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Abstract: Traditional Lamb wave inspection and imaging methods heavily rely on prior knowledge
of dispersion curves and baseline recordings, which may not be feasible in the majority of real cases
due to production uncertainties and environmental variations. In order to solve this problem, a
two-step Lamb wave strategy utilizing adaptive multiple signal classification (MUSIC) and sparse
reconstruction of dispersion reconstruction is proposed. The multimodal Lamb waves are initially
reconstructed in the f-k domain using random measurements, allowing for the identification and char-
acterization of multimodal Lamb waves. Then, using local polynomial expansion and derivation, the
phase and group velocities for each Lamb wave mode could be computed. Thus, the steering vectors
of all potential scattering Lamb waves for each grid in the scanning area can be established, thereby
allowing for the formulation of the MUSIC algorithm. To increase the precision and adaptability
of the MUSIC method, the local wave components resulting from potential scatters are extracted
with an adaptive window, which is governed by the group velocities and distances of Lamb wave
propagation. As a result, the reconstructed dispersion relations and windowed wave components
can be used to highlight the scattering features. For the method investigation, both a simulation and
experiment are carried out, and both the dispersion curves and damage locations can be detected.
The results demonstrate that damage localization is possible without theoretical dispersion data and
baseline recordings while exhibiting a considerable accuracy and resolution.

Keywords: nondestructive evaluation; lamb waves; sparse reconstruction; adaptive multiple signal
classification; damage imaging

1. Introduction

Thin-walled plates made of metal or composites are widely used in various industrial
fields including aerospace engineering, civil engineering, and transportation due to their
outstanding mechanical and structural performance. Nevertheless, various damages may
occur due to harsh working conditions and material degradation with the increase of service
time, which may result in an unexpected accident or even a catastrophe. Hence, reliable and
accurate inspection techniques are urgently needed to identify and locate the damages at its
early stage with the purpose of increasing structural safety and reducing maintenance costs.
The Lamb wave technique has been proven to be one of the most promising structural
health monitoring (SHM) and nondestructive evaluation (NDE) techniques for plate-like
structures due to its superior capacities in long-distance propagation and sensitivity to
various kinds of damages, which allows for the large-scale inspection of plates with a high
accuracy and efficiency [1–3].

The principles behind Lamb wave inspection are that Lamb waves would suffer from
transmission, reflection, and mode conversion when encountering structural discontinuities,

Symmetry 2023, 15, 1171. https://doi.org/10.3390/sym15061171 https://www.mdpi.com/journal/symmetry

https://doi.org/10.3390/sym15061171
https://doi.org/10.3390/sym15061171
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://doi.org/10.3390/sym15061171
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym15061171?type=check_update&version=1


Symmetry 2023, 15, 1171 2 of 13

thereby causing signal distortion or producing new components [4,5]. With the help
of advanced signal processing methods, damage features can be further extracted and
quantified from the dispersive and multimodal Lamb wave signals. For instance, the
Hilbert transform [6] is commonly used for time-of-flight estimations, which allows for
a distance estimation of Lamb wave propagation. Spectrum analysis [7] is adopted for
nonlinearity quantification so that the damage extension can be evaluated at its early
stage. Time–frequency analysis [8,9] is exploited for multimodal and dispersive Lamb
wave analysis where mode conversion and propagation can be revealed. Meanwhile, phase
unwrapping [10] and two-dimensional Fourier transform (2DFFT) [11,12] are carried out
for local wavenumber computation and mode identification so that the thickness loss of a
structure can be quantitatively evaluated. Since Lamb waves carry a wealth of structural
information, the changes of structural integrity can be rationally characterized by the
signatures of the measured signals.

