by nearly 25% [8]. In the field of aero-

engines, the fan box and blades of the compressor cooler system of GE Aviation's GEnx series engines 

are made of CFRP, which not only reduces the weight of the fuselage by 180 kg but also reduces 

emissions by 15% and operating costs by 20% [9]. At the same time, CFRP also plays a vital role in 

Disclaimer/Publisher’s Note: The statements, opinions, and data contained in all publications are solely those of the individual author(s) and 
contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting 
from any ideas, methods, instructions, or products referred to in the content.

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 April 2024                   doi:10.20944/preprints202404.1308.v1

©  2024 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202404.1308.v1
http://creativecommons.org/licenses/by/4.0/


 2 

 

component manufacturing for military equipment such as helmets, body armor, combat shields, and 

armored vehicles [10,11]. 

CFRP exhibits orthotropic properties, which make its failure modes potentially more complex 

and hidden than those of isotropic materials [12–15], such as matrix cracking, fiber breakage, and 

delamination [16], during production and service. Delamination is the most common and harmful 

failure mode [17,18]. The internal cause of delamination is the low transverse tensile strength and 

interlaminar shear strength of CFRP laminates [19], while the external cause is damage such as 

drilling [20–22] and impact [23]. In addition, fatigue further causes delamination expansion [24,25]. 

The occurrence and expansion of delamination significantly reduce the structure's stiffness, strength, 

and load-carrying capacity, resulting in a substantial reduction in the buckling load and compressive 

strength of CFRP laminates, which may ultimately cause catastrophic failure of CFRP structures [26]. 

However, delamination usually occurs inside CFRP structures and is hidden, which makes it 

challenging to detect delamination damage. Developing effective delamination detection techniques 

for CFRP structures is crucial for ensuring the safe and reliable realization of CFRP in various 

practical applications. Furthermore, CFRP is fabricated into various structural types to meet diverse 

engineering application needs, such as tubes [27], rods [28], beams [29], winglets [30], and bending 

structures [31]. As a relatively simple CFRP structure, bending components are widely used in 

aircraft, spacecraft, and ships [32,33]. Due to the characteristics of the CFRP bending structure, stress 

concentration is easy to occur at the bending areas, resulting in the emergence of delamination 

damage, which seriously affects the structure's safety. 

As an active method for structural damage detection and health monitoring, Lamb waves 

possess advantages such as long propagation distance, low cost, and high sensitivity to delamination 

damage. It has emerged as one of the primary methods in the engineering detection field [34] and is 

extensively applied in CFRP material structural damage detection [35]. Scattering and reflection 

phenomena will occur when Lamb waves encounter delamination damage in CFRP [36,37]. 

Simultaneously, Lamb waves will be divided into two parts, which will propagate independently in 

the upper and lower sub-layers of the delamination area, and undergo modal transformation at the 

edge of the delamination [38,39]. Based on this property of the Lamb waves, delamination damage 

detection can be achieved. However, due to the dispersion characteristics of Lamb waves, their 

propagation process in CFRP becomes extremely complex. Each mode of Lamb waves propagates at 

varying velocities across different frequencies, which leads to deformation and amplitude reduction 

during the propagation of Lamb waves in CFRP, bringing potential challenges to the application of 

Lamb waves in engineering detection. Therefore, it is necessary to conduct research on the damage 

detection of CFRP structures based on Lamb waves. 

Some scholars have utilized experimental methods, employing PZT as a transducer, to 

investigate the capability of Lamb waves in detecting delamination damage in CFRP laminated 

plates, and have accomplished the detection and localization of delamination damage [40,41]. Xiang 

Zhao et al. [42] compared and analyzed the effects of several tomography techniques, including 

filtered back-projection algorithm, algebraic reconstruction algorithm, and reconstruction algorithm 

for probabilistic inspection of damage, on composite material damage Lamb wave imaging. Liping 

Huang et al. [43] utilized the time reversibility of Lamb waves to propose an improved time reversal 

method for accurately locating impact damage in composite plates. Songlai Wang compared the 

influence of different patterns of PZT sensors, such as circular, square, and parallel arrays, on 

reconstruction image qualities of damage localization [44]. Jiahui Guo et al. [45] integrated 

probabilistic imaging algorithms and statistical methods to reduce the impact of composite 

anisotropy on the accuracy of damage detection. The matching pursuit decomposition algorithm was 

used to extract the accurate Lamb wave time of flight (ToF) for damage detection. The proposed 

algorithm can locate and quantify the damage of composite plates. The proposed algorithm can locate 

and quantify composite plate damage. Haode Huo [46] integrated the elliptical trajectory method and 

reconstruction algorithm for probabilistic inspection of defects in the Bayesian framework. This 

method combines multiple damage-sensitive features, and numerical and experimental studies have 
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been conducted to verify the effectiveness of the proposed method for locating composite plate 

damage using Lamb waves. The proposed method produces more accurate and reliable results. 

