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Metamaterials promise to revolutionize elastic devices, with applications spanning wireless
communication, structural health monitoring and microfluidic technology. Nevertheless,
unidirectionally manipulating broadband elastic waves remains challenging due to their inherent
complexity of polarization. Here, we introduce a method to control the transmission of broadband
Lamb waves unidirectionally by utilizing mode conversion and selection. The elastic meta-atoms
showcased >30 dB contrast in transmissions between forward and backward illumination scenarios
within 251-345.9 kHz. Leveraging the disparity in phase velocities between Sy- and Ap-mode Lamb
waves, the meta-atom enables broadband phase modulation. We realize a unidirectional focusing lens
that exhibits a concentration of out-of-plane displacements for S;-mode Lamb waves under forward
excitation, while reflecting those excited backward. An enhanced unidirectionally-transmitted meta-
atom displaying <3 dB forward transmission within 293.3-333.6 kHz is further developed by
incorporating an Ag-mode reflector. Our proposal advances the manipulation of broadband plate
waves, holding significant potential for multifunctional on-chip elastic devices.

Artificial metamaterials, which can exceed the constitutive parameters scope
accessible by natural materials, hold the potential to exhibit exotic
phenomena'™. These effects include anomalous refraction”" and super-
resolution imaging" ", achieved by arranging meta-atoms to match desired
phase profiles derived from the generalized Snell's law (GSL)“. Elastic
metamaterials, in particular, have garnered considerable interest for manip-
ulating plate waves extensively used in applications such as structural health
monitoring"’, energy harvesting'®, and wireless communication”. For instance,
Zhu et al. proposed a geometrically tapered metasurface and demonstrated
anomalous refraction of elastic guided waves”. Through mode conversion
between S, and A, mode Lamb waves, manipulating only 7 phase shifts are
required by adjusting the mass attachment height, with the remaining
adjustments facilitated by mirror symmetry. Lee et al. introduced a method to
disrupt intrinsic density-stiffness relationships by exclusively manipulating
effective mass and stiffness, which facilitates the design of high transmission
and a 27 phase range”. Additionally, various techniques involving zigzag
beams for altering wave propagation paths™ >, meta-gratings utilizing dis-
persion characteristics of elastic wave’®”, and resonant pillar structures™™'
have been developed for anomalous manipulation of elastic wavefronts.
Among them, elastic-wave focusing has attracted paramount atten-
tions for its potential applications in energy harvesting”” and nondestructive

testing”. However, current elastic-wave focusing lenses exhibit bidirectional
characteristics, lacking unidirectional focusing capabilities essential for
multifunctional requirements in applications such as accurately identifying
and extracting guided wave signals in non-destructive testing”. A recent
proposal for implementing a unidirectional focusing lens (UFL) for airborne
sound involved dual-layer acoustic metasurfaces**”. While this mechanism
is universal, suggesting potential for realizing a UFL for elastic waves, the
forward focusing necessitates split beams by the first layer that converge into
a spot by the second layer, which inevitably decreases focusing efficiency™**”.
Additionally, the dual-layer structure increases the complexity of the
focusing lens. Moreover, while various elastic meta-structures have been
proposed to manipulate Lamb waves, many of them suffer from narrow
operating bandwidth and complex phase modulation methods™"**”".

To this end, we have put forth a method for implementing broadband
unidirectional focusing of Lamb waves based on a single layer of
unidirectionally-transmitted elastic meta-atoms (UTEM). A UTEM is
composed of asymmetric grooves (AG) responsible for mode converter™
and symmetric grooves (SG) acting as a mode selector. The mode converter
transforms Lamb waves from the lowest-order symmetric (Sy) mode to the
lowest-order asymmetric (Ay) mode, while the mode selector exhibits high
transmission for Ay-mode waves and high isolation for Sy-mode waves.
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Fig. 1 | Schematics of a unidirectional focusing lens (UFL). a Forward incident S,-
mode Lamb waves are converted into Ap-mode waves and focused on the right side
of the lens. Inset: 3D view of a unidirectionally-transmitted elastic meta-atom
(UTEM) composed of a mode converter and a mode selector, respectively. The

geometric parameters a, (a,), w; (w5), and h; (h,) correspond to the periodicity,
width, and depth of the asymmetric groove (symmetric groove), while H represents
the plate thickness of the UTEM. b Backward incident S,-mode Lamb waves are
largely unable to transmit to the left side.