To further locate the damages inside structures, various Lamb wave-based damage
localization and imaging methods employing a certain number of sensors are explored,
where the damage features are fused with the help of sensor array or wavefield scan-
ning. Among them, the delay-and-sum imaging method [13], ToF-based triangulation
method [14], probability-based diagnostic imaging [15], multi-signal classification algo-
rithm (MUSIC) method [16], and machine learning methods [17] are widely explored in
which they display an excellent performance in damage imaging. However, in the above
method, the performance of damage inspection highly relies on the data quality of baseline
recordings in the pristine plates. Baseline-free methods, e.g., time-reversal [18], matching
pursuit, and the sparse imaging method [19,20], are also investigated while the numerical
model of Lamb wave propagation must be established as a reference. This is only feasible
when the material properties and structural geometry are already given. However, various
uncertainties including manufacturing and temperature variation may cause a signifi-
cant error in elastic parameters, thereby introducing computation errors to the derived
Lamb wave dispersion curves. The wavefield method [21,22] with redundant spatial and
temporal information is another choice for dispersion curves reconstruction and damage
imaging by using a high-dimension Fourier transform. However, a dense number of spatial
measurements is strictly required which is time-consuming and laborious.

In order to address the above issues, a two-step model-based reconstruction and
imaging method is proposed for damage imaging with a small amount of sensors. Firstly,
the compressed sensing method is adopted for the dispersion curves reconstruction where
only direct waves are utilized in the model, so that the Lamb wave dispersion curves can
be calculated with the experimental data. Subsequently, the steering vectors of all potential
scattering Lamb waves for each grid in the scanning area can be predicted with a given
distance. To highlight the reflection signatures, an improved model matching method
utilizing the MUSIC technique is proposed by adaptively scattering signal identification
and selection. Hence, the scatter sources can be located with a high accuracy without
prior knowledge.

The organization of the paper is as follows. In Section 2, the fundamental of Lamb
wave propagation is briefly introduced. In Section 3, the reconstruction of Lamb waves in
the f-k domain with few measurements is proposed as well as the damage imaging method.
Section 4 presents the performance of the proposed method on simulation data and the
guidelines for damage localization. The experimental validation on composite materials is
performed in Section 5 and the conclusions are summarized in Section 6.

2. Fundamentals of Lamb Wave Propagation in Thin Plates

Lamb waves are a family of elastic waves propagating in traction-free plates, which
are governed by the Rayleigh–Lamb equation [23]. According to the symmetry of particle
motions, Lamb waves can be divided into two groups, i.e., symmetric modes and anti-
symmetric modes. To describe the propagation characteristics of Lamb waves, dispersion
curves are commonly used, which show the multimodal and dispersion characteristics
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of Lamb waves. According to the dispersion curves illustrated in Figure 1, only funda-
mental Lamb wave modes (i.e., A0 mode and S0 mode) exist through the entire frequency
range while high-order Lamb wave modes will appear when there is an excited signal
with a frequency beyond the cut-off frequencies. In most Lamb wave detection scenar-
ios, only fundamental Lamb wave modes are used in order to reduce the number of
wave components.
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Figure 1. Dispersion curves of Lamb waves in 2 mm-Al plate.

On the basis of the Lamb propagation model and dispersion curves, the propagation
of Lamb waves can be numerically simulated with a given propagating distance d and
the wavenumber k(ω), where the wavenumber can be derived through k(ω) = 2π/cp(ω).
Consider that only a single Lamb wave mode propagates in a two-dimensional thin plate,
the Lamb wave signal captured by the location L2 after it has traveled from the source L1
can be written by

yL1→L2(t) = F−1

{
1√

‖L1 − L2‖2
A(ω)F(ω)eik(ω)‖L1−L2‖2

}
, (1)

where ||•|| is the norm operation and F−1{•} represents the inverse Fourier transform.
F(ω) represents the excitation spectrum and A(ω) is the amplitude modulation. For multi-
modal Lamb waves propagating in the plate, the response returns to a linear summation of
all excitable Lamb wave modes.

When there are defects in the plate, Lamb waves scatter in a way that depends on
the shape of the defect. In practice, the Born approximation, which states that multiple
defects can be treated as independently secondary point sources, is useful for simplifying
the scattering model of Lamb waves. As a result, the scattering wave travels the length
of its path. Suppose that the kth defect is located at dk, the output signal with a pair of
transducers located at L1 and L2 can be formulated by

sL1→dk→L2(t) = F−1

{
1√

‖L1 − dk‖2 + ‖dk − L2‖2
A(ω)F(ω)eik(ω)‖L1−dk‖2+‖dk−L2‖2

}
. (2)

It should be noted that the expression ignores both boundary reflections and other
geometrical scatterings. When there are multiple defects in the structure, the output signal
must consider all scattering paths. It is necessary to update the velocities of Lamb waves
with directional dispersion curves for anisotropic plates. Although the propagation model
is useful for revealing Lamb wave propagation and extracting features, it is difficult to
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guarantee the accuracy and reliability of the predicting results due to unavoidable variations
in the dispersion curves.

