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Shear horizontal (SH) waves in thin-walled structures exhibit many advantages that are condu-
cive to structural health monitoring (SHM) applications. However, their effective excitation is
challenging in practice due to the inefficiency of shear-type piezoelectric transducers or the
installation inconvenience of electromagnetic transducers. In this study, embracing the concept of
metamaterials, we propose an SH wave generation scheme based on the mode conversion from
Lamb waves activated by piezoelectric transducers. To this end, a metamaterial-mediated con-
verter (referred to as a meta-converter), mounted on the surface of a host structure, is designed to
achieve high-efficiency energy conversion from Lamb waves to SH waves. Targeting different
Lamb wave modes in specific frequency bands, a topology optimization approach is developed to
design the three-dimensional (3D) architecture of the meta-converters. The efficiency of the
conversion is further evaluated in terms of the magnitude of the converted SH waves with respect
to the incident Lamb waves. Analyses of band structures and mode shapes elucidate the mech-
anisms of the mode conversion within the targeted frequency band. Time-domain responses are
analyzed to verify the efficient generation of SH waves, which are further illustrated by the vi-
sualizations of wave fields and wavenumber-frequency Fourier transform spectra. The robustness
of the designed meta-converters is evaluated by examining piezoelectric transducers of different
sizes. Finally, representative meta-converters are 3D-printed using the selective laser melting
technique and tested for validation. The proposed method offers an alternative and feasible route
for SH wave generation and paves a novel way for further SH-wave-based SHM applications.

1. Introduction

Shear horizontal (SH) waves are characterized by their in-plane polarization of particle motion that is perpendicular to the di-
rection of wave propagation [1]. They exhibit appealing features for structural health monitoring (SHM) applications in thin-walled
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structures like the non-dispersion of SHO waves [1,2], minimal mode conversion at cracks alongside simplified signal configuration
[3,4], and no energy leakage to surrounding liquid media [5,6]. Moreover, SH waves can naturally satisfy the phase matching con-
dition, thereby enabling the generation of cumulative third harmonic waves [7], which facilitates the detection of early-stage damage
and defects [8]. In addition, the second harmonic SH waves have been shown to exhibit unique features, based on which SH-wave-
based SHM has been developed to achieve highly sensitive detection of cracks, while preventing the interference from typical
adverse factors in the measurement system, such as the nonlinearity from adhesive bonding layers [9].

The effective generation of SH waves is a crucial prerequisite for their SHM applications. Existing methods mainly rely on two types
of transducers: electromagnetic acoustic transducers (EMATSs) and shear-type PZT (Pb(ZrTi)) transducers. EMATs can be further
broadly categorized into Lorentz-force-based types (e.g., periodic permanent magnet (PPM) EMAT) and magnetostriction-based types
(e.g., magnetostrictive transducers (MsTs)). As a non-contact technique, the working principle of the PPM EMATSs relies on the gen-
eration of a Lorentz force when a dynamic current flows through a static magnetic field. The resultant force is applied to the surface of a
conductive structure to excite SH waves [10]. In contrast, MsTs operate based on the principle of shear deformation of a magneto-
strictive patch, which can be surface-bonded on a structure and driven by a dynamic magnetic field produced by an AC-current coil in
conjunction with a permanent magnet [11]. The efficacy of both PPM EMATSs and MsTs for SH wave generation has been demonstrated
in the open literature [8,12-15]. In particular, Seung et al. [16] designed an EMAT based on the Lorentz force to achieve omnidi-
rectional SH wave excitation by employing a pair of ring-type permanent magnets. The omni-directivity of the EMAT for both SH wave
generation and reception was validated experimentally. Wen et al. [4] developed a theoretical model of SH wave generation by MsTs
based on the shear-lag model. Furthermore, the third harmonic SHO waves were employed to monitor early-stage material degra-
dation, demonstrating their higher sensitivity in comparison with the commonly used second harmonic Lamb waves [8]. However,
practical implementations of EMATSs are challenging due to the use of coils and unwieldy magnets, which contradicts the SHM
requirement for permanent installation of transducers. For the latter methods, typical shear-type PZT transducers, such as those using
dys [2,17,181], ds3e [19,20], and dag [21,22] modes, have also been explored for SH wave generation. For example, Belanger and Boivin
[18] utilized the d;5 mode of shear PZT transducers to generate omnidirectional SH waves. Miao et al. [21] acquired measurable SH
waves as well using the da4 mode. Qiu et al. [23] developed a piezoelectric interdigital transducer for generating high-order SH waves.
Compared with EMATs, PZT transducers are more in line with the online monitoring philosophy inherent in SHM. Unfortunately, PZT-
activated SH waves are rather weak in intensity, which limits and even compromises their use in damage detection. These existing
problems necessitate the development of novel and more effective methods for achieving efficient and stable SH wave generation.