Based on the ORAPID algorithm, this study proposes an IRAPID algorithm. The Lamb wave 

detection experiment was carried out on CFRP bending plates with Φ20 mm and Φ40 mm 

delamination damage using PZT as the transducer. The influence of the excitation signal frequency 

on the proposed method’s performance was discussed. Under the condition of excitation signal 

frequency of 220 ~ 320 kHz and step size of 10 kHz, the accuracy of the delamination damage 

localization method proposed in this paper was compared with that of existing DaS and ORAPID 

methods. The research results indicate that the method for delamination damage localization 

proposed in this paper exhibits good stability and accuracy. 

2. Lamb Wave Localization Imaging Algorithm 

The Lamb wave localization imaging algorithm is based on the principle that when the Lamb 

wave propagates in the waveguide structure and encounters damage, the damage can be regarded 

as a secondary wave source. The scattering of the Lamb wave occurs at the secondary wave source, 

and the scatter Lamb wave will continue to propagate in the waveguide structure, thus being caught 

by the receiving sensor. Lamb wave localization imaging can be performed based on the difference 

between the non-damage baseline signal and the signal with damage information. 

2.1. DaS Algorithm 

In the DaS algorithm, the detection area is discretized into regular grid nodes, and the grid nodes 

are assumed to be potential damage location points. The scattered wave's ToF of the actuator-

damage-sensor propagation path is calculated, and the values of all scattered wave signals on the 

corresponding ToF are fused to obtain the damage probability value of the grid nodes in the detection 

area. Through a priori information such as wave velocity and position of the transducer, the 

calculation of the ToF of scattered wave signals at each grid node under a certain path is expressed 

as 

( ) ( ) ( ) ( )
2 22 2

( , )
j ji iR

ij

x x y yx x y y
t x y

V V

− + −− + −
= + , (1) 

where (x, y) are the position coordinates of the grid nodes in the detection area. The variable ( , )R

ij
t x y  

is the ToF of the scattered wave signal with the grid node coordinates (x, y) on the path from the i th 

actuator to the j th sensor. V is the group velocity of the Lamb wave. As shown in Figure 1, ( ),
i i

A x y  

is the fixed position coordinate of the i th actuator, and ( , )
j j

S x y  is the fixed position coordinate of 

the j th sensor. When ( , )R

ij
t x y  is a constant value, the trajectory formed by the coordinates (x, y) 

satisfying Equation (1) is an ellipse, and the position coordinates of the actuator and the sensor are 

the two focuses of the ellipse. The coordinates (x, y) traverse the entire detection area with a certain 

step size, and the ( , )R

ij
t x y  of each grid node under a certain path can be obtained. 

The Lamb wave detection experiments were carried out on both non-damaged and damaged 

samples, and the resulting non-damaged and damaged signals are shown in Figure 2a,b, respectively. 

The scattered wave signal ( )
S

S t  obtained by subtracting the baseline signal ( )
B

S t  from the damage 

signal ( )
D

S t  is expressed as 

= −( ) ( ) ( )
S B D

S t S t S t
, (2) 
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Figure 1. Imaging trajectory. 

  

(a) (b) 

  

(c) (d) 

Figure 2. Lamb wave signal: (a) baseline signal; (b) damage signal; (c) scattered wave signal; (d) 

CWTC. 

The scattered wave signal is shown in Figure 2c. The scattered wave signal was processed using 

continuous wavelet transform (CWT), and the resulting CWT coefficient (CWTC) is shown in Figure 

2d. The CWTC value ( ( , ))R

ij
CWTC t x y  of the scattered wave signal at the time ( , )R

ij
t x y  was assigned 

to the corresponding grid node with coordinates (x, y). As shown in Figures 1 and 2d, when the 

selected detection area grid node ( , )dR x y  is located on the damage path, the calculated ToF is d

R
t , 

and the ( ( , ))R

ij
CWTC t x y  reaches its maximum value at the moment d

R
t . However, when the selected 

detection area grid nodes ( , )pR x y  and ( , )oR x y  are not located on the damage path, the calculated 

ToF is p

R
t  and o

R
t , respectively. At the moments of p

R
t  and o

R
t , the ( ( , ))R

ij
CWTC t x y  values obtained 

are comparatively small. Based on this, the distribution of ( ( , ))R

ij
CWTC t x y  in the detection area can 

be obtained. Fusing the ( ( , ))R

ij
CWTC t x y  distributions of multiple actuator-sensor pairs, the damage 

probability distribution ( , )P x y  of the detection area is obtained as 

1

1 1

1
( , ) ( ( , ))

N N
R

ij
i j i

P x y CWTC t x y
N

−

= = +

=   , (3) 

where N is the total number of actuator-sensor pairs. 
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2.2. ORAPID Algorithm 

