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Abstract: Carbon fiber-reinforced polymers (CFRPs) are extensively employed in the aerospace
industry due to their excellent properties. Delamination damage occurring at critical locations in
CFRPs 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 RAPID
(reconstruction algorithm for probabilistic inspection of defects) method, aiming to improve the
accuracy and reliability of delamination damage localization. Three CFRP curved plates, including a
healthy curved plate and two curved plates with delamination damage sizes of Φ20 mm and Φ40 mm,
were prepared in the experiment. The detection experiment of the CFRP curved 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 an excitation signal frequency of 220~320 kHz and a step size of 10 kHz, the
accuracy of the delamination damage localization method proposed in this paper was compared
with that of existing methods. The experimental results indicate that the IRAPID algorithm exhibits
good stability in the localization of delamination damage across the range of frequency variations
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 RAPID 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 curved 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 pro-
longed 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 fuel savings of 15–20% [7]. A proportion of 53% of the
total volume of the Airbus 350 WXB aircraft is made of CFRP, which reduces the aircraft’s
weight; therefore, fuel consumption has been cut by nearly 25% [8]. For aero-engines, such
as GE’s Aviation GEnx unit, the fan cases and blades in the cooler sections at the front end

Actuators 2024, 13, 195. https://doi.org/10.3390/act13060195 https://www.mdpi.com/journal/actuators

https://doi.org/10.3390/act13060195
https://doi.org/10.3390/act13060195
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/actuators
https://www.mdpi.com
https://orcid.org/0009-0002-8108-4033
https://doi.org/10.3390/act13060195
https://www.mdpi.com/journal/actuators
https://www.mdpi.com/article/10.3390/act13060195?type=check_update&version=2


Actuators 2024, 13, 195 2 of 25

of the compressor 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 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 compared to those of isotropic materials [12–15], such as matrix crack-
ing, 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 in 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 curved structures [31]. As a relatively simple CFRP structure,
curved components are widely used in aircraft, spacecraft, and ships [32,33]. Due to the
characteristics of the CFRP curved structure, it is easy for stress concentration to occur
at the curved 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 detec-
tion [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 de-
lamination area, and undergo modal transformation at the edge of the delamination [38,39].
Based on this property of 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. In addition, the propagation mechanism
of Lamb waves is also affected by the environment [40]. For example, the group velocity
and amplitude of the Lamb wave will change with the change in ambient temperature [41],
which affects the sensitivity and effectiveness of the Lamb wave to damage [42], 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.

So far, various methods have been developed to locate damage in CFRP [43,44]. As
two well-known methods, the DaS [45–47] and RAPID [48–50] algorithms are widely used
in damage identification and localization. The DaS algorithm was first proposed by Wang
et al. [51] and has been continuously developed. The DaS algorithm is a method that uses
the PZT network to obtain the Lamb wave signal and combines the ellipse method with the
Lamb wave time of flight (ToF) to locate the damage location. Lu et al. [52] proposed a multi-
DaS imaging algorithm based on sparse PZT for damage detection; the algorithm sends one
excitation pulse each time, and the excitation pulse was time-compensated. The reflection
coefficient was applied to eliminate the artifacts caused by the boundary reflection signal,
and effective and accurate detection results were obtained. Nokhbatolfoghahai et al. [53]
combined the hybrid DaS algorithm with the sparse reconstruction method for CFRP
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damage localization. The group velocity in different propagation directions was obtained
experimentally via PZTs, and the hybrid DaS with the sparse reconstruction method was
modified according to the direction-dependent group velocities. The performance of the
improved hybrid method in detecting and locating damage is better than that of the DaS
and sparse reconstruction methods used separately. Yu et al. [54] improved the traditional
DaS algorithm, and a weighted DaS algorithm based on denoising autoencoder learning
was proposed for the damage detection of anisotropic CFRP. The proposed algorithm was
proven to suppress noise and has satisfactory robustness. To improve the accuracy of CFRP
damage localization, Yue et al. [55] proposed a Lamb wave imaging method based on
particle swarm optimization, and the damage imaging problem was transformed into a
damage sources search problem. The fitness function for the damage imaging was designed
according to the principle of the DaS algorithm. The experimental results show that the
imaging method has stronger robustness and faster convergence speed. Although the DaS
algorithm is simple and easy to operate, the performance of the DaS algorithm may be
unstable due to the need for Lamb wave group velocity as a priori information.