It is well-known that Lamb waves can be readily excited in practice using typical ds; and ds3 mode PZT transducers, whose
effectiveness has been demonstrated in the guided-wave-based SHM applications [1]. One might logically wonder whether it is feasible
to generate SH waves by means of converting Lamb waves into SH waves. While primary forms of mode conversions are difficult, the
newly emerging concept of metamaterials, a kind of artificially architectured materials/structures, can potentially open new avenues
to complete this task. In fact, existing works on metamaterials have shown their great promise in realizing various exotic wave
manipulation phenomena, such as wave filtering [24], wave steering [25], mode conversion [26,27], cloaking [28], noise absorption
[29], etc. Relevantly, only a limited number of studies have investigated the mode conversion from other types of elastic waves to SH
waves [30-32]. For example, Kweun et al. [31] proposed specific resonance and coupling conditions for realizing maximum mode
conversion from longitudinal waves into SH waves by using porous elastic metamaterials, thus offering theoretical guidance for
efficient mode conversion at a fundamental level. To make the technique more applicable to SHM, Tian et al. [32] developed a non-
perforated metamaterial converter, which is mounted on the surface of the structure to be inspected. In the targeted frequency band,
only SH waves can pass while Lamb waves are filtered or converted, making SH waves dominant in the transmitted waves. However,
from a practical perspective, the converted SH waves need to possess sufficiently high amplitudes to ensure effective wave-damage
interaction, which is particularly critical for incipient damage monitoring. In addition, in order to keep the structure under inspec-
tion intact, any wave manipulation elements for SH wave generation should be surface-mounted instead of intrusively embedded. This
necessitates the use of three-dimensional (3D) models to break the inherent structural symmetry, thus imposing additional complexity
to the design process. Meanwhile, tone burst signals, commonly used in SHM, have a certain bandwidth, which requires the designed
metamaterials to operate over a certain frequency band. These existing problems call for a systematic and holistic design approach to
achieve efficient and band-targeted generation of SH waves.

Motivated by the aforementioned facts, we here propose an SH wave generation scheme based on the mode conversion from PZT-
activated Lamb waves, with the help of tactically designed metamaterial-mediated converters (meta-converters) via topology opti-
mization [33-36]. The meta-converters are consequently designed and fabricated to achieve high-efficiency Lamb waves to SH waves
conversion. In a predefined operating frequency range (such as that of tone burst signals used in SHM [5,37,38]), typical scenarios
involving incident Lamb waves of varying modes and frequencies are considered. The band structures and mode shapes are analyzed to
elucidate the mechanisms of the mode conversion within the engineered frequency band. The effectiveness of the designed meta-
converters is assessed through finite element (FE) simulations. Experiments using representative 3D-printed meta-converters are
conducted for the final validation.

2. Topological designs of meta-converters

Given the high energy of Lamb waves activated by PZT transducers, meta-converters are to be designed and installed in the vicinity
of the transducer to convert the PZT-activated Lamb waves into SH waves, as illustrated in Fig. 1. Fundamentally, the meta-converters
need to be mounted on the surface of the host structure to ensure the structural integrity. To achieve efficient SH wave generation, this
section presents metamaterial designs using a topology optimization method.
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2.1. Topological optimization framework with 3D FE models

To maximize the SH wave generation, topology optimization of meta-converters is carried out, with the corresponding 3D model
illustrated in Fig. 2(a). Specifically, Fig. 2(b) presents the schematic of the meta-converter to be topology-tailored. To facilitate
practical implementation, a thin base layer with a thickness of h.,, is added between the meta-converter to be designed and the host
structure for ensuring the structural connectivity, as depicted in Fig. 2(b). The meta-converter on the base layer is discretized into N x
N pixels in the x-y plane to enable the coupling between Lamb waves and SH waves. To reduce design variables, a 2D design domain is
adopted in the x-y plane, as shown in Fig. 2(c). The design domain is characterized by a binary matrix, where “1” represents solid
materials while “0” the vacuum. Note the height hp,, of the meta-converter, corresponding to the stretching length along the z-di-
rection, plays a significant role in determining the properties of the meta-converter and is thus set as a design variable as well. This
makes the current scheme a multi-scale topology optimization in terms of the micro-scale material distribution and the macro-scale
geometry size.

