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Directional audio systems, enabling personal sound sweet spots and spatially
selective audio delivery, typically rely on parametric acoustic arrays that
leverage nonlinear interactions of ultrasound beams to overcome the direc-
tivity constraint dictated by the wavenumber-aperture product. Such systems,
known as parametric array loudspeakers (PALs), traditionally require phased
arrays comprising tens to hundreds of ultrasonic emitters—posing persistent
challenges for widespread adoption due to high cost, system complexity, and
limited design flexibility. Here, we show an alternative form factor: a compact,
single-body ultrasonic transducer integrated with dual-domain metamaterials,
termed metamaterials-integrated parametric array loudspeakers (MiPALs).
Unlike conventional PALs, the MiPAL utilizes a single piezoelectric driver co-
integrated with dual-domain metamaterials—consisting of a co-designed
acoustic metasurface and elastic meta-units—to yield a simple, cost-effective,
and highly integrated architecture. To realize this, we exploit a unified design
strategy that integrates theoretical modeling, metamaterial-transducer co-
design, and comprehensive quantitative analyses of linear and nonlinear
acoustic fields. Experiments demonstrate that the MiPAL generates ultra-
broadband directional sound over four octaves, spanning from 500 Hz to 10
kHz. These findings underscore the potential of metamaterial-transducer co-
integrated platforms for advanced audio systems, laying the foundation for
immersive audio, spatial sound delivery, and extended reality.

Published online: 22 May 2026

M Check for updates

Recent advancements in audio technologies have significantly
enhanced spatial precision in sound reproduction’?, enabling immer-
sive experiences such as personal surround audio, spatial sound zones
(bright or/and dark)’, and audio bubbles*. These capabilities are
increasingly adopted across diverse platforms—including vehicle
interiors, consumer electronics, and extended reality (XR) systems’.
This growing demand for private and highly directional sound delivery

has accelerated the need for compact sound sources capable of
shaping and redirecting acoustic energy in space without affecting
nearby listeners.

One promising approach to directional audio delivery is based on
parametric arrays (PAs)®~°, which leverage the nonlinear interaction of
high-frequency ultrasonic beams in air to generate audible sound via
difference-frequency wave (DFW) generation, also known as
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parametric down-conversion. This technique overcomes the funda-
mental directivity constraint imposed by the wavenumber-aperture
product (ka)'®, which typically limits the applicability of conventional
loudspeakers in compact directional audio systems. Unlike traditional
devices that require physically large apertures to produce narrow
beams at audible frequencies—due to the long wavelength of sound—
parametric array loudspeakers (PALs) enable compact acoustic archi-
tectures capable of generating tightly confined audio beams (see
Supplementary Note 1). These characteristics make PALs attractive for
applications requiring spatially localized sound delivery, such as per-
sonal sound zones, and immersive audio in XR environments>*"*,

Despite the advantages of PALs, conventional implementations—
commonly referred to as array-based PALs (APALs)"“'*—face several
inherent limitations. These include increased system complexity,
stringent phase synchronization across multiple transducer elements,
and high implementation costs, particularly when precise electrical
amplitude and phase control are required to maintain beam quality’. In
addition, APALSs typically rely on off-the-shelf ultrasonic emitters such
as Murata’s MA40S4S", which operate typically at fixed center fre-
quencies (e.g., 40 kHz). This reliance fundamentally limits design
flexibility, as the transducer is conventionally treated as a given black-
box source with predefined operating characteristics, rather than as a
designable variable. Consequently, most prior studies have primarily
focused on predicting nonlinear acoustic fields*'*'*?°, while integrated
design strategies—ranging from transducer architecture to nonlinear
acoustic field generation—have remained largely underexplored.
Recently, as an alternative to APALs, stepped-plate parametric array
loudspeakers (SPPALs) have been proposed” . These systems
employ a single piezoelectric transducer equipped with a flat plate
modified by concentric annular steps, i.e., stepped-plate, enabling
approximate phase compensation and emulating the coherent wave-
front of an ideal rigid aperture source. While SPPALs have emerged as a
compact PAL architecture, they also introduce additional challenges.
The intricate step structures complicate transducer modeling and,
when the step height becomes significant relative to the plate thick-
ness, induce unwanted effects such as frequency shifts and undesired
mode shapes™. These issues ultimately hinder the feasibility of sys-
tematic and predictable transducer designs. Furthermore, the inherent
material damping often associated with integrated step structures—
particularly those utilizing polymers—leads to significant efficiency
degradation, representing a bottleneck for achieving sufficient sound
volume (see Supplementary Note 16 for detailed discussion). Crucially,
earlier SPPALs inevitably suffer from the compromise of their core
functionality—directional sound reproduction—due to combination
resonance (CR)*. This parasitic phenomenon, an inherent side effect
of nonlinear intermodulation, generates nearly omnidirectional
acoustic leakage that represents a primary drawback of existing single-
body PAL architectures.