The ORAPID algorithm, similar to the DaS algorithm, also discretizes the detection area into 

regular grid nodes. However, unlike the DaS algorithm, the ORAPID algorithm does not require 

prior knowledge of the wave velocities and scattered waves' ToF. It reconstructs the probability 

distribution of the damaged image through the correlation between the damage signal and the 

baseline signal. The damage existing in the actuator-sensor path will affect the propagation 

characteristics of the Lamb waves, and the degree of Lamb waves affected by damage will gradually 

decrease as the distance of the actuator-damage-sensor propagation path increases. The correlation 

between the damage signal and the baseline signal is the signal correlation coefficient (SCC), which 

is expressed as 

=

= =

− −

=

− −



 

 

 

( ) ( )
1

2 2

( ) ( )
1 1

( ( ) )( ( ) )

( ( ) ) ( ( ) )

D B

D B

M

D k S t B k S t
k

M M

D k S t B k S t
k k

S t S t

SCC

S t S t
, 

(4) 

where ( )
D

S t  and ( )
B

S t  are the damage signal and baseline signal, respectively.  ( )DS t  and  ( )BS t  

are the mean values of the damage signal and baseline signal, respectively. M is the length of the 

signal sequence. If there is no damage on the actuator-sensor propagation path, the two signals are 

identical, resulting in an SCC value of 1.0. If the phases of the two signals are opposite, the SCC is 

close to 0. 

In the ORAPID algorithm, the signal difference coefficient (SDC) is defined as 

1
ij ij

SDC SCC= − , (5) 

where the subscript ij represents the path formed by combining the i th actuator and the j th sensor. 

The SDC values of all actuator-sensor paths obtained are spatially distributed in an elliptical pattern 

to generate an SDC value image. The two focuses of the ellipse are located at the coordinates of the 

corresponding positions of the actuator and the sensor, as shown in Figure 3. The elliptic distribution 

function is defined as 

( )

( )

( , )
, ,   ( , )

1
, 0,                    

ij

ij ij

ij

R x y
S x y for R x y

S x y otherwise






 −
= 

−
 =


, (6) 

where the parameter   is a shape factor that controls the size of the elliptical distribution, and the 

value of   is greater than 1.0. ( , )
ij

R x y  is the ratio of the sum of the distance from the point ( , )R x y  

to the i th actuator and the j th sensor to the distance between the i th actuator and the j th sensor, 

which is defined as 

( ) ( ) ( ) ( )

( ) ( )

2 22 2

2 2
( , )

i i j j

ij

i j i j

x x y y x x y y
R x y

x x y y

− + − + − + −
=

− + −

, (7) 

where (x, y) are the coordinates of any position in the detection area. ( ),
i i

A x y  is the position 

coordinate of the i th actuator, and ( , )
j j

S x y  is the position coordinate of the j th sensor. 
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Figure 3. The ellipse distribution diagram of the ORAPID algorithm. 

The product of the SDC value of each actuator-sensor pair and the elliptic distribution function 

( ),
ij

S x y  value is linearly superimposed to obtain a normalized damage probability distribution 

( , )P x y , which is defined as 

( )
1

1 1

( , ) ,
N N

ij ij
i j i

P x y SDC S x y
−

= = +

=  , (8) 

where N is the total number of actuator-sensor pairs. 

2.3. IRAPID algorithm 

Considering that the SCC is not necessarily linearly related to the distance of the actuator-

damage-sensor propagation path, this paper proposes an IRAPID algorithm. Replace the SDC with 

the signal ratio coefficient (SRC), and SRC is defined as 

1 /
ij ij

SRC SCC= , (9) 

where the subscript ij represents the path formed by combining the i th actuator and the j th sensor. 

The corresponding damage probability distribution ( , )P x y  is defined as 

( )
1

1 1

( , ) ,
N N

ij ij
i j i

P x y SRC S x y
−

= = +

=  , (10) 

where N is the total number of actuator-sensor pairs. 

3. Experiment 

3.1. Preparation of CFRP Bending Plate 

The mold for preparing CFRP bending plates is shown in Figure 4. The material used in the mold 

is aluminum. The CFRP bending plate uses resin as the matrix and T300-12K-200g-42% unidirectional 

carbon fiber as the reinforcing material. The preparation environment was −10 atmospheric pressure. 