Tone burst signals, which are commonly employed in SHM, contain a certain bandwidth within which the operating frequency of
meta-converters should accommodate. In addition, based on the law of conservation of energy, maximizing SH waves inherently
results in the minimization of Lamb waves. Therefore, we focus directly on SH waves in this study. Taking these concerns into
consideration, the objective function and the constraints are formulated accordingly as:

maximizing : z aAmp?F(2) (¢))
Subjected to: ;=0o0r1 (i, j=1, 2, ..., N), 2
hmemshmax-, (3)
UE) =1, “@
where Amp;H represents the amplitude of SH waves at the i-th frequency component within the designed band, g; is the corresponding

weight, T denotes the material distribution inside the design domain, ¢;; represents the material selection of the i-j element, where 1 for
solid materials and O for vacuum, and N is the dimension of the matrix. The height of the meta-converters, hpeq, expressed by a binary
vector, should be smaller than a prescribed value hyqy. Eq. (4) defines a maximum number U; of interconnected blocks within the
design domain.

Genetic algorithm (GA) [39] is employed to generate new topologies during the optimization process. As a non-gradient optimi-
zation method, GA is mainly based on the principle of “survival of the fittest”, where the performance of a structure is evaluated by its
objective function. GA has been applied and proven effective in designing material configurations [34,40-42]. The GA used in this
study operates as follows: A random population, containing M individuals, is first generated. Subsequently, the objective functions of
all individuals are calculated based on FE results. Linear selection is performed based on fitness values to retain superior individuals.
Uniform crossover and mutation are employed to produce offspring candidates. The single-elitism strategy is applied to preserve good
genes, so as to accelerate the convergence of the optimization. So far, the next-generation individuals have been created. If the results
have already converged or a prescribed number of iterations have been reached, output the best individual. Otherwise, return to the
step of FE simulations for fitness evaluation and repeat the above procedure. The flow chart showing the GA-FE method based
optimization procedure is given in Fig. 3.

The parameters of GA are set as follows: In light of the considerable computational cost associated with the 3D FE models, a
population size of 24 is set as a compromise. In addition, the design domain is discretized into 16 x 16 pixels in the x-y plane. Linear
selection, uniform crossover with a rate of 0.9, and uniform mutation with a rate of 0.03 are adopted. The maximum block number U;
is set to one to facilitate fabrication. Additionally, the abuttal entropy processing [43] is involved to enhance topology quality. The

PZT iE
transducer

Meta-converters

Host plate

Fig. 1. Schematic of SH wave generation converted from PZT-activated Lamb waves with meta-converters.
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Fig. 2. FE models used in the optimization procedure: (a) entire model, (b) schematic of meta-converters, and (c) x-y (top) view of the meta-
converter model, including the design domain.

optimization procedure is performed on a parallel computing workstation equipped with two Intel Xeon Scalable Gold 6248R CPU
@3.0 GHz.

2.2. Optimized meta-converters

As a representative example, the central frequency is set to 200 kHz. Three discrete frequency points, namely 190, 200, and 210
kHz, are selected to represent the frequency band surrounding the central frequency. The corresponding assigned weights are a; = [1,
1.2, 11, respectively, to account for their relative contributions according to the frequency spectrum. To strike a balance between the
computational cost and the performance, the meta-converter is constructed with six repeated unit cells (n = 6), each with dimensions
of a = 4 mm and w = 4 mm. Similar cell numbers have been adopted in existing studies [27,30,31], with demonstrated effectiveness.
Owing to its demonstrated reliable performance in elastic wave manipulation [44], steel is selected as the material for the meta-
converters to facilitate fabrication via the selective laser melting 3D printing technique. Note that material selection is not a key
concern in this study, and other materials, such as aluminum, could also be used to implement the proposed concept. The height of
meta-converters, Ay, iS constrained to be less than 6 mm. The thickness of the base, hop, is set to 0.3 mm, which is deemed an
appropriate compromise between performance and fabrication requirements. An 8 mm-long PZT patch (I = 8 mm as featured in Fig. 2
(a)) is bonded on a 2 mm-thick aluminum plate. Note that the so-called length, width, and thickness in Fig. 2(a) refer to the dimensions
in the x-, y-, and z-directions, respectively. The meta-converter and PZT transducer are attached to the host structure using 0.05 mm-
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Fig. 3. Flow chart of GA-FEM (genetic algorithm-finite element method) based optimization procedure used in this study.
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thick adhesive layers. The material parameters of different components are shown in Table 1. Note that for Lamb wave generations
using PZT-5H, the d3; mode is dominant. Therefore, only the elastic constants associated with the ds; effect are considered, and the PZT
material can be reasonably approximated as isotropic in the context of Lamb wave excitation.