In this paper, we propose an alternative form factor for PALs—the
metamaterials-integrated PAL (MiPAL)—which consists of a modular,
single-body piezoelectric ultrasonic transducer co-integrated with
dual-domain metamaterial architectures. Within this unified system,
the acoustic metasurface serves as the primary functional layer; by
leveraging subwavelength spatial resolution and high design flexibility,
both considered well-known advantages of metamaterials® >, it
effectively redirects the nondirectional ultrasound generated by the
transducer’s flexural vibration into a highly collimated and directional
wavefront. As a result, directional audible sound is produced through
DFW generation via nonlinear interactions of high-intensity ultrasonic
waves. Simultaneously, the elastic meta-units act as a critical com-
pensatory layer. By embedding deep-subwavelength locally resonant
structures® onto the transducer’s radiating plate, we effectively sup-
press the omnidirectional sound leakage associated with the CR mode
that undermines the core functionality of the PAL by compromising its

defining high directivity. To ensure the desired functionality and
enable application-specific adaptability, we establish a unified design
framework that facilitates the co-design of the transducer, acoustic
metasurface, and elastic meta-units as an integrated device. This fra-
mework encompasses the comprehensive design of the MiPALs, inte-
grating electromechanical transduction with dual-domain wave
manipulation through theoretical investigation and rigorous full-field
analyses of both linear and nonlinear behaviors in acoustic and elastic
regimes. We fabricate a MiPAL prototype specifically designed for a
representative target application scenario, and both experimentally
and numerically validate its capability to generate highly directional
audible sound across a broad frequency range of 500 Hz-10 kHz,
covering over four octaves within the audible spectrum. Our approach
effectively addresses the core limitations of existing approaches—
including high system cost, structural complexity, and limited design
flexibility—and establishes a clear pathway toward compact directional
audio systems suitable for widespread deployment. Furthermore, by
demonstrating deep sub-diffraction nonlinear wave manipulation®
through device-level integration of metamaterials beyond conven-
tional linear-wave-based approaches™*, this work highlights the
potential of metamaterial-transducer co-integrated platforms, laying
the groundwork for future applications in immersive audio, spatial
sound delivery, and XR environments.

Results

Concept and overall principle of the MiPALs

Parametric acoustic arrays exploit the nonlinear properties of air to
generate highly directional audible sound from high-intensity ultra-
sonic waves®. When a transducer emits two ultrasonic components at
frequencies f; and f5, their second-order nonlinear interaction in air
forms a virtual end-fire line source at the difference frequency |f; - f5,
producing a narrow audible beam that inherits the directivity of the
ultrasonic primaries. Figure 1a schematically illustrates this principle,
while Fig. 1b presents the corresponding frequency domain response,
where two strong primary components give rise to a distinct
difference-frequency peak as a result of air nonlinearity.

Conventional PALs are typically composed of multiple ultrasonic
emitters, each with a fixed frequency response. Consequently, the
source aperture is realized as a phased array with relatively large ele-
ment spacing—often exceeding one wavelength—which necessitates
numerous emitters and results in increased system complexity and
cost (see Supplementary Note 2 for details). In contrast, the proposed
PAL architecture employs a single-body transducer integrated with
metamaterial structures that provide modularity and design flexibility,
enabling simplified configuration and customization. This modular
approach facilitates straightforward assembly and disassembly while
leveraging low-cost transducer elements and 3D-printable metama-
terial components.

In the proposed system, a mechanical horn (see Fig. 1c) amplifies
the vibrational displacement of a Langevin-type ultrasonic driver and
excites the center of the wide-area radiating plate, inducing high-order
flexural-mode vibration that generates an off-axis radiation pattern of
ultrasonic fields (Fig. 1f, left). To convert this into a highly directional
field, we integrate an acoustic metasurface (Fig. 1d) in front of the
radiating plate, tailored to match the spatial characteristics of the
flexural mode to make the coherent wavefront (Fig. 1f, right). This
enables the desired high-ka collimated ultrasonic wave radiation,
which undergoes a progressive nonlinear interaction in air to produce
highly directional audio. However, during this process, unwanted
parasitic vibrations can arise within the transducer structure. One such
phenomenon, referred to as CR***°, occurs when intermodulation
distortion components generated by multifrequency excitation drive
the lower-order eigenmodes of the transducer in the audible range.
The resulting parasitic radiation can reach sound pressure levels (SPLs)
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Fig. 1| Overview of the metamaterials-integrated parametric array loudspeaker
(MiPAL). a Schematic illustration of the MiPAL generating a directional ultrasonic
field with high-ka (where k is the acoustic wavenumber and a the aperture radius)
and a resulting secondary audible beam via nonlinear process. b Nonlinearity-
enabled difference-frequency wave generation: two ultrasonic primary tones f; and
f>interactin air to produce a demodulated audible component |f; - f5|. ¢ Schematic
of the MiPAL architecture and coherent ultrasonic radiation mechanism. The
device integrates a Langevin-type ultrasonic transducer, a conical mechanical horn,
a large-area radiating plate, a metasurface for wavefront shaping, and elastic meta-
units for undesired vibration suppression. d Photographs of the fabricated meta-
surface, illustrating (top) the 100 mm-diameter front view with axially symmetric
phase-encoded layers supported by six radial ribs and (bottom) close-up views of
the incidence and transmission sides that highlight the unit-cell design combining
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interconnected Helmholtz resonator arrays with a space-coiling channel.
e Photographs of the radiating plate equipped with elastic meta-units, showing
(top) the backside view with the meta-units attached to the plate and (bottom) a
close-up view highlighting the local-resonance meta-unit geometry designed to
form a bandgap that suppresses parasitic low-frequency omnidirectional radiation.
f Visualized ultrasound fields without metasurface (left), showing incoherent
radiation governed by the plate’s flexural mode, and with metasurface (right),
demonstrating collimated wavefront and high directivity. g Comparison of the
secondary audio field influenced by structural vibration without elastic meta-units,
parasitic combination resonance excites the plate’s lower eigenmodes, producing
omnidirectional leakage (left), and with elastic meta-units, these modes are effec-
tively suppressed, resulting in a purely directional audio beam (right).