The layup sequence for the CFRP bending plate is [0°/90°/45°/–45°/90°/0°]s. The geometric dimensions 

of the CFRP bending plate and the configuration of the PZT are shown in Figure 5. The coordinate 

position of PZT numbered P4 is set as the coordinate origin, the coordinate of PZT numbered P1 is (0 

mm, 200 mm), the coordinate of PZT numbered P2 is (200 mm, 200 mm), and the coordinate of PZT 

numbered P3 is (200 mm, 0 mm). The straight edge direction of the CFRP bending plate is the X-axis, 

and the circumferential direction of the bending edge of the CFRP bending plate is the Y-axis. The 

thickness of the CFRP bending plate is 2.28 mm, the side length in the X-axis and Y-axis directions is 

600 mm, the bending radius R=30 mm, and the bending angle is 90°. Delamination damage was 

simulated by filling the anti-sticking paper in the middle layer of the CFRP bending plate, which was 

located at the center of the CFRP bending plate with coordinates (x, y) = (100 mm, 100 mm). Three 

actuator sensor

A(xi,yi) S(xj,yj)

R(x,y)

direct path

indirect path
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CFRP bending plates, including a healthy bending plate and two bending plates with delamination 

damage sizes of Φ20 mm and Φ40 mm, were prepared for experimental research, respectively. 

 

Figure 4. Aluminum molds. 

 

Figure 5. CFRP bending plate geometric dimension and PZT configuration. 

3.2. Experimental Procedure 

The experimental system is shown in Figure 6. The PC controls the arbitrary wave function 

generator (AFG−31000) through the software ArbExpress to generate a 5-cycle narrowband Tone-

Burst signal modulated by the Hanning window, with a signal voltage amplitude of 10 Vpp. The 

excitation signal is defined as 

( ) 0.5(1 cos(2 / 5))sin(2 )V t ft ft = − , (11) 

where t is the time, and the excitation frequency f varies from 220 kHz to 320 kHz in a step of 10 kHz. 

In the experiment, honey was used as the couplant to paste the PZT transducer onto the CFRP 

bending plate, and the PZT transducer was fixed to the CFRP bending plate with insulating tape. The 

excitation signal was amplified three times by the power amplifier (ATA−4011), and then a PZT 

transducer was excited to generate Lamb waves in the CFRP bending plate. Other PZT transducers 

were used to receive the Lamb wave signals. The received Lamb wave signals were amplified by a 

preamplifier (OLYMPUS−5682) and then saved by an oscilloscope with a sampling rate of 250 MS/s. 

Throughout the experiment, the Lamb wave signals for each detection condition were gathered on 

16 occasions and averaged to mitigate the influence of noise interference. The gathered Lamb wave 

signals were processed according to the signal processing method in Section 2. 
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Figure 6. The experimental system. 

4. Results and Discussion 

4.1. DaS Algorithm Localization Results 

The DaS algorithm requires the Lamb wave group velocity as prior knowledge. The Lamb wave 

group velocity of the CFRP obtained by theoretical calculation differs from that of the CFRP under 

actual situations. The equation for calculating the Lamb wave group velocity is defined as 

D
V

ToF
= , (12) 

where D is the distance between the actuator and the sensor. To obtain ToF, the CWT was applied to 

both the excitation and baseline signal. In Equation (12), ToF represents the time elapsed from the 

peak of the excitation signal’s CWT to the first peak of the baseline signal’s CWT. Figure 7a shows the 

baseline signal of path P1-P2 at a frequency of 220 kHz, with D=200 mm. Figure 7b shows the CWT 

of the baseline signal and excitation signal. The group velocities of Lamb waves at various frequencies 

are shown in Table 1. 

 

(a) 

 

(b) 

Figure 7. The baseline signal and its CWT of the P1−P2 path at a frequency of 220 kHz: (a) baseline 

signal; (b) the CWT of baseline signal and excitation signal. 

Table 1. The group velocities of Lamb waves at various frequencies. 
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f (kHz) 220 230 240 250 260 270 280 290 300 310 320 

V (m/s) 5263.9 5035.3 4915.5 4667.3 4569.4 4343.0 4280.0 4148.6 4122.1 4067.5 4058.7 

At the frequencies of 220 kHz, 270 kHz, and 320 kHz, the Lamb wave signals of the P1−P2 path 

are shown in Figure 8. The direct Lamb wave of the P1−P2 path did not propagate through the 

delamination damage and bending structure. As can be seen from Figure 8, the amplitude and phase 

of the Lamb wave signal change due to the existence of delamination damage, and the influence of 

Φ40 mm delamination damage on the Lamb wave signal is more obvious than that of Φ20 mm 

delamination damage. In addition, with the increase in frequency, the impact of delamination 

damage on Lamb wave signals becomes more significant. 

   

(a) (b) (c) 

Figure 8. The Lamb wave signals at various frequencies of the P1-P2 path: (a) 220 kHz; (b) 270 kHz; 

(c) 320 kHz. 

At the frequency of 320 kHz, the Lamb wave signal of the P2−P3 path and P2−P4 path are shown 

in Figure 9. The direct Lamb wave of the P2−P3 path propagates through the bending structure, and 

the direct Lamb wave of the P2−P4 path propagates through the delamination damage and the 

bending structure. As can be seen from Figure 9a, the energy distribution of the Lamb wave in the 

time domain is altered due to the existence of delamination damage. Similarly, the energy value of 

the Lamb wave is altered due to the existence of delamination damage, as illustrated in Figure 9b. 