Boundary loads with an amplitude of 50e5 N/m? along the x-direction are applied to the left and right surfaces of the PZT
transducer for Lamb wave excitation, as shown in Fig. 2(a). The theoretical foundation for this treatment can be found in the literature
[37,45], which used the shear lag model to simulate the mechanical behavior of PZT materials. Periodic boundary conditions are
applied to the front and back surfaces of the model (the front surface is designated in Fig. 2(a)) in y-direction to guarantee the plane
wave hypothesis. Perfectly matched layers (PMLs) are implemented at the left and right end regions of the model to minimize wave
reflections. Quadratic serendipity is employed in FE discretization. Prism elements are used in the meta-converter domain to
accommodate its complex geometry, while hexahedral elements are adopted for the remaining regions. The maximum size of the
mapped meshes in FE models is set to 0.8 mm, ensuring at least 10 elements within the smallest wavelength under consideration. Along
the thickness direction, the transducer, the host plate, and the adhesive layers are meshed into 7, 8, and 4 layers, respectively. The
entire model consists of 106,438 elements, resulting in approximately 0.94 million degrees of freedom (when the design domain is
fully filled with solid material). Frequency-domain analyses are conducted using COMSOL Multiphysics 5.2a, where the amplitudes of
SH waves are captured in terms of the y-direction displacement in the transmitted wave field, as illustrated in Fig. 2(a). The entire
optimization procedure takes approximately 65.6 h, involving roughly 100 iterations.

Three typical scenarios are considered, where the incident Lamb waves are set as (i) pure S (symmetric) mode Lamb waves, (ii) pure
A (antisymmetric) mode Lamb waves, and (iii) combined S and A modes. By leveraging their inherent symmetry with respect to the
plate thickness direction, single-mode Lamb waves can be excited through the symmetrical installation of PZT transducers at the upper
and lower surfaces of the host plate, while the combinational waves can be generated with a single PZT transducer. Fig. 4 presents the
optimized meta-converters corresponding to the above three cases, namely MC#1, MC#2, and MC#3, respectively. It is evident that all
structures exhibit complex yet interconnected topologies, largely owing to the imposed geometry constraints and the added base layer,
which collectively facilitate their eventual fabrication.

In order to evaluate the performance of the designed meta-converters, the amplitudes of the incident Lamb waves and the converted
SH waves are extracted, which are normalized with respect to the maximum amplitude of the incident Lamb waves, respectively. Lamb
waves are captured along the x-direction before the installation of meta-converters, whereas SH waves are captured along the y-di-
rection after the deployment of the meta-converters. As evidenced by Fig. 5, high-amplitude SH waves are generated in all cases with
meta-converters installed, while Lamb waves are significantly suppressed due to mode conversion, under different modes (S and A) and
frequencies (190, 200, and 210 kHz). Notably, the amplitude ratio between the generated SH waves and the incident Lamb waves,
which serves as an index to evaluate the performance of the meta-converters, can exceed one in some cases, as exemplified by the 210
kHz results in Fig. 5(a) and the 200 kHz results in Fig. 5(b). In addition, mode conversions between S and A mode Lamb waves are
observed, as illustrated in Fig. 5. This exhibits the strong anisotropy feature of the designed meta-converters. The results demonstrate
that effective mode conversions from Lamb waves to SH waves are achieved, thereby substantiating the efficacy of the designed meta-
converters.

Moreover, the meta-converters are examined at other frequencies in the targeted frequency range, as exemplified by the case of
MC#3. Figs. 6(a) and 6(b) present the amplitudes of Lamb waves and SH waves over the frequency range of 190-210 kHz, with a
frequency interval of 1 kHz, without and with the meta-converter, respectively. All amplitudes are normalized with respect to the
maximum incident Lamb wave amplitude. In addition to the prescribed frequency points [190, 200, 210] kHz used in the optimization,
strong SH waves (with normalized amplitudes exceeding unity) are also observed in the remaining frequencies, as further visualized by
the displacement wave fields at several intermediate frequencies, shown in Fig. 6(c). The results demonstrate the efficacy of the
designed meta-converter over the frequency range.

2.3. Meta-converter-enabled mode coupling

The mechanism of the mode conversion from Lamb waves to SH waves roots in the formation of coupling modes that involve
displacement components in all directions [31,46]. Guided by this principle, we define the design domain in the x-y plane during the
meta-converter designs to intentionally disrupt the structural symmetry. Analyses of band structures and characteristic mode shapes
for a representative meta-converter MC#3 are then conducted to further elucidate the mechanisms underpinning the generation of the
mode conversion over the targeted frequency range.