comparable to the intended on-axis output, producing a nearly
omnidirectional acoustic leakage that masks the directional audible
field and forms a virtual acoustic dome around the device (Fig. 1g, left).
To suppress these parasitic phenomena, we attach deep-
subwavelength elastic meta-units on the backside of the radiating
plate (Fig. 1e), which are capable of effectively attenuating undesired
structural vibrations by introducing a local-resonance bandgap near
the lower-order mode frequency (Fig. 1g, right). Strategically designed
to target the eigenfrequencies associated with CR, the elastic meta-
units effectively mitigate the undesired dome effect, thereby preser-
ving the directional audio output.

Design, characterization, and fabrication of the MiPALs

The design of the MiPALs revolves around integrating a monolithic
ultrasonic transducer with acoustic and elastic meta-architectures to
achieve the desired acoustic and mechanical responses for direc-
tional sound-beam generation. Each component is designed
sequentially but becomes functionally co-integrated through struc-
tural integration within the overall device architecture. To assess the
functionality and performance of the proposed form factor under
realistic operating conditions, we develop a representative MiPAL
configuration that reflects a typical use case in which the listener is
positioned at a close distance (e.g., <1 m). Once the application-
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Fig. 2 | Design and characterization of the MiPAL. a Acoustic metasurface and its
unit cells. Schematic of the metasurface colored according to the target phase
distribution (left), consistent with b and c. Unit-cell configuration comprising a
central waveguide and Helmholtz resonators connected through a space-coiling
channel (right), where the geometric parameters (¢ = 2.43 mm, w = 8.58 mm, ¢, =
2.86 mm, w; = 0.3 mm, w, = 0.9 mm, ¢;, t,) define the acoustic response. b Radial
phase profile for compensating incoherent high-order flexural-mode radiation
from the plate. ¢ Calculated transmittance (left) and phase (right) of the unit cell as
functions of geometrical parameters. d Resulting coherent and directional ultra-
sonic wavefront in phase, where A, denotes the wavelength corresponding to the
carrier frequency. e High-order flexural-mode plate and its elastic meta-units.

Frequency (kHz)

Comparison of the radiating plate without and with attached elastic meta-units
(left). Configuration of an elastic meta-unit (right), defined by the geometrical
parameters (wf =3 mm, h¢ =1 mm, dy, = 3 mm, &, [, wy,). The foot and spring
segments are integrated with a 1 mm longitudinal overlap. f Normalized mode
shapes of the plate’s low-order eigenmodes, indicating the target-attaching loca-
tion of meta-units. g Frequency response of the transducer at the center of the plate
with and without elastic meta-units in the ultrasonic range (left) and in the audible
range (right). Superscripts a and b denote the lower- and higher-frequency split
modes induced by the elastic meta-units. h Vibration-field distributions of the plate
without and with elastic meta-units. Normalization is consistent within each modal
family (e.g., 1, 1%, 1°) but not across different orders.

specific requirements—namely, aperture size and target hearing
distance—are defined, the fundamental design parameters—such as
radiator thickness and ultrasonic carrier frequency—can be deter-
mined based on nonlinear acoustic analysis (see Supplementary
Note 3 for details). These parameters serve as the foundation for the
subsequent design of the Langevin transducer, mechanical horn, and
radiating plate, ensuring the desired acoustic output and beam
characteristics (see Supplementary Note 4 for detailed transducer
design).

Based on the preliminary-established design process (Supple-
mentary Notes 3 and 4), we proceed to design the acoustic metasur-
face with a 60 kHz carrier frequency, a 100 mm aperture diameter, and

a 0.5 m target hearing distance. The radiating plate of the transducer is
identical in size, with a diameter of 100 mm, aligning with the meta-
surface aperture. For its implementation, we adopt and tailor a hybrid
unit-cell geometry***? comprising radially arranged Helmholtz reso-
nators (HRs) interconnected by a space-coiling (SC) channel (Fig. 2a).
The design parameters ¢; and t, are adjusted to control the cavity
volumes of HRs and the length and volume of the SC channel,
respectively, achieving the desired transmittance and phase. It is
noteworthy that the central (innermost) unit cell employs a pure
waveguide channel to overcome poor impedance match arising from
its inherently limited acoustic volume (see “Methods” for details on the
unit-cell design).
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To achieve desired wavefront shaping, each unit cell is individu-
ally encoded to compensate for the incoherent radiation modes pro-
duced by the radiating plate (Fig. 2b), ensuring accurate phase
modulation and high transmission at the center frequency (see Sup-
plementary Note 5 for details). Figure 2c presents the calculated
transmittance and phase of the unit cells as functions of the design
parameters. By mapping the required phase profile, the metasurface
enables coherent and collimated beam formation. The designed
metasurface was subsequently fabricated using high-resolution ste-
reolithography (SLA) 3D printing (Fig. 1d; fabrication details provided
in “Methods”). The efficacy of the metasurface-enabled wavefront
shaping is further verified by analyzing the spatial phase profiles along
the propagation axis (Fig. 2d). Immediately after transmission through
the metasurface, the wavefront exhibits transient oscillatory phase
variations due to near-field nonlocal coupling effects. However, after
propagating over several wavelengths, it clearly forms a planar wave-
front, confirming directional beam generation in the high-ka regime.