Moreover, the change in energy caused by Φ40mm delamination damage is greater than that caused 

by Φ20mm delamination damage. It can be concluded that the Lamb wave signal is affected 

differently by delamination damage under various frequencies and propagation paths. 

  

(a) (b) 

Figure 9. The Lamb wave signal of different paths under a frequency of 320 kHz: (a) P2−P3 path; (b) 

P2−P4 path. 

For the case where the delamination damage size is Φ20 mm, the scattered wave signals of the 

P1−P2 path at frequencies of 220 kHz, 270 kHz, and 320 kHz are shown in Figure 10. The CWTC was 

obtained by processing the scattered wave signal with CWT, and CWTC is shown in Figure 11. At the 

frequency of 320 kHz, the scattered wave signals of Φ20 mm delamination damage under different 

paths are shown in Figure 12, and the CWTC of them are shown in Figure 13. As can be seen from 

Figures 10–13, by utilizing the CWT to process the scattered wave signals, we can accurately obtain 

their time-frequency information, which is beneficial to the localization of delamination damage. 
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(a) (b) (c) 

Figure 10. The scattered wave signals of Φ20 mm delamination damage under the P1-P2 path: (a) 220 

kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 11. The CWTC of Φ20 mm delamination damage under the P1-P2 path: (a) 220 kHz; (b) 270 

kHz; (c) 320 kHz. 

  

(a) (b) 

Figure 12. The scattered wave signals of Φ20 mm delamination damage under the frequency of 320 

kHz: (a) P2−P3 path; (b) P2−P4 path. 

  

(a) (b) 

Figure 13. The CWTC of Φ20 mm delamination damage under the frequency of 320 kHz: (a) P2−P3 

path; (b) P2−P4 path. 

For the case where the delamination damage size is Φ40 mm, the scattered wave signals of the 

P1−P2 path at frequencies of 220 kHz, 270 kHz, and 320 kHz are shown in Figure 14, and the CWTC 

of them are shown in Figure 15. At the frequency of 320 kHz, the scattered wave signals of Φ40 mm 

delamination damage under different paths are shown in Figure 16, and the CWTC of them are shown 

in Figure 17. As can be seen from Figures 10–17, the scattered wave signals of the P2-P3 and P2-P4 

paths are more complex in waveform than those on the P1-P2 path. This may be due to the scattering 

of Lamb waves during their propagation in CFRP, which was caused by the existence of bending 

structures and delamination damage. 
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(a) (b) (c) 

Figure 14. The scattered wave signals of Φ40 mm delamination damage under the P1-P2 path: (a) 220 

kHz; (b) 270 kHz; (c) 320 kHz. 

 
  

(a) (b) (c) 

Figure 15. The CWTC of Φ40 mm delamination damage under the P1-P2 path: (a) 220 kHz; (b) 270 

kHz; (c) 320 kHz. 

  

(a) (b) 

Figure 16. The scattered wave signals of Φ40 mm delamination damage under the frequency of 320 

kHz: (a) P2−P3 path; (b) P2−P4 path. 

  

(a) (b) 

Figure 17. The CWTC of Φ40 mm delamination damage under the frequency of 320 kHz: (a) P2−P3 

path; (b) P2−P4 path. 

According to the CWTC obtained from the scattered wave signal of the delamination damage, 

the DaS algorithm was used to locate the delamination damage, and the delamination damage 

localization imaging results can be obtained. The localization imaging results of the Φ20 mm 

delamination damage by the DaS algorithm are shown in Figure 18. With a set threshold, the 

localization imaging results of the Φ20 mm delamination damage by the DaS algorithm are shown in 

Figure 19. The localization imaging results of the Φ40 mm delamination damage by the DaS algorithm 

and the localization imaging results under the set threshold are shown in Figures 20 and 21, 

respectively. The localization imaging results of the DaS algorithm for the X and Y axes are shown in 

Table 2, where 
m

f  represents the frequency-averaged of the localization imaging results. As can be 

seen from the figures, more accurate delamination damage localization results can be obtained with 

higher-frequency Lamb waves. The frequency-averaged localization imaging results of delamination 
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damage were obtained by superimposing and averaging the delamination damage localization 

results at all frequencies. The frequency-averaged localization imaging results of Φ20 mm 

delamination damage by the DaS algorithm are shown in Figure 22, and the frequency-averaged 

localization imaging results of Φ40 mm delamination damage are shown in Figure 23. From the 

frequency-averaged localization imaging results, it can be seen that by superimposing and averaging 

the delamination damage localization results at all frequencies, the errors in the localization of 

delamination damage at some frequencies can be eliminated, and the reliability of delamination 

damage localization can be improved. 