Gao [56] and Hay [57] proposed the PAPID algorithm for damage identification and
localization, and researchers inherited and developed the RAPID algorithm in subsequent
research. Xiang Zhao et al. [58] compared and analyzed the effects of several tomography
techniques on damage imaging, including the filtered back-projection algorithm, algebraic
reconstruction algorithm, and RAPID. This research indicates that the RAPID algorithm
can obtain better damage reconstruction quality faster. Liping Huang et al. have carried out
various research on the PAPID algorithm. They [59] utilized the time reversibility of Lamb
waves to propose an improved time reversal method and apply it to the RAPID algorithm
for accurately locating impact damage in CFRP plates. At the same time, they [60] proposed
a baseline-free damage detection method for multi-path reflected Lamb waves based on
the mirror effect. The reflection of Lamb waves at the free boundary was regarded as
a virtual transducer located at the mirror position of the actual transducer. The RAPID
algorithm was improved according to the path composed of virtual and real transducers,
and the method’s effectiveness was proved by experiments. Songlai Wang [61] compared
the influence of different patterns of PZT sensors, such as circular, square, and parallel
arrays, on the damage localization accuracy of the RAPID algorithm. Haode Huo [62]
integrated the RAPID algorithm into the Bayesian framework. This method combines
multiple damage-sensitive features, and numerical and experimental studies have 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. Jiahui Guo et al. [63] integrated RAPID 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
ToF for damage detection. The proposed algorithm can locate and quantify the damage
of composite plates. Based on the PAPID algorithm and the multistage method, De Luca
et al. [64] devised a PAPID multistage damage automatic identification and localization
framework, which solved the limitations of the single method and provided an accurate
indication of the damage location and the relevant probability location within 15 s. For
the damage localization of the CFRP plate, Teng et al. [65] utilized the Hilbert–Huang
transform to summarize the rule of instantaneous energy change and the distance from the
damage to the sensor path. Taking the instantaneous energy characteristic as the damage
index, a new probabilistic imaging method with high localization accuracy and stability
was proposed.

However, there are few cases in which the above methods are used to locate the
damage of CFRP curved plates. Based on the RAPID algorithm, this study proposes
an IRAPID algorithm, which overcomes the deviation and fluctuation in the DaS and
RAPID algorithms for the delamination damage localization of CFRP curved plates. The
Lamb wave detection experiment was carried out on CFRP curved plates with Φ20 mm
and Φ40 mm delamination damage using PZT as the transducer. The influence of the
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excitation signal frequency on the proposed method’s performance was discussed. Under
the conditions of an excitation signal frequency of 220 ~ 320 kHz and a 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 RAPID methods. The research results indicate that
the method for delamination damage localization proposed in this paper exhibits good
stability and accuracy. The rest of this paper is organized as follows. In Section 2, the
basic theories of the DAS and RAPID algorithms are briefly reviewed, and the principle of
the IRAPID algorithm proposed in this paper is described. Subsequently, the specimens
and experimental procedure are introduced in Section 3. Section 4 gives the experimental
results and discussion. Finally, the conclusions are drawn in Section 5.