In parallel, to mitigate unintended excitation of the plate’s lower-
order flexural modes—which otherwise deteriorate directivity—we
attach elastic meta-units at strategically chosen sites on the radiating
plate (Fig. 2e). Each meta-unit consists of a cantilever spring connected
to a concentrated inertial mass, parameterized by (wy, Ay, &, s, Wi, dm,
hy,). This architecture functions as a locally resonant metamaterial that
is weakly coupled to the host plate, thereby providing mode-selective
loss. When the local resonance of a meta-unit is tuned near a targeted
plate mode, the effective dynamic properties experienced by that
mode are altered and additional dissipation is introduced, reducing its
amplitude while minimally penalizing the high-order operating mode
used for ultrasonic radiation (see Supplementary Note 7 for details on
design and characterization of elastic meta-units).

We calculate the plate’s dominant lower-order eigenmodes and
select attachment locations to coincide with the antinodal lobes where
strain energy concentrates (Fig. 2f). The efficacy of this strategy is
evidenced by the frequency response measured at the plate center
using a laser Doppler vibrometer (LDV), with and without the elastic
meta-units, under transducer drive (Fig. 2g). In the ultrasonic band (left
panel), the intended resonance and radiation efficiency are nearly
preserved—a consequence of the weak coupling between the meta-
units and the high-order mode used for beamforming with the
acoustic metasurface. In the audible band (right panel), the lower-
order resonances exhibit pronounced peak reduction and broader
bandwidth (1 » 12, 1% 2 » 23, 2% 3 > 3?), indicating mode splitting and
increased damping, where the superscripts a and b denote the lower-
and higher-frequency split modes, respectively. The plate’s vibration-
field maps (Fig. 2h) further visualize the effect of the elastic meta-units,
with an enlarged and more detailed representation provided in Sup-
plementary Fig. 17. Without meta-units, the field contains noticeable
lower-order mode patterns; after attachment, these patterns are
strongly attenuated. Together with Fig. 2g, these observations confirm
that the elastic meta-units selectively suppress detrimental modes
while maintaining the coherent ultrasonic output necessary for
directional audio.

Experimental characterization of the MiPAL

To evaluate the acoustic performance of the fabricated MiPAL,
acoustic field measurements were conducted in a semi-anechoic
chamber using the experimental setup shown in Fig. 3a. The meta-
surface was mounted at a distance of A./2 from the radiating plate,
where A. denotes the wavelength corresponding to the carrier fre-
quency. During all measurements, the transducer was driven at an
input voltage of 50 V. A 1/8” microphone was employed for ultrasonic
measurements. All measurements were systematically performed by
scanning the microphone mounted on an automated linear stage,
while simultaneously rotating the transducer with an automated
rotational stage (see “Methods” and Supplementary Note 9 for details).

For the ultrasonic field, we first present the spatial propagation
curves corresponding to the 60 kHz carrier and five upper-sideband
tones offset by 0.5, 1, 2, 4, and 8 kHz that produce the corresponding
audio frequencies (see Fig. 3b and Supplementary Fig. 20 for detailed
spectra). Both experimental and numerical results confirm that the
ultrasound SPL peaks at approximately 0.45 m, slightly upstream of
the 0.5 m target hearing distance at which the demodulated secondary
audio field is concentrated through cumulative nonlinear effects"
(see “Methods” and Supplementary Notes 3 and 8 for simulation
details). The broadband performance of the MiPAL is further demon-
strated through frequency response analysis and beam patterns
(Fig. 3¢, e). The MiPAL maintains high SPL across 10 kHz ultrasonic
frequency span, ensuring reliable acoustic performance for the
audible range. This capability arises from the acoustic responses of
the constituent meta-atoms, which exhibit reasonable transmittance
over the operating frequency range (see Supplementary Note 6 for
details).