3. Two-Step Lamb Wave Model-Based Reconstruction and Imaging Method

This section introduces a two-step baseline-free damage imaging method that uses
sparse reconstruction for dispersion curve reconstruction and the MUSIC method for dam-
age detection, as illustrated by the flowchart in Figure 2. To fully utilize the measured
signals, the Lamb wave dispersion relation is first reconstructed by locating the incident
components in the f-k domain, which has significant advantages in resisting the changes
caused by material parameter variations and environmental differences in practical appli-
cations. The second step is to build a steering vector and highlight the scattering waves to
improve the performance of the MUSIC imaging method. As a result, even without prior
knowledge, the damage can be localized with limited space distributed measurements.

Symmetry 2023, 15, x FOR PEER REVIEW 4 of 13 
 

 

guarantee the accuracy and reliability of the predicting results due to unavoidable varia-
tions in the dispersion curves. 

3. Two-Step Lamb Wave Model-Based Reconstruction and Imaging Method 
This section introduces a two-step baseline-free damage imaging method that uses 

sparse reconstruction for dispersion curve reconstruction and the MUSIC method for 
damage detection, as illustrated by the flowchart in Figure 2. To fully utilize the measured 
signals, the Lamb wave dispersion relation is first reconstructed by locating the incident 
components in the f-k domain, which has significant advantages in resisting the changes 
caused by material parameter variations and environmental differences in practical appli-
cations. The second step is to build a steering vector and highlight the scattering waves to 
improve the performance of the MUSIC imaging method. As a result, even without prior 
knowledge, the damage can be localized with limited space distributed measurements. 

 
Figure 2. Flowchart of the proposed damage detection method. 

3.1. Sparse Reconstruction in f-k Domain for Directly Arrived Lamb Wave Signals 
The principle of the compressed sensing method is that if a signal x can be repre-

sented in a sparse way, i.e., only a few components in the signal are non-zero, then this 
signal can be reconstructed with considerable accuracy from a few randomly chosen 
measurements. The compressed sensing method has been proven to be effective in recon-
structing the component of interest from the signal sampled below the Nyquist request 
within different domains. The general expression of CS formulation, which is governed 
by [24], is 

Y = Φ x   (3)

where Y is the measurement and Φ  is the sensing matrix. x is the signal in the domain 
that needs to be reconstructed. Under the down-sampling configuration, the dimension 
of the measurement signals Y is much smaller than that of the signal x. 

In terms of dispersive Lamb wave processing, its representation in the f-k domain can 
be sparse. Hence, the sparse reconstruction of the Lamb wave signal is feasible by solving 
the sparse function of the Lamb wave decomposed in the f-k domain. For Lamb wave 
signals with a specific frequency range, the expression of amplitude distribution for each 
wave mode in the f-k domain can be treated as a discretized combination of frequency–

Figure 2. Flowchart of the proposed damage detection method.

3.1. Sparse Reconstruction in f-k Domain for Directly Arrived Lamb Wave Signals

The principle of the compressed sensing method is that if a signal x can be represented
in a sparse way, i.e., only a few components in the signal are non-zero, then this signal can
be reconstructed with considerable accuracy from a few randomly chosen measurements.
The compressed sensing method has been proven to be effective in reconstructing the
component of interest from the signal sampled below the Nyquist request within different
domains. The general expression of CS formulation, which is governed by [24], is

Y=Φx (3)

where Y is the measurement and Φ is the sensing matrix. x is the signal in the domain that
needs to be reconstructed. Under the down-sampling configuration, the dimension of the
measurement signals Y is much smaller than that of the signal x.