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 scattered 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 [51], 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 [55]

tR
ij (x, y) =

√
(x − xi)

2 + (y − yi)
2

V
+

√(
x − xj

)2
+

(
y − yj

)2

V
, (1)

where (x, y) are the position coordinates of the grid nodes in the detection area. The variable
tR
ij (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, A(xi, yi) is the fixed position coordinate of the i th actuator, and S(xj, yj)

is the fixed position coordinate of the j th sensor. When tR
ij (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 tR

ij (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 specimens, and the resulting non-damaged and damaged signals are shown
in Figure 2a and Figure 2b, respectively. The scattered wave signal SIGs(t) obtained by
subtracting the baseline signal SIGb(t) from the damage signal SIGd(t) is expressed as

SIGs(t) = SIGb(t)− SIGd(t), (2)

where SIGb(t) and SIGd(t) are normalized signals.
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Figure 1. Imaging trajectory.

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 is processed
using the continuous wavelet transform (CWT), the wavelet type is ‘amor’, and the resulting
CWT coefficient (CWTC) is shown in Figure 2d. The CWTC value CWTC(tR

ij (x, y)) of the

scattered wave signal at time tR
ij (x, y) is assigned to the corresponding grid node with

coordinates (x, y). As shown in Figures 1 and 2d, when the selected detection area grid node
Rd(x, y) is located on the damage path, the calculated ToF is td

R, and the CWTC(tR
ij (x, y))

reaches its maximum value at the moment td
R. However, when the selected detection area

grid nodes Rp(x, y) and Ro(x, y) are not located on the damage path, the calculated ToF is
tp
R and to

R, respectively. At the moments of tp
R and to

R, the CWTC(tR
ij (x, y)) values obtained

are comparatively small. Based on this, the distribution of CWTC(tR
ij (x, y)) in the detection

area can be obtained. Fusing the CWTC(tR
ij (x, y)) distributions of multiple actuator–sensor

pairs, the damage probability distribution P(x, y) of the detection area is obtained as [55]

P(x, y) =
1
N

N−1

∑
i=1

N

∑
j=i+1

CWTC(tR
ij (x, y)), (3)

where N is the total number of actuator–sensor pairs.
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2.2. RAPID Algorithm

The RAPID algorithm [57], similar to the DaS algorithm, also discretizes the detection
area into regular grid nodes. However, unlike the DaS algorithm, the RAPID 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 that exists 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 [62]

SCC =

M
∑

k=1
(SIGd(t)k − µSIGd(t))(SIGb(t)k − µSIGb(t))√

M
∑

k=1
(SIGd(t)k − µSIGd(t))

2

√
M
∑

k=1
(SIGb(t)k − µSIGb(t))

2

, (4)

where SIGd(t) and SIGb(t) are the damage signal and baseline signal, respectively. µSIGd(t)
and µSIGb(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 RAPID algorithm, the signal difference coefficient (SDC) is defined as [62]

SDCij = 1 − SCCij, (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 EDFij(x, y) is defined as [62]{

EDFij(x, y) =
λ−Rij(x,y)

λ−1 , f or λ > Rij(x, y)
EDFij(x, y) = 0, otherwise

, (6)

where parameter λ is a shape factor that controls the size of the elliptical distribution, and
the value of λ is greater than 1.0. The value of λ in this paper is fixed at 1.3 [48]. Rij(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 [62]

Rij(x, y) =

√
(x − xi)

2 + (y − yi)
2 +

√(
x − xj

)2
+

(
y − yj

)2√(
xi − xj

)2
+

(
yi − yj

)2
, (7)

where (x, y) are the coordinates of any position in the detection area. A(xi, yi) is the position
coordinate of the i th actuator, and S(xj, yj) is the position coordinate of the j th sensor.

The product of the SDC value of each actuator–sensor pair and the EDFij(x, y) value
is linearly superimposed to obtain a normalized damage probability distribution P(x, y),
which is defined as [62]

P(x, y) =
N−1

∑
i=1

N

∑
j=i+1

SDCijEDFij(x, y), (8)

where N is the total number of actuator–sensor pairs.
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Figure 3. The ellipse distribution diagram of the RAPID algorithm.