The directional characteristics of the ultrasonic field were exam-
ined by comparing the beam patterns obtained without and with the
acoustic metasurface (Fig. 3d, e). The beam patterns were measured in
a radial manner at a distance of 0.45 m from the MiPAL using a rota-
tional stage. Without the metasurface, the radiating plate exhibits an
off-axis radiation pattern, indicating poor collimation. In contrast, the
introduction of the metasurface substantially enhances beam direc-
tivity, producing a sharply confined main lobe along the propagation
axis (additional beam patterns at representative frequencies are pro-
vided in Supplementary Figs. 8 and 22). This improvement arises from
the frequency-dependent phase gradients imparted by the metasur-
face, which closely follow the dispersion characteristics of the flexural
plate, thereby enabling broadband phase modulation without intro-
ducing significant wavefront distortion (Supplementary Note 6). As a
result, the MiPAL exhibits pronounced directional characteristics, with
sharp directivity observed in the upper ultrasonic frequency range
(60-70 kHz), whereas the lower band (50-60 kHz) shows compara-
tively weaker directivity. We note that this structural-phase compat-
ibility between the metasurface and the radiating plate facilitates
broadband directional beam formation. Importantly, this bandwidth
further extends into the audio frequency range, enabling directional
sound beam formation across more than four octaves—from 500 Hz to
10 kHz. Whereas conventional acoustic metasurfaces are often nar-
rowband because their dispersion control relies on the resonance-
based sound-speed modulation, our approach sidesteps this limita-
tion: the metasurface and the transducer are engineered to generate
the directional ultrasound carriers, and nonlinear interaction-enabled
difference-frequency generation maintains the high-ka directivity into
the audio band. In effect, the interplay between the collimated ultra-
sounds and nonlinear interaction produces a deep sub-diffractive
sound manipulation with expanded bandwidth, overcoming the lim-
itations of conventional metasurfaces in the linear regime** . Never-
theless, we also note that owing to the inherent dispersive nature of
both the acoustic metasurface and the transducer, chromatic (fre-
quency-dependent) aberrations may arise, potentially distorting the
wavefront across the operational bandwidth. These effects are dis-
cussed in detail in Supplementary Note 6, and can be mitigated using
advanced dispersion-engineering techniques*’™*°. However, we
emphasize that in integrated systems such as the MiPAL, it is essential
to simultaneously account for not only the metasurface’s intrinsic
dispersion but also the transducer’s structural dispersion—a complex
interplay that represents a significant leap from conventional meta-
surface design and will be a key subject of our future study.

To further characterize the audible field generated through non-
linear acoustic interaction, we measured the demodulated audio sig-
nals using a 1/2" microphone equipped with a spurious-sound filter
that suppresses intermodulation distortion within the microphone
itself, thereby ensuring that only the true difference-frequency
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Fig. 3 | Evaluation of the ultrasound characteristics. a Experimental setup for
measuring ultrasonic fields in a semi-anechoic chamber, showing the transducer
prototype with the acoustic metasurface (left) and the elastic meta-units attached
to the radiating plate (right). b Simulated and measured propagation curves at six
primary ultrasonic frequencies (60, 60.5, 61, 62, 64, and 68 kHz). The ultrasound
SPL peaks near 0.45 m (dotted vertical line); cumulative nonlinear interaction then
yields the demodulated audio peak at the 0.5 m target hearing distance (see

Fig. 4b). ¢ Simulated and measured SPL as a function of frequency. Blue shaded
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region indicates operating frequency range. d, e Directivity patterns (simulation
and experiment) at 0.45 m comparing configurations without and with the acoustic
metasurface. d Without the metasurface, the ultrasonic field exhibits off-axis
radiating patterns governed by flexural-mode radiation of the plate. e In contrast,
the metasurface-integrated configuration produces a highly collimated beam
across the 60-70 kHz range, confirming the effectiveness of metasurface-enabled
wavefront shaping and broadband directivity.

components are captured (Fig. 4a and see Supplementary Note 10 for
details). To realize highly directional difference-frequency audio sig-
nals with suppressed side lobes, an upper-sideband amplitude mod-
ulation scheme is adopted (see Supplementary Note 6 for details).
Figure 4b presents the propagation curves of representative audio
frequencies (0.5, 1, 2, 4, and 8 kHz). The acoustic pressure peaks at a
critical distance of approximately 0.5 m, defined as the hearing dis-
tance, where the secondary audio field attains its maximum intensity
(see Supplementary Note 3). The numerical simulations for the non-
linear acoustic field follow the quasi-linear approximation to the
Westervelt equation (see “Methods” and Supplementary Note 8 for
details). At this hearing distance, the measured and simulated SPLs as a
function of audio frequency (Fig. 4c¢) confirm broadband audio gen-
eration extending from 0.5 to 10 kHz. The corresponding beam pat-
terns (Fig. 4d) compare the combination-resonance-free simulation
with measurements obtained with and without elastic meta-units. The
results demonstrate that the embedded meta-units effectively sup-
press CR within the audible range, thereby preserving the high direc-
tivity of the audio field. The quantified discrepancy in Supplementary
Fig. 21 further demonstrates that the meta-units effectively align
experimental performance with theoretical predictions by suppres-
sing parasitic CR modes. The frequency-dependent half-power beam-
width (HPBW) shown in Fig. 4e further confirms the broadband nature
of the directional beam across the 0.5-10 kHz range. Representative
beam patterns at selected frequencies illustrate excellent agreement
between simulation and experiment (Fig. 4f). Notably, at 2 kHz—where
CR tends to induce omnidirectional sound leakage by the bare
radiating plate—the elastic meta-units effectively suppress this para-
sitic radiation, maintaining the collimated beam structure. These
results collectively confirm that the nonlinear acoustic field of the
designed MiPAL can be accurately predicted, enabling optimization
for specific application requirements. Furthermore, the acoustic
metasurface serves to convert the high-order flexural-vibration-
induced incoherent wavefront into a collimated wavefront, while the

elastic meta-units effectively suppress the parasitic excitation of lower-
order modes.