Consequently, the forward incident Sp-mode Lamb waves are converted
into transmitted A,-mode waves by the mode converter, enabling uni-
directional transmission, as waves from the opposite direction are reflected
by the mode selector. The forward-backward transmission difference
exceeds 30 dB between 251 kHz and 345.9 kHz (relative bandwidth of
31.8%). Moreover, we propose a method to adjust the transmitted phases of
the UTEM for broadband Lamb waves by leveraging the substantial phase
velocity difference between Lamb waves in Sy and A, modes. Based on this
approach, we have developed and tested a broadband UFL demonstrating
unidirectional focusing through numerical simulations and experiments
using a laser vibrometer system. Furthermore, we introduce an enhanced
UTEM showing <3 dB (<37 dB) transmission spectrum in the forward
(backward) direction within the frequency range of 293.3 kHz to 333.6 kHz.
At transmission peaks, 0 dB transmission spectrum is achieved, indicating
that the reflection of Aj-mode Lamb waves compensates for the low
transmission resulting from the inherently low conversion efficiency”. On
this basis, we design an enhanced UFL with improved elastic-wave uni-
directional focusing characteristics verified through numerical simulations.

Methods

Unidirectional Lamb-wave focusing lens

A schematic illustration of the proposed UFL is presented in Fig. 1. In the
forward direction, Sp-mode Lamb waves lead to a focal point of converted
Ayp-mode Lamb waves on the right side of the lens (Fig. 1a). Conversely,
backward-propagating waves are predominantly reflected (Fig. 1b), as an Sy-
mode band gap prevents their transmission, resulting in unidirectional
focusing. The broadband unidirectional focusing capabilities are enabled by
UTEMs that serve the dual functions of mode conversion and phase
modulation. Specifically, (1) a UTEM, shown in the inset of Fig. 1, converts
forward-propagating Sy-mode Lamb waves into Ay mode through the AG
while blocking backward transmission by the SG’s forbidden band of S,-
mode Lamb waves, ensuring unidirectional transmission. (2) Furthermore,
a UTEM exhibits the capacity to manipulate the phase of broadband Lamb
waves. The phase shifting of the UTEM arises from the disparities in phase
velocities between Sy and A Lamb waves, implying that phase modulation is
independent of the UTEM’s geometry but rather relies on the placement of
the mode converter, as discussed in detail later.

In this study, the UTEM is constructed from single-phase aluminum
material with a mass density of 2700 kg/m3 , Poisson’s ratio of 0.33, and
Young’s modulus of 70 GPa. The geometric parameters a, (a,), w; (w,), and
hy (h,) represent the periodicity, width, and depth of the asymmetric
(symmetric) grooves, respectively, while H denotes the thickness of the plate
(see Supplementary Table 1 in Supplementary Note 1). Here, the interval
between the AG and the SG is optimized at 6.5 mm (see Supplementary
Note 1). Although the UTEM consists of two sub-structures (the AG and the

SG), it functions as a local diffractive meta-atom within the UFL. The
interval between the AG and the SG primarily governs the transmission
efficiency of a diffraction meta-atom, which is fundamentally different from
the interval that establishes the nonlocal interconnection between dual-layer
metasurfaces in the reference”. The lateral width of the UTEM is 2 mm,
slightly narrower than its 3mm period, thereby preventing coupling
between adjacent UTEMs in a UFL.