For the calculation of band structures, the equation governing the elastic wave propagation in a heterogeneous elastic medium

Table 1
Material parameters.
Density (kg/m3) Young’s modulus (GPa) Poisson’s ratio
Aluminum 2700 70 0.33
Adhesive 1080 1.31 0.4
Steel 7980 180 0.26
PZT-5H 7650 62 0.32

For the PZT, the piezoelectric coefficients are d3; = -210 pm/V and d33 = 472 pm/V, and the relative dielectric constants are €17 = 2270 and ¢33
= 2130, respectively, in which the subscripts 1 and 3 denote the x- and z-directions, respectively.
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Fig. 4. Optimized meta-converters under incident waves of (a) pure S modes, (b) pure A modes, and (c) combined S and A modes.
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Fig. 5. Frequency-domain displacement amplitudes of different-mode wave components with/without the optimized meta-converters (a-c) MC#1-
MC#3. All amplitudes are normalized with respect to the maximum amplitude of the incident Lamb waves, respectively.
writes [47]

V{[Ax) + 2u(®0)](V - u(r, 1)) } = V x [u(1)V x u(r, t)] + p(r)t(r, ) = 0, )
where 1 and y denote the Lamé constants, p represents the mass density, r is the position vector, u denotes the particle displacement,

and V represents the gradient operator with respect to r.
For periodic structures, the Bloch solution of the displacement vector can be expressed as [48]



Z. Liu et al. Mechanical Systems and Signal Processing 241 (2025) 113516

2 2
—m— S Lamb —m— S Lamb
—— A Lamb —— A Lamb
—9—SH —9—SH

Normalized amplitude
Normalized amplitude

(e
1

190 195 200 205 210 190 195 200 205 210
(a) Frequency (kHz) (b) Frequency (kHz)

wave propagation
_—

MC#3 SH waves

max
=
[}
g
200 kHz N | §
o,
203 kHz | 5
206 kHz | =
210 kHz I T min

(©)

Fig. 6. Amplitudes of Lamb waves and SH waves within the targeted frequency band, (a) without the meta-converter MC#3, (b) with MC#3, both
normalized with respect to the maximum incident Lamb wave amplitude, and (c) displacement fields of SH waves in the x-y plane at several in-
termediate frequencies.

u(r, t) = uy (r)elkro, (6)

where k is the wave vector, uy is a periodic function, and @ denotes the angular frequency. Furthermore, due to the Bloch periodic
boundary condition, u takes the form of

u(r + a,t) = u(r, t)e®?, )

where a is the periodic constant vector.
FE method is adopted to solve the above problem. Substituting Eq. (6) into Eq. (5), the generalized eigenvalue problem can be
expressed as

[K(k) —0’M] - U =0, (©))

where K and M are the stiffness and mass matrices of the entire unit cell constructed from discrete elements, respectively, and U
denotes the displacement matrix assembled from u of all elements. Equation (8) is then solved numerically using the commercial
software COMSOL Multiphysics 5.2a, with the Bloch boundary condition in Eq. (7). To calculate the band structures, k is swept along
the boundaries of the first irreducible Brillouin zone to obtain the corresponding frequencies w [42,43].

An “eigenfrequency” study is performed in COMSOL Multiphysics 5.2a, based on the FE model of the unit cell shown in Fig. 7(a).
Floquet (Bloch) periodic conditions (Eq. (7)) are applied to the lateral boundaries of the model (highlighted in blue in Fig. 7(a)). The
wavevectors are swept along the I'-X boundary within the first irreducible Brillouin zone, (0-n/a, 0, 0), to consider x-direction wave
propagation. The mesh settings used here are identical to those employed in the previous model shown in Fig. 2(a).

Fig. 7(b) displays the band structures, while Fig. 7(c) presenting the extracted mode shapes at the considered frequency points
[190, 200, 210] kHz. Hybrid mode shapes are observed, primarily exhibiting both bending (modes B2 and By2) and torsional (modes
Ba; and Bg;) deformation in the pillared regions. The mode shapes at the targeted frequencies confirm the presence of hybrid modes
induced by the designed meta-converters. Compared with Lamb wave modes, whose displacements are confined in the x-z plane, the
hybrid/coupled modes involve an additional y-direction component. This reveals the energy transfer path from Lamb waves to SH
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waves. In addition, the energy, judged from the mode shapes, is distributed across different portions of the structure at different
frequencies, suggesting the role played by multi-scattering phenomena in the multi-frequency function of the meta-converters.
Furthermore, the band branches within the 190-210 kHz range appear to exhibit a consistent slope, as observed in the mode series
B11, Ba1, and Bs; (or Byg, Bay, and Bsp) in Fig. 7(b). This signals the close group velocities within this frequency range, which addi-
tionally contribute to the synchronization feature of the meta-converters within this frequency band.