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. The
SDC is substituted with the signal ratio coefficient (SRC) to consider the possible non-
linearities between the SCC and the distance of the actuator–damage–sensor propagation
path, and SRC is defined as

SRCij = 1/SCCij, (9)

where 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

P(x, y) =
N−1

∑
i=1

N

∑
j=i+1

SRCijEDFij(x, y), (10)

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

3. Experiment
3.1. Preparation of CFRP Curved Plate

The mold for preparing the CFRP curved plates and the CFRP curved plate specimen
are shown in Figure 4. The material used in the mold is aluminum. The CFRP curved
plate uses resin as the matrix and T300-12K-200g-42% unidirectional carbon fiber as the
reinforcing material. The preparation environment is −10 atmospheric pressures. The
layup sequence for the CFRP curved plate is [0◦/90◦/45◦/–45◦/90◦/0◦]s. The theoretical
mechanical properties of CFRP are shown in Table 1. The geometric dimensions of the
CFRP curved 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 curved plate is the X-axis, and the circumferential direction of the curved edge of the
CFRP curved plate is the Y-axis. The thickness of the CFRP curved plate is 2.28 mm, the
side length in the X-axis and Y-axis directions is 600 mm, the curved radius R is 30 mm,
and the curved angle is 90◦. Delamination damage was simulated by filling the Teflon
film in the middle layer of the CFRP curved plate, which was located at the center of the
CFRP curved plate with coordinates (x, y) = (100 mm, 100 mm). Three CFRP curved plates,
including a healthy curved plate and two curved plates with delamination damage sizes of
Φ20 mm and Φ40 mm, were prepared for experimental research, respectively.
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Figure 4. Aluminum mold and the CFRP curved plate specimen: (a) aluminum mold; (b) CFRP
curved plate specimen.

Table 1. The mechanical properties of CFRP.

E1 (GPa) E2 = E3 (GPa) G12 = G13 (GPa) G23 (GPa) ν12 = ν13 ν23 ρ (kg/m3)

128.0 10.0 4.0 2.0 0.28 0.45 1639.0

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

3.2. Experimental Procedure

The experimental procedure system is shown in Figure 6. In the figure, the red
line represents the excitation signal, the blue line represents the received Lamb wave
signal, and the pink line represents the trigger signal. The PC controls the arbitrary wave
function generator (AFG−31000) through the software Tektronix ArbExpress (Version
3.6 2020.07.03) to generate a five-cycle narrowband Tone–Burst signal modulated by the
Hanning window [47], with a signal voltage amplitude of 10 Vpp. The excitation frequency
f varies from 220 kHz to 320 kHz in a step of 10 kHz. 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 curved plate. Other PZT transducers were used to
receive the Lamb wave signals. In the experiment, honey was used as the couplant to paste
the PZT transducer onto the CFRP curved plate, and the PZT transducer was fixed to the
CFRP curved plate with insulating tape (BULL ET6). The received Lamb wave signals were
amplified by a preamplifier (OLYMPUS−5682) and then saved by an oscilloscope No. 1
channel (Tektronix MDO3102) with a sampling rate of 250 MS/s. At the same time, the
trigger signal output by the arbitrary wave function generator was transmitted to the No. 2
channel of the oscilloscope, which was used as the trigger source signal of the oscilloscope
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to calibrate the time reference. In this way, the waveform of the Lamb wave was displayed
and saved synchronously with the trigger signal, so the complete time information of
the Lamb wave signal from excitation to receipt by the oscilloscope could be obtained.
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. The experimental system is shown in Figure 7.

Figure 6. The experimental procedure system.

Figure 7. 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

V =
D

ToF
, (11)

where D is the distance between the actuator and the sensor. To obtain ToF, the CWT was
applied to both the excitation and baseline signals. In Equation (11), 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 8a shows the baseline signal of path P1–P2 at a frequency of 220 kHz,
with D = 200 mm. Figure 8b shows the CWT of the baseline signal and excitation signal. It
can be seen from the figure that there are additional modes other than the incident mode
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at around 0.1 ms and 0.12 ms. The edge reflections of the specimen cause the additional
modes. The group velocities of Lamb waves at various frequencies are shown in Table 2.