Design of a broadband UTEM
Due to its non-symmetric configuration across the mid-plate, an AG can
disrupt the displacement symmetry of the Sy-mode Lamb wave™. To
illustrate this conversion process, a time-domain analysis was performed
using COMSOL Multiphysics software. The probed displacement packet on
a cut line of the surface of the AG is depicted in Fig. 2a, with the red solid line
and blue short dashed line indicating out-of-plane (denoted as w) and in-
plane (denoted as u) displacements, respectively. Although the displace-
ments u and w on the surface of the AG appear to have comparable
amplitudes, the energy is dominantly carried by the out-of-plane displace-
ment (see Supplementary Note 2). The significant disparity in phase velo-
cities between Lamb waves in the A, (2059 m/s) and S, (5360 m/s) modes
enables the differentiation of wave packets related to the converted A, mode
and the residual Sy mode. Therefore, the frequency spectra of the trans-
mitted wave packets are derived to quantitatively characterize their trans-
mission spectra as 10lg [(1? + w?)/(u3 + w)]™, where u, and w,
represent the displacement components of the plate without AG. As shown
in Fig. 2b, an approximately 3 dB transmission spectrum is achieved (cal-
culated based on the converted Ay-mode Lamb wave) within the frequency
range of 250 kHz to 350 kHz (a relative bandwidth of 33%), indicating a
potential conversion efficiency of 50% within the observed frequency band.
Here, the optimal height of the AG is set to 1.33 mm, which results from a
trade-off between the transmission and reflection of the Sy-mode Lamb
wave (see Supplementary Note 3). Moreover, it has been observed that the
conversion efficiency decreases with an increasing number of AGs, leading
to a higher reflection of the converted A, mode (see Supplementary Note 3).
On the other hand, the SGs function as a mode selector, allowing Lamb
waves in the Ay mode transmitting through while blocking those in the S,
mode. To maximize the operating bandwidth while ensuring unidirectional
performance of the UTEM, the band structures of the SG with varying
height h, are derived. The optimal height A, is found to be 0.75 mm (see
Supplementary Note 4). This configuration enables a passing band for Ay-
mode Lamb waves, spanning the range from 254 to 341 kHz, within the
bandgap of Sy-mode Lamb waves (252 to 460 kHz), as illustrated in Fig. 2c.
Additionally, the transmission spectra of the SGs for Lamb waves in both A,
and S, modes have been calculated, as shown in Fig. 2d. To configure the
mode selector, 8 pairs of SGs were utilized, as further enhancement of
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Fig. 2 | Transmission characteristics of the asymmetric groove (AG) and the

symmetric grooves (SGs). a Time-domain wavefront of Sp-mode Lamb wave pro-
pagating in a plate with an AG, as schemed by the inset. The blue short dashed and
red solid lines denote for the in-plane and out-of-plane displacements, respectively.
b Transmission spectrum of the AG for A, mode. The inset shows the displacement
distribution at 55 us. ¢ The band structure of the SG, where the insets show the total

displacement at 490.2 kHz and 328.5 kHz, respectively. The red solid line and blue
short dashed line, respectively, represent the energy bands of the SG for Ay- and Sp-
mode Lamb waves. d The transmission spectra of incident S, (blue short dashed line)
and A, (red solid line) modes wave passing through the SG. e Out-of-plane dis-
placements of Ay- and S;-mode Lamb waves at 320 kHz.

transmission difference between forward and backward incidents becomes
challenging with more than 8 SGs (see Supplementary Note 5). In the
numerical simulations, perfectly matched layers were employed on both
sides to eliminate the interference of reflected waves. Figure 2d demonstrates
that transmission spectrum is maintained below 5 dB for A, modes and
above 30 dB for Sy modes within the frequency range of 259 kHz to 334 kHz.
The transmission ratio consistently exceeds 30.6 dB at each frequency. At
320 kHz, Fig. 2e shows the out-of-plane displacement distributions of the
two modes, confirming the SGs’ function as an effective mode selector.
Therefore, the S;-mode Lamb wave initially excited from the left side
of the UTEM (see inset in Fig. 1) undergoes conversion into the Ay mode
and is subsequently transmitted to the right side. Conversely, the S;-mode
Lamb wave originating from the right side experiences almost complete
reflection by the SGs, leading to unidirectional transmission. To verify
this, transmission spectra of the UTEM comprising of an AG and eight
SGs are calculated and presented in Fig. 3a, where the red solid line and
the blue short dashed line represent the transmission spectrum in the

forward-incident and backward-incident scenarios, respectively (see
Supplementary Note 5 for transmission spectra of the UTEM with
varying number of AGs and SGs). The analysis reveals that within the
frequency range of 251-3459kHz (a relative bandwidth of 31.8%),
transmission spectrum remains below 10 dB for forward transmission
and exceeds 30 dB for backward transmission. A transmission spectrum
exceeding 30 dB is consistently achieved across the observed frequency
range, as demonstrated in Fig. 3a. For instance, at 328.5 kHz, the trans-
mission ratio reaches approximately 37.4 dB. Visually, the normalized
out-of-plane displacements for forward and backward incidences are
depicted in Fig. 3b, clearly illustrating unidirectional transmission. It is
highlighted that in the backward-incident case, the Sy-mode Lamb wave is
reflected by the SGs, as indicated by the in-plane displacement (see
Supplementary Note 6). The unidirectional transmission mechanism can
be extended to higher frequencies, specifically in the MHz range, with the
straightforward configuration applicable for constructing a UTEM on a
silicon substrate (see Supplementary Note 7).
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Fig. 3 | Transmission characteristics of the unidirectionally-transmitted elastic
meta-atoms (UTEM). a Transmission spectra of the UTEM for forward- (red solid
line) and backward-incident (blue dashed line) S, Lamb wave. The shaded area
indicates the frequency range where forward transmission is below 10 dB while