   

(a) (b) (c) 

Figure 18. The localization imaging results of the Φ20 mm delamination damage by the DaS 

algorithm: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 19. The localization imaging results of the Φ20 mm delamination damage by the DaS algorithm 

under a threshold setting: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 20. The localization imaging results of the Φ40 mm delamination damage by the DaS 

algorithm: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 
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(a) (b) (c) 

Figure 21. The localization imaging results of the Φ40 mm delamination damage by the DaS algorithm 

under a threshold setting: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

  

(a) (b) 

Figure 22. The frequency-averaged localization imaging results of the Φ20 mm delamination damage 

by the DaS algorithm: (a) frequency-averaged localization imaging results; (b) frequency-averaged 

localization imaging results with a threshold. 

  

(a) (b) 

Figure 23. The frequency-averaged localization imaging results of the Φ40 mm delamination damage 

by the DaS algorithm: (a) frequency-averaged localization imaging results; (b) frequency-averaged 

localization imaging results with a threshold. 

Table 2. The localization imaging results of the X and Y axes by the DaS algorithm. 

f (kHz) 220 230 240 250 260 270 280 290 300 310 320 fm 

X 
Φ20(mm) 107.4 99.4 91.8 88.8 108.6 105.8 105.0 99.2 96.6 94.2 93.8 98.6 

Φ40(mm) 106.0 165.0 161.0 148.0 138.6 122.4 109.6 104.0 103.0 100.8 99.2 106.6 

Y 
Φ20(mm) 95.2 102.0 100.8 101.8 113.2 108.0 105.8 101.2 100.0 97.4 98.4 101.0 

Φ40(mm) 87.2 106.8 105.2 104.4 105.0 111.6 114.2 88.2 89.8 95.6 98.4 98.4 

4.2. ORAPID Algorithm Localization Results 

According to the obtained Lamb wave signal, the SCC of the damage signal and the baseline 

signal was calculated by equation (4), and the ORAPID algorithm and IRAPID algorithm were used 

to locate the delamination damage respectively. The localization imaging results of the Φ20 mm 
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delamination damage by the ORAPID algorithm are shown in Figure 24. With a set threshold, the 

localization imaging results of the Φ20 mm delamination damage by the ORAPID algorithm are 

shown in Figure 25. The localization imaging results of the Φ40 mm delamination damage by the 

ORAPID algorithm and the localization imaging results under the set threshold are shown in Figures 

26 and 27, respectively. The localization imaging results of the ORAPID algorithm for the X and Y 

axes are shown in Table 3. 

It can be seen from the figure that the use of higher frequency Lamb waves for detection can 

obtain more accurate delamination damage localization results. The localization imaging results of 

the Φ20 mm delamination damage by the ORAPID algorithm are superior to those of the Φ40 mm 

delamination damage by the same algorithm. 

   

(a) (b) (c) 

Figure 24. The localization imaging results of the Φ20 mm delamination damage by the ORAPID 

algorithm: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 25. The localization imaging results of the Φ20 mm delamination damage by the ORAPID 

algorithm under a threshold setting: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 26. The localization imaging results of the Φ40 mm delamination damage by the ORAPID 

algorithm: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 
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(a) (b) (c) 

Figure 27. The localization imaging results of the Φ40 mm delamination damage by the ORAPID 

algorithm under a threshold setting: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

Table 3. The localization imaging results of the X and Y axes by the ORAPID algorithm. 

f (kHz) 220 230 240 250 260 270 280 290 300 310 320 fm 

X 
Φ20(mm) 120.0 118.1 118.0 116.7 116.5 113.9 112.7 110.8 108.9 106.8 104.8 112.2 

Φ40(mm) 130.2 130.1 133.6 136.2 138.7 139.9 137.7 136.8 136.0 135.0 133.8 135.3 

Y 
Φ20(mm) 106.0 99.7 98.0 96.7 98.7 101.5 103.2 104.7 106.0 107.1 107.9 103.2 

Φ40(mm) 94.5 97.1 96.5 96.7 95.4 96.0 97.6 99.1 100.4 101.8 103.3 98.1 

The delamination damage localization results at all frequencies were superimposed and 

averaged to obtain the frequency-averaged localization imaging results of delamination damage. The 

frequency-average localization imaging results of Φ20 mm and Φ40 mm delamination damage by the 

ORAPID algorithm are shown in Figures 28 and 29, respectively. It can be seen from the frequency-

averaged localization imaging results that the superimposing and averaging of the localization 

results at all frequencies does not significantly improve the accuracy of delamination damage 

localization. 