Figure 8. 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 2. The group velocities of Lamb waves at various frequencies.

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 and 320 kHz, the Lamb wave signals of the P1–P2 path
are shown in Figure 9. The moving average value was used to smooth the Lamb wave
signal. The smoothing method was ‘gaussian’, and the moving smoothing window size was
60. The direct Lamb wave of the P1–P2 path did not propagate through the delamination
damage and curved structure. As can be seen from Figure 9, the amplitude and phase
of the Lamb wave signal changed due to the existence of delamination damage, and the
influence of Φ40 mm delamination damage on the Lamb wave signal was 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 became more significant.

At the frequency of 320 kHz, the Lamb wave signals of the P2–P3 path and P2–P4
path are shown in Figure 10. The direct Lamb wave of the P2–P3 path propagates through
the curved structure, and the direct Lamb wave of the P2–P4 path propagates through
the delamination damage and the curved structure. As can be seen from Figure 10a, the
energy distribution of the Lamb wave in the time domain is changed due to the existence
of delamination damage. Similarly, the energy value of the Lamb wave is changed due
to the existence of delamination damage, as illustrated in Figure 10b. Furthermore, by
comparing with the Lamb wave waveforms depicted in Figure 9, it is evident that there
are notable distinctions in the Lamb wave signals for the P1–P2, P2–P3, and P2–P4 paths
at the same frequency. These distinctions primarily arise from whether the Lamb wave
propagates through the curved part of the specimen, as the Lamb wave propagates through
and directly interacts with the curved part of the specimen. Moreover, the change in
energy caused by Φ40mm delamination damage is greater than that caused by Φ20 mm
delamination damage. It can be concluded that the Lamb wave signal is affected differently
by delamination damage under various frequencies and propagation paths.
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Figure 9. The Lamb wave signals at various frequencies of the P1–P2 path: (a) 220 kHz; (b) 320 kHz.

Figure 10. 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 and 320 kHz are shown in Figure 11.
The CWTC was obtained by processing the scattered wave signal with CWT, and CWTC is
shown in Figure 12. At the frequency of 320 kHz, the scattered wave signals of Φ20 mm
delamination damage under different paths are shown in Figure 13, and their CWTC
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are shown in Figure 14. As can be seen from Figure 11 to Figure 14, 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.

Figure 11. The scattered wave signals of Φ20 mm delamination damage under the P1–P2 path:
(a) 220 kHz; (b) 320 kHz.

Figure 12. The CWTC of Φ20 mm delamination damage under the P1–P2 path: (a) 220 kHz;
(b) 320 kHz.

Figure 13. The scattered wave signals of Φ20 mm delamination damage under the frequency of
320 kHz: (a) P2–P3 path; (b) P2–P4 path.

Figure 14. 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 and 320 kHz are shown in Figure 15,
and their CWTC are shown in Figure 16. At the frequency of 320 kHz, the scattered wave
signals of Φ40 mm delamination damage under different paths are shown in Figure 17,
and their CWTC are shown in Figure 18. As can be seen from Figure 15 to Figure 18,
the scattered wave signals of the P2–P3 and P2–P4 paths are more complex in waveform
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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 curved structures and
delamination damage. It can be observed that the scattered wave signal for the P2–P4 path
shown in Figure 17b, which encountered the delamination head-on, exhibits fewer features
or modes compared to the scattered wave signal for P1–P2 in Figure 15b and the scattered
wave signal for P2–P3 in Figure 17a. From the Lamb wave signals in Figures 9b and 10, it
can be explained that the distinctions between the baseline signal and the damage signal of
the P2–P4 path are too obvious near 0.14 ms, which obscures the display of the features or
modes of the scattered wave signal (encountered the delamination head-on).

Figure 15. The scattered wave signals of Φ40 mm delamination damage under the P1–P2 path:
(a) 220 kHz; (b) 320 kHz.

Figure 16. The CWTC of Φ40 mm delamination damage under the P1–P2 path: (a) 220 kHz;
(b) 320 kHz.