3. Numerical analyses

Time-domain analyses are then conducted to assess the performance of the designed meta-converters by taking MC#3 as a
representative example. The simulation model in Fig. 2(a) is employed again, with the original PML settings disabled and their lengths
extended to 44. 5-cycle tone burst with a central frequency of 200 kHz is used as excitation signal, whose total length is set to 9e-5 s
with a time step of 2e-7 s. Fig. 8 presents the time-domain results, where the bare plate case serves as a reference to assess the intensity
of the incident waves. In the bare plate, both S and A mode Lamb waves are excited, while SH waves are nearly zero. After deploying
the meta-converter, high-amplitude SH waves are generated, as shown in Fig. 8(b), accompanied by a reduction in the intensity of
Lamb waves due to the energy conversion (shown in Fig. 8(a)). Specifically, the generated SH waves attain an amplitude of 3.8e-8 m,
which is comparable in magnitude to that of the incident Lamb waves. In addition, owing to the close group velocities within the
frequency bands, as shown in Fig. 7(b), the distortion of SH waves is rather minimal and measurable wave packets are observed, which
is conducive for their future applications in SHM.

Furthermore, using the 200 kHz frequency-domain data from Fig. 5(c), the amplitudes of the incident S, A mode Lamb waves, and
that of the converted SH waves follow a ratio of 1:0.58:1.51. In contrast, the time-domain responses in Fig. 8 yield 1:0.58:0.6, indi-
cating a discrepancy between the two analyses: stronger SH waves based on the frequency-domain data (Fig. 5(c)). This discrepancy is
attributed to the different excitation forms. Specifically, in the frequency-domain analysis, the applied harmonic excitation is
continuous over the entire time axis, resulting in a steady-state response at a single frequency. Conversely, the time-domain analysis
employs a 5-cycle tone burst signal as the excitation, which exhibits a specific bandwidth centered at 200 kHz, thereby leading to
limited mode conversion efficiency in the time-domain analysis, as the information is averaged across this frequency band. Never-
theless, both analyses explicitly demonstrate the effective generation of SH waves enabled by the designed meta-converter.

The displacement fields with/without the meta-converter are also extracted to visualize the conversion process in Fig. 9. Under PZT
excitations, Lamb waves, including both S and A modes are clearly visible and propagate along the bare plate (upper-left sub-plot),
with negligible SH wave components as demonstrated in the upper-right sub-plot. After deploying the meta-converter, SH waves
clearly emerge in the transmitted wave field, as illustrated by the distinct wave packets in Fig. 9 (lower-right sub-plot).

Furthermore, the wavenumber-frequency Fast Fourier Transform (2D-FFT) is performed to classify different wave modes. A group
of time-domain signals are extracted at the top surface of the plate with/without the meta-converters, respectively. To ensure sufficient
resolution in the wavenumber domain, the sensing positions are selected with a total distance of 3.751 and a space step of 0.1 mm. The
results are then smoothened using linear interpolation. Fig. 10 presents the 2D-FFT results, expressed in terms of
20log; o (|2D-FFT|/max (|2D-FFT|cigen; s) )» With max(|2D-FFT);, igen, 5) being the maximum absolute value of the 2D-FFT results of the
incident S mode Lamb waves. The dashed lines in Fig. 10 represent the theoretical dispersion curves. In the bare plate case, two spots
are observed at 200 kHz in Fig. 10(a), which correspond to the S mode (with a theoretical wavenumber of 233 rad/m) and A mode
(726 rad/m) Lamb waves, respectively. The SH waves displayed in Fig. 10(b) are found to be extremely weak. As a result of the meta-
converter-enabled mode conversion, an SH wave-corresponding spot (403 rad/m) emerges, as shown in Fig. 10(d), which exhibits a
comparable amplitude to that of the incident Lamb waves. This 2D-FFT analysis again demonstrates the successful conversion from
Lamb waves to SH waves achieved by the designed meta-converters.

In the original designs, an 8 mm-long PZT transducer is employed in the optimization process. To assess the influence of PZT
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Fig. 7. (a) FE model, (b) band structures, and (c) representative mode shapes of the unit cells of the optimized meta-converter MC#3.
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transducer size on the SH wave generation efficiency, we purposely vary the lengths of the PZT transducers from 4 mm to 22 mm. The
corresponding amplitudes of incident Lamb waves and converted SH waves are extracted from time-domain signals and presented in
Fig. 11. First and foremost, SH waves are generated in all cases, thereby confirming that the mode conversion function is an intrinsic
property of the designed meta-converters, which can, in principle, be applied to other scenarios. Second, the curve of SH waves in
Fig. 11 shows a trend with an initial increase followed by a gradual decline. This phenomenon can be attributed to the frequency tuning
feature of the PZT transducers [45], which induces different amplitudes of incident S and A Lamb waves, as illustrated in Fig. 11,
resulting in differences in the amplitudes of the generated SH waves. Specifically, according to the principle that maximum amplitude
occurs when the PZT length equals to odd multiples of the half wavelength [37], the maximum S mode (approximately 27 mm in
wavelength) amplitude is achieved when the PZT length is around 12-14 mm, while the maximum A mode (8.6 mm in wavelength)
occurs at around 4-6 mm of PZT length. A more rigorous relationship between the PZT size and the excited Lamb wave amplitudes can
be found in [37,45].