  

(a) (b) 

Figure 28. The frequency-averaged localization imaging results of the Φ20 mm delamination damage 

by the ORAPID algorithm: (a) frequency-averaged localization imaging results; (b) frequency-

averaged localization imaging results with a threshold. 
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Figure 29. The frequency-averaged localization imaging results of the Φ40 mm delamination damage 

by the ORAPID algorithm: (a) frequency-averaged localization imaging results; (b) frequency-

averaged localization imaging results with a threshold. 

4.3. IRAPID Algorithm Localization Results 

The localization imaging results of the Φ20 mm delamination damage by the IRAPID algorithm 

are shown in Figure 30. With a set threshold, the localization imaging results of the Φ20 mm 

delamination damage by the IRAPID algorithm are shown in Figure 31. The localization imaging 

results of the Φ40 mm delamination damage by the IRAPID algorithm and the localization imaging 

results under the set threshold are shown in Figures 32 and 33, respectively. The localization imaging 

results of the IRAPID algorithm for the X and Y axes are shown in Table 4. 

It is evident from the localization imaging results that there is a weak correlation between the 

delamination damage localization results and frequency. The localization imaging results of the Φ20 

mm delamination damage by the IRAPID algorithm are more accurate than that of the Φ40 mm 

delamination damage. 

The frequency-average localization imaging results of Φ20 mm and Φ40 mm delamination 

damage by the IRAPID algorithm are shown in Figures 34 and 35, respectively. It can be seen from 

the frequency-averaged localization imaging results that, similar to the ORAPID algorithm, the 

IRAPID algorithm does not significantly improve the accuracy of delamination damage localization 

by superimposing and averaging the localization results at all frequencies. 

   

(a) (b) (c) 

Figure 30. The localization imaging results of the Φ20 mm delamination damage by the IRAPID 

algorithm: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 31. The localization imaging results of the Φ20 mm delamination damage by the IRAPID 

algorithm under a threshold setting: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 
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(a) (b) (c) 

Figure 32. The localization imaging results of the Φ40 mm delamination damage by the IRAPID 

algorithm: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

   

(a) (b) (c) 

Figure 33. The localization imaging results of the Φ40 mm delamination damage by the IRAPID 

algorithm under a threshold setting: (a) 220 kHz; (b) 270 kHz; (c) 320 kHz. 

  

(a) (b) 

Figure 34. The frequency-averaged localization imaging results of the Φ20 mm delamination damage 

by the IRAPID algorithm: (a) frequency-averaged localization imaging results; (b) frequency-

averaged localization imaging results with a threshold. 

  

(a) (b) 

Figure 35. The frequency-averaged localization imaging results of the Φ40 mm delamination damage 

by the IRAPID algorithm: (a) frequency-averaged localization imaging results; (b) frequency-

averaged localization imaging results with a threshold. 
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Table 4. The localization imaging results of the X and Y axes by the IRAPID algorithm. 

f (kHz) 220 230 240 250 260 270 280 290 300 310 320 fm 

X 
Φ20(mm) 103.0 102.9 103.2 103.1 103.3 102.9 102.7 102.4 102.0 101.6 101.1 102.5 

Φ40(mm) 107.4 106.5 107.0 107.8 108.5 109.0 108.3 108.2 108.1 107.9 107.6 107.9 

Y 
Φ20(mm) 100.6 99.8 99.6 99.3 99.7 100.3 100.6 101.0 101.3 101.7 101.9 100.6 

Φ40(mm) 98.7 99.6 99.6 99.5 99.3 99.5 99.7 100.0 100.3 100.6 101.0 99.8 

At each frequency, the results of every algorithm for Φ20 mm and Φ40 mm delamination damage 

localization are shown in Figures 36 and 37, respectively. It can be seen from the figure that with the 

change of frequency, the DaS algorithm and the ORAPID algorithm exhibit significant fluctuation in 

their accuracy of delamination damage localization, and the IRAPID algorithm shows better stability 

in the delamination damage localization. The IRAPID algorithm outperforms the DaS and the 

ORAPID algorithm in delamination damage localization within the frequency range under 

consideration. The IRAPID algorithm can achieve satisfactory results for the delamination damage 

localization at various frequencies. 

  

(a) (b) 

Figure 36. Φ20 mm delamination damage localization results: (a) X-axis localization results; (b) Y-axis 

localization results (the red horizontal line represents the real delamination damage localization). 

  

(a) (b) 

Figure 37. Φ40 mm delamination damage localization results: (a) X-axis localization results; (b) Y-axis 

localization results (the red horizontal line represents the real delamination damage localization). 

The localization errors of every algorithm for the Φ20 mm and Φ40 mm delamination damage 

are shown in Tables 5 and 6, respectively. It can be found from Tables 5 and 6 that, when the 

frequency-averaged localization results were used as the evaluation criterion, the localization error 

of the IRAPID algorithm for delamination damage was significantly lower than that of the DaS 

algorithm and the original RAPID algorithm. The localization accuracy of each algorithm for 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 22 April 2024                   doi:10.20944/preprints202404.1308.v1

https://doi.org/10.20944/preprints202404.1308.v1


 19 

 

delamination damage in the X-axis direction is lower than that in the Y-axis direction. This may be 

due to the delamination damage at the CFRP bending structure, and the bending structure is along 

the X-axis direction. The bending structure aggravates the complexity of the Lamb wave signal and 

increases the localization error in the X-axis direction. 