Figure 17. The scattered wave signals of Φ40 mm delamination damage under the frequency of
320 kHz: (a) P2–P3 path; (b) P2–P4 path.

Figure 18. The CWTC of Φ40 mm delamination damage under the frequency of 320 kHz: (a) P2–P3
path; (b) P2–P4 path.
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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 delam-
ination 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 19.
With a set threshold of 0.7 (the threshold below is consistent with this), the localization
imaging results of the Φ20 mm delamination damage by the DaS algorithm are shown in
Figure 20. The determination of the figure threshold values was based on the fact that the
damage localization can be displayed clearly. 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 Figure 21 and Figure 22, respectively. The peak amplitude of
the localization imaging results was selected as the damage coordinates. The localization
imaging results of the DaS algorithm for the X and Y axes are shown in Table 3, where
fm represents the frequency-averaged 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 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 23, and
the frequency-averaged localization imaging results of Φ40 mm delamination damage are
shown in Figure 24. 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.

Figure 19. The localization imaging results of the Φ20 mm delamination damage by the DaS algorithm:
(a) 220 kHz; (b) 320 kHz.

Figure 20. The localization imaging results of the Φ20 mm delamination damage by the DaS algorithm
under a threshold setting: (a) 220 kHz; (b) 320 kHz.
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Figure 21. The localization imaging results of the Φ40 mm delamination damage by the DaS algorithm:
(a) 220 kHz; (b) 320 kHz.

Figure 22. The localization imaging results of the Φ40 mm delamination damage by the DaS algorithm
under a threshold setting: (a) 220 kHz; (b) 320 kHz.

Table 3. 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 f m

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) 35.0 116.0 161.0 148.0 138.6 122.4 109.6 104.0 103.0 100.8 99.2 106.1

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) 61.0 81.0 105.2 104.4 105.0 111.6 114.2 88.2 89.8 95.6 98.4 94.6

Figure 23. 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.
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Figure 24. 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.

4.2. RAPID Algorithm Localization Results

According to the obtained Lamb wave signal, the SCC of the damage signal and the
baseline signal was calculated using Equation (4), and the RAPID algorithm and IRAPID
algorithm were used to locate the delamination damage, respectively. The localization
imaging results of the Φ20 mm delamination damage by the RAPID algorithm are shown in
Figure 25. With a set threshold, the localization imaging results of the Φ20 mm delamination
damage by the RAPID algorithm are shown in Figure 26. The localization imaging results
of the Φ40 mm delamination damage by the RAPID algorithm and the localization imaging
results under the set threshold are shown in Figure 27 and Figure 28, respectively. The
localization imaging results of the RAPID algorithm for the X and Y axes are shown in
Table 4.

Figure 25. The localization imaging results of the Φ20 mm delamination damage by the RAPID
algorithm: (a) 220 kHz; (b) 320 kHz.

Figure 26. The localization imaging results of the Φ20 mm delamination damage by the RAPID
algorithm under a threshold setting: (a) 220 kHz; (b) 320 kHz.



Actuators 2024, 13, 195 17 of 25

Figure 27. The localization imaging results of the Φ40 mm delamination damage by the RAPID
algorithm: (a) 220 kHz; (b) 320 kHz.

Figure 28. The localization imaging results of the Φ40 mm delamination damage by the RAPID
algorithm under a threshold setting: (a) 220 kHz; (b) 320 kHz.

Table 4. The localization imaging results of the X and Y axes by the RAPID algorithm.

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

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

It can be seen from the figure that the use of higher-frequency Lamb waves for detec-
tion can obtain more accurate delamination damage localization results. The localization
imaging results of the Φ20 mm delamination damage by the RAPID algorithm are superior
to those of the Φ40 mm delamination damage by the same algorithm.

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-averaged localization imaging results of Φ20 mm and Φ40 mm
delamination damage by the RAPID algorithm are shown in Figure 29 and Figure 30,
respectively. It can be seen from the frequency-averaged localization imaging results
that the superimposing and averaging of the localization results at all frequencies do not
significantly improve the accuracy of delamination damage localization.