Potential applications of the MiPALs

Due to its compact form factor and scalability, the MiPAL architecture
can be well suited for deployment in confined environments such as
aircraft cabins (Fig. 5a). Unlike traditional APALs, its space-efficient
design allows for seamless integration into seating areas where per-
unit cost and mounting volume are critical constraints. In such set-
tings, MiPALs can facilitate personal sound delivery with minimal
crosstalk between nearby listeners. To demonstrate this capability, we
performed a speech-based experiment in a controlled anechoic
environment—consistent with the measurement setup in Fig. 4a—for a
rigorous characterization of the intrinsic properties of the MiPAL, free
from any external environmental factors. Recording was conducted at
a distance of 0.5m and at the angles (0°, 15°, 30°, 45°) defined in
Fig. 5b. The audio source is a readily accessible subway announcement
and its spectrogram is shown in Fig. 5c. Figure 5d presents the spec-
trograms of the demodulated audio recorded at the angles in Fig. 5b.
As expected from directional patterns, off-axis levels decrease with
increasing angle. A high-intensity horizontal band appears in the
spectrogram near 2kHz when elastic meta-units are absent (right
column), indicating omnidirectional sound leakage due to the CR; with
elastic meta-units (left column), this component is strongly sup-
pressed—consistent with the swept-frequency response analysis
in Fig. Se.

Figure 5f summarizes level metrics: (top) time-weighted SPL (A-
weighted); (bottom) off-axis levels normalized by the on-axis (0°)
signal at the tested angles. With elastic meta-units, parasitic effects are
effectively suppressed, allowing the beam directivity to be preserved.
We further evaluated MiPAL performance with diverse speech and
music program materials (see Supplementary Note 12 for details).
Figure 5e shows the (log-chirp) swept-frequency responses at the
tested angles, each normalized to the on-axis response. Near the
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Fig. 4 | Audio characteristics arising from nonlinear acoustic interaction.

a Experimental setup for measuring the audible field in a semi-anechoic chamber.
The MiPAL was driven by two ultrasonic primary tones, while an audio microphone
equipped with a spurious-sound filter was used to capture only demodulated audio
signals. b Propagation curves at representative audio frequencies (0.5,1, 2, 4,and 8
kHz). The SPL peaks near 0.5 m correspond to the designated target hearing dis-
tance (dotted line). ¢ Comparison of simulated and measured SPL as a function of

audio frequency, showing broadband audio generation over 0.5-10 kHz. d Audio
directivity at the target hearing distance (0.5 m): combination-resonance-free
simulation (left), and measured directivity with (middle) and without (right) elastic
meta-units. e Calculated and measured frequency response of half-power beam-
width (HPBW), confirming the high directivity. f Beam patterns at the target hearing
distance (0.5 m) for selected audio frequencies (0.5, 1, 2, 4, and 8 kHz), illustrating
highly directional beams over four octaves of operation.

second-order CR band at approximately 2 kHz, the case with elastic
meta-units stays below O dB and decreases further as the angle
increases. By contrast, the case without elastic meta-units remains
above 0 dB and shows negligible angular variation across the off-axis
responses. The first- and third-order CRs (around 400 Hz and 6 kHz;
see the right panel of Fig. 2g) fall outside the targeted suppression
band in this implementation, which was tuned to the second-order CR
(near 2 kHz); consequently, little or no attenuation is observed in those
ranges. Additional experiments and analyses detailed in Supplemen-
tary Notes 12 and 13, and Supplementary Movies 1-5 demonstrate the
generality of performance essential for a practical personal audio
device, specifically highlighting the improved clarity achieved through
the effective suppression of ringing by the elastic meta-units.

Altogether, the proposed MiPAL architecture enables cost-effec-
tive, broadband personal sound delivery and offers the scalability
required for large-scale in-cabin deployment. Beyond stationary uses,
we envision high potential for its adoption in various portable and
compact audio applications.

Discussion

In this work, we introduce the MiPAL, which fundamentally redefines
the architecture for advanced personal audio systems through the
dual-domain integration of metamaterials. By synergistically combin-
ing an acoustic metasurface and elastic meta-units with a compact
single-body ultrasonic transducer, the MiPAL achieves broadband
directional sound generation without relying on costly multi-emitter
arrays or the complex phase-control electronics typically required in

conventional systems". The metasurface redirects the incoherent
flexural-mode radiation into collimated wavefronts, while embedded
elastic meta-units effectively suppress parasitic vibration modes that
otherwise cause undesired omnidirectional leakage. As a result, the
MiPAL demonstrates directional audio performance across an ultra-
broad frequency range from 500 Hz to 10 kHz—covering over four
octaves within a physically compact platform. Our approach over-
comes the cost, complexity, and scalability limitations of conventional
PALs, paving the way for widespread adoption in diverse applications.