In terms of dispersive Lamb wave processing, its representation in the f-k domain
can be sparse. Hence, the sparse reconstruction of the Lamb wave signal is feasible by
solving the sparse function of the Lamb wave decomposed in the f-k domain. For Lamb
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wave signals with a specific frequency range, the expression of amplitude distribution
for each wave mode in the f-k domain can be treated as a discretized combination of
frequency–wavenumber coordinates and complex magnitudes. On this basis, to simplify
the representation of Lamb wave propagation, the two-dimensional amplitude distribution
V(ω, k) in the f-k domain is formulated according to Equation (1), which can be defined
as [25]

V(ω, k) =

{ Am(ω)F(ω)√
d

ifk = km,

0 otherwise.
(4)

For K randomly distributed measurements with known locations, the collection of
signals Y with distance matrix d = [d1, d2, d3 . . . dK] of given transducer–sensor pairs at
angular frequency ω for all possible Lamb wave modes can be recast into an M × 1 vector.
Since the V(ω, k) is discretized with the linearly sampled frequency and wavenumber,
only the specific frequency–wavenumber relations yield Lamb wave modes. Therefore,
the Lamb waves described in V(ω, k) are sparse. For clarity, the linear expression of the
measurements with the f-k distribution function is written as

Y(ω)=V(ω, k)A, (5)

where A is the system matrix defined by the Fourier transform operator, expressed by

A =
[
eikidj

]
ji

. (6)

To recover the dispersion relation of Lamb waves with limited measurements, the
CS technique is applied by optimizing the function V(ω, k) with the minimum number
of non-zero values. The Basis Pursuit Denoising (BPDN) optimization algorithm is used
where the l0-norm problem is replaced by the l1-norm case in the calculation, thereby
setting the problem to be a convex problem. Thus, the dispersion curves of multiple Lamb
wave signals can be recovered by solving [25]

v(ω, k) = arg min‖V‖1

s.t. L(d, ω)=V(ω, k)A.
(7)

Furthermore, the dispersion relation can also be defined by locating the corresponding
f-k ridges. Thus, the f-k ridges can be extracted by locating concentrated energy maps in the
f-k domain, which can be extracted by

k(ω) = f ind
k,ω

〈
v(ω, k) = max(v(ω, k))

m=A0orS0

〉
. (8)

Although dispersion curves can be extracted from the sparse representation of Lamb
waves in the f-k domain, the resolution is limited by the discrete process of frequency and
wavenumber steps due to a calculation efficiency consideration. To further smooth and
accurately approximate the dispersion curves, local polynomial interpolation is used, and
the smoothed dispersion curve k′(ω) can be calculated, which performs well in terms of
improving curve continuity and derivability. On this basis, the group velocity of the desired
Lamb wave mode can be deviated by

cg(ω) =
∂ω

∂k′(ω)
. (9)

As a result, the propagation characteristics of the Lamb wave can be fully driven by
the direct arrived Lamb wave components in the experimental data. Both phase velocities
and group velocities are obtained, and the Lamb wave propagation model is constructed.
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3.2. Adaptive MUSIC Method for Damage Imaging and Localization

The traditional MUSIC method exploits the orthogonality of signal subspace and noise
subspace and then applies a series of steering vectors to match the principal components of
the signal features [26,27]. However, a full length signal consisting of multimode and edge
reflections introduce the errors to the eigenvalue decomposition. Based on the reconstructed
dispersion curves and Lamb wave propagation model, it is feasible to highlight the possible
scatter waves with a propagation distance of d by adaptively filtering the signal with a
temporal window T centered at d/cg and a time duration related to excitation duration.
Considering the noise, the local scattering signals Y of the M sensor array for a specific
location (x, y) with a propagating distance of d can be written in a matrix form

Y(T) = A(d)S + N(T). (10)

where N represents the noise and S is the virtual excitation of scatter sources. T is the
adaptive temporal window with a duration same to the excitation length by ignoring the
dispersion effect when using narrow band signals. Meanwhile, A is the steering vector
indicating the incoming waves with respect to the sensing array, which can be written as

A(d) = [e−ik(ω)d1+ωd1/cg , e−ik(ω)d2+ωd2/cg , e−ik(ω)d3+ωd3/cg · · · e−ik(ω)dM+ωdM/cg ] (11)

where k(ω) is the dispersion relation of the corresponding Lamb wave mode, which is
determined through the experimental reconstruction in this paper. Since the Lamb wave is
dispersive, the narrowband signal is used to suppress the dispersion and the wavenumber
value at the center frequency of the signal is adopted for steering the vector construction.