Actuators 2024, 13, 195 18 of 25

Figure 29. The frequency-averaged localization imaging results of the Φ20 mm delamination damage
by the RAPID algorithm: (a) frequency-averaged localization imaging results; (b) frequency-averaged
localization imaging results with a threshold.

Figure 30. The frequency-averaged localization imaging results of the Φ40 mm delamination damage
by the RAPID 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 31. With a set threshold, the localization imaging results of
the Φ20 mm delamination damage by the IRAPID algorithm are shown in Figure 32. 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 Figure 33 and
Figure 34, respectively. The localization imaging results of the IRAPID algorithm for the X
and Y axes are shown in Table 5.

Figure 31. The localization imaging results of the Φ20 mm delamination damage by the IRAPID
algorithm: (a) 220 kHz; (b) 320 kHz.
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Figure 32. The localization imaging results of the Φ20 mm delamination damage by the IRAPID
algorithm under a threshold setting: (a) 220 kHz; (b) 320 kHz.

Figure 33. The localization imaging results of the Φ40 mm delamination damage by the IRAPID
algorithm: (a) 220 kHz; (b) 320 kHz.

Figure 34. The localization imaging results of the Φ40 mm delamination damage by the IRAPID
algorithm under a threshold setting: (a) 220 kHz; (b) 320 kHz.

Table 5. 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 f m

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

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-averaged localization imaging results of Φ20 mm and Φ40 mm delami-
nation damage by the IRAPID algorithm are shown in Figure 35 and Figure 36, respectively.
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It can be seen from the frequency-averaged localization imaging results that, similar to the
RAPID algorithm, the IRAPID algorithm does not significantly improve the accuracy of
delamination damage localization by superimposing and averaging the localization results
at all frequencies.

Figure 35. 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.

Figure 36. 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.

4.4. Comparison of Localization Algorithms

At each frequency, the results of every algorithm for Φ20 mm and Φ40 mm delam-
ination damage localization are shown in Figure 37 and Figure 38, respectively. It can
be seen from the figure that with the change in frequency, the DaS algorithm and the
RAPID algorithm exhibit significant fluctuations 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 RAPID 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.

The localization errors of every algorithm for the Φ20 mm and Φ40 mm delamination
damage are shown in Tables 6 and 7, respectively. It can be found from Tables 6 and 7 that,
when the frequency-averaged localization results are used as the evaluation criteria, the
localization error of the IRAPID algorithm for delamination damage is significantly lower
than that of the DaS algorithm and the original RAPID algorithm. The localization accuracy
of each algorithm for 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 curved
structure, and the curved structure is along the X-axis direction. The curved structure
aggravates the complexity of the Lamb wave signal and increases the localization error in
the X-axis direction.
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Figure 37. 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).

Figure 38. 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).

Table 6. The localization error of Φ20 mm delamination damage.

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

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

RAPID
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 7. The localization error of Φ40 mm delamination damage.

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

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

RAPID
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
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The variation in 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 39 and 40, respectively.
As can be seen from Figures 39 and 40, 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 fluctuate
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.

Figure 39. 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).

Figure 40. 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 IRAPID method was proposed in this paper to conduct experimental research
on the delamination damage localization of CFRP curved plates using Lamb waves. In
the experiment, three CFRP curved plates were prepared, including one healthy curved
plate and two curved plates with delamination damage sizes of Φ20 mm and Φ40 mm,
respectively. The conclusions are as follows:
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(1) Compared with the DaS algorithm and the RAPID 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
RAPID 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 curved 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.

The case study of this paper has achieved satisfactory results. Nevertheless, the
proposed method cannot determine how small a size of the delamination damage can be
located. This is an issue to be investigated in the future. In addition, considering that the
delamination damage is caused by the accumulation of small damage from scratch and from
small to large, future work will focus on monitoring the expansion of delamination damage.
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