Despite these promising advances, several challenges remain. The
current prototype still produces a relatively limited SPL compared to
conventional loudspeakers, primarily constrained by the inherently
low nonlinear conversion efficiency of parametric arrays; a quantita-
tive power-flow analysis is provided in Supplementary Note 15. Further
optimization is therefore required to achieve sufficient SPL for per-
sonal listening applications, where preferred levels typically reach
approximately 70 dBA®*. Beyond SPL enhancement, the modular
design strategy offers opportunities for application-specific customi-
zation, enabling tailored solutions for diverse acoustic environments.
Future studies exploring the metamaterial-transducer co-integrated
configurations will be essential to improve versatility across different
application environments.

Looking ahead, such physically compact, portable, and readily
customizable platforms could enable spatial sound delivery in next-
generation immersive audio and XR applications. Furthermore, we
foresee that the interweaving of architected metamaterials with real-
world functional platforms will drive transformative advances across
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(e.g., aircraft or train cabin) personal sound delivery, enabling independent media
streams with minimal crosstalk. b Geometry for the speech demonstration at 0.5 m
conducted in an anechoic chamber: microphones at 0°,15°,30°, 45°. ¢ Spectrogram
of the original speech source. d Spectrograms of recorded audio at the angles in
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colorbar) is used across panels. In the case without elastic meta-units, omnidirec-
tional sound leakage near 2 kHz due to combination resonance (CR) is observed,
consistent with (e). e Swept-frequency (log-chirp) responses at the angles in (b),
each normalized to the on-axis response. f Time-weighted SPLs (top); off-axis levels
(bottom) normalized by the on-axis signal, with elastic meta-units (left), without
(right). Panels (e) and (f) share the same color legend for the measurement angles.

diverse fields, including biomedicine, nondestructive testing, and
energy harvesting, by enabling unprecedented control over
wave-matter interactions.

Methods

Fabrication of transducer, acoustic metasurface, and elastic
meta-units

The architecture of the Langevin-type piezoelectric wide-area plate
transducer is illustrated in Supplementary Fig. 5. The transducer con-
sists of a backing tail (stainless steel), piezoelectric rings (PZT-82; Sino
Sonics), a matching head (aluminum), a conical-shaped mechanical
horn (aluminum), and a radiating plate (aluminum). Except for the
piezoelectric rings, all components were fabricated via precision
computer numerical control (CNC) lathe. For assembly, the backing
tail, piezoelectric rings, and matching head were first assembled to
form the Langevin-type configuration. The mechanical horn (conical
section) was then coupled to the Langevin transducer. During this
process, a custom-designed clamping jig was employed to securely

hold the transducer under mechanical bias, while a dedicated align-
ment tool was used to ensure coaxial alignment between the piezo-
electric rings and the transducer body. To achieve consistent
mechanical preloading, a torque wrench (CLISNX8D; Tohnichi) was
used to apply a controlled torque to the central bolt. Finally, the
radiating plate—with elastic meta-units pre-embedded—was attached
to the horn using a bolt. Further details about the transducer assembly
are provided in Supplementary Note 14.

The acoustic metasurface and elastic meta-units were fabricated
using an SLA 3D printing method with a resolution of 0.05 mm. The
material used was a photo-polymer UV resin (Accura ClearVue; 3D
Systems). The metasurface consists of 21 layers of unit cells, with the
minimum wall thickness fixed at 0.3 mm. To ensure structural stability
of the axially symmetric unit-cell layers, six radial ribs—each with a
thickness of 1.5 mm-—were added to reinforce the structure. Addi-
tionally, a 150 x150 mm rectangular structure (baffle) was included
around the circular metasurface to improve mounting stability. For the
elastic meta-units, a total of 18 units were attached on the plate.
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Numerical simulations
The full-wave simulations were conducted using a finite element
method (FEM) based on the commercial software, COMSOL Multi-
physics 6.2. The mass density and sound speed of the background
medium (air) are 1.21 kg m™ and 343 ms™, respectively. To design the
meta-atoms considering narrow-channel loss effects, the viscous-
thermal boundary layer effect was incorporated. For the thermo-
viscous acoustic modeling, we used typical parameters of air, including
a specific heat ratio of 1.4, thermal conductivity of 0.0263 Wm™K™,
heat capacity at constant pressure of 1.005 kJ kg™ K™, and dynamic
viscosity of 1.81 x 107 Pass. The acoustic metasurface was designed to
have an axisymmetric geometry and was modeled in cylindrical
coordinates. To design the meta-atom, we calculated transmission and
phase characteristics based on the parameter retrieval method® using
the scattering matrix. The simulations were conducted on a supercell*
composed of 20 identical geometries radially distributed along an
axisymmetric configuration. The unit-cell geometries were selected to
span the required phase-shift range while maintaining a phase-
deviation tolerance below 0.01rad (see Supplementary Note 5 for
details). As discussed, the central unit cell consists of a simple wave-
guide structure, and all remaining meta-atoms were designed to satisfy
the required relative phase shifts with respect to the center unit cell.
The methods for calculation of nonlinear acoustic fields
employed in this study are based on the successive approximation of
the Westervelt equation. The theoretical foundations are detailed in
Refs. 53-55. In particular, the quasi-linear approximation
((r, ) = @y(r, 1) + @,(r, £), where @ indicates the acoustic variable, ¢;
represents the primary ultrasonic, and ¢, represents the secondary
audio field) to the Westervelt equation is adopted, which enables
tractable yet reasonably accurate computation of the difference-
frequency field***. The governing model equation is as follows:

v 1O 60p B Op
ck ot?

ct ae® poch o’ @
where p is the acoustic pressure, cq is the small-signal sound speed, po
is the mass density, 6 is the sound diffusivity, and g is the nonlinear
coefficient.