Furthermore, the performance of the designed meta-converter MC#3 is evaluated using a full-field 3D model. FE simulations are
conducted using the 3D model shown in Fig. 12(a), with the model settings identical to those in Fig. 2(a). Nine unit cells (36 mm in
total) are arranged along the y direction to match the size of the PZT actuator (30 mm in the same direction) for producing plane-like
incident waves. Wave signals are captured at the point aligned with the center of the PZT in the y direction. This configuration helps
mitigate the influence of the wavefront divergence, and the x- and y-direction displacements can still be used to represent Lamb waves
and SH waves, as shown in Fig. 12(b) and 12(c), respectively. Specifically, Fig. 12(c) illustrates the wave field when the meta-converter
is applied, clearly showing an SH wave packet. The corresponding time-domain signals in Fig. 12(e) confirm the generation of SH
waves, alongside the reduced Lamb waves (Fig. 12(d)), with the deployment of the meta-converter.

4. Experimental validations
4.1. Experimental set-up and 3D-printing fabrication

Finally, experiments are carried out to validate the functionality of the designed meta-converters using MC#3 as an example. The
test samples are fabricated using stainless steel 316 through the selective laser melting technique, which ensures high-resolution
topologies, as illustrated in Fig. 13(b). Specifically, nine unit cells (36 mm in total) are installed in y-direction to ensure the struc-
tural periodicity, with numerically proven effectiveness shown in Fig. 12. 5-cycle tone burst signals with an amplitude of 150 V are
applied on a PZT-5H transducer (8 mm x 30 mm x 0.3 mm) for Lamb wave generation. Due to the inherent difficulty in extracting SH
waves in typical PZT-driven systems, MsTs are employed as the sensor. The MsT 4-fold coil has a periodicity distance of 15.5 mm to
match the wavelength of the SH wave. Note that the MsTs is used here solely for SH wave measurements. All transducers and the meta-
converter samples are surface-affixed on a 2024 T3 aluminum plate with dimensions of 700 mm x 500 mm x 2 mm. The MsT sensor is
positioned 270 mm from the PZT transducer. Due to the finite size of the PZT actuator, the incident Lamb waves are not perfectly
planar, especially in the far field. Therefore, the meta-converter should be positioned as close as possible to the PZT to minimize the
wave divergence. Considering the practical installation constraints, the distance between the meta-converter and the actuator is set to
30 mm, which configuration is justified by the simulation results obtained using the full field model above (omitted for brevity).

The experimental set-up is shown in Fig. 13(a), with the measurement procedure operating as follows: 5-cycle tone burst signals
with a central frequency of 200 kHz are input into the KEYSIGHT 33500B waveform generator. The generated signals are amplified to
150 V by the RITEC power amplifier to drive the PZT transducer. After the waves propagate across the meta-converter in the plate, the
converted SH waves are received by the MsT sensor. Finally, the signals are sent to the National Instrument (NI) device equipped with a
PXIe-5105 data acquisition module for further processing. Each measurement result is based on an average of 128 tests.
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Fig. 11. Amplitudes of incident Lamb waves and converted SH waves, normalized with respect to the maximum incident Lamb wave amplitude,
versus the length of PZT transducers with the meta-converter MC#3.
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direction in the bare plate and (c) SH waves in the y direction with the meta-converter, and time-domain signals of (d) Lamb waves and (e)
SH waves.

4.2. Assessment of meta-converter performance

Step-by-step experiments, following the schematic diagram shown in Fig. 13(c), are carried out to assess the performance of the
meta-converter. The bare plate (Case 1) is first tested to provide a reference for comparison. Then, meta-converter samples (Case 2) are
surface-mounted to the plate to examine their mode-conversion capability through the measurement of SH waves. Fig. 14 presents the
time-domain results with/without the meta-converter MC#3. It is observed that the deployment of the meta-converters results in a
dramatic increase in the amplitudes of the measured SH waves, rising from 15 mV to 155 mV, thus confirming the capacity of the
proposed designs. Meanwhile, strong SH waves are also shown to be generated at other excitation frequencies, such as 180, 190, 210
and 220 kHz (not all results are shown here). This phenomenon can be attributed to the feature of the designed meta-converter, which
can operate effectively over a certain frequency band.

Furthermore, a gel test (Case 3), as shown in Fig. 15, is conducted to confirm the existence of SH waves, mainly for distinguishing
them from Lamb waves [49,50]. In principle, the gel should cause the dissipation of Lamb waves, especially for the out-of-plane
motions, but it does not visibly attenuate SH waves (in-plane motion). The comparison with/without the gel is presented in
Fig. 16, with MC#3 installed. It can be seen that the added gel has no discernible impact on the signals. This provides additional
evidence that the captured signals are indeed SH waves, and also corroborates the proposed meta-converter-based method for SH wave
generation.