To decompose the principal components of the time windowed components and find
the scatter source locations, the covariance matrix of C is firstly formed before the matrix
eigenvalue decomposition, which can be determined by

C =
1
N

Y(T)YH(T). (12)

where the superscript ‘H’ indicates conjugate transpose operators and N is the length of
the windowed signal Y(T). By eigenvalue decomposition, the covariance matrix can be
decomposed into two subspaces with respect to signal and noise, which is

C= USΣSUH
S +UNΣNUH

N (13)

Where US and UN are the signal and noise subspace of the windowed waveform,
respectively. ∑S and ∑N are the corresponding eigenvalue matrix. In general, the signal
subspace and the noise subspace are orthogonal, which means that the noise subspace and
signal subspace are irrelevant when a scattering source exists. Since the signal subspace can
be predicted with the steering vector and scatter source location, the possibility of damage
location can be estimated by

P(x, y) =
1

AH(d(x,y))UNUH
N A(d(x,y))

(14)

where d(x,y) is the distance matrix regarding the Lamb wave propagating from the source
to the spatial point (x, y) and then to the sensor array. When incoming waves travel from
a true scattering source, the likelihood of a damage location increases significantly. As a
result, by searching all possible scattering sources in the detection area, the damage can
be localized. It should be noted that damage size is ignored with the proposed method
due to the Born approximation. As reflections always occur at the edge of the damage, the
reflection features would focus around the damage. The detected location of the damage
resulting from all sensor pairs is approximated by the mean location of all edge reflection
points, which can be used for damage center detection. Meanwhile, the smallest damage
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that can be detected is also determined by the wavelength of the excited Lamb waves.
This can be designed accordingly with the excitation optimization. In addition, the largest
size of damage that can be detected is determined by the wavelength, excitation duration,
and the arrangement of measurements comprehensively. In this paper, the damage size is
optimized for the method investigation.

4. Simulation Study of Multiple Damage Imaging in Aluminum Plate

In order to introduce and verify the combined sparse reconstruction method, an
aluminum plate (6063-Alumium) with a dimension of 600 mm × 600 mm × 2 mm was
modeled and analyzed with the COMSOL software. Two through-hole damages with
a diameter of 10 mm are created in the plate as artificial defects. The simulation setup
and sensing area are shown in Figure 3a, A 2-cycle toneburst signal centered at 150 kHz
is employed as the excitation signal. Measurements of 15 and 30 in the sensing area are
randomly selected to establish the signal matrix. The excitation waveform and the example
temporal response are given in Figure 3b. It can be seen in the example signal that the
reflections in the amplitude are much smaller than that of the direct waves. Hence, the
weak defect features must be processed in order to improve the damage imaging quality.
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Figure 3. Simulation setups for Lamb wave measurement.

Supposing that the material properties are unknown, the reconstruction of Lamb
wave dispersion relations is firstly conducted based on the sparse reconstruction model in
the f-k domain. With the given locations of the measurements and the measuring matrix
represented in the frequency domain, the f-k domain representation of simulated Lamb
wave signals can be calculated, as shown in Figure 4a. Since the sensing matrix formulated
by the Lamb wave propagation model only considers the direct arrived components,
the direct Lamb wave components can be accurately recovered while the reflections are
reconstructed as non-matching noise in the f-k map. By searching the ridges of concentrated
wave components, the reconstructed dispersion curves can be extracted, which agrees well
with the theoretical results. In order to predict the steering vector of single-frequency Lamb
wave signals within the detection area, the wavenumber of the Lamb wave signal centered
at f c is extracted for illustration, as shown in Figure 4b, which are 176 1/m and 590 1/m for
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the S0 and A0 mode, respectively. To show the accuracy of the reconstructed dispersion
curves, the estimated wavenumber error is calculated through

kerror =
|kreal( fc)− krec( fc)|

kreal( fc)
× 100% (15)

where kreal is the theoretical wavenumber value and krec is the reconstructed wavenumber
value with a frequency of f c. The estimated wavenumber error for the A0 and S0 mode
with a central frequency of 150 kHz and 30 measurements are 3.3% and 4%.
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Figure 4. Reconstructed dispersion relations with 30 simulation measurements.