Table 5. The localization error of Φ20 mm delamination damage. 

f (kHz) 220 230 240 250 260 270 280 290 300 310 320 fm 

DaS 
X(mm) 7.4 0.6 8.2 11.2 8.6 5.8 5.0 0.8 3.4 5.8 6.2 5.7 

Y(mm) 4.8 2.0 0.8 1.8 13.2 8.0 5.8 1.2 0 2.6 1.6 3.8 

ORAPID 
X(mm) 20.0 18.1 18.0 16.7 16.5 13.9 12.7 10.8 8.9 6.8 4.8 13.4 

Y(mm) 6.0 0.3 2.0 3.3 1.3 1.5 3.2 4.7 6.0 7.1 7.9 3.9 

IRAPID 
X(mm) 3.0 2.9 3.2 3.1 3.3 2.9 2.7 2.4 2.0 1.6 1.1 2.6 

Y(mm) 0.6 0.2 0.4 0.7 0.3 0.3 0.6 1.0 1.3 1.7 1.9 0.8 

Table 6. The localization error of Φ40 mm delamination damage. 

f (kHz) 220 230 240 250 260 270 280 290 300 310 320 fm 

DaS 
X(mm) 6.0 65.0 61.0 48.0 38.6 22.4 9.6 4.0 3.0 0.8 0.8 23.6 

Y(mm) 12.8 6.8 5.2 4.4 5.0 11.6 14.2 11.8 10.2 4.4 1.6 8.0 

ORAPID 
X(mm) 30.2 30.1 33.6 36.2 38.7 39.9 37.7 36.8 36.0 35.0 33.8 35.3 

Y(mm) 5.5 2.9 3.5 3.3 4.6 4.0 2.4 0.9 0.4 1.8 3.3 3.0 

IRAPID 
X(mm) 7.4 6.5 7.0 7.8 8.5 9.0 8.3 8.2 8.1 7.9 7.6 7.8 

Y(mm) 1.3 0.4 0.4 0.5 0.7 0.5 0.3 0 0.3 0.6 1.0 0.5 

The variation of the localization errors of the Φ20 mm and Φ40 mm delamination damage on the 

X-axis and Y-axis with frequency is shown in Figures 38 and 39, respectively. As can be seen from 

Figures 38 and 39, compared with the Φ40 mm delamination damage, the localization results of the 

Φ20 mm delamination damage are more accurate. In addition, the localization results of Φ40 mm 

delamination damage by each algorithm fluctuated greatly with the change in frequency. This may 

be due to the scattering of Lamb waves encountering the boundaries of delamination damage. As the 

size of delamination damage increases, the error in ToF obtained from scattered waves increases due 

to the increase in the boundary of delamination damage, ultimately making delamination damage 

localization increasingly challenging. 

  

(a) (b) 

Figure 38. Φ20 mm delamination damage localization errors: (a) X-axis localization errors; (b) Y-axis 

localization errors (the red horizontal line represents the baseline of delamination damage localization 

error). 
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(a) (b) 

Figure 39. Φ40 mm delamination damage localization errors: (a) X-axis localization errors; (b) Y-axis 

localization errors (the red horizontal line represents the baseline of delamination damage localization 

error). 

5. Conclusions 

An ORAPID method was proposed in this paper to conduct experimental research on the 

delamination damage localization of CFRP bending plates using Lamb waves. In the experiment, 

three CFRP bending plates were prepared, including one healthy bending plate and two bending 

plates with delamination damage sizes of Φ20 mm and Φ40 mm, respectively. The conclusions are as 

follows: 

(1) Compared with the DaS algorithm and the ORAPID algorithm, the IRAPID algorithm has 

achieved more accurate results in the localization of delamination damage at each frequency. 

(2) In the range of frequency variation considered, the stability of the IRAPID algorithm for 

delamination damage localization is superior to that of the DaS algorithm and the ORAPID 

algorithm. 

(3) The localization of delamination damage will become increasingly challenging due to the 

increase in its size. 

(4) The accuracy of delamination damage localization in different axial directions will vary due to 

the existence of bending structures. The accuracy of delamination damage localization is higher 

in the Y-axis direction than in the X-axis direction. 

(5) To a certain extent, it mitigates the potential localization errors associated with single-frequency 

detection by averaging the localization results across various frequencies. Lamb waves with 

multiple frequencies can be employed for delamination damage localization detection, and the 

detection results at each frequency are averaged to enhance the reliability of localization. 
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