A ds3;-type PZT-5H sensor (6 mm x 6 mm x 0.3 mm) (Case 4 and Case 5) is then used as the receiver to quantify the energy level of
the Lamb waves excited by the PZT transducer, and to evaluate their changes due to the installation of the meta-converters. The PZT
sensor is positioned 230 mm from the actuator. The time-domain signals in Fig. 17 show that the amplitude of the excited Lamb waves
is around 1.8 V. After introducing the meta-converter MC#3, a reduction in the amplitude of the Lamb waves is observed, indicating
that part of the Lamb wave energy has been converted into that of SH waves.

To further demonstrate the efficiency of the proposed method for SH wave generation, a conventional shear-type PZT transducer
(d15 = 860 pm/V) (Case 6) with dimensions of 8 mm x 8 mm x 0.25 mm is employed as the actuator for comparison, which is placed
230 mm from the MsT sensor. Note there is a slight difference in the actuator-sensor distance between Case 2 and Case 6: 270 mm
(PZT-MsT) and 230 mm (d;5 PZT-MsT), respectively. When conducting experiment in Case 6, as shown in Fig. 13(c), the PZT actuator
used in Case 2 is kept in place. The intention is to maintain the integrity of the experimental set-up as much as possible for subsequent
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Fig. 15. Set-up of the gel test.
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Fig. 16. Time-domain signals with/without using the gel, in the presence of the meta-converter MC#3.

analyses. Consequently, the shear-type PZT actuator in Case 6 is actually closer to the sensor, which should, in principle, produce
stronger SH waves considering the effect of wave beam divergence. Despite that, the measured SH wave amplitude observed in Fig. 18
is significantly lower than that in Case 2 (in Fig. 14 using the proposed method), highlighting the higher efficiency of the proposed
method for SH wave generation. Specifically, a wave packet around 0.06 ms is observed in Fig. 18, which corresponds to the second
harmonic SO mode Lamb waves induced by system nonlinearity [9,45]. Due to the close wavelength of the 200 kHz SH waves (15.6
mm) and 400 kHz SO waves (13.4 mm), this secondary wave can be captured by the MsT, which, however, does not affect the
extraction of the SH waves. Moreover, the present method compares favorably with other conventional transducers (e.g., das-type
shear PZT transducers [21] and MsTs [8]) commonly employed in SHM for SH wave generation in terms of wave magnitudes. Thus, the
effectiveness of the proposed method has been validated. Additionally, a different case at 150 kHz is also investigated, with the results
presented in Appendix as supplementary evidence.

5. Conclusions

To tackle the difficulty in efficient excitation of SH waves, this study proposes a meta-converter design for SH wave generation
through tactical mode conversion from Lamb waves excited by conventional PZT transducers. To achieve high-efficiency SH wave
generation, topology optimization is conducted to tailor-make the add-on meta-converters on demand. The performance of the meta-
converters is then systematically evaluated through both FE simulations and experimental validations.

In all tested cases, including Lamb waves of different modes and frequencies, the optimized meta-converters are shown to enable
effective SH wave generation. Band structure analyses reveal that the hybrid modes caused by the meta-converters trigger strong
coupling between Lamb waves and SH waves, resulting in efficient energy transfer between them. The efficacy of the designed meta-
converter is demonstrated through time-domain response analyses. Wave fields and 2D-FFT analyses highlight the directional char-
acteristics of the incident Lamb waves and the transmitted SH waves, respectively. Robustness analyses demonstrate the inherent
property of the meta-converters for mode conversion, which is independent of the transducer size. Finally, experimental tests validate
the effective enhancement of SH waves achieved by the designed meta-converters. Specifically, the amplitude of SH waves is increased
significantly from 15 mV to 155 mV with the aid of the meta-converter, evidencing its efficacy for SH wave generation.
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Fig. 17. Time-domain signals of Lamb waves with/without the meta-converter sample MC#3.
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Fig. 18. Time-domain signals of SH waves excited by a d;s-type shear PZT transducer.

From an SHM perspective, the proposed method offers an alternative and more generic route for SH wave generation. It cir-
cumvents the installation inconvenience of EMATSs in practical SHM implementations on one hand, and significantly elevates the
energy level of the generated SH waves compared to traditional shear-type PZT transducers on the other hand. The proposed technique
is expected to contribute to the development of SH-wave-based SHM technology. While this study demonstrating the feasibility of
applying meta-converters for SH wave generation, further research is still warranted. For instance, a more in-depth understanding on
the mode conversion mechanism would be necessary through developing a more comprehensive and systematic theoretical frame-
work. This may involve characterizing the anisotropic properties of the meta-converters using a fully three-dimensional model.
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