On the basis of the estimated dispersion relation of Lamb wave signals, the group
velocity of the Lamb wave centered at 150 kHz can be further calculated. Hence, for each
candidate scatter source location, the signal matrix can be updated by adaptive windowed
signals instead of the full-length measurement signals. Meanwhile, the steering vector
of the single-frequency Lamb wave signal can also be established with the given sensor
locations and the estimated wavenumber. Here, the A0 mode Lamb wave is adopted for
imaging method verification. Through the local MUSIC imaging method, the simulated
damage imaging results with 15 and 30 random measurements are shown in Figure 5. The
spatial point with the local largest probability indicates the scatter source. The comparative
results show that the proposed method can localize the damage and excitation source with
considerable accuracy. Specifically, the distance between the detected damage (45, 80 mm)
and the real damage location of defect 1 (50, 80 mm) is 5 mm, and this can be further
reduced with the increasing measurements (distance with 2 mm for 30 measurements).
Meanwhile, the localization of defect 2 (100, 100 mm) and the excitation source (0, 0 mm)
are evaluated precisely. Meanwhile, more measurements would result in a better imaging
quality. Since only the A0 mode is modeled and used in the MUSIC imaging formulation,
the results also show that the proposed method has a strong resistance to multimodal Lamb
wave signals.

As we all know, the accuracy of the steering vector is a prerequisite for damage local-
ization. The mismatched wavenumber results would introduce the localization error in the
final damage imaging. To verify the performance of dispersion curves in damage detection
and imaging, the artificial errors of a wavenumber with 10% and 20% variations are intro-
duced to the formulation of steering vectors. Thus, the accuracy and robustness of the local
MUSIC method can be investigated, which can be demonstrated by the imaging results
shown in Figure 6. The results indicate that the localization error increases accordingly
with the wavenumber variation. Meanwhile, the imaging quality is also affected by the
wrong matching results. In the case of the real test scenario, the uncertainties introduced by
environmental variations and material parameter errors would worsen the accuracy of the
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theoretical dispersion results. Therefore, the more accurate dispersion curves obtained from
the experimental reconstruction using the proposed method is exceedingly meaningful for
highly accurate damage imaging.
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Figure 5. Damage imaging results with a sensor number of 15 and 30.
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5. Experimental Validation with a Composite Plate
5.1. Experimental Setups

The experiment was carried out on a 2 mm thick composite plate (T300) with a
dimension of 600 mm × 600 mm × 2 mm and a layup of [+45/−45/0/90]2s. A schematic
diagram of the experimental setup is given in Figure 7. Lamb waves are produced by
an A Nd: YAG laser (Innolas spotlight 600) and then captured by a PZT. An x-y motion
platform is used for changing the excitation source, thereby allowing for arbitrary position
Lamb wave excitation. An x-y coordinate system centered at PZT is established for the
spatial orientation. In this paper, 20 sources are randomly chosen to excite the Lamb waves,
thereby forming a signal matrix consisting of 20 groups of data. The sampling rate is set to
be 10 MHz and 10,000 data points are recorded for each group of data. An artificial damage
with a diameter of 10 mm centered at 52, 30 mm was simulated by bonding an additive
mass on the plate. Hence, the structural information can be captured by the broadband
Lamb wave signals.
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5.2. Signal Processing for Laser-Generated Lamb Waves

Although laser-generated Lamb waves are broadband, most of the energy is con-
centrated in a low frequency. Figure 8a shows the raw signals from the experimen-
tal recordings; it can be seen that the dominated Lamb wave signals are falling below
200 kHz. Since the ablation effect of laser excitation would dominate the out-displacement
excitation, the A0 mode is obvious in the response signal. S0 mode signals are weak in
the excitable frequency range which may cause computational instability of the CS al-
gorithm. Meanwhile, the limited frequency range of the Lamb wave signal can reduce
the computational labor effectively. To eliminate the low-frequency interference and in-
crease the computational efficiency, the band-pass filtering among [1, 200 kHz] is applied
to the measured signals. Hence, the A0 mode components of Lamb signals are domi-
nantly extracted and the computational reliability can also be guaranteed, as shown in
Figure 8b.
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Figure 8. Example of laser-generated Lamb wave signal.