Under the quasi-linear approximation in the frequency domain,
Eq. 1 reduces to a coupled set of homogeneous and inhomogeneous
Helmholtz equations:

V2p;+kip;=0, 2
4m2pf? .
Vzpa +k§pa = pocgaplpZ' (3)

where i =1, 2 denote the primary ultrasonic frequencies (f, > f}), the
difference (audio) frequency is f, =f> — fi, and the asterisk represents
the complex conjugate. We solved these equations using two numer-
ical frameworks: the full FEM approach and the hybrid FEM-SWE
approach, with detailed methodologies for the nonlinear field analysis
described in Supplementary Note 8. For the background medium,
atmospheric attenuation was incorporated in the FEM model following
ISO 9613-1° under a relative humidity of 70% and a tempera-
ture of 20°C.

Acoustic field measurements

All acoustic measurements were conducted in a semi-anechoic
chamber with a free-field effective volume of 3m x3m x2m. The
chamber had an average absorption coefficient of 0.99, a low-
frequency cutoff of 150 Hz, and a background noise level of approxi-
mately 30 dB SPL. Temperature and relative humidity were maintained
at 20°C and 70%, respectively.

The MiPAL was mounted on a motorized rotational stage using a
custom-designed jig and positioned 1.4 m above the chamber floor. The
transducer was driven by a dynamic signal analyzer (SR785; Stanford
Research Systems) through a power amplifier (HSA4052; NF Corpora-
tion). A 1/8” microphone (Type 4138; Briiel & Kjeer) and a 1/2" micro-
phone (Type 4192; Briiel & Kjeer) were used for ultrasound and audio
sound measurements, respectively. Each microphone was mounted on
a single-axis motorized linear translation stage via a custom-built
interchangeable holder to enable high-precision spatial scanning. The
measured acoustic signals were amplified using a conditioning ampli-
fier (Nexus 2690; Briiel & Kjeer) and subsequently recorded using a
dynamic signal analyzer (SR785; Stanford Research Systems). MATLAB
2024b was employed for data acquisition and synchronization and
control of all instruments. Further details on experimental setup are
provided in Supplementary Note 9. For audio-performance experi-
ments (Supplementary Notes 12 and 13), the upper-sideband ampli-
tude-modulation signals were numerically generated in MATLAB 2024b
and converted to analog drive signals and synchronously acquired
using a data acquisition device (USB-6361; National Instruments).

For ultrasound measurements, the microphone was positioned at
a 90° angle of incidence to the propagating direction to facilitate free-
field correction. For audible sound measurements, a hybrid config-
uration was employed: the microphone was positioned at 90° and
coupled with an acoustic filter assembly, following the approach pro-
posed in our previous work”. This method effectively mitigates
undesired spurious sound in complex near-field environments,
thereby ensuring accurate acquisition of the audio pressure field (see
Supplementary Note 10 for details).

Vibration characteristics measurements
To evaluate the vibrational characteristics of the transducer and elastic
meta-units, the device was affixed to a custom-built mounting jig. The
surface velocity of the plate was measured using a laser Doppler vib-
rometer (LDV; OFV-505 sensor head, OFV-5000 controller, VD-09
decoder; Polytec). For spatially resolved measurements (flexural mode
shapes), the LDV sensor head was automatically scanned along the
radial axis of the plate using two motorized linear translation stages
arranged in series (LTA-HS; Newport). The motion of the stages was
precisely controlled by a dedicated motion controller (ESP301; New-
port), enabling precise scanning. The transducer was electrically
excited using a signal analyzer (SR785; Stanford Research Systems)
connected through a power amplifier (HSA4052; NF Corporation), the
corresponding vibrometer output was concurrently acquired. All
equipment, including motion control, signal generation, and data
acquisition, was synchronized and automated using custom MATLAB
2024b scripts. Further details regarding the vibration measurement
setup are provided in Supplementary Note 11.

To characterize the elastic meta-units (see Supplementary Note 7
for details), each unit was mounted on a custom jig and excited using a
vibration exciter (Type 4810; Briiel & Kjeer), while the velocity of the
mass element was measured with a single-point LDV (OFV-511, OFV-
3000; Polytec) to identify its local-resonance frequency. The
mechanical impedance of the radiating plate, in both the bare and
meta-unit-integrated configurations, was measured using an impe-
dance head (288D01; PCB Piezotronics) mounted at the center.

Data availability

All technical details for reproducing the figures are provided in the
manuscript and the Supplementary Information. The underlying
measurement data are available from the corresponding authors on
request.

Code availability
All technical details for implementing the simulations and analyses are
provided in the manuscript and the Supplementary Information. The
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custom scripts for measurement automation and analysis are available
from the corresponding authors on request.
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