backward transmission exceeds 30 dB. The inset presents corresponding transmit-
tance. The legend of a refers to the inset. b Out-of-plane displacements of the UTEM
when Sy-mode Lamb wave at 328.5 kHz impinged from forward and backward
directions, corresponding to points A and B in (b), respectively.
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Phase modulation of the UTEM

The availability of phase shifts that can be modified across a wide fre-
quency range is crucial for steering Lamb waves. Nevertheless, current
phase-modulated structures such as tapered torus” and resonant
structures™" suffer from a limited operating band, while broadband
phase-modulation units are less involved”’. Achieving high transmission
and desired phases requires precise optimization of geometric

parameters, such as adjusting the height of the attached mass as dis-
cussed in literature”. In this study, we propose an approach for
modulating broadband Lamb waves by changing the position of
the UTEM. This method leverages the phase velocity difference
between Lamb waves in the S, and A, modes, contrasting with tradi-
tional methods that focus on adjusting the geometric configurations of a
meta-atom™>**,
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Fig. 5 | Numerical simulations and experimental illustrations of the unidirec-
tional focusing lens (UFL). a Phase profile of the designed UFL, with the solid line
representing the theoretical result from the generalized Snell’s law and the symbols
indicating that of the unidirectionally-transmitted elastic meta-atoms (UTEM).

b Experimental setup for measuring out-of-plane displacements. Inset: The designed
UFL consists of asymmetric groove (AG) and symmetric grooves (SGs), and the UFL

o
o

Normalized displacement field abs(w)

Yy (mm)

has a length L =73 mm and width W = 64 mm. The simulated distributions of the
displacement fields w (left panels) and the amplitudes |w| (right panels) of the UFL in
c forward- and d backward-incident cases at 328.5 kHz. The dashed-line boxes mark
the measurement areas. The insets show the measured displacement field dis-
tributions. e Comparison of simulated (lines) and measured (hollow symbols) dis-
placement field profiles along the white dashed lines I and II in (c) and (d).

We examine the phase velocity at various frequencies by solving the
dispersion equation of the Lamb wave as described in ref. 39:

tan(qH/Z) B 4k2qp

tan(pH/Z) - (qz _ k2)2 ’ (1)
an(gH/2) _ (¢ -k’ @)
tan(pH/2)  4kgqp

where Egs. (1) and (2) correspond to the symmetric and asymmetric modes
of the Lamb wave; p> = w?/c} — k* and ¢* = w?/c& — k?, with ¢; and ¢
denoting the velocities of longitudinal and transverse waves, respectively.
The obtained dispersion curve for a 2 mm-thick aluminum plate is depicted
in Fig. 4a. A significant disparity in phase velocities between the Sy- and Ay-
mode Lamb waves is evident within the specified frequency range of
251 kHz to 345.9 kHz, highlighted by the cyan shadow in Fig. 4a, where the
inset compares the phase velocities. For instance, at 328.5 kHz, the phase
velocities of the Lamb wave in the S, and A, modes are 5.36 km/s and
2.059 km/s, respectively. Consequently, the Sy- and Ay-mode Lamb waves
exhibit distinct phase accumulations along the same propagation path,
motivating us to adjust the phase by altering the propagation length of the S,
mode (before conversion into the A, mode) or the starting position of the
AG, as schemed in Fig. 4b. Here, the total length of the phase-modulating

UTEM is 73 mm, with the AGs and SGs occupying 53.2 mm. [ represents
the propagation length of the Sy mode. Figure 4c, d demonstrates the
transmission phases and amplitudes at various frequency points. It is worth
mentioning that (1) the transmission phases are solely modulated by
adjusting the initial position of the AG, simplifying the manufacturing
process compared to tapered torus”, zigzag structures””, and resonant
structures™"". (2) The transmission phases exhibit a linear variation with
the propagation length at different frequencies, laying the foundation for
steering broadband Lamb-wave focusing.

Results and discussion

Broadband unidirectional Lamb-wave focusing

In this section, we explore the potential of implementing a UFL based on the
proposed UTEM technique. To achieve the focusing of the Ap-mode Lamb
wave, the gradient phase distribution profile along the y direction must
satisfy the following relation according to the GSL:

q)(y)z%ﬂ(,/FeryZ—F)Jr(D(y:OL )

where the focal length F = 41 and A = 6.26 mm denotes for the wavelength of
the Lamb wave in A, mode at 328.5 kHz. Here, we set the phase @(y =0)
= —. Accordingly, the requisite phase profile is depicted by the solid line in
Fig. 5a. For the physical realization of the UFL, 21 UTEMs have been
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atoms (UTEM). i-1 are correspondingly simulated (lines) and measured (hollow
symbols) displacement field profiles along the white dashed lines. For comparison,
the normalized absolute amplitudes |w]| at the same position of a bare plate without
any grooves are presented by black dash dotted lines.

employed, and their respective phases are indicated by symbols in Fig. 5a.
The normalized out-of-plane displacements derived from the finite element
method in both forward- and backward-incident scenarios are illustrated in
Fig. 5¢, d, respectively. Upon the illumination of the Sp-mode Lamb wave in
the forward direction, a focal point of out-of-plane displacements is
observed on the opposite side of the UFL. This observation signifies the
conversion of the in-plane dominated S, mode into an A, mode, focused
precisely within the region specified by the phase profile (Fig. 5c).
Conversely, minimal displacement is observed on the left side of the lens
when the Sy-mode Lamb wave is incident from the right side (Fig. 5d). This
behavior is attributed to the direct reflection of the backward-incident wave
by the UFL. Hence, the numerical simulation validates the unidirectional
focusing characteristics of the UFL.

To experimentally validate the unidirectional focusing capabilities of
the constructed UFL, a specimen was fabricated by using computer
numerical control technology. Pointwise displacement detection was con-
ducted using a laser vibrometer system (Polytec OFV-534 and OFV-5000),
as illustrated in Fig. 5b. The fabricated lens was mounted on a displacement
stage, controlled by a LabVIEW program to derive the pointwise dis-
placement fields. The edges of the lens were affixed with blue tack glue to
simulate a low-reflection boundary. The Sy-mode Lamb wave was generated
by a pair of piezoelectric patches attached to the aluminum plate on both
faces. An electrical signal of 60 cycles was generated, amplified by a E&I

325LA power amplifier to enhance the signal-to-noise ratio. An OFV-5000
vibrometer controller was utilized to measure the out-of-plane displacement
with a precision of 0.3 mm (<1/6 of the operating wavelength of 6.26 mm).
The acquisition region P1 and P2 was 40 x 30 mm’, as outlined by the
dashed line in Fig. 5¢, d. The measured displacements are displayed in
Fig. 5¢, d, which agree well with those derived from the numerical simula-
tion. The dynamic process of the measured displacements is presented in
Supplementary Movie 1. The simulated and measured displacement field
profiles along the white dashed lines I and II of Fig. 5¢, d are presented in
Fig. 5e. The full width at half maximum (FWHM) was observed to be 5 mm,
approximately 0.81 of the Aj-mode Lamb wave at 328.5kHz. We
acknowledge that the non-contact detection technique employed has lim-
itations, as it only measures out-of-plane displacements. While this mea-
surement alone is insufficient to fully characterize the Ap-mode Lamb wave,
detecting out-of-plane displacements remain the most widely used
approach due to their dominant role in Ay-mode Lamb waves*>*'.

We note that although the UFL was precisely designed at 328.5 kHz,
however, unidirectional focusing is observed over a broad frequency range
from 251 to 345.9 kHz. Broadband focusing is facilitated by the linearly
varying transmitted phase with respect to the modulated parameter I, along
with its nearly linear gradients across different frequencies (see Fig. 4c). For
further validation, we have also presented phase profiles of the designed UFL
at different frequencies, which are distributed in a focusing lens
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Fig. 7 | The broadband focusing performance of the unidirectional focusing
lens (UFL). a The full width at half maximum (FWHM) of the UFL at 253.2 kHz,
266.8 kHz, 282.9 kHz, 299.5 kHz, 315.5 kHz, 328.5 kHz, and 345 kHz. The shaded

area indicates the subwavelength FWHM within 4.51-5.4 mm. b Normalized dis-
placement field profiles of the UFL along x-direction, the black short dash lines
denote the designed focal length F = 25.04 mm at 328.5 kHz.

Fig. 8 | Enhanced unidirectional transmission.

a Schematic diagram of the enhanced
unidirectionally-transmitted elastic meta-atoms
(EUTEM). The geometric parameters w3 and h;
correspond to the width and depth of the mode
reflectors, respectively, while the b, and b, represent
the interval between adjacent grooves.
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configuration across the prescribed frequency range (see Supplementary
Note 8). To maintain generality, we analyzed the out-of-plane displacement
distributions at four specific frequencies: 251 kHz, 291 kHz, 315.5 kHz, and
345 kHz, as illustrated in Fig. 6. The measured displacements, represented
by hollow symbols in Fig. 6i-], closely align with those predicted by
numerical simulation. The FWHM serves as a crucial metric for assessing
focusing performance. The FWHM s at different frequencies are graphically
presented in Fig. 7a, indicating that the UFL achieves sub-wavelength-scale
FWHMs ranging from 4.51 mm to 5.4 mm, smaller than the minimum
wavelength of 6.04 mm. Therefore, it is confirmed that the designed UFL
exhibits good focusing resolution and broadband performance.
Additionally, the focusing effect is evaluated through an investigation
of the focal lengths at various frequencies, as illustrated in Fig. 7b. The results
indicate an increase in focal length with frequency, ranging from 21.7 mm to

29.7 mm, demonstrating the effective focusing capability of the constructed
UFL across a wide frequency range from 251 kHz to 345.9 kHz. The shift in
focal position along the x direction is attributed to the inherent dispersion of
Lamb waves, as evidenced by the linear phase shifts observed in the UTEM
at various frequencies. It is noteworthy that the designed frequency does not
represent a singular solution. To confirm this, a UFL designed to operate at
298.5 kHz was fabricated, showing broad-spectrum unidirectional focusing
characteristics (see Supplementary Note 9). Additionally, we highlight that
the method can be extended to construct a UFL for broadband Ay-mode
Lamb waves. Specifically, the forward illuminated A,-mode Lamb waves
undergo mode conversion into Sy-mode waves, which are then focused onto
the right side of the UFL. In contrast, Aj-mode Lamb waves incident from
the backward direction are effectively reflected by the mode selector (see
Supplementary Note 10).
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Fig. 9 | Enhanced unidirectional Lamb-wave focusing. Simulated normalized
absolute out-of-plane displacements of the enhanced unidirectional focusing lens
(EUFL) for forward (a-d) and backward (e-h) incidences at 297.5 kHz, 315.5 kHz,

x (mm)

-15-10 -5 0 5 10 15
y (mm)
330.5 kHz, and 340.5 kHz. i-1 correspond to the normalized focusing amplitudes along

the white dashed lines. The normalized amplitudes abs(w) at the same position of a bare
plate without any grooves are shown by the black dash dotted lines for comparison.

Enhanced unidirectional Lamb-wave focusing

The mode conversion between S, and A, results in a loss of transmission
efficiency™. Specifically, a mode converter transforms a portion of the Lamb
wave from the S, mode to the A, mode, while the remaining part passes
through the converter (refer to Fig. 2a) and is subsequently reflected by the
SG elements, eventually reaching the impinged terminal (see Supplemen-
tary Movie 2). Consequently, the above-proposed UTEM exhibits an
approximate 1.3 dB transmission spectrum even at peak transmission levels
(see Fig. 3a).

To mitigate this issue, we propose a strategy to develop an enhanced
unidirectionally-transmitted elastic meta-atoms (EUTEM) by incorporat-
ing a reflector for the Aj-mode Lamb wave. As schemed in Fig. 8a, the
reflector consists of three SGs, with geometric parameters w; and h; set at
2mm and 0.75 mm, respectively, and b; =0.2 mm, b, =0.64 mm. The
interval between the reflector and the mode converter is 11 mm (refer to
Supplementary Note 11 for transmission spectra with different intervals). As
depicted by Fig. 8b, the proposed reflector features high transmission (<5
dB) for Lamb waves in the Sy mode but high reflection (<16.6 dB) for those
in the Ay mode within the frequency range of 279.5 kHz to 350 kHz. The
EUTEM shows <3 dB transmission spectrum (<0.5 transmission coefficient
as depicted in the inset) in the forward incidence scenario (red solid line in
Fig. 8c) within the frequency range of 293.3 kHz to 333.6 kHz, showcasing
significant transmission enhancement compared to that without the
reflector (black dash dotted line). The transmission spectrum at peaks

(297.5 kHz, 315.5 kHz, 330.5 kHz, and 340.5 kHz) approaches zero (near-
unity transmission). The enhanced transmission efficiency is attributed to
the collaborative action of the Ay-mode reflector, mode converter, and mode
selector. Specifically, the forward incident Sy;-mode Lamb wave penetrates
the reflector and is partially converted into that in Ay mode, with the
remaining portion being reflected by the mode selector. The reflected S,-
mode Lamb wave is then reconverted into that in A, mode which is sub-
jected to high reflection by the Aj,-mode reflector, rather than being
transmitted to the impinged terminal as seen in the UTEM. On the other
hand, the introduced reflector has minimal impact on transmission spec-
trum (<35.8 dB over the frequency band) in the case of backward incidence
(blue short dashed line). Figure 8d depicts the out-of-plane displacement at
330.5kHz, demonstrating a near-complete conversion of the forward-
incident Sy-mode Lamb wave into an A,-mode wave, evidenced by the
absence of significant standing waves on the left side of the EUTEM (refer to
Supplementary Movie 3). Conversely, the backward-induced Sy-mode
Lamb wave encounters difficulty in transmitting through the EUTEM. In
line with our proposals for EUTEMs, we have developed an enhanced
unidirectional focusing lens (EUFL). The phase modulation mechanism
employed in the EUTEM aligns with the concept illustrated in Fig. 4. The
EUFL comprises 21 EUTEM units with a focal length of F=4A, where
A=626mm denotes the wavelength of the Ay-mode Lamb wave at
328.5kHz. Figure 9 illustrates the absolute out-of-plane displacements
normalized to the maximal value across various frequencies, which indicates
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Fig. 10 | Comparison of the focusing performance between the enhanced uni-
directional focusing lens (EUFL) and the unidirectional focusing lens (UFL).
Out-of-plane displacements of the EUFL (solid line and dotted line) and UFL (short
dashed line and dash dotted line) at 315.5 kHz.

that broadband unidirectional focusing is implemented. Moreover, a
weakening of displacements on the left side of the EUFL is observed in both
forward and backward illumination scenarios compared to those shown in
Fig. 6. This hints at a reduction in reflection for forward incidence and
improved transmission for backward incidence, enhancing the unidirec-
tional focusing effect. It is suggested that reflection in forward case and
transmission in backward case reduces, leading to enhanced unidirectional
focusing. We have further analyzed the absolute out-of-plane displacements
at 315.5 kHz, as illustrated by the solid line and dotted line in Fig. 10. The
forward and backward displacement amplitudes of the EUFL are 1.46 and
0.4 times greater, respectively, than those of the UFL, reaffirming the
enhanced unidirectional focusing capability of the EUFL.

Conclusions

To conclude, we have theoretically and experimentally demonstrated uni-
directional focusing for broadband Lamb-guided waves based on UTEMs,
highlighting their ability for one-way transmission and flexible phase
modulation. The UTEM exhibits a significant 30 dB difference in trans-
mission spectra between forward and backward scenarios over the fre-
quency range of 251 kHz to 345.9 kHz, achieved through a combination of
Lamb wave conversion and mode selection. The substantial phase velocity
contrast between Lamb waves in the Sy and A, modes allows for wide-range
phase modulation without compromising the unidirectional effect,
achievable solely by adjusting initial positions without altering UTEM
geometry or parameters. While the constructed UFL demonstrates sub-
wavelength focal sizes for forward-illuminated Sp-mode Lamb waves, those
incident from the opposite side are reflected by the lens. We further propose
enhancing forward transmission efficiency by integrating an Ay-mode
reflector into the UTEM. The presented EUTEM shows a <3 dB trans-
mission spectrum from 293.3 kHz to 333.6 kHz, nearing 0 dB at transmis-
sion peaks, facilitating a broadband EUFL with improved focus intensity.
Due to its scalability and simple configuration, our proposal also provides
possibilities to steer higher-frequency broadband Lamb-guided waves on
wafer-process-compatible silicon substrates, which paves the way for the
development of on-chip elastic devices with substantial versatility.

Data availability
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