Furthermore, the processed signal matrix with a dimension of 20× 10,000 is submitted
into the CS reconstructed algorithm with the sparse transformation of Lamb waves in the
f-k domain. Hence, the A0 mode is clearly recovered in the f-k map. Since the S0 mode
components are not dominated in the signal and the reflections resulting from damage
and boundaries decay fast in composite materials, the weak reflections and the S0 mode
signal in the f-k domain are covered by a strong direct wave. Thus, only the A0 mode of the
Lamb wave in the f-k distribution is effectively recovered with a high resolution and SNR,
as shown in Figure 9a. In this experiment, the A0 mode Lamb wave is employed for the
damage imaging illustration.
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Figure 9. Experimental recovery of Lamb wave dispersion for A0 mode.

Furthermore, the dispersion relation for the A0 mode can be extracted by searching the
peaks through scanning the frequency axis. As the experimental signals would be affected
by amplitude modulation and attenuation, only the results in a particular frequency range
can be calculated, referred to in Figure 9a. According to the CS result, the A0 mode Lamb
wave within the frequency range of 5, 120 kHz can be clearly extracted and the velocities are
calculated and interpolated, as shown in Figure 9b. Therefore, the propagation character
can be revealed where only experimental data are employed, which demonstrates the
effectiveness of the dispersion reconstruction of the proposed method.

To extract the dominated components through the broadband signals and eliminate
the low-frequency interference, the toneburst-like window centered at 80 kHz is applied to
filter the measured signals. To establish the steering vectors of the A0 mode in a composite
plate for damage imaging purposes, the wavenumber at f c = 80 kHz is extracted with
the wavenumber estimated to be 515 1/m and the group velocity to be 1415 m/s. For
each source and sensor pair, the signal matrix used for the MUSIC algorithm is extracted
according to the TOF of the potential scatter waves for each grid, which is illustrated in
Figure 10a. On this basis, the weak reflections can be highlighted in the imaging algorithm.
Meanwhile, the steering vector is also established for each location with an estimated
wavenumber and propagation distance. Finally, the artificial damage can be imaged
with high accuracy and resolution, as shown in Figure 10b. The identified location of
the damage is 56, 35 mm, which agrees well with the true location of 52, 30 mm. It can
be seen that there is a minor error in the localization, which is primarily caused by the
geometry size of the artificial damage due to the physical reflection of the Lamb wave at
the edge of the damage. The accuracy of the damage localization validates the proposed
method’s effectiveness.
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Figure 10. Adaptive signal highlight and damage imaging result.

6. Conclusions

In this paper, a two-step method for high resolution damage imaging using sparse
reconstruction and the adaptive MUSIC algorithm is proposed, making full use of direct
waves and weak reflections without the need for prior knowledge or baseline record-
ings. Based on the simulation and experimental investigation presented in this paper, the
following conclusions may be drawn:

(1) A sparse reconstruction method with less experimental data is effective for dispersion
curve reconstruction. With a simulation investigation, the estimated wavenumber
errors for the S0 and A0 mode are 3.3% and 4%, respectively. The dispersion curves
reconstructed from the measured data could be more useful and flexible in a variety
of test scenarios when material properties are unknown or working conditions change
over time.

(2) Adaptive filtered scattering signals can improve eigenvalue decomposition and reflec-
tion identification by enhancing the weak damage features in a covariance analysis.
Hence, the damage index gets amplified compared with traditional decomposing
methods adopting full length signals.

(3) With the adaptive MUSIC method, the damage can be located with considerable
accuracy by a few measurements without baseline recordings. The localization error
is less than 5 mm with 30 measurements in the simulation case and roughly 4.5 mm
in the experiment investigation. The proposed method provides a potential way for
damage detection and localization in various NDE and SHM